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Editorial on the Research Topic
Chagas disease novel drug targets and treatments

Chagas disease (ChD), also known as American Trypanosomiasis, is a parasitic disease
caused by the hemoflagellate protozoan Trypanosoma cruzi. The disease is endemic to
Latin America with an estimated 6-7 million people infected. Today, ChD is considered
and emerging global health concern due to imported cases through traveling and
migration, as well as to its broadening geographic endemism, like in the case of the
United States (Paniz Mondolfi et al., 2020). Despite this, treatment options for ChD remain
limited and exhibit significant adverse effects. Current treatment options are based on two
nitroderivative and nitrofuran compounds, Benznidazole (Bz) and Nifurtimox (Nx), which
were introduced in clinical medicine over 50 years ago and despite being the only two drugs
approved for the treatment of ChD, present several limitations for their use.

First, both drugs Bz and Nx exhibit significant side effects, ranging from mild to severe
systemic signs and symptoms, including skin rashes, nausea, vomiting, anorexia, anemia,
leukopenia and peripheral neuropathy, that usually lead to discontinuation of treatment.
Second, the efficacy of these drugs varies depending on the developmental phase of the
parasite, stage of the disease (acute or chronic) and the geographical location of the patient,
with cure rates ranging from 60 to 80%. This is important, because geographic location is
intimately related to the genomic variability of the parasite and its respective Discrete
Typing Units (DTUs) which are known to exhibit differential trends in response to
treatment (Higuera et al., 2013). Thirdly, the duration of therapy is prolonged, ranging
from 60 to 120 days, requiring close monitoring due to potential adverse effects. Lastly, the
emergence of drug-resistant strains of T. cruzi has represented a major obstacle to the
successful treatment of ChD. Hence, there is an urgent need to identify new drugs and drug
targets to improve the efficacy and safety profile of ChD therapy.

As a result, significant efforts are being made in search for novel chemotherapeutic
approaches for this invariably inveterate infection, particularly at its chronic phase, the most
insidious and frequent clinical expression of the disease. Therefore, breaking ground in
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Chagas disease treatment, this topic is unveiling novel drug targets
and drug repurposing strategies. The increase in the understanding of
the biology and biochemistry of the parasite have allowed the
identification of new therapeutic targets to identify new
trypanocidal agents, in addition to rational drug design and
screening of natural products. Existing drugs are active in treating
congenital infection by T. cruzi, acute ChD, and children up to 12
years, without any evidence for its effectiveness of treatment in adults
at the chronical (and more frequent) phase of the infection.
Therefore, novel active trypanocidal compounds, with low toxicities
and increased efficacies during the chronic phase as stated above are
immediately required and reviewed in detail (Duschak, 2011;
Duschak, 2016; Duschak, 2017). In the last years, different types of
parasite targets have been classified in three main groups based in
those that most researchers are working on (Duschak, 2019). One of
the main approaches on the search for new drugs consists in
exploiting biological differences between the parasite and the
mammalian host-cells. For example, since the early recognition that
these parasites possess ergosterol at their membranes as a final
products of sterol synthesis (sharing this property with fungi),
instead of cholesterol (which is characteristic of mammalian cells),
ergosterol synthesis have shown to be potentially candidates for a
rational therapeutic approach (Urbina et al., 1998).

Another interesting approach would base itself in drug
repurposing and combination therapy, which represent
potentially cost-effective strategies. In these lines, Miltefosine
(Milt), a synthetic alkyllysophospholipid initially developed for
treatment of breast cancer and successfully repurposed for oral
treatment of leishmaniasis (Croft et al., 1996), has been proposed as
a promising candidate against T. cruzi infection (Rodriguez-Duran
et al.,, 2019; Benaim et al., 2020).

Interestingly, its mechanism of action on trypanosomatids has
been recently elucidated (Pinto-Martinez et al.,, 2018; Rodriguez-
Duran et al,, 2019). In fact, one of the papers included in this
collection, “Miltefosine and Benznidazole combination improves
anti-T. cruzi in vitro and in vivo efficacy’, precisely touches on the
efficacy of Milt monotherapy as well as in combination with Bz,
both in in vitro and in vivo models of T. cruzi infection. It is worth
noting that the results described here support the efficacy of Milt’s
activity in clinically relevant stages of T. cruzi infection and lend
further support for evaluating combined schemes using Milt and
other synthetic alkyllysophospholipids as likely drug candidates
(Gulin et al.).

Along the lines of drug-repurposing candidates are the
benzofuran derivatives, specifically amiodarone and dronedarone.
Amiodarone, a commonly prescribed antiarrhythmic in Chagas
cardiomyopathy as an antiarrhythmic, has shown promising effects
against T. cruzi and other trypanosomatids (Benaim et al., 2021)
either as monotherapy or in combination with sterol biosynthesis
inhibitors, such as posaconazole and itraconazole, acting in a
synergistic mode (Benaim et al., 2006). The combination of
amiodarone and itraconazole (a triazole from which posaconazole
derived) has proved successful in treating naturally infected dogs,
resulting in the parasitological cure of all animals tested in what is
considered the largest investigational drug trial for ChD performed
in dogs to date (Madigan et al.,, 2019).
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The work presented by Almeida-Silva et al. conducted a study
using the repurposed drug disulfiram (DSF) and its derivative
diethyldithiocarbamate (DETC) in combination with Bz to treat
T. cruzi both in vitro and in vivo. Their findings demonstrated that
the DETC-Bz combination exhibited a synergistic effect, reducing
epimastigotes proliferation and increasing selective indexes over a
10-fold. Further evidence revealed through electron microscopy
imaging revealed membrane discontinuities, cell body volume
reduction, and significant enlargement of endoplasmic reticulum
cisternae. Additionally, dilated mitochondria with decreased
electron density and disorganized kinetoplast DNA were observed
substantiating the effects of this combination. According to the
authors, the combination of DSF and DETC has the potential to
reduce the toxicity of other drugs as well as the emergence of drug
resistance phenotypes, making it a safe and effective option for
ChD treatment.

The studies presented in this collection also provide important
insights on other emerging therapeutic strategies. As an example,
novel structural data on mitochondrial T. cruzi peroxiredoxin
(PRXs), expressed in all stages of the parasite, central for the
survival and replication of the parasite, have been proposed as
virulence factors which detoxify oxidizing agents, central for the
survival and replication of the parasite have been considered as
possible therapeutic targets but there is still no specific drug against
them. Structural data for mitochondrial T. cruzi peroxiredoxin as
novel target were compared with several PRXs showing high
similarity with human peroxiredoxin 3, paves the way for
exploiting similar targets with enhanced efficacy. Additionally, the
antibiotic Thiostrepton has also been considered as a promising
potential inhibitor molecule as trypanocidal drug within the frame
of drug repurposing. The results have also demonstrated a synergic
effect of Thriostepton and Bz (Rivera Santiago et al.).

Here, the role of ivermectin as a potential trypanocidal drug
against T. cruzi and other trypanosomatids was also investigated.
Ivermectin, was found to affect the proliferation of different T. cruzi
developmental stages (epimastigotes, amastigotes, and
trypomastigotes) in a dose-dependent manner. At 50 uM, the drug
had a trypanostatic effect on the epimastigote stage, while at 100 uM,
it exhibited trypanocidal effects. Moreover, combination treatment of
ivermectin with Bz or Nx demonstrated important synergistic effects
(Fraccaroli et al).This pan-stage targeted coverage of ivermectin
against T. cruzi is without doubt a promising finding that would
allow the potential to treat ChD all across its clinical spectrum, which
are governed by different life cycle stages of the parasite.

A related paper to this topic explored the role of Na*/Ca®*
exchange (NCX) in C57BL/6 T. cruzi Y strain infected mice. Two
NCX blockers, KB-R7943 and YM-244769, were found to reduce
diastolic Ca** concentration ([Ca**]y) in cardiomyocytes during the
early acute, acute, and chronic phases, and prevented the increase in
([Ca*"]4) associated with exposure to a Na'-free solution. These
findings suggest that Ca**entry through NCX in reverse mode plays
a significant role in the observed disrupted [Ca2+]d homeostasis in
infected cardiomyocytes. Furthermore, NCX inhibitors may be a
viable therapeutic approach for treating patients with ChD
cardiomyopathy, thus improving therapeutic options for the
disease (Lopez et al.).
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Another important aspect of ChD pathogenesis relates to
immunity against the parasite. The immune response to T. cruzi
is complex and involves action of both, the innate and adaptive
immune components. However, within the promising approaches
currently being developed for ChD therapy, immunomodulatory
drugs and compounds play an important role, and some have
already shown to enhance the immune response to T. cruzi and
promoting parasite clearance. Along these lines, this collection also
includes several pieces dealing with important aspects not only on
the innate and adaptive immune responses responsible for
controlling infection and preventing disease progression, but also
on the potential immunomodulatory effects of several compounds
such as PepA and fenofibrate.

For example, the synthetic peptide, PepA, containing the
CTHRSSVVC sequence, is a mimicker of the CD163 and TNF-o
tripeptide “RSS” motif, which binds to atheromatous plaques in
carotid biopsies of human patients, spleen tissues, as well as low-
density lipoprotein receptor knockout (LDLr—/—) mouse model of
atherosclerosis. Here, the potential theranostic role of PepA was
investigated by studying its effect on experimental models of T.
cruzi infection both in vitro and in vivo. Findings of this study
demonstrated that PepA and PepB, a peptide with a random
sequence, reduced the intracellular parasitism of peritoneal mouse
macrophages but were inactive during cardiac cell infection.
However, PepA and PepB did not display trypanocidal effects on
bloodstream trypomastigotes and did not exhibit in vivo efficacy
when administered after parasite inoculation. The in vitro activity of
PepA and PepB on the infection of peritoneal mouse macrophages
by T. cruzi was reported, as possibly triggering the microbicidal
arsenal of host professional phagocytic cells, capable of controlling
parasitic invasion and proliferation (Leite et al.).

On the other hand, fenofibrate was shown to increase the
population of non-classical monocytes in asymptomatic ChD
patients, and to modulate inflammatory cytokines in PBMCs.
Chronic ChD cardiomyopathy is the most relevant clinical
manifestation of ChD infection. In previous studies, fenofibrate, a
PPARo. agonist, has shown to control inflammation, prevent
fibrosis, and improve cardiac function in a murine infection
model. In the current study, the authors investigated the
spontaneous release of inflammatory cytokines and chemokines,
changes in the frequencies of monocyte subsets, and the effects of
fenofibrate on PBMCs of seropositive patients amongst different
clinical stages of ChD. Their findings suggest a potential therapeutic
role for fenofibrate as a modulator of monocyte subpopulations
towards an anti-inflammatory profile in different stages of chronic
ChD (Pieralisi et al.). Also, regarding the role of the complement
system in the modulation of T-cell responses in chronic Chagas
disease a minireview has been presented in this Topic (Albareda
et al.).

Drug discovery, remains an important component in the quest
for ChD therapy. An example of a most recent breakthrough was
the discovery of the orally active benzoxaborole prodrugs which
have proved effective not only against the parasite but against the
various T. cruzi lineages (DTUs) described to date (Kingwell, 2022;
Padilla et al., 2022). In this collection, an interesting in silico work
by Ros-Lucas et al., used the AlphaFold Protein Structure Database,
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which homes 19,036 protein models from T. cruzi, to demonstrate
not only key functions on describing new therapeutic approaches,
but also to shed light on molecular mechanisms of action for known
compounds. In what they call “proof-of-concept study”, they
screened the AlphaFold T. cruzi set of predicted protein models
to find prospective targets for a pre-selected list of compounds with
known anti-trypanosomal activity using docking-based inverse
virtual screening. The results obtained in this work provide
insight into the mechanisms of action of the compounds and
their targets, and points to new strategies to finding novel
compounds or optimize already existing ones.

Understanding the physio-pathological substrates of disease is
of extreme importance to understand how components of the
innate immune and adaptive immune system intervene and
modulate disease progression. Here, Caputo et al. explore the
intricacies of the interaction between the complement system and
the T cell response and discuss on the potential role that
anaphylatoxins (C3a and C5a) might play in T cell responses
during chronic human T. cruzi infection. Also herein, Rodrigues
Ferreira et al. also discuss on the role that transforming growth
factor beta (TGF-P) signaling pathway on T. cruzi-infection and its
biological implications. The authors found that addition of the
1D11 monoclonal antibody to cardiac cells greatly reduced T. cruzi
cardiomyocyte invasion. In addition, the authors also demonstrated
most importantly that treatment with 1D11 reduced cardiac fibrosis
and reversed electrical abnormalities improving cardiac
performance. The latter finding is of utmost importance, because
it validates a two-target approach in treating the disease, not only by
directly reducing parasitemia but also by modulating host
component promoting tissue repair. This “killing two birds with
one stone” strategy is also the mainstay for Amiodarone’s’ broad
mechanism of action in treating Chagas cardiomyopathy (Benaim
and Paniz Mondolfi, 2012).

Amiodarone acts through a dual mechanism of action, not only
aiding in the recovery of cardiac function but also by exerting
specific anti-T. cruzi effects, based on the drugs ability to disrupt the
parasite’s Ca>* homeostasis, claimed to be an important target of
drug action in these parasites (Benaim et al., 2020) and by blocking
de novo ergosterol biosynthesis in its membrane (Benaim et al,
2006). Additionally, amiodarone promotes cardiac cell recovery by
inducing reassembling of cytoskeleton elements and re-establishing
essential gap protein communication such as connexin 43 between
myocardiocytes, which are essential to re-establish cardiac
contractility and control arrythmogenic events (Adesse et al,
2008; Adesse et al, 2011). This is why Amiodarone remains as
the archetype examples of drug repurposing in ChD given its dual
role, not only as an antiarrhythmic drug, but also as an antiparasitic
agent (Benaim and Paniz Mondolfi, 2012).

Chagas disease (ChD) remains a major public health concern in
Latin America, where it is endemic, and its prevalence is expanding
globally, including the United States. The limited treatment options
for ChD, based on the old nitroimidazole and nitrofuran derivatives
Benznidazole (Bz) and Nifurtimox (Nx), have significant limitations
in terms of efficacy, side effects, and duration of the treatment.
There is an urgent need for novel drugs and therapeutic strategies to
improve the efficacy and safety profile of ChD therapy. The
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collection of studies presented here highlights several promising
approaches, including drug repurposing and combination therapy,
targeting ergosterol synthesis inhibitors, benzofuran derivatives,
mitochondrial T. cruzi peroxiredoxin and the use of macrocyclic
lactones (ivermectin) and the alkylphosphocholine drug Miltefosine
as potential therapeutic agents. We also emphasize on the role of
key innate and adaptive immune components, as well as the
immunomodulatory effects of Fenofibrate and potential for
monoclonal antibody therapy. These approaches, along with
others presented here, offer hope to those affected by this
neglected infectious disease.
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Chronic Chagas disease cardiomyopathy (CCC) is the most important clinical
manifestation of infection with Trypanosma cruzi (T. cruzi) due to its frequency and
effects on morbidity and mortality. Peripheral blood mononuclear cells (PBMC) infiltrate
the tissue and differentiate into inflasmatory macrophages. Advances in pathophysiology
show that myeloid cell subpopulations contribute to cardiac homeostasis, emerging as
possible therapeutic targets. We previously demonstrated that fenofibrate, PPARa.
agonist, controls inflammation, prevents fibrosis and improves cardiac function in a
murine infection model. In this work we investigated the spontaneous release of
inflammatory cytokines and chemokines, changes in the frequencies of monocyte
subsets, and fenofibrate effects on PBMC of seropositive patients with different clinical
stages of Chagas disease. The results show that PBMC from Chagas disease patients
display higher levels of IL-12, TGF-B, IL-6, MCP1, and CCR2 than cells from uninfected
individuals (HI), irrespectively of the clinical stage, asymptomatic (Asy) or with Chagas
heart disease (CHD). Fenofibrate reduces the levels of pro-inflammatory mediators and
CCR2 in both Asy and CHD patients. We found that CHD patients display a significantly
higher percentage of classical monocytes in comparison with Asy patients and Hl.
Besides, Asy patients have a significantly higher percentage of non-classical monocytes
than CHD patients or HI. However, no difference in the intermediate monocyte
subpopulation was found between groups. Moreover, monocytes from Asy or CHD
patients exhibit different responses upon stimulation in vitro with T. cruzi lysates and
fenofibrate treatment. Stimulation with 7. cruzi significantly increases the percentage of
classical monocytes in the Asy group whereas the percentage of intermediate monocytes
decreases. Besides, there are no changes in their frequencies in CHD or HI. Notably,
stimulation with 7. cruzi did not modify the frequency of the non-classical monocytes

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10

March 2022 | Volume 11 | Article 785166


https://www.frontiersin.org/articles/10.3389/fcimb.2021.785166/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.785166/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.785166/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.785166/full
https://www.frontiersin.org/articles/10.3389/fcimb.2021.785166/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:ngoren@fmed.uba.ar
https://doi.org/10.3389/fcimb.2021.785166
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2021.785166
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2021.785166&domain=pdf&date_stamp=2022-03-11

Pieralisi et al.

Fenofibrate Increases Human Non-Classical Monocytes

subpopulation in any of the groups studied. Moreover, fenofibrate treatment of T. cruzi-
stimulated cells, increased the frequency of the non-classical subpopulation in Asy
patients. Interestingly, fenofibrate restores CCR2 levels but does not modify HLA-DR
expression in any groups. In conclusion, our results emphasize a potential role for
fenofibrate as a modulator of monocyte subpopulations towards an anti-inflammatory
and healing profile in different stages of chronic Chagas disease.

Keywords: fenofibrate, chronic Chagas disease, inflammation, monocyte subsets, cytokine

INTRODUCTION

The acute phase of Trypanosoma cruzi (T. cruzi) infection is
characterized by the presence of parasites in the host
bloodstream that disseminate to the heart and other organs.
This promotes a severe inflammatory response with recruitment
of mononuclear cells, activation of resident macrophages, and
release of pro-inflammatory mediators. This response is
associated with parasite persistence in the heart and other
tissues, due to the fact that the immune response is not
efficient to wipe out the infection, leading to lifelong infection
(Trachtenberg and Hare, 2017). Therefore, it goes forward to a
chronic stage with a wide spectrum of manifestations, ranging
from minor myocardial involvement to chronic Chagas disease
cardiomyopathy (CCC) in which the tropism of the parasite for
cardiac tissue constitutes one of the factors that lead to cardiac
pathology (Tanowitz et al., 2015). Moreover, inflammatory
processes also promote heart muscle fibrosis. Consequently,
infected individuals may undergo heart chamber remodeling,
congestive heart failure, and eventually death. Likewise, the
persistence of activated macrophages in the tissues may create
an inflammatory microenvironment that, in turn, contributes to
developing tissue damage during the course of these pathological
processes (Roszer et al., 2013).

It has been described that, in response to infection with T.
cruzi, cardiomyocytes and macrophages release nitric oxide
(NO), cytokines and chemokines that are important to control
parasite proliferation (Petray et al., 1994). However, the excess of
these mediators generates harmful effects, contributing to the
pathogenesis of chronic CCC (Machado et al., 2000; Gutierrez
et al., 2009; Hovsepian et al., 2011; Penas et al., 2013).

Monocytes are heterogeneous, multifunctional cells that
participate in cellular processes, namely, tissue repair and
regeneration during heart diseases (Apostolakis et al., 2010).
Advances in pathophysiology demonstrate that some
subpopulations of myeloid cells contribute to cardiac
homeostasis (Bajpai et al., 2018). Monocytes may differentiate
into tissue-resident macrophages in specific microenvironmental
conditions (Guilliams and Scott, 2017). Currently, the circulating
human monocytic cells can be divided into subpopulations based
on the surface expression of CD14 (a cell co-receptor for LPS)
and CDI16 (the low-affinity IgG receptor). They are further
divided into three major subsets: a high percentage of
monocytes, named classical monocytes, are CD14™" CD16~
but, to a lesser extent we find two other subpopulations, such

as CD14™" CD16", intermediate monocytes, and CD14"
CD16"", which are non-classical monocytes (Wong et al.,
2011). Human peripheral blood monocytes are also defined by
the expression of the cell surface markers CD64 (Fcy RI) and the
chemokine receptor CD192 (also known as CCR2, a key
mediator of monocyte migration) whose most prominent role
is the mobilization of monocytes under physiologic and also
inflammatory conditions. Besides, monocyte subpopulations can
be characterized according to different levels of human leukocyte
antigen D related (HLA-DR) (Shi, 2014).

CCR2 was first identified on monocytes, which constitutively
express the receptor, and is dowregulated after differentiation
into macrophages (Fantuzzi et al., 1999). Particularly, CCR2
plays important roles in tissue recruitment and transmigration of
monocytes through the endothelial layer under inflammatory
conditions. After myocardial injury, CCR2™ macrophages
promote the regeneration of cardiac tissue and functional
recovery of the heart, through expansion of the coronary
vasculature and physiological proliferation of cardiomyocytes
(Lavine et al., 2014; Leid et al., 2016). The resident macrophage
population was shown to expand in response to cardiac injury by
participating in the immune surveillance of this tissue, which
raises important questions about the fate and function of
macrophages during the development of heart failure
(Epelman et al., 2014; Heidt et al., 2014). On the other hand,
the recruitment of monocytes, their differentiation into
macrophages and their activation have a causal role in
ventricular dysfunction (Hulsmans et al., 2018) and fibrosis
(Sica et al., 2014; Satoh et al., 2017).

Like in many other situations, monocytes/macrophages as
innate immune cells recognize T. cruzi pathogen-associated
molecular patterns (PAMPs) and activate lymphocytes and the
adaptive immune response during Chagas disease (Teixeira et al.,
2011; Andrade and Gollob KJ, 2014). It has been shown that
individuals infected with T. cruzi, with severe heart disease,
display a profile of subsets of monocytes that suggests a more
pronounced inflammatory environment compared with patients
with heart failure unrelated to T. cruzi infection (Pérez-Mazliah
et al, 2018). Besides, it was reported that the intermediate
monocyte subpopulation is associated with CCC (Gomez-
Olarte et al., 2019). On the other hand, it has been proposed
that monocytes play a role as immunoregulators in
asymptomatic Chagas disease patients by activating
lymphocytes and, thus, the adaptive immunity through the
expression of the co-stimulatory molecules CD80 and CD86.
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Indeed, the expression of the latter was associated with a higher
frequency of Treg cells in asymptomatic individuals (Pinto
et al., 2018).

Peroxisome proliferator-activated receptors (PPARs), members
of the steroid hormone receptor superfamily, are ligand-dependent
nuclear transcription factors. Fenofibrate, a PPAR-a. ligand, is a
third-generation fibric acid derivative currently used clinically as a
hypolipidemic agent to lessen the risk of atherosclerosis (Ling and
Luoma, 2013). More than two decades ago, it was shown that
PPARs and their ligands can repress inflammatory genes in
activated monocytes and macrophages (Ricote et al., 1998;
Tontonoz et al., 1998). However, the role of the PPAR«. receptors
and their ligands on cardiac remodeling, repair and functionality
exerted by monocytes/macrophages in the context of infection with
T. cruzi has not been extensively studied. The efficacy of PPARa
agonists, including fenofibrate, as regulators of inflammation and
remodeling of the extracellular matrix of the heart has been reported
(Lockyer et al., 2010). Fenofibrate has been shown to be able to
prevent cardiac inflammation and fibrosis in diabetic mice (Zhang
et al., 2016). Furthermore, it has been shown to exert
cardioprotective effects against various cardiac disorders, namely,
in vivo models of cardiac hypertrophy produced by pressure
overload (Zou et al., 2013) or experimental autoimmune
myocarditis in rats (Cheng et al., 2016) and also in patients with
systolic dysfunction (Yin et al., 2013) or experimental myocardial
infarction (Garg etal., 2016). Due to its ability to prevent interstitial
and perivascular fibrosis in kidney, liver, lung and heart in different
experimental models, fenofibrate has recently been proposed as a
potential antifibrotic agent (McVicker and Bennett, 2017).

In previous studies, our group developed an experimental model
of Chagas disease, in which mice were sequentially infected with two
T. cruzi strains, which differ in genetic background and lethality,
leading to clear signs of left ventricular dysfunction. In this model,
we show that fenofibrate controls inflammation, prevents fibrosis,
and improves heart function (Cevey et al., 2017). Furthermore,
PPAR agonists contribute to neovascularization and redirect pro-
inflammatory to healing macrophages in experimental
trypanosomiasis (Penas et al., 2013; Penas et al., 2015; Cevey
et al,, 2016; Garg et al., 2016; Penas et al.,, 2016; Cevey et al., 2017;
McVicker and Bennett, 2017; Penas et al., 2017; Rada et al., 2020).

Consequently, the aim of this work was to characterize the
monocyte populations of patients in different phases of CCC and
to study the effect of fenofibrate on these cells in culture. This
would allow identifying possible therapeutic targets promoting
fenofibrate as a coadjuvant to anti-parasitic treatment.

MATERIALS AND METHODS

Ethics Statement

Informed consent was signed by each subject. The study protocol
is in line with the ethical guidelines of the Declaration of Helsinki
and was approved by the Ethics Committee of the “Hospital
General de Agudos Dr. Cosme Argerich” and of the “Hospital
Municipal de Rehabilitacion Respiratoria Maria Ferrer”, Buenos
Aires, Argentina.

Study Cohort

Subjects were recruited at the Cardiology Department of both
Hospital General de Agudos Dr. Cosme Argerich and Hospital
Municipal de Rehabilitacion Respiratoria MariaFerrer (Ciudad
Autéonoma de Buenos Aires, Argentina).

Inclusion Criteria

Men and women between 18 and 60 years, with positive serology
for Chagas disease were included. Each seropositive participant
underwent a clinical and cardiological evaluation to determine
the clinical stage of the disease. The classification of patients was
carried out according to the Chagas Consensus (Healthy or
Chagas Stage 0, I, II, and III) in accordance with the criteria of
the Argentine Society of Cardiology (Mitelman, 2011). In this
work and consistent with this classification, we named the
different groups according to the absence of symptoms (Asy)
or the presence of any cardiac damage (CHD). Control group
included healthy individuals (HI), men and women between 18
and 60 years, with negative serology for Chagas disease. None of
the subjects should have co-morbidities at the time of sample
collection, nor have received previous treatment for Chagas
disease nor with lipid-lowering agents from the group of
fibrates or statins.

Peripheral Blood Mononuclear Cells
(PBMC) Isolation

Whole blood (10 to 15 ml) was collected from participants by
venipuncture into heparinized tubes (Vacutainer, BD
Biosciences). Plasma was obtained by centrifugation and stored
at —80°C. Peripheral blood mononuclear cells (PBMC) were
isolated by Ficoll-Paque'" PLUS density gradient
centrifugation (GE Healthcare, Amersham, Sweden). PBMC
were washed twice and suspended in complete culture
medium: RPMI 1640 (Invitrogen Life Technologies, Grand
Island, NY, USA) supplemented with fetal bovine serum (FBS)
10% (Internegocios S.A., Argentina) and antibiotics (50 ug/ml of
PenStrep®). All experiments were performed using freshly
isolated PBMC.

T. cruzi Culture and Lysate

Vero cells were cultured in cell culture flasks of 175 cm® with
RPMI supplemented with 10% fetal bovine serum (FBS), 100 IU/
ml Penicillin, 0.1 mg/ml Streptomycin and 2 mM L-glutamine.
When culture reached an approximate 50% confluence, it was
infected with parasites of the RA strain of T. cruzi. After 6 h, the
cells were washed with fresh culture medium to remove non-
infective parasites and incubated at 37°C for 48 h.

On day 5 post-infection (dpi), trypomastigotes were
harvested from the supernatant. The culture medium was
collected, two washes were performed with cold PBS and then
it was centrifuged at 18,000xg at 4°C for 5 min. The parasite
pellet was stored at —80°C. After one month of collection, all
sediments were pooled and lysed to obtain trypomastigote
proteins. Briefly, sediments were resuspended in lysis buffer
(PBS, 10 pM E-64 and 3 pg/ml protease inhibitor) and
subjected to 3 freeze/thaw cycles (-80°C/room temperature) of
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30 min each. Then, it was incubated overnight at —80°C and
centrifuged at 17,000xg at 4°C for 10 min. Supernatant was
collected, and the protein concentration was quantified by the
Bradford method using a commercial protein assay (Bio-Rad,
USA) and bovine serum albumin (BSA) (Sigma-Aldrich Co,
USA) as a standard (Kruger, 1994) as described previously by our
group (Cevey et al., 2019; Penas et al., 2020; Rada et al., 2020).

In Vitro Treatments

According to the experiment, cells were pre-treated for 15 min
with 100 uM Fenofibrate® (Daunlip®, Montpellier S.A,
Argentina. PubChem Compound Database CID = 3339, Fen)
resuspended in PBS (Cevey et al., 2017). Then, cells were
stimulated or not with T. cruzi lysate (10 pug/ml) for 20 h.

Flow Cytometry
This experiment included 17 healthy individuals, 7
asymptomatic patients with positive serology for Chagas
disease and 9 with Chagas heart disease. Cells from all
experimental groups were cultured for 16-20 h after treatment.
PBMC were stained with LIVE/DEAD"" fixable dye
(Invitrogen) at room temperature for 15 min and labeled with
the following antibodies at 4°C for 30 min: CD14 (#E-AB-
F1209C, Elabscience), CD16 (#E-AB-F1005M, Elabscience),
HLA-DR (#E-AB-F1111H, Elabscience), and CCR2 (#357209,
Elabscience). Then, cells were washed, fixed and acquired using a
FACS Canto (Becton Dickinson). Post-acquisition analysis was
performed using FlowJo version 10 software (FlowJo LLC,
Ashland, Oregon, USA). In all cases, isotype-matched mAb
were used as controls.

Gating Strategies

Peripheral blood mononuclear cells (PBMC) were gated based
on forward scatter (FSC) and side scatter (SSC) parameters. After
excluding doublets and debris using FSC-Width vs. FSC-Area,
the strategy used to differentiate the three subsets of monocytes
was based on CD14 and CD16 expression: classical (CD14high/
CD16neg), intermediate (CD14high/CD16pos) and non-
classical (CD14low/CD16pos) monocytes. Then, in both total
monocytes and subpopulations, the percentage (%) and mean
fluorescence intensity (MFI) of the membrane markers CCR2
and HLA-DR was calculated. The MFI was calculated as the
geometric mean of the expression.

RNA Purification

Total RNA was obtained from PBMC using Quick-zol reagent
(Kalium Technologies, Argentina), treated with RQ1 RNase-Free
DNase (PromegaCo., USA). Total RNA was reverse-transcribed
using M-MLV Reverse Transcriptase (Promega Co., USA),
according to manufacturer’s instructions as described
previously by our group (Cevey et al,, 2019; Penas et al., 2020;
Rada et al., 2020).

Quantitative Reverse Transcription
Polymerase Chain Reaction (RT-qPCR)
mRNA expression was performed using 5x HOT FIREPOL
EVAGREEN gPCR (SolisBioDyne, Estonia) in a StepOnePlus

Real-Time PCR System. Parameters were: 52°C for 2 min, 95°C
for 15 min, and 40 cycles at 95°C for 15 s, specific Tm °C for 30 s
and 72°C for 1 min. Normalization was carried out using -Actin
mRNA. Quantification was performed using the comparative
threshold cycle (Ct) method, as all the primer pairs (target gene/
reference gene) were amplified using comparable efficiencies
(relative quantity, 27**“") (Schmittgen and Livak, 2008; Bustin
et al., 2009). To evaluate the expression of inflammatory
mediators in the PBMC of both the asymptomatic (Asy) and
cardiac (CHD) patient groups, the PBMC of healthy individuals
(HI) were used as reference control (Figure 1). On the other
hand, to study the effects of fenofibrate treatment in vitro, on the
expression of inflammatory mediators in PBMC of Asy and
CHD patients, PBMC samples from each patient not treated with
fenofibrate were taken as reference controls (Figure 2). mRNA
expression of IL-12, TGF-f3, IL-6 and MCP-1 was measured in 20
healthy individuals, 13 asymptomatic patients and 28 cardiac
patients. CCR2 mRNA expression was measured in 6 healthy
individuals, 4 asymptomatic patients and 5 cardiac patients.

Primer Sequences

Forward (5’-3’) Reverse (5’-3’)
IL-12 | CTCCTGGACCACCTCAGTTT TGGTGAAGGCATGGGAACAT
TGF-B | ATGGAGAGAGGACTGCGGAT | TGGTCCCCTGTCCTATGA
IL-6 TATTAGAGTCTCAACCCCCAATAAA | ACCAGGCAAGTCTCCTCATT
MCP-1 | CTCTCGCCTCCAGCATGAAA CTTGAAGATCACAGCTTCTTTGG
CCR2 | CATTAGTTGCCCTGTATCTC ATGCGTCCTTGTTCAATCC
B-Actin | GTGGGGCGCCCCAGGCACCA CGGTTGGCCTTGGGGTTCAGG

GGG

Statistical Analysis

Different statistical tests were used for this work. To compare baseline
cytokine mRNA expression between healthy donors, asymptomatic
or Chagas heart disease patients, nonparametric Kruskal-Wallis test,
and then the Dunn s multiple comparisons test were performed. For
the study of the effect of fenofibrate in mRNA expression, a non-
parametric Wilcoxon test was used for paired samples. Mixed-effects
model analysis was performed to analyze differences between
experimental groups in flow cytometry assays. The Tukey post-hoc
test was performed to compare every mean with every other mean.
Differences were considered statistically significant when P <0.05. All
analyses were performed using the Prism 7.0 Software.

RESULTS

Cohort Characteristics of Chagas

Disease Patients

Table 1 shows clinical and electrocardiographic findings in the
cohort of Chagas disease patients under study. They were
classified according to the absence of symptoms (Asy) or the
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FIGURE 1 | Assessment of the expression of pro-inflammatory mediators and CCR2. Expression of IL-12 (A), TGF-B (B), IL-6 (C), MCP-1 (D), and CCR2 (E) were
determined by RT-gPCR in PBMC of healthy individuals (HI), seropositive asymptomatic (Asy) or Chagas heart disease (CHD) after 48 h of culture. MRNA expression
was analyzed and normalized against B-Actin. Results are expressed as the mean of 3 independent experiments. Differences between groups were analyzed by
Kruskal-Wallis test (mean + SEM) followed by Dunn’s post hoc test. *P < 0.05. PBMC of Asy or CHD vs. PBMC of HI.
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FIGURE 2 | Fenofibrate modulates pro-inflammatory mediators’ expression. PBMC were treated in vitro or not with 100 uM of fenofibrate. After 48 h, IL-12, TGF-B,
IL-6, MCP-1, and CCR2 mRNA was measured in asymptomatic (Asy) (A-E) and Chagas heart disease patients (CHD) (F-J). mRNA levels were determined by RT-
gPCR and normalized against B-Actin. Results are expressed as mean of 3 independent experiments. Differences between fenofibrate-treated PBMC were analyzed

using the Wilcoxon test for paired samples and are shown as the mean of the experiments + SEM. *P < 0.05. Fen-treated PBMC vs. untreated PBMC.

presence of any cardiac damage (CHD) in stage I, II, or III
according to severity. Control group included healthy individuals
(HI), men and women between 18 and 60 years, with negative
serology for Chagas disease. Most patients were born in disease
endemic areas with vectorial transmission.

Pro-Inflammatory Mediators’ Expression
in PBMC From Chagas Disease Patients
Groups of seropositive patients with different clinical forms for
Chagas disease were included in this study, namely, with
cardiomyopathy and without evidence of cardiac symptoms,
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TABLE 1 | Clinical details of the study population.

Group? No. of Age range Born in endemic Clinical Finding(s)® ECG finding(s)°®
individuals (median), yr areas

HI 23 40-81 (53) NA Normal Normal/NA

Asy 19 33-75 (53) 18/19 Asymptomatic Normal

CHD- 14 44-78 (66,5) 14/14 AV block, AF, PMK, isolated VE, DCM LAFB, RBBB, PMK, AF

Stage |

CHD- 8 31-78 (57) 8/8 NSVT with VEs, VEs, SVT, PPM with ICD, DCM Repolarization/NA

Stage Il

CHD- 19 45-69 (58) 19/19 VT with ICD, AVS, AF, PMK, AV block, PPM with ICD, RBBB, PPM, LAFB, AF, AV block,

Stage I VEs, CHD LBBB, PMK

aThe patients were categorized as follows: healthy individuals (HI), patients with positive serology for Chagas disease but asymptomatic (Asy), and patients with chronic heart disease
(CHD). The latter, separated into Stage | if there is an abnormal ECG but a normal chest X-ray, Stage Il if the X-ray is also abnormal and Stage Ill, if there are more symptoms of heart failure.
PThe main clinical findings were difterent arrhythmias: Atrioventricular block (AV block), atrial fibrillation (AF), pacemaker (PMK), ventricular extrasystoles (VE or VEs if frequent), dilated
cardiomyopathy (DCM), no sustained ventricular tachycardia (NSVT), supraventricular tachycardia (SVT), permanent pacemaker (PPM), implantable cardioverter defibrillator (ICD),
ventricular tachycardia (VT), acute vestibular syndrome (AVS) and coronary heart disease (CHD).

°ECG (electrocardiographic) findings: Left anterior fascicular block (LAFB), right bundle branch block (RBBB) and left bundlle branch block (LBBB); data not available (NA).

Endemic areas of patients: Argentinean provinces: Santiago del Estero, Chaco, Salta, Cordoba, Santa Fé, Jujuy, San Juan, Mendoza. Other countries: Bolivia and Paraguay.

and also healthy individuals. In order to evaluate whether
spontaneous release of inflammatory cytokines and chemokines
were differentially expressed, cultured PBMC from patients with
Chagas disease were analyzed. mRNA levels of IL-12, IL-6, TGF-
8, MCP-1, and CCR2 were determined by RT-qPCR, to assess the
basal level production of pro-inflammatory mediators. We
observed that PBMC from Chagas disease patients displayed a
higher level of cytokines than cells from HI, irrespective of the
clinical stage of the disease. The expression of IL-12 in PBMC of
Asy patients with positive serology for Chagas but without heart
disease was higher than HI. However, in patients with CHD its
expression was even higher, as shown in Figure 1A. A similar
result can be observed in the evaluation of TGF-f3, since PBMC of
both groups of patients show increased levels of this cytokine with
respect to the values of healthy individuals (Figure 1B). However,
when the expression of IL-6, MCP-1, and CCR2 was evaluated,
we found that only PBMC from patients with heart disease
displayed significantly increased levels of these cytokines in
comparison with healthy individuals (Figures 1C-E).

Fenofibrate Reduces Inflammatory
Mediator Levels in PBMC From Chagas
Heart Disease Patients

We have previously reported that fenofibrate significantly reduces
the extension of heart infiltrates and the expression of pro-
inflammatory cytokines in a murine model of mixed-stains
infection with bloodstream trypomastigotes (Cevey et al., 2017;
Rada et al., 2020). In this work, we observed that pro-inflammatory
mediators displayed higher levels of expression in cultured PBMC
from Chagas disease patients in comparison with those of HI. In
order to evaluate whether treatment with fenofibrate was able to
promote a reduction of pro-inflammatory cytokines in isolated
PBMC in vitro, we assessed the levels of mRNA expression of those
mediators. We previously demonstrated, in a work by our group
and in line with other studies, that 100 uM of fenofibrate is the
optimal concentration at which inflammatory mediators are
inhibited without affecting the viability of primary cardiomyocyte
cultures (Penas et al.,, 2015; Nahrendorf, 2018). As shown in
Figure 2, in vitro treatment of PBMC from Asy and CHD

patients with 100 pM fenofibrate, reduces the levels of IL-12,
TGF-B, IL-6, MCP1 in comparison with untreated cells
(Figures 2A-D, F-I). However, CCR2 expression levels were not
significantly modified in Asy or CHD patients (Figures 2E, J).
Likewise, fenofibrate does not modify the expression of any of the
studied cytokines in PBMC from healthy individuals
(Supplementary Figure S1A).

Patients With Different Stages of Chagas
Disease Display Changes in the
Frequencies of Monocyte Subsets

Different subpopulations of monocytes are involved in the
progression of Chagas disease cardiomyopathy. To determine
whether certain monocyte subsets were particularly expressed in
Chagas disease patients, according to the disease stage, the monocyte
population in whole PBMC from HI, Asy and CHD patients was
characterized by flow cytometry analysis (FACS), according to the
expression of CD14 and CD16, as classical (CD14™¢" CD16"%),
intermediate (CD14"8" CD16P*%) and non-classical (CD14'°%
CD16"*) (Figure 3A). Figures 3B-D show the effects of T. cruzi
stimulation and treatment of PBMC with Fen, on the percentage of
classical, intermediate, and non-classical monocytes from uninfected,
asymptomatic and Chagas heart disease patients. The results depicted
in Figure 3B in T. cruzi unstimulated and untreated cells, show a
significantly higher level of classical monocytes in CHD patients in
comparison with Asy. However, under the same conditions the
subpopulation of intermediate monocytes, CD14"8" CD16P*, does
not show differences between CHD and Asy or HI (Figure 3C).
Notably, T. cruzi unstimulated and untreated cells from Asy patients
have a significantly higher percentage of non-classical monocytes
than HI (Figure 3D).

In Vitro Stimulation With T. cruzi and
Fenofibrate Treatment Changes the
Prevalence of Monocyte Subsets
According to the Stage of the Disease

We sought to determine whether monocytes from Asy or CHD
patients exhibit different responses against the parasite. To this
aim, purified PBMC were stimulated in vitro with T. cruzi lysates
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FIGURE 3 | Percentage of monocyte subpopulations in patients with Chagas heart disease (CHD), asymptomatic (Asy) and healthy individuals (HI) with/without in
vitro treatment. A representative analysis of the gating strategy used in this study to differentiate the three monocyte subpopulations is shown (A). PBMC were
stimulated or not with T. cruzi lysate (Tc) and treated or not with fenofibrate (Tc + Fen). After 20 h according to CD14 and CD16 expression, they were classified as
Classical (CD14high/CD16neg), Intermediate (CD14high/CD16pos) and Non-Classical (CD14low/CD16pos). Percentage of classical (B), intermediate (C) and non-
classical (D) monocytes for HI, Asy and CHD unstimulated, stimulated with Tc lysate and with Tc lysate + Fen treatment. These data were analyzed by fitting a mixed
model with a Tukey post-hoc test and the results are expressed as the mean of the experiments + SEM. *P < 0.05. CHD vs. Asy; Asy vs. HI. *P < 0.05. Tc vs.

(10 pg/ml) for 24 h. Figure 3B shows that stimulation with
lysates significantly increases the percentage of CD14""
CD16"%, classical monocytes, of the Asy group, but does not
change their frequencies in CHD or HI groups. On the other
hand, stimulation with T. cruzi lysates decreases the percentage
of CD14"¢" CD16P*, Intermediate monocytes, in Asy patients,
and a trend to decreased frequencies is also observed in CHD
patients (Figure 3C). However, no changes were observed in the
percentage of this monocyte subset in HI (Figure 3C). Notably,
the stimulation with T. cruzi did not modify the frequency of
non-classical subpopulation, CD14'°¥CD16P°, monocytes in
any of the groups studied (Figure 3D).

