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Abstract: Chagas disease is caused by infection with the protozoan parasite, Trypanosoma cruzi. The
disease causes ~12,000 deaths annually and is one of the world’s 20 neglected tropical diseases, as
defined by the World Health Organisation. The drug discovery pipeline for Chagas disease currently
has few new clinical candidates, with high attrition rates an ongoing issue. To determine if the
Trypanosoma cruzi strain utilised to assess in vitro compound activity impacts activity, a comparison
of laboratory-adapted T. cruzi strains from differing geographical locations was undertaken for a
selection of compounds with anti-T. cruzi activity. To minimise the possible effect of differences in
experimental methodology, the same host cell and multiplicity of infection were utilised. To deter-
mine whether the compound exposure time influenced results, activity was determined following
exposure for 48 and 72 h of incubation. To ascertain whether replication rates affected outcomes, com-
parative rates of replication of the T. cruzi strains were investigated, using the nucleoside analogue,
5-ethynyl-2′-deoxyuridine. Minimal differences in the in vitro activity of compounds between strains
were observed following 48 h incubation, whereas significant differences were observed following
72 h incubation, in particular for the cytochrome P450 inhibitors tested and the cell cycle inhibitor,
camptothecin. Thus, the use of panels of laboratory adapted strains in vitro may be dependent on the
speed of action that is prioritised. For the identification of fast-acting compounds, an initial shorter
duration assay using a single strain may be used. A longer incubation to identify compound activity
may alternatively require profiling of compounds against multiple T. cruzi strains.

Keywords: Trypanosoma cruzi; parasite strains; drug discovery; compound activity; image-based
assay; Chagas disease

1. Introduction

Prior to progression in the Chagas disease drug discovery pipeline, assessment of
compound activity across a diverse panel of Trypanosoma cruzi strains has previously been
recommended [1]. Priority has been given to strains/clones from distinct typing units
(DTUs) associated with human infection (TcI, TcII, TcV and TcVI), from a variety of geo-
graphical origins [2]. Strain susceptibility testing has been used in drug discovery during
lead optimisation [3–5]. Strains with varying replication rates may also have the potential
to impact compound activity, dependent on the chemical class [1]. The contribution of
experimental variables that may influence compound activity, such as the type of host cell,
duration of compound exposure and detection methods, must also be factored in for a com-
parative analysis, as these impact the ability to directly align results not only from different
strains, but importantly, different laboratories. Detection methods for intracellular T. cruzi
vary from Giemsa identification of parasites [6], colorimetric detection of LacZ-transfected
parasites [7] and imaging assays to detect intracellular amastigotes [8–12]. Fluorescence
imaging of T. cruzi infected cells allows visualisation of intracellular parasites over multiple
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fields, enabling determination of small numbers of infected cells, whether due to low
infection rates between strains, or residual parasites following compound exposure.

Few studies utilise different strains of T. cruzi in the same host cell for fluorescence-
based imaging techniques when comparing compound activity. Moraes et al. have shown
that a selection of cytochrome P450 (CYP51) inhibitors have variable IC50 values and
efficacy when tested across a panel of strains and clones, comprising varying DTUs in U2OS
(osteosarcoma) cells [12]. A further study using a T. cruzi Y-H10 clone, which exhibits some
in vitro resistance to nifurtimox and benznidazole, and the Silvio X10/1 clone (no reported
resistance) was undertaken against a panel of host cells: U2OS, THP-1 (macrophage cell
line), VERO (epithelial monkey kidney cell line) and L6 myoblasts (rat skeletal cell line)
to assess the activity of nifurtimox and benznidazole. [13]. Whilst similar efficacy was
observed for benznidazole and nifurtimox against Silvio X10/1 in all host cells, compounds
tested against the Y-H10 clone demonstrated variation in both dose response and maximum
efficacy [13]. However, the resistance of this T. cruzi clone to nifurtimox and benznidazole
may also influence outcomes. Benznidazole resistant lines show loss of fitness [14,15] and
more studies are needed to establish the extent parasite genetic variability correlates to
drug responses, and thus treatment outcome [12]. To determine whether different wild
type T. cruzi strains influence activity across different chemical classes, we have quantified
compound activity and efficacy in various T. cruzi laboratory-adapted strains, in the same
fibroblast host cell for varying time periods.

The utilisation of host cells relevant to in vivo models or sites of human infection
may help facilitate translation in T. cruzi drug discovery. Host cells commonly used in T.
cruzi compound sensitivity assays include U2OS (human osteosarcoma cell line) [13,16,17],
VERO (African green monkey kidney cells) [11,13,18,19], and L6 (rat myoblast) [13,17,20–22].
As U2OS is a cancer cell line, up or down regulation of protein expression is likely when
compared to its to non-cancerous counterpart [23], which may affect the growth/metabolism
of intracellular parasites and hence compound activity. Normal mouse and human cell
lines have been utilised in T. cruzi in vitro assays in the literature: 3T3 mouse fibroblast
cells [3,7,10,24,25], mouse myoblasts [3] and human foreskin fibroblasts (HFF) [19,26]. Fi-
broblasts have been associated with Chagas disease infection, in human heart tissue [27]
and are dispersed throughout connective tissue, with skeletal muscle demonstrated as an
area of infection in murine models of Chagas disease [28]. Additionally, parasites interact
with/invade epithelial cells and fibroblasts in epithelial and mucous barriers, thus likely
facilitating the establishment of chronic infection and may become a long-term reservoir
of parasites [29]. More relevant cells to recognised areas of infection in chronic Chagas
disease are currently being investigated in vitro, such as human-induced pluripotent stem
cell-derived cardiomyocytes [30] and primary cells associated with the gut [31]. It has
recently been determined in a mouse model of infection that parasites reside in smooth
muscle cells in the colon during the chronic phase of the disease [32].

Analysis of how a panel of T. cruzi reference strains in the same, normal human
or mouse host cell line respond to anti-T. cruzi compounds has not previously been re-
ported. To identify differences in T. cruzi strain activity in 3T3 mouse fibroblasts, we have
assessed the activities of 10 compounds from differing chemical classes on four T. cruzi
strains from a variety of DTUs. The inclusion of different classes of compounds increased
the likelihood of observing differences in T. cruzi sensitivity across strains. These com-
pounds represent various chemical classes: the nitro-heterocyclic drugs, benznidazole and
nifurtimox; the azoles posaconazole and clotrimazole; ethyl oxo[2-(4-phenyl-1-piperazinyl)-
2-(3-pyridinyl)ethyl]aminoacetate (E155-0206) containing a pendent 3-pyridyl motif, camp-
tothecin (a pyranoindolizinoquinoline), ciclopirox olamine (a hydroxypyridone), clemastine
fumarate (an ethanolamine) and two compounds from the Medicines for Malaria Pathogen
Box collection [33], MMV688958 and MMV688796, a 2-aryl oxazole and a 2,4-substituted
furan, respectively. The mode of action (MOA) for some of these compounds in T. cruzi
include T. cruzi CYP51 inhibitors, such as E155-0206 [34], posaconazole [35] and an inhibitor
of CYP51 in fungal species, clotrimazole [36]. We have previously identified E155-0206
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and clotrimazole as active against T. cruzi [10]. We included these representative CYP51
inhibitors (30% of the compounds tested in this study), as this inhibitor class has previously
shown significant variation in activity between T. cruzi strains [11,12] and appear to be
quite prevalent. The mode of action of benznidazole is through multiple targets in the
parasite, likely associated with a thiol binding capacity [37] and whilst the activation of
nifurtimox is thought to be mediated via type I nitroreductases, the MOA in the parasite is
poorly understood [38]. The variable activity of nifurtimox and benznidazole (IC50 values)
observed between strains was suggested to be due to their relative rates of growth [12].
We also investigated the activity of nifurtimox, benznidazole, and camptothecin; in addi-
tion to clemastine fumarate, MMV688958 and MMV688796, which do not inhibit T. cruzi
CYP51 [34,39]. Camptothecin, a topoisomerase inhibitor in various eukaryotic cells, has
been shown to cause cell cycle arrest in T. cruzi epimastigotes due to DNA damage [40]
and we have demonstrated its activity against T. cruzi intracellular amastigotes [10]. Whilst
active against T. cruzi intracellular amastigotes [10,41], the MOA of ciclopirox olamine
associated with T. cruzi is unknown; however, it acts as a metal chelator in mammalian cell
lines [42,43] and therefore the effect on parasites may be direct, or host cell mediated.

Differences in the in vitro activity of compounds against of T. cruzi strains over time
were determined. The T. cruzi strains investigated, namely the Y strain (TcII), Tulahuen
strain (TcVI), CL strain (TcVI) and G strain (TcI), are utilised in in vivo models, have all
demonstrated chronic infection in mice [44–47] and the CL, Y and Tulahuen strains are
commonly used in in vitro drug discovery assays [7,10–13,17]. The DTUs selected represent
distinctly different geographical regions of infection. TCI is representative of the main
agent of Chagas disease in the northern part of Latin America and the Amazon Region;
TCII is the primary agent of Chagas disease in Atlantic and Central Brazil, TCVI commonly
causes Chagas disease in the Gran Chaco/Southern Cone region [1]. Importantly, these are
all reference strains [48] available worldwide from commercial suppliers. In addition to
representing a variety of DTUs, T. cruzi strains with reported different growth/infection
rates were evaluated. Tulahuen and Y strain parasites have exhibited differing levels of
infection of VERO host cells [11]. Tulahuen and Y strain parasites are described as fast
growing in a panel of six strains/clones from DTUs I to VI, investigated by Moraes et al.
(2016) [12]. The G strain parasite is used as an example of a low-virulence parasite, causing
no detectable parasitaemia in mice, and is only detectable via histological staining [49].
More recent studies have also revealed low levels of the G strain parasite in a murine model
of infection, with significantly lower levels in a variety of tissues compared to the CL strain
of the parasite [47]. G strain extracellular amastigotes showed higher invasion than those
from CL strain parasites in vitro in HELA cells [50,51], although it is also reported that
there is lower infection with trypomastigotes for this strain, in comparison to extracellular
amastigotes [52]. Whilst the G strain has been reported to grow quickly in vitro [53], this is
the first report of the compound sensitivity of this strain.

To assess the replication of intracellular T. cruzi parasites of these strains, we have
utilised the nucleoside analogue, 5-ethynyl-2′-deoxyuridine (EdU), as a DNA probe, em-
ploying image-based methods that we have previously developed [54]. With this approach,
we have determined the replication rates of the four T. cruzi strains in this study, to un-
derstand if compound activity was influenced by replication rates. Comparative levels
of infection, parasite numbers and effect of each strain on the number of host cells over
time were also determined and correlated with the sensitivity of strains to compounds.
This is the first time that the replication, growth, impact on host cells and sensitivity to
compounds of these strains have been investigated head-to-head in one host cell, utilising
the same methodology.

2. Methods
2.1. Compounds

Compounds were prepared in 100% DMSO, at the following concentrations: ben-
znidazole (supplied by EpiChem Pty Ltd., Perth, Australia): 34.7 mM, nifurtimox (Sigma
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Aldrich, St. Louis, MO, USA): 34.7 mM, ciclopirox olamine: 40 mM, camptothecin 20 mM,
clotrimazole 17.5 mM (all purchased from Sigma Aldrich, USA). Ethyl oxo{[2-(4-phenyl-1-
piperazinyl)-2-(3-pyridinyl)ethyl]amino} acetate: 20 mM (E155-0206; Chemdiv, San Diego,
CA, USA). MMV688958 and MMV688796 were sourced from Enamine (Kyiv, Ukraine) and
prepared at 20 mM in 100% DMSO. Compounds were tested in assays in 14 log dilutions to
determine IC50 values, ranging from 73 µM to 3.7 × 10−3 µM for camptothecin, E155-0206,
MMV688958 and MMV688796; 64.1 µM to 2.6 µM for clotrimazole; 146 µM to 2.6 µM
for ciclopirox olamine and 127 µM to 6.4 × 10−3 µM for nifurtimox and benznidazole, to
determine IC50 values.