Fenofibrate pre-treatment of T. cruzi-stimulated monocytes
exerted a modulatory effect, decreasing the percentage of classic
monocytes in the Asy population (Figure 3B). Figure 3C shows
that fenofibrate decreases the frequency of CD14"8"CD16P°* cells in
HI, but we only observed a trend to decrease this cell subset in Asy
and CHD patients. Interestingly, fenofibrate significantly increased
the percentage of non-classical cells in the HI and Asy groups but
this was not modified in the CHD group (Figure 3D). Of note,
fenofibrate alone does not modify any monocyte subpopulation in
HI, Asy, and CHD (Figure S1B).

In Vitro T. cruzi Stimulation and
Fenofibrate Treatment Modify CCR2 and
HLA-DR Expression in Monocyte Subsets
The most prominent role of CCR2 is believed to be in the
mobilization of monocytes under physiologic and also

inflammatory conditions. With the purpose to establish the
expression of CCR2 on total monocytes (CD14" cells),
according to clinical status, PBMC from CHD, Asy, and HI
groups were stained with CD14 and CCR2 and analyzed by
FACS (Figure 4A). The results show high basal levels of CCR2 in
CD14"CCR2" monocytes of all groups (Figures 4B-D). When
CD14"CCR2" cells were stimulated with T. cruzi lysates, its
percentage in Asy and CHD patients decreased significantly, and
also in healthy controls (Figures 4B-D). Furthermore, especially
in Asy, the pretreatment with fenofibrate of monocytes
stimulated with T. cruzi induces a trend to restore the basal
levels of CD14"CCR2" cells (Figure 4C). Besides, that fenofibrate
does not modify CCR2" levels in unstimulated CD14" cells
(Supplementary Figure S1C).

When CCR2 expression was analyzed in the different
monocyte subpopulations, we observed that the percentage of
CCR2" cells in HI and CHD decreased in the classical monocyte
subpopulation stimulated with T. cruzi lysates. Furthermore,
fenofibrate treatment restored the baseline level only in
monocytes from CHD patients and HI (Figure 5A). The
intermediate monocyte subpopulation showed a decrease in its
expression upon stimulation with T. cruzi, which was only
significant in monocytes from HI. However, fenofibrate did
not restore the decreased expression of CCR2 (Figure 5B).
Regarding the subpopulation of non-classical monocytes, the
stimulation with T. cruzi significantly decreased the percentage
of cells expressing CCR2 in the CHD and HI groups, although
only with a trend in Asy patients. Treatment with fenofibrate
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significantly increased the percentage of CCR2 in Asy and CHD
as shown in Figure 5C. In order to determine the expression of
HLA-DR in different disease stages, PBMC of the three
experimental groups were stained with CD14 and HLA-DR
(Figure 6A). Figures 6B, C show no significant differences
between cells stimulated in vitro with T. cruzi lysates in
comparison with unstimulated cells, in both Asy and HI
However, there is a trend to increased expression of HLA-DR
with T. cruzi stimulation in CHD patients, according to its mean
fluorescence intensity (MFI) (Figure 6D). As in the case of
CCR2, fenofibrate alone did not modify the increased expression
of HLA-DR in unstimulated and treated cells (Supplementary
Figure S1C). This was also observed in cells from Asy and HI
stimulated with T. cruzi. However, fenofibrate shows a clear
tendency to inhibit the increased HLA-DR expression of PBMC
from CHD upon stimulation with T. cruzi (Figure 6D).

When we studied HLA-DR expression in the classical
monocyte subpopulation, we observed that stimulation with T.
cruzi tends to raise the MFI of monocytes from CHD patients
and treatment with fenofibrate displays a trend to restore it to
basal levels (Figure 7A). We found that both stimulation with T.
cruzi lysates and fenofibrate treatment did not modify HLA-DR
expression in intermediate or non-classical monocyte
subpopulations, as shown in Figures 7B, C. Besides,

fenofibrate neither modifies CCR2" nor HLA-DR levels in
unestimulated monocytes subsets of CHD, Asy or HI
(Supplementary Figure S2A).

DISCUSSION

Monocytes are heterogeneous and multifunctional cells. As
components of the innate immune response, they participate
not only in inflammation and fibrosis, but also in tissue repair
and regeneration during heart diseases (Apostolakis et al., 2010).
Consequently, inflammatory cells, such as monocytes, are
increasingly being considered as potential drug targets for the
treatment of different heart conditions (Nahrendorf, 2018).
Regarding Chagas disease, while the relevance of parasite
persistence as a trigger of tissue damage is currently
acknowledged in the development of CCC, the role of the
different components of the inflammatory response remains
unclear (Zhang and Tarleton, 1999; Lopez et al., 2018; Wesley
et al., 2019).

In the present work, we first determined the spontaneous
expression of pro-inflammatory mediators, such as MCP-1 and
its receptor CCR2, and IL-12, TGF-3, IL-6 in cultured PBMC from
seropositive patients with different clinical forms of Chagas disease.
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FIGURE 5 | T. cruzi stimulation and fenofibrate treatment modify CCR2 in monocyte subpopulations. Percentage of CCR2* cells was determined in PBMC stimulated
or not with T. cruzi lysate (Tc) and treated or not with fenofibrate (Tc + Fen) after 20 h, according to CD14 and CD16 expression. It shows the percentage of classical
(CD14high/CD16neg) (A), intermediate (CD14high/CD16pos) (B) and non-classical (CD14low/CD16pos) (C) monocytes with CCR2* expression. The results are shown
as the mean of the experiments + SEM. These data were analyzed by fitting a mixed effect model with a Tukey post-hoc test. *P < 0.05; **P < 0.01.

The results show that PBMC from CHD patients displayed a
significantly higher expression level of these mediators than cells
from uninfected individuals. Moreover, in Asy patients we
observed a significantly increased expression of IL-12 and
TGF-B, and a trend to increase in the other cytokines
evaluated (Figure 1). These results are in consonance with
those found by other authors in neutrophils and monocytes for
similar groups of patients (Souza et al., 2004; Campi-Azevedo
et al., 2015; Medeiros et al., 2017; Pinto et al., 2018).

Recently, Dey et al. showed that mouse CD11c" classical
dendritic cells, but not CD11b" Ly6¢” inflammatory monocytes,
are the source of IL-6 required for the expansion of protective
Th17 cells against drug-resistant Leishmania donovani (Dey
et al., 2020). Previous studies by Stéger et al. also reported that
IL-6 deficiency was associated with the expansion of IL-10-

producing Treg cells, while expansion was not observed in IL-
12p40-deficient mice, stressing the role of IL-6 in the control of
infection (Stiger et al., 2006). Regarding our results, it must be
noted however, that the actual source of these, and also the other
cytokines was not investigated. Independently of this fact, it is
clear that both IL-12 and IL-6 are associated with a more severe
outcome, since they were particularly elevated in symptomatic
patients in comparison with asymptomatic ones or healthy
controls. Since in the context of parasite persistence in the
tissues, T. cruzi induces a substantial increase in pro-
inflammatory mediators and reactive oxygen and nitrogen
species (Cevey et al., 2017; Penas et al., 2017), this scenario
would favor tissue damage and contributes to the clinical
outcome observed in symptomatic patients with Chagas
disease. For this reason, it is desirable to find an anti-
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model with a Tukey post-hoc test.

inflammatory therapy that might be useful as a coadjuvant of the
antiparasitic treatment to preclude the onset of heart damage
during the course of infection.

Previous studies from our group showed that PPAR agonists,
such as fenofibrate, a potent hypolipidemic drug, also bears anti-
inflammatory properties in the context of experimental Chagas
disease (Cevey et al., 2017; Rada et al., 2020). In this work we
demonstrated that in vitro treatment with fenofibrate significantly
reduces the expression of pro-inflammatory mediators, in PBMC
(Figure 2). These findings are in line with those of Krysiak et al.,
in which fenofibrate decreased the release of TNFa, IL-1p, IL-6,
and MCP-1 by human monocytes. Those effects were
accompanied by a decrease in plasma C-reactive protein levels,
which could be clinically relevant in the prevention of vascular
complications (Krysiak et al., 2011). In this regard, we
demonstrated that fenofibrate controls inflammation, prevents
fibrosis, contributes to neovascularization and improves left
ventricular function, in an experimental murine model of
Chagas disease (Cevey et al., 2017). Moreover, in another work,
we showed that this occurs through IL-10-dependent and
-independent mechanisms (Rada et al., 2020). These anti-
inflammatory and protective effects of fenofibrate have been
also evaluated in models of autoimmune myocarditis (Cheng
et al., 2016), skeletal muscle inflammation (Dai et al., 2016), and
cardiac ischemia/reperfusion models (Sugga et al., 2012).
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FIGURE 6 | HLA-DR expression in monocyte. The mean fluorescence intensity (MFI) of HLA-DR was determined in basal CD14pos cells after 20 h of T. cruzi lysate
(Te) stimulation or fenofibrate (Tc + Fen) treatment. Monocytes were selected based on FSC and SSC. After excluding doublets and debris, live cells were selected,
monocytes were classified by CD14 positive staining. The mean fluorescence intensity (MFI) of HLA-DR was calculated both in total monocytes (A). It shows the
mean fluorescence intensity (MFI) of CD14pos/HLA-DRpos monocytes in healthy (HI) (B), asymptomatic (Asy) (C) and chronic Chagas disease (CHD) patients (D),
where each patient is represented by a circle. The results are shown as the mean of the experiments + SEM. These data were analyzed by fitting a mixed effect

In this work, we studied the monocyte population of patients
with different stages of Chagas disease. Our results show that
patients with CHD have a significantly higher percentage of
classical monocytes. Besides, we determined that there are no
significant differences between HI, Asy, or with CHD individuals
in the intermediate monocyte subpopulation. Interestingly, we
found that Asy patients have a significantly higher percentage of
non-classical monocyte subpopulation (Figure 3), suggesting
they are in an alert and patrolling state. In this sense, the work
of Cros et al. demonstrated that human non-classical monocytes
exhibited endothelial crawling behavior after adoptive transfer to
mice (Cros et al., 2010). Our results are in line with a work by
Pérez-Mazliah et al. who showed increased levels of non-classical
monocytes in T. cruzi-infected individuals with mild or no signs
of cardiac disease, as well as in patients suffering from dilated
cardiomyopathy unrelated to T. cruzi infection. In contrast, they
also showed that the monocyte profile in T. cruzi-infected
individuals with severe cardiomyopathy was slanted to the
classical and intermediate subsets (Péerez-Mazliah et al., 2018).
Consequently, in vitro experiments showed that CD16"
monocytes have higher mobility than their CD16" counterparts
(Randolph et al., 2002). This behavior suggests that non-classical
monocytes are constantly inspecting the endothelium for signs of
inflammation or damage and preparing to rapidly transmigrate
(Wong et al., 2012). Another study attributed the differences in
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effect model with a Tukey post-hoc test.

the characterization of the monocyte subpopulations, partly due
to the fact that individuals infected with parasites of different
discrete typing units (DTU) triggers different immunological
impact which could influence the progression of the disease
(Passos et al., 2015).

In our work, we evaluated whether in vitro treatment with
fenofibrate promotes changes in monocyte subpopulations. We
determined that T. cruzi increased the percentage of classical
monocytes of Asy patients, while fenofibrate treatment inhibited
this effect. In contrast, there were no changes in the classical
monocyte population from patients with CHD. On the other
hand, T. cruzi produced a significant decrease in the intermediate
population of Asy patients that was not modified by fenofibrate.
Notably, fenofibrate significantly increased the percentage of
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FIGURE 7 | HLA-DR expression in T. cruzi stimulated and fenofibrate treated monocyte subpopulations. The mean fluorescence intensity percentage of HLA-DR*
cells was determined in PBMC stimulated or not with T. cruzi lysate (Tc) and treated or not with fenofibrate (Tc + Fen) after 20 h, according to CD14 and CD16
expression. It shows the mean fluorescence intensity (MFI) of classical (CD14high/CD16neg) (A), intermediate (CD14high/CD16pos) (B) and non-classical (CD14low/
CD16pos) (C) monocytes with HLA-DR* expression. The results are shown as the mean of the experiments + SEM. These data were analyzed by fitting a mixed

non-classical monocytes in Asy patients, suggesting that this
treatment promotes a repairing and patrolling behavior. Also, it
should be noted that both T. cruzi and fenofibrate were not able
to significantly modify the percentage of any of the monocyte
subpopulations of patients with CHD (Figure 3).

CCR2 is a chemokine receptor involved in monocyte
mobilization and plays a key role in extravasation and
transmigration of monocytes under inflammatory conditions
(Conductier et al, 2010; Chu et al, 2014). MCP-1, ligand of
CCR2, is a potent monocyte activator that is abundantly
expressed in various pathological conditions. It has been
demonstrated that the loss of MCP-1 by targeted gene
disruption is sufficient to impair monocyte trafficking in
several inflammation models (Lu et al., 1998). Studies carried
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out with CCR2™"~ mice clearly demonstrated that this receptor
exhibits functions as a major mediator of macrophage
recruitment and trafficking in host defense to bacterial and
parasitic infections (Hardison et al., 2006). Our results clearly
show that when monocytes are stimulated with T. cruzi lysates,
the percentage of CCR2 decreases in all the groups (Figure 4). It
has been postulated that this might occur due to the fact that
during chemotaxis, CCR2" expressed on monocytes internalizes
with the bound chemoattractant, but cycles rapidly back to the
plasma membrane to maintain high responsiveness (Volpe et al.,
2012; Zhao et al,, 2019). Notably, fenofibrate tends to restore
baseline levels of CCR2 in cells stimulated with T. cruzi
(Figure 4). It has been described that CCR2™ and CCR2*
macrophages have distinct functions in the heart. CCR2™
macrophages are involved in various forms of tissue
remodeling such as coronary development, postnatal coronary
growth, and cardiac regeneration (Lavine et al., 2014; Leid et al.,
2016). Moreover, some studies revealed that after neonatal
cardiomyocyte injury, CCR2™ macrophages contribute to
cardiac tissue regeneration and functional recovery of the
heart, expanding the coronary vasculature, cardiomyocyte
proliferation, and physiological cardiomyocyte hypertrophy.
Particularly, in the pediatric mouse heart, the absence of
CCR2™ macrophages demonstrated poor regenerative capacity
(Epelman et al,, 2014; Lavine et al, 2014; Leid et al., 2016).
However, analysis of heart transplant recipients in humans
revealed that CCR2™ macrophages are a tissue-resident
population exclusively replenished through local proliferation,
whereas CCR2" macrophages do it through monocyte
recruitment and proliferation. In patients with heart failure,
CCR2" macrophage abundance is associated with left
ventricular remodeling and systolic function (Bajpai et al., 2018).

Although fenofibrate restored CCR2" in classical
subpopulation of CHD patients, the significant increase in the
non-classical subpopulation of Asy and CHD is of great interest
due to its restorative characteristics (Figure 5). This could also
explain, together with the inhibition of pro-inflammatory
mediators in the heart, the improvement in cardiac function
that we have demonstrated in the murine model of mixed
infection by T. cruzi under treatment with fenofibrate (Cevey

et al., 2017; Rada et al,, 2020). Further case control studies,
namely, cohorts of fenofibrate vs. placebo treated patients, are
needed to test the hypothesis that fenofibrate restores the
percentage of CCR2" non-classical monocytes leading to
improvement of ventricular function in patients with
Chagas disease.

In this work, the expression of HLA-DR in all the groups of
patients was studied. We observed a trend to increase in HLA-DR
expression in T. cruzi stimulated monocytes from CHD patients.
Besides, fenofibrate tends to inhibit this effect (Figure 6).
Furthermore, we have shown that HLA-DR tends to increase its
expression in the classical monocyte subpopulation from CHD
patients stimulated with T. cruzi. Fenofibrate treatment showed a
tendency to restore HLA-DR expression to baseline levels
(Figure 7A). However, another study shows that not only HLA-
DR increased in the classical monocytes of cardiac patients but also
in those of indeterminate. Likewise, in that work a lower expression
of HLA-DR on intermediate monocytes of Asy patients was
observed when compared to the CHD patients (Pinto et al,
2018). Deficiency in the expression of HLA-DR may reflect the
severity of a disease. The low HLA-DR MFI constitutes an
independent risk factor in predicting mortality, since decreased
expression of HLA-DR on monocytes was associated with impaired
antigen presentation and poor prognosis (Li et al., 2020). The fact
that in our study fenofibrate treatment did not modify HLA-DR
expression is encouraging, since it would mean that it does not
inhibit antigen presentation capacity.

In conclusion, monocyte profiling through analysis of
inflammatory markers may be of value to direct appropriate
coadjuvant therapies, like the one envisioned in this work by
means of fenofibrate treatment, with the aim to help reduce the
extensive and noxious inflammatory and profibrotic response
arising in chronic Chagas heart disease patients (Figure 8).
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Chagas disease (CD), caused by the hemoflagellate protozoan Trypanosoma cruzi, affects
more than six million people worldwide and presents an unsatisfactory therapy, based on
two nitroderivatives, introduced in clinical medicine for decades. The synthetic peptide,
with CTHRSSVVC sequence (PepA), mimics the CD163 and TNF-a. tripeptide “RSS” motif
and binds to atheromatous plaques in carotid biopsies of human patients, spleen tissues,
and a low-density lipoprotein receptor knockout (LDLr-/-) mouse model of
atherosclerosis. CD163 receptor is present on monocytes, macrophages, and
neutrophils, acting as a regulator of acute-phase processes and modulating aspects of
the inflammatory response and the establishment of infections. Due to the potential
theranostic role of PepA, our aim was to investigate its effect upon T. cruzi infection in vitro
and in vivo. PepA and two other peptides with shuffled sequences were assayed upon
different binomials of host cell/parasite, including professional [as peritoneal mouse
macrophages (PMM)] and non-professional phagocytes [primary cultures of cardiac
cells (CM)], under different protocols. Also, their impact was further addressed in vivo
using a mouse model of acute experimental Chagas disease. Our in-vitro findings
demonstrate that PepA and PepB (the peptide with random sequence retaining the
“RS” sequence) reduced the intracellular parasitism of the PMM but were inactive during
the infection of cardiac cells. Another set of in-vitro and in-vivo studies showed that they
do not display a trypanocidal effect on bloodstream trypomastigotes nor exhibit in-vivo
efficacy when administered after the parasite inoculation. Our data report the in-vitro
activity of PepA and PepB upon the infection of PMM by T. cruzi, possibly triggering the
microbicidal arsenal of the host professional phagocytes, capable of controlling parasitic
invasion and proliferation.

Keywords: Chagas disease, Trypanosoma cruzi, experimental chemotherapy, CTHRSSVVC peptide, inmunomodulation
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CTHRSSVVC on Trypanosoma cruzi Infection

INTRODUCTION

According to the World Health Organization (WHO), neglected
tropical diseases (NTDs) are communicable diseases that lack
attention, care, and investments in areas of research and
development of vaccines and medicines, affecting very poor
communities with impaired public health access to early
diagnosis and treatment (WHO, 2022).

Among the list of 20 NTDs, Chagas disease (CD), also known
as American trypanosomiasis, affects more than six million
people worldwide and is responsible for about 10,000 deaths
per year (Sales Junior et al., 2017).

The etiological agent of CD is the protozoan Trypanosoma
cruzi that presents different forms in both vertebrate and
invertebrate hosts and that can be transmitted by distinct
pathways, including via a vector insect and the oral route
(Chatelain, 2017; Lidani et al., 2019). CD has two phases, acute
and chronic, and since its discovery in 1909 by Carlos Chagas, it
poses as a serious public health problem (WHO, 2022). Vaccines
are not available and then control and treatment are exclusively
related to drug therapy based on two very old pharmacological
entities—benznidazole (Bz) and nifurtimox (NF)—introduced in
clinical use for more than five decades (Soeiro and de Castro,
2009; Soeiro and de Castro, 2011; Soeiro, 2022). Both
nitroderivatives have serious drawbacks including their limited
efficacy, especially in the later chronic phase, and severe side
effects with discontinuation (about 20%) of treatment (Soeiro
and de Castro, 2011; Vieira et al., 2019; de Araujo et al., 2020).

Different experimental therapeutic approaches have been
pursued aiming to find new drug candidates to face this sad
scenario. The search includes several strategies such as i)
repositioning studies of drugs already available in the market
for other illness conditions, ii) identification of new antiparasitic
agents using diverse libraries (composed of natural and synthetic
products), iii) design and synthesis of new chemical entities
selectively directed to molecular targets as well as iv) combined
therapy, and v) molecular hybridization (hybrid compounds)
combining two molecules (or parts of them) in a single new
chemical entity to act on multiple targets of interest (Scarim
et al., 2018; Simoes-Silva et al., 2019; Soeiro, 2022).

The knowledge regarding the mechanisms involved in the
pathological manifestations of CD has still not been fully gained
(Soeiro, 2022). This knowledge could bring relevant contributions
to the identification of more selective and complementary therapy
for CD. In fact, despite being able to control and reduce the
parasitic load in the acute phase, the host immune response and
triggered inflammation are not able to fully eliminate the infection,
and a progressive unbalanced inflammatory response (triggered by
residual parasitism) is associated with the deteriorated conditions
and may represent an important target for CD therapy (Benvenuti
et al., 2017; Soeiro, 2022).

An interesting study demonstrated the ability of a peptide
sequence—CTHRSSVVC (PepA), which mimics the CD163
molecule tripeptide “RSS” motif (Etzerodt et al., 2014) to bind
inflammatory foci present in atheroma plaques in carotid biopsies
of human patients, spleen tissues, and a low-density lipoprotein
receptor knockout (LDLr—/—) mouse model of atherosclerosis

(Silva et al,, 2016). CD163 is present on professional phagocytes
such as monocytes, macrophages, and neutrophils; eliminates
hemoglobin and haptoglobin complexes; and acts as an acute-
phase controller. Moreover, it plays a role in modulating
inflammatory responses and the establishment of infections
(Fabriek et al., 2009). In-vitro studies showed that the tracer
[18F]AIF-NODAMP-C6-CTHRSSVVC binds CD163 receptors
allowing a clear visualization of cancer cells using positron
emission tomography (PET), although it was not able to detect
subtle differences in CD163 levels of tumors induced by different
treatments (Fernandes et al., 2021). No selective binding of the
sulfo-Cy5-CTHRSSVVC peptide into macrophages could be
noticed in vitro, but this tracer accumulates in a 4T1 tumor-
bearing BALB/c mice model (Kovacs et al., 2022). Besides CD163,
the RSS motif is likewise present in TNF-o. (Etzerodt et al., 2014;
Riethmueller et al., 2016; Zunke and Rose-John, 2017), stimulating
its analysis in additional theranostic approaches (Silva et al., 2016;
Fernandes et al., 2021; Kovacs et al., 2022).

Thus, as these previous reports suggest the potential
theranostic role of PepA, our aim was to investigate its effect
upon T. cruzi infection in vitro and in vivo. PepA and PepB (the
peptide with random sequence retaining the “RS” sequence)
reduced the intracellular parasitism of peritoneal mouse
macrophages but were inactive during the infection of cardiac
cells. Additional in-vitro and in-vivo studies showed that they do
not display a trypanocidal effect on bloodstream trypomastigotes
nor exhibit in-vivo efficacy when administered in a mouse model
of acute T. cruzi infection after the parasite inoculation. The bulk
of our data demonstrates the in-vitro activity of PepA and PepB
upon the infection of PMM by T. cruzi, possibly triggering the
microbicidal arsenal of the host professional phagocytes, capable
of controlling parasitic invasion and proliferation.

MATERIALS AND METHODS

Tested Compounds

Peptide sequences (Figure 1) were synthesized by the Chinese
Peptides Company (Hangzhou, China) and fully characterized by
nuclear magnetic resonance (NMR); carbon, hydrogen, and
nitrogen (C, H, N) composition analyses; and MALDI/FAB
mass spectrometry as reported (Silva et al., 2016). Stock
solutions were prepared at 6 mM in sterile deionized water. The
original sequence (CTHRSSVVC) which mimics the “RSS” motif
of the CD163 molecule was named peptide A (PepA), the random
sequence retaining the “RS” sequence of peptide A was called
peptide B (CGRSKAMEFC, PepB), and a scrambled sequence of
peptide A was named peptide C (CHVSVRTSC, PepC). The
reference compound for trypanocidal activity was the
nitroderivative benznidazole [N-benzyl-2-(2-nitroimidazol-1-yl)
acetamide2-nitroimidazole, Bz] (Laboratorio Farmacéutico do
Estado de Pernambuco, Brazil) (Figure 1), which was prepared
in a stock concentration of 50 mM diluted in dimethylsulfoxide
(100% DMSO), with the final in-test concentration never
exceeding 0.6% for in-vitro experiments to avoid non-specific
toxicity. For in-vivo assays, the peptides were diluted daily and
prepared in sterile and deionized water. The reference drug was
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FIGURE 1 | Chemical structures of (A) benznidazole, (B) PepA, (C) PepB, and (D) PepC.

diluted in a solution composed of sterile and deionized water with
3% of Tween 80 (Guedes-da-Silva et al., 2016).

Parasites

Bloodstream trypomastigote forms of the Y strain of T. cruzi were
obtained from male Swiss Webster mice at the peak of parasitemia
by cardiac puncture (Meirelles et al., 1986; Batista et al., 2010).

Mammalian Host Cells

Primary cultures of mouse embryonic cardiac cells (CM) were
obtained as described (Meirelles et al., 1986). CM were seeded
into 24-well plates with 50 x 10° cells per well. Peritoneal mouse
macrophages (PMM) were obtained by peritoneal lavage of male
Swiss mice (Santos et al., 2020). PMM were plated into 96-well
plates (50 x 10? cells per well) and 24-well plates (30 x 10* cells
per well). All cultures were maintained at 37°C/5% CO,.

Mammalian Toxicity

The toxicity of the peptides was investigated upon PMM using the
alamarBlue test (Invitrogen, Waltham, MA, USA) according to the
manufacturer’s recommendations (Timm et al., 2014; Guedes-da-
Silva et al, 2016). PMM were treated for 48 h with increasing
concentrations of the tested peptides (up to 500 uM). Following the
exposition @I))eriod, the colorimetric test was performed with
alamarBlue™ (cell viability detection test) and absorbance was
determined by a spectrophotometer (570 and 600 nm). All assays
were performed in triplicate in at least two individual assays (Timm
et al., 2014; Guedes-da-Silva et al., 2016).

The Activity of the Peptides on
Intracellular Forms of the Y Strain Present
in Primary Cell Cultures (PMM and CM)

The effect of the peptides on intracellular forms in PMM was
performed under the following protocols: i) pretreatment: PMM

were rinsed and incubated for 24 h with different concentrations
of the tested peptides and with Bz up to a maximum
concentration of 50 WM. After incubation, the culture medium
was replaced to remove the tested compounds and PMM were
infected for 2 h with trypomastigote forms of T. cruzi (Y strain,
M.O.L 10 parasites:1 cell). Then, cultures were rinsed to remove
the non-internalized parasites and incubated for 48 h at 37°C
with RPMI culture medium. ii) Posttreatment. PMM were
infected for 2 h with T. cruzi (Y strain, M.O.I. 10 parasites:1
cell), rinsed, and incubated for 24 h at 37°C. PMM were then
incubated for 48 h at 37°C with increasing concentrations (up to
50 uM) of the peptides and Bz.

The effect of the peptides on intracellular forms of T. cruzi present
in CM was performed as follows: i) pretreatment: CM cultures were
incubated for 24 h with different concentrations of the peptides and
Bz (up to 50 uM). Then, the cultures were rinsed to remove the
compounds and infected for 24 h with bloodstream trypomastigote
forms of T. cruzi (Y strain, M.O.1. 10 parasites:1 cell). After infection,
the samples were rinsed to remove non-internalized parasites and
incubated for 48 h at 37°C/5% COQ,. ii) Posttreatment. CM were
infected with bloodstream trypomastigote forms (Y strain, M.O.L
10:1), and after 24 h, the cultures were washed to remove non-
internalized parasites and incubated for 48 h at 37°C/5% CO, with
increasing concentrations of peptides (up to 50 L{M).

After the different assays, PMM and CM were rinsed with
phosphate-buffered saline (PBS) and fixed with Bouin solution.
Then, the samples were stained with Giemsa for quantification
(under light microscopy) of the percentage of infected host cells,
the number of parasites per cell to calculate the infection index
(multiplication between these two factors). Infected cultures not
subjected to the treatments were used as negative controls
(Guedes da Silva et al.,, 2016).

All assays were performed in duplicates in at least two individual
assays (Timm et al., 2014; Guedes-da-Silva et al., 2016).
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The Activity of the Peptides on
Bloodstream Trypomastigote Forms
Bloodstream trypomastigotes (Y strain) were incubated with the
tested peptides and Bz up to a concentration of 100 uM. After 2
and 24 h of incubation at 37°C, the number of live parasites
(identified by their characteristic morphology and movement)
was determined under a light microscope by quantification in a
Neubauer chamber to determine the ECs, values. Controls were
performed with parasites kept under the same conditions, in the
absence of peptides (de Araujo et al., 2019).

In-vitro studies represent the analysis of two individual assays
performed in duplicates.

Effect of Peptides Upon Experimental
Mouse Trypanosoma cruzi Infection

Male Swiss Webster mice (18-20 g, 4-5 weeks of age) obtained from
the animal facilities of the Institute of Science and Biomodels
Technology (ICTB) FIOCRUZ were housed at a maximum of five
per cage, kept in a specific-pathogen-free room at 20°C to 24°C
under a 12-h light and 12-h dark cycle, and provided sterilized water
and chow ad libitum. Male mice were used as previous findings
showed that they are more vulnerable to experimental infection than
females and thus more suitable for therapeutic screenings (Guedes
etal, 2015). The animals were acclimated for 7 days before starting
the experiments. Infection was performed by intraperitoneal (i.p.)
injection of 10* bloodstream trypomastigotes (Y strain).
Trypanosoma cruzi-infected mice were treated intraperitoneally
with 0.1 ml of the tested peptides for up to 10 consecutive days,
starting at 5 dpi, which corresponds to (in this experimental model)
the parasitemia onset. Only mice with positive parasitemia were used
in the infected groups. Benznidazole at 100 mg/kg/day (as the
optimal dose) was run in parallel. Peptides were freshly prepared
in sterile and distilled water, dosing according to the body weight of
the animals. The experimental animal groups were divided as
follows: uninfected (uninfected and untreated), untreated (infected
and treated with vehicle only), treated with Bz (infected and treated
with daily doses of 0.1 ml at 100 mg/kg, by gavage), and treated with
peptides (infected and treated with daily doses of 0.1 ml of each
peptide at 10 mg/kg). Parasitemia was performed individually by
direct counting of the parasite in the blood (5 ul) under a light
microscope. Mice were weighed once a week to monitor possible
changes in body weight. Mortality was checked daily up to 30 days
after treatment and expressed as the percentage of accumulated
mortality (% CM) (Ferreira de Almeida Fiuza et al., 2018). In-vivo
studies were performed twice using five animals per group (n = 5).

Ethics Statement

All procedures were carried out in accordance with the
guidelines established by FIOCRUZ Committee of Ethics on
Animal Experimentation (CEUA) number L-038/2017.

Statistical Analysis

The statistical analysis was performed by analysis of variance
(ANOVA), the data for the different assays were combined, and
the significance was set at a p-value of <0.05 (Guedes-da-Silva
et al,, 2016).

RESULTS

Cytotoxic Effect of the Peptides on
Mammalian Host Cells

Considering the importance of identifying non-toxic agents, the
cytotoxic effect of the peptides on PMM was assessed using the
alamarBlue test. The findings demonstrated that the tested
peptides did not induce loss of cellular viability when PMM
were incubated for 48 h (up to 500 uM), while Bz gave LCsq
value = 333 + 165 uM (Table 1).

Effect of the Peptides Upon Infection of
PMM by Trypanosoma cruzi

The activity of the peptides and Bz upon the infection of PMM
with T. cruzi [Y strain, discrete typing unit (DTU II)] was
evaluated by counting the number of intracellular parasites and
the percentage of infected host cells to determine the infection
index (II) of Giemsa-stained samples (Figure 2). The assays
were performed under two different protocols, namely, pre- and
posttreatment, by the addition of the tested peptides before and
after the establishment of the infection to verify their potential
effect directly on the host cells and against the intracellular
parasites, respectively (Tables 2, 3). The previous treatment of
PMM with PepA and PepB resulted in lower parasite levels as
compared with untreated samples, reaching decreases of 62%
(p = 0.027) and 49% (p = 0.119), respectively, while PepC and
Bz gave smaller (30% and 22%) and non-significant drops
(p = 0.684 and p = 0.799), respectively (Tables 2, 3). After
the establishment of the infection, PepA and PepB induced a
non-significant effect on the parasite load, reaching 36%
(p = 0.169) and 48% (p = 0.621) of decreases, respectively,
while Bz reached 98% of decline (p = 0.066) (Table 2).

Effect of the Peptides Upon Infection of
CM by Trypanosoma cruzi

The activity of PepA and PepB was additionally investigated
using primary cultures of mouse cardiac cells infected with the Y
strain. As depicted in Table 4, both peptides only caused modest
and non-significant (p > 0.05) reductions in parasitism of CM,
reaching maximum values of 35% inhibition of infection rates at
the highest concentration (50 pM), while Bz resulted in 96% of
decline (Table 4).

TABLE 1 | Determination of the cytotoxicity profile (LCs, values) of peptides
(PepA, PepB, and PepC) and benznidazole (Bz) on the primary culture of
peritoneal mouse macrophages (PMM).

LCso values (mean = SD/uM)?

Bz 333 + 165
PepA >500
PepB >500
PepC >500

4Analysis represents two individual assays performed in triplicates.
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TABLE 2 | Activity of peptide A (PepA), peptide B (PepB), and benznidazole (Bz)
on in-vitro infection of peritoneal mouse macrophages (PMM) by Trypanosoma
cruzi (Y strain) submitted to pre- and posttreatment protocols.

FIGURE 2 | Light microscopy images of peritoneal mouse macrophages pretreated with PepA, PepB, and PepC at 50 uM before infection with Trypanosoma cruzi.

TABLE 4 | Activity of peptides A and B and benznidazole (Bz) on in-vitro
infection of cardiac cell cultures by Trypanosoma cruzi (Y strain) using pre- and
posttreatment with peptides (50 uM) and Bz (5.5 uM) used as a reference drug.

Infection index (mean = SD) (% reduction)®

Pre-treatment Post-treatment

Infection index (mean = SD) (% reduction)?

Pre-treatment Post-treatment

Untreated 109 + 16 272 + 178

Bz ND 6.5 + 5.9 (98)*
PepA 41 +19 (62)™ 174 + 166 (36)"
PepB 56 + 24 (49)" 140 + 108 (48)"

Untreated 378 £ 113 394 + 162

Bz 386 + 56 (0)* 14.57 + 7 (96)*
PepA 288 + 112 (24)* 320.8 + 154 (19)*
PepB 325 + 86 (14)" 253.9 + 141 (35)"

Mean + SD of the infection index (% of reduction).

ND, not determined.

4Analysis of two individual assays performed in duplicates.
*» > 0.066; *'p = 0.027; *o > 0.05.

TABLE 3 | Activity of peptide C (PepC) and benznidazole (Bz) on in-vitro infection of
peritoneal mouse macrophages (PMM) by Trypanosoma cruzi (Y strain) using
pretreatment protocol: mean + SD of the infection index (% of reduction).

Infection index (mean = SD) (% reduction)?®

Untreated 229 + 174
PepC 160 + 113 (30)*
Bz 178 + 176 (22)*

4Analysis of two individual assays performed in duplicates.
o > 0.05.

Effect of the Peptides on Bloodstream
Forms of Trypanosoma cruzi

To check the potential direct effect of the peptides upon the other
relevant form of T. cruzi to mammalian infections, the activity of
the peptides was assayed upon extracellular bloodstream
trypomastigotes (Y strain) through light microscopy. The
findings demonstrated that all peptides were inactive against
bloodstream forms (ECso > 100 pM), while Bz achieved likely
potency (ECsq value = 12 uM) (Table 5).

Effect of the Peptides In Vivo

Finally, in-vivo assays were conducted to explore the potential
therapeutic effect of the peptides upon a mouse model of acute T.
cruzi infection (Swiss mice infected with the Y strain), under
administration for 5-10 consecutive days with 10 mg/kg/day, via
the intraperitoneal route, starting at the parasitemia onset (5 dpi).

Reduction of the CM infection by T. cruzi: mean + SD of the infection index (% of
reduction).

4Analysis of two individual assays performed in duplicates.

0 =0.0107; *p > 0.05.

Our findings (Figures 3A, B) show that all peptides displayed a
maximum of 23% of parasitemia decline (8 dpi), while Bz (optimal
dose of 100 mg/kg/day) fully suppressed (>99%) the parasitemia at
8 dpi, corresponding to the parasitemia peak (Figure 3B). Also, the
ponderal curve demonstrates that all peptides were unable to
protect against weight loss induced by T. cruzi infection, which
was clearly reverted during Bz administration (Figure 3C). Indeed,
only the reference drug gave 100% of animal survival, while all
peptides reached 100% of cumulative death as soon as at 15 dpi,
similar to the vehicle-treated mice group (Figure 3D).

DISCUSSION

The peptide with CTHRSSVVC sequence (PepA) mimics the
CD163 and TNF-a. tripeptide “RSS” motif. The CD163 receptor

TABLE 5 | The biological effect of the peptides and benznidazole (ECs values at
uM) against bloodstream trypomastigotes of Trypanosoma cruzi (Y strain) after 2
and 24 h of incubation at 37°C.

ECso values (mean = SD/uM)?

2h 24 h
Bz - 12
PepA >100 >100
PepB >100 >100
PepC >100 >100

4Analysis of two individual assays performed in duplicates.
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FIGURE 3 | Effect of peptides and benznidazole upon a mouse model of acute Trypanosoma cruzi infection. (A) Parasitemia curve, (B) data dispersion of blood
parasitism at 8 days postinfection, (C) ponderal curve, and (D) cumulative mortality.

is present on monocytes, macrophages, and neutrophils, acting as
a regulator of acute-phase processes and modulating aspects of the
inflammatory response and the establishment of infections
(Etzerodt et al., 2014; Silva et al.,, 2016). Hence, due to previous
reports regarding the theranostic role of PepA, our aim was to
evaluate its effect upon T. cruzi experimental infection in vitro and
in vivo. Besides PepA, two other sequences were assessed: one that
maintains the “RS” region (PepB) and another that maintains all
the amino acids in scrambled order to the original sequence
(PepC). As CD163 is present in professional phagocytes, these
peptides were screened in PMM by means of distinct protocols
exploring the potential cytotoxic profile on mammalian cells as
well as their effect on T. cruzi infection before (pretreatment) and
after parasite interaction (posttreatment). Our data showed that all
peptides showed a non-toxic profile, which is a desirable
characteristic for new drug candidates (Gupta et al., 2015).

PepA and PepB reduced the infection indexes of T. cruzi-
infected PMM reaching a statistically significant (p = 0.027)
maximum decline of 62% when the CTHRSSVVC sequence was
added prior to parasite interaction. Accordingly, PepC, the one
with scrambled sequence, only reached a non-significant
decrease of 30% when added prior to protozoan infection,
arguing in favor of the specificity of the RS motif present in
PepA and PepB, possibly triggering a microbicidal response
induced by the RS sequence region. On the other hand, the
lack of activity of the peptides on the trypomastigote forms
suggests that the effect of PepA and PepB is on PMM metabolism
rather than on the parasite itself due to their inability to lyse
bloodstream forms.

No major effect was noticed when cardiac cell cultures were used
as host cells, supporting the hypothesis that the sequence region

“RS” of PepA and PepB may selectively activate professional
phagocytes such as PMM by an immunomodulatory pathway.
The lack of therapeutic activity against bloodstream
trypomastigotes was also corroborated by in-vivo approaches
demonstrating only a mild reduction of the parasitemia in mice
treated with the peptides after T. cruzi infection. Although the “RSS”
motif is a conserved sequence present only in human and monkey
CD163, its soluble form (sCD163) is likewise detectable in mouse
serum and is present in TNF-o (Etzerodt et al., 2014; Riethmueller
et al, 2016; Zunke and Rose-John, 2017). Macrophages are
notoriously heterogeneous. They can adopt a spectrum of
phenotypes from the anti-inflammatory M2-type state (CD163)
to the pro-inflammatory Ml-type state (TNF-o)). However, the
inflammatory phenotype of the M1 versus M2 macrophage is not
constant, which probably reflects the plasticity of monocyte-derived
cells in response to microenvironmental changes (Sica et al., 2006;
Moghaddam et al., 2018). In this context, their potential biological
effect may depend on how the peptide will be presented for specific
binding to occur and where they will bind. Since T. cruzi infection
stimulates the activation of both M1 and M2 macrophages
(Zanluqui et al, 2015), further studies will be necessary to
evaluate the mode of action of PepA and PepB on T. cruzi
experimental infection. In fact, in addition to CD163, the RSS
motif is present in TNF-o. and a soluble CD163 exists in mice, and
further studies are necessary to reveal the mode of action of the
peptides. These studies would include measurements of different
inflammatory mediators in vitro besides evaluating the response
upon the infection of M1 and M2 macrophage populations as well
as the use of distinct in-vivo models and regimens (e.g.,
pretreatment of mice with peptide before parasite inoculation of
murine models of acute and chronic infection). Moreover, other
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factors must be considered during the experimental assays such as
peptide stability in vivo, levels of macrophage subpopulations, and
different types and kinetics of inflammation in the acute and
chronic models of T. cruzi infection (Silva et al., 2016; Fernandes
et al., 2021; Kovacs et al., 2022).

The bulk of our findings suggests that the non-toxic profile of
PepA and PepB along with their ability to diminish PMM
parasitism in vitro justifies additional studies aiming to open
new perspectives for alternative therapies for CD.
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Chagas disease, caused by the intracellular pathogen Trypanosoma cruzi, is the parasitic
disease with the greatest impact in Latin America and the most common cause of
infectious myocarditis in the world. The immune system plays a central role in the control
of T. cruzi infection but at the same time needs to be controlled to prevent the
development of pathology in the host. It has been shown that persistent infection with
T. cruzi induces exhaustion of parasite-specific T cell responses in subjects with chronic
Chagas disease. The continuous inflammatory reaction due to parasite persistence in the
heart also leads to necrosis and fibrosis. The complement system is a key element of the
innate immune system, but recent findings have also shown that the interaction between
its components and immune cell receptors might modulate several functions of the
adaptive immune system. Moreover, the findings that most of immune cells can produce
complement proteins and express their receptors have led to the notion that the
complement system also has non canonical functions in the T cell. During human
infection by T. cruzi, complement activation might play a dual role in the acute and
chronic phases of Chagas disease; it is initially crucial in controlling parasitemia and might
later contributes to the development of symptomatic forms of Chagas disease due to its
role in T-cell regulation. Herein, we will discuss the putative role of effector complement
molecules on T-cell immune exhaustion during chronic human T. cruzi infection.

Keywords: Trypanosoma cruzi, chagas’ disease, T cell, anaphylatoxins, exhaustion

INTRODUCTION

In an acute infection in which the antigen is totally eliminated, long-lived memory T cells are
generated and can be maintained by homeostatic mechanisms regardless of the presence of antigen.
In contrast, in the context of chronic infection, the antigen-specific T cells that are generated depend
on the presence of the antigen to proliferate, do not respond to homeostatic mechanisms, and lose
many of their effector capabilities, raising concerns about the establishment of “true” memory
pathogen-specific T cells. This state is called immune exhaustion, and the earliest evidence
suggesting the presence of this process was provided by studies using a mouse model of chronic
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lymphocytic choriomeningitis virus (LCMV) (Gallimore et al.,
1998); since then, it has been found to commonly occur during
numerous human chronic viral (Boni et al., 2007; Kahan et al.,
2015) and bacterial infections (Behar et al., 2014) and,
more recently, in protozoan infections, including malaria,
Trypanosoma cruzi and toxoplasmosis (Gigley et al., 2012;
Rodrigues et al, 2014). Immune exhaustion also occurs in
noninfectious environments, such as tumors, where tumor
antigens are persistently expressed (Ahmadzadeh et al., 2009;
Crespo et al., 2013).

Immune exhaustion of T cells is characterized by the
progressive and hierarchical loss of effector functions
associated with the increased expression of inhibitory
receptors, altered gene expression of key transcription factors,
cellular metabolic disorders, loss of the homeostatic response to
the T-cell cytokines IL-7 and IL-15 and changes in the expression
of pro- and anti-apoptotic factors. Finally, the process can
culminate with the physical deletion of antigen-specific T
lymphocyte clones (Zajac et al., 1998; Gallimore et al., 1998;
Doering et al., 2012). Production of cytokine IL-2 and
proliferative capacity are the first effector functions to be lost
in T cells, while the capacity to produce IFN-v is the last effector
function to be lost (Moskophidis et al., 1993; Oxenius et al., 1998;
Welsh, 2001; Wherry et al., 2003). However, exhausted T cells are
still important for controlling the host-pathogen equilibrium in
a chronic infection (Schmitz et al., 1999). In addition to the T-cell
compartment, the innate immune system is affected during
chronic infections (Zuniga et al, 2015; Greene and Zuniga,
2021). The complement system, which is a key effector of
innate immune responses in acute infections, has also been
shown to be involved in the modulation of adaptive immune
responses (Ricklin et al., 2010).

The immune system is central to the control of Trypanosoma
cruzi infection; when it is not sufficient, the parasite load and
inflammation, and therefore, the potential for tissue damage,
increases (Tarleton et al, 1994). Our group has shown that
persistent infection by T. cruzi induces exhaustion of T. cruzi-
specific T-cell responses, which is also reflected by a high degree
of differentiation and activation of T cells in the circulation of
subjects chronically infected with the parasite (Laucella et al.,
2004; Albareda et al., 2006; Alvarez et al., 2008; Albareda et al.,
2009; Albareda et al., 2013; Albareda et al., 2015).

In recent decades, much knowledge has been gained about the
complexity of the complement system, which has more than
just a defense role in the circulation during acute infections
and is related to complement-mediated intracellular and
autocrine regulation involved in the modulation of the innate
and adaptive immune responses. Increased levels of complement
anaphylatoxins in subjects with chronic T. cruzi infection
have been reported (Ndao et al., 2010) but whether the
complement system has an immunoregulatory role in T-cell
exhaustion during chronic Chagas disease remains unknown.
Understanding the interaction between complement molecules
and the T-cell response is important in the setting of a chronic
infection. In this minireview, we will discuss the putative role of
effector complement molecules on the T-cell immune exhaustion
during chronic human T. cruzi infection.

DEVELOPMENT OF T-CELL RESPONSES
AND IMMUNE EXHAUSTION IN CHRONIC
HUMAN TRYPANOSOMA CRUZI
INFECTION

Chagas disease, caused by the intracellular pathogen
Trypanosoma cruzi, is the parasitic disease in Latin America
with the highest impact and is the most common cause of
infectious myocarditis in the world (WHO, 2018). The infection
is naturally transmitted by blood-feeding Reduviid insects, but
transmission by oral contamination, transplacental transmission
and transmission by blood transfusion/tissue transplantation are
also possible. The main reason that Chagas disease has been
described as having an autoimmune etiology is that detection of
the parasites is difficult, but there is an emerging consensus that
the persistence of parasites is the primary cause of cumulative
tissue damage in chronic Chagas disease (Tarleton, 2003). Since T.
cruzi presents two different anatomical development stages in the
mammalian host, trypomastigotes in the bloodstream and
amastigotes in the cytoplasm of the infected cells, immune
control of the parasite requires the generation of both innate
and adaptive immune responses. However, even in cases in which
those immune responses are sufficient to control the acute
infection, the parasite is not completely cleared, resulting in a
decade-long infection in most cases (Tarleton, 2007). The
persistence of these inflammatory responses may eventually
result in the tissue damage that is found in subjects chronically
infected with T. cruzi (Tarleton, 2001). These data also support
the hypothesis that stimulation of an effective set of immune
responses that efficiently limit the parasite load in tissues should
result in less severe disease.

One of the reasons why the inflammatory process might be
exacerbated in the more severe forms of the disease is that T.
cruzi-specific T-cell responses become less effective due to the
process of immune exhaustion (Laucella et al., 2004; Albareda
et al,, 2006; Albareda et al., 2015; Lasso et al., 2015; Egui et al,,
2015; Ferreira et al., 2017). It has been shown that cells producing
only one cytokine (i.e., monofunctional T cells) in response to T.
cruzi antigens is common in adults with chronic Chagas disease
(Laucella et al., 2004; Lasso et al., 2015; Mateus et al., 2015), while
polyfunctional T cells are often found in children who have
shorter-term infections (Albareda et al., 2013). We have
demonstrated that the impairment of parasite-specific T-cell
responses is inversely correlated with the severity of the disease
(Laucella et al., 2004; Albareda et al., 2006; Alvarez et al., 2008)
and increases with the length of the infection (Albareda
et al., 2013).

We have shown that higher frequencies of IFN-y-producing T
cells specific for T. cruzi are detected in subjects chronically
infected with T. cruzi without or with mild clinical symptoms
compared to subjects in the more severe stages of the disease. On
the other hand, IL-2-secreting T cells are infrequent in chronic
infections regardless of clinical status (Laucella et al., 2004;
Albareda et al.,, 2006; Alvarez et al., 2008). This functional
profile of IEN-y-only secreting T cells, characteristic of effector
memory T cells and generally associated with long-term antigen
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persistence and exhausted T cells (Harari et al., 2006), is
consistent with other features of exhausted T cells found in
subjects with long-term T. cruzi infections, such as the increased
frequency of fully differentiated memory T cells, a high rate of
apoptosis, high expression of inhibitory receptors, alterations in
IL7/IL7R axis and high dependence on the presence of antigen
for T-cell maintenance (Albareda et al., 2006; Laucella et al,,
2009; Argtiello et al., 2012; Lasso et al., 2015; Albareda et al,,
2015; Natale et al., 2018). It is important to note that even though
these T cells might be effective in controlling the infection in
subjects chronically infected with T. cruzi, as long as the
efficiency of the immune response declines, the ability to
control the parasite burden without increasing the level of
tissue damage appears to be diminished.

FUNCTIONS OF THE
COMPLEMENT SYSTEM

Regardless of the pathway used (classical, alternative and lectin
pathways) the activation of the complement system results in the
generation of the C3 and C5 convertases which are cleaved into
the main effectors molecules, the C3a and C5a anaphylatoxins
and the opsonins C3b and C5b. The C3a and C5a molecules
induce pleiotropic effector functions by binding to their specific
receptors C3aR and C5aR1/2, respectively (Klos et al., 2009), C5b
leads to the formation of the membrane attack component
(MAC) and C3b is related to the phagocytosis of the opsonized
targets (Ricklin et al., 2010), The balance between the activation
and inhibition of the complement system is essential to protect
cells from damage induced by an indiscriminate level of immune
response. Complement activation is finely regulated by
complement regulatory proteins (Cregs), including soluble (C1
inhibitor, factor H, and C4b-binding protein) and membrane-
associated (CD46, CD55, CR1, and CD59) proteins, which
regulate the activation of the complement cascade, mainly at
the C3 convertase stage (Kim and Song, 2006; Zipfel and Skerka,
2009; Ricklin et al., 2016; Arbore et al., 2017).

The complement system is usually thought of as a serum
circulating and membrane-bound protein system where the liver
is the main source of their components and the main function is
the detection and elimination of circulating pathogens as part of
the innate immune response (Ricklin et al., 2010). However, the
findings that most of immune cells can produce complement
proteins and express their receptors have led to the notion
that the complement system also has non canonical functions
in the adaptive immune response (Klos et al., 2009; Ricklin et al.,
2010; Killick et al., 2018). This intracellular complement, was
named as complosome to set it apart from the liver-derived and
serum-circulating complement system (Killick et al.,, 2018).
Complement molecules might act indirectly or directly on T
cells, either promoting or inhibiting immune responses (Heeger
and Kemper, 2012; Clarke and Tenner, 2014; Liszewski et al.,
2017; Moro-Garcia et al., 2018; West et al., 2018).

Regarding the indirect effects, signals delivery after the
activation of the C3aR, C5aR by the binding of C3a and C5a,

respectively, induce the maturation of the APC (i.e. dendritic,
macrophages, and monocytes) by the secretion of interleukin IL-
12, upregulation of the major histocompatibility class II
necessary for the induction of a good Thl response (Kemper
and Atkinson, 2007). In contrast, the binding of the C3R by the
inactivated form C3b (iC3b) on the APCs activates the
production of the regulatory cytokines IL-10 and TGF-b which
act as a negative regulators of T-cell responses (Figure 1; Sohn
et al, 2003). In relation to the direct effects of the complement
system on the T-cell function, following antigen stimulation C3a
and C3b are translocated to the T-cell membrane where they
engage their receptors, C3aR and the costimulatory CD46 (West
etal., 2018), respectively. These interactions mediates the cellular
metabolic reprogramming of T cells by the induction of the
mTOR program involved in the upregulation of the aerobic
glycolysis and oxidative phosphorylation process necessary for
the induction of the Th1 response (Figue 1; Liszewski et al., 2017;
West et al., 2018). Additionally, there is downregulation of the
membrane-bound complement negative regulator CD55 further
promoting the differentiation into Thl effector cells (Lalli et al.,
2007). On the other hand, the activation of the complement
receptor 1 (CR1) in T cells might inhibit IL-2 production, and
proliferation, and promote the secretion of IL-10 leading to a
shut-down of the T-cell response (Figure 1).

The complement system is also involved in T-cell
homeostasis through the binding of C3b to CD46 promoting
the expression of the IL7R (CD127) (Wofford et al., 2008;
Carrette and Surh, 2012; Kolev et al., 2014; Clarke and Tenner,
2014). There is a basal metabolic activity of the intracellular C3a/
C5a and receptor recycling pathway that promote T-cell survival
via a low level activation of mTOR (Figure 1; West and
Kemper, 2019).

In summary, these data support the interplay between
complement effector molecules and their receptors on APCs
and T cells which might influence the outcome of T-cell
responses in the context of chronic Chagas disease and the
mechanism of T-cell exhaustion.

POSSIBLE ROLES OF THE COMPLEMENT
SYSTEM IN T-CELL EXHAUSTION IN
CHRONIC CHAGAS DISEASE

The majority of people infected with T. cruzi remain asymptomatic
throughout their lives, and parasite-host interactions seem to play a
crucial role in the development of the disease. It is thought that
inflammation in the heart develops over years from indolent, low-
grade processes that depend, at least in part, on the few parasites
that persist in the heart (Bonney et al., 2019), inducing constant
activation of the immune system. Few studies have addressed the
role of the complement system in the chronic phase of T. cruzi
infection. A study by Aiello et al. (2002) using frozen myocardial
samples from chronic Chagas disease patients with
cardiomyopathy found that the presence of T. cruzi parasites in
heart necropsies was associated with increased complement
activation and MAC deposition
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FIGURE 1 | Representative scheme of the non canonical functions of the complement molecules in the putative roles on T-cell immune exhaustion during chronic
human T. cruzi infection. Possible roles of the C3a, C3b, Cba, their receptors and complement receptor 1 and CD46 in T-cell exhaustion process are indicated.
Dashed lines indicate positive signals involved in the maturation of APC, induction of a Th1 response or T-cell survival. Complete lines indicate negative signals

Thus, the release of effector complement molecules with
canonical functions might contribute to the development of
symptomatic forms of chronic infection due to their
proinflammatory effect and also impact in the continuous
inflammatory reaction due to parasite persistence in the heart
that leads to necrosis and fibrosis in subjects chronically infected
with the parasite. (Boldt et al., 2011; Weitzel et al., 2012; Luz
et al., 2016). In contrast, other studies have described increased
levels of C3a in the sera of subjects with asymptomatic chronic
Chagas disease supporting a positive role of the complement
system in chronic T. cruzi infection (Ndao et al., 2010).

An exacerbation of the negative regulatory mechanisms or
inappropriate activation of positive signals induced by the non-
canonical functions of the complement system might participate
in the process of T-cell exhaustion in chronic Chagas disease by a
shut-down of T. cruzi-specific T-cell responses. A deficiency in
the maturation of the APC, a low activation of the mTOR
pathway or the CD46 signaling by a deficient expression of
C3aR, C5aR,C3a, C3b and C5a, might induce a poor Thl
response. An imbalance of complement-mediated negative
over positive signals would further inhibit T-cell responses
(Figure 1). Homeostatic T-cell survival might be also

compromised by a downregulation of C3aR, C5aR, C3a, C3b
and Cba (Le Friec et al., 2012; Clarke and Tenner, 2014).

A better understanding of the regulatory mechanisms of the
complement system in T-cell responses might provide new
insight in this chronic parasitic disease.
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Miltefosine and Benznidazole
Combination Improve Anti-
Trypanosoma cruzi In Vitro
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Julidn Ernesto Nicolds Gulin "2, Margarita Maria Catalina Bisio "®, Daniela Rocco,
Jaime Altcheh, Maria Elisa Solana*® and Facundo Garcia-Bournissen "¢*

" Instituto Multidisciplinario de Investigaciones en Patologias Pediatricas (IMIPP), Consejo Nacional de Investigaciones
Cientificas y Tecnoldgicas (CONICET)-Gobierno de la Ciudad de Buenos Aires (GCBA), Servicio de Parasitologia y
Enfermedad de Chagas, Hospital de Nifios “Dr. Ricardo Gutiérrez, Ministerio de Salud, Buenos Aires, Argentina, 2 Instituto de
Investigaciones Biomédicas (INBIOMED), Facultad de Medicina Universidad de Buenos Aires (UBA) — CONICET, Buenos
Aires, Argentina, 3 Instituto Nacional de Parasitologia (INP) ‘Dr. Mario Fatala Chaben’-Administracion Nacional de
Laboratorios e Institutos de Salud (ANLIS) ‘Dr. Carlos G. Malbran’, CONICET, Buenos Aires, Argentina,  Instituto de
Microbiologia y Parasitologia Médica (IMPaM), Universidad de Buenos Aires, Buenos Aires, Argentina, ® Departamento de
Ciencias Basicas, Universidad Nacional de Lujan, Buenos Aires, Argentina, 6 Division of Pediatric Clinical Pharmacology,
Department of Pediatrics, Schulich School of Medicine & Dentistry, University of Western Ontario, London, ON, Canada

Drug repurposing and combination therapy have been proposed as cost-effective
strategies to improve Chagas disease treatment. Miltefosine (MLT), a synthetic
alkylphospholipid initially developed for breast cancer and repositioned for
leishmaniasis, is a promising candidate against Trypanosoma cruzi infection. This study
evaluates the efficacy of MLT as a monodrug and combined with benznidazole (BZ) in
both in vitro and in vivo models of infection with T. cruzi (VD strain, DTU TcVI). MLT
exhibited in vitro activity on amastigotes and trypomastigotes with values of ICsg - 0.51 pM
(0.48 pM; 0,55 pM) and LCsq - 31.17 UM (29.56 uM; 32.87 uM), respectively. Drug
interaction was studied with the fixed-ration method. The sum of the fractional inhibitory
concentrations (ZFICs) resulted in YFIC= 0.45 for trypomastigotes and YFIC= 0.71 for
amastigotes, suggesting in vitro synergistic and additive effects, respectively. No cytotoxic
effects on host cells were observed. MLT efficacy was also evaluated in a murine model of
acute infection alone or combined with BZ. Treatment was well tolerated with few adverse
effects, and all treated animals displayed significantly lower mean peak parasitemia and
mortality than infected non-treated controls (p<0.05). The in vivo studies showed that MLT
led to a dose-dependent parasitostatic effect as monotherapy which could be improved
by combining with BZ, preventing parasitemia rebound after a stringent
immunosuppression protocol. These results support MLT activity in clinically relevant
stages from T. cruzi, and it is the first report of positive interaction with BZ, providing
further support for evaluating combined schemes using MLT and exploring synthetic
alkylphospholipids as drug candidates.

Keywords: Chagas disease, Trypanosoma cruzi, miltefosine, benznidazole, drug combination chemotherapy,
drug repositioning
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INTRODUCTION

Chagas disease, caused by the hemoflagellate Trypanosoma cruzi,
is considered a neglected tropical disease due to the scarcity of
safe and effective treatments '. Current therapeutic options are
limited to nifurtimox (NFX) and benznidazole (BZ), both
developed over 40 years ago.

Etiological treatment during the acute stage results in high
rates of parasitemia clearance and serological negativity, while
treatment success during the chronic phase is currently arguable.
Adverse events are usual, especially in adults, forcing treatment
discontinuation (Pérez-Molina and Molina, 2018).

Despite the urgent need to develop safer drugs, the
pharmaceutical industry has shown limited interest in research
for new chemical entities, probably due to the socioeconomic
condition of most affected patients (Paulino et al., 2005).

Drug repurposing (i.e., the study of drugs already developed
and tested for other diseases) (Chatelain and Ioset, 2011) and
combination therapy arise as cost-effective strategies to fill the
gap in the drug discovery pipeline (Keenan et al., 2013a; Andrews
et al.,, 2014). Additionally, a positive drug combination increases
drug efficacy by targeting multiple metabolic pathways,
minimizing the risk of drug resistance, and reducing the
frequency and intensity of dose-dependent adverse reactions
(Field et al., 2017).

Initially developed for treating skin metastases in breast tumors,
miltefosine (MLT), also known as hexadecylphosphocholine, is the
first and to date only oral drug for visceral and cutaneous
leishmaniasis (Dorlo et al., 2012). Extensive experience with
MLT in leishmaniasis clinical trials suggests an excellent safety
profile for patients, including pediatric patients, with low to
moderate adverse events (Singh et al., 2006; Mbui et al.,, 2019).
Still, some concerns remain regarding MLT effects on the
gastrointestinal tract and potential teratogenicity (Dorlo
et al., 2012).

MLT is considered a protein kinase B (PKB) inhibitor with
a key role in intracellular signaling for cell viability (Dorlo
et al., 2012). However, the mechanisms of action related to its
anti-protozoal activity are not fully clarified yet. Some evidence
suggests an inhibitory effect on phosphatidylcholine and
sphingomyelin synthesis, triggering apoptosis (Maya et al,
2007; Apt, 2010) or inhibiting the mitochondrial cytochrome ¢
oxidase and altering the organelle membrane (Dorlo et al., 2012;
Ghosh et al., 2013). Similarly, it was proposed that MLT inhibits
the parasite phosphatidylcholine biosynthesis through the
transmethylation pathway (Lira et al., 2001).

Recently, it was proposed that MLT targeted the sphingosine-
activated plasma membrane directly Ca*? channel, both on
Leishmania donovani and T. cruzi, affecting the intracellular
calcium homeostasis (Benaim et al., 2020).

Previous reports indicated that MLT exhibits both in vitro
(Croft et al., 1996; Santa-Rita et al., 2000) and in vivo activity
(Saraiva et al, 2002; Martinez-Peinado et al.,, 2021) against
T. cruzi.

"https://www.who.int/chagas/en/. Last access: Dec. 12, 2021.

However, in vivo efficacy was evaluated by different
monotherapy treatment schemes and cure criteria hampering
the assessment of the MLT ability to eradicate T. cruzi infection.
Therefore, we conducted a set of in vitro and in vivo experiments
based on previous guidelines (Romanha et al., 2010) to evaluate
MLT efficacy alone and in combination with BZ.

MATERIALS AND METHODS
In Vitro Studies

Cell culture

Vero-C76 cells (obtained from Asociacion Banco Argentino
de Celulas, an ATCC-certified cell bank) were cultured in T25 or
T75 flasks with RPMI-1640 medium (Life Technologies
Corporation, Grand Island, New York, USA) at 37°C in an
atmosphere of 5% CO,, supplemented with 2.5 g/L sodium
bicarbonate and 5% fetal bovine serum (FBS) (Natocor,
Cordoba, Argentina) and penicillin (100 UI/mL) -
streptomycin (50 pg/mL) or gentamicin (25 ug/mL).

Parasite Strain

The VD strain of T. cruzi (DTU TcVI) was previously
characterized (Gulin et al., 2018), and it was used throughout
these studies. Bloodstream trypomastigotes were obtained from
infected CF-1 outbred mice at parasitemia peak, isolated as
previously described (Brossas et al.,, 2017), and maintained in
cell culture for in vitro assays or used directly for in vivo studies.

Trypanocidal Activity

The trypanocidal activity was assayed on cell culture-derived
trypomastigotes. Experiments were carried out in 96-well
microplates containing 10° parasites/mL, in 100 uL as final
volume. Serially diluted (160-0.156 uM) pure drugs (MLT, BZ,
and NFX) were added to the wells, and the plates were incubated
at 37°C for 24 h. After incubation, reduction in T. cruzi viability
was determined by counting motile trypomastigotes in Kova
International, Inc., Garden Grove, CA, USA. Each drug
concentration was evaluated in triplicate, and control cultures
were maintained without the drug. The lytic concentration 50%
(LCs), defined as the drug concentration that resulted in a 50%
reduction compared to the untreated control, was estimated by
non-linear regression analysis plotting the percentage of viable
trypomastigotes against the log of drug concentration (Rodrigues
et al., 2014).

Inhibition of Trypomastigotes Egress Test

Egress of trypomastigote forms from host cells was used as an
indirect method to assess the arrest of amastigote development.
Vero C-76 cells, plated at a density of 10* cells/well in 96-well
plates, were infected with 10° parasites/mL and incubated at 37°C
and 5% CO, for 24 h. The wells were washed with PBS 1X to
remove non-attached parasites, and the infected cell cultures were
treated with serially diluted (160-0.156 pM) pure drugs (MLT, BZ,
NEFX) by triplicate. Control cell cultures were maintained without
treatment. Trypomastigotes’ egress from host cells was evaluated
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on the 5™ day post-infection (dpi) as previously described
(Polanco-Hernandez et al., 2012). The number of parasites
egressed was determined by counting viable trépomastigotes in
the supernatant using the KOVA Glasstic slides™. The inhibitory
concentration 50% (ICsy), defined as the drug concentration
resulting in a 50% reduction of trypomastigotes’ egress from
infected cells, was estimated by non-linear regression analysis
plotting the percentage of viable trypomastigotes against the log
of drug concentration (da Silva et al., 2010; Polanco-Hernandez
et al., 2012).

Determination of Cytotoxicity

Vero C-76 cells were plated at a density of 10* cells in 96-wells
plates and maintained at 37°C in an atmosphere of 5% CO,
overnight. Then, they were incubated in the presence of the
compounds in serially diluted concentrations (160-0.156 uM).
Each drug concentration was evaluated in triplicate, and control
cultures were maintained without the drug. After 5 days, plates
were washed and 100 UL of RPMI-5% SFB with 10% of a 3 mM
resazurin solution (Sigma Aldrich, Saint Louis, MO, USA), were
added to each well. The plate was incubated at 37°C with a 5%
CO, atmosphere for 4 h, and the reduction of resazurin was read
in an ELISA reader (Thermo Fisher Scientific Oy, Vantaa,
Finland) at 570-595 nm. Optical densities were analyzed to
obtain the dose-response curve and the cytotoxic concentration
50 (CCs), defined as the concentration of compound that
reduced the cell viability by 50% compared to untreated
controls. Finally, the selectivity index (SI) was calculated as the
CCsg for Vero cells/ICsy for T. cruzi parasites (Miranda
et al., 2015).

Drug Combination Assays

In vitro tests were carried out to identify the LCsy and ICsy of
each drug separately (see above). For combination studies,
dilutions were made by the fixed-ratio method, where the LCsq
or the ICs, of one of the drugs remained constant, and the other
drug was diluted in fixed ratios of the obtained LCsy or ICsq
(Fivelman et al., 2004).

To assess trypanocidal activity, tested MLT concentrations
(30.85; 7.71; 1.93 uM) were added to the pre-determined LCsq
value of BZ at a fixed concentration. Similarly, the MLT LCs,
value was added to serially diluted BZ (9.43; 2.36; 0.59 uM).

To study the inhibitory amastigote effect, selected MLT
concentrations (0.51; 0.25; 0.12; 0.06; 0.03) were added to the
pre-determined BZ ICs, value at fixed concentration. Similarly,
the MLT ICs, was added to serial dilutions of BZ (0.72; 0.36; 0.18;
0.09; 0.04 uM).

For both cases, the Fractional Inhibitory Concentration Index
(FICI) was calculated according to Cantin and Chamberland
(1993) where,

LCso or ICs5y of A in combination LCsy or ICsy of B in
combination

LCsy IC5 of Ain combination
LCsy or ICs; A alone

LCs ICsy of Bin combination
LCsy or ICsy B alone

SFICI =

LCs¢ or ICso of A alone LCs, or ICs, of B alone

FICI values were interpreted as follows: < 0.5, synergistic;
0.5 > 4, additive and > 4 antagonistic interaction (Odds, 2003).

In Vivo Assays

Experimental Animals

Twenty-one-day-old female BALB/cJ mice (16 + 2 grams) were
purchased from the Faculty of Veterinary Sciences, University of
Buenos Aires, Argentina, and housed under conventional closed
barriers at Ricardo Gutiérrez Children’s Hospital animal facilities
(Buenos Aires, Argentina).

Animals were kept at five mice per cage in 600 cm’
polycarbonate cages, including plastic tubes as environmental
enrichment and nesting material. Animals were individually
identified, and cages were properly labeled. Cages were filled
with irradiated chip-bedding, which was changed once a
week. Mice had access to food (Rata-Raton Cooperacion®,
Buenos Aires, Argentina) and filtered water ad libitum.
Macroenvironmental conditions included a 12:12-h light: dark
cycle (starting at 6 a.m.), controlled temperature (20 + 2°C), and
humidity (55 £+ 10%).

Procedures for housing and handling animals followed
international guidelines for animal care and welfare (National
Research Council, 2011). The study protocol was approved by
the Institutional Animal Care and Use Committee from the
Faculty of Veterinary Sciences (University of Buenos Aires)
(Protocol #2014/04).

Infection and Treatment Schedules
Five-week-old mice were infected by intraperitoneal (ip)
injection with 500 bloodstream trypomastigotes from the VD
strain of T. cruzi. After the infection was established, mice with
patent parasitemia were assigned by simply randomization to
treatment groups as indicated in Table 1 (monotherapy) and
Table 2 (combinatory therapy).

MLT (pure product provided by Laboratorio Dr. Lazar & Cia.
S.A.Q. e I, Buenos Aires, Argentina) was prepared in a 100
mg/mL work solution and dissolved in sterile distilled water.
BZ and NFX (Radanil, Roche, Buenos Aires, Argentina and
Lampit, Bayer, Buenos Aires, Argentina) were used as
reference treatments in this study. Commercial tablets were
crushed and suspended in 0.25% carboxymethylcellulose
solution (Sigma Aldrich, Saint Louis, MO, USA). To avoid
potential pharmaceutical interactions between drugs, BZ
was administered at least an hour before MLT in the
combination treatment.

Treatment started immediately upon onset of parasitemia in
all animals and it was administered daily for 20 consecutive days
by oral route in 50 pL as final volume. Doses, length of treatment,
and route of administration for monotherapy schemes
were chosen based on published data (Saraiva et al, 2002;
Romanha et al., 2010). For combinatory treatments, doses were
carefully chosen to obtain sub-therapeutic (i.e., doses that are
administered separately do not lead to parasitemia suppression)
(Gulin et al., 2020) or additive effects (i.e., doses that are
administered together add up to the therapeutic dose that leads
to parasitemia suppression).
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TABLE 1 | Effect of miltefosine, benznidazole, or nifurtimox on parasitemia parameters in BALB/cJ mice infected with Trypanosoma cruzi (VD strain) ®.

Treatment n PPP (days) MPR (trypomastigotes/ MPRreduction dMPR (median Parasitemia at end of treatment (28 dpi)  Survival (%)
(mg/kg/day) mL) (%) (range)) (trypomastigotes/mL)

MLT (25) 5  35.00(9.80)° 1.03x10° (+ 0.24x10%" 50.12 19 (15- 21)° 1.56x10% ( + 3.13x10%* 4/5 (80
MLT (50) 5 26.00(2.74)°°  2.20x10° (+ 0.53 x10%)° 89.29 9 (9- 9% 2.25x10% (+ 1.63x10%8 5/5 (100)*
MLT (75) 5 24.20(3.83°°  2.42x10° (+ 0.61x10°%° 88.20 9(9-9 2.00x10* (+ 1,4.3x10%B 5/5 (100"
MLT (100) 7 1529 (4.07)¢  7.68x10* (x 6.43 x10%° 96.26 12 (12- 15)8¢ 0.00 ( + 0.00)° 7/7 (100) A
BZ (100) 9  3.88(2.23"° 1.46x10° (+ 1.15x10%)8 92.02 11 (9- 128 0.00 ( + 0,00)° 9/9 (100)*
NFX (100) 10 4.00 (4.32° 8.25x10* (+ 7.66 x10%)B 95.99 9(9-9" 0.00 ( + 0.00)° 10/10 (100"
NT (—) 14 — 2.06x10° (£ 0.91 x10%" — 17 (17- 21)° — 0/14 (0B

MLT, miltefosine. BZ, benznidazole. NFX; nifurtimox. NT, infected non-treated. PPP, patent parasitemia period. MPR, maximum parasitemia reached; dMPR, day of maximum parasitemia

reached.

Female BALB/cJ mice were infected with 500 trypomastigotes of T. cruzi VD strain; treatment started at 8 dpi and was administered orally for 20 consecutive days.

Different letters indicate significant differences (Kruskal-Wallis; p < 0.05).
Values are expressed as mean (+ standard deviation) except where indicated.

Evaluation of Treatment Response

Clinical condition, including physical appearance and behavior
based on previously established parameters (Olfert and Godson,
2000), as well as body weight and temperature, were
recorded weekly.

Blood parasitemia was evaluated twice a week with a
hemocytometer, a technique with a detection limit of 12,500
parasites/mL. Briefly, 5 UL of blood obtained from the vein tail
was diluted 1:5 in lysis buffer (Tris-NH,Cl 0.83%, pH=7.2),
and parasites were counted in a Neubauer chamber at
400X magnification.

Additional parameters were calculated to assess drug efficacy:
patent parasitemia period (PPP), defined as the number of days
in which parasitemia can be detected by direct observation; the
maximum parasitemia reached (MPR), considered as the
maximum parasitemia value achieved in each infected animal;
and day of MPR (dMPR). Mortality was registered daily. Pre-
established anticipated endpoints were used to avoid
unnecessary pain and stress, and animals were euthanized if
they fulfilled any of these criteria (i.e., 20% weight loss from
initial body weight, body temperature lower than 33.5°C, or
parasitemia >2x10° trypomastigotes/mL). Euthanasia was
performed with CO, inhalation in a saturated chamber or with
sodium pentothal overdose (300 mg/kg, ip).

Cyclophosphamide-Induced Immune
Suppression and Assessment of Cure

After the treatment schemes were completed, mice with negative
parasitemia were submitted to an immunosuppression protocol
with cyclophosphamide (CYP). CYP (Filaxis®; Martinez, Buenos
Aires, Argentina) was diluted in sterile sodium chloride 0.45%
and administered by ip route at 200 mg/kg once a week for 28
days. During the immunosuppression cycle, the presence of
blood trypomastigotes was assessed periodically. If parasitemia
did not rebound, animals were euthanized and blood, heart, and
skeletal muscle samples were collected for parasite DNA
quantification by qPCR and histology evaluation.

PCR Sampling and Preparation

Blood samples were obtained by submandibular vein puncture
(Golde et al., 2005) and collected in sterile cryotubes with 1:3
guanidine-HCl 6M-EDTA 0.2M pH 8 buffer. Skeletal muscle
from the rear legs and heart were obtained and rinsed with sterile
distilled water before being collected in separate sterile cryotubes.
Samples were stored at -20°C until processing.

DNA was extracted with High Pure PCR Template
Preparation Kit (Roche Diagnostics GmbH, Mannheim,
Germany) according to the manufacturer’s protocol. To
discard inhibitions, an internal amplification control (0.2 ng)

TABLE 2 | Effect of miltefosine alone or combined with benznidazole on parasitemia parameters in BALB/cJ mice infected with Trypanosoma cruzi (VD strain).

Treatment(mg/kg/day) n
Subtherapeutic regime

MPR(trypomastigotes/mL)

MPRreduction (%) Survival(%)

MLT (25) 4 9.06x10* (+ 4.13x10%" 76.23% 4/4 (1004
BZ (5) 4 7.8x1x10% (£ 3.13x10%" 79.514 4/4 (100)"
MLT (25) + BZ (5) 4 7.81x10% ((+ 4.49x10%" 79.514 4/4 (1004
NT (—) 4 3.81x10° (= 1.64x10%8 — 2/4 (50)B
Additive regime*

BZ (100) 8 2.17x10% (£ 1.30x10%" 94.314 8/8 (100"
MLT (50) + BZ (50) 8 3.63x10% (£ 1.24x10%" 90.49% 8/8 (100"
NT 12 3.81x10° (+ 1.64x10%P — 0/12 (0)®

NT, infected non-treated. MLT, miltefosine. BZ, benznidazole. MPR, Maximum parasitemia reached.

Female BALB/cJ mice were infected with 500 trypomastigotes of T. cruzi VD strain; treatment started at 8 dpi and was administered orally for 20 consecutive days. * Results obtained from
two independent assays.

Different letters indicate significant differences (Kruskal-Wallis; p < 0.05).

Values are expressed as mean (+ standard deviation).
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was included in each sample before starting the DNA extraction
procedure (Dufty et al., 2013). Extracted DNA was quantified by
spectrophotometry at 260 nm wavelength in a Nanodrop 1000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE,
USA) and stored at -20°C until use.

Quantitative PCR

Amplification was performed using oligonucleotides targeted to
a 166 bp T. cruzi satellite DNA fragment and IAC on a StepOne
PCR system (Applied Biosystems, Foster City, California, USA)
as described elsewhere (Duffy et al., 2013). qPCR conditions and
standard parasite curve for data analysis were performed as
previously described (Gulin et al, 2018). The efficiency of
amplification was determined using the following calculation:
Efficiency (E) = 10C P9 using Step One Software 2.1 (Applied
Biosystems, Foster City, California, USA).

Positive and negative blood or tissue samples and reagent
controls were run in each assay. DNA extraction, mixing, and
qPCR reaction were performed in separate areas to avoid
contamination. The cycle threshold (Ct) allowed interpolating
the parasite equivalents of each sample from the standard curve.

Tissue Samples Preparation and
Histological Analysis

Segments of heart and skeletal muscle were fixed in buffered 10%
formaldehyde, dehydrated, and embedded in paraffin. Then, 5
mm thick sections were stained with hematoxylin and eosin
(H&E). A single-blind evaluation of the specimens was
performed by light microscopy, and the parasite load was
expressed as the presence or absence of amastigote nests. The
degree of myocardial and skeletal muscle inflammation was
scored as previously reported (Tarleton et al., 1994; Solana
et al., 2012).

Statistical Analysis

For in vivo studies, data distribution and homoscedasticity were
evaluated. If the distribution was normal and variance was
uniform, analysis of variance (ANOVA) and correction for
multiple comparisons with Bonferroni test, when necessary,
were performed. Data with distributions other than normal
were analyzed by non-parametric Kruskal-Wallis test and

compared in pairs. Survival analysis was performed using the
Kaplan-Meier test.

In all cases, p-values <0.05 were considered statistically
significant. Statistical analyses for in vivo tests were performed
with InfoStat/P 2014 program, while analysis of the in vitro data
and graphics were prepared with GraphPad Prism 5.03
(GraphPad Software, San Diego, California, USA). Values in
tables and graphs are expressed in mean values with standard
deviation unless otherwise indicated.

RESULTS

In Vitro Anti-T. cruzi Activity of MLT Alone
and Combined With BZ

The in vitro anti-T. cruzi activity and cytotoxicity of MLT, BZ,
and NFX alone are summarized in Table 3. The MLT
trypanolytic effect was significantly less potent than BZ or
NFX, obtaining an LCs, value near the high micromolar range.
However, MLT exhibited an in vitro amastigote inhibitory
activity similar to BZ and NFX.

The in vitro activity of MLT and BZ combination on
trypomastigotes and amastigotes stages of T. cruzi is
summarized in Table 4, and isobolograms are shown in
Figure 1. The MLT and BZ association led to a significant
decrease in trypomastigotes viability, assessed as a drop in the
LCsq value. Moreover, the XFICI suggested that this combination
would have a synergic effect on trypomastigotes lysis in culture.
Similarly, the in vitro MLT and BZ effect on the amastigote stage
reduced the ICs, value compared to the ICs, of each drug
separately. Thus, the ZFICI suggested an additive interaction.

In Vivo Evaluation of MLT as Monotherapy
Clinical Response

Mice treated with MLT exhibited slight signs of discomfort
during oral administration, denoted by retching, anxious
appearance, and repeated grooming of lips and cheeks
immediately after treatment. These signs lasted 15-20 minutes
and then the animals returned to their usual behavior. These
changes were not observed in the non-treated infected group

TABLE 3 | In vitro activity of miltefosine, benznidazole, and nifurtimox on trypomastigote and intracellular amastigote stages of Trypanosoma cruzi (VD strain) and their

cytotoxic effects on Vero cells.

Drug LCso(Anti-trypomastigote activity) ICso(Anti-amastigote activity) CCs5o(Host-cell cytotoxic activity) Sl
MLT 31.17 0.51 57.36 112
(29.56; 32.87) (0.48; 0,55) (36.14; 91.05)
BZ 9.43 0.73 > 640 > 876
(8.62; 10.32) (0.69; 0.77)
NFX 2.35 0.15 > 220 > 1.497
(2.00; 2.78) (0.13; 0.17)

MLT, miltefosine. BZ, benznidazole. NFX, nifurtimox.

LCso: Iytic concentration 50%; drug concentration needed to reduce the trypomastigote motility by 50% compared to the infected non-treated control.
ICso. inhibitory concentration 50%; drug concentration needed to reduce the intracellular amastigote development by 50% compared to the infected non-treated control.
CCso, cell toxicity 50%, drug concentration capable of reducing the cell viability by 50% compared to the non-treated cell culture.

S, selectivity index. S, CCs¢/ICso.

Values are expressed in uM and reported as the mean concentration and the 95% confidence interval (IC95%).
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TABLE 4 | In vitro fractional inhibitory concentration index from miltefosine and benznidazole on trypomastigotes and amastigotes stages of Trypanosoma cruzi (VD

strain).
Combination Trypomastigotes Amastigotes

LCso (M) FICI YFICI IC5o (M) FICI YFICI
Fixed MLT + 2.845 0.17 0.46 0.34 0.38 0.71
Variable BZ
Fixed BZ + 5.75 0.29 0.29 0.32
Variable MLT

MLT, miltefosine. BZ, benznidazole. FICI, Fractional inhibitory concentration index.

administered the same volume of vehicle (i.e., distilled water or
CMC 0.25%), nor in the mice infected and treated with BZ
or NFX.

Throughout MLT treatment, the mice experienced a decrease
in body weight, although these differences were not statistically
significant compared with the other experimental groups
(Supplementary Material, Figure S1.A). In the groups treated
with MLT at 50 or 75 mg/kg/day, the bodyweight remained
between the initial and an average increase of 20%, while the
mice treated with 100 mg/kg/day of MLT showed a marked
weight decrease from 11 dpi, but they recovered at 21 dpi and
increased by an average of 9.4% compared to the initial weight by
the end of the treatment (28 dpi).

Body temperatures remained close to the lower limit of the
normal range for the murine species, without significant
differences between the treatment groups, possibly due to the
wide dispersion of the obtained values (Supplementary
Material, Figure S1.B).

However, the NT group showed a significant decrease in body
temperature as the acute course of the infection progressed,
which was accompanied by a reduction in body weight, lethargic
behavior, and ruftled coat.

Treatment Response During the Acute Phase
MLT treatment led to suppressive effects on parasitemia and
associated parameters in a dose-dependent manner (Figure 2
and Table 1). The patent parasitemia period (PPP) was
statistically different between the treatment groups (p <0.0001).
MLT administered at 100 mg/kg/day significantly reduced the
PPP compared to MLT at 25 mg/kg/day. In contrast, groups
treated with MLT or BZ at 100 mg/kg/day did not lead to
significant differences in PPP during the acute phase of infection.
Moreover, treatment with MLT in doses =50 mg/kg/day
reduced maximum parasitemia reached (MPR) without
significant differences compared to the reduction achieved with
BZ or NFX. Animals treated with 100 mg/kg/day of BZ, NFX, or
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FIGURE 1 | In vitro activity of miltefosine (MLT) and benznidazole (BZ) combination on (A-B) trypomastigotes and intracellular amastigote development (C-D) of
Trypanosoma cruzi (VD strain). (A) LCso value from BZ combined with variable concentrations of MLT.(B) LCs value from MLT combined with variable
concentrations of BZ. (C) ICsq value from BZ combined with variable concentrations of MLT. (D) ICs value from MLT combined with variable concentrations of BZ.
Values are expressed in uM and reported as the mean concentration and the 95% confidence interval (IC95%).
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FIGURE 2 | Effect of miltefosine, benznidazole, or nifurtimox on parasitemia course in BALB/cJ mice infected with Trypanosoma cruzi (VD strain). Values are expressed as
mean trypomastigotes/mL (+ SD) in peripheral blood from experimental groups according to the days after infection (dpi). Mice were inoculated with 500 trypomastigotes of
the VD strain of Trypanosoma cruzi, and treatment started at parasitemia onset (8th dpi). During treatment and up to 10 days post-treatment, parasitemia was evaluated by
fresh blood examination (FBE) to determine parasitemia rebound. Animals with negative parasitemia were submitted to immunosuppression consisting of four doses of
cyclophosphamide (CYP; 200 mg/kg; ip route), separated by one week. Parasitemia was evaluated during the CYP cycle and up to 7 days after the last dose. The asterisks
indicate significant differences compared to NT and MLT 25 mg/kg/day groups (Kruskal-Wallis, p < 0.05). Grey shading indicates the treatment period. Arrows indicate CYP
administration cycle. NT, infected non-treated. MLT, miltefosine. BZ, benznidazole. NFX, nifurtimox.