2.2. Growth of T. cruzi Strains

T. cruzi Y strain was provided by Dr Victor Contreras (Universidad de Carabobo,
UC, Valencia, Spain), G strain and CL strain were sourced from BEI resources (NR49382
and NR49381, respectively) and Tulahuen strain was kindly provided by Professor Fred
Buckner (University of Washington, Seattle, WA, USA). T. cruzi strains were provided as
epimastigotes and were grown in liver infusion tryptone (LIT) medium, maintained in the
log phase of growth and were then grown to the cusp of stationary phase (5–6 days growth),
before differentiation to metacyclic trypomastigotes by the use of artificial triatomine urine
(TAU3AAG) [55], as we have described previously [10]. Furthermore, 3T3 host cells (ATCC,
CCL-92) were sub-cultured in RPMI supplemented with 10% FCS.

Metacyclic trypomastigotes were added to beds of 3T3 host cells and washed with PBS
supplemented with Mg2+ and Ca2+ following 24 or 48 h of incubation. Parasites were sub-
cultured once trypomastigotes were released. All cultures were maintained for the same
length of time before use in experiments, which in total was 10 weeks post differentiation
to metacyclic trypomastigotes, until there were sufficient numbers of trypomastigotes for
all strains to utilise for experiments. CL, Y and G strains required a longer period in culture
than the Tulahuen strain to obtain sufficient trypomastigotes. The length from inoculation
of subcultures to release sufficient trypomastigotes to collect from the supernatant for the
assay was 5–6 days for CL strain, 6–7 days for G strain: 5–6 days for Y strain and 5 days for
the Tulahuen strain parasite. There was an increase in extracellular amastigotes with the G
and Y strain parasites, in comparison to the Tulahuen and CL strain parasites (by visual
inspection, results not shown).

2.3. T. cruzi Strain Image-Based Assays to Assess Compound Activity

The image-based assays for each T. cruzi strain were undertaken as previously de-
scribed [11] for 48 h incubation and for 72 h incubation [39]. Differing multiplicities of
infection were investigated for each parasite and an MOI of 5:1 resulted in the least host
cell damage. Briefly, 1 × 103 3T3 host cells were added to collagen I-coated 384-well
plates (PerkinElmer, Waltham, MA, USA) and incubated for 24 h at 5% CO2 and 37 ◦C,
before the addition of a MOI of 5:1 parasite: host cells. Parasites that had not infected
host cells were washed from wells with PBS supplemented with Mg2+ and Ca2+ using a
Bravo liquid-handling device (Agilent Technologies, Santa Clara, CA, USA) and 5 µL of
compounds pre-diluted 1:21 with sterile GenPure™ water (Merck, Rahway, NJ, USA), were
added to plates, incubated for 48 or 72 h, and cells were fixed with 4% paraformaldehyde.
Staining with Hoechst 33342 identified the nuclei of both the parasite and host cell, and HCS
CellMask™ Green (ThermoFisher Scientific, Waltham, MA, USA) defined the cytoplasm of
the host cell. Images were acquired on a Phenix confocal, image-based reader (PerkinElmer,
Waltham, MA, USA). Fifteen fields of view were imaged for each strain, to ensure the same
number of host cells were captured per assay. A Z’-value of >0.5 [56] was obtained for each
strain, indicating reproducible assays. Analysis was undertaken to determine the number
of infected cells containing ≥5 parasite per cell [10]. Compound activity was calculated
utilising 0.4% DMSO as a negative control, 12 µM of nifurtimox as a positive control for
parasites and 30 µM puromycin for a positive control for host cells.
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2.4. Replication of T. cruzi Strains

The replication rates of T. cruzi strains were determined with the nucleoside analogue,
5-ethynyl-2′-deoxyuridine (EdU), as we previously described [54]. Briefly, T. cruzi infected
3T3 cells were prepared for each strain, at a MOI of 5:1 parasite: host cell, in the same
manner as the image-based assays. Infected cells were washed with PBS supplemented
with Mg2+ and Ca2+, before the addition of a final concentration of 1.8 µM EdU. Plates were
incubated for 2 h; EdU removed by PBS washing, followed by fixation with PFA, addition
of blocking buffer and a click chemistry azide cocktail to identify EdU incorporated into
parasite DNA [57]. Wells were co-stained with Hoechst 33342 to identify the nucleus of the
parasite and host cell; and CellMask™ Deep Red Plasma membrane stain (ThermoFisher
Scientific, Waltham, MA, USA) to identify the cytoplasm of the host cell. Plates were
imaged on a Phenix imaging system, utilising 15 fields to align with the number of fields
utilised in the image-based assay for each strain. For each parasite, there were 28 replicate
wells imaged. The script that was applied to assess replication was as previously described,
with some modifications (nucleus area µm2 = 60; nuclear roundness >0.4; spot detection:
contrast <0.15 and uncorrected spot to region intensity >1.5). The script identifies the
number of parasites per well, in infected cells (containing ≥5 parasites per host cell) and
the percentage of those cells that are replicating, with a signal in the Alexa488 channel
above the background signal.

2.5. Calculation of Compound IC50 Values, Maximal Achievable Activity (Emax) and
Statistical Analysis

Compound IC50 values and the maximum percentage achievable compound activity
(Emax) were determined as previously described [34]. To identify the significance of the
differences between IC50 values and the percentage activity at the maximum achievable
(Emax) concentrations obtained for compounds against T. cruzi strains, an unpaired student’s
t-test was employed to calculate the p-value (GraphPad Prism, Boston, MA, USA), also
as previously described [34]. To also identify the significance between the number of
parasites per well and the replicative rates for separate strains, an unpaired t-test was
utilised (GraphPad Prism, Boston, MA, USA).

3. Results
3.1. Compound Activity Following 48 h Incubation

Compounds and drugs with anti-T. cruzi activity were compared across a panel of
four T. cruzi strains following exposure for 48 h. A MOI of 5:1 was utilised for each
strain, which caused the least damage to the host cell by parasites, providing reproducible
detection of parasites (results not shown). For each strain, the in vitro assay demon-
strated a Z’-factor > 0.5, indicating acceptable reproducibility [56]. The Emax (maximum
efficacy) of the compounds tested were as follows: CYP51 inhibitors (Figure 1A), showed
a sub-efficacious effect against all strains; camptothecin and clemastine fumarate did not
clear 100% of parasites from host cells (Figure 1B), across all strains. MMV688958 and
MMV688796 did not clear parasite from three strains (Figure 1B). The Emax activity for
MMV688958 was 88%, 95% and 97% for the CL, G and Tulahuen strains, respectively and
99% against Y strain parasites. The Emax for MMV688796 was 89% and 96% for CL and
Tulahuen strains respectively, and 99% maximum activity against both Y and G strain
parasites. Differences >10% in compound efficacy between strains for the two compounds
from the MMV Pathogen Box were investigated further to determine if they were significant
(p < 0.05). The 10% difference in the Emax for MMV688956 between the CL and Y, and the
CL and G strain parasites were significant (p < 0.005).
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Figure 1. Emax values of compounds from differing chemical classes against T. cruzi intracellular
amastigotes, from Tulahuen, CL, Y and G strain parasites, following 48 h incubation. (A) CYP51
inhibitors (B) camptothecin, clemastine fumarate and two compounds from the MMV Pathogen
Box collection. (C) compounds which cleared 100% of parasites from host cells over all strains: the
nitroheterocyclic inhibitors benznidazole and nifurtimox; and the antifungal, ciclopirox olamine.
Solid bars = Tulahuen strain parasite, dotted bars = CL strain, chequered bars = Y strain, striped
bars = G strain. Dashes shown at 80% and 100% activity.

The mean Emax of the CYP inhibitors investigated was 80± 2.3%, 93± 1.3%, 83± 4.8%
and 85 ± 6.3%, for Tulahuen, CL and G strain parasites, respectively, and thus between
80–93% maximum achievable activity. All of the CYP inhibitors showed a significant
difference >10% in the Emax value to nifurtimox, except for the CL strain, with a mean
difference of 93 ± 1.6%, and thus a 7% difference to nifurtimox (100% Emax). Differences to
nifurtimox in the Emax of the CYP inhibitors for the CL strain were all significant (p < 0.05).

Minimal differences were observed in the efficacy of CYP51 inhibitors, across all strains
(Figure 1A). Differences >10% in the Emax between strains were also investigated for these
compounds. For posaconazole, a 13% mean difference in the Emax between the CL and
Y strain parasites and the CL and Tulahuen strains were observed (p < 0.05), and a 13%
difference in the Emax of clotrimazole, between Tulahuen and CL strain parasites (p < 0.05).
Mean Emax differences of 11% for E155-0206 between Tulahuen and CL strain parasites
and 10% between Tulahuen and CL strain, with a mean difference in the Emax of 15% for
clotrimazole between CL and G strains, were reported but were not significant.

Clemastine fumarate showed <10% difference in the maximum efficacy between
strains (Figure 1B). At Emax concentrations for each strain clemastine fumarate demon-
strated 93–96% inhibition, similar to our previous report illustrating 97% inhibition for
the Tulahuen strain [34], which in these studies was 96% against the Tulahuen strain. No
difference was observed in the Emax for the nitro-heterocyclic drugs used to treat Chagas
disease, nifurtimox and benznidazole, and the antifungal ciclopirox olamine (100% efficacy,
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Figure 1C). Camptothecin was the only compound that showed differences >10% in the
Emax between strains, with mean differences of 12% 16% and 13% in the inhibition at
Emax concentrations for Tulahuen and Y strain; Tulahuen and G strain, and the CL and G
strain, respectively, with differences significant between Tulahuen and G strains (p < 0.05).
Camptothecin did not clear parasites from host cells, with 79–94% maximum activity ob-
served for the strains tested (Figure 1B). This was at a concentration that did not influence
solubility (7.32 µM), something that was observed at high concentrations (up to 73 µM).
There was a significant difference in the mean Emax of camptothecin when strains were
exposed for 48 h, in comparison to the control nifurtimox, with the exception of the Y strain.
There was a difference of 21% maximum inhibition between nifurtimox and camptothecin
against the Y strain, with 103 ± 3% and 82 ± 7.1% inhibition shown for these compounds,
respectively. This difference was not significant due to variation between the replicate
activity of camptothecin against Y strain parasites.

Table 1 shows the IC50 value of the compounds tested, against each of the four strains
of T. cruzi parasites. Compounds that did not clear 100% of parasites from host cells for
all strains are indicated (Table 1), specifically the putative and previously identified T.
cruzi cytochrome P450 (TcCYP51) inhibitors; the cell cycle inhibitor, camptothecin and
clemastine fumarate (demonstrated in Figure 1). Differences >2-fold in the IC50 value
were investigated further to determine the significance of these variations. Of the CYP51
inhibitors, clotrimazole was more active against CL strain in comparison to the other strains,
with a six-fold difference in the mean IC50 value between CL and G strain (p < 0.05), and
E155-0206 was more active against the CL strain in comparison to the Y strain with a
2.4-fold difference in the mean IC50 value (p < 0.05), however a >2-fold, significant variation
in activity was not demonstrated by the other CYP51 inhibitors tested. Camptothecin
showed a 3.3-fold difference in the IC50 value between CL and Y strain parasites (p < 0.005)
and a 2.2-fold difference between Tulahuen and Y strain parasites (p = 0.005). There was
no significant difference (p < 0.05) observed between the IC50 values obtained for the
nitroheterocyclic inhibitors and the antifungal compound, ciclopirox olamine against the
four parasite strains.

3.2. Compound Activity Calculated Following 72 h Incubation

Following 72 h incubation, both intracellular and extracellular parasites were observed
in DMSO vehicle (uninhibited) control wells, as we have previously observed [11]. The
number of infected cells were determined by identifying parasites only within the cyto-
plasm of host cells [11], thereby minimising interference by extracellular parasites. Assays
for each strain demonstrated a Z’-factor of >0.5, describing a reproducible assay [56]. For
each compound, the Emax following 48 h incubation also represented the maximal achiev-
able activity following 72 h incubation. Therefore, the same concentration of compound
for both incubation times was utilised to enable direct comparison of the Emax. Compared
to the Emax following 48 h incubation (Figure 1), an increase in activity was observed for
the majority of the CYP inhibitors over time (Figure 2), with a 3–15% increase in activity
observed. The greatest increase was observed for the Tulahuen strain parasite, with 15%,
12% and 14% increase in activity for posaconazole, E155-0206 and clotrimazole, respectively.
There was a mean increase of 13 ± 2%, for CYP inhibitors, collectively for this strain. The
least difference overall for the CYP inhibitors was shown for the Y strain, with a 5% increase
in the activity at Emax for posaconazole and a decrease in the maximum achievable activity
of 7% for clotrimazole and 5% for E155-0206, and thus not a reduction in the number of
infected cells.
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Table 1. IC50 values of compounds with known activity against T. cruzi following 48 h incubation,
against differing parasite strains: the cytochrome P450 inhibitors posaconazole, E155-0206 and clotri-
mazole; the cell cycle inhibitor camptothecin; clemastine fumarate and compounds from the MMV
Pathogen Box collection (unknown MOA against T. cruzi) and drugs used to treat Chagas disease
(nifurtimox and benznidazole). 1 Indicates compounds that did not clear 100% of parasites from host
cells, across all parasite strains, with ≤95% maximum achievable activity (Emax). 2 Significance = a
significant difference in the IC50 value of compounds between strains (p < 0.05), shown where the
IC50 for the strain is two-fold less than another.

IC50 Value against T. cruzi Strains (µM)

Compound Tulahuen Y G CL

Posaconazole 1 1.6 × 10−3 ±
9.6 × 10−4

0.71 × 10−3 ±
1.2 × 10−4 0.94 × 10−3 ± 8.5 × 10−4 0.74 × 10−3 ±

9.5 × 10−5

E155-0206 1 1.03 ± 0.35 1.2 ± 0.15 1.4 ± 0.79 0.503 ± 0.045

Clotrimazole 1 0.072 ± 0.050 0.11 ± 0.041 0.14 ± 0.037 0.023 ± 0.0021

Clemastine Fumarate 0.65 ± 0.046 0.66 ± 0.015 0.44 ± 0.19 0.36 ± 0.13

Camptothecin 1 0.205 ± 0.012 0.46 ± 0.029 0.28 ± 0.13 0.14 ± 0.01

Ciclopirox olamine 2.9 ± 0.63 1.9 ± 1.1 1.5 ± 0.22 1.8 ± 0.27

Nifurtimox 1.6 ± 0.34 1.7 ± 0.23 2.5 ± 0.73 0.81 ± 0.040

Benznidazole 8.01 ± 0.25 6.6 ± 0.73 4.3 ± 1.2 5.5 ± 0.78

MMV688958 0.61 ± 0.027 0.56 ± 0.025 0.65 ± 0.037 0.61 ± 0.017

MMV688796 0.57 ± 0.042 0.51 ± 0.018 0.61 ± 0.15 0.81 ± 0.16

Significance 2 TULA/Y (CPT) See CL/TULA See CL CL/G (CTZ)
CL/Y (E155-0206, CPT)
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Figure 2. Emax values of compounds from differing chemical classes against T. cruzi intracellular
amastigotes, from Tulahuen, CL, Y and G strain parasites, following 72 h incubation. (A) CYP51
inhibitors (B) camptothecin, clemastine fumarate and two compounds from the MMV Pathogen
Box collection. (C) compounds which cleared 100% of parasites from host cells over all strains: the
nitroheterocyclic inhibitors benznidazole and nifurtimox; and the antifungal, ciclopirox olamine.
Solid bars = Tulahuen strain parasite, dotted bars = CL strain, chequered bars = Y strain, striped
bars = G strain. Dashes shown at 90% and 100% activity.
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An Emax of <90% inhibition by CYP inhibitors occurred for the Y and G strain parasites;
however, the CYP inhibitors showed >90% activity against the Tulahuen and CL strain par-
asites. Posaconazole and E155-0206 had an Emax of >95% against the Tulahuen strain, and
clotrimazole exhibited an Emax of 93%. All of the CYP inhibitors showed >95% maximum
achievable activity against the CL strain parasite (Figure 2). There was <10% difference
in the Emax of the three CYP inhibitors for each strain. Therefore, the collective inhibition
values at Emax for CYP inhibitors were compared between the strains. There was a 13%
increase in the Emax for the Tulahuen strain compared to the Y strain, and an 18% and 13%
increase in the Emax for the CL strain compared to the Y and G strains (p < 0.0005), respec-
tively. When comparing the Emax of the CYP inhibitors to the positive control, nifurtimox,
>10%, significant differences were seen for the Y and G strains (p < 0.005).

There were differences in the Emax for camptothecin observed between both the Y and
G strains, in comparison to both the Tulahuen and CL strain parasites (Figure 2B). Since
the Emax was similar for the Tulahuen and CL strains, they were combined to compare
differences to other strains. There was a mean difference of 28 ± 1.8% in the Emax between
the G strain compared to the Tulahuen and CL strain parasites, and a mean difference of
33 ± 1.8% between Y strain compared to the Tulahuen to the G strain parasites. There
was ≤50% host cell activity at the Emax of camptothecin (at 3.7 µM) of 38%, 32% 47% and
50% activity against 3T3 cells infected with Tulahuen, CL, Y and G strains, respectively
(results not shown). This corresponded to a percentage of infected host cells at Emax of
3.6 ± 0.49%, 0.30 ± 0.19%, 23 ± 0.74% and 17 ± 0.29% against Tulahuen, CL, Y and G
strains, respectively. Images of infected cells for each strain following treatment with
3.7 µM of camptothecin are shown in Figure 3.
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Figure 3. Images of 3T3 infected cells stained with the nuclear dye Hoechst, following treat-
ment with 3.7 µM of the eukaryotic cell cycle inhibitor, camptothecin. Cells infected with:
(A) Tulahuen strain (B) CL strain (C) G strain and (D) Y strain. The nucleus of parasites and host
cells stained with Hoechst are shown in blue, demonstrated in (A), inset, where P = parasite nuclei,
H = host cell nucleus. A mean of 19.4± 2.3% more infected cells was observed for the G and Y strains,
in comparison to Tulahuen and CL strains, following treatment. Images taken at 20×magnification
using a Phenix (PerkinElmer) imaging system.
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Compounds with a >2-fold difference in the IC50 value between strains were investi-
gated further to determine if the differences were statistically significant (Table 2). There
was a significant difference in the IC50 value for camptothecin between the CL and G strain
parasites (p < 0.005, fold-difference of 2.4). For the CYP inhibitors, there was a significant
difference (p < 0.05) in the IC50 value of clotrimazole against the CL strain compared to Y
and Tulahuen strains for E155-0206 with a mean fold difference of 2.1 ± 0.021; and between
the CL strain and G strain for clotrimazole (2.3-fold difference, p < 0.005). Significant
differences in the IC50 value were not observed between other strains for the remainder of
the CYP inhibitors, where the fold-difference was less than two-fold. The CL strain was
more sensitive to the nitroheterocyclic inhibitors (nifurtimox and benznidazole), compared
to the other strains (p < 0.05, a mean 2.4 ± 0.24-fold difference of collectively), and there
was a 2.5-fold difference in the IC50 value for ciclopirox olamine against the CL strain, in
comparison to the Tulahuen strain (Table 2, p < 0.005).

Table 2. IC50 values of compounds with known activity against T. cruzi determined after 72 h
incubation with different strains: the cytochrome P450 inhibitors posaconazole, E155-0206 and
clotrimazole; the cell cycle inhibitor camptothecin; clemastine fumarate and two compounds from
the MMV Pathogen Box collection (unknown MOA against T. cruzi) and the drugs used to treat
Chagas disease (nifurtimox and benznidazole). 1 Indicates compounds that did not clear 100% of
parasites from host cells, across all parasite strains, with ≤95% maximum achievable activity (Emax).
2 There was a 30–50% reduction in host cell numbers at the Emax, for camptothecin. 3 Significance = a
significant difference in the IC50 value of compounds between strains (p < 0.05), shown where the
IC50 for the strain is 2-fold less than another.

IC50 Value against T. cruzi Strains (µM)

Compound Tulahuen Y G CL

Posaconazole 0.97 × 10−3 ±
3.9 × 10−5

1.6 × 10−3 ±
2.02 × 10−4

2.03 × 10−3 ±
5.02 × 10−4

0.89 × 10−3 ±
0.89 × 10−4

E155-0206 0.70 ± 0.032 0.67 ± 0.048 0.53 ± 0.043 0.33 ± 0.014

Clotrimazole 0.057 ± 0.013 0.069 ± 0.019 0.077 ± 0.042 0.033 ± 0.0064

Clemastine fumarate 0.99 ± 0.22 0.72 ± 0.14 0.66 ± 0.082 0.49 ± 0.048

Ciclopirox olamine 2.03 ± 0.13 0.89 ± 0.081 0.60 ± 0.013 0.81 ± 0.013

Camptothecin 1,2 0.16 ± 0.015 0.37 ± 0.15 0.22 ± 0.002 0.093 ± 0.004

Nifurtimox 1.3 ± 0.15 1.3 ± 0.12 1.0 ± 0.20 0.46 ± 0.020

Benznidazole 8.3 ± 1.04 6.0 ± 0.043 6.4 ± 0.91 3.04 ± 0.17

MMV688958 0.80 ± 0.12 0.69 ± 0.057 0.69 ± 0.095 0.62 ± 0.025

MMV688796 1.6 ± 0.053 1.2 ± 0.022 1.05 ± 0.0701 1.05 ± 0.0067

Significance 3 See CL See CL See CL

CL/Y, TULA (E155-0206)
CL/G (CTZ)

CL/TULA (CPX)
CL/all (NFX)
CL/all (BZ)
CL/G (CPT)

3.3. Number of Infected Cells, Host Cells and Replication of T. cruzi Strains over Time

Replication of the T. cruzi strains was determined using the nucleoside analogue,
5-ethynyl-2’-deoxyuridine (EdU) [54], following both 48 and 72 h incubation (Figure 4A).
After 48 h incubation, less than 10% difference in the percentage of replicating parasites,
across all strains, was observed with a mean of 63 ± 4.7% replicating parasites within 3T3
host cells. Not all parasites within host cells were labelled with EdU, which is incorporated
into eukaryotic DNA during the S phase of cell division [58]. Following 72 h incubation,
a difference in the percentage of dividing parasites detected with EdU was identified
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between strains. A similar percentage of replicating parasites within host cells infected
with the Tulahuen and CL strains (mean of 37 ± 4.6% replicating parasites within host
cells) was observed, and also between Y and G strain parasites (71 ± 1% replicating
parasites). Between these two sub-groups, there was a significant difference in the number
of intracellular replicating parasites (p < 0.005). This difference may be due to the presence
of trypomastigotes within host cells before egress, rather than a direct comparison of
intracellular amastigotes, as T. cruzi trypomastigotes do not replicate [59]. Figure 4 shows
that the DNA of non-replicating parasites from the Tulahuen strain is more compact within
the cell in comparison to host cells containing more replicating parasites (Figure 4B), and
additionally, the DNA of these parasites appears to be more elongated.