MLT had undetectable blood trypomastigotes at the end of the
treatment (Figure 2).

Administration of MLT at doses 250 mg/kg/day prevented
mortality in 100% of the mice. Groups treated with MLT at any
dose, BZ or NFX, were statistically more likely to survive than
NT controls (p<0.0001 for log-rank Mantel-Cox test).

Assessment of Parasitological Cure

At the end of the treatment, at least one mouse from groups
receiving MLT at 25, 50, and 75 mg/kg/day exhibited patent
parasitemia (1/4, 4/5, and 4/5, respectively). Conversely, all mice
treated with 100 mg/kg/day of MLT, BZ, or NFX had negative
parasitemia by optical microscopy. Through the following 10
days, parasitemia remained negative in all animals, regardless of
the treatment previously administered.

The CYP immunosuppression cycle was initiated 10 days
after treatment completion. The parasitemia rebound occurred
throughout the follow-up period in all animals from MLT treated
groups, usually between the second and fourth CYP dose.

Animals from BZ and NFX groups displayed parasitemia
rebound in 44% (4/9) and 60% (6/10) of cases, respectively.
qPCR on blood samples yielded the same positivity rate
as microscopy.

Histopathology

Inflammation scoring in skeletal muscle samples was significantly
different between treatment groups (p= 0.0025) (Supplementary
Material, Figure S2.A). Inflammation in skeletal muscle was
significantly lower in animals treated with MLT at 50 mg/kg/day
than the NT group, similarly to animals treated with BZ or NFX.
The other MLT doses studied had a wide range of variability in
inflammation scores. Regarding the inflammation degree in the
myocardium, there were no significant differences among treatment
groups (Supplementary Material, Figure S2.B). The proportion of

animals with amastigote nests was significantly higher in the NT
group than in other treatment groups, in skeletal and myocardial
muscle (Chi-square, p=0.0003 and 0.0044, respectively). No
significant differences were detected between the groups receiving
MLT, BZ, or NFX, both in skeletal muscle and myocardium
(Figure 3). Microphotographs of representative skeletal and
cardiac muscle samples from different treatment groups can be
observed as Supplementary Material (Figures S3, $4, respectively).

In Vivo Evaluation of MLT Combined

With BZ

Clinical Response

Similar to the monotherapy trials, MLT administration in
combined regimes produced a significant variation of the
average weight gain from day 13 post-infection (6 days of
treatment), with a decrease relative to the initial weight of
between 10 and 15% in the animals treated with the MLT and
BZ combination, which was then partially reversed toward the
end of treatment. However, the initial weight was not recovered.
Body temperature values were close to the lower limit of the
normal range for the species recorded, without significant
differences between the treatment groups (Supplementary
Material, Figures S5, S6).

Treatment Response

During the acute course of the infection, treatments lead to a
significant decrease in parasitemia. MLT and BZ administration
in sub-therapeutic doses given separately or in combination
diminished the MPR between 76.23 to 79.51%, which was
significantly higher in the NT infected group compared to the
treatment groups (p < 0.01) (Table 2). Likewise, administration
of sub-therapeutic doses of MLT and BZ alone or in combination
prevented mortality (Supplementary Material, Figures S7).
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FIGURE 3 | Effect of miltefosine (alone or in combined regimes), benznidazole, or nifurtimox on amastigote nest burden in BALB/cJ mice infected Trypanosoma
cruzi, (VD strain). Mice with the presence or absence of amastigote nests in skeletal muscle (A) and heart samples (B). NT, infected non-treated. MLT, miltefosine.

For the additive treatment regime, the combination of BZ
+MLT at half the effective doses (i.e., 50 mg/kg/day each)
significantly reduced MPR compared to NT animals, but there
were no significant differences when compared with the group
receiving BZ 100 mg/kg/day. Finally, 100% of the mice treated
with MLT either alone or combined with BZ survived
(Supplementary Material, Figure S8).

Assessment of Parasitological Cure

The treatment with sub-therapeutic doses of MLT or BZ, alone
or in combination, was not able to eliminate circulating parasites
and therefore the estimated parasitic load by qPCR was not
significantly different (Table 5).

Regarding the additive treatment regime, mice receiving BZ at
100 mg/kg/day or MLT+BZ at 50 mg/kg/day showed negative
parasitemia by fresh blood examination after 20 consecutive days
of treatment. The experimental groups were kept under

observation from that moment and the following 10 days, and
parasitemia remained negative in all subjects, regardless of the
administered treatment.

After that period, the immunosuppression cycle started in all
mice (CYP, 200 mg/kg/week, ip route). Mice initially treated with
MLT+BZ exhibited negative parasitemia at the end of the
immunosuppression cycle, while only one animal from group
BZ (100 mg/kg/day) showed parasitemia rebound.

Later, blood qPCR showed that 3/8 animals treated with BZ
100 mg/kg/day presented detectable non-quantifiable DNA.
Whereas only one mouse treated with MLT+BZ combination
exhibited detectable but non-quantifiable parasitic DNA in blood
after immunosuppression (Table 5). Parasitic DNA was detected
in low quantity in skeletal and cardiac muscle samples, and it
could not be quantified with the previously established curve. The
proportion of positive samples in skeletal and cardiac muscle was
not statistically significant between treatment groups (Table 5).

TABLE 5 | Effect of miltefosine alone or combined with benznidazole at different sub-therapeutic or additive regimes on parasite burden at the end of the treatment in

BALB/cd mice infected with Trypanosoma cruzi (VD strain).

Treatment(mg/kg/day) n +FBE

qPCR

+Blood after CYP Parasite Eq/mL blood

+BloodbeforeCYP Par Eq/mL +SkeletalMuscle +CardiacMuscle

Subtherapeutic regime

MLT (25) 4 4/4 4/4 4.099 ( £ 4.240)
BZ (5) 4 4/4 4/4 2.856 (+2.275)
MLT (25) + BZ (5) 4 4/4 4/4 1.553 (+ 2.154)
NT 111 1 163.734
Additive regime*

BZ (100) 8 1/8 2/8 (2%) NQ

MLT (50) + BZ (50) 8 0/8 0/8 NQ

ND ND ND ND
ND ND ND ND
ND ND ND ND
ND ND ND ND
3/8 (39 NQ 5/8 (19 4/8 (1%
1/8 (1% NQ 4/8 (1% 3/8 (29

MLT, miltefosine. BZ, benznidazole. NT, infected non-treated. CYP, cyclophosphamide (200 mg/kg; ip).

+FBE, positive parasitemia result in fresh blood examination at the end of the treatment.
+SkM, positive result for gPCR assay in skeletal muscle.

+CM, positive result for gqPCR assay in cardiac muscle.

NQ, not quantifiable sample.

ND, not determined.

*Includes positive but not quantifiable samples.
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Histopathology

Regarding the combinatory therapy, inflammation scores in skeletal
muscle and cardiac muscle were not significantly different among
treatment groups. A scarce inflammatory infiltrate was observed,
assigning scores ranging from 0 to 3 for skeletal muscle and between
0 and 2 for cardiac muscle, with no significant differences
(Supplementary Material, Figure S2.A, S2.B). Moreover,
amastigotes nests could not be recorded in any sample from
treatment groups (Figure 3). Microphotographs of representative
skeletal and cardiac muscle samples from different treatment groups
can be observed as Supplementary Material (Figure S3,
$4, respectively).

DISCUSSION

MLT is a lipophospholipid analog developed originally as an
antineoplastic agent (Dorlo et al., 2012). Based on previous in
vitro and in vivo studies and results from oncology clinical trials,
MLT was repositioned for visceral and cutaneous leishmaniasis
treatment. Since its registration in 2002, MLT remains the only
oral drug available for leishmaniasis (Reimdo et al., 2020).

MLT and other alkyl-lipophospholipids have proven activity
on T. cruzi (Croft et al.,, 1996; Luna et al., 2009). Our results
support the MLT effect on inhibiting amastigote development in
vitro and the low efficacy on trypomastigote stage (Croft et al.,
1996; Santa-Rita et al., 2000). Moreover, MLT high selectivity
index suggests a specific antiparasitic mechanism of action
without affecting the host cell.

To date, only three studies have assessed the in vivo efficacy of
MLT (Croft et al., 1996; Saraiva et al., 2002; Martinez-Peinado
et al., 2021) in mice models of acute infection. While Croft et al.
observed transient parasitemia suppression without a curative
effect or reduction of mortality in mice treated for 5 days at up to
30 mg/kg/day by oral route, Saraiva et al. reported parasitic
sterilization in all mice treated with 25 mg/kg/day, determined by
direct blood observation at 120 dpi and spleen culture for 15
days. Recently, Martinez-Peinado et al. studied MLT efficacy by
giving 30 mg/kg/day for 10 days, using the Brazil strain
expressing firefly luciferase, which yielded statistical differences
in luciferase activity compared to infected non-treated mice.

It is well known that several experimental variables affect the
infection course and the main outcomes in animal models of T.
cruzi infection (Chatelain and Konar, 2015), and their
heterogeneity make difficult the direct comparison between results.

In this work, we evaluated the in vivo efficacy of MLT using
state-of-the-art methodology based on previous guidelines for
drug screening (Romanha et al., 2010) by using qPCR
and immunosuppression cycle to elucidate the possible
reemergence of parasites from tissues.

The murine model of acute infection with T. cruzi was
previously standardized (Gulin et al, 2018), using the VD
strain (TcVI), originally isolated from a patient infected by a
congenital route. This model becomes relevant since mother-to-
child infection is the main transmission mode in vector-free
areas within and outside Latin America (Carlier et al., 2019).

Furthermore, the VD strain displays high parasitemia levels and
mortality rates in infected non-treated mice and a moderate BZ
and NFX effect to eradicate the infection.

Despite a temporary animal discomfort observed in MLT oral
administration, the treatment was well tolerated by the animals.
Also, the weight loss and ruffled fur agree with previously
reported effects (Saraiva et al, 2002). The body weight loss
could be explained by the gastrointestinal discomfort caused by
MLT at all assayed doses, an adverse effect widely reported in
clinical trials (Jha et al., 1999; Sundar et al., 2002).

As described by Saraiva et al., the parasitemia course
throughout the acute phase of infection was not suppressed
with 25 mg/kg/day of MLT. However, in our infection model, the
days of patent parasitemia and the MPR were lowered in a dose-
dependent manner by MLT, and the 100 mg/kg/day dose was
able to reduce blood trypomastigotes circulation to undetectable
levels by optical microscopy.

When administered alone, MLT at lower doses leads to a
parasitemia reduction, and this could be explained in part due to
the widespread drug distribution and the slow clearance rate. In
mice, oral MLT is absorbed slowly but extensively and
accumulates mainly in the kidneys, liver, and lungs (Breiser
et al., 1987). Clinical pharmacokinetic studies indicate that, due
to its prolonged half-life, MLT accumulates during treatment
reaching a steady-state concentration in the last week of a 28-day
treatment schedule (Kip et al., 2018).

Although the drug failed to produce parasitic sterilization, it
was able to maintain the burden of amastigotes at low levels, which
was reactivated by CYP-induced immunosuppression. Moreover,
animals treated with MLT showed lower rates of amastigote nests
in the myocardium and in skeletal muscle compared to N'T, which
could be explained by the MLT extensive distribution in these
tissues, as previously documented in mice and rats (Breiser et al.,
1987; Marschner et al., 1992).

Failure to reach parasitological sterilization was also detected
in a percentage of the animals treated with BZ or NFX. These
results coincide with the previously published characterization of
the VD strain (Gulin et al., 2018), and with other T. cruzi strains
from the same DTU, usually classified as BZ-sensitive
(Fernandez et al., 2010; Keenan et al., 2013b).

MLT effect on Leishmania spp. was also studied in
combination with reference drugs or with repositioned
compounds. In vitro additive synergism with sodium
stibogluconate and in vivo potentiate synergism potentiation
combined with paromomycin or amphotericin B were reported
(Seifert and Croft, 2006). Costa et al. also reported the
parasiticidal effect of efavirenz on L. infantum and a lower
ICsy adding MLT (Costa et al., 2016).

The combined effect of MLT with other compounds on T.
cruzi viability was previously described by in vitro combination
with ketoconazole, both on trypomastigotes and intracellular
amastigotes (Santa-Rita et al., 2005). However, this is the first
study of the anti-T cruzi effect of the MLT and BZ combination.

The analysis of the MLT+BZ in vitro combination suggests a
synergistic effect on trypomastigotes viability and an additive
interaction on intracellular amastigote development. This
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association was not evaluated previously, although similar in
vitro interactions were reported when combining MLT with
paromomycin (de Morais-Texeira et al., 2014) or nitazoxanide
(Mesquita et al., 2014) on Leishmania spp.

We furthered the evaluation of the MLT and BZ association
on a murine model of acute infection with T. cruzi. MLT+BZ
combination at sub-therapeutic doses could not achieve an effect
different from that obtained with the drugs separately. However,
it decreased parasite loads in blood and prevented mortality in
treated mice. Nevertheless, MLT+BZ at half the total dose (i.e.,
50mg/kg) produced negative parasitemia and prevented the
reactivation after the immunosuppression protocol.

The qPCR yielded disparate results in target organs such as
skeletal muscle and myocardium in both experimental groups,
with detection of parasitic DNA in low-loading or even non-
quantifiable cases. These results could then question qPCR as a
method to establish parasitological cure in cases where T. cruzi
DNA is not detected in the blood.

Residual DNA in tissues and phagocytic cells has been reported
in experimentally infected mice treated with BZ and considered
cured by different methods (Guarner et al., 2001; Martins et al.,
2008), which would indicate the presence of non-viable parasites
or even cross-contamination with parasitic DNA.

However, recently described spontaneous dormancy in T.
cruzi (Sanchez-Valdez et al., 2018) could also explain the
presence of parasitic DNA in tissues due to the non-replicative
amastigote stage in the absence of bloodstream trypomastigotes,
which would deserve further investigation to fully understand
therapeutic failure both in preclinical studies and clinical trials.

Although our results demonstrate the inability of MLT to
achieve a complete parasitological cure in an acute murine model
of T. cruzi infection, the positive interaction with BZ both in vitro
and in vivo opens a promising alternative in drug repurposing
and combinatory therapy approach for Chagas disease
treatment. MLT and other synthetic alkylphospholipids arise as
drug candidates for combined treated schemes and serve as
chemical scaffolds for new compound entities.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

REFERENCES

Andrews, K., Fisher, G., and Skinner-Adams, T. (2014). Drug Repurposing and
Human Parasitic Protozoan Diseases. Int. J. Parasitol. Drugs Drug Resist. 4, 95—
111. doi: 10.1016/j.ijpddr.2014.02.002

Apt, W. (2010). Current and Developing Therapeutic Agents in the Treatment of
Chagas Disease. Drug Des. Devel. Ther. 4, 243-253. doi: 10.2147/dddt.s8338

Benaim, G., Paniz-Mondolfi, A., Sordillo, E., and Martinez-Sotillo, N. (2020).
Disruption of Intracellular Calcium Homeostasis as a Therapeutic Target
Against Trypanosoma Cruzi. Front. Cell Infect. Microbiol. 10. doi: 10.3389/
fcimb.2020.00046

Breiser, A., Kim, D., Fleer, E., Damenz, W., Drube, A., Berger, M., et al. (1987).
Distribution and Metabolism of Hexadecylphosphocholine in Mice. Lipids 22,
925-926. doi: 10.1007/BF02535556

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee from the Faculty of Veterinary
Sciences (University of Buenos Aires) (Protocol #2014/04).

AUTHOR CONTRIBUTIONS

JENG: Writing - original draft, Writing -review & editing,
Investigation, Validation, Formal analysis. MMCB: Writing
-review & editing, Investigation, Validation, Formal analysis. DR
and MES: Investigation, Validation, Formal analysis. JA:
Conceptualization, Methodology, Funding acquisition, Resources,
Supervision. FG-B: Conceptualization, Methodology, Writing -
review & editing, Funding acquisition, Resources, Supervision.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by Agencia Nacional de Promocion de
la Investigacion, el Desarrollo Tecnolégico y la Innovacion,
Ministerio de Ciencia y Técnica, Argentina (Grant: Proyectos
de Investigacion Cientifica y Tecnoldgica PICTO-GLAXO
2012-035).

ACKNOWLEDGMENTS

We would like to thank Dr. Daniel Lombardo (Universidad de
Buenos Aires, Facultad de Ciencias Veterinarias) for providing
support in histology samples preparation and images acquisition.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fcimb.2022.855119/
full#supplementary-material

Brossas, J., Gulin, J., Bisio, M., Chapelle, M., Marinach-Patrice, C., Bordessoules,
M., et al. (2017). Secretome Analysis of Trypanosoma Cruzi by Proteomics
Studies. PloS One 12, e0185504. doi: 10.1371/journal.pone.0185504

Cantin, L, and Chamberland, S. (1993). In Vitro Evaluation of the Activities of
Azithromycin Alone and Combined With Pyrimethamine Against Toxoplasma
Gondii. Antimicrob. Agents Chemother. 37,1993-1996. doi: 10.1128/AAC.37.9.1993

Carlier, Y., Altcheh, J., Angheben, A., Freilij, H., Luquetti, A. O., Schijman, A. G.,
et al. (2019). Congenital Chagas Disease: Updated Recommendations for
Prevention, Diagnosis, Treatment, and Follow-Up of Newborns and Siblings,
Girls, Women of Childbearing Age, and Pregnant Women. PloS Negl. Trop.
Dis. 13, 1-9. doi: 10.1371/journal.pntd.0007694

Chatelain, E., and Toset, J. (2011). Drug Discovery and Development for Neglected
Diseases: The DNDi Model. Drug Des. Devel. Ther. 5, 175-181. doi: 10.2147/
DDDT.S16381

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

48

July 2022 | Volume 12 | Article 855119


https://www.frontiersin.org/articles/10.3389/fcimb.2022.855119/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2022.855119/full#supplementary-material
https://doi.org/10.1016/j.ijpddr.2014.02.002
https://doi.org/10.2147/dddt.s8338
https://doi.org/10.3389/fcimb.2020.00046
https://doi.org/10.3389/fcimb.2020.00046
https://doi.org/10.1007/BF02535556
https://doi.org/10.1371/journal.pone.0185504
https://doi.org/10.1128/AAC.37.9.1993
https://doi.org/10.1371/journal.pntd.0007694
https://doi.org/10.2147/DDDT.S16381
https://doi.org/10.2147/DDDT.S16381
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Gulin et al.

Miltefosine Activity Against T. cruzi

Chatelain, E., and Konar, N. (2015). Translational Challenges of Animal Models in
Chagas Disease Drug Development: A Review. Drug Des. Devel. Ther. 19,
4807-4823. doi: 10.2147/DDDT.S90208

Costa, S., Machado, M., Cavadas, C., and do Céu Sousa, M. (2016).
Antileishmanial Activity of Antiretroviral Drugs Combined With
Miltefosine. Parasitol. Res. 115, 3881-3887. doi: 10.1007/500436-016-5153-8

Croft, S., Snowdon, D., and Yardley, V. (1996). The Activities of Four Anticancer
Alkyllysophospholipids Against Leishmania Donovani, Trypanosoma Cruzi
and Trypanosoma Brucei. J. Antimicrob. Chemother. 38, 1041-1047.
doi: 10.1093/jac/38.6.1041

da Silva, C,, da Silva, P., Batista, M., Daliry, A., Tidwell, R., and Soeiro, M. N.
(2010). The Biological In Vitro Effect and Selectivity of Aromatic Dicationic
Compounds on Trypanosoma Cruzi. Mem. Inst. Oswaldo. Cruz. 105, 239-245.
doi: 10.1590/50074-02762010000300001

de Morais-Texeira, E., Gallupo, M., Fonseca Rodrigues, L., Romanha, A., and
Rabello, A. (2014). In Vitro Interaction Between Paromomycin Sulphate and
Four Drugs With Leishmanicidal Activity Against Three New World
Leishmania Species. J. Antimicrob. Chemother. 69, 150-154. doi: 10.1093/jac/
dkt318

Dorlo, T., Balasegaram, M., Beijnen, J., and de Vries, P. (2012). Miltefosine: A
Review of its Pharmacology and Therapeutic Efficacy in the Treatment of
Leishmaniasis. J. Antimicrob. Chemother. 67, 2576-2597. doi: 10.1093/jac/
dks275

Duffy, T., Cura, C., Ramirez, J., Abate, T., Cayo, N., Parrado, R., et al. (2013).
Analytical Performance of a Multiplex Real-Time PCR Assay Using
TagMan Probes for Quantification of Trypanosoma Cruzi Satellite DNA
in Blood Samples. PloS Negl. Trop. Dis. 7, €2000. doi: 10.1371/journal.
pntd.0002000

Fernandez, M., Gonzalez-Cappa, S., and Solana, M. (2010). Trypanosoma Cruzi :
Immunological Predictors of Benznidazole Efficacy During Experimental
Infection. Exp. Parasitol. 124, 172-180. doi: 10.1016/j.exppara.2009.09.006

Field, M., Horn, D., Fairlamb, A., Ferguson, M., Gray, D., Read, K., et al. (2017).
Anti-Trypanosomatid Drug Discovery: An Ongoing Challenge and a
Continuing Need. Nat. Rev. Microbiol. 15, 217-231. doi: 10.1038/
nrmicro.2016.193

Fivelman, Q., Adagu, I., and Warhurst, D. (2004). Modified Fixed-Ratio
Isobologram Method for Studying In Vitro Interactions Between
Atovaquone and Proguanil or Dihydroartemisinin Against Drug-Resistant
Strains of Plasmodium Falciparum. Antimicrob. Agents Chemother. 48,
4097-4102. doi: 10.1128/AAC.48.11.4097-4102.2004

Ghosh, M., Roy, K., and Roy, S. (2013). Immunomodulatory Effects of
Antileishmanial Drugs. J. Antimicrob. Chemother. 68, 2834-2838.
doi: 10.1093/jac/dkt262

Golde, W., Gollobin, P., and Rodriguez, L. (2005). A Rapid, Simple, and Humane
Method for Submandibular Bleeding of Mice Using a Lancet. Lab. Anim. 34,
39-43. doi: 10.1038/laban1005-39

Guarner, J., Bartlett, J., Zaki, S., Colley, D., Grijalva, M., and Powell, M. (2001).
Mouse Model for Chagas Disease: Immunohistochemical Distribution of
Different Stages of Trypanosoma Cruzi in Tissues Throughout Infection.
Am. J. Trop. Med. Hyg. 65, 152-158. doi: 10.4269/ajtmh.2001.65.152

Gulin, J., Bisio, M., Rocco, D., Altcheh, J., Solana, M., and Garcia-Bournissen, F.
(2018). Molecular and Biological Characterization of a Highly Pathogenic
Trypanosoma Cruzi Strain Isolated From a Patient With Congenital Infection.
Exp. Parasitol. 186, 50-58. doi: 10.1016/j.exppara.2018.02.002

Gulin, J., Eagleson, M., Lopez-Muiioz, R., Solana, M., Altcheh, J., and Garcia-
Bournissen, F. (2020). In Vitro and In Vivo Activity of Voriconazole and
Benznidazole Combination on Trypanosoma Cruzi Infection Models. Acta
Trop. 211. doi: 10.1016/j.actatropica.2020.105606

Jha, T., Sundar, S., Thakur, C., Bachmann, P., Karbwang, J., Fischer, C., et al.
(1999). Miltefosine, an Oral Agent, for the Treatment of Indian Visceral
Leishmaniasis. N. Engl. J. Med. 341, 1795-1800. doi: 10.1056/
NEJM199912093412403

Keenan, M., Alexander, P., Chaplin, J., Abbott, M., Diao, H., Wang, Z., et al.
(2013a). Selection and Optimization of Hits From a High-Throughput
Phenotypic Screen Against Trypanosoma Cruzi. Futur. Med. Chem. 5, 1733—
1752. doi: 10.4155/fmc.13.139

Keenan, M., Chaplin, J., Alexander, P., Abbott, M., Best, W., Khong, A., et al.
(2013b). Two Analogues of Fenarimol Show Curative Activity in an

Experimental Model of Chagas Disease. J. Med. Chem. 56, 10158-10170.
doi: 10.1021/jm401610c

Kip, A., Schellens, J., Beijnen, J., and Dorlo, T. (2018). Clinical Pharmacokinetics
of Systemically Administered Antileishmanial Drugs. Clin. Pharmacokinet. 57,
151-176. doi: 10.1007/s40262-017-0570-0

Lira, R., Contreras, L., Rita, R., and Urbina, J. (2001). Mechanism of Action of
Anti-Proliferative Lysophospholipid Analogues Against the Protozoan Parasite
Trypanosoma Cruzi: Potentiation of In Vitro Activity by the Sterol
Biosynthesis Inhibitor Ketoconazole. J. Antimicrob. Chemother. 47, 537-546.
doi: 10.1093/jac/47.5.537

Luna, K., Hernandez, I, Rueda, C., Zorro, M., Croft, S., and Escobar, P. (2009). In
Vitro Susceptibility of Trypanosoma Cruzi Strains From Santander, Colombia,
to Hexadecylphosphocholine (Miltefosine), Nifurtimox and Benznidazole.
Biomeédica 29, 448-455 http://www.scielo.org.co/pdf/bio/v29n3/v29n3al3.pdf

Marschner, N., Kotting, J., Eibl, H., and Unger, C. (1992). Distribution of
Hexadecylphosphocholine and Octadecyl-Methyl-Glycero-3-Phosphocholine
in Rat Tissues During Steady-State Treatment. Cancer Chemother. Pharmacol.
31, 18-22. doi: 10.1007/BF00695989

Martinez-Peinado, N., Cortes-Serra, N., Sherman, J., Rodriguez, A., Bustamante, J.,
Gascon, J., et al. (2021). Identification of Trypanosoma Cruzi Growth
Inhibitors With Activity In Vivo Within a Collection of Licensed Drugs.
Microorganisms 9. doi: 10.3390/microorganisms9020406

Martins, H., Figueiredo, L., Valamiel-Silva, J., Carneiro, C., Machado-Coelho, G.,
Vitelli-Avelar, D., et al. (2008). Persistence of PCR-Positive Tissue in
Benznidazole-Treated Mice With Negative Blood Parasitological and
Serological Tests in Dual Infections With Trypanosoma Cruzi Stocks From
Different Genotypes. J. Antimicrob. Chemother. 61, 1319-1327. doi: 10.1093/
jac/dkn092

Maya, J., Cassels, B., Iturriaga-Vasquez, P., Ferreira, J., Fatindez, M., Galanti, N.,
et al. (2007). Mode of Action of Natural and Synthetic Drugs Against
Trypanosoma Cruzi and Their Interaction With the Mammalian Host.
Comp. Biochem. Physiol. A Mol. Integr. Physiol. 146, 601-620. doi: 10.1016/
j.cbpa.2006.03.004

Mbui, J., Olobo, J., Omollo, R., Solomos, A., Kip, A., Kirigi, G., et al. (2019).
Pharmacokinetics, Safety and Efficacy of an Allometric Miltefosine Regimen
for the Treatment of Visceral Leishmaniasis in Eastern African Children: An
Open-Label, Phase-II Clinical Trial. Clin. Infect. Dis. 68, 1530-1538.
doi: 10.1093/cid/ciy747

Mesquita, J., Tempone, A., and Reimdo, J. (2014). Combination Therapy With
Nitazoxanide and Amphotericin B, Glucantime®, Miltefosine and Sitamaquine
Against Leishimania (Leishmania) Infantum Intracellular Amastigotes. Acta
Trop. 130, 112-116. doi: 10.1016/j.actatropica.2013.11.003

Miranda, C., Solana, M., Curto, M., Lammel, E., Schijman, A., and Alba Soto, C.
(2015). A Flow Cytometer-Based Method to Simultaneously Assess Activity
and Selectivity of Compounds Against the Intracellular Forms of Trypanosoma
Cruzi. Acta Trop. 152, 8-16. doi: 10.1016/j.actatropica.2015.08.004

National Research Council (2011). Guide for the Care and Use of Laboratory
Animals. 8th (The National Academies Press Washington, D.C: The National
Academic Press). doi: 10.17226/12910

Odds, F. (2003). Synergy, Antagonism, and What the Chequerboard Puts Between
Them. J. Antimicrob. Chemother. 52, 1. doi: 10.1093/jac/dkg301

Olfert, E., and Godson, D. (2000). Humane Endpoints for Infectious Disease
Animal Models. ILAR. J. 41, 99-104. doi: 10.1093/ilar.41.2.99

Paulino, M., Iribarne, F., Dubin, M., Aguilera-Morales, S., Tapia, O., and Stoppani,
A. (2005). The Chemotherapy of Chagas’ Disease: An Overview. Mini Rev.
Med. Chem. 5, 499-519. doi: 10.2174/1389557053765565

Pérez-Molina, J., and Molina, I. (2018). Chagas Disease. Lancet 391, 82-94.
doi: 10.1016/S0140-6736(17)31612-4

Polanco-Hernandez, G., Escalante-Erosa, F., Garcia-Sosa, K., Acosta-Viana, K.,
Chan-Bacab, M., Sagua-Franco, H., et al. (2012). In Vitro and In Vivo
Trypanocidal Activity of Native Plants From the Yucatan Peninsula.
Parasitol. Res. 110, 31-35. doi: 10.1007/s00436-011-2447-8

Reimdo, J., Pita Pedro, D., and Coelho, A. (2020). The Preclinical Discovery and
Development of Oral Miltefosine for the Treatment of Visceral Leishmaniasis:
A Case History. Expert Opin. Drug Discovery 15, 647-658. doi: 10.1080/
17460441.2020.1743674

Rodrigues, J., Ueda-Nakamura, T., Corréa, A., Sangi, D., and Nakamura, C. (2014).
A Quinoxaline Derivative as a Potent Chemotherapeutic Agent, Alone or in

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

49

July 2022 | Volume 12 | Article 855119


https://doi.org/10.2147/DDDT.S90208
https://doi.org/10.1007/s00436-016-5153-8
https://doi.org/10.1093/jac/38.6.1041
https://doi.org/10.1590/S0074-02762010000300001
https://doi.org/10.1093/jac/dkt318
https://doi.org/10.1093/jac/dkt318
https://doi.org/10.1093/jac/dks275
https://doi.org/10.1093/jac/dks275
https://doi.org/10.1371/journal.pntd.0002000
https://doi.org/10.1371/journal.pntd.0002000
https://doi.org/10.1016/j.exppara.2009.09.006
https://doi.org/10.1038/nrmicro.2016.193
https://doi.org/10.1038/nrmicro.2016.193
https://doi.org/10.1128/AAC.48.11.4097-4102.2004
https://doi.org/10.1093/jac/dkt262
https://doi.org/10.1038/laban1005-39
https://doi.org/10.4269/ajtmh.2001.65.152
https://doi.org/10.1016/j.exppara.2018.02.002
https://doi.org/10.1016/j.actatropica.2020.105606
https://doi.org/10.1056/NEJM199912093412403
https://doi.org/10.1056/NEJM199912093412403
https://doi.org/10.4155/fmc.13.139
https://doi.org/10.1021/jm401610c
https://doi.org/10.1007/s40262-017-0570-0
https://doi.org/10.1093/jac/47.5.537
http://www.scielo.org.co/pdf/bio/v29n3/v29n3a13.pdf
https://doi.org/10.1007/BF00695989
https://doi.org/10.3390/microorganisms9020406
https://doi.org/10.1093/jac/dkn092
https://doi.org/10.1093/jac/dkn092
https://doi.org/10.1016/j.cbpa.2006.03.004
https://doi.org/10.1016/j.cbpa.2006.03.004
https://doi.org/10.1093/cid/ciy747
https://doi.org/10.1016/j.actatropica.2013.11.003
https://doi.org/10.1016/j.actatropica.2015.08.004
https://doi.org/10.17226/12910
https://doi.org/10.1093/jac/dkg301
https://doi.org/10.1093/ilar.41.2.99
https://doi.org/10.2174/1389557053765565
https://doi.org/10.1016/S0140-6736(17)31612-4
https://doi.org/10.1007/s00436-011-2447-8
https://doi.org/10.1080/17460441.2020.1743674
https://doi.org/10.1080/17460441.2020.1743674
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Gulin et al.

Miltefosine Activity Against T. cruzi

Combination With Benznidazole, Against Trypanosoma Cruzi. PloS One 9,
€85706. doi: 10.1371/journal.pone.0085706

Romanha, A., Castro, S., Soeiro, M. N., Lannes-Vieira, J., Ribeiro, 1., Talvani, A.,
etal. (2010). In Vitro and In Vivo Experimental Models for Drug Screening and
Development for Chagas Disease. Mem. Inst. Oswaldo. Cruz. 105, 233-238.
doi: 10.1590/s0074-02762010000200022

Sanchez-Valdéz, F., Padilla, A., Wang, W., Orr, D., and Tarleton, R. (2018).
Spontaneous Dormancy Protects Trypanosoma Cruzi During Extended Drug
Exposure. Elife. 7 Mar 26;7:¢34039 doi: 10.7554/eLife.34039

Santa-Rita, R., Lira, R., Barbosa, H., Urbina, J., and de Castro, S. (2005). Anti-
Proliferative Synergy of Lysophospholipid Analogues and Ketoconazole
Against Trypanosoma Cruzi (Kinetoplastida: Trypanosomatidae): Cellular
and Ultrastructural Analysis. J. Antimicrob. Chemother. 55, 780-784.
doi: 10.1093/jac/dki087

Santa-Rita, R., Santos Barbosa, H., Meirelles, M., and de Castro, S. (2000). Effect of
the Alkyl-Lysophospholipids on the Proliferation and Differentiation of
Trypanosoma Cruzi. Acta Trop. 75, 219-228. doi: 10.1016/s0001-706x(00)
00052-8

Saraiva, V., Gibaldi, D., Previato, J., Mendonga-Previato, L., Bozza, M., Freire-De-
Lima, C., et al. (2002). Proinflammatory and Cytotoxic Effects of
Hexadecylphosphocholine (Miltefosine) Against Drug-Resistant Strains of
Trypanosoma Cruzi. Antimicrob. Agents Chemother. 46, 3472-3477.
doi: 10.1128/AAC.46.11.3472-3477.2002

Seifert, K., and Croft, S. (2006). In Vitro and In Vivo Interactions Between
Miltefosine and Other Antileishmanial Drugs. Antimicrob. Agents
Chemother. 50, 73-79. doi: 10.1128/AAC.50.1.73-79.2006

Singh, U,, Prasad, R., Mishra, O., and Jayswal, B. (2006). Miltefosine in Children
With Visceral Leishmaniasis: A Prospective, Multicentric, Cross-Sectional
Study. Indian ]. Pediatr. 73, 1077-1080. doi: 10.1007/BF02763048

Solana, M., Ferrer, M., Novoa, M., Song, W., and Gomez, R. (2012). Decay-
Accelerating Factor 1 Deficiency Exacerbates Trypanosoma Cruzi-Induced
Murine Chronic Myositis. Muscle Nerve 46, 582-587. doi: 10.1002/mus.23347

Sundar, S., Jha, T., Thakur, C., Engel, J., Sindermann, H., Fischer, C., et al. (2002).
Oral Miltefosine for Indian Visceral Leishmaniasis. N. Engl. J. Med. 347, 1739-
1746. doi: 10.1056/NEJMo0a021556

Tarleton, R, Sun, J., Zhang, L., and Postan, M. (1994). Depletion of T-Cell
Subpopulations Results in Exacerbation of Myocarditis and Parasitism in
Experimental Chagas’ Disease. Infect. Immun. 62, 1820-1829. doi: 10.1128/
iai.62.5.1820-1829.1994

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gulin, Bisio, Rocco, Altcheh, Solana and Garcia-Bournissen. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

50

July 2022 | Volume 12 | Article 855119


https://doi.org/10.1371/journal.pone.0085706
https://doi.org/10.1590/s0074-02762010000200022
https://doi.org/10.7554/eLife.34039
https://doi.org/10.1093/jac/dki087
https://doi.org/10.1016/s0001-706x(00)00052-8
https://doi.org/10.1016/s0001-706x(00)00052-8
https://doi.org/10.1128/AAC.46.11.3472-3477.2002
https://doi.org/10.1128/AAC.50.1.73-79.2006
https://doi.org/10.1007/BF02763048
https://doi.org/10.1002/mus.23347
https://doi.org/10.1056/NEJMoa021556
https://doi.org/10.1128/iai.62.5.1820-1829.1994
https://doi.org/10.1128/iai.62.5.1820-1829.1994
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 06 July 2022
doi: 10.3389/fcimb.2022.907043

OPEN ACCESS

Edited by:

Vilma G. Duschak,

Consegjo Nacional de Investigaciones
Cientificas y Técnicas (CONICET),
Argentina

Reviewed by:

Wilfredo Quifiones,

Universidad de Los Andes
(Venezuela), Venezuela

Miguel A. Chiurillo,

University of Cincinnati, United States

*Correspondence:
Bertha Espinoza
besgu@iibiomedicas.unam.mx

Specialty section:

This article was submitted to
Parasite and Host,

a section of the journal
Frontiers in Cellular and
Infection Microbiology

Received: 29 March 2022
Accepted: 27 May 2022
Published: 06 July 2022

Citation:

Rivera-Santiago L, Martinez |,
Arroyo-Olarte R, Diaz-Garrido P,
Cuevas-Hernandez Rl and Espinoza B
(2022) Structural New Data for
Mitochondrrial Peroxiredoxin From
Trypanosoma cruzi Show High
Similarity With Human Peroxiredoxin 3:
Repositioning Thiostrepton as
Antichagasic Drug.

Front. Cell. Infect. Microbiol. 12:907043.
doi: 10.3389/fcimb.2022.907043

Check for
updates

Structural New Data for
Mitochondrial Peroxiredoxin From
Trypanosoma cruzi Show High
Similarity With Human Peroxiredoxin
3: Repositioning Thiostrepton as
Antichagasic Drug

Lucio Rivera-Santiago, Ignacio Martinez, Ruben Arroyo-Olarte, Paulina Diaz-Garrido,
Roberto I. Cuevas-Hernandez and Bertha Espinoza*

Departamento de Inmunologia, Instituto de Investigaciones Biomédicas, Universidad Nacional Autdnoma de México, Ciudad
de México, México

Trypanosoma cruzi, the causal agent of Chagas disease, has peroxiredoxins (PRXs)
expressed in all stages of the parasite and whose function is to detoxify oxidizing agents,
such as reactive oxygen species (ROS). These proteins are central for the survival and
replication of the parasite and have been proposed as virulence factors. Because of their
importance, they have also been considered as possible therapeutic targets, although
there is no specific drug against them. One of them, the mitochondrial PRX (TcMPX), is
important in the detoxification of ROS in this organelle and has a role in the infectivity of T.
cruzi. However, their structural characteristics are unknown, and possible inhibitors have
not been proposed. The aim was to describe in detail some structural characteristics of
TcMPX and compare it with several PRXs to find possible similarities and repositioning the
antibiotic Thiostrepton as a potential inhibitor molecule. It was found that, in addition to the
characteristic active site of a 2-cys PRX, this protein has a possible transmembrane motif
and motifs involved in resistance to hyper oxidation. The homology model suggests a high
structural similarity with human PRX3. This similarity was corroborated by cross-
recognition using an anti-human PRX antibody. In addition, molecular docking showed
that Thiostrepton, a potent inhibitor of human PRX3, could bind to TcMPX and affect its
function. Our results show that Thiostrepton reduces the proliferation of T.
cruzi epimastigotes, cell-derived trypomastigotes, and blood trypomastigotes with low
cytotoxicity on Vero cells. We also demonstrated a synergic effect of Thriostepton and
Beznidazol. The convenience of seeking treatment alternatives against T. cruzi by
repositioning compounds as Thiostrepton is discussed.

Keywords: Trypanosoma cruzi, mitochondrial peroxiredoxin, bioinformatic analysis, repositioning Thiostrepton,
trypanocidal activity
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Thiostrepton Targeting Mitochondrial Peroxiredoxin

INTRODUCTION

The protozoan T. cruzi is the etiologic agent of the Chagas
disease (American trypanosomiasis), one of the major causes of
morbidity and mortality in many countries of Latin America.
Because of human migrations, Chagas disease is emerging in
other regions (Europe and the United States principally), and it is
estimated that 6 to 7 million people are currently infected
worldwide (WHO, 2021). T. cruzi infects two hosts, the insect
vector, a member of the Reduviidae family, and mammals such
as humans. During its life cycle within these hosts, the parasite
faces oxidant stress. When a vector feeds on a mammal infected
with blood trypomastigotes, they travel to the posterior intestine.
Large amounts of hemoglobin produced by food are degraded to
heme (Nogueira et al, 2015), increasing the production of
reactive oxygen species (ROS), which can eliminate the
parasite. Another critical component in generating ROS within
the vector is the prophenoloxidase present in hemolymph and
hemocytes. It participates in melanization, phagocytosis, and
encapsulation of parasites (Machado-Silva et al., 2016) and the
production of intermediates of ROS and reactive nitrogen
species. When the vector feeds on its host, it detects near the
suction area, and the host can enter the parasite due to micro-
abrasions in the skin caused by scratching. Once T. cruzi enters
to the host, it interacts with several elements of the immune
response like macrophages or neutrophils, which can potentially
eliminate it through ROS such as superoxide anion (0*7),
hydrogen peroxide (H,O,), and peroxynitrite (ONOO™). The
host—parasite relationship has resulted in that T. cruzi developed
effective mechanisms of evasion and resistance to the immune
system as well as efficient antioxidant machinery. The
peroxiredoxins (PRXs) are proteins responsible for inactivating
ROS, organic peroxides, peroxynitrites, and peroxynitrous acid,
which generate an oxidizing environment for the parasite
(Perkins et al., 2015).

In T. cruzi, five PRXs that are found in specific organelles
have been reported: cytosolic PRX (TcCPX), mitochondrial PRX
(TcMPX), ascorbate-dependent heme peroxidase present in the
endoplasmic reticulum (TcAPX), glutathione peroxidase I
present in the glycosome (TcGPXI), and glutathione
peroxidase II present in the endoplasmic reticulum (TcGPXII)
(Wilkinson et al., 2000).