Microorganisms 2023, 11, x FOR PEER REVIEW 12 of 20 
 

 

 
Figure 4. Intracellular replication of four T. cruzi strains, detected with the nucleoside analogue 5-
ethynyl-2’-deoxyuridine following 48 and 72 h incubation. (A) The percentage of replicating intra-
cellular parasites following 48 h (green) and 72 h incubation (blue). (B) Hoechst identification of 
intracellular Tulahuen parasites, following 72 h incubation (C) EdU identification of replicating 
Tulahuen parasite from the same cells as shown in (A). In (B,C) the image inset shows the difference 
in Hoechst and EdU identified parasites within a cell. Images taken at 20× magnification on a Phenix 
imaging system (PerkinElmer). 

A difference in the total number of infected host cells between the Y and G strains, 
which were similar, and the Tulahuen and CL strains which also showed similarities with 
each other. After 48 h of incubation, there were 1962 ± 51 and 1965 ± 91 host cells/well 
following infection with Y and G strain parasites, respectively compared with 2561 ± 160 
and 3000 ± 79 host cells/well following infection with Tulahuen and CL parasites, respec-
tively (Figure 5A). After 72 h incubation, similar host cell numbers were observed to the 
situation following infection with Y and G strain parasites, with 1935 ± 40 and 1582 ± 46 
host cells/well, respectively. There were 3008 ± 115 and 2198 ± 30 host cells/well following 
infection with Tulahuen and CL strains, respectively (Figure 5A). Thus, there were con-
sistently fewer host cells following infection with G and Y strains compared to CL and 
Tulahuen strains at both time points (Figure 5A).  

Following 48 h incubation, there was a similar level of T. cruzi infected 3T3 cells be-
tween the G and Y strain, with a mean of 535 ± 8.6 infected cells (Figure 5A). In addition, 
following 72 h incubation there was a similar number of infected cells between the G and 
Y strain parasites, with 631 ± 2.8 host cells infected with G strain parasites and 785 ± 5.7 
cells infected with Y strain parasites (Figure 5B). Following 72 h incubation, there was a 
higher number of T. cruzi Tulahuen infected cells (1484 ± 41 infected host cells) in compar-
ison to the CL strain (785 ± 5.7 infected host cells). There were also more Tulahuen strain-
infected host cells compared to the CL, Y and G strains (p < 0.005). 

 
Figure 5. The number of host cells/well (A) and number of infected cells/well (B) following 48 h 
(green bars) and 72 h incubation (blue bars) with T. cruzi G, CL, Y and G strain parasites, 

Figure 4. Intracellular replication of four T. cruzi strains, detected with the nucleoside analogue
5-ethynyl-2’-deoxyuridine following 48 and 72 h incubation. (A) The percentage of replicating
intracellular parasites following 48 h (green) and 72 h incubation (blue). (B) Hoechst identification
of intracellular Tulahuen parasites, following 72 h incubation (C) EdU identification of replicating
Tulahuen parasite from the same cells as shown in (A). In (B,C) the image inset shows the difference
in Hoechst and EdU identified parasites within a cell. Images taken at 20×magnification on a Phenix
imaging system (PerkinElmer).

A difference in the total number of infected host cells between the Y and G strains,
which were similar, and the Tulahuen and CL strains which also showed similarities with
each other. After 48 h of incubation, there were 1962 ± 51 and 1965 ± 91 host cells/well
following infection with Y and G strain parasites, respectively compared with 2561 ± 160
and 3000 ± 79 host cells/well following infection with Tulahuen and CL parasites, respec-
tively (Figure 5A). After 72 h incubation, similar host cell numbers were observed to the
situation following infection with Y and G strain parasites, with 1935 ± 40 and 1582 ± 46
host cells/well, respectively. There were 3008 ± 115 and 2198 ± 30 host cells/well follow-
ing infection with Tulahuen and CL strains, respectively (Figure 5A). Thus, there were
consistently fewer host cells following infection with G and Y strains compared to CL and
Tulahuen strains at both time points (Figure 5A).

Following 48 h incubation, there was a similar level of T. cruzi infected 3T3 cells
between the G and Y strain, with a mean of 535 ± 8.6 infected cells (Figure 5A). In addition,
following 72 h incubation there was a similar number of infected cells between the G and Y
strain parasites, with 631 ± 2.8 host cells infected with G strain parasites and 785 ± 5.7 cells
infected with Y strain parasites (Figure 5B). Following 72 h incubation, there was a higher
number of T. cruzi Tulahuen infected cells (1484 ± 41 infected host cells) in comparison to
the CL strain (785 ± 5.7 infected host cells). There were also more Tulahuen strain-infected
host cells compared to the CL, Y and G strains (p < 0.005).
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Figure 5. The number of host cells/well (A) and number of infected cells/well (B) following 48 h
(green bars) and 72 h incubation (blue bars) with T. cruzi G, CL, Y and G strain parasites, respectively.
Data taken from images acquired on a Phenix imaging system (PerkinElmer) and analysed using
Harmony 4.8.

4. Discussion

To determine if the T. cruzi strain impacted compound activity, a collection of com-
pounds with previously identified activity against the T. cruzi Tulahuen strain were tested
against a panel of laboratory adapted strains, selected from differing geographical loca-
tions. These strains are commonly utilised for in vitro/in vivo drug discovery (Tulahuen,
Y and CL parasite strains, or clones of) [10–12,24,60] or in vitro/in vivo research (G strain
parasites) [47,49–53,61] for Chagas disease. The IC50 values and maximum activity (Emax)
of compounds were evaluated using the same host cell to minimise experimental variables
that may contribute to differences observed in compound activity between strains. The
activity of compounds following 48 and 72 h of incubation was also correlated with parasite
replication. Intracellular T. cruzi parasites were identified using high content imaging, using
well-established, image-based assay and scripts [10,54]. The maximum efficacy (Emax) and
IC50 values of compounds were compared between strains, for two time points.

Of the compounds investigated, the CYP51 inhibitors posaconazole, clotrimazole
and E155-0206 showed a similar, sub-efficacious Emax against the T. cruzi strains tested
following 48 h of incubation. These compounds had mean maximum achievable activities
(Emax) of 78% ± 2, 93 ± 1%, 83 ± 5% and 79 ± 4% against the Tulahuen, CL, Y and G
strains, respectively. After 72 h exposure to CYP inhibitors, an increase in efficacy was
observed with the Tulahuen and CL strains, resulting in a mean Emax of 94 ± 2% and
99 ± 1% respectively, in comparison to a lower maximum inhibition obtained for Y and
G strain parasites, 81 ± 6% and 85 ± 2%, respectively. We have previously reported the
lack of in vitro efficacy of CYP inhibitors following 48 h incubation with the Tulahuen
T. cruzi strain where we defined an Emax cut-off <90% activity for 48 h incubation for
putative TcCYP inhibitors [34]. Using these criteria, the Tulahuen, Y and G strains tested
responded to CYP inhibitors with <90% maximum inhibition following 48 h incubation,
whilst the CYP inhibitors inhibited the CL strain with a mean Emax of 93 ± 1%. Neither of
the CL and Tulahuen strains fulfilled the criteria to define a CYP inhibitor following 72 h
of incubation, with 99 ± 1% clearance of infected cells by T. cruzi CL strain and 94 ± 2%
mean inhibition with the Tulahuen strain. Therefore, a single time point assay of 72 h to
assess compound activity may limit detection of putative CYP inhibitors, as not all strains
show sub-efficacious activity against T. cruzi after this length of incubation. T. cruzi CYP
inhibitors (TcCYP inhibitors) are not clinically efficacious [62], and are thus commonly
deprioritised [5] hence the importance of early identification.

Other studies have shown variation in the maximum efficacy (Emax) of CYP inhibitors
between T. cruzi strains and higher clearance with some strains, where >48 h of incubation
was utilised to assess compound activity. Whilst a time point prior to 48 h was not
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tested, >90% efficacy of the majority of the strains tested was shown following 120 h
incubation, with the CYP inhibitor posaconazole, where a panel of T. cruzi strains were
used to infected VERO cells [12]. Differences were however observed in the efficacy between
strains. Posaconazole was efficacious (100% inhibition) against T. cruzi M6241 and Y strain
parasites, and >90% efficacious against Tulahuen and Silvio X10/7 strains, although 65%
maximum activity was demonstrated against the PAH179 strain [12]. Moraes et al. reported
93% efficacy following exposure of Tulahuen strain to posaconazole for 96 h, compared to
57% efficacy for CL Brener, and 84% for Y strain. The host cell in this case was U2OS cells,
with image-based detection of the ratio of infected cells, stained with DRAQ5. CL Brener
also exhibited a low efficacy following exposure to the CYP51 inhibitors ravuconazole,
EPL-BS967 and EPL-BS1246, with a mean Emax of 52% [12]. The CL Brener clone utilised
(a clone of CL strain) may have some resistance to the T. cruzi CYP51 inhibitors tested.
However, this was not determined. CYP inhibitors in our study inhibited 99% of the
non-clonal CL strain following 72 h of incubation. In vitro assay parameters may have
also attributed to this difference in the Emax observed. In the Moraes study, following
infection of host cells, parasites were not washed off, whereas in our study, parasites that
had not infected host cells were washed out of wells following 24 h incubation [10]. Since
the CL Brener clone was added to host cells at a higher MOI than either the Y or Tulahuen
strains (20:1, 4:1 and 15:1, respectively), this may influence compound activity by the
presence of extracellular amastigotes. Further studies have modified the image-based assay
in the Moraes publication to incubate host cells for an additional 24 h following parasite
addition and before compound addition (48 h in total), to reduce extracellular parasites [17].
External parasites may influence the efficacy of inhibitors, particularly where compounds
are known to interact with cellular membranes and their related components [17], such
as CYP inhibitors [63]. In the modified assay reported by Yang et al. [17] the efficacy of
the CYP inhibitors tested (the azole antifungals posaconazole and ravuconazole, fenarimol
and two analogues of fenarimol: EPL-BS967 and EPL-BS1246) increased, in some cases
around 50% compared to the original format. The Y strain parasite was only utilised in
this study, with both 48 and 72 h incubation periods. Additionally, to calculate compound
activity, the number of parasites per well was used, whereas the original format reported
in the Moraes publication utilised the infection ratio (percentage of host cells infected
with parasite) to calculate compound activity. Using the infection ratio, no activity was
reported following 48 h incubation with the CYP inhibitors tested. However, activity was
demonstrated by these compounds when activity was calculated based on the number of
parasites. The reasoning suggested for this lack of activity was due to the calculation of
activity using the ratio of infected cells, as infected cells with few parasites remaining are
counted even with decreases of overall parasite numbers, thus an effective compound could
be quantified as inactive [17]. However, we show that this is not the case using number of
infected cells to calculate compound activity in our model, where inhibitory activity was
exhibited for each of the CYP inhibitors tested following 48 h exposure. It may be that
utilising the ratio of non-infected cells to calculate compound activity [17] rather than the
number of infected cells causes a reduction in sensitivity due to low parasite infection rates
in relation to host cells, although this comparison was not made. Additionally, the assay
format reported by Yang et al. used a 72 h assay (48 h of incubation with parasite), and non-
infected parasites are not washed off; therefore, extracellular parasites could potentially
interfere with compound activity. With the assays in our study, trypomastigotes were
washed off before compound addition [10], and therefore external parasites are less likely
to affect compound activity, and there is minimal parasite egress in the 48 h assay format.
The number of infected cells was used to assess compound activity, where the minimal
number of detectable parasites (≥5 parasites per cell) was used to define an infected cell,
considering that clearance from individual host cells would be required during treatment.
We found a mean 10% increase in Emax of CYP inhibitors across T. cruzi strains when using
the number of parasites per well (results not shown) to calculate compound activity. Whilst
experimental variables influence compound activity between studies, we have aimed to
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reduce variables that may interfere with the comparison of compound activity between
strains in our methods.

Following 48 h incubation, there were significant differences in IC50 values between
the CL strain and either the Y or G strain, for three compounds. There was a six-fold
increase in the activity of clotrimazole against CL strain compared to G strain parasites and
a three-fold increase in the IC50 value of camptothecin against the CL strain compared to Y
strain. Following 72 h of incubation, further differences were observed between CL and
other strains, consisting of an increase in the activity of E155-0206 compared to the Tulahuen
and Y strains (two-fold decrease in the IC50 value); clotrimazole showed 2.3-fold more
activity against the CL strain compared to the G strain and camptothecin a 2.4-fold increase
in activity compared to the G strain. There was also an increase in activity (decrease in IC50
value) by the nitroheterocyclic drugs benznidazole and nifurtimox against the CL strain
compared to the other strains, with a 2.2–2.8-fold increase in the IC50 value of benznidazole
and a 2.1–2.7-fold-increase for nifurtimox. Moraes et al. also found the CL Brener clone to be
more sensitive to benznidazole than the Y strain with a 2.5-fold reduction in the IC50 value
following 96 h of incubation. The nitroheterocyclic drugs were also less active against the Y
strain compared to the Tulahuen strain, with a 3.8-5.8-fold reduction in the IC50 values, and
additionally less active against the majority of the panel of parasites investigated [12]. Other
studies have also shown a decrease in the susceptibility of the Y strain to benznidazole and
nifurtimox, in comparison to other strains. Maclean et al. (2018) reported a reduction in T.
cruzi Y strain sensitivity to benznidazole when compared to a panel of strains (TcI, Silvio
X10/7, Y strain, M6241, ERA, PAH179 and Tulahuen) following exposure for 120 h, where
the number of parasites/well was utilised to calculate compound activity [11]. In this
method, pre-infected host cells were added to 384-well plates containing the compound.
Benznidazole was less active against Y strain parasites than the other strains tested, with
5–13-fold less activity. In their study, infection with the Tulahuen strain resulted in 23%
infected cells and Y strain infection resulted in 11% infected cells; which may be due to the
differences in cycling times (time until egress) observed between these strains [11]. We also
observed fewer intracellular Y strain parasites in comparison to the Tulahuen strain, with
28% infected cells for Y strain and 38% infected cells with Tulahuen strains, following 48 h
of incubation post-parasite wash off; and after 72 h incubation, there were 41% and 49%
infected cells for the Y and Tulahuen strains, respectively. We did not however observe a
reduction in Y strain sensitivity to the nitroheterocyclic drugs compared to the other strains
tested. T. cruzi Y strain sensitivity to benznidazole has been reported with other assay
formats/life cycle forms of T. cruzi, although there appear to be variable levels of resistance
to these drugs reported for the Y strain in the literature. Whilst not the clinically relevant life
cycle stage of T. cruzi, studies using epimastigotes showed no difference in the sensitivity of
strains to benznidazole regardless of their in vivo sensitivity [64]. Alternately, some studies
showing that benznidazole has a similar effect against susceptible and partially resistant T.
cruzi strains in vivo, also stated that the Y strain was partially resistant and CL strain was
sensitive [65]. Other studies have referred to Y strain parasites as resistant [66] in vivo. It
may be that this strain demonstrates more pronounced resistance in vivo or variations in
methodology, or the genotypes found among different laboratory strains, could influence
the sensitivity of Y strain parasites [12]. Here, we show that laboratory adapted Y strain
parasites did not demonstrate in vitro resistance to benznidazole or nifurtimox and there
were no differences in the efficacy of the nitrohetrocyclic inhibitors following 48 and 72 h of
incubation, for any of the strains tested.

Camptothecin was the only compound in this study that showed variation in efficacy
between T. cruzi strains, for both time points investigated. After 48 h of incubation, most
differences in Emax were just above 10%, whereas greater differences were seen following
72 h, with the lowest efficacy displayed against Y strain parasites, with a mean Emax of
65% and the highest for Tulahuen strain, with an Emax of 97%, a difference of 32%. As
camptothecin is an inhibitor of T. cruzi replication in epimastigotes, mediated by DNA
damage [40] and is a topoisomerase inhibitor in other organisms [67], this may be indicative
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of the MOA in the intracellular amastigote life cycle form. Topoisomerase inhibitors
have been identified with activity against T. cruzi, although reports on parasite specific
topoisomerase I inhibitors are lacking, and the majority of these inhibitors have been
tested against epimastigotes [68–70]. We initially reported the activity of this camptothecin
against the T. cruzi Tulahuen strain following 48 h of incubation [10], with this report
the first describing activity for 72 h and against different T. cruzi strains. Although host
cell activity was also observed with camptothecin after 72 h of incubation, a plateau of
maximum activity was not reached, with ≤50% activity against 3T3 host cells, at a final
assay concentration of 7.3 µM. Camptothecin and its analogues have demonstrated anti-
cancer properties and currently used both alone and in combination to treat a variety of
different cancers. As 3T3 fibroblasts are contact inhibited and thus have limited replication,
the efficacy of camptothecin may be limited, which may be further impacted as T. cruzi
infection has been demonstrated to inhibit the proliferation of 3T3 fibroblasts [29]. Previous
studies indicate survival of T. cruzi Y strain epimastigotes following incubation with 1 µM
camptothecin, for 72 h. Flow cytometry analysis of treated epimastigotes, stained with
Annexin V, suggest that parasites undergo cell cycle arrest and enter early apoptosis, in
addition to loss of mitochondrial membrane potential. Cell cycle arrest and apoptosis were
reversible, suggesting that camptothecin treated parasites did not enter late apoptosis [40],
although this would need to be confirmed for the amastigote life cycle stage of the parasite.

To determine if the replication rates contribute to the differences in efficacy and activity
of compounds following 72 h incubation with different strains, we labelled replicating
parasites with EdU [54]. Maclean et al. utilised EdU to show there were less replicating
intracellular T. cruzi PAH179 strain parasites in comparison to Silvio X10/7 following 120 h
incubation, which may be associated with the lower efficacy of posaconazole observed in
their studies against PAH179 [11]. We found no differences in the (percentage) replication
of Tulahuen, Y, CL and G strain following 48 h incubation, although after 72 h, there was
a reduction in the percentage of replicating CL and Tulahuen strain parasites, by 32%
and 42%, respectively. However, it appeared that these two strains had more intracellular
trypomastigotes within host cells at this time point. These are not the replicating form
of the parasite, and thus not an indication of a more slowly growing parasite strain in
our studies. Intracellular DNA replication and differentiation of T. cruzi is asynchronous
within individual host cells in vivo at all stages of infection [71]. Additionally, following
72 h incubation we observed extracellular amastigotes in untreated wells for all T. cruzi
strains tested, which may influence the ability of slower-acting compounds such as the
CYP inhibitors and camptothecin to inhibit intracellular parasites. We observed during the
in vitro subculture of Y and G strain parasites, that there was more egress of amastigotes
from host cells for these strains than the Tulahuen and CL strain (results not shown).
Extracellular amastigotes are thought to be generated by premature lysis of infected host
cells, or by differentiation of extracellular trypomastigotes [72]. As CYP51 inhibitors and
camptothecin were less efficacious against Y and G strain parasites, in addition to the
potential effect of host cells as described, extracellular amastigotes could reduce compound
activity/ efficacy [17]. Where T. cruzi image-based assays are reported, the presence of
extracellular parasites is not often described. We found, following 48 h of incubation
(after washing off non-infected parasites), that there were minimal extracellular parasites
observed. Therefore, additional experimental variables that can influence compound
activity and detection of replication following a longer incubation should be considered.

The effect of T. cruzi strains on host cell health could additionally influence the differ-
ences in compound activity observed following 72 h of incubation. It has been shown that
some strains have apoptotic effects on host cells. Infection with T. cruzi DM28c strain was
shown to reduce the number of 3T3 fibroblasts by altering fibroblast proliferation, trigger-
ing a cellular stress response and induction of a senescent-like phenotype [29]. Infection
of a panel of non-immune host cells, consisting of epithelial cells, fibroblasts and smooth
muscle cells with Y strain parasites, also caused upregulation of apoptotic regulators and
impediment of cell cycle [73]. Accumulation of ROS in host cells, as observed in fibroblasts
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following infection with T. cruzi [29], may favour the growth/survival of T. cruzi [74].
We found a mean 16% reduction in host cell numbers with the Y and G strain parasites
compared to Tulahuen and CL strain parasites, for both time points investigated. This
potentially apoptotic effect may contribute to the survival of small numbers of parasites
following exposure to CYP inhibitors/camptothecin, for these strains.

From this study, we show that there is a difference in host cell and parasite survival be-
tween strains; however, significant differences in parasite survival were observed following
72 h of incubation. Minimal differences in the activity of compounds tested against different
T. cruzi strains were observed following 48 h of incubation. Aside from the CYP inhibitors
and camptothecin, the majority of compounds were fast-acting and reduced intracellular
parasite populations by >90%, following 48 h of incubation. A slightly lower efficacy
was observed for the MMV Pathogen Box compounds MMV688958 and MMV688796 [33]
which showed 88% and 89% maximum activity respectively against the CL strain, and
thus may be considered borderline in terms of potential CYP activity [34]. However, we
have identified that these compounds are not CYP inhibitors [39] and future correlation
with in vivo activity would be beneficial. Clemastine fumarate had a Emax that ranged
from 92–96% against T. cruzi strains after 48 h of incubation, and whilst the majority of
infected cells were cleared by this compound, and all parasites following 72 h of incubation,
clemastine fumarate did not inhibit parasites in a T. cruzi in vivo model of infection using
the Tulahuen strain [60]. Recently, clemastine fumarate was found to suppress in vivo leish-
mania infection in both in vitro and in vivo models of infection of cutaneous leishmaniasis,
in addition to targeting inositol phosphorylceramide synthase in the parasite, a component
of the sphingolipid biochemical pathway [75].

Following 72 h of incubation, differences in activity/efficacy between strains were
observed, particularly for the CYP inhibitors and the cell cycle inhibitor, camptothecin. If
we consider these differences to be based on either host- or parasite-mediated effects, slow-
acting compounds may require confirmation of activity against multiple strains in vitro.
The necessity of strain profiling may depend upon the compound speed of action that is
of priority, and thus the time of incubation. An initial shorter assay, potentially against
one strain, can be utilised to prioritise fast-acting compounds and additionally have less
interference from extracellular parasites. Fast-acting compounds are a priority for many
screening campaigns due to the poor clinical efficacy of slow-acting compounds [5]. How-
ever, if both slow- and fast-acting compounds are of interest, a longer initial incubation of
72 h or greater could precede time-to-kill studies, with multiple strains. This would enable
filtering of potential CYP inhibitors, and identification of other slow-acting compounds
with differing modes of action. Ideally, in vitro activity should be correlated with in vivo
efficacy across these strains to confirm if the differences between strains translate.