The mitochondrial enzyme TcMPX is one of the most
studied, and it belongs to the typical 2-Cys PRXs, with a
molecular weight of ~25 kDa. TcMPX concentrates on the
kinetoplast, indicating that its main function is to protect the
mitochondrial genome from peroxide-mediated damage
(Wilkinson et al., 2000). Furthermore, this enzyme interacts
with other molecules such as tryparedoxin II during oxidative
stress conditions (Dias et al., 2018). It has been demonstrated
that the overexpression of TcMPX protects T. cruzi against a
wide range of peroxynitrites derived from immune cells and
increases the resistance to H,0,, corroborating its participation
as an antioxidant defense mechanism (Piacenza et al., 2008). In
addition, during T. cruzi differentiation, there is an increase of
TcMPX expression in trypomastigotes (infective stage)
compared with epimastigotes (non-infective stage), analyzed in

several T. cruzi strains (Piacenza et al., 2009). Furthermore, there
is a correlation between virulence and the expression levels of
these proteins, which could facilitate the establishment of the
parasite in the host and resistance to drugs such as Nifurtimox
(NF) (Pifieyro et al., 2008; Specker et al., 2022). Finally, TcMPX
has a role as a partner of several proteins important for cellular
metabolism (Peloso et al., 2016). Therefore, TcMPX has been
proposed as an attractive candidate for the development of anti-
T. cruzi drugs (Wilkinson et al., 2000). However, to date, no
studies have been published addressing this possibility in vivo, in
vitro, or in silico. In the present work, TcMPX from two T. cruzi
strains were sequenced and a phylogenetic study was done. An in
silico analysis was also carried out, and TcMPX structural
properties were deduced from a model generated by homology.
Finally, the role of a potential inhibitor of TcMPX on the
proliferation of T. cruzi, cytotoxicity on Vero cells, and
synergic effect with Beznidazol (BZ) were evaluated, and its
possible role as a therapeutic drug is discussed.

MATERIALS AND METHODS

Parasites and DNA Extraction

Epimastigotes of Mexican T¢I Qro (TBAR/MX/0000/Queretaro)
and Ninoa (MHOM/MZX/1994/Ninoa) strains were cultured as
previously described (Lopez-Olmos et al., 1998). Cell-derived
trypomastigotes of Qro strain were obtained from Vero cells
previously infected as described (Rodriguez-Hernandez et al.,
2019). Infected cells were cultured in 75-cm? flasks instead using
Dulbecco's Modified Eagle's Medium (DMEM), pH 7.2, plus 10%
Fetal Bovine Serum (FBS), glutamine (2 mg/ml), penicillin (100
units/ml), and streptomycin (100 mg/ml), in a humidified 5%
CO, atmosphere at 37°C. For maintenance, confluent cultures
cells were washed with 5 mM Ethylenediaminetetraacetic acid
(EDTA), incubated for 5 min with trypsin (1 mg/ml), diluted,
and re-plated. Blood trypomastigotes were obtained from Balb/c
mice infected with the Qro strain. Maintenance was performed
by bleeding mice every 18-20 days and infecting healthy 8-week-
old female mice with 1 x 10° parasites intraperitoneally.
Genomic DNA extraction of epimastigotes was performed with
the phenol-chloroform technique, using 20 ml of logarithmic
phase parasite culture (60 x 10° parasites/ml) (Macedo et al.,
1992). Nucleic acid integrity was analyzed by 1% agarose gel
electrophoresis, and its concentration and purity were assessed
using a NanoDrop 1000 (Thermo Fisher Scientific, Waltham,
MA, USA). The DNA was kept at —20°C until used.

PCR and TcMPX Sequencing

The Polymerase Chain Reaction (PCR) to amplify TcMPX was
performed using 200 ng of DNA, and specific primers were
designed using the software Primerl (http://primerl.soton.ac.uk/
primerlLhtml): TcMPX-Fw (5'-ATGTTTCGTCGTATGGCCG-3")
and TcMPX-Rv (5-TCATGCGTTTTTCTCAAAATATTCA-3).
The conditions employed were as follows: 5 U Platinum'" Pfx
enzyme (Invitrogen, Massachusetts, USA), 10 mM of each primer,
and 4 mM MgCl,. One initial step of 94°C for 3 min, 35 cycles (30 s
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at 94°C, 30 s at 60°C, and 45 s at 68°C), and a final elongation step
(5 min at 68°C). The amplicons obtained (330-bp fragment) were
purified using the innuPREP DOUBLEpure Kit (Analytik Jena,
Jena, Germany). They were sequenced in the Laboratorio de
Secuenciacion Genomica de la Biodiversidad y de la Salud
(UNAM) with the Sanger technique, using a 3500xL genetic
analyzer (Applied Biosystems, Massachusetts, USA). The obtained
sequences for Qro and Ninoa were analyzed using the software
Chromas. The consensus sequence was determined using the
software Bioedit. Finally, the two sequences were uploaded to the
GenBank as QroMPX (accession number QKE53461.1) and
NinoaMPX (QKE53460.1).

Phylogenetic and Comparative Analysis

The molecular weight, isoelectric point, and net charge were
determined using the software Pepstats 6.6.0 (http://www.ebi.ac.
uk/Tools/services/web). The conserved domain-based prediction
was performed with the online software SMART (Simple
Modular Architecture Research Tool) (http://smart.embl-
heidelberg.de/). For the comparative analysis, several sequences
of mitochondrial PRXs from different organisms were obtained
from GenBank and Protein Data Bank (PDB) (Supplementary
Table 1). The alignment of the sequences was performed using
the software ClustalW. The phylogeny was established by
Neighbor-Joining (NJ) analysis, and the bootstrap statistical
method (10,000 replicates) was performed with MEGA 7.0.
The calculation of the genetic distances was carried out by p-
distance. Only the positions with coverage greater than or equal
to 95% were considered. The resulting phylogenetic trees were
visualized with FigTree V1.4.3 (http://tree.bio.ed.ac.uk/software/
figtree). For the identification of conserved amino acids residues
and functional motifs, multiple alignments of PRXs were
performed using T-coffee (https://www.ebi.ac.uk/Tools/msa/
tcoftee/). The prediction of transmembrane helices in QroMPX
proteins was done using TMHMM 2.0 software (https://services.
healthtech.dtu.dk/service.php? TMHMM-2.0).

TcMPX Homology Modeling

The homology modeling of QroMPX was performed by two
different platforms: SWISS-MODEL (https://swissmodel.expasy.
org/interactive) and Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/).
The resulting models were visualized and compared with PyMol
Molecular Graphics System version 2.4.0 (Janson et al., 2017). In
addition, the steric arrangement of the amino acids residues and
the reliability of the protein structure was validated by the software
Procheck, whereas the general rate of error frequencies was
established using the software ERRAT. Both software are
included in the package SAVES v6.0 (https://saves.mbi.ucla.edu/).

Immunodetection by Western Blot Using a
Commercial Antibody

As described above, epimastigotes of T. cruzi Qro strain were
cultured for four days. The parasites were harvested and heat-
lysed at 100°C for 5 min in lysis buffer (12% Sodium Dodecyl
Sulfate (SDS), 10 mM Hepes, pH 7.0). The protein was quantified
with the DC Protein Assay Kit (Bio-Rad, California, USA). Then,
12 ug of the protein were separated by electrophoresis in a 12%

SDS-Polyacrylamide Gel Electrophoresis (PAGE) and blotted to
nitrocellulose membrane. Western blot (WB) analysis was
performed by anti-PRX IgGl B-11 (1:2,000) (137222, Santa
Cruz Biotechnology, Texas, USA) as primary antibody and
anti-Mouse IgG-Peroxidase (1:4000) (A-9044, Sigma Aldrich,
Missouri, USA) as a secondary antibody. The WB was revealed
by the addition of 3,3-diaminobenzidine (D5637, Sigma Aldrich,
Missouri, USA).

Molecular Docking With TS

To explore the possible interaction between QroMPX and
Thiostrepton (TS), we performed an in silico molecular
docking study using AutoDock Vina (ADV) 1.1.2 on Mac Os
X System (Trott and Olson, 2010). The receptors used for this
analysis were the QroMPX model obtained by homology and
human PRX3 (PDB 5JCG). Receptors and TS ligand (PDB ID:
2L2W) were prepared and converted to *PDBQT files in
AutoDockTools 1.5.6 (Sanner, 1999). Protein preparation was
performed using a standard protocol consisting of the removal of
co-crystallized ligands and water molecules; polar hydrogens
were added, and Kollman charges for all receptor atoms were
computed to assess hydrogen-bonding interactions. All the other
parameters were kept at their default settings. The TS ligand was
docked at each receptor using a grid box: 60 A x 60 A x 60 A
centered at the midpoint between the Cot of the peroxidatic and
resolutive cysteines (Cp and Cg, respectively). That is, grid center for
PRX3: X = 5.865 A, Y = —27.873 A, and Z = -27.243 A; and grid
center for QroMPX: X = 23.17 A, Y = 23.233 A, and Z = -3.844 A.
The docking algorithm of ADV was used to find the best complex
between ligand and protein. A maximum of 20 conformers were
considered for each ligand, and the complex with the most favorable
free binding energy was selected for analyzing the interactions and
the binding mode between the PRXs and TS with MGLTools 1.5.6
and Discovery Studio Visualizer v21 software.

TS Activity on T. cruzi
TS (Sigma, T8902), a human PRX3 inhibitor used in anti-cancer
therapies, was tested for its ability to T. cruzi damage.
Epimastigotes (2 x 10°%) were seeded in 96-well plates (200 pl
per well) and incubated at 28°C in the presence or absence of
several concentrations of TS (1-40 uM) for 24 and 48 h.
Benznidazole (BZ, 25 uM) or vehicle (Dymethyl sulfoxide
(DMSO) 0.5%) were included as positive and negative controls,
respectively. Then, the parasite number in the culture was
counted in a Neubauer hemocytometer and reported as a
growth percentage. Each condition was evaluated in duplicate
in three independent assays. Analysis by one-way ANOVA with
Tukey’s multiple comparison was done using GraphPad Prism
version 5 for Windows. The mean lethal concentration (ICs,) of
TS to eliminate 50% of the parasites present in the culture was
calculated as previously described (Martinez et al., 2013).
Supernatants containing cell-derived trypomastigotes were
collected from Vero cells infected with Qro strain by
centrifugation at 3,000xg for 20 min and resuspended in
complete DMEM medium (Invitrogen, USA). Parasites were
counted by microscopic observation using a Neubauer
hemocytometer and adjusted to 2 x 10°/ml. Parasites were seeded
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(100 pl per well) in duplicates in a 96-well microplate, in presence or
absence of several concentrations of TS and BZ as above, and
incubated at 37°C, with 5% of CO, for 24 h as reported previously
for other compounds (Adessi et al., 2022). Parasite number was
counted as described above. Each condition was evaluated in
duplicate in two independent assays. Blood trypomastigotes were
obtained as described in Section 2.1. Parasites were counted and
blood was diluted with DMEM medium to reach 2x10°
trypomastigotes/ml as described previously (Sanchez Alberti et al.,
2022). These parasites were incubated with TS, like cell-derived
trypomastigotes. Parasite number was counted as described above
and reported as the percent of parasites. Each condition was
evaluated in duplicate in three independent experiments.
Statistical analysis was done as reported for epimastigotes.

Cell Cytotoxicity Assay on Vero Cells

Vero cells were maintained in DMEM medium supplemented
with 10% FBS and reseeding 1/6 of the total culture content every
third day. Cytotoxicity produced by TS was evaluated using 3-
[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT) assay. Briefly, Vero cells were seeded in a 96-well plate
(5,000 per well) and allowed to adhere for 12 h. Then, the
medium was removed, and 200 pl of DMEM was added in the
absence or presence of TS at concentrations of 2.5 to 40 uM for
further 24 h. Next, the medium was removed, and three washes
with PBS were performed. Then, 200 pl of DMEM was added in
the presence of MTT at 0.8 mg/ml (Sigma, USA) and incubated
for 4 h at 37°C. The medium was removed, and the formazan salt
was solubilized using 120 ul of DMSO. Absorbance was recorded
in a microplate reader with a wavelength of 595 nm and a filter of
655 nm as reference. Three independent assays with duplicates of
each condition were performed. Data were plotted and analyzed
by one-way ANOVA using GraphPad Prism software.

Synergy Effect Between TS and BZ

To evaluate the synergistic effect of TS and BZ, first, we calculated the
BZ ICs on cell-derived trypomastigotes; we incubated the parasites
with several concentrations of BZ (0.39-50 uM) for 24 h. The ICs,
was calculated as 0.96 + 0.04 (Supplementary Figure 3). Then, we
used the BZ ICs, in synergy assays with TS. Cell-derived
trypomastigotes (2 x 10°) were seeded in 96-well plates (100 ul per
well) and incubated at 37°C with 5% of CO, in the presence or
absence of several concentrations of TS (1.25-10 uM) and BZ at 1.0
uM for 24 h. Parasites in the culture were counted in a Neubauer
hemocytometer and reported as parasite percent. Three independent
assays with duplicates of each condition were performed. Using
GraphPad Prism software, data were plotted and analyzed by non-
linear regression with Kolmogorov-Smirnov posttest.

RESULTS

QroMPX and NinoaMPX Sequences
Analysis

The QroMPX and NinoaMPX have the same nucleotide
sequences and do not show differences in their protein

sequences (data not shown). Both TcMPX have a predicted
size of 226 aa, a molecular weight of 25.5 kDa, an isoelectric
point of 7.65, and a net electric charge of 2. A NJ analysis was
performed to establish the phylogeny of both proteins. The
topology of the obtained tree shows that both sequenced
proteins belong to the trypanosomatids clade. Both protein
sequences are very similar to the other from T. cruzi because
tree topology shows a comb structure, characteristic of sequences
that are highly similar to each other (Figure 1A).

Multiple Alignments and Functional Motifs
Identification

Because of the high identity between QroMPX and NinoaMPX,
we decided to work only with the QroMPX as a representative
molecule. Multiple alignments were performed with other MPX
(including the best-known human PRX3) to establish the
presence of functional motifs in the sequence. This analysis
showed a percentage of 48%-63% of similarity between
QroMPX and the other proteins. In addition, the peroxidatic
cysteine (Cp81) and resolving cysteine (Cr204) from the catalytic
site are almost the same in all PRX. However, the second catalytic
site in QroMPX has two amino acid changes (IPC instead of
VCP). This is one of the notable differences between QroMPX
and the myochondrial tryparedoxin TXNII from T. cruzi that
does preserve the VCP sequence at the C-terminus. Adjacent to
the Cg (C204) are present two amino acids (N205 y P211) and
GGLG and YF motifs, involved in events of hyper oxidation on
several PRXs (Figure 1B).

QroMPX Homology Modeling

The models generated by homology in the two platforms used
were very similar (Supplementary Figure 1A). Furthermore, a
similarity was observed between the amino acid sequence Y67 to
S89 of QroMPX with a transmembrane motif described in B.
xylophilus. Because of this, an analysis was carried out to
establish the probability that QroMPX is a transmembrane
protein, and the probability is 0.014. Therefore, there is
no enough evidence to say that QroMPX can be a
transmembranal protein under this analysis. The validation of
the model using the Ramachandran plot showed that 90.2% of
the amino acids are in the favorable region, indicating good
reliability of the structure. The ERRAT plot showed a quality
factor of 95.7%, indicating a good model quality. Thus, the model
was representative with seven parallel and antiparallel B-sheets,
and five o-helices of different lengths (Figure 2A). The resulting
modeling in all the servers suggests that the template for our
target protein (QroMPX) was the human PRX3. The structural
similarity between both proteins is highlighted when they are
overlapped (Figure 2B). The molecular modeling showed that
QroMPX monomers could interact forming an interface type B
to generate homodimers (Supplementary Figure 2A). They
could be formed by the interaction of the B7 sheets from each
subunit (Supplementary Figure 2B). By assembling five dimers,
the formation of oligomers (decamers) was also modeled
(Supplementary Figure 2C), and the electric charges in the
oligomer show that the negative charges are preferably
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FIGURE 1 | Phylogeny of QroMPX and NinoaMPX and alignment with other mitochondrial PRXs. (A) The phylogeny was inferred using the Neighbor-Joining
method. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (10,000 replicates) are shown next to the nodes. The
evolutionary distances were computed using the p-distance method and are in the units of the number of amino acid differences per site (scale bar). The analysis
involved 20-amino acid sequences. All positions with less than 95% coverage were eliminated. The sequences of TcMPX from Mexican strains Qro and Ninoa (@)
were grouped in the clade of trypanosomatids, close to other T. cruzi strains. (B) The sequences were aligned as indicated in materials and methods. Beta sheets
(1-7) and a-helix are indicated on the corresponding sequence. The numbering corresponds to the position of the amino acids in the sequence of QroMPX. The
cysteines of the catalytic site are indicated in green background. The motifs involved in susceptibility (yellow background) and resistance (red background) to
hyperoxidation are also indicated. The transmembrane sequence identified in B. xylophilus (ABW81468.1) and the identical amino acids in the other sequences are
indicated in cyan. The amino acids that interact with divalent cations (pink background) and those that stabilize the binding (blue background) identified in L.
brasiliensis (XP_001562236.1) are also indicated in QroMPX. The first 30 amino acids of the QroMPX and L. brasiliensis sequences were cut to facilitate alignment.
The other sequences used were from T. cruzi (TXNIl, PDB 4LLR), T. rangeli (ESL05855.1), T. gondii (AAG25678.2), P. falciparum (BAA97121.1), and human PRX3
(PDB 5JCG). At the end of each sequence, the percentage of similarity (sim%) with QroMPX is indicated.

distributed inside the structure (Supplementary Figure 2D) as
reported in other PRXs.

The Cp (C81) from a QroMPX monomer could be associated
with the Cy (C204) from the adjacent monomer. In this
conformational structure, Cp is surrounded by the catalytic
triad formed by the amino acid residues P74, T78, and R157,
close to the motifs GGLG and YF, whereas Cy is close to the
amino acid residues N205 and P211 (Figure 2C). The location of
the amino acid around the catalytic site is very similar to the
human PRX3 (Figure 2D).

Similarity Between QroMPX and PRX3

Because of the observed similarity between human PRX3 and
QroMPX, it was decided to test whether a commercial anti-PRX

antibody that recognizes the former could also recognize the T.
cruzi protein because the amino acid sequence recognized by the
commercial antibody is very similar in both proteins
(Figure 3A). The commercial antibody recognized in a T. cruzi
total protein extract a protein with molecular weight close to that
predicted from TcMPX (Figure 3B). Interestingly, when
modeling the recognition site in the QroMPX dimer, it was
observed that a region of the sequence is exposed on the surface
of the molecules, which could facilitate the recognition of these
structures by commercial antibodies (Figure 3C).

TS-QroMPX Docking

Because QroMPX and human PRX3 are structurally similar,
there is a possibility that QroMPX was susceptible to PRX3
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C-terminal

FIGURE 2 | QroMPX tertiary structure model. Modeling was performed as indicated in Materials and Methods. A) Monomer of the protein. Alpha-helices and beta
sheets are indicated with the corresponding numbering. B) Overlap of QroMPX (orange) and human PRX3 (PDB 5JCG, green). C) The amino acids surrounding the
peroxidatic (CP) and resolutive (CR) cysteine are shown for QroMPX. The GGLG and YF motifs are indicated in pink. The catalytic triad (PTR) is indicated in cyan.
The amino acids that could participate in the resistance to hyper oxidation are shown in purple. The comparison of these amino acids in the sequences of QroMPX
(QKE461.1), human PRX2 (ABB02182.1), and human PRX3 (PDB 5JCG) are shown in the lower box (in red resolutive cysteines, in purple amino acids involved in
resistance to hiperoxidation). D) The position of the amino acids around the catalytic site in human PRX3 are shown with the same colors as in C.

minimum energy for the protein QroMPX obtained by
homology and for PRX3 obtained from the PDB (5]CG). To

A~ QroMPX ISLRGLFIIDDKGILRHITVNDLPVGRNVEEVLRVVQA eliminate bias from the rigid nature of the receptor in our model,
PRX3  LALESESSSRPNEVIKHLSESSEEESSEERTIN L EE we used one monomer of each protein for ligand-receptor
interaction analysis, because the ligand (TS) would be

B C Monomer 1

physically hindered by its bulk. Therefore, our results showed
that TS has an affinity for the catalytic site, particularly, the
resolutive-cysteine (Cg) in PRX3 (Figure 4A). Something similar
was observed in the TS-QroMPX interaction model in which, in
addition to the resolutive cysteine, the amino acids V38, H170,
T172, N174, N181, R187, 1202, CR204, and M213 are involved,
with a AG = 7.0 kCal/mol (Figure 4B). These results suggest that
TS has a high probability of binding to cysteines in the catalytic
domain of QroMPX and interfering with their biological activity.

<= QroMPX
25.5kDa

1 2
kDa -
]
28—
15—

FIGURE 3 | Recognition of QroMPX by anti-human PRX3 antibody.

(A) Shared sequence between QroMPX and PRX3 recognized by a commercial
antibody. Identical amino acids are shaded. (B) Western blot was performed as
indicated in materials and methods. The total parasite protein transferred (lane
1, Coomassie Blue stain) and the recognition of QroMPX by the commercial
anti-PRX antibody (lane 2). (C) Model showing the regions on the surface of
each QroMPX monomer (red and blue) that can be recognized by the antibody.

Monomer 2

TS Activity on T. cruzi
To establish whether TS could reduce the growth of T. cruzi as it
does with some cancer cells, epimastigotes were incubated in the
presence of this compound for 24 and 48 h. It was observed that
TS reduced the number of parasites only at 48 h of incubation at
concentrations of 20 and 40 uM (Figure 5A). The ICs, value was
established at 40 + 7.5 uM.

It was observed that TS has a high trypanocidal effect on the

inhibitors such as the antibiotic TS. To explore this hypothesis,
we performed an in silico molecular docking study. Our
computational model considered a stable conformation of

infective state of T. cruzi because, at 24 h, more than 50% of the
cell-derived trypomastigotes had been eliminated with less than
5 uM of the compound (Figure 5B). The ICs, value was

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

56

July 2022 | Volume 12 | Article 907043


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Rivera-Santiago et al.

Thiostrepton Targeting Mitochondrial Peroxiredoxin

E149
~
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FIGURE 4 | TS-PRX3 and TS-QroMPX Docking. (A) Binding mode between TS (blue sticks) and human PRX3 (green). The amino acids (sticks format) and cysteine
resolutive (ball format) involved in the interaction are shown in the box. (B) Binding mode between TS (blue sticks) and QroMPX (orange). The amino acids (sticks
format) and cysteine resolutive (ball format) involved in the interaction are shown in the box.

calculated at 4.5 + 0.7 uM. On the other hand, blood
trypomastigotes were also sensitive to the effect of TS
because, with 20 uM of TS, more than 65% of the parasites
were eliminated from the culture (Figure 5C). The ICs, value
was calculated at 11 + 2.6 uM. No morphological damage was
observed at optical microscopy. Preliminary experiments show
no effect on intracellular amastigotes at 24 h of incubation with
several TS concentrations.

Cytotoxicity Effect of Ts on Vero Cells

A significant decrease in the metabolic activity of Vero cells was
observed in the presence of TS, but this was not greater than 25%,
even at the highest TS concentration used (40 uM). The ICs, for
Vero cells is greater than 40 uM, but it could not be established,
so the selectivity index could not be calculated. The cytotoxicity
of TS on Vero cells was moderate since between 62% and 72% of
the cells maintained their metabolic activity (Figure 5D).

Synergic Effect Between TS and BZ

Because of the trypanocidal effect of TS on T. cruzi trypomastigotes,
we evaluate a possible synergic effect with BZ. Using the
combination of 1.25 uM TS and 1.0 uM BZ, a 46.66% presence of
parasites was observed. By contrast, 79.14% of parasites were
observed with TS alone at the same concentration. Similar results
were observed with 2.5 uM TS and 1.0 uM BZ because 39.38% of
parasites were found versus 58.57% with TS alone. There were no
significant differences comparing 5 and 10 uM TS alone or with
BZ (Figure 6).

DISCUSSION

There are no effective vaccines or drugs against T. cruzi, and
the available drugs (NF and BZ) have low efficacy to treat the
chronic phase of this disease and cause several side effects
(Lascano et al., 2020). With the purpose to find new
therapeutic targets, metabolic and defense pathways in T.
cruzi have been studied in recent years. The detoxification
of ROS is one of the main mechanisms implicated in the
survival of the parasite, and for this reason, antioxidant
enzymes have been considered as good therapeutic targets
(Gonzalez-Chavez et al., 2015).

The TcMPX have received particular attention due to their
role as partner of several important proteins for cellular
metabolism, as well as a virulence factor by protecting T. cruzi
against NF effect, macrophage-derived peroxynitrite, and
avoiding redox imbalance by ROS during mitochondrial
energy generation (Piacenza et al., 2008; Piacenza et al., 2009;
Peloso Ede et al., 2011; Piacenza et al., 2013; Peloso et al., 2016;
Specker et al., 2022). In this study, the TcMPX from Querétaro
and Ninoa Mexican T. cruzi strains were sequenced and analyzed
in silico. The phylogenetic analysis showed that they are highly
conserved proteins among T. cruzi strains, which suggests that
variations in the sequence could affect their function and
compromise the viability of T. cruzi. In addition, TcMPX is a
single copy gene (Yeo et al, 2011). These reasons make it an
attractive therapeutic target. However, to date, no inhibitor has
been reported for this protein.
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FIGURE 5 | Tripanocidal effect of TS. Epimastigotes (A), cell-derived trypomastigotes (B), blood trypomastigotes (C), and Vero cells cytotoxicity (D) were incubated
in the presence or absence of TS at the indicated micromolar concentrations. Parasite number was established by counting at 48 h (A) or 24 h (B, C) of incubation.
Metabolic activity was measured using MTT assay at 24 h (D). The results are presented as media + standard deviation. Bz (25 uM) was used as a positive control.
Media without TS (C) was used as control. Statistically significant differences are indicated with an asterisk (p < 0.05).
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FIGURE 6 | Synergic effect of TS and Bz. Cell-derived trypomastigotes were incubated in the presence of different concentrations of TS alone or in combination with
1.0 uM Bz. Parasite number was established by counting in a Neubauer chamber after 24 h of drugs incubation. The results are presented as media + standard
deviation. Statistically significant differences are indicated with an asterisk (p < 0.001).

5 10

When comparing the sequence from QroMPX with other
PRX previously characterized, we find that it shares 57%
similarity with mitochondrial peroxidase (TXNII) reported in
T. cruzi with which it interacts in oxidative stress conditions
(Dias et al, 2018). Although both QroMPX and TXNII are
mitochondrial, their similarity percentage is lower than that

between QroMPX and human PRX2 and PRX3. This explains
why homology modeling pointed to human PRX3 as temperate.

In addition, it was observed that the similarity is higher with
MPX from other trypanosomatids (L. brasiliensis or T. rangeli)
and human PRX3. This similarity of more than 60% in the
sequence and highly similar spatial disposition of the QqroMPX
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3D model with PRX3 could suggest a similar function for both
proteins, like an increase in its expression during heat stress
events as has been shown for human PRX3 (Tchouague et al.,
2019). Although specific analysis showed that Qro MPX is
unlikely to be a transmembrane protein, the presence of a
sequence that has been proposed as a transmembranal domain
in other PRXs opens the possibility that this protein may be
secreted by T. cruzi or actively transported to the extracellular
environment, probably to counteract ROS produced by the host,
as proposed for other PRXs of trypanosomatids (Cuervo et al.,
2009; Gadelha et al., 2013). It has been proposed that the PRX
from B. xylophylus could use this motif to be transported across
the intracellular membranes by ABC transporters (Li et al,
2011). This possibility cannot yet be ruled out for QroMPX
and should be explored in the future. The possibility that this
protein can be transported across the mitochondrial membrane
or interact with it during cellular events has not been described
and still needs to be explored as reported for other PRXs
(Sasagawa et al,, 2001; Choi et al., 2005). However, for the
moment, we propose that it could be in soluble form as other
mitochondrial and chloroplast PRXs (Flohée and Harris, 2007).

In the QroMPX sequence, the presence of GGLG and YF
motifs was observed, which have been associated with the
susceptibility of some PRXs to be hyper oxidated, leading to
their inactivation (Cox et al., 2009). The QroMPX reported in
this study is the first to be reported in T. cruzi with the presence
of these structural motifs.

In addition, the molecular modeling showed that QroMPX
monomers could interact by its B7-sheets, forming an interface
type B to generate homodimers, as it was exemplified for other 2-
cys PRXs (Poole and Nelson, 2016). In these structures, the Cp
(C81) from a monomer could be associated with the Cy (C204)
from the adjacent monomer. In this conformational structure,
the arrangement of the GGLG and YF motifs and the catalytic
triad (P74, T78, and R157) around the catalytic site are very
similar to the human PRX3. This would facilitate the hyper
oxidation of the molecule, but the presence and position of the
amino acids N205 and P211 close to Cy (C204) indicate that
QroMPX could be partially resistant to this phenomenon
because the resistance to over-oxidation events in PRX3 is
given by the presence of four amino acids (NTDP) in a similar
position close to the Cr (Cox et al., 2009). Homology modeling
also suggests that dimers can assemble into oligomers.

On other hand, several PRXs from protozoa have been
proposed as therapeutic targets using molecules that inhibit it,
which leads to a reduction in the resistance to oxidative stress
(Haraldsen et al., 2009; Konig et al., 2011). Because of the
similarity between QroMPX and PRX3, as well as the
arrangement of the active site cysteines and the amino acids
that surround them, it is very probable that QroMPX will be
susceptible to the same inhibitors as PRX3. This feature can be
used to reposition molecules that are currently therapeutic in
humans. Several iron chelator molecules such as triapine,
auranofin, and cisplatin reduce the presence of human PRX3
and have a pharmacological use in the treatment of some types of
cancer (Myers, 2016). It would be interesting to test whether
these molecules affect the T. cruzi proliferation or viability.

Another molecule is TS, an excellent inhibitor of PRX3 that
interacts with the active site cysteines, and this molecule also
induces an oxidative stress condition in several types of cancer
cells and is used as a treatment to reduce cell growth (Nelson
et al.,, 2021). TS and some derivatives have shown good activity
against protozoa as Babesia and Plasmodium sp. but have not
been tested against other protozoa such as T. cruzi (Aminake
et al., 2011; Aboulaila et al., 2012).

Docking analysis suggested that TS could bind to the
resolutive-cysteine in the catalytic site, but we do not rule out
the possibility that both cysteines are involved because the
functional unit of PRX is dimeric in a biological environment
(Poole and Nelson, 2016). Likewise, because of the similarity
found in the amino acid sequence (>55%) between QroMPX and
TXNIIL, it is highly probable that TS also interacts with this
protein, and the inhibition of both PRXs could be related to a
synergistic effect.

When we incubated epimastigotes of T. cruzi for 48 h in the
presence of TS, a reduction in the multiplication of the parasite
in the culture was observed, without obvious morphological
changes in the remaining parasites. In addition, cell-derived
trypomastigotes and blood trypomastigotes (both infective)
were susceptible to the trypanocidal effect of TS, but in a
shorter time and with a lower drug concentration. At 24 h of
incubation with different concentration of TS, no significant
differences with respect to control groups were observed in
intracellular amastigotes. Longer incubation time periods and
combination with other drugs should be investigated in
future works.

Previously, it has been shown that disrupting the electron
transport chain in T. cruzi epimastigotes inhibits growth
(Aldunate et al., 1986). The interaction between TS and
QroMPX could interrupt the electron transport chain involved
in the mitochondrial antioxidant network, leading to growth
inhibition. On the other hand, it was very important to observe
that T. cruzi trypomastigotes are more susceptible to the
trypanocidal effect of TS because they are the ones that infect
mammalian hosts, including humans. It has previously been
shown that trypomastigotes from several strains of T. cruzi have
two to six times more TcMPX than epimastigotes, so it has been
proposed that it is one of the important enzymes for maintaining
redox balance during energy generation in the infective stage
(Piacenza et al., 2009; Gadelha et al., 2013). In addition, it has
been reported that mitochondrial activity is greater in
trypomastigotes than in epimastigotes, with the consequent
production of H,0, (Gongalves et al., 2011). Because of this
abundance of the protein and its biological role, it would be
expected that when it is inhibited by TS, the effects would be
faster and stronger on trypomastigotes than epimastrigotes,
which is consistent with the ICs, differences observed.

TS ICsq values for cell-derived trypomastigotes (4.5 uM) and
blood trypomastigotes (11 WM) are lower than those
concentration used for healthy human cells. We observed that
the ICsy of TS on Vero cells is greater than 40 UM, which is
higher than the solubility limit of the compound. Similar results
have been reported for human epidermal melanocytes at 24 h
(Qiao et al., 2012).
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TS can be used in combination with the classical treatment
against Chagas disease. We compare the synergic effect of TS and
BZ in trypomastigotes to reduce the concentration of both
compounds, and we observed a significant reduction in the
parasite number with the lowest TS-BZ combination used.
Intriguingly, at high doses, we do not find synergic effect;
further work should be done to address this phenomenon.

Therefore, the results obtained are promising, and they could
be improved by making modifications to TS to make it more
specific to PRX or by searching for similar molecules with
higher selectivity.

Furthermore, the possibility of using TS in an animal model
of infection with T. cruzi, as well as the mechanism of action,
should be explored. In addition, the repositioning of this
molecule, which is currently used in the human treatment of
some oncological diseases, can be an alternative for a better
Chagas disease treatment.

CONCLUSIONS

The results reported in the present work suggest that TcMPX
from T. cruzi has a high similarity with human PRX3, so this
characteristic could be exploited to evaluate its susceptibility to
inhibitors and their derivatives that are currently used for
therapeutic purposes, such as TS that was found that reduced
the growth of the parasite by a mechanism that could involve the
change in the mitochondrial metabolism of T. cruzi.
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Chagas disease is produced by the parasite Trypanosoma cruzi (T. cruzj), which is the
leading cause of death and morbidity in Latin America. We have shown that in patients
with Chagas cardiomyopathy, there is a chronic elevation of diastolic Ca®* concentration
([Ca®*]y), associated with deterioration to further address this issue, we explored the role
Na*/Ca®* exchanger (NCX). Experiments were carried out in noninfected C57BL/6 mice
and infected with blood-derived trypomastigotes of the T. cruzi Y strain. Anesthetized
mice were sacrificed and the cardiomyocytes were enzymatically dissociated. Diastolic
[Ca®*] ([Ca®*]y) was measured using Ca®* selective microelectrodes in cardiomyocytes
from control mice (CONT) and cardiomyocytes from T. cruzi infected mice in the early
acute phase (EAP) at 20 dpi, in the acute phase (AP) at 40 dpi, and in the chronic phase
(CP) at 120 dpi. [Ca®*]q was 1.5-times higher in EAP, 2.6-times in AP, and 3.4-times in CP
compared to CONT. Exploring the reverse mode activity of NCX, we replaced extracellular
Na* in equivalent amounts with N-methyl-D-glucamine. Reduction of [Na*] to 65 mM
caused an increase in [Ca®*]y of 1.7 times in cardiomyocytes from CONT mice, 2 times in
EAP infected mice, 2.4 times in AP infected mice and 2.8 in CP infected mice. The Na™ free
solution caused a further elevation of [Ca®*]4 of 2.5 times in cardiomyocytes from CONT,
2.8 times in EAP infected mice, 3.1 times in AP infected mice, and 3.3 times in CP infected
mice. Extracellular Ca®* withdrawal reduced [Ca®*]4 in both CONT and cardiomyocytes
from Chagas-infected mice and prevented the increase in [Ca®*]y induced by Na*
depletion. Preincubation with 10pM KB-R7943 or in 1uM YM-244769 reduced [Ca®*]4
in cardiomyocytes from infected mice, but not control mice. Furthermore, both NCX
blockers prevented the increase in [Ca®*]4 associated with exposure to a solution without
Na*. These results suggest that Ca®* entry through the reverse NCX mode plays a
significant role in the observed [Ca®*]y dyshomeostasis in Chagas infected
cardiomyocytes. Additionally, NCX inhibitors may be a viable therapeutic approach for
treating patients with Chagas cardiomyopathy.

Keywords: chagas disease, Na/Ca exchanger, cardiomyopathy, Trypanosoma cruzi (T cruzi), calcium
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INTRODUCTION

Chagas disease, caused by the protozoan Trypanosoma cruzi (T.
cruzi), aftects approximately eight million people in the poorest
areas of Central and South America. The prevalent form of
transmission of T. cruzi to humans is contact with
contaminated feces/urine of the invertebrate vector during a
blood meal. However, human infection through blood
transfusion, organ transplantation and oral. (Bern et al., 2008)
and oral transmission due to ingestion of contaminated fruit
juices (Alarcon De Noya et al., 2010) have been reported. Chagas
disease is characterized by a varied clinical scenario that evolves
from an acute phase, often asymptomatic or oligosymptomatic,
to a chronic phase that can manifest as indeterminate, cardiac, or
digestive forms (Echavarria et al., 2021). Most infected people
develop cardiac conditions characterized by ventricular
arrhythmias, heart blocks, heart failure, thromboembolic
phenomena, and sudden death (Rassi et al., 2010; Teixeira
et al., 2011; Echavarria et al., 2021; http://www.who.int/
mediacentre/factsheets/fs340/en/, 2021).

Calcium is a central player in the regulation of cardiac
contractility, and its intracellular concentration is maintained
through the interaction of Ca** transport mechanisms and
diastolic leak mediated by the ryanodine receptor (Shannon
et al., 2003; Bers and Ginsburg, 2007; Bers, 2014; Freichel
et al.,, 2017; Smith and Eisner, 2019). In healthy
cardiomyocytes, the diastolic Ca®* concentration ([Ca*']y) is in
the range of 100-120 nM (Marban et al., 1980; Lopez et al., 2011;
Mijares et al., 2014; Mijares et al., 2020). We have demonstrated
dysregulation of [Ca**], in cardiomyocytes isolated from Chagas
patients, which is correlated with the patient’s clinical condition
(Lopez et al,, 2011). Furthermore, this diastolic disturbance of
[Ca®"] appears to be associated with alterations in the regulation
of the intracellular messenger inositol 1,4,5-trisphosphate (Lopez
et al., 2011; Mijares et al., 2020).

NCX is a bidirectional high-capacity transporter that represents
the primary way of Ca>* extrusion in excitable cells (Blaustein and
Lederer, 1999; Aronsen et al., 2013). It can import 3 Na" into the cell
in exchange for 1 Ca** (forward mode) or drive the efflux of 3 Na* in
exchange for 1 Ca®" (reverse mode) across the plasma membrane
(Bers and Ginsburg, 2007). The direction of NCX (forward or
reverse) depends on the internal and external concentration of both
Na*and Ca** and the membrane potential (Bers, 2000). NCX works
almost exclusively in the forward mode (Ca** extrusion) in normal
cardiomyocytes, driven primarily by the elevated subsarcolemmal
[Ca®"]. Elevated diastolic [Na*] ([Na*]4) could change the direction
of the fluxes to a more significant influx of Ca* * and fewer Ca® *
effluxes, resulting in increased intracellular [Ca®*]. However, the
dynamic of NCX can be altered in pathophysiological situations
such as heart failure, arrhythmia, ischemia-reperfusion injury, and
hypertrophy (Bers and Despa, 2006). Recently, Santos-Miranda
et al. (Santos-Miranda et al., 2021) reported a cellular
arrhythmogenic profile in chronic Chagas cardiomyopathy,
which was sensitive to Ni** and NCX blocker SEA0400,
indicating the involvement of NCX.

In the present study, we evaluated the activity of NCX in
cardiomyocytes from control and Chagas infected mice. We

showed that NCX activity is enhanced in cardiomyocytes from
T. cruzi-infected mice compared to control cardiomyocytes and
that the reverse mode of NCX contributes to intracellular Ca* *
dyshomeostasis observed in cardiomyocytes from infected mice.

MATERIAL AND METHODS

Animals

Homozygous male C57BL/10 with a bodyweight of 25 + 0.45 g.
and 12 weeks of age were housed at constant temperature (24 C)
and a 12 h light/12 h dark cycle, with free access to water and fed
a commercial pelletized diet.

Trypanosoma cruzi Infection

Mice were randomly divided into two groups: Group A
(Control) that were not inoculated with T. cruzi and Group B
(infected mice) were infected intraperitoneally with 5x1072
blood-form trypomastigotes of the Y strain of T. cruzi (O’Daly
etal, 1984). The Y strain of T. cruzi was originally obtained from
patients in Brazil and was kindly provided by Dr. Jose O’Daly,
who has maintained the strain over the years through serial
passages in homozygous C57B1/6 mice. Parasitemia was
monitored by counting the number of parasites/5 ul of blood
obtained from the tail vein of infected mice. A positive
parasitemia was found in all inoculated animals on days 12-15
post-infection (dpi). Non-infected and infected anesthetized
(ketamine/xylazine) mice were sacrificed by cervical dislocation
at 20 (early acute phase), 40 (acute phase), and 120-dpi (chronic
phase), and the cardiomyocytes were enzymatically dissociated.

Isolation of Cardiomyocytes and

Inclusion Criteria

Control and infected mice were anesthetized (ketamine 100 mg/
kg/xylazine 5 mg/Kg) and hearts were rapidly removed, attached
to a cannula, and mounted on a Langendorff reverse coronary
perfusion system for the enzymatic dissociation of ventricular
cardiomyocytes (Liao and Jain, 2007). Only Ca*" tolerant
cardiomyocytes with rod-shaped, well-defined striation spacing
and a resting sarcomere length of >1.75 pm (Wussling et al,
1987) were used and studied within 4-6 h after isolation. The
isolation procedure was carried out at 37°C.

Ca** and Na* Selective Microelectrodes
Double-barreled Ca** and Na' selective microelectrodes
were prepared as previously described (Eltit et al., 2013). Each
ion-selective microelectrode was individually calibrated before
and after the determination of [Ca®']y and the [Na']y as
previously described (Mijares et al., 2014). Ca®* selective
microelectrodes with a Nernstian response between pCa3 and
pCa7 (30.5 mV/pCa units at 37°C) and Na' selective
microelectrodes with Nernstian responses between 100 and 10
mM [Na'],, and an adequate response (40-45 mV) between 10
and 1 mM [Na']. were used experimentally (Lopez et al., 1983;
Lopez et al, 2000; Eltit et al., 2013). The Ca®*- and Na'-
microelectrode response was not affected by any of the drugs
used in the present study.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

64

July 2022 | Volume 12 | Article 890709


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Lopez et al.

Na+/Ca2+ Exchanger in Chagas disease

Recording of Diastolic Calcium and
Sodium Concentrations

Isolated cardiomyocytes from control mice and T. cruzi infected
mice were impaled with double-barrel Ca** or Na*
microelectrodes to measure [Ca®']y and [Na']g respectively,
and potentials were recorded using a high impedance
electrometer (WPI 773 electrometer, FL, USA) as previously
described (Lopez et al., 2000; Lopez et al., 2017). The potential of
the 3M KCI microelectrode barrel (Vm) was electronically
subtracted from the potential recorded by the Ca®* selective
barrel (Vg,) to produce a differential Ca®" specific potential
(Vcag) that represents the cardiomyocyte [Ca**]y. A similar
approach was used to produce the specific Na* potential
(Vnag), which represents the cardiomyocyte [Na']y. The
potentials were acquired at a frequency of 1,000 Hz with the
AxoGraph software (version 4.6; Axon Instruments, CA, USA)
and stored in a computer for further analysis.