Author Contributions: Conceptualization, M.L.S. and V.M.A.; Methodology, M.L.S. and E.K.K.;
Investigation, M.L.S.; Resources, V.M.A.; Writing—original draft, M.L.S.; Writing—review & editing,
M.L.S., E.K.K. and V.M.A.; Supervision, V.M.A. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors would like to sincerely thank DNDi and their donors for financial support
to MLS. For the work described in this paper, DNDi received financial support from the following
donors: the Swiss Agency for Development and Cooperation (SDC), Switzerland; the Directorate
General for International Cooperation (DGIS), The Netherlands; (DFID), UK. The donors had no role
in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
MLS was the recipient of a Griffith University Postdoctoral Fellowship (GUPF) award (no grant
number). https://www.griffith.edu.au/, accessed on 22 January 2023.

Acknowledgments: The authors would like to thank Victor Contreras (Universidad de Carabobo,
UC, Valencia, Spain), and Fred Buckner (University of Washington, Seattle, WA, USA) for providing
the Y strain and Tulahuen strain parasites, respectively.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.griffith.edu.au/


Microorganisms 2023, 11, 476 17 of 20

References
1. Zingales, B.; Miles, M.A.; Moraes, C.B.; Luquetti, A.; Guhl, F.; Schijman, A.G.; Ribeiro, I. Drug discovery for Chagas disease

should consider Trypanosoma cruzi strain diversity. Memórias Inst. Oswaldo Cruz 2014, 109, 828–833. [CrossRef] [PubMed]
2. Zingales, B.; Miles, M.A.; Campbell, D.A.; Tibayrenc, M.; Macedo, A.M.; Teixeira, M.M.; Schijman, A.G.; Llewellyn, M.S.;

Lages-Silva, E.; Machado, C.R.; et al. The revised Trypanosoma cruzi subspecific nomenclature: Rationale, epidemiological
relevance and research applications. Infect. Genet. Evol. 2012, 12, 240–253. [CrossRef] [PubMed]

3. Neitz, R.J.; Chen, S.; Supek, F.; Yeh, V.; Kellar, D.; Gut, J.; Bryant, C.; Gallardo-Godoy, A.; Molteni, V.; Roach, S.L.; et al. Lead
identification to clinical candidate selection: Drugs for Chagas disease. J. Biomol. Screen. 2015, 20, 101–111. [CrossRef]

4. Kratz, J.M.; Goncalves, K.R.; Romera, L.M.; Moraes, C.B.; Bittencourt-Cunha, P.; Schenkman, S.; Chatelain, E.; Sosa-Estani, S.
The translational challenge in Chagas disease drug development. Memórias Inst. Oswaldo Cruz 2022, 117, e200501. [CrossRef]
[PubMed]

5. Chatelain, E. Chagas disease drug discovery: Toward a new era. J. Biomol. Screen 2015, 20, 22–35. [CrossRef] [PubMed]
6. Ferreira, D.D.; Mesquita, J.T.; da Costa Silva, T.A.; Romanelli, M.M.; da Gama Jaen Batista, D.; da Silva, C.F.; da Gama, A.N.S.;

Neves, B.J.; Melo-Filho, C.C.; Soeiro, M.D.N.C.; et al. Efficacy of sertraline against Trypanosoma cruzi: An in vitro and in silico
study. J. Venom. Anim. Toxins Incl. Trop. Dis. 2018, 24, 30. [CrossRef]

7. Buckner, F.S.; Verlinde, C.L.; La Flamme, A.C.; Van Voorhis, W.C. Efficient technique for screening drugs for activity against
Trypanosoma cruzi using parasites expressing beta-galactosidase. Antimicrob. Agents Chemother. 1996, 40, 2592–2597. [CrossRef]

8. Engel, J.C.; Ang, K.K.; Chen, S.; Arkin, M.R.; McKerrow, J.H.; Doyle, P.S. Image-based high-throughput drug screening targeting
the intracellular stage of Trypanosoma cruzi, the agent of Chagas’ disease. Antimicrob. Agents Chemother. 2010, 54, 3326–3334.
[CrossRef]

9. Alonso-Padilla, J.; Cotillo, I.; Presa, J.L.; Cantizani, J.; Pena, I.; Bardera, A.I.; Martin, J.J. Automated high-content assay for
compounds selectively toxic to Trypanosoma cruzi in a myoblastic cell line. PLoS Negl. Trop. Dis. 2015, 9, e0003493. [CrossRef]

10. Sykes, M.L.; Avery, V.M. Development and application of a sensitive, phenotypic, high-throughput image-based assay to identify
compound activity against Trypanosoma cruzi amastigotes. Int. J. Parasitol. Drug 2015, 5, 215–228. [CrossRef]

11. MacLean, L.M.; Thomas, J.; Lewis, M.D.; Cotillo, I.; Gray, D.W.; de Rycker, M. Development of Trypanosoma cruzi in vitro assays
to identify compounds suitable for progression in Chagas’ disease drug discovery. PLoS Negl. Trop. Dis. 2018, 12, e0006612.
[CrossRef] [PubMed]

12. Moraes, C.B.; Giardini, M.A.; Kim, H.; Franco, C.H.; Araujo, A.M.; Schenkman, S.; Chatelain, E.; Freitas-Junior, L.H. Nitrohetero-
cyclic compounds are more efficacious than CYP51 inhibitors against Trypanosoma cruzi: Implications for Chagas disease drug
discovery and development. Sci. Rep. 2014, 4, 4703. [CrossRef] [PubMed]

13. Franco, C.H.; Alcantara, L.M.; Chatelain, E.; Freitas-Junior, L.; Moraes, C.B. Drug Discovery for Chagas Disease: Impact of
Different Host Cell Lines on Assay Performance and Hit Compound Selection. Trop. Med. Infect. Dis. 2019, 4, 82. [CrossRef]
[PubMed]

14. Mejia, A.M.; Hall, B.S.; Taylor, M.C.; Gomez-Palacio, A.; Wilkinson, S.R.; Triana-Chavez, O.; Kelly, J.M. Benznidazole-Resistance
in Trypanosoma cruzi Is a Readily Acquired Trait That Can Arise Independently in a Single Population. J. Infect. Dis. 2012, 206,
220–228. [CrossRef]

15. Campos, M.C.; Phelan, J.; Francisco, A.F.; Taylor, M.C.; Lewis, M.D.; Pain, A.; Clark, T.G.; Kelly, J.M. Genome-wide mutagenesis
and multi-drug resistance in American trypanosomes induced by the front-line drug benznidazole. Sci. Rep. 2017, 7, 14407.
[CrossRef]

16. Genovesio, A.; Giardini, M.A.; Kwon, Y.J.; de Macedo Dossin, F.; Choi, S.Y.; Kim, N.Y.; Kim, H.C.; Jung, S.Y.; Schenkman, S.;
Almeida, I.C.; et al. Visual genome-wide RNAi screening to identify human host factors required for Trypanosoma cruzi infection.
PLoS ONE 2011, 6, e19733. [CrossRef]

17. Yang, G.S.; Lee, N.; Ioset, J.R.; No, J.H. Evaluation of Parameters Impacting Drug Susceptibility in Intracellular Trypanosoma cruzi
Assay Protocols. SLAS Discov. 2017, 22, 125–134. [CrossRef]

18. De Rycker, M.; Thomas, J.; Riley, J.; Brough, S.J.; Miles, T.J.; Gray, D.W. Identification of Trypanocidal Activity for Known Clinical
Compounds Using a New Trypanosoma cruzi Hit-Discovery Screening Cascade. PLoS Neglect. Trop. Dis. 2016, 10, e000458.
[CrossRef]

19. Sanchez-Valdez, F.J.; Padilla, A.; Wang, W.; Orr, D.; Tarleton, R.L. Spontaneous dormancy protects Trypanosoma cruzi during
extended drug exposure. eLife 2018, 7, e34039. [CrossRef]

20. Harrison, J.R.; Sarkar, S.; Hampton, S.; Riley, J.; Stojanovski, L.; Sahlberg, C.; Appelqvist, P.; Erath, J.; Mathan, V.; Rodriguez, A.;
et al. Discovery and Optimization of a Compound Series Active against Trypanosoma cruzi, the Causative Agent of Chagas Disease.
J. Med. Chem. 2020, 63, 3066–3089. [CrossRef]

21. Machado, F.C.; Franco, C.H.; Neto, J.V.D.; Dias-Teixeira, K.L.; Moraes, C.B.; Lopes, U.G.; Aktas, B.H.; Schenkman, S. Identification
of di-substituted ureas that prevent growth of trypanosomes through inhibition of translation initiation. Sci. Rep. 2018, 8, 4857.
[CrossRef] [PubMed]

22. Cal, M.; Ioset, J.R.; Fugi, M.A.; Maser, P.; Kaiser, M. Assessing anti-T. cruzi candidates in vitro for sterile cidality. Int. J. Parasitol.
Drugs Drug Resist. 2016, 6, 165–170. [CrossRef] [PubMed]

23. Li, M.; Sun, Q.; Wang, X. Transcriptional landscape of human cancers. Oncotarget 2017, 8, 34534–34551. [CrossRef] [PubMed]

http://doi.org/10.1590/0074-0276140156
http://www.ncbi.nlm.nih.gov/pubmed/25317712
http://doi.org/10.1016/j.meegid.2011.12.009
http://www.ncbi.nlm.nih.gov/pubmed/22226704
http://doi.org/10.1177/1087057114553103
http://doi.org/10.1590/0074-02760200501
http://www.ncbi.nlm.nih.gov/pubmed/35613156
http://doi.org/10.1177/1087057114550585
http://www.ncbi.nlm.nih.gov/pubmed/25245987
http://doi.org/10.1186/s40409-018-0165-8
http://doi.org/10.1128/AAC.40.11.2592
http://doi.org/10.1128/AAC.01777-09
http://doi.org/10.1371/journal.pntd.0003493
http://doi.org/10.1016/j.ijpddr.2015.10.001
http://doi.org/10.1371/journal.pntd.0006612
http://www.ncbi.nlm.nih.gov/pubmed/30001347
http://doi.org/10.1038/srep04703
http://www.ncbi.nlm.nih.gov/pubmed/24736467
http://doi.org/10.3390/tropicalmed4020082
http://www.ncbi.nlm.nih.gov/pubmed/31108888
http://doi.org/10.1093/infdis/jis331
http://doi.org/10.1038/s41598-017-14986-6
http://doi.org/10.1371/journal.pone.0019733
http://doi.org/10.1177/1087057116673796
http://doi.org/10.1371/journal.pntd.0004584
http://doi.org/10.7554/eLife.34039
http://doi.org/10.1021/acs.jmedchem.9b01852
http://doi.org/10.1038/s41598-018-23259-9
http://www.ncbi.nlm.nih.gov/pubmed/29559670
http://doi.org/10.1016/j.ijpddr.2016.08.003
http://www.ncbi.nlm.nih.gov/pubmed/27639944
http://doi.org/10.18632/oncotarget.15837
http://www.ncbi.nlm.nih.gov/pubmed/28427185