Individual cardiomyocyte measurements of [Ca®*]4 and
[Na*]4 from control and infected mice were accepted when
there was i) an abrupt drop to a steady level of Vm equal to or
more negative than -80 mV in healthy cells and -70 mV in
unhealthy cardiomyocytes; ii) a stable recording of Vm and V¢,
potentials or Vm and Vy, potentials for more than 60 seconds
and an abrupt return to baseline at the exit of the microelectrode
from the cell. Vm was used as a biological indicator of the
integrity of cardiomyocyte sarcolemma in real-time; therefore,
any cardiomyocytes with a recorded Vm <-70 mV were
discarded. These criteria were not met in 18% of total
impalements performed in cardiomyocytes from control mice
and 41% in infected mouse cardiomyocytes.

Reverse Mode NCX Protocol

The effect of NCX (reverse mode) on [Ca®"]4 in cardiomyocytes
from control and infected mice was determined by preincubating
cardiomyocytes in a solution in which [Na']e was partially or
completely removed (see solutions below) and replaced by N-
methyl-p-glucamine hydrochloride. Measurements of [Ca**]4
were carried out before and after incubation in low
Na" solutions.

Equilibrium Potentials

The equilibrium potentials for Ca®* (Ec,) and Na* (Ey,) were
calculated using the Nernst equation (E;,,= RT/zF x In [ion];
[ion].) and [Ca®*]4 and [Na']4 obtained in cardiomyocytes from
CONT and infected mice in EAP, AP, and CP. The equilibrium
potential of the Na*/Ca®* exchanger (Encyx) was estimated using
the following equation: Excy = 3En, - 2Ec, (with a stoichiometry
of 3:1), where Ey, and Ec, are the equilibrium potentials of Na*
and Ca”* obtained from the Nernst equation.

Solutions

All solutions were made with ultrapure water supplied by a Milli-Q
system (Millipore, Bedford, MA). The Tyrode solution had the
following composition (in mM): 130 NaCl, 5 KCl, 2.5 CaCl,, 1
MgCl,, 20 NaHCO3, 0.33 NaH,PO,, and 10 glucose gassed with 95%
0, and 5% CO,, pH 7.4. A low- or Na*-free solution was prepared by

the partial or total withdrawal of [Na'],, and replacement by an
equivalent amount of impermeable cation N-methyl-p-glucamine
(NMG) hydrochloride to maintain osmolarity. A Ca* *-free solution
was prepared, omitting CaCl, and adding 1 mm of EGTA and 2 mm of
MgCl,. Solutions 2-(2-(4-(4-nitrobenzyloxy-phenyl-ethyl-
isothiourea methanesulfonate (KB-R7943) and N- (3-aminobenzyl)
-6- 4- [(3-fluorobenzyl-oxy] phenoxy nicotinamide (YM-244769)
were made by adding the desired concentration of the reagent to the
Tyrode solution. All experiments were carried out at 37°C.

Statistical Analysis

Experimental results are expressed as means * SD; 7,
represents the number of mice used and #.y, the number of
successful measurements in cardiomyocytes isolated from
CONT and infected mice used for statistical analysis. Data
were analyzed using one-way analysis of variance ANOVA for
repeated measures, followed by Tukey’s multiple comparison
tests to determine significance. A p<0.05 was considered
significant. GraphPad Prism 9 (GraphPad Software, CA, USA)
was used for statistical analysis.

RESULTS

[Ca®*]4 and [Na*]y in Ventricular
Cardiomyocytes of Chagasic Rodents

We previously reported a significant elevation in [Ca*']4 in
cardiomyocytes obtained from patients with chronic Chagas
cardiomyopath, which was related to the extent of their cardiac
dysfunction (Lopez et al., 2011; Mijares et al., 2020). Figure 1
shows representative records of simultaneous measurement of
Vm and [Ca®]4 in a single cardiomyocyte isolated from (A)
CONT mice, (B) EAP-infected mice (20 dpi), (C) AP-infected
mice (40 dpi), and (D) CP-infected mice (120 dpi). The
cardiomyocytes of Chagas-infected mice showed partial
depolarization and increased [Ca®']g, which aggravated as a
function of days after infection. The mean Vm and [Ca®*]y in
quiescent cardiomyocytes from CONT mice were 81 + 1 mV and
122 + 3 nM. Respectively. In cardiomyocytes from EAP-infected
mice, Vm was 78 + 1.7 mV and [Ca**]4 194 + 23 nM (p<0.001
compared to CONT cardiomyocytes); in cardiomyocytes from
AP-infected mice, Vm was 76 + 1.6 mV and [Ca®*]4 320 + 38 nM
(p<0.001 compared to CONT cardiomyocytes) and in
cardiomyocytes from CP-infected mice, Vm was 72 £ 1.8 mV
and [Ca’']4 470 + 43 nM (p<0.001 compared to CONT
cardiomyocytes) (Figures 2A, B).

Similar differences in [Na*]4 were obtained in the
measurements carried out in quiescent cardiomyocytes of
Chagas-infected mice at different phases of infection. In
cardiomyocytes from CONT mice [Na‘]4 was 8 + 0.2 mM; In
cardiomyocytes from EAP-infected mice [Na‘]4 was 9.4 + 0.7
mM (p<0.001 compared to CONT cardiomyocytes); In
cardiomyocytes from AP-infected mice [Na']q was 13.9 + 0.8
mM (p<0.001 compared to CONT cardiomyocytes); and in
cardiomyocytes from CP-infected mice [Na‘]q was 159 + 1
mM (p<0.001 compared to CONT cardiomyocytes) (Figure 2C).
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FIGURE 1 | Representative measurements of Vm and [Ca®*]y in cardiomyocytes from control and Chagas infected mice. Simultaneous measurements of membrane
potential (Vm) and [Ca®*]4 (A) Cardiomyocyte from control mice (Vm was -82 mV and [Ca®*]q 122 nM). (B) Cardiomyocyte from EAP-infected mice (Vm was -76mV
and [Ca?*]y 200 nM). (C) Cardiomyocyte from AP-infected mice (Vm was -73 mV and [Ca®*]q 312 nM). (D) Cardiomyocyte from CP-infected mice (Vm was -69 mV
and [Ca®*]y 414 nM). Vm, resting membrane potential and Ve, specific calcium potential; CONT, control mice; EAP, infected mice in the early acute phase; AP,
infected mice in the acute phase; and CP, infected mice in the chronic phase. Calibration bar = 1 minute.
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FIGURE 2 | Resting membrane potential, diastolic [Ca®*] and [Na*] in cardiomyocytes from control and Chagas infected mice. (A) The resting membrane potential,
(B) [Caz*]d, and (C) [Na*]y were measured in quiescent cardiomyocytes from CONT mice (Neers=24 and Nice=3), EAP-infected mice (Neeis=19 and nice=3), AP-
infected mice (Ncers=21 and Npice=3) and CP-infected mice (Neers=18 and nmice=5). Data are expressed as means + S.D. Statistical analysis was performed using
one-way ANOVA, followed by Tukey’s multiple comparison tests, “o < 0.05; **p < 0.001. CONT, control mice; EAP, early acute phase of infected mice; AP, acute
phase of infected mice; and CP, chronic phase of infected mice.

Removal of [Na*]e Increased [Ca2+]d studied in quiescent cardiomyocytes isolated from control and

in Cardiomyocytes infected mice by incubation in a solution in which Na" was

In a separate set of experiments, the reverse mode activity of ~ replaced in equivalent amounts by NMG. [Ca®*]4 was measured
NCX (Ca*" entry in exchange for Na* leaving the cell) was  before and after incubation with a low or Na* free solution. The
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reduction of [Na*]. to 65 mM caused an increase in [Ca**]y in
CONT cardiomyocytes to 212 + 27 nu, in cardiomyocytes from
EAP-infected mice to 400 + 24 nM, in cardiomyocytes from
AP infected mice to 790 + 62 nM, and cardiomyocytes from CP-
infected mice to 1,320 + 137 nM (p<0.001 compared to
cardiomyocytes from CONT, EAP, AP and CP-infected mice
bathed in normal [Na'].) (Figure 3).

Incubation in Na* free solution caused a further increase in
[Ca**]4 in control and cardiomyocytes from infected mice. In
CONT cardiomyocytes [Ca**]4 increased significantly to 309 +
42 nM, in cardiomyocytes from EAP-infected mice to 540 + 69
nM, from AP-infected mice to 1,016 + 64 nM, and from CP-
infected mice to 1,523 + 62 nM respectively (p<0.001 compared
to cardiomyocytes from CONT, and EAP-, AP- and CP- infected
mice bathed in normal [Na'].). (Figure 3). The sustained
increase [Ca®*]y was maintained as long as Na" was absent
from the bath solution and reversed when Na* was reintroduced
into the Tyrode solution, except for cardiomyocytes from CP-
infected mice where an irreversible elevation [Ca**]4 associated
with contracture was observed.

Removal of Extracellular Ca®* Prevents

the Increase in [Ca%*]4 Induced by

Na* Depletion

In a different set of experiments, we explored the contribution of
the Ca®" influx to the elevation of [Ca*']4 elicited by the
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FIGURE 3 | Effects of reduction in [Na*], on [Ca®*]4 in cardiomyocytes from
control and Chagas infected mice. [Ca*]y was measured before and after
cardiomyocyte treatments with solutions in which [Na*], was partially or
completely replaced with NMG. [Ca®*]4 was determined in quiescent
cardiomyocytes from CONT mice (Neers=13-24 and np,ice=4), EAP-infected
mice (Neens=12-19 and np,ice=5), AP-infected mice (Neers=12-21 and Npjce=5)
and CP-infected mice (Ncens=6-18 and np,i.e=9). Data are expressed as
means + S.D. Statistical analysis was performed as described above,

***p < 0.001. CONT, control mice; EAP, early acute phase of infected mice;
AP, acute phase of infected mice; and CP, chronic phase of infected mice.

withdrawal of Na* in quiescent cardiomyocytes from control
and infected mice. Cardiomyocytes were incubated for
10 minutes in a Ca**-free solution prior to the withdrawal of
Na' (see solutions). Incubation in a Ca’"-free solution
significantly reduced [Ca**]4 to 98 + 5 nM in cardiomyocytes
from CONT mice (p<0.001 compared to CONT cardiomyocytes
in normal [Ca®'],), to 100 + 11 nM in cardiomyocytes from
EAP-infected mice (p<0.001 compared to EAP cardiomyocytes
in normal [Ca®*],), to 123 + 14 nM cardiomyocytes from AP-
infected mice (p<0.001 compared to AP cardiomyocytes in
normal [Ca®*].), and to 136 + 11 nM in cardiomyocytes from
CP-infected mice (p<0.001 compared to CP cardiomyocytes in
normal [Ca®'],). (Figure 4). Elevation of [Ca*']4 induced by
withdrawal of Na* was abolished in the absence of extracellular
Ca®" in all cardiomyocyte groups (Figure 4).

Equilibrium Potentials

Using the Nernst equation and the actual values [Ca**]4 and
[Na*]y found in the present study, the estimated Ec, in
cardiomyocytes from CONT mice was +133 mV, in
cardiomyocytes from EAP-infected mice was +127 mV,
in cardiomyocytes from AP-infected mice was +119
mV, and in cardiomyocytes from CP-infected mice were +116
mV. While the estimated Ey, in cardiomyocytes isolated from
CONT mice was +74 mV, EAP-infected mice was +70 mV, AP-
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FIGURE 4 | Effect extracellular Ca®* on Na* depletion-induced elevation of
[Ca®*]y. [Ca*]q was measured in cardiomyocytes from CONT, EAP-, AP-,
and CP-infected mice in normal Tyrode, Ca®*-free Tyrode solution, and Ca®*
and Na* free Tyrode solution. [Ca®*]y was determined in quiescent
cardiomyocytes from CONT (nees=16-24 and np,ice=4), EAP-infect mice
(Ncens=15-19 and Np,ice=5), AP-infect mice (Nges=18-21 and n;ie=6) and CP-
infect mice (Ncers=15-18 and np,i;e=8). Data are expressed as mean + S.E.
Statistical analysis was performed as described above, *** p < 0.001. CONT,
control mice; EAP, early acute phase of infected mice; AP, acute phase of
infected mice; and CP, chronic phase of infected mice. ns, no significant.
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infected mice was +59 mV, and CP-infected mice was +56 mV.
The equilibrium potential of the Na*/Ca®" exchanger (Excx)
was -44 mV in cardiomyocytes from CONT, -46 mV from EA-
infected mice, -61 mV from AP-infected mice, and —-64 mV from
CP-infected mice, respectively.

KB- R7943 and YM-244769 Reduced

[Ca *]4 and Prevented the Elevation of
Ca®* Induced by the Na* Free Solution

To determine the mechanisms involved in the elevation of [Ca*']4
caused by exposure to Na* free medium, quiescent cardiomyocytes
from control and infected mice were incubated in KB-R7943, a
nonspecific blocker of the NCX reverse mode, which modified Na*
dependent binding (Iwamoto et al, 1996; Akabas, 2004).
Cardiomyocyte preincubation with 10 um KB-R7943 for 10
minutes significantly reduced [Ca®']4 and inhibited the increase in
[Ca®*]4 induced by the solution without Na* (Figure 5A). KB-
R7943 reduced [Ca®']4 to 152 + 16 nM in cardiomyocytes
from EAP-infected mice, to 186 + 21 nM from AP-infected mice,
and 258 + 30 nM from CP-infected mice (Figure 5A). No significant
effect was observed in cardiomyocytes from CONT mice (116 £ 5
nM). Preincubation with KB-R7943 prevented the elevation of
[Ca®"]4 caused by the Na* free solution in cardiomyocytes of
control and infected mice (compare Figures 3,5A).

Due to the lack of specificity of KB-R7943 (Abramochkin and
Vornanen, 2014), we also examined the effects of YM-244769, a
high-affinity blocker of the NCX reverse mode (Iwamoto and Kita,
2006). Incubation with 1 um YM-244769 for 10 minutes reduced
[Ca*"]4 to 176 + 20 nM in cardiomyocytes from EAP-infected mice,
to 254 + 19 nM from AP-infected mice, and to 336 + 32 nM from
CP-infected mice. YM-244769 did not significantly reduce [Ca**]4in
cardiomyocytes of CONT and EAP-infected mice. YM-244769 fully
inhibited the elevation of [Ca**]4 induced by the Na™ free solution in
CONT cardiomyocytes and infected mice (compare Figures 3, 5B).
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DISCUSSION

Cardiac alterations are a severe and recurrent complication
related to Chagas disease and represent the most common
causes of heart failure and sudden death in Latin America
(Velasco and Morillo, 2020). The present study reinforces our
previous finding that progressive deterioration of cardiac
function in Chagas cardiomyopathy is associated with defective
intracellular Ca** regulation. In this report, we demonstrate, for
the first time, that ventricular cardiomyocytes from rodents
infected with T. cruzi show a partial depolarization associated
with aberrant [Ca®*]y and [Na*]yq, which aggravated with
endpoint after infection (chronic>acute>early acute).
Furthermore, we provide evidence that chagasic infection
enhances the reverse mode of NCX, causing an elevation of
[Ca**]4, which is not mediated by membrane depolarization.
Calcium is essential in the regulation of cardiac contractility,
and defective intracellular Ca>* homeostasis plays an vital role in
the pathogenesis of diverse cardiac diseases (Houser and
Margulies, 2003; Lopez et al., 2011; Uryash et al., 2021a; Uryash
et al, 2021b). [Ca®*]y is regulated by several mechanisms that
controls Ca** influx-efflux and intracellular reuptake that allow
the maintenance of [Ca®*] within a physiological range (~100 nM)
(Lopez et al., 2011; Mijares et al., 2014; Mijares et al., 2020). The
[Ca**]4 values obtained from CONT cardiomyocytes are in
agreement with previous estimates obtained from humans
(Lopez et al., 2011; Mijares et al, 2020) and non-human
ventricular myocytes (Mijares et al., 2014; Uryash et al,, 2021a;
Uryash et al, 2021b) using Ca*'-selective microelectrodes
and fluorescent Ca®' indicator (Piacentino et al., 2003). The
abnormal [Ca®*]4 in cardiomyocytes from infected mice
(chronic>acute>early acute) agree with a similar dysfunction
observed in cardiomyocytes obtained from Chagas patients and
could potentially promote arrhythmias, similar to those observed
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FIGURE 5 | NCX blockers inhibited Na* withdraw-induced [Ca®*]q increases in cardiomyocytes from control and Chagas infected mice. (A) Effects of KB-R7943
and (B) YM-244769 on [Ca']y increases caused by Na* removal. [Ca®*]y was determined in (i) normal Tyrode solution (i) after 10 min of incubation with 10 um KB-
R7943) or 1 uM YM-244769 and (jii) after incubation, either KB-R7943 in Na* free solution or YM-244769 in Na* free solution. Experiments were carried out in
cardiomyocytes from CONT (Ngeis=15-24 and Nipice=6), EAP (Ngeis=12-19 and Niyice=8), AP (Neis=13-21 and Nnyyce=8) and CP cardiomyocytes (Neeis=11-18 and
Nmice=9). Data are expressed as mean + S.E. Statistical analysis was performed as described above,
infected mice; AP: acute phase of infected mice; and CP: chronic phase of infected mice.

***p < 0.001. CONT: control mice; EAP: early acute phase of
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in patients with Chagas cardiomyopathy (Benziger et al., 2017;
Almeida et al., 2018).

Normal resting [Na']4 in cardiomyocytes is in the range of 7-8
mM (Gray et al,, 2001; Mijares et al., 2014), while in cardiomyocytes
from infected mice, it was higher (CP>EP>AEP). Intracellular [Na"]
is mainly regulated in cardiac myocytes by Na'/K"-ATPase, Na*/
Ca®" exchange, Na' channels, and amiloride-sensitive Na'/H"
exchanger (Everts et al., 1992; Blaustein and Lederer, 1999; Bers
et al,, 2003). An elevated [Na']4, as found in Chagas-infected mice
cardiomyocytes, could change the balance of fluxes through NCX to
favor a greater inflow of Ca*" (reverse mode) (Blaustein and
Lederer, 1999), contributing to intracellular Ca®" overload as
observed in Chagas-infected mice cardiomyocytes. Furthermore, it
is plausible that the partial depolarization observed in
cardiomyocytes from infected mice (chronic>acute>early acute)
may be related to diastolic Na* overload. Unfortunately, we did
not explore whether the elevation of [Na ']y in cardiomyocytes from
infected mice was related to an increased influx or decreased efflux
of Na*; therefore, no conclusions can be drawn.

Sodium-calcium exchange is the major Ca*" efflux
mechanism of ventricular cardiomyocytes. NCX mediates an
electrogenic exchange of 3 Na* for 1 Ca**, which can occur in the
forward (Ca®" extrusion-Na® entry) or in the reverse (Ca®*
entry- Na' extrusion) mode (Blaustein and Lederer, 1999;
Bers, 2000; Bers, 2002). In this study, we provide evidence
for the first time of an enhancement in the reverse mode
function of NCX in cardiomyocytes from infected mice
(chronic>acute>early acute). The increase in [Ca**]4 mediated
by NCX was not associated with membrane depolarization and
was dependent on extracellular [Ca®**] and [Na'] in all
cardiomyocytes. Therefore, changes in NCX could contribute
to intracellular Ca®" overload, but could also contribute to the
arrhythmogenesis observed in Chagas patients (Stein et al. 2018).
The elevation of [Ca®"]4 was prevented in cardiomyocytes from
control and infected mice by removing extracellular Ca** and
reversed when Na* was reintroduced into the bath, except for
cardiomyocytes from CP-infected mice, where the removal of
Na" (partially or completely) produced irreversible contraction
and cell death (40% in 65 mM [Na*]e and 82% in Na"* free
solution, respectively).

The mode in which NCX operates is dependent on the Na*
and Ca’" gradients across the sarcolemma, as well as the
membrane potential, following a driving force equal to E,, -
Ena/ca (Where Eng/ca= 3Ena -2 Ec, with Ey, and Ec, represent
the equilibrium potentials of Na* and Ca®, respectively) (Bers
and Ginsburg, 2007). If the driving force for 3Na" is greater than
1Ca®" in the cell (3:1 Na*/Ca®" stoichiometry), the NCX will
transport Na* into the cell and take Ca** out (forward mode). On
the other hand, if under another set of conditions (altered
membrane potential, ionic gradients, or post-translational
modifications), the driving force for 3Na" is less than that for
1Ca*" in the cell, then the electrochemical gradient of Ca*" will
become the dominant inward driving force (reverse mode) (Bers
and Ginsburg, 2007). The intracellular ionic changes in
cardiomyocytes from infected mice modified the driving force
(Em — Ena/ca) by 5 mV in cardiomyocytes from EAP-infected

mice, 22 mV in cardiomyocytes from AP-infected mice, and 29
mV in cardiomyocytes from CP-infected mice.

KB-R7943 significantly reduced [Ca*']y by 1.3 times in
cardiomyocytes from EAP-infected mice, 1.7 times in AP-
infected mice, and 1.8 times in CP-infected mice, suggesting
that the elevation of [Ca®']y observed in cardiomyocytes of
Chagas infected mice was due in part to an influx of Ca®*
mediated by NCX in its reverse mode. On the contrary,
in cardiomyocytes from CONT mice, KB-R7943 did not
modify [Ca®*]y, indicating that in healthy quiescent
cardiomyocytes, NCX in its reverse mode does not contribute
significantly to [Ca**],. Furthermore, KB-R7943 prevented the
elevation of [Ca’']y induced by Na' withdrawal in
cardiomyocytes from CONT and cardiomyocytes from infected
mice. The involvement of NCX in the pathophysiology of Chagas
disease is consistent with the recent publication by Santos-
Miranda et al. (Santos-Miranda et al., 2021), which found the
contribution of NCX as a cellular arrhythmogenic substrate in
isolated cardiomyocytes from infected mice with the Colombian
strain of T. cruzi. However, the effect of KB-R7943 on [Ca*']4
must be considered with caution due to the lack of selectivity,
since the NCX blocker also affects voltage-gated Na* and Ca**
channels, inward rectifying K" channels in cardiac cells (Watano
et al., 1996).

YM-244769 is a potent and highly selective NCX blocker that
up to 1 uM (dose used in the present study) preferentially
inhibits the reverse mode of NCX, with no effect on the
forward mode (Iwamoto and Kita, 2006). YM-244769
significantly reduced [Ca*']4 by 1.3 times in cardiomyocytes
from AP- and 1.4 times from CP-infected mice. YM-244769 did
not significantly reduce [Ca**]4 in cardiomyocytes from CONT
and EAP-infected mice, suggesting that the contribution of NCX
to [Ca®"]4 is negligible. The effect of YM-244769 on [Ca®']4
cardiomyocytes was small compared to KB-R7943, which is
consistent with the fact that YM-244769 is a more specific
NCX blocker and that KB-R7943 can act on other Ca** entry
pathways. Furthermore, YM-244769 blocked the observed
elevation of [Ca®*]y caused by the Na' free solution in all
cardiomyocytes. Together, these data strongly support the
hypothesis that Ca®" entry mediated by the reverse NCX mode
plays a significant role in [Ca*4 dyshomeostasis observed in
cardiomyocytes isolated from Chagas infected mice during acute
and chronic stages of infection. The fact that KB-R7943 or YM-
244769 did not normalize [Ca®']4 in cardiomyocytes from
infected mice suggests the existence of additional Ca®*
pathways that appear to be altered due to Chagas infection.

Conclusions

These results provide, for the first time, evidence that NCX plays
an important role in aberrant diastolic [Ca®*] observed in
cardiomyocytes from infected mice (chronic>acute>early
acute). These novel findings may open a new therapeutic
approach to improve cardiac function in patients suffering
from chronic Chagas cardiomyopathy because there is still no
effective treatment. Unfortunately, Chagas cardiomyopathy
remains largely ignored despite its medical and social relevance.
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Study Limitations

Despite the novelty of this study, some limitations should be
pointed out. We did not determine whether the elevation of
[Na*]4 in cardiomyocytes from infected mice could be related to
an increased influx or decreased efflux of Na". Furthermore, the
expression of NCX and other proteins involved in intracellular
Ca®" regulation were not studied.
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Chagas disease is a devastating neglected disease caused by the parasite Trypanosoma
cruzi, which affects millions of people worldwide. The two anti-parasitic drugs available,
nifurtimox and benznidazole, have a good efficacy against the acute stage of the infection.
But this is short, usually asymptomatic and often goes undiagnosed. Access to treatment
is mostly achieved during the chronic stage, when the cardiac and/or digestive life-
threatening symptoms manifest. Then, the efficacy of both drugs is diminished, and their
long administration regimens involve frequently associated adverse effects that
compromise treatment compliance. Therefore, the discovery of safer and more effective
drugs is an urgent need. Despite its advantages over lately used phenotypic screening,
target-based identification of new anti-parasitic molecules has been hampered by
incomplete annotation and lack of structures of the parasite protein space. Presently,
the AlphaFold Protein Structure Database is home to 19,036 protein models from T. cruzi,
which could hold the key to not only describe new therapeutic approaches, but also shed
light on molecular mechanisms of action for known compounds. In this proof-of-concept
study, we screened the AlphaFold T. cruzi set of predicted protein models to find
prospective targets for a pre-selected list of compounds with known anti-trypanosomal
activity using docking-based inverse virtual screening. The best receptors (targets) for the
most promising ligands were analyzed in detail to address molecular interactions and
potential drugs’ mode of action. The results provide insight into the mechanisms of action
of the compounds and their targets, and pave the way for new strategies to finding novel
compounds or optimize already existing ones.

Keywords: chagas disease, trypanosoma cruzi, drug discovery, AlphaFold, target deconvolution

INTRODUCTION

Padilla J (2022) The Use of AlphaFold
for In Silico Exploration of Drug Targets
in the Parasite Trypanosoma cruzi.
Front. Cell. Infect, Microbiol. 12:944748.
doi: 10.3389/fcimb.2022.944748

Chagas disease, caused by the parasite Trypanosoma cruzi, is a potentially life-threatening disease
with several socioeconomic, environmental and public health issues (World Health Organization,
2022). It is endemic in Latin America where it exerts its highest burden. Moreover, owing to
migration in recent decades, it has spread to other non-endemic regions becoming a global health
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issue. Approximately 6-7 million people worldwide are infected
with T. cruzi, and 10,000 people die annually from such infection
(World Health Organization, 2022). Its acquisition occurs by
vector, congenital, iatrogenic or oral routes (World Health
Organization, 2022). Once infected, individuals go through a
short (4-8 weeks) acute phase that is characterized for the
appearance of non-specific mild symptoms or an absence of
symptomatology which makes it go undiagnosed. Then, the
disease progresses to a chronic phase which can be silent for
life or, in 30-40% of the patients, manifest with cardiac and/or
digestive alterations that can lead to the formation of mega-
syndromes and death if untreated (Prata, 2001).

For the last 50 years, the nitroheterocyclic drugs benznidazole
(BNZ) and nifurtimox (NFX) have been the only drugs available
to treat Chagas disease. BNZ and NFX are prodrugs that act
through the formation of free radicals and electrophilic
metabolites generated when its nitro group is reduced to an
amino group by the action of nitro-reductases (Wilkinson et al.,
2008). Both drugs have shown to be effective when administered
to early infections and are well tolerated by infants (Prata, 2001).
However, their efficacy diminishes at the chronic stage and the
appearance of toxic side effects usually leads to treatment
interruption (Alonso-Padilla et al., 2019). Thus, there is an
urgent need for new drugs for Chagas disease.

Drug development is a long and expensive process handicapped
by high attrition rates. In the drug discovery cascade, compounds
are first evaluated through in vitro assays prior its evaluation at
preclinical and clinical trials. At this early stage, two strategies are
typically undertaken to identify hit compounds: target-based or
whole cell phenotypic assays (Martinez-Peinado et al., 2020). The
latest are usually preferred over target-based approaches as those
represent a more holistic insight with higher translational rate to in
vivo efficacy assessment (Martinez-Peinado et al., 2020). However,
phenotypic approaches usually require additional steps to identify
the molecular target, not just for elucidating the mechanism of
action, but also to aid in the rational design of the drug and allow
efficient structure-activity relationship (SAR) studies (Terstappen
et al, 2007). The process to identify the molecular target, termed
target deconvolution, may entail expression cloning-based methods,
protein microarrays, RNAi/CRISPR screening or radioactive
compound-binding assays, among others (Kubota et al, 2019).
However, these experiments are time- and resource-extensive, and
computational alternatives commonly known as in silico target
prediction or molecular docking studies have gained considerable
attention in last years (Kubota et al., 2019). This is particularly the
case in Neglected Tropical Diseases (NTDs) drug discovery
research, like that for Chagas disease, where developmental costs
must be kept necessarily low due to the scarce funds available.
Notably, these computational strategies have been strengthened
thanks to the increasing availability of pathogen sequences and
genome-scale functional datasets (Crowther et al., 2010).

Chagas disease, as other NTDs, suffers from a lack of well-
characterized and validated targets that has hampered drug
development (Chatelain and Ioset, 2018). Among T. cruzi
identified targets there are the following enzymes: triosephosphate
isomerase (TIM), sterol 140.-demethylase (CYP51), dihydroorotate
dehydrogenase (DHODH), cruzipain, trypanothione reductase

(TR), superoxide dismutase (Fe-SOD), pteridine reductase (PTR)
and dihydrofolate reductasethymidylate synthase (DHFR-TS)
(Beltran-Hortelano et al., 2022). Interestingly, the recent failure of
posaconazole, inhibitor of T. cruzi CYP5I, in clinical trials has
highlighted the challenge of molecular target validation for Chagas
drug development; and such target could ultimately be validated if
associated with a curative profile (Chatelain and Ioset, 2018).

AlphaFold is a recently developed software for the prediction of
protein 3D structures from their genetic sequence (Jumper et al,
2021). The AlphaFold Protein Structure Database has the entire
human proteome, as well as the entire proteomes of other 20 widely
studied organisms such as Escherichia coli, Trypanosoma brucei or
T. cruzi. Specifically, it is home to 19,036 protein models from T.
cruzi (Varadi et al,, 2022). Thus, it has emerged as a very valuable
tool to predict potential targets and hypothesize mechanisms of
action of known compounds. In this proof-of-concept work, we
have used docking-based inverse virtual screening with AlphaFold
T. cruzi protein models to find prospective targets for a pre-selected
list of compounds with known anti-trypanosomal activity in clinical
trials or in chronic in vivo models of T. cruzi infection. The goal is to
assess the usefulness of AlphaFold models for in silico drug
discovery pipelines, as well as computationally validating the
targets described for this list of compounds.

METHODS

Generation of the T. cruzi library of
potential targets

First, a list of genes of interest was created from the TryTrip
database (Aslett et al., 2010; Amos et al., 2022). All genes from T.
cruzi CL Brener Esmeraldo-like strain, member of the
pathogenic Discrete Typing Unit II (DTU II), were searched.
We further selected genes which expression was above the 10%
percentile in any of the samples of the three experiments where
trypomastigote or amastigote samples were available (Smircich
etal, 2015; Li et al,, 2016; Belew et al., 2017). Additionally, genes
were also selected if at least one peptide was detected in any of
the two mass spectrometry proteomic experiments for
trypomastigotes and/or amastigotes (Atwood et al., 2005;
Marchini et al., 2011). Genes without a UniProtKB ID were
discarded, since the AlphaFold Protein Structure Database only
contains models with an entry in UniProtKB (The UniProt
Consortium, 2021).

All protein models in PDB format for the T. cruzi CL Brener
proteome were downloaded from the AlphaFold Protein
Structure Database downloads section on October 20" 2021 as
a compressed tar file. Models with a UniProtKB ID that did not
match any of the selected genes were discarded. Selected genes
without a model were a consequence of their products’ length
being larger than 2,700 residues, and since AlphaFold models
were not available for such lengths, these were discarded too.
Conversion to the pdbqt format used for docking was done with
Open Babel (O’Boyle et al., 2011), adding hydrogens with a pH of
7.4 and using the Gasteiger method to add partial charges.
Binding pocket prediction was performed using P2Rank
(Krivak and Hoksza, 2018) with standard settings. Pockets
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with a probability score (as given by P2Rank) above 0.1 were
considered as candidates for binding sites. For each model, the
pocket with the highest probability score was selected as the
binding site. Structures without predicted pockets, or predicted
pockets with a probability score below 0.1, were discarded.

In order to assess the global model quality, the predicted Local
Distance Difference Test (pLDDT) (Mariani et al., 2013) score of
each o-carbon was extracted from the PDB files, and the
proportion of residues with a pLDDT score above 70
(described as the threshold for good backbone prediction)
(Tunyasuvunakool et al., 2021) was calculated. Only models
with at least half of its total residues with a pLDDT score
above 70 were considered for docking. Additionally, to assess
the local quality of the binding pocket, the residues predicted to
be part of the pocket by P2Rank were considered. Only models in
which at least half of the residues in the pocket had a pLDDT
score above 90 were kept. This stricter threshold is given by the
fact that residues with a pLDDT score above 90 can be
interpreted as having very high quality and correct side-chain
orientation (Tunyasuvunakool et al., 2021). Finally, the Predicted
Aligned Error (PAE) of the pocket residues was also analyzed. To
do so, the mean PAE of each residue of the pocket (as specified
by P2Rank) with the rest of the residues of the pocket was
calculated, and the overall mean PAE was obtained. Any model
with a mean pocket PAE above 5 A was discarded.

Identification of the list of ligands

In order to select suitable ligands, we undertook a search of
publications in PubMed/MEDLINE and ClinicalTrials.gov
databases. Searches in ClinicalTrials.gov were performed in
January 2022 under the search term [Chagas disease]. We
selected only those drugs in clinical trials with previously
reported anti-T. cruzi activity (Table S1). Searches in PubMed/
MEDLINE were performed from September to November 2021
and were restricted to publications published between 2015 and
2021. The search terms used were [Trypanosoma cruzi] AND
[Drug] OR [Compound] OR [Natural product]. We performed a
manual revision to select those that included anti-T. cruzi activity
in vivo and prioritized those compounds that had inhibited the
parasite equally or superior to the reference drug BNZ in a
chronic model of the infection (Table S2). For those that were
the result of chemical synthesis, we maintained the number of
the compound reported in each publication and added a number
from one to six to avoid name repetitions and to differentiate
them (Table S2). Ligand structures were downloaded from
PubChem (Kim et al., 2021) as 3D SDF files where possible,
otherwise they were downloaded either as 2D SDF files or drawn
using Avogadro (Hanwell et al.,, 2012). For the latter two, the
final 3D conformation was obtained by using Avogadro’s Auto
Optimization tool, using the UFF force field with 4 steps per
update and the Steepest Descent algorithm until the energy
differential (dE) fell below 0.001 for several seconds.
Conversion to pdbqt format was also done using Open Babel,
assigning charges using the Gasteiger method. For compounds
C8-3 and C26-6, this method proved to be unsuccessful due to
having selenium atoms, for which the EEM method was used
instead. The size of the binding box for each ligand was

optimized according to Feinstein and Brylinski (Feinstein and
Brylinski, 2015), using a radius of gyration to box side ratio of
0.35, and rounding up to the nearest integer. The radius of
gyration for each ligand was calculated using the Python RDKit
(Landrum et al., 2021) library Descriptors3D module.

Docking of targets to their

described ligands

Docking simulations were performed using AutoDock Vina 1.1.2
(Trott and Olson, 2009). The exhaustiveness parameter was set
to 8, and the energy range to 2. The search box center was chosen
from the P2Rank predictions, and its size was calculated for each
ligand as described above. For each receptor and ligand pair, ten
docking repetitions were done with different random seeds. The
best mode for each pair was chosen from the lowest docking
energy of all the repetitions. This resulted in a matrix of n ligands
by m receptors, with the best possible energy for each pair. To
normalize results, a receptor-average Z-score matrix was
calculated (Yang et al., 2009). For this, each value of the
binding energy matrix was substituted by a Z-score using the
formula:

ZI] = (X'J - Xl) /SD,;

where Xj; is the binding energy as given by AutoDock Vina for
the receptor i and ligand j pair, X; is the mean binding energy of
receptor i, and SD; is the standard deviation for receptor i.
Positive X;; values were ignored and considered as missing. The
top 3% scored receptors in the Z-score combined matrix were
chosen as the best putative receptors for each ligand. Results were
visualized using PyMol (Schrodinger, 2015).

RESULTS AND DISCUSSION

The final list of selected genes from TriTryp encompassed 7,988
entries filtered out of the 10,596 T. cruzi CL Brener Esmeraldo-
like genes available. From these, 7,810 had a protein model
available. A total of 5,088 models had a predicted binding site
available, and after discarding models with low quality, given by
low pLDDT scores or high PAE, only 1,819 models rested
available for docking predictions (Figure 1). Our search and
selection of ligands (as described in Methods) returned 16
compounds for the docking simulations (Table 1), 6 from
clinical trials (Figure 2) and 10 from chronic models of
infection (Figure 3). In total, 363,800 docking simulations
were performed by AutoDock Vina, doing 10 repetitions for
each receptor-ligand pair. Some ligands performed quicker than
others, being the computation speed inversely proportional to
their number of atoms and rotatable bonds. The lowest binding
energy for each pair was selected as the best binding mode. Thus,
the binding energy matrix generated contained 1,819 rows
(receptors) and 16 columns (ligands) (Table S3). The average
binding energy for each ligand, as well as their docking box edge
size are shown in Table 1. The binding energy matrix was then
normalized to a Z-score matrix using each receptor’s average
binding energy and standard deviation (Table S4), and filtered to
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[ 7,988 genes ]

UniProtKB ID v
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AlphaFold model available v

7,810 models

Predicted binding site v
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Models with good pLDDT score v

2,205 models

Models with low pocket PAE v

1,819 models

FIGURE 1 | Study flowchart summarizing the steps followed to reach the models used in docking. Figure made in Lucidchart.

only keep the top 3% binders for each ligand as their putative
receptors (Table S5).

Taking a closer look at the compounds from clinical trials and
good activity in vivo, and comparing their top binders with
existing literature records, we found that some of them indeed
have their experimentally validated receptors inside their
corresponding top 3% putative receptors. In the following sub-
sections we describe the results obtained with each class of
inhibitors evaluated.

Ergosterol biosynthesis inhibitors

Posaconazole is widely described to act upon the T. cruzi
ergosterol biosynthesis pathway by inhibiting the CYP family
enzyme lanosterol 14-alpha demethylase (TcCLB.510101.50,

UniProtKB Q7Z1V1) (Lepesheva et al.,, 2011). In our analysis,
we retrieved that same target in position 32 out of 54 in the top
3% receptors (targets) of posaconazole. While it would have been
expected to find it in a higher position, its relatively low
placement could be attributed to the fact that, as a CYP family
member, the binding site of lanosterol 14-alpha demethylase
contains a heme cofactor. This group directly interacts with
posaconazole as seen in PDB structure 3K10 (Lepesheva et al,,
2010). Even though AlphaFold models correctly predict the
binding site of cofactors, they do not contain these molecules,
which poses a certain limitation to their use in in silico docking.
Advances to compensate for this have been made. For example,
the yet unpublished AlphaFill (Hekkelman et al., 2021) can
transfer cofactors from PDB into AlphaFold models based on

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

75

July 2022 | Volume 12 | Article 944748


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Ros-Lucas et al.

Drug Target Exploration in T. cruzi

TABLE 1 | List of compounds used in this study.

Compound Box size
Benznidazole 10A
Nifurtimox 12A
Fexinidazole 13A
Posaconazole 20 A
Ravuconazole 14 A
Amiodarone 13 A
GNF6702 16 A
NFOH 12 A
Clofazimine 15 A
Benidipine 13 A
Compound 9-1 16 A
Compound 16-2 1A
Compound 8-3 16 A
Compound 7-4 15 A
Compound 9-5 14 A
Compound 26-6 13A

Mean predicted binding energy (kcal/mol)

Described target

-7.07 Nitroreductase
-6.91 Nitroreductase
-6.50 Nitroreductase
-7.35 Ergosterol biosynthesis
-7.59 Ergosterol biosynthesis
-6.39 Calcium homeostasis
-8.87 Proteasome
-6.29 Nitroreductase
-7.51 Cruzipain

-7.92 Cruzipain

-7.33 FeSOD

-7.05 Mitochondria
-7.60 Mitochondria
-7.00 Glycosome
-7.33 FeSOD

-7.04 Mitochondria

sequence and structure similarity. In this regard, the AlphaFill
model for the lanosterol 14-alpha demethylase correctly displays
a heme group in the expected position, which would certainly
improve the binding energy of posaconazole.

Ravuconazole is another compound that has been described
to target the lanosterol 14-alpha demethylase (Lepesheva et al.,
2011), but for this ligand we found that the expected target
enzyme was outside the top 3% selected. Ravuconazole would be
expected to also interact with the heme cofactor of the enzyme,
and such low ranking could thus be reasonable. The fact we
retrieved it at a much lower position in the list in comparison to
posaconazole might be attributed to small inaccuracies in the
binding pocket, which could probably be improved by allowing

O'\‘

Benznidazole

. @/ O\/ZB\N//O
[

Fexinidazole

Ravuconazole

N H /M
L0 :Q

Amiodarone

FIGURE 2 | Structures of compounds with anti-T.cruzi activity used in clinical trials.

AutoDock Vina to use flexible pocket residues in its docking
simulations. Unfortunately, such an approach was unfeasible in
the current study due to computational time limitations.

Compounds disrupting parasite

calcium homeostasis

Amiodarone has been widely used to prevent arrhythmias in
patients with Chagas cardiomyopathy (Stein et al., 2018).
Nonetheless, it was recently described to have in vitro anti-
parasitic activity and synergic activity with posaconazole in in
yivo models of T. cruzi infection (Adesse et al., 2011; Benaim
et al,, 2021). Amiodarone has been described to act thought the
disruption of intracellular calcium homeostasis, which has been

HO~§ /

Posaconazole
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FIGURE 3 | Structures of compounds with anti-T.cruzi activity used in chronic experimental models of the disease.

identified as a potential therapeutic target in trypanosomatids
(Benaim et al., 2021). More specifically, amiodarone collapses the
mitochondrial electrochemical potential and prompts the
alkalization of acidocalcisomes, increasing parasite intracellular
calcium concentration (Benaim et al., 2021). In our analysis, we
found the V-type proton ATPase subunit A TcCLB.509767.70
(Q4DSC?7) at position 42 out of 54 in the top 3%. The V-type
proton ATPase is involved in the acidification of the
acidocalcisome by the uptake of H" (Docampo and Moreno,
2011). Thus, this ATPase could be a possible target for this drug
that would correlate with that described by Benaim et al.
(Benaim et al., 2021). Additionally, we found a transporter
(TcCLB.506369.20, UniProtKB Q4D047) located in the
acidocalcisome membrane at position 36 out of 54.
Amiodarone has also been reported to inhibit the
oxidosqualene cyclase, a key enzyme in ergosterol biosynthesis.
However, we did not find this enzyme in the top 3% of
our analysis.