Microorganisms 2023, 11, 476 18 of 20

24. Andriani, G.; Chessler, A.D.; Courtemanche, G.; Burleigh, B.A.; Rodriguez, A. Activity in vivo of anti-Trypanosoma cruzi
compounds selected from a high throughput screening. PLoS Negl. Trop. Dis. 2011, 5, e1298. [CrossRef] [PubMed]

25. Bettiol, E.; Samanovic, M.; Murkin, A.S.; Raper, J.; Buckner, F.; Rodriguez, A. Identification of three classes of heteroaromatic
compounds with activity against intracellular Trypanosoma cruzi by chemical library screening. PLoS Negl. Trop. Dis. 2009, 3,
e384. [CrossRef] [PubMed]

26. Dumoulin, P.C.; Burleigh, B.A. Stress-Induced Proliferation and Cell Cycle Plasticity of Intracellular Trypanosoma cruzi Amastigotes.
Mbio 2018, 9, e00673-18. [CrossRef]

27. Aridgides, D.; Salvador, R.; PereiraPerrin, M. Trypanosoma cruzi highjacks TrkC to enter cardiomyocytes and cardiac fibroblasts
while exploiting TrkA for cardioprotection against oxidative stress. Cell. Microbiol. 2013, 15, 1357–1366. [CrossRef]

28. Buckner, F.S.; Wilson, A.J.; Van Voorhis, W.C. Detection of live Trypanosoma cruzi in tissues of infected mice by using histochemical
stain for beta-galactosidase. Infect. Immun. 1999, 67, 403–409. [CrossRef]

29. Guimaraes-Pinto, K.; Nascimento, D.O.; Correa-Ferreira, A.; Morrot, A.; Freire-de-Lima, C.G.; Lopes, M.F.; DosReis, G.A.; Filardy,
A.A. Trypanosoma cruzi Infection Induces Cellular Stress Response and Senescence-Like Phenotype in Murine Fibroblasts. Front.
Immunol. 2018, 9, 1569. [CrossRef]

30. Da Silva Lara, L.; Andrade-Lima, L.; Magalhaes Calvet, C.; Borsoi, J.; Lopes Alberto Duque, T.; Henriques-Pons, A.; Souza Pereira,
M.C.; Pereira, L.V. Trypanosoma cruzi infection of human induced pluripotent stem cell-derived cardiomyocytes: An in vitro
model for drug screening for Chagas disease. Microbes Infect. 2018, 20, 312–316. [CrossRef]

31. Ricci, M.F.; Bela, S.R.; Moraes, M.M.; Bahia, M.T.; Mazzeti, A.L.; Oliveira, A.C.S.; Andrade, L.O.; Radi, R.; Piacenza, L.; Estaves
Arantes, R.M.; et al. Neuronal Parasitism, Early Myenteric Neurons Depopulation and Continuous Axonal Networking Damage
as Underlying Mechanisms of the Experimental Intestinal Chagas’ Disease. Front. Cell. Infect. Microbiol. 2020, 10, 58389. [CrossRef]
[PubMed]

32. Ward, A.I.; Lewis, M.D.; Khan, A.A.; McCann, C.J.; Francisco, A.F.; Jayawardhana, S.; Taylor, M.C.; Kelly, J.M. In Vivo Analysis of
Trypanosoma cruzi Persistence Foci a Single-Cell Resolution. Mbio 2020, 11, e01242-20. [CrossRef] [PubMed]

33. MMV. About the Pathogen Box. Available online: https://www.mmv.org/mmv-open/pathogen-box/about-pathogen-box?
gclid=EAIaIQobChMIoLGkkpz4_AIVxGOLCh01zgycEAAYASAAEgIhJPD_BwE (accessed on 22 January 2023).

34. Sykes, M.L.; Avery, V.M. 3-pyridyl inhibitors with novel activity against Trypanosoma cruzi reveal in vitro profiles can aid prediction
of putative cytochrome P450 inhibition. Sci. Rep. 2018, 8, 4901. [CrossRef]

35. Chen, C.K.; Leung, S.S.; Guilbert, C.; Jacobson, M.P.; McKerrow, J.H.; Podust, L.M. Structural characterization of CYP51 from
Trypanosoma cruzi and Trypanosoma brucei bound to the antifungal drugs posaconazole and fluconazole. PLoS Negl. Trop. Dis. 2010,
4, e651. [CrossRef] [PubMed]

36. Warrilow, A.G.; Parker, J.E.; Kelly, D.E.; Kelly, S.L. Azole Affinity of Sterol 14 alpha-Demethylase (CYP51) Enzymes from Candida
albicans and Homo sapiens. Antimicrob. Agents Chemother. 2013, 57, 1352–1360. [CrossRef] [PubMed]

37. Trochine, A.; Creek, D.J.; Faral-Tello, P.; Barrett, M.P.; Robello, C. Benznidazole Biotransformation and Multiple Targets in
Trypanosoma cruzi Revealed by Metabolomics. PLoS Negl. Trop. Dis. 2014, 8, 1–15. [CrossRef] [PubMed]

38. Hall, B.S.; Bot, C.; Wilkinson, S.R. Nifurtimox activation by trypanosomal type I nitroreductases generates cytotoxic nitrile
metabolites. J. Biol. Chem. 2011, 286, 13088–13095. [CrossRef]

39. Sykes, M.L.; Kennedy, E.K.; Read, K.D.; Kaiser, M.; Avery, V.M. Temporal and Wash-Out Studies Identify Medicines for
Malaria Venture Pathogen Box Compounds with Fast-Acting Activity against Both Trypanosoma cruzi and Trypanosoma brucei.
Microorganisms 2022, 10, 1287. [CrossRef]

40. Zuma, A.A.; Mendes, I.C.; Reignault, L.C.; Elias, M.C.; de Souza, W.; Machado, C.R.; Motta, M.C.M. How Trypanosoma cruzi
handles cell cycle arrest promoted by camptothecin, a topoisomerase I inhibitor. Mol. Biochem. Parasitol. 2014, 193, 93–100.
[CrossRef]

41. Kaiser, M.; Maser, P.; Tadoori, L.P.; Ioset, J.R.; Brun, R. Antiprotozoal Activity Profiling of Approved Drugs: A Starting Point
toward Drug Repositioning. PLoS ONE 2015, 10, 0135556. [CrossRef]

42. Prachayasittikul, V.; Prachayasittikul, S.; Ruchirawat, S.; Prachayasittikul, V. 8-Hydroxyquinolines: A review of their metal
chelating properties and medicinal applications. Drug Des. Dev. Ther. 2013, 7, 1157–1178. [CrossRef] [PubMed]

43. Eberhard, Y.; McDermott, S.P.; Wang, X.M.; Gronda, M.; Venugopal, A.; Wood, T.E.; Hurren, R.; Datti, A.; Batey, R.A.; Wrana, J.;
et al. Chelation of intracellular iron with the antifungal agent ciclopirox olamine induces cell death in leukemia and myeloma
cells. Blood 2019, 114, 3064–3073. [CrossRef] [PubMed]

44. Mateus, J.; Guerrero, P.; Lasso, P.; Cuervo, C.; Gonzalez, J.M.; Puerta, C.J.; Cuellar, A. An Animal Model of Acute and Chronic
Chagas Disease With the Reticulotropic Y Strain of Trypanosoma cruzi That Depicts the Multifunctionality and Dysfunctionality of
T Cells. Front. Immunol. 2019, 10, 918. [CrossRef]

45. Watkins, R. Comparison of Infections Produced by 2 Strains of Trypanosoma Cruzi in Mice. J. Parasitol. 1966, 52, 958–961. [CrossRef]
[PubMed]

46. Francisco, A.F.; Lewis, M.D.; Jayawardhane, S.; Taylor, M.C.; Chatelain, E.; Kelly, J.M. Limited Ability of Posaconazole To Cure
both Acute and Chronic Trypanosoma cruzi Infections Revealed by Highly Sensitive In Vivo Imaging. Antimicrob. Agents Chemother.
2015, 59, 4653–4661. [CrossRef] [PubMed]

http://doi.org/10.1371/journal.pntd.0001298
http://www.ncbi.nlm.nih.gov/pubmed/21912715
http://doi.org/10.1371/journal.pntd.0000384
http://www.ncbi.nlm.nih.gov/pubmed/19238193
http://doi.org/10.1128/mBio.00673-18
http://doi.org/10.1111/cmi.12119
http://doi.org/10.1128/IAI.67.1.403-409.1999
http://doi.org/10.3389/fimmu.2018.01569
http://doi.org/10.1016/j.micinf.2018.03.002
http://doi.org/10.3389/fcimb.2020.583899
http://www.ncbi.nlm.nih.gov/pubmed/33178632
http://doi.org/10.1128/mBio.01242-20
http://www.ncbi.nlm.nih.gov/pubmed/32753495
https://www.mmv.org/mmv-open/pathogen-box/about-pathogen-box?gclid=EAIaIQobChMIoLGkkpz4_AIVxGOLCh01zgycEAAYASAAEgIhJPD_BwE
https://www.mmv.org/mmv-open/pathogen-box/about-pathogen-box?gclid=EAIaIQobChMIoLGkkpz4_AIVxGOLCh01zgycEAAYASAAEgIhJPD_BwE
http://doi.org/10.1038/s41598-018-22043-z
http://doi.org/10.1371/journal.pntd.0000651
http://www.ncbi.nlm.nih.gov/pubmed/20386598
http://doi.org/10.1128/AAC.02067-12
http://www.ncbi.nlm.nih.gov/pubmed/23274672
http://doi.org/10.1371/journal.pntd.0002844
http://www.ncbi.nlm.nih.gov/pubmed/24853684
http://doi.org/10.1074/jbc.M111.230847
http://doi.org/10.3390/microorganisms10071287
http://doi.org/10.1016/j.molbiopara.2014.02.001
http://doi.org/10.1371/journal.pone.0135556
http://doi.org/10.2147/DDDT.S49763
http://www.ncbi.nlm.nih.gov/pubmed/24115839
http://doi.org/10.1182/blood-2009-03-209965
http://www.ncbi.nlm.nih.gov/pubmed/19589922
http://doi.org/10.3389/fimmu.2019.00918
http://doi.org/10.2307/3276544
http://www.ncbi.nlm.nih.gov/pubmed/5927222
http://doi.org/10.1128/AAC.00520-15
http://www.ncbi.nlm.nih.gov/pubmed/26014936


Microorganisms 2023, 11, 476 19 of 20

47. Ferreira, B.L.; Ferreira, E.R.; de Brito, M.V.; Salu, B.R.; Oliva, M.L.V.; Mortara, R.A.; Orikaza, C.M. BALB/c and C57BL/6 Mice
Cytokine Responses to Trypanosoma cruzi Infection Are Independent of Parasite Strain Infectivity. Front. Microbiol. 2018, 9, 553.
[CrossRef]

48. Zingales, B.; Andrade, S.G.; Briones, M.R.; Campbell, D.A.; Chiari, E.; Fernandes, O.; Guhl, F.; Lages-Silva, E.; Macedo, A.M.;
Machado, C.R.; et al. A new consensus for Trypanosoma cruzi intraspecific nomenclature: Second revision meeting recommends
TcI to TcVI. Memórias Inst. Oswaldo Cruz 2009, 104, 1051–1054. [CrossRef]

49. Chessler, A.D.C.; Unnikrishnan, M.; Bei, A.K.; Daily, J.P.; Burleigh, B.A. Trypanosoma cruzi Triggers an Early Type I IFN Response
In Vivo at the Site of Intradermal Infection. J. Immunol. 2009, 182, 2288–2296. [CrossRef]