Compounds activated by

nitroreductase enzymes

Regarding BNZ, NFX, hydroxymethylnitrofurazone (NFOH)
and fexinidazole, they are all described to be prodrugs, which
upon being metabolized generate highly reactive intermediary
compounds that can target many cellular components (Maya
et al., 2007; Hall et al,, 2011; Scarim et al., 2021). In particular,
these drugs would be mainly metabolized by T. cruzi
nitroreductase (TcCLB.510611.60, UniProtKB Q4D8D9) (Maya
et al.,, 2007; Hall et al., 2011). However, the binding site detected
by P2Rank in the AlphaFold model for this enzyme showed a
high predicted aligned error (PAE), due to being formed between
the N-terminal domain and the rest of the protein (Figure 4).
This poor quality of the binding pocket prevented the model
from being used in the screening, and thus it could not have been
selected as a putative receptor for these ligands. Alternative
enzymes that have been described to metabolize these drugs,
such as dihydrolipoamide dehydrogenase, cytochrome P450

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

77

July 2022 | Volume 12 | Article 944748


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Ros-Lucas et al.

Drug Target Exploration in T. cruzi

reductase, trypanothione reductase or prostaglandin F2o
synthase (Hall et al, 2011), were neither selected for any of
these ligands.

Iron superoxide dismutase

(FeSOD) inhibitors

Another ligand that has a suggested target in the top 3% putative
receptors is the Manich base-type derivative C9-1, which is
described to inhibit the iron superoxide dismutase enzyme
(FeSOD) with an ICsq value of 6.5 uM (Martin-Escolano et al.,
2018b). FeSOD is a trypanosomatid-exclusive enzyme that
prevents oxidative stress caused by reactive oxygen species
(ROS) and that considerably differs from its human
homologue (Martin-Escolano et al., 2018b). Therefore, it has
been considered a desirable druggable target. A TriTryp search
for superoxide dismutase (SOD) enzymes for the CL Brener
Esmeraldo-like strain resulted in six enzymes with matching
annotation. However, only the TcCLB.511735.60 SOD (UniProt

ID Q4CUQ5) was used for docking. Superoxide dismutase
enzymes FeSOD TcCLB.509775.40 (Q4DCQ3), FeSOD
TcCLB.511715.10 (Q4D5A6), FeSOD TcCLB.507039.10
(Q4CVN4) and SOD TcCLB.511545.120 (Q4DMRY), which
pertain to the same ortholog group, were discarded because
P2Rank failed to predict their binding pockets, while SOD
TcCLB.511737.3 (Q4D5Z8) was discarded due to not having
transcriptomic and/or proteomic evidence. However, all six
showed high structural similarity upon alignment with PyMol
(data not shown). A comparison with available PDB structures
for the T. cruzi FeSOD 4H3E and 4DVH (both from
TcCLB.509775.40) showed that this enzyme is in fact a
homodimer, with the binding site located between its subunits.
Unfortunately, the version of AlphaFold used in the AlphaFold
Protein Database currently does not support multi-chain models.
Thus, one of the limitations of our pipeline is the fact that protein
complexes with binding sites situated in the interaction between
chains will probably not have correct predictions. Despite this

50
100

150

Aligned residue

250

300
0 50

100 150 200

Scored residue

FIGURE 4 | T. cruzi nitroreductase AlphaFold model. The relative position of the N-terminal domain (A, green residues) compared with the rest of the protein has
very low confidence, as seen in the Predicted Aligned Error (PAE) plot (B). The predicted pocket by P2Rank falls in the interaction between this domain and the rest
of the protein (C, purple spheres), suggesting that this pocket might be an artifact.
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limitation, we found that TcCLB.511735.60 superoxide
dismutase appeared in position 1 out of 55 of the best binders
for C9-1, providing reliability to the methodology followed.
Additionally, Manich base type-derivatives have been described
as potent inhibitors of T. cruzi trypanothione reductase based on
the ability of those compounds to interact with dithiol groups
(Beltran-Hortelano et al., 2017). For C9-1, we found the
trypanothione reductase (TcCLB.504507.5, Q4CMQ7) at the
position 48 out of 55 in the top 3%, suggesting a multiple
target for C9-1.

Upon looking at compound C9-5, which is also a Manich
base-type derivative highly similar to C9-1 and also suggested to
act on the FeSOD (Paucar et al., 2019), we were unable to find it
in the top 3%. This might have been caused by the fact that, as
described above, the FeSOD enzyme is found as a dimer, and the
binding site used in the docking simulations did not reflect that
reality. The only difference between these two ligands is an
O-methyl group at one of the ends of the C9-1 molecule,
where C9-5 only has a hydroxyl group. This gives C9-1 a
bigger radius of gyration, and thus a larger docking box. It is
possible that this allowed C9-1 to adopt a higher affinity mode in
comparison to C9-5, hence the higher ranking of the FeSOD in
that case.

Cruzipain inhibitors

Another two ligands considered were the cruzipain inhibitors
clofazimine and benidipine (Sbaraglini et al., 2016). Cruzipain is
a cysteine peptidase of T. cruzi, and three enzymes annotated as
such were used in the docking simulations: major cysteine
proteinase TcCLB.507603.270 (Q4DWO02), cysteine peptidase
TcCLB.506529.550 (Q4E5M4), and cysteine peptidase Tc CLB
.507537.20 (Q4CV00). Cysteine peptidase TcCLB.507603.260
(Q4DW03) was discarded beforehand due to exhibiting a low
mean pocket pLDDT. The docking analysis could not find any of
the former three enzymes in the selected putative receptors for
clofazimine and benidipine. Structural comparison of these
enzymes with available cruzipain PDB structures 4PI3 and
3KKU showed that the binding site in the AlphaFold models is
obstructed by residues between positions 80 and 110
approximately. UniProt annotation for cruzipain P25779
(corresponding to cysteine peptidase TcCLB.507603.260)
indicates that residues 19 — 122 are in fact a propeptide, which
would be cleaved in the mature protein. Thus, the cruzipain
AlphaFold models we used do not reflect the reality of the
protein, and the P2Rank pocket prediction could have not
detected the binding site. Notwithstanding, it is interesting to
find that in the top selected receptors for both ligands there are
indeed other cysteine peptidases, in particular TcCLB.504107.10
calpain-like cysteine peptidase (Q4CMV9) in position 7 out of 52
for clofazimine; and TcCLB.509013.19 calpain-like cysteine
peptidase (Q4CWO01) and TcCLB.511527.50 cysteine peptidase
(Q4D5K1) respectively in positions 32 and 38 out of 55 for
benidipine. While the latter cysteine peptidase bears low
sequence identity to cruzipains, its catalytic site hints to a
structural similarity with them, as illustrated by the pairwise
structure alignment using the TM-align algorithm of cruzipain
PDB structure 4PI3 with the Q4D5K1 AlphaFold model

(Figure 5). In particular, the catalytic triad appears to be
roughly in the same positioning, Cys-His-Asn in the case of
cruzipain, and Cys-His-Asp for the Q4D5K1 cysteine peptidase.
It is then conceivable that benidipine would also show high
affinity for this enzyme, being the binding site predicted by
P2Rank located in the catalytic site. The calpain-like cysteine
peptidases share some overall structural similarity to that of
cruzipains; however, their catalytic site appears to be inactive,
keeping the nucleophilic cysteine but without the amino acid
dyad base needed to deprotonate it (Figure 6). Indeed,
catalytically inactive calpain-like proteins are not uncommon
(Dear et al., 1997; Ersfeld et al., 2005), and these might have
another regulatory function in the parasite. Additionally, the
binding site predicted by P2Rank for both calpain-like proteins is
not located in the proximity of the catalytic site, suggesting that
the inhibition by clofazimine and benidipine could be given by
another mechanism.

Proteasome inhibitors

In the case of GNF6702, it is described to target the cell
proteasome, specifically an allosteric site in the proteasome (34
subunit in close proximity to the catalytic site of the B5 subunit
(Khare et al., 2016). A protein BLAST search in TriTryp found
that the sequence corresponding to the proteasome B4 subunit
described by Khare and co-workers is annotated as the B2
subunit of the T. cruzi CL Brener Esmeraldo-like strain
(TcCLB.510287.30; UniProtKB ID Q4CU77), which was not
found in the top 3% binders for GNF6702. Compared to the
binding site described in the original article, which is situated
adjacent to the residues F24 and 129 of the 4 subunit, near the
B5 subunit, the pocket predicted by P2Rank and used in the
docking was not found near those residues. Similar to the case of
the FeSOD, the binding site might be formed in the junction of
the two protein subunits, and so the correct binding site could
not have been predicted. Nevertheless, it is noteworthy that
position 1 out of 55 from GNF6702 top binders is occupied by
the proteasome B3 subunit (TcCLB.506779.50, UniProtKB
Q4DHAY). Mapping this subunit’s model onto the Leishmania
tarentolae proteasome structure 6QMS, it can be visualized that
the B3 subunit predicted binding site is in close proximity to the
actual proteasome 32 subunit, which a BLAST search confirmed
it to be the T. cruzi CL Brener Non-Esmeraldo-like
(TcCLB.508461.430, UniProtKB Q4E4R6). A superposition of
the B4 Q4CU77 subunit on the B2 Q4E4R6 subunit shows that
the loop containing the F24 and 129 residues of B4 subunit
matches the B2 loop in proximity to the predicted B3 binding site
(Figure 7). A possible explanation would be that this loop plays
an important role in GNF6702 sensitivity, and thus the
proteasome 3 subunit could be a reasonable target for
this ligand.

Mitochondria-affecting compounds

In the case of compounds C16-2, C26-6 and C8-3, they are all
proposed to act at the mitochondrial level. These three
compounds appear to cause a bioenergetic collapse of the cell
(2021a; 2021b; Martin-Escolano et al., 2018a). We found that the
respiratory complex I NADH-ubiquinone oxidoreductase
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FIGURE 5 | T. cruzi cysteine peptidase Q4D5K1 model aligned with cruzipain structure 4PI3. Structural similarities can be appreciated between cruzipain (blue) and
the cysteine peptidase Q4D5K1 (orange) (A). The catalytic triad in cruzipain is composed by residues C25-H162 -N182, and aligns with the putative catalytic triad
C97-H272-D270 of the cysteine peptidase (B). Docking predictions show benidipine (yellow) binding in the catalytic site (yellow area) of the cysteine peptidase (C).

(TcCLB.506513.190, Q4DPI1), the catalytic first step in the
electron transport chain, was selected in the top 3% in both
C16-2 (position 35 out of 56) and C26-6 (position 2 out of 56),
which would agree with what is described about these two
compounds. Besides, C16-2 is a 3-alkoxy-1-vinylindazoles
compound and thus belongs to the indazole family for which
information about their mechanism of action on T. cruzi is scant
in the literature. Some works suggest that indazoles are able to
lead both the formation of ROS through their nitro group and
also inhibit the trypanothione reductase (Aguilera-Venegas et al.,
2013). Unfortunately, we did not find any of those enzymes in
the top 3% reported for these ligands. Notably, dihydroorotate
dehydrogenase (fumarate) (TcCLB.508375.50, Q4D3W2) was
found in position 11 (out of 56) in C26-6 and 18 (out of 56) in
C16-2, and aspartate carbamoyltransferase (TcCLB.507091.50,
Q4DGV1) and orotidine-5-phosphate decarboxylase/orotate
phosphoribosyltransferase (TcCLB.508373.29, Q4CSV7) were
respectively found in positions 3 and 24 out of 56 in C16-2.
These three enzymes are involved in the pyrimidine synthesis
pathway, essential for parasite survival (Inaoka et al., 2017).
Thus, it could be interesting to perform inhibition studies with
these enzymes in search of a possible novel mechanism of action
of indazoles compounds.

For C8-3, we retrieved the ATP synthase F; subunit gamma
(TcCLB.511145.60, Q4D1HO0), mediator of the final step in the
electron transport chain, selected in position 32 out of 56, which

could also be the target of this compound. Interestingly, we also
found trans-sialidase enzymes (TcCLB.505931.30 Q4CWF1,
TcCLB.506515.29 Q4CPRY, TcCLB.508089.10 Q4CYW1 and
TcCLB.509817.50 Q4CZP0) at positions 7, 8, 12 and 18 out of
56 for this same compound. C8-3 lightly resembles some benzoic
acid derivatives that have been described to target the trans-
sialidase protein family by another virtual screening study
(Vazquez-Jiménez et al, 2021). Additionally, the presence of
fluorine atoms, aside from increasing their metabolic stability
and membrane permeation, could be involved in protein-ligand
short contacts further increasing C8-3 binding affinity (Zhou
et al., 2009).

Glycosome-affecting compounds

Finally, C7-4 is a polyamine compound based on the well-known
tripodal polyamine tris(2-amimoethyl)amine moiety (Martin-
Escolano et al., 2019). Martin-Escolano and co-workers
performed metabolism excretion, mitochondrial membrane
potential and SOD-inhibition studies in order to decipher C7-4
mechanism of action. Their results showed that C7-4 anti-T.
cruzi activity could be related to its effect at the glycosomal level
(Martin-Escolano et al, 2019). In our analysis, we found a
TcCLB.507009.10 (Q4DC12) glycosomal membrane protein,
also annotated as Gim5A protein, occupying position 24 out of
55 in the top selected binders. It has been described that this
protein might play an important role in the parasite transition
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FIGURE 6 | T. cruzi calpain-like peptidase Q4CMV9 model aligned with cruzipain structure 4PI3. Structural similarities can be appreciated between cruzipain (blue)
and the calpain-like peptidase Q4CMV9 (orange) (A); unaligned residues in the C-terminal domain are shown transparent. The calpain-like peptidase shows an
inactive catalytic site, lacking the basic residue, typically a histidine, necessary to deprotonate the cysteine (B). The binding site of clofazimine (magenta) is located far
from the inactivated catalytic site (orange residues), suggesting another mechanism of action (C).

FIGURE 7 | T. cruzi proteasome B2 and B3 subunits superimposed with B4 and 5 subunits. The B2 (light blue) and B3 (dark blue) subunits were mapped unto the
L. tarentolae corresponding proteasome subunits in PDB structure 6QM8. GNF6702 (dark shadow) binds with high affinity with subunit 3. The B4 (light orange) and
B5 (dark orange) subunits were superposed to the B2 and B3 subunits, respectively. The B4 F24 and 129 residues, which are believed to play a role in GNF6702

sensitivity, are shown as sticks.
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from proliferative to stationary phase (Avila et al, 2018). In
T. brucei, Gim5A and Gim5B are the most abundant glycosome
membrane proteins, and depletion of the latter is lethal for the
bloodstream form (Maier et al., 2001). However, there is no
evidence of this protein in T. cruzi. On the other hand,
polyamines are polycationic compounds essential for the
growth and function of T. cruzi parasites, including cellular
processes like the synthesis of trypanothione (Talevi et al,
2019). The thiol-polyamine metabolism of T. cruzi has been
previously shown to be a suitable drug target due to its unique
configuration and dependency on external supply (Reigada et al.,
2018; Talevi et al., 2019). We found that C7-4 targeted
spermidine synthases, the enzyme that converts putrescine into
spermidine, in positions 43 (TcCLB.503855.20, Q4DBH6) and
48 (TcCLB.504033.130, Q4DR69) out of 55 in the top 3%. In
addition, trypanothione reductase (TcCLB.504507.5, Q4CMQ7)
was found at position 53. Our docking results showed that C7-4
is allocated in the flavin adenine dinucleotide (FAD) coenzyme
site of the trypanothione reductase (Garrard et al., 2000; Beltran-
Hortelano et al., 2017). Specifically, the fluorene moiety of C7-4
accommodates at the catalytic site near Cys53 and Cys58
residues, similarly to other polyamine derivatives with large
substituents (Garrard et al., 2000). Altogether, the previously
performed in vitro assays and our docking results could suggest
multiple targeting for this compound.

CONCLUSIONS

AlphaFold models of T. cruzi proteins open the way to new
opportunities in drug discovery against this parasite, allowing to
explore targets that have lacked structural information to date. With
the aim to validate the application of this resource for
computational drug screening purposes, we selected compounds
with known targets or effects and launched an inverse virtual
screening against the AlphaFold T. cruzi proteome. We found
that some of the targets derived from the computational analysis
successfully matched their experimentally described targets, while
others showed a more nuanced result. The work performed
identified some caveats of the virtual approach that must be taken
into consideration. For instance, the quality of the models had a
great variability between proteins, and given that precise residue
positions and orientations are paramount in virtual drug screening
experiments, we had to discard many of the structures from the
subsequent docking simulations. Recently, a new pipeline based on
AlphaFold has been developed, focused on improving the quality of
models for trypanosomatids (Wheeler, 2021). This would provide
very useful for “classical” virtual screening experiments, where
usually just a few protein targets are studied, and so new models
could be generated for these. Since models available at the
AlphaFold Protein Structure Database only consider monomeric
proteins, they cannot illustrate multimeric complexes and thus the
binding sites formed in the interactions between subunits. This issue
might be circumvented in the near future, as a new AlphaFold
multimeric algorithm has been developed. On the other hand, some

fine-tuning will be necessary for protein models that have post-
translational modifications such as propeptides that need to be
cleaved, or those proteins that have cofactors in their binding sites
which must be considered to correctly predict binding affinities with
ligands. Additional steps could be taken in order to further pinpoint
suitable targets for a compound. For example, excluding from the
top binders those proteins that are non-essential or those with
multiple gene copies, and also prioritizing proteins which exert a
high flux control on specific metabolic pathways (Olin-Sandoval
et al,, 2012). Furthermore, performing this inverse virtual screening
pipeline with non-active analogs of the studied compound would
also help to validate their specificity to any particular target;
however, this is only doable with specific compound families and
not in large-scale screenings such as the one we present here. All
these steps, together with the results of phenotypic screening
experiments, would help to propose a list of targets to be finally
tested in an experimental setting. Despite these limitations,
AlphaFold appears to be an extremely useful tool to study the
3D-space location of Trypanosoma cruzi proteins. Crystal structures
deposited in PDB will be the gold standard, but these are scarce for
neglected parasites, for which AlphaFold can contribute to fill (part
of) the gap. While caution is advisable when using these models,
some of them can show a high degree of quality, even comparable to
PDB structures. Thus, they could be used not only for target
deconvolution, but also for virtual screenings of chemical entities
from diverse origin and nature in the search of new drugs to treat
Chagas disease.
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Broadening the spectrum of
ivermectin: Its effect on
Trypanosoma cruzi and
related trypanosomatids

Laura Fraccaroli**!, Maria Daniela Ruiz®,

Virginia Gabriela Perdomo?, Agustina Nicole Clausi®,
Dario Emmanuel Balcazar?, Luciana Larocca*
and Carolina Carrillo™

tLaboratorio de Biologia Molecular y Bioquimica en Trypanosoma cruzi y otros agentes infecciosos,
CONICET for Instituto de Ciencia y Tecnologia (ICT) Milstein - Consejo Nacional de
Investigaciones Cientificas y Tecnologicas (CONICET), Buenos Aires, Argentina, ?Area Parasitologia,
Microbiologia, Facultad de Ciencias Bioquimicas y Farmacéuticas, Universidad Nacional de Rosario
(UNR), Rosario, Argentina, *Centro de Estudios Parasitologicos y Vectores (CEPAVE), CONICET -
Universidad Nacional de La Plata (UNLP), La Plata, Argentina

Chagas disease is an endemic American parasitosis, caused by Trypanosoma
cruzi. The current therapies, benznidazole (BZN) and nifurtimox (NFX), show
limited efficacy and multiple side effects. Thus, there is a need to develop new
trypanocidal strategies. Ivermectin (IVM) is a broad-spectrum antiparasitic drug
with low human and veterinary toxicity with effects against T. brucei and
Leishmania spp. Considering this and its relatively low cost, we evaluate IVM
as a potential repurposed trypanocidal drug on T. cruzi and other
trypanosomatids. We found that IVM affected, in a dose-dependent manner,
the proliferation of T. cruzi epimastigotes as well as the amastigotes and
trypomastigotes survival. The Selectivity Index for the amastigote stage with
respect to Vero cells was 12. The IVM effect was also observed in Phytomonas
Jma 066 and Leishmania mexicana proliferation but not in Crithidia fasciculata.
On the epimastigote stage, the IVM effect was trypanostatic at 50 uM but
trypanocidal at 100 uM. The assays of the drug combinations of IVM with BNZ
or NFX showed mainly additive effects among combinations. In silico studies
showed that classical structures belonging to glutamate-gated Cl channels, the
most common IVM target, are absent in kinetoplastids. However, we found in
the studied trypanosomatid genomes one copy for putative IMPo. and IMP,
potential targets for IVM. The putative IMPa. genes (with 76% similarity) showed
conserved Armadillo domains but lacked the canonical IMP binding sequence.
These results allowed us to propose a novel molecular target in T. cruzi and
suggest IVM as a good candidate for drug repurposing in the Chagas
disease context.

KEYWORDS

Chagas disease, ivermectin, drug repurposing, trypanocidal drug, drug combination,
Trypanosoma cruzi
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Introduction

Chagas disease, caused by the protozoan parasite Trypanosoma
cruzi, is considered a neglected tropical disease (NTD) (World
Health Organization, 2015). This originally American endemic
affects at least 6 million people and has been globally spread with
the recent migrations (Perez-Molina and Molina, 2018), estimating
that 75 million people are at risk of contracting the disease. The
social and economic impact of this disease is significant, with 14,000
annual deaths and 40,000 new cases every year (Nunes et al., 2013).

In addition to the complexity of social, economic, and
biomedical issues about Chagas disease, there are only two drugs
accepted for its treatment: nifurtimox (NFX) and benznidazole
(BZN). Both drugs, developed 50 years ago, show very variable
parasitological cure rates depending on the disease stage and present
several adverse effects (Nunes et al., 2013). Thus, there is a clear need
to find new therapies against Chagas disease to provide better
assistance and life quality to patients and to reduce the social and
economic burden associated with contagion and chronicity. A cost-
and time-saving strategy to discover new trypanocidal treatments is
drug repurposing, finding new therapeutic indications for drugs that
are already approved for its use in humans (Bellera et al,, 2013).

Ivermectin (IVM) is a broad-spectrum antiparasitic drug,
initially developed to combat parasitic worms in veterinary fields
(Campbell et al., 1983). It is a mixture of semisynthetic
macrocyclic lactones (~80% 22,23-dihydro-avermectin Bla
and ~20% 22,23-dihydro-avermectin B1lb) (Crump, 2017;
Deng et al,, 2019). Nowadays, IVM is used mainly as an oral
medication in the primary treatment of onchocerciasis,
lymphatic filariasis, and strongyloidiasis infections, all caused
by different nematode species (Turner and Schaeffer, 1989; Laing
etal., 2017). IVM also affects arthropod ectoparasites, being used
in the treatment of scabies (Thomas et al., 2015), ticks (Sheele
et al.,, 2014), and head lice (Devore and Schutze, 2015).

In WHO massive antiparasitic-drug administration programs, it
was observed that the incidence of malaria seemed to decrease in
pediatric groups treated with IVM (Alout et al., 2014; Chaccour and
Rabinovich, 2019). Further studies showed that IVM has presented
in vitro and in vivo antimalarial effects, arresting the cell cycle and
inhibiting parasite development and survival (Mendes et al., 2017; de
Carvalho et al, 2019). In regard to trypanosomatids, IVM showed
effects on Leishmania spp. in animal models and patients’ therapy
with cutaneous leishmaniasis (Opara and 1.G, 2005; Kadir et al,
2009). IVM also showed promising results in the models of mice
infected with T. brucei (Udensi and Fagbenro-Beyioku, 2012).
Related to Chagas disease and IVM, few studies have been made,
mainly centered in triatomine vectors (Dias et al.,, 2005; Dade et al,,
2014; Dade et al, 2017). To our knowledge, the unique report of
IVM in Chagas disease in humans was a descriptive work based on a
survey conducted in a self-medicated population group living in an
endemic area of Bolivia, in which IVM caused some improvements
in their self-perception of Chagas disease symptoms (Forsyth, 2018).
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Different mechanisms of action have been proposed to
explain the IVM effect on diverse organisms. IVM potentiates
the glutamate-gated Cl channel (GluCl), found in invertebrates
(nematodes and arthropods) (Cully et al., 1994), resulting in the
hyperpolarization of parasite neurons and muscles (Chen and
Kubo, 2018). IVM also inhibits importin o/f (or
“karyopherins”) (Wehbe et al., 2021), a heterodimer that
transports proteins to the nucleus across the nuclear complex
pore; this effect has been described in the asexual blood stages of
Plasmodium falciparum (Panchal et al., 2014).

This evidence, together with its relative low cost, make IVM an
interesting drug candidate to study for Chagas disease treatment.
The aim of this work was to analyze the effect of IVM on difterent
T. cruzi stages and other trypanosomatids’ proliferation
and viability.

Materials and methods
Parasites and cell cultures

T. cruzi epimastigotes (Y, Dm28c/pLacZ, CL Brener, RA and
Tulahuen 0 strains), Phytomonas Jma 066 promastigotes, and
Crithidia fasciculata choanomastigotes were cultured at 28°C in a
Brain Heart Tryptose (BHT) medium supplemented with hemin
(20 ug/ml) and Leishmania mexicana mexicana promastigotes
(WHO strain), kindly provided by Dr. Cazzulo, were cultured at
28°C in SDM-79 (M199 media, Gibco, Grand Island, NY, USA). T.
cruzi trypomastigotes and amastigotes were obtained from Dm28¢/
pLacZ epimastigotes expressing [-galactosidase, according to
Alonso et al. (2021). Vero cells were maintained at 37°C and 5%
CO, atmosphere in Dulbecco's Modified Eagle Medium (DMEM)
high glucose (Gibco) supplemented with 2 mM glutamine. All
media were supplemented with streptomycin (100 pg/ml) and
penicillin (100 IU/ml) and 2%-10% heat-inactivated fetal bovine
serum (FBS; Natocor, Cérdoba, Argentina) as indicated.

Compounds and drugs

The stock solutions of the drugs (50 mM) were prepared in
dimethyl sulfoxide (DMSO) for IVM (MW: 875.1, kindly
provided by Pablo Cassara Laboratory), NEX (MW: 287.3,
Sigma) and BZN (MW: 260.25, Sigma, Saint Louis, MO, USA).
The stock solutions were diluted in culture media to obtain the
working concentrations at the moment of the assay.

Effect of ivermectin on T. cruzi and
related trypanosomatids in culture

The effect of IVM was tested after 72 h of culture, by
counting the number of mobile parasites in a hemocytometer
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chamber, by measuring optical density (OD) at 630 nm and by
the Thiazolyl Blue Tetrazolium Bromide (MTT) assay (Frank
and Pace, 1998), as indicated. For this last methodology, treated
cells were incubated for 3:30 h at 28°C in the absence of light.
The formed formazan was resuspended in DMSO. The
absorbance was read at 570 nm using an ELISA plate reader
(Cambridge Technology, Lexington, MA, USA) using wells with
only media and reagents as reaction blank.

For Dm28c/pLacZ epimastigote, trypomastigote, and
amastigote cultures, the proliferation was measured indirectly
by the cytoplasmic [-galactosidase activity. Briefly, after the
treatment with IVM, parasites were lysed and incubated with the
enzyme substrate, chlorophenol red -D-galactopyranoside. The
colorimetric reaction was measured at 570 nm (Alonso
et al,, 2021).

Under same culture conditions, DMSO (at the highest
concentration used) and NFX or BZN were used as negative
and positive controls, respectively.

Mammalian cytotoxic activity

Cytotoxicity was in vitro tested on Vero cells treated with
increasing concentrations of IVM diluted in DMEM (up to
15 uM). The plate was then incubated for 24 h at 37°C with 5%
CO,, and the MTT assay was performed as previously explained
(see Effect of ivermectin on T. cruzi and related trypanosomatids
in culture).

Cell proliferation recovery assay

Recovery assays were performed as Kessler et al. (2013).
Briefly, T. cruzi epimastigotes were preincubated with IVM at 50
and 100 uM (four and eight times the calculated IVM EC505,y,,
respectively), during different periods of time (from 30 min to
3 h). Then, parasites were washed with sterile PBS, transferred to
a drug-free BHT 10% FBS medium, and incubated at 28°C.
Growth recovery was monitored at days 4 and 8 by cell density in
a hemocytometer chamber and OD at 630 nm.

Drug combination study

To evaluate the effect of interaction between IVM and BZN
or NFX on T. cruzi epimastigotes, a drug combination matrix
was designed to test both drugs simultaneously or in a sequential
manner. For simultaneous assays, the serial dilutions of IVM (0-
50 uM) were placed in the columns of a 96-well plate and
increasing concentrations of the second drug (BNZ or NFX)
were added in each row, and then, parasites were seeded. For
sequential assays, epimastigotes were first preincubated with
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IVM, NFX, or BZN in the corresponding matrix
concentration; after 1 h, parasites were washed and seeded in a
96-well plate and the second drug was added following the
combination matrix. The final concentration of DMSO was at
most 0.5%. Treated cultures, blank samples (only BHT and
drugs in their maximal concentration), and negative control
(parasites in 0.5% DMSO) were incubated at 28°C for 72 h, and
parasite proliferation was measured by OD at 630 nm. Data were
analyzed using the free software Combenefit (v. 2.021,
Cambridge University, Cambridge, UK) (Di Veroli et al,
2016). Relative epimastigote proliferation obtained
experimentally was compared against the predicted values
according to Bliss Independence or Loewe additivity models.
The synergy score calculated by the software is a positive value
for a synergic effect, 0 for an additive effect (when drugs have no
interaction), and negative for an antagonic effect. The results
obtained were depicted in a synergy distribution plot where
effects are indicated by a scale of colors and numbers, and
statistical differences are marked with an asterisk.

In silico analysis

In order to postulate a possible mechanism of action of IVM
in T. cruzi, an in silico study was performed, supported with
bibliographic data. To search for orthologous protein sequences
of importin oo (IMPa) and importin B (IMP) in the
trypanosomatids of interest (T. cruzi, L. exicana, C. fasciculata,
and Phytomonas spp.) and other close-related species,
TritrypDB (Tritrypdb.org), Uniprot (www.uniprot.org/), and
National Center for Biotechnology Information (NCBI)
databases were used. Sequence alignments and analysis were
performed with ClustalOmega (www.ebi.ac.uk/Tools/msa/
clustalo/), GeneDoc 2.7 (www.psc.edu/biomed/genedoc), and
Jalview 2.11.1.2 (www.jalview.org). Protein domains were
identified using PFAM (Mistry et al., 2021) and SMART
(Letunic et al., 2021) online tools, both developed by EMBL-EBI.

Statistical analysis

All assays were independently performed in triplicate and
data expressed as mean + SEM. The significance of differences
was evaluated with one-way analysis of variance (ANOVA) with
post-hoc analysis using Dunnet’s test. A p <0.05 was considered
significant. To calculate the EC50,4,7,, of the drug, normalized
proliferation or viability values were plotted against the Log of
drug concentration (UM) and fitted to a sigmoidal curve
determined by a non-linear regression. The selectivity index
(SI) was calculated as CC50vero ceits/ EC50amastigotes T€Sts were
performed using the GraphPad prism version 5.00 for Windows
(GraphPad Software, La Jolla, CA, USA, www.graphpad.com).
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Results

Effect and specificity of ivermectin on
T. cruzi, other related trypanosomatids
and host cells

The drug effect was evaluated, as a first approach, by following
epimastigote cultures during 8 days with/without increasing
concentrations of IVM, NEX, and BNZ. IVM affected T. cruzi
epimastigote proliferation in a dose-dependent manner with an
EC50;y, of 12.5 uM for the Y strain (Supplementary Figure 1) and
5.3 uM for the Dm28c strain. Other strains of T. cruzi (CL Brener,
RA and Tulahuen 0) showed EC50,,}, values ranging from 8.1 to 9.2
UM (data not shown). These are encouraging values as they are
found between those obtained for us for the reference drugs
(Table 1) and in bibliography (Luna et al., 2009; Alonso et al,, 2021).

The Dm28c¢ strain expressing [-galactosidase, a quick and
reproducible drug screening method, was used to evaluate the
sensitivity of the trypomastigote and intracellular amastigote
forms to IVM. Trypomastigotes showed an EC50,4;, of 10.4 uM,
while intracellular amastigotes showed more sensitivity with an
EC50,4, of 0.3 uM (Table 1).

The IVM effect was also evaluated in trypanosomatid species
related to T. cruzi; while it did not show eftects on C. fasciculata (an
insect trypanosomatid) under the evaluated concentrations (up to
200 uM), this drug affected the proliferation of Phytomonas jma 066
(a plant parasite) and L. mexicana (a human disease—causing
parasite) with an EC50,,, of 5.7 UM and 11.7 UM, respectively
(Table 1). These results show that IVM has a specific broad range of
effects on the different species of trypanosomatids as it has for other
human pathogens.

The IVM cytotoxic effect at 24 h in Vero cells (CC50,4;,) was
3.6 uM (2.8-4.6) that, related to the EC50,4, in amastigotes
(both assays performed in similar conditions), results in a
selectivity index (SI) of 12, being an SI value =10 commonly
assumed as a promissory basal (Katsuno et al., 2015).

10.3389/fcimb.2022.885268

Effect of ivermectin in cell recovery
assays in T. cruzi epimastigotes

To evaluate whether the effect of IVM was trypanostatic or
trypanocidal, cell recovery assays were performed. The effect of a
drug is considered trypanostatic when parasite proliferation
recovers in a drug-free medium after a short exposure to high
drug concentrations and trypanocidal when it has irreversible
effects on parasite proliferation (Mosquillo et al., 2018). At 50 uM
IVM (4x EC50;,;), we observed that epimastigote proliferation
was recovered by removing the drug after incubation for up to
1 h, indicating a trypanostatic effect, followed by a significant
slight proliferation decrease effect after 3 h treatment (Figure 1A).
The assays performed with 100 uM IVM (8x EC50;,;,) showed
an irreversible effect of the drug on parasite proliferation,
independently of the exposure time, indicating a trypanocidal
effect at this concentration (Figure 1B). According to
these results, IVM treatment during short periods of time can
be trypanostatic or trypanocidal depending on the
concentration used.

Effect of ivermectin in combination with
benznidazole and nifurtimox

To study the effect of the simultaneous or sequential
combination of IVM with BZN or NFX, epimastigotes were
cultured in combination matrices and the obtained data were
analyzed with the free software Combenefit (Di Veroli et al,
2016), in which the null hypothesis of no synergy needs to be
defined in order to assess the degree of the effect. In the case of
IVM+BZN and IVM+NFX, the hypothesis was that these drugs
have different mechanisms of action, taking the Bliss
independence model as the best approach (Seguel et al., 20165
Tang, 2017). When the drugs were combined simultaneously,
synergy distribution heatmaps-obtained from the comparison of

TABLE 1 ECS50 values (uM) of ivermectin, nifurtimox, and benznidazole were determined in T. cruzi (Y strain-DTU Il epimastigotes; Dm28c—
Discreet Typing Units (DTU) | epimastigotes, trypomastigotes, and intracellular amastigotes), C. fasciculata choanomastigotes, and L. mexicana

and Phytomonas jma 066 promastigotes.

Organism Life cycle form uM
Trypanosoma cruzi Epimastigote EC507,5
Y strain
Trypanosoma cruzi Epimastigote EC50751
Dm28c strain Trypomastigote EC50,4,
Amastigote EC50,41,
Leishmania mexicana Promastigote EC50;5;,
Phytomonas jma 066 Promastigote EC507,1
Crithidia fasciculata Choanomastigote EC50,5;,

ne, no effect observed.

Frontiers in Cellular and Infection Microbiology

IVM NEX BZN
12.5 (9.4-16.8) 2.1 (1.2-3.5) 22.2 (16.3-30.4)
5.3 (3.8-7.3) 0.9 (0.6-1.5) 3.8 (1.8-8.0)
10.4 (7.0-15.5) 16.1 (7.6-33.8) 35.3 (11.3-110.1)
0.3 (0.2-0.6) 1.4 (0.8-2.2) 0.8 (0.4-1.7)
9.7 (6.9-13.6) 3.8 (2.8-5) 7.9 (5.8-10.6)
5.7 (4.6-7.5) 1.8 (1.1-2.7) 28.5(20.7-39.1)
ne 3.4 (1.9-5.8) ne
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Cell proliferation recovery assay to test the effects of ivermectin (IVM) when exposed for short periods of time. T. cruzi epimastigotes were
preincubated with (A) IVM 50 uM (4xEC507,) or (B) IVM 100 uM (8xEC507,p,) for 30 min, 1 or 3 h and then transferred to a drug-free medium for 8
days of culture. Untreated control: 0 uM IVM (0.5% dimethyl sulfoxide); positive control: 50 or 100 uM IVM during the 8 days of culture. Results are
expressed as the number of epimastigotes (10)/ml, counted in a hemocytometer chamber. ***p<0.001, *p<0.05, ANOVA, Dunnett test

experimental data with model-predicted values-showed an
additive behavior in most of the concentrations. However,
there were antagonistic effects at some combinations with
middle and high concentrations of IVM (Figures 2A, B), and,
on the other hand, some synergistic points at low concentrations
of IVM-NEX were observed. In sequential assays, when IVM was
preincubated for 1 h and then NFX or BZN was added, we only
observed additive effects (Figures 2C, D), but when the
preincubation was done with NFX or BZN, aside from
additive effects, a slight antagonistic behavior at high
concentrations of drugs was also observed (Figures 2E, F).
Finally, we performed a control combination with NFX-BZN
using the Loewe additivity model, based on the hypothesis that
both drugs have common mechanisms of action (Tang, 2017),
and the observed effects of combinations were mainly additive or
antagonistic (Figure 2G).

Bioinformatic analysis of potential drug
targets and mechanism of action of
ivermectin in T. cruzi

In order to find a possible mechanism of action of IVM on T.
cruzi, different known targets of the drug in other organisms
were studied. A first search in TritrypsDB, performed for ligand-
activated chloride channels, did not show any positive
coincidence in the genome of T. cruzi. To verify these results,
an extensive bibliographic search was performed, finding well-
established phylogenetic relations between homologous genes
encoding for a GluCl along the kingdoms of life (Rendon et al.,
2011). Other authors, applying three independent approaches
(Psi-BLAST, HMMer, and Interpro, all based on hidden Markov
models), found genetic sequences that codify for pentameric
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ligand-gated ion channel structures from Cys-loop receptors in
a wide array of protists (Jaiteh et al., 2016) that did not include
kinetoplastid genomes. Then, we conclude that IVM would be
acting through another mechanism in T. cruzi.

Another studied mechanism of IVM action is the inhibition
of nuclear transport by dissociating the performed importin o/
B1 (IMPo/B1) heterodimer as well as by preventing its
formation (Yang et al., 2020). At the moment, there is a
unique report about IMPo in T. cruzi (Canela-Pérez et al,
2020). In order to deepen this work, we found putative
sequences of IMPo. in T. cruzi (Gene DB: TcCLB.509965.110),
L. mexicana (Gene DB: LmxM.29.1120), C. fasciculata (Gene
DB: CFACI1_260031300), and Phytomonas spp. (Protein DB:
W6KHG4). TcIMPa is present in the CL Brener strain,
Esmeraldo-like and non-Esmeraldo-like haplotypes, in
chromosome 32; its length is 1,602 bp, and the predicted
protein has 533 aa. We also found one copy of IMPP (Gene
DB: TcCLB.504105.150). Only one variant of each protein is
reported in trypanosomatids, unlike mammals in which there
exists a family of IMPo. and IMPf (in humans, seven IMPar and
more than 20 IMPP), showing the relevance of the T. cruzi
heterodimer as a potential druggable target (Wagstaff
et al., 2012).

A structural characterization of the IMPa sequences was
made by the alignment of these proteins with those already
characterized in Mus musculus (UniProtKB DB: P52293), Homo
sapiens (UniProtKB DB: P52292), and P. falciparum
(UniProtKB DB: Q7KAV0) (Supplementary Figure 2). Each
sequence was analyzed with Pfam and SMART (EMBL) in
order to determine domains and relative positions. All
proteins had seven-to-nine Armadillo domains (ARM),
separated by a conserved glycine (Canela-Peérez et al, 2020),
with each ARM being composed of three hydrophobic o-helices
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FIGURE 2

Comparison between the in vitro and predicted effects of drug combinations on T. cruzi epimastigote proliferation. A combination matrix was
designed with IVM (0-50 pM) and benznidazole (BZN; 0—-100 pM) or nifurtimox (NFX; 0-5 pM), and the drug combination effect was evaluated
on the culture proliferation of epimastigotes at day 4. The results obtained in the in vitro culture assay were compared against the synergy
scores predicted by applying the Bliss independence model for: (A) IVM-NFX and (B) IVM-BZN combined simultaneously; (C) IVM-NFX and (D)
IVM-BZN with the preincubation of IVM for 1 h; (E) NFX-IVM and (F) BZN-IVM with preincubation of the trypanocidal drug for 1 h; and (G) by
applying Loewe additivity model for the combination of NFX-BZN simultaneously. The scale of numbers and colors represents the type of effect
obtained according to the comparison between in vitro and model-predicted results; the scale spans from statistically significant synergistic
interaction (positive values—blue color, p<0.01) to statistically significant antagonism (negative values—red color, p<0.01).
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(Cingolani et al., 1999). These repeated ARM domains end with
an atypical ARM repeat (ARM9), which could be the linker with
CAS exportin, and the IBB domain (ImportinB-binding domain)
is found in the first 100 amino acids (N-terminal) in mammals
as H. sapiens and M. musculus. In trypanosomatids, ARM
repeats appear after the first 100-110 aa but there is not a
typical recognizable IBB, which could be related to the
presence of an IBB domain with particular characteristics
(Supplementary Figure 2).

Discussion

Drug repositioning is a widely used strategy to find new
treatments for Chagas disease; several of the latest clinical trials
were performed with repurposed drugs as posaconazole and
fosravuconazole (Field et al.,, 2017). With IVM being a secure
broad-spectrum antiparasitic drug used in human diseases, this
drug would be an attractive repurposing candidate to study.
Curiously, there are few reports that tangentially relate it with
some Chagas disease aspects. Here, we present the first approach
to study the effects of IVM on T. cruzi as a potential drug for
Chagas disease.

In this report, we showed that IVM affected in a dose-
dependent manner the proliferation of T. cruzi epimastigotes-a
simple model to study trypanocidal drug eftects-(EC50;,,= 5.3-
12.5 uM in the different strains evaluated) as well as amastigote
(EC50,41,=0.3 pM) and trypomastigote survival (EC50,4,=10.4
uM). As BZN and NEX, IVM resulted to be more effective
against amastigote stage, but with lower EC50 values (Luna et al.,
2009), arousing interest as a potential trypanocidal drug.
Moreover, the SI of IVM obtained for T. cruzi amastigotes was
12 in agreement with the drug selection criteria for infectious
diseases that establish an SI value >10 as a promissory limit
(Katsuno et al., 2015). On the other hand, the SI of NFX and
BZN reported in bibliography are very variable, with values
ranging from 1.5 to over 200 according to the strain and the cell
line used (Gonzalez et al., 2020). Reinforcing the idea of IVM as
possible therapy against T. cruzi in humans, published
pharmacokinetic data have shown a safety profile for the
human use of the oral administration of IVM without adverse
side effects, reaching plasmatic concentrations in the range of the
EC50 values found in this work (Guzzo et al., 2002).