50. Da Silva, C.V.; Luquetti, A.O.; Rassi, A.; Mortara, R.A. Involvement of Ssp-4-related carbohydrate epitopes in mammalian cell
invasion by Trypanosoma cruzi amastigotes. Microbes Infect. 2006, 8, 2120–2129. [CrossRef]

51. Cruz, M.C.; Souza-Melo, N.; da Silva, C.V.; Darocha, W.D.; Bahia, D.; Araujo, P.R.; Teixeira, S.R.; Mortara, S.R. Trypanosoma cruzi:
Role of delta-amastin on extracellular amastigote cell invasion and differentiation. PLoS ONE 2012, 7, e51804. [CrossRef]

52. Mortara, R.A.; Andreoli, W.K.; Taniwaki, N.N.; Fernandes, A.B.; Silva, C.V.; Fernandes, M.C.; L’Abbate, C.; Da Silva, S. Mammalian
cell invasion and intracellular trafficking by Trypanosoma cruzi infective forms. An. Acad. Bras. Cienc. 2005, 77, 77–94. [CrossRef]
[PubMed]

53. Rodrigues, A.A.; Saosa, J.S.; da Silva, G.K.; Martins, F.A.; da Silva, A.A.; Souza Neto, C.P.; Horta, C.V.; Zamboni, D.S.; da Silva,
J.S.; Ferro, E.A.V.; et al. IFN-gamma plays a unique role in protection against low virulent Trypanosoma cruzi strain. PLoS Negl.
Trop. Dis. 2012, 6, e1598. [CrossRef] [PubMed]

54. Sykes, M.L.; Hilko, D.H.; Kung, L.I.; Poulsen, S.A.; Avery, V.M. Investigation of pyrimidine nucleoside analogues as chemical
probes to assess compound effects on the proliferation of Trypanosoma cruzi intracellular parasites. PLoS Negl. Trop. Dis. 2020,
14, e0008068. [CrossRef] [PubMed]

55. Contreras, V.T.; Navarro, M.C.; De Lima, A.R.; Duran, F.; Arteaga, R.; Franco, Y. Early and late molecular and morphologic
changes that occur during the in vitro transformation of Trypanosoma cruzi metacyclic trypomastigotes to amastigotes. Biol. Res.
2002, 35, 47–58. [CrossRef]

56. Zhang, J.H.; Chung, T.D.; Oldenburg, K.R. A Simple Statistical Parameter for Use in Evaluation and Validation of High Throughput
Screening Assays. J. Biomol. Screen 1999, 4, 67–73. [CrossRef]

57. Lovitt, C.J.; Hilko, D.H.; Avery, V.M.; Poulsen, S.A. Development of ethynyl-2′-deoxyuridine chemical probes for cell proliferation.
Bioorgan. Med. Chem. 2016, 24, 4272–4280. [CrossRef]

58. Buck, S.B.; Bradford, J.; Gee, K.R.; Agnew, B.J.; Clarke, S.T.; Salic, A. Detection of S-phase cell cycle progression using 5-ethynyl-2’-
deoxyuridine incorporation with click chemistry an alternative to using 5-bromo-2’-deoxyuridine antibodies. BioTechniques 2008,
44, 927–929. [CrossRef]

59. Centers for Disease Control and Prevention. Parasites—American Trypanosomiasis (Also Known as Chagas Disease); Centers for
Disease Control and Prevention: Atlanta, GA, USA, 2019.

60. Planer, J.D.; Hulverson, M.A.; Arif, J.A.; Ranade, R.M.; Don, R.; Buckner, F.S. Synergy testing of FDA-approved drugs identifies
potent drug combinations against Trypanosoma cruzi. PLoS Negl. Trop. Dis. 2014, 8, e2977. [CrossRef]

61. Ferreira, E.R.; Bonfim-Melo, A.; Mortara, R.A.; Bahia, D. Trypanosoma cruzi extracellular amastigotes and host cell signaling: More
pieces to the puzzle. Front. Immunol. 2012, 3, 363. [CrossRef]

62. Molina, I.; Gomez i Prat, J.; Salvador, F.; Trevino, B.; Sulleiro, E.; Serre, N.; Pou, D.; Roure, S.; Cabezos, J.; Valerio, L.; et al.
Randomized trial of posaconazole and benznidazole for chronic Chagas’ disease. N. Engl. J. Med. 2014, 370, 1899–1908. [CrossRef]

63. Lepesheva, G.I.; Villalta, F.; Waterman, M.R. Targeting Trypanosoma cruzi sterol 14alpha-demethylase (CYP51). Adv. Parasitol. 2011,
75, 65–87. [PubMed]

64. Moreno, M.; D’avila, D.A.; Silva, M.N.; Galvao, L.M.C.; Macedo, A.M.; Chiari, E.; Gontijo, E.D.; Zingales, B. Trypanosoma cruzi
benznidazole susceptibility in vitro does not predict the therapeutic outcome of human Chagas disease. Memórias Inst. Oswaldo
Cruz 2010, 105, 918–924. [CrossRef] [PubMed]

65. Bahia, M.T.; de Andrade, I.M.; Martins, T.A.; do Nascimento, A.F.; Diniz Lde, F.; Caldas, I.S.; Talvani, A.; Trunz, B.B.; Torreele, E.;
Ribeiro, I. Fexinidazole: A potential new drug candidate for Chagas disease. PLoS Negl. Trop. Dis. 2012, 6, e1870. [CrossRef]

66. Soeiro Mde, N.; de Souza, E.M.; da Silva, C.F.; Batista Dda, G.; Batista, M.M.; Pavao, B.P.; Araujo, J.S.; Fortes Aiub, C.A.; da Silva,
P.B.; Lionel, J.; et al. In vitro and in vivo studies of the antiparasitic activity of sterol 14alpha-demethylase (CYP51) inhibitor VNI
against drug-resistant strains of Trypanosoma cruzi. Antimicrob. Agents Chemother. 2013, 57, 4151–4163. [CrossRef]

67. Hsiang, Y.H.; Lihou, M.G.; Liu, L.F. Arrest of Replication Forks by Drug-Stabilized Topoisomerase I-DNA Cleavable Complexes
as a Mechanism of Cell Killing by Camptothecin. Cancer Res. 1989, 49, 5077–5082.

68. Bodley, A.L.; Shapiro, T.A. Molecular and cytotoxic effects of camptothecin, a topoisomerase I inhibitor, on trypanosomes and
Leishmania. Proc. Natl. Acad. Sci. USA 1995, 92, 3726–3730. [CrossRef]

69. Lacombe, O.K.; Zuma, A.A.; da Silva, C.C.; de Souza, W.; Motta, M.C. Effects of camptothecin derivatives and topoisomerase
dual inhibitors on Trypanosoma cruzi growth and ultrastructure. J. Negat. Results Biomed. 2014, 13, 11. [CrossRef] [PubMed]

70. Zuma, A.A.; Cavalcanti, D.P.; Maia, M.C.; de Souza, W.; Motta, M.C. Effect of topoisomerase inhibitors and DNA-binding drugs
on the cell proliferation and ultrastructure of Trypanosoma cruzi. Int. J. Antimicrob. Agents 2011, 37, 449–456. [CrossRef] [PubMed]

http://doi.org/10.3389/fmicb.2018.00553
http://doi.org/10.1590/S0074-02762009000700021
http://doi.org/10.4049/jimmunol.0800621
http://doi.org/10.1016/j.micinf.2006.03.016
http://doi.org/10.1371/journal.pone.0051804
http://doi.org/10.1590/S0001-37652005000100006
http://www.ncbi.nlm.nih.gov/pubmed/15692679
http://doi.org/10.1371/journal.pntd.0001598
http://www.ncbi.nlm.nih.gov/pubmed/22509418
http://doi.org/10.1371/journal.pntd.0008068
http://www.ncbi.nlm.nih.gov/pubmed/32163414
http://doi.org/10.4067/S0716-97602002000100008
http://doi.org/10.1177/108705719900400206
http://doi.org/10.1016/j.bmc.2016.07.021
http://doi.org/10.2144/000112812
http://doi.org/10.1371/journal.pntd.0002977
http://doi.org/10.3389/fimmu.2012.00363
http://doi.org/10.1056/NEJMoa1313122
http://www.ncbi.nlm.nih.gov/pubmed/21820552
http://doi.org/10.1590/S0074-02762010000700014
http://www.ncbi.nlm.nih.gov/pubmed/21120364
http://doi.org/10.1371/journal.pntd.0001870
http://doi.org/10.1128/AAC.00070-13
http://doi.org/10.1073/pnas.92.9.3726
http://doi.org/10.1186/1477-5751-13-11
http://www.ncbi.nlm.nih.gov/pubmed/24917086
http://doi.org/10.1016/j.ijantimicag.2010.11.031
http://www.ncbi.nlm.nih.gov/pubmed/21292448


Microorganisms 2023, 11, 476 20 of 20

71. Taylor, M.C.; Ward, A.; Olmo, F.; Jayawardhana, S.; Francisco, A.F.; Lewis, M.D.; Kelly, J.M. Intracellular DNA replication and
differentiation of Trypanosoma cruzi is asynchronous within individual host cells in vivo at all stages of infection. PLoS Negl. Trop.
Dis. 2020, 14, 0008007. [CrossRef]

72. Lima, F.M.; Oliveira, P.; Mortara, R.A.; Silveira, J.F.; Bahia, D. The challenge of Chagas’ disease Has the human pathogen,
Trypanosoma cruzi, learned how to modulate signaling events to subvert host cells? New Biotechnol. 2010, 27, 837–843. [CrossRef]

73. Costales, J.A.; Daily, J.P.; Burleigh, B.A. Cytokine-dependent and-independent gene expression changes and cell cycle block
revealed in Trypanosoma cruzi-infected host cells by comparative mRNA profiling. BMC Genom. 2009, 10, 252. [CrossRef] [PubMed]

74. Paiva, C.N.; Medei, E.; Bozza, M.T. ROS and Trypanosoma cruzi: Fuel to infection, poison to the heart. PLoS Pathog. 2018,
14, e1006928. [CrossRef] [PubMed]

75. Mina, J.G.M.; Charlton, R.L.; Alpizar-Sosa, E.; Escrivani, D.O.; Brown, C.; Alqaisi, A.; Borsodi, M.P.G.; Figueiredo, C.P.; de Lima,
E.V.; Dickie, E.A.; et al. Antileishmanial Chemotherapy through Clemastine Fumarate Mediated Inhibition of the Leishmania
Inositol Phosphorylceramide Synthase. ACS Infect. Dis. 2021, 7, 47–63. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1371/journal.pntd.0008007
http://doi.org/10.1016/j.nbt.2010.02.003
http://doi.org/10.1186/1471-2164-10-252
http://www.ncbi.nlm.nih.gov/pubmed/19480704
http://doi.org/10.1371/journal.ppat.1006928
http://www.ncbi.nlm.nih.gov/pubmed/29672619
http://doi.org/10.1021/acsinfecdis.0c00546
http://www.ncbi.nlm.nih.gov/pubmed/33291887

	Introduction 
	Methods 
	Compounds 
	Growth of T. cruzi Strains 
	T. cruzi Strain Image-Based Assays to Assess Compound Activity 
	Replication of T. cruzi Strains 
	Calculation of Compound IC50 Values, Maximal Achievable Activity (Emax) and Statistical Analysis 

	Results 
	Compound Activity Following 48 h Incubation 
	Compound Activity Calculated Following 72 h Incubation 
	Number of Infected Cells, Host Cells and Replication of T. cruzi Strains over Time 

	Discussion 
	References