IVM also inhibited the in vitro proliferation of Phytomonas
jma 066 and L. mexicana, as previously shown in L. tropica
(Kadir et al., 2009), while C. fasciculata choanomastigotes
resulted to be highly tolerant to IVM and BZN. Throughout
our results, IVM has shown effects on a broad but specific range
of trypanosomatids as it has for other human pathogens.

We found that the trypanocidal capacity of IVM depends on
its concentration (8xEC505,;,) but not on the exposure time. An
irreversible effect was also observed on P. falciparum at 25-uM
IVM during 24 h of exposure (Panchal et al., 2014). Different
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mechanisms of cellular death (as necrosis or autophagy) could be
triggered in T. cruzi parasites in response to drugs (Kessler et al,,
2013). Moreover, the same compound can trigger different-
reversible or irreversible-mechanisms according to the
concentration and duration of the stimuli. Additionally, when
the underlying mechanism of the drug is trypanostatic,
parasitemia could show a relapse after antitrypanosomal
chemotherapy (Ercoli and Tudice, 1980). This variable behavior
of a compound is an important issue for therapy design.

In the last few years, the investigation of drug combinations
has become an important strategy to combat drug resistance and
reduce treatment courses in NTDs. Here, different drug
combination regimens were tested in vitro on the epimastigote
culture, finding that a simultaneous combination of IVM-BZN
and IVM-NEX showed mainly additive effects; however, some
combinations showed significant antagonistic or synergic effects.
These effects could be explained by different described
mechanisms of IVM action, including an antagonism by
increasing detoxification processes induced by this drug that
avoid the effects of NFX or BZN (Lespine et al., 2007; Meénez
et al,, 2012; Nodari et al., 2020) or a synergism by inhibiting the
activity of P-gp, a member of the superfamily of transporters
ABC (ATP-binding cassette), that enhances the cytotoxicity of
other drugs (Furusawa et al., 2000; Landfear, 2019). As
mentioned by other authors, the in vitro assays about the
interaction between two drugs are usually the first-step studies,
although the observed results do not necessarily reflect the in
vivo effects; pharmacokinetic and host factors (as the immune
response) may lead to different outcomes due to the
modification of the effective exposure of the parasites to the
drugs (Vincent et al., 2012).

The IMPor and IMPJ heterodimer complex, one of the IVM
molecular targets, was searched in trypanosomatid genomes. One
copy of each gene was detected in T. cruzi, L. mexicana,
Phytomonas spp., and C. fasciculata, in agreement with previous
studies (Canela-Pérez et al, 2020). Through multiple sequence
alignment and structural analysis, we identified ARM domains
(between seven and nine, according to the organism) while the
typical IBB domain was not recognizable in these trypanosomatids.

The IMPa ARM repeat domain is relevant for the
interaction with cargo proteins via a nuclear localization
sequence (NLS), a short amino acid motif, present in cargo
proteins (Yang et al,, 2020). The evidence of conserved ARM
domains in trypanosomatids and the in vitro studies showing
their capacity of recognizing and binding to the NLS of T. cruzi
(Canela-Perez et al, 2019) suggest that this conserved
mechanism of intracellular trafficking is worthy to be studied
(Canela-Pérez et al., 2020).

The IBB domain, in N-terminus of IMP¢, has three clusters
of basic amino acid residues, and it is essential for binding to
IMPB and for efficient nuclear entry (Cingolani et al., 1999); in
addition, the IBB domain can bind to the NLS-binding site of
IMPg, leading to the autoinhibition of intracellular transport
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(Dey and Patankar, 2018). However, most protozoans lack a
typical IBB, showing an early divergence (Dey and Patankar,
2018; Mayol et al., 2020). For example, P. falciparum, T. gondii,
and G. lamblia do not present the three conserved clusters of
basic amino acids in this region, and particularly, P. falciparum
has shown to have a reduced autoinhibition mechanism of
nuclear transport (Dey and Patankar, 2018; Mayol et al.,, 2020).

IVM is nowadays considered a specific inhibitor of the classical
transport pathway of nuclear proteins. Although little is known
about nuclear transport in T. cruzi, IVM has been associated with
the inhibition of nuclear transport by TcIMPo, showing that 25 pM
IVM impaired the nuclear transport of an RNA polymerase of T.
cruzi and 250 pM IVM has an inhibitory effect on the binding
ability of TcIMP to an NLS peptide (Canela-Perez et al,, 2018 and
Canela-Perez et al, 2020). The accumulating evidence about
importins makes them an attractive potential druggable target to
continue studying. Finally, the study of the mechanisms of action of
IVM on T. cruzi and other trypanosomatids is relevant to
understand the currently unknown aspects of the parasite
biochemistry and to discover novel molecular targets with
potential for trypanosomatid therapy.
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Chagas disease (CD) affects at least 6 million people in 21 South American
countries besides several thousand in other nations all over the world. It is
estimated that at least 14,000 people die every year of CD. Since vaccines are
not available, chemotherapy remains of pivotal relevance. About 30% of the
treated patients cannot complete the therapy because of severe adverse
reactions. Thus, the search for novel drugs is required. Here we tested the
benznidazole (BZ) combination with the repositioned drug disulfiram (DSF) and
its derivative diethyldithiocarbamate (DETC) upon Trypanosoma cruzi in vitro
and in vivo. DETC-BZ combination was synergistic diminishing epimastigote
proliferation and enhancing selective indexes up to over 10-fold. DETC was
effective upon amastigotes of the BZ- partially resistant Y and the BZ-resistant
Colombiana strains. The combination reduced proliferation even using low
concentrations (e.g., 2.5 pM). Scanning electron microscopy revealed
membrane discontinuities and cell body volume reduction. Transmission
electron microscopy revealed remarkable enlargement of endoplasmic
reticulum cisternae besides, dilated mitochondria with decreased electron
density and disorganized kinetoplast DNA. At advanced stages, the cytoplasm
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vacuolation apparently impaired compartmentation. The fluorescent probe H,-DCFDA
indicates the increased production of reactive oxygen species associated with
enhanced lipid peroxidation in parasites incubated with DETC. The biochemical
measurement indicates the downmodulation of thiol expression. DETC inhibited
superoxide dismutase activity on parasites was more pronounced than in infected
mice. In order to approach the DETC effects on intracellular infection, peritoneal
macrophages were infected with Colombiana trypomastigotes. DETC addition
diminished parasite numbers and the DETC-BZ combination was effective, despite
the low concentrations used. In the murine infection, the combination significantly
enhanced animal survival, decreasing parasitemia over BZ. Histopathology revealed
that low doses of BZ-treated animals presented myocardial amastigote, not observed in
combination-treated animals. The picrosirius collagen staining showed reduced
myocardial fibrosis. Aminotransferase de aspartate, Aminotransferase de alanine,
Creatine kinase, and urea plasma levels demonstrated that the combination was
non-toxic. As DSF and DETC can reduce the toxicity of other drugs and resistance

phenotypes, such a combination may be safe and effective.

KEYWORDS

Trypanosoma cruzi, disulfiram, drug combination, repositioning, Chagas disease, chemotherapy,

Diethyldithiocarbamate

Introduction

At least 6-7 million people have Chagas disease (CD), mostly
in Latin America (WHO - World Health Organization, 2021),
where over 10% of the population is at risk of infection (Péerez-
Molina and Molina, 2018). There are at least 4.6 million infected
people in Brazil, which can reach 1.5% of the Brazilian
population. In addition, about 70 million are at risk of
infection by Trypanosoma cruzi (Dias et al, 2016). The
parasitosis, also known as American trypanosomiasis, is
already considered a public health problem on a global scale
(Franco-Paredes et al., 2009; Coura and Vifas, 2010; Parker and
Sethi, 2011).

CD causes economic losses in excess of U$1.2 billion/year to
endemic countries in South America, in addition to more than $7
billion/year at global levels (Lee et al., 2013), including treatment
and loss of productivity, not including the losses caused by
infections by tourists and emigrants to North America, Europe,
and Asia (Coura and Vinas, 2010) coming from South and Central
America. Therefore, it can be inferred that effective drugs, besides
promoting the quality of life of patients and their families, can
provide considerable socioeconomic benefit.

Since CD discovery by the Brazilian researcher Carlos
Chagas over a century ago, the disease is intensely studied, but
only two drugs, benznidazole (BZ) and nifurtimox (NFX), are
employed in CD treatment. However, BZ side effects lead to
therapy discontinuation from approximately 30% of the cases up
to eventually reaching 50% of the patients (Guggenbiihl Noller
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et al, 2020). The option is NEX but a recent study (Crespillo-
Andujar et al., 2018) reported that the use of NFX in patients
who had been discontinued from BZ treatment still led to more
than 12% of elevated toxicity, forcing physicians to permanently
discontinue treatment. Therefore, there is pressing demand for
the development of new drugs or therapeutic regimens for CD.

Different chemotherapy targets have been approached
during the last decades (Duschak, 2011; Duschak, 2016;
Beltran-Hortelano et al., 2017; Duschak, 2019; Beltran-
Hortelano et al.,, 2022), and much was learned about the
biochemistry and cell biology of T. cruzi, but new agents are
still not in clinical use. Drug combinations may be promising for
allowing dosing reduction (Bustamante et al., 2014), hampering
resistance selection (Hill and Cowen, 2015), and enhancing
selectivity (Zimmermann et al., 2007; Lehar et al., 2009a; Lehar
et al, 2009b). In addition, drug combinations can promote
effectivity of repositioning (Sun et al., 2016).

The use of repositioned drugs (approved by the FDA), with
well-established data on bioavailability, safety, etc., allows
accelerating drug development, significantly increasing the
percentage of success, but reducing their costs (Zheng et al,
2018). Such innovations can be of great value in the therapy of
neglected diseases, highly prevalent in South America, caused by
parasitic protozoa (Miiller and Hemphill, 2016), including CD
(Palos et al., 2017).

The repositioning of a low-cost drug such as Disulfiram (DSF,
Antabuse®) can be considered a “salvation” for global health care
(Cvek, 2012). DSF, a drug used for the therapy of alcoholism, is
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widely used and well tolerated in humans (Jorgensen et al., 2011;
Sinclair et al., 2016) and is even considered less toxic than aspirin
(Gessner and Gessner, 1992) and trials employing 200-250 mg/d
daily or 800 mg/twice a week are regularly performed, with no
reports of adverse effects (Sinclair et al., 2016). The DSF first
derivative sodium diethyldithiocarbamate (DETC), also known
as imuthiol, has been successfully used as an immunostimulant
in HIV patients, reducing opportunistic infections (Hersh et al.,
1991). DSF is used for different purposes (e.g. Kona et al., 2011),
such as cancer therapy (Cvek, 2012; Meraz-Torres et al., 20205
Kannappan et al, 2021; Lu et al, 2021; Lu et al., 2022) and
chemoprevention (Askgaard et al, 2014; Yang et al, 2015;
Harrington et al, 2020). The DSF and/or DETC combination
can enhance antitumoral activities of drugs such as cisplatin
(O’Brien et al, 2012; Nechushtan et al,, 2015), but diminish
adverse reactions (Wysor et al, 1982; Elliott et al., 1983;
Bodenner et al., 1986; Roemeling et al., 1986). In addition, DSF
can overcome resistance, via different mechanisms (Schmidtova
et al, 2019; Yang et al,, 2019). The data presented here indicate
that the BZ-DSF combination may comprise a promising
alternative for CD therapy.

Materials and methods
Drugs

BZ (Nortec Quimica, Rio de Janeiro, Brazil) and DSF (Corden
Pharma Bergamo S.p.A) were provided by Farmanguinhos
(Fiocruz, Rio de Janeiro) and DETC was purchased from
Sigma-Aldrich. Drugs were dissolved in dimethyl sulfoxide
(DMSO) and stored at -20°C until use.

Parasites and mammalian cells

T. cruzi Y and the Colombiana strains epimastigote forms
were maintained in LIT (Liver Infusion Trypticase) medium,
supplemented with 10% fetal bovine serum (FBS), 100 ug/mL
penicillin, and streptomycin at 25°C (dos Anjos et al., 2016).
Cultures were harvested at the exponential growth phase. Then
5x10° parasites were incubated in the presence of the isolated
compounds. Trypomastigote forms were obtained by cardiac
puncture, at the peak of parasitemia of infected Swiss Webster
mice (Sueth-Santiago et al., 2016) and maintained through co-
culture with epithelial cells, VERO, previously in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10%
FBS, at 37°C, 5% CO,, as well as the amastigote form obtained
after 8 days of cell infection (Monteiro et al., 2001). Axenic
amastigotes were obtained from cell cultures of trypomastigotes
in BHT medium incubated at 28°C, being collected after three
passages of 56-64 h, in an initial concentration between 5x10°
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cells/mL (Engel et al., 1987). Macrophages from BALB/c mice
were collected by peritoneal lavage in Hank’s balanced solution,
seeded in 24-well plates or bottles (Falcon, New Jersey, USA),
and kept at 37°C in atmosphere of 5% CO, in DMEM medium
supplemented with 10% FBS.

Parasite-host interaction

Assays were performed using a parasite:cell ratio of 10:1, and
infection quantification was performed by direct counting
cultured cells Giemsa (Laborklin)-stained coverslips under
light microscopy, approximately 1000 cells per coverslip.
Association indices (AI) were obtained by multiplying the
percentage of infected macrophages by the average number of
parasites per host cell, as previously described (Martiny
et al., 1996).

In vitro evaluation of trypanocidal activity
and cytotoxicity

T. cruzi epimastigotes (107 cells/mL) incubated with DETC
and BZ, to determine ICs, values each drug, at 24 h at 28°C,
determined by the Alamar Blue assay at 570 nm and 600 nm. For
the combinations, both for trypanocidal activity and for the
selectivity index (10”7 Swiss Webster mouse peritoneal
macrophages/mL), six fixed doses were prepared based on the
ICs value of the isolated drugs, in the proportions 5:0, 4:1, 3:2,
2:3, 1:4 and 0:5 (Fivelman et al., 2004). Concentration-response
curves were plotted and the IC5, and CCsy values of the
compounds (inhibition and cytotoxicity, respectively), alone or
in combination, were calculated using GraphPad Prism, 7.

ROS detection

ROS were detected using the H,-DCFDA probe using a
confocal microscope Fluoview 1000, Olympus.

Lipid peroxidation

Lipid peroxidation was determined by the production of
thiobarbituric acid (TBA) reactive substances (TBARS), by
parasites incubated or not in the presence of the compounds
for 24 h. Subsequently, the cells were centrifuged three times in
phosphate-buffered saline (PBS). After washing, the parasites
were resuspended in 200 uL PBS and 200 uL TBA at a final
concentration of 1%. After homogenization, the material was
incubated at 99°C for a period of 3 h and measured in a
spectrophotometer at 532 nm (Menezes et al., 2006).
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Thiol group measurements

The determination of the concentration of low molecular
weight thiols was carried out using 5,5'-dithiobis (2-nitrobenzoic
acid) (DTNB) and methanol assay after protein removal with
10% trichloro acetic acid. Subsequently, the supernatant was
read in a spectrophotometer at 412 nm (Hitachi U-1100), as
previously described (Sedlak and Lindsay, 1968).

Dosage of superoxide dismutase

Parasite samples untreated and treated with DETC alone and in
combination with BZ, for 1 and 24 hours, were evaluated using a
colorimetric method for superoxide dismutase (SOD) measurement
(Sigma-Aldrich Kit-WST- SOD Assay), which is based on the
generation of the radial superoxide from the xanthine-xanthine
oxidase (XOD) system, where the superoxide reacts with the sample
and converts the tetrazolium salt to formazan. After reactions, the
measurements spectrophotometrically performed in a VersaMax at
440 nm (Moukdar et al., 2009).

Electron microscopy

Parasites were washed with PBS and fixed in Karnovsky for
24 h, at 4°C. Then, samples were post-fixed in 1% osmium
tetroxide, 5 mM calcium chloride, and 0.8% potassium
ferricyanide in 0.IM sodium cacodylate buffer, protected from
light for 40 min at room temperature. For scanning, electron
microscopy (SEM) samples were dehydrated in ethanol series,
critical point-dried, mounted on stubs, gold-metalized, and
observed in a JEOL 5310 scanning electron microscope. For
transmission, electron microscopy (TEM) samples were
dehydrated in acetone and embedded in Polybed epoxy resin
(Polysciences, Inc). After 72 h at 60°C, the samples were sectioned
on an ultramicrotome (Reichert, Leica), using a diamond knife
(Diatome, Hatfield, PA), and the sections were collected on 300
mesh copper grids and counterstained with 3% lead citrate and 5%
uranyl acetate in water. Samples were observed in a transmission
electron microscope Zeiss EM 109 at 80kV, as previously
described (Vannier-Santos and Lins, 2001).

In vivo infection

Swiss Webster mice were infected with Y or Colombian strain,
intraperitoneally (i.p.), with 10* bloodstream trypomastigotes. The
infected animals were divided into the following groups (15
animals per group): positive control (BZ); negative control (PBS
+ 1% Kolliphor); DETC + BZ combination; DSF + BZ. The
therapy was initiated 5 days from the beginning of the parasitemia
and carried out for 30/60 days, administered through the
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intragastric route (Salomao et al., 2010). Parasitemia was
verified by direct microscopic, slide analysis of parasites in 5 uL
of blood, and mortality rates were checked daily/weekly up to 30
days post-treatment.

Systemic toxicity

Thirty days after the end of the treatment, uninfected mice
blood was collected through the brachial plexus and stored at -80°C
for biochemical analysis of the enzymes: urea, for renal monitoring,
total creatine kinase (CK), for evaluation of cardiac or skeletal
musculature lesions, alanine aminotransferase (ALT) and aspartate
aminotransferase (AST), assessment of liver damage, all being
determined in whole blood by the Reflotron® reactive test strip
system (Roche Diagnostics, F Hoffmann-La Roche Ltd, Basel,
Switzerland) using reflectance photometry (Salomio et al,, 2010).

Histopathology

Tissue samples were fixed in formaldehyde solution pH 7.2,
embedded in paraffin, and 5 pm-thick sections were stained with
hematoxylin and eosin (H&E) and picrosirius red to stain
collagen fibers (Andrade et al., 1994).

Statistical analysis

The data obtained are representative of at least three
independent experiments carried out in triplicate. Statistically
significant differences were analyzed using the ANOVA test and
Tukey or Dunn post-tests with p < 0.05, using GraphPad
Prism, 7.

Results

DETC inhibited dose-dependently the axenic proliferation
of epimastigote forms (Figure 1). The ICs, value obtained was
1.48 pM. The BZ ICs, observed was 2.28 uM (Table 1). The
selectivity indexes revealed that the combination selectivity was
increased over an order of magnitude (about 13-fold), as
compared to the drug of choice, BZ. Based on the ICs, values
obtained DETC and BZ were combined at different proportions.
Isobolograms were plotted to analyze the possible synergism
between BZ and DETC on the trypanocidal activity. There was
synergistic activity, particularly at 3:2 and 2:3 concentration
ratios (Figure 2). Afterward, we observed that 5 uM of either BZ
or DETC significantly inhibited parasite growth, whereas the
combination of 2.5 pM of each compound was even more
effective (Figure 3). In order to approach the DETC effects
upon general parasite structure, we employed scanning
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FIGURE 1

Evaluation of the activity of sodium diethyldithiocarbamate (DETC) and benznidazole

(BZ) in the in vitro proliferation of Trypanosoma cruzi

epimastigote forms (107 parasites/mL, Y strain). The proportions of the combinations were: 5 x ICsq DETC (A); 5 x ICso BZ (B), 4 x ICso DETC +
ICs50 BZ (C), 3 x IC50 DETC + 2 x IC50 BZ (D), 2 x IC59 DETC + 3 x ICs0 BZ (E) and ICsq DETC + 4 x ICso BZ (F). After 24h incubation, the

inhibitory effects were determined using Alamar Blue

electron microscopy. DETC-treated epimastigotes were often
bizarrely shaped, eventually presenting surface discontinuities
and reduced cell body volume ( ). We used transmission
electron microscopy to determine the DTEC effects on
epimastigote subcellular architecture. DETC-treated parasites
displayed remarkably enlarged endoplasmic reticulum (ER)
cisternae as well as reduced mitochondrial electrondensity
( ). Morphometric analysis indicate the ER lumen
was enhanced over 1000-fold (not shown). Some parasites
displayed disorganized kinetoplast DNA and loss of cell
ultrastructural compartmentation.

In order to approach reactive oxygen species (ROS)
production in DETC-treated parasites, we used fluorescent
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probes. Incubation with DETC remarkably enhanced
H,DCFDA staining under fluorescence microscopy ( )
and labeling was found in sub-cellular compartments, rather
than whole cell. To evaluate the oxidative stress consequence, we
measured lipoperoxidation using the TBARS assay ( ).
We observed that both BZ and DETC had little effect (p > 0.05)
on lipid peroxidation, but it was significantly (p < 0.05) increased
by their combination. Since sulfhydryl groups are largely
involved in the redox regulation in trypanosomatid parasites,
we measured thiol expression using the colorimetric Ellman’s
reaction DETC diminished thiol expression in the parasite
( ). The biochemical colorimetric approach indicates
that DETC produce a dose-dependent effect and that the
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TABLE 1 Trypanocidal activity, cytotoxicity, and selectivity indexes of the DETC + BZ combination after 24 h of treatment.

Combination ratio (DETC : BZ)

CCso (uM)
50 2.09
41 2006
32 147.00
23 0.58
1:4 1.03
0:5 17.54

Cytotoxicity (peritoneal cells)

Trypanosoma cruzi (Y) epimastigotes  Selectivity indexes

ICs (uM)
1.48 141
0.67 29.94
1.48 99.32
0.30 1.93
1.68 0.61
2.28 7.69

The CCsy and ICs values of the combination were calculated from the cytotoxicity and inhibition assay, respectively, using Alamar Blue.
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FIGURE 2

Representative isobologram demonstrating the synergistic
interaction between DETC and BZ upon T. cruzi (Y strain)
epimastigote forms, cultured for 24 h, based on ICsq values.

isolated compounds reduced SH levels (p < 0.05), but the
combination was more effective (p < 0.01). As DETC is well-
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known for its SOD inhibiting capacity, we measured SOD
activity in vitro and in vivo, in murine infection, before and
after DETC treatment (Table 2). Interestingly, the combination
was more inhibitory, and the effects in vitro were
more pronounced.

As the Y strain is sensitive to BZ, we decided to test the
DETC susceptibility of axenic amastigotes of both Y and
Colombiana strains. Although the Colombiana strain,
naturally resistant to BZ, was less sensitive to DETC at 0.8-3
uM (p < 0.05), the effects were highly significant (p < 0.01) at 5
uM. Both strains showed significantly decreased parasite survival
in a dose-dependent manner (Figure 9).

In order to test the effects of the combination in intracellular
parasites, we infected murine macrophages with blood
trypomastigotes in the presence or in the absence of DETC
(Figure 10). We noticed that 10 uM DETC remarkably reduced
the monolayer parasite load, and a DETC-BZ combination at 5 uM
concentration was equally or even more effective.
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FIGURE 3

96

120

Evaluation of the in vitro proliferation of T. cruzi epimastigote forms (Y strain), challenged with DETC and BZ combined or alone. 10° parasites
were incubated for 5 days with 5 uM DETC, 5 uM BZ and the combination of 2.5 pM each compound. The effects of the compounds were
evaluated by daily quantitation of parasites by light microscopy. Inset displays 72-120 h data in a different scale. The combined drugs effectivity
was significant, (*p < 0.05; **p < 0.01), despite the reduced concentrations, as compared to the parasites treated with BZ by the 2-way ANOVA.

Data represent the mean + SD (n = 3).
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FIGURE 4

Scanning electron microscopy of T. cruzi epimastigote forms (Y strain). (A) Untreated control, showing normal parasite morphology. B—F)
Parasites treated with 200 uM DETC for 24 h, showing cellular disorganization (B, C) and plasma membrane discontinuities (D—F, arrowheads),
associated with cell body rounding and volume reduction. Bars correspond to 1 pm.

To approach the activity of the combination in vivo, we
tested the murine infection for 30-60 days. The parasitemia of
animals infected with both Y and Colombiana strains was
reduced by the BZ-DSF combination (Figure 11) as compared
to BZ low concentrations (20/50 mg/kg). The cumulative
survival of the animas treated with the 10 mg/kg/day (each)
DETC-BZ combination was increased by circa 6-fold (p < 0.01)
as compared to BZ alone (Figure 12). We used histopathology
to evaluate the murine infection. Contrary to animals treated
with low BZ concentration (10 mg/kg/d) the ones incubated
with the combination (10 mg/kg/d BZ + 10 mg/kg/d DETC)
showed no amastigote nests in myocardium (Figure 13). The
Sirus red staining was employed to assess tissue fibrosis.
Animals treated with the combination displayed less, and
focal fibrosis, whereas mice treated with BZ alone showed
intense fibrosis staining. To evaluate the systemic toxicity of
the treatments we measured the plasma levels of ALT, AST,
CK, and urea. Measurements demonstrated (Figure 14) that
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the combination at 10 mg/kg/day (each) was not as toxic than
the isolated drugs at 20 mg/kg/day.

Discussion

CD remains a major public health problem, as most of the
infected people and domestic animals such as dogs, important
reservoir hosts (Enriquez et al., 2014; Castillo-Neyra et al., 2015),
are not treated or diagnosed (Dias et al., 2016). Since both drugs
employed in CD chemotherapy are remarkably toxic (Castro
and Diaz de Toranzo, 1988; Castro et al, 2006), therapy is
frequently associated with severe adverse reactions, often
causing treatment suspension (Levi et al., 1996; Olivera et al,
2017; Guggenbiihl Noller et al., 2020; Pérez-Molina et al., 2021).
Development of new safe and low-cost therapeutic alternatives is
urgently required. Drug repositioning and combinations
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FIGURE 5

Transmission electron microscopy of T. cruzi epimastigotes (Y strain) incubated with 200 yM DETC for 24 h. Contrary to control cells (A, arrows —
endoplasmic reticulum cisternae; m- mitochondria; N- nuclei), DETC treated (B—G) displayed remarkably enlarged endoplasmic reticulum cisternae
(B—E*), often replacing an even distorting nuclei (B, C). Some parasites displayed electroluscent nuclear matrix with aggregated peripheral dense
chromatin (C, arrow). Mitochondria were enlarged and generally presented reduced electrondensity (D—F) and eventually presenting kinetoplast (k) DNA
(kDNA) disorganized fibers (F- arrows). Some cells displaying condensed mitochondria presenting swollen cristae (C, G-arrows) were also observed. In
the final stage of treatment, parasites showed loss of normal compartmentation (G).

comprise valuable tools for overcoming CD monotherapy
limitations (e.g., Aguilera et al,, 2019).

Both DETC and DSF express antiparasitic activities upon T.
cruzi (Lane et al., 1996; de Freitas Oliveira et al., 2021; de Freitas
Oliveira et al., 2022) and Leishmania (Khouri et al., 2010; Celes
et al,, 2016; Mazur et al., 2019). In macrophage cultures, DETC
caused destruction of intracellular amastigotes with little effect
on macrophage spreading pattern. Similarly, in the murine
infection, the combination reduced parasitemia and
significantly (p < 0.001) enhanced animal survival by circa 6-
fold. Synergistic combinations can enhance selectivity
(Zimmermann et al., 2007; Lehar et al., 2009a; Lehar et al.,
2009b). In fact, the BZ + DETC combination was synergistic in
vitro and in vivo and produced over 10-fold selectivity index
increase. Such synergistic activities may be caused by the
prooxidant effects of BZ (Pedrosa et al, 2001; Rigalli et al,
2016), associated with the antagonism of antioxidant defenses of
DSF and that can allow dosing reduction (Bustamante et al,
2014), presumably leading to decreased adverse reactions.
Besides, DSF and DETC were shown to reduce adverse
reactions of other drugs (vide supra). Here we observed that
reduced combined drug concentrations did not impair
effectivity. Therefore, such combinations may lead to the
development of safe and effective medications.
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Since one of the major problems in CD therapy is the
prompt rise of resistance, we tested the combination in axenic
amastigotes as well as in infected macrophages, not only of the Y
strain but also of the Colombiana one, highly drug-resistant
(Andrade et al., 1985). Interestingly, both strains were sensitive
to the thiocarbamates at low uM range. Drug combinations were
employed for overcoming drug resistance rising but were not
effective in leishmaniasis (Garcia-Hernandez et al., 2012) or
malaria (Wongsrichanalai et al., 2002) and drug combinations
were not effective upon drug-resistant T. cruzi (Bustamante
et al., 2014).

CD treatment is confronted with growing frequencies of
refractory cases. Over 60% of T. cruzi strains isolated in
Colombia display some degree of BZ resistance (Mejia-
Jaramillo et al, 2012) and strains isolated in the Brazilian
Amazon show natural resistance to this drug (Teston et al,
2013). The rise of readily acquired (Neal and van Bueren, 1988;
Mejia et al,, 2012) or natural resistance (Zingales, 2018)
significantly limit the therapeutic success of CD. Thus, a major
relevance of the DSF + BZ stems from the potential revert drug
resistance phenotypes, by inhibiting both activity (Loo et al,
2004; Sauna et al., 2004) and expression (Loo and Clarke, 2000)
of p-glycoproteins, which are involved in T. cruzi drug resistance
(Campos et al., 2013).
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Effect of DETC and BZ on the concentration of low mol. wt. thiols of T. cruzi epimastigote forms (Y strain), determined colorimetrically by the
Ellman reaction. DETC reduced thiol levels dose-dependently (A). The DETC + BZ combination significantly potentiated thiol depletion (B). Data
represent mean + SD. *p < 0.05 and ***p < 0.001 (ANOVA and Dunn'’s post-test; n = 5)

TABLE 2 Evaluation of T. cruzi superoxide dismutase (SOD) activity in presence of DETC in vitro and DSF in vivo isolated and combined to BZ.

SOD activity (U/mL)
Assay Untreated (1% kolliphor) BZ (100 uM) DETC (100 puM) BZ + DETC (50:50 uM)
In vitro' 1h 2.975 2.821 3.056 2.103**
In vitro' 24h 0.896 0.705 0.773* 0.734*
Untreated (1% kolliphor) BZ (50 mg/kg) DSF(100 mg/kg) BZ + DSF (50:50 mg/kg) BZ + DSF (50:100 mg/kg)
In vivo® 0.059 0.059 0.058 0.063 0.052

'T. cruzi epimastigote forms (Y strain), treated or not with DETC isolated or in combination with BZ, spectrophotometrically measured.
2S0OD activity of trypomastigote (Y strain)-infected mice treated for 3 consecutive days. * p < 0.05 and ** p < 0.01 ANOVA and Dunn’s post-test (n = 3).
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FIGURE 9

Inhibitory effect of DETC on the proliferation of T. cruzi amastigote
forms in Y (A) and Colombiana (B) strains, after incubations of 120 h
and 24 h, respectively. * p < 0.05, **p < 0.01 and *** indicates p < 0.001
ANOVA and Dunn'’s post-test. Bars represent the mean + SD (n=3).
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Besides ABC cassette pumps (Zingales et al., 2015), natural
resistance may rely on aldo-keto reductase and alcohol
dehydrogenase (Gonzalez et al., 2017). In this regard, it is
important to notice that DSF inhibits alcohol dehydrogenase
activity (Carper et al, 1987) and decreases the expression of
aldo-keto reductase accessed by proteomic analysis (Yoshino
et al, 2020). In addition, glutathione (GSH) forms conjugates
with different drugs that are extruded by ABC transporters
(Jedlitschky et al., 1994; Loe et al., 1998), so GSH and
trypanothione (TSH) are implicated in detoxication of both
NFX and BZ (Repetto et al., 1996). DSF can act as a
glutathionylation agent (Hirschenson and Mailloux, 2021).
Similarly, DETC derivatives form conjugates with GSH via
carbamoylation (Ningaraj et al., 1998) and this reaction inhibits
glutathione reductase (Miller and Blakely, 1992). T. cruzi ABC
proteins externalize thiol-drug conjugates (da Costa et al,, 2018)
and inhibition of GSH and so TSH synthesis by buthionine
sulfoximine (Maya et al., 2004; Fatndez et al., 2005; Vazquez
etal, 2017) augments the effectivity of trypanocidal agents BZ and
nifurtimox (Fatundez et al., 2005; Faundez et al., 2008).
Interestingly, DSF/DETC can diminish reduced GSH levels
(Stromme, 1963; Ohno et al., 1990; Nagendra et al., 1994; Mittal
et al., 2014) and GSH/TSH depletion can trigger T. cruzi
programmed cell death (Piacenza et al., 2007). Here we
observed reduced low mol. wt. thiol levels in DETC-treated
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FIGURE 10

Effect of DETC alone or combined with BZ on the T. cruzi-macrophage interaction. BALB/c mice peritoneal macrophages were infected with
Colombiana strain bloodstream trypomastigote forms 1:10 phagocyte/parasite ratio. Control cultures (A) showing several parasitized
macrophages as well as larger number of intracellular forms per phagocyte (arrowheads) than cells treated with the combination 5 uyM DETC +
5 uM BZ (B). Magnification 200X. The association index in cultures treated with 10 uM BZ or the 5 uM DETC + 5 uM BZ combination after 24
hours of incubation (C) was significantly (***p < 0.001, ANOVA and Dunn'’s post-test) reduced. A slightly greater inhibition was observed in
cultures incubated with the combination, despite the reduced concentrations. Bars represent mean + SD.
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Parasitemia of Swiss Webster mice infected with T. cruzi blood trypomastigotes, Y strain (A, B) and Colombiana (C). The animals were infected with
10* blood trypomastigotes/mlL, strain Y, treated for 60 days with vehicle; low doses of BZ (20 mg/kg); DETC (20 mg/kg) or a combination of BZ +
DETC (20:20 mg/kg), orally. *p < 0.05 and **p < 0.01 ANOVA test and Dunn’s post-test (A). Parasites treated with vehicle; BZ (50 mg/kg); DSF (50 mg/
kg); combination of BZ + DSF (50:50 mg/kg); and BZ + DSF (50:100 mg/kg), administered for 10 consecutive days (B, C, p > 0.05). Insert shows data
in a different scale. The parasites were counted daily (A) or weekly (B, C) on Neubauer chambers and the graphs were plotted in GraphPad Prism, 7.
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FIGURE 13

Histopathological analysis (H&E) of murine myocardium T. cruzi (Y strain)-infected mice, treated for 60 consecutive days, p.o. with vehicle (A);
10 mg/kg/d BZ-treated and (B) treated with the of 10 mg/kg/d DETC combined to 10 mg/kg/d BZ (C). Amastigote nests were observed in A and
B (arrowheads). Skeletal muscle of mice infected with Colombiana strain, for 100 d and treated for 30 consecutive days orally with 20 mg/kg/d
BZ (D), 20 mg/kg/d DSF (E) or combination of 10 mg/kg/d each (F). Picro Sirius red staining was employed to demonstrate fibrosis. The
combination using lowered concentrations was associated with reduced fibrosis (F). Magnification: 200X.
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Systemic toxicity of mice treated with DSF and BZ, alone and in combination, by determining blood levels of creatine kinase (A), urea (B), alanine
aminotransferase (C) and aspartate aminotransferase (D); after 20 mg/kg BZ or DSF and the 10 mg/kg/d BZ + 10 mg/kg/d DSF. Contrary to
isolated drugs, the combination, employing lowered dosages, did not increase plasma levels.
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T.cruzi, by colorimetric and cytometric approaches, presumably
by the formation of DS/DETC thiol-mediated conjugates with
GSH (Jin et al, 1994). Similarly DSF reducing GSH levels,
potentiate antiparasitic activity in malaria experimental models
(De Jongh, 1953a; De Jongh, 1953b; Deharo et al,, 2003).
Therefore, the use DSF may overcome T. cruzi drug-resistance
via different mechanisms.

The ultrastructural analysis performed here revealed surface
membrane discontinuities, which may be explained by lipid
peroxidation, corroborated by TBA determination, and the cell
surface damage may lead to loss of cytoplasmic content
culminating in necrosis and cell collapse observed by SEM.
The analysis by TEM revealed remarkable damage on parasite
ER and mitochondria, redox-active organelles. Oxidative stress
induces ER stress (Liu et al., 2019; Esmaeili et al., 2022) and DSF
triggers ROS-dependent ER stress (Shah O’Brien et al., 2019).
The ER stress is related to the mitochondrial one (Wang et al,
2016; Kim et al.,, 2022; Yuan et al., 2022) and the latter can be
promoted by the DETC-mediated SOD inhibition as well as by
the reductions in GSH levels.

DSF causes ER stress associated with ROS production (Shah
O’Brien et al,, 2019). ER stress may cause the organelle cisternae
dilation (Montalbano et al., 2013), which are not as conspicuous
as the remarkable enlargement observed in T. cruzi here, i.e., up
to over 1000-fold, revealed by ultrastructural morphometry (not
shown) and much higher than observed on mammalian cells.
Such difference may be explained at least in part by a selective
mechanism of action. It is noteworthy that ER stress was shown
to be implicated in the CD cardiomyopathy in a murine model
(Ayyappan et al,, 2019). DETC can enhance ER stress in a kidney
model (Kang et al., 2020), whereas its derivative DETC-MeSO
(S-methyl-N, N-diethylthiocarbamate sulfoxide) can decrease
ER stress markers in a stroke rat model (Mohammad-
Gharibani et al., 2014).

The ubiquitin system comprises therapy target in diverse
disorders (Wertz and Wang, 2019), and proteasome can be
exploited as chemotherapy target for parasitic protozoa (Cromm
and Crews, 2017; Xie et al., 2019). Parasite COP9 signalosomes
comprise potential targets for chemotherapy (Ghosh et al,
2020). Interestingly DSF inhibits the ubiquitin-proteasome
system (Cvek and Dvorak, 2008; Kona et al,, 2011). The ER
stress-associated cisternae dilation can be detected by EM (Riggs
et al,, 2005; Akiyama et al., 2009), so we employed the
ultrastructural approach to help elucidating antiparasitic
agents’ mechanisms of action (Vannier-Santos and De Castro,
2009). The inhibition of proteasome function causes the
accumulation of precursor proteins within ER cisternae
(Hoefer and Groettrup, 2021) and accumulation of misfolded
proteins may cause ER dilation (Sun et al., 2014) and trigger
oxidation-reduction futile cycles producing H,O, and depleting
reduced GSH pools in the ER (Malhotra et al., 2008).

The T. cruzi intracellular Ca** homeostasis is an important
therapeutic target (Benaim et al, 2020) and calcium can be
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transferred from the ER to mitochondria during stress via
mitochondria associated membranes (MAM), also termed ER-
mitochondria encounter structure (ERMES), and the Ca®*
overload may be implicated in mitochondrial damage (Mohsin
et al., 2020). We have previously described the ER-mitochondria
connection in Leishmania braziliensis treated with histone
deacetylase (HDAC) inhibitors, including the nuclear envelope
in the trypanosomatid parasite (Angelo de Souza et al., 2020).
HDAC inhibitors cause ER stress (Chen et al., 2017) and lead to
the formation of mitochondria-ER tight binding, associated with
ER cisternae enlargement, but it was much less pronounced than
reported here. A similar mitochondria-ER association was
detected here (Figure 5E), but since both compartments were
remarkably enlarged, an eventual connection interpretation
could be misleading.

Like the ER alterations, the DETC mitochondrial effects
observed on the parasite cells were not detected on the
mammalian cells, as previously reported in Leishmania-
infected macrophage (Khouri et al., 2010). Remarkably
enlarged mitochondria with washed out matrix were
previously observed in both T. cruzi (Menezes et al., 2006) and
Leishmania amazonensis (Vannier-Santos et al., 2008) exposed
to 1,4-diamino-2-butanone a biocide that impairs the T. cruzi
redox homeostasis (Soares et al., 2012) and induces
lipoperoxidation (Menezes et al., 2006; Vannier-Santos et al.,
2008). This putrescine analogue can inhibit polyamine transport
and biosynthesis, affecting numerous parasite cell functions
(Vannier-Santos and Suarez-Fontes, 2017), therefore involving
different pharmaceutical targets (Roberts and Ullman, 2017).
Polyamines play a pivotal role in trypanosomatid parasites,
including the antioxidant protection from lipid peroxidation
(Hernandez et al., 2006). Also, this polycation metabolism is
important for the antioxidant role of the spermidine-GSH
adduct Trypanothione (N1, N8-Bis(glutathionyl)spermidine,
TSH). TSH metabolism and SOD are drug targets for T. cruzi
infection (Beltran-Hortelano et al., 2017; Pifieyro et al., 2021).
Both NFX and BZ interfere with TSH metabolism (Maya et al.,
1997; Maya et al., 2007), and TSH confers T. cruzi resistance to
BZ and NFX (Maya et al., 2004; Faundez et al., 2005; Mesias
et al, 2019). TSH and tryparedoxin take part in BZ-resistance
(Gonzalez-Chavez et al., 2019) and the enzyme comprises a drug
target (Gonzalez-Chavez et al., 2015).

The fluorescent probe H,DCFDA labeling indicates the ROS
production and the oxidative stress triggering may be due both
to SOD inhibition by DETC (Heikkila et al., 1976; Heikkila et al.,
1978) as well as to lowering reduced glutathione levels (vide
supra). The DSF-mediated glutathionylation enhances the 0,®
and H,O, production in mitochondria (Hirschenson and
Mailloux, 2021) and SOD inhibition was previously shown to
reduce T. cruzi parasitemia in murine infection (Olmo et al,
2015). The SOD inhibition observed here was significant on the
parasite in vitro, but not in vivo, again possibly indicating a
selective mechanism. Interestingly, the T. brucei SOD gene sodb1
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deletion increases sensitivity to NFX and BZ (Prathalingham
et al,, 2007) and SOD inhibition enhances NFX antitumoral
activity (Koto et al, 2011). In this regard, the DSF and DETC
strongly inhibit T. cruzi SOD (Giulivi et al., 1988), and is
trypanocidal (de Freitas Oliveira et al, 2021), also exerting
leishmanicidal effects (Khouri et al., 2010). Interestingly, the T.
cruzi Fe-SOD is found within parasite mitochondria, preventing
programmed cell death (Piacenza et al., 2007). The
immunofluorescence labeling of TcSOD in the parasite
kinetoplast is relevant since it can preclude DNA
fragmentation (Piacenza et al, 2007). In the TEM images
shown here, we observed DETC-treated parasites with KDNA
disorganization as well as mitochondrial damage. In this regard,
arginase inhibition, causing redox imbalance, lead to kDNA
disorganization in Leishmania (Cruz et al, 2013). SOD
downmodulation may pose a dual advantage in CD therapy,
since the enzymes are involved in intracellular survival, as scape
mechanism from macrophage production of superoxide
(Martinez et al, 2019), but also drug resistance (Nogueira
et al., 2006; Campos et al., 2014; Campos et al., 2017). In this
regard, the Sirtuin TcSir2rp3 induces the overexpressing
TcFeSOD-A activities increasing T. cruzi resistance to BZ and
NFX (dos Santos Moura et al., 2021).

Thiocarbamates chelate copper and trigger its accumulation
and lipid peroxidation (Tonkin et al., 2004; Valentine et al., 2009;
Viquez et al., 2009). Besides, copper-containing nanoparticles
trigger oxidative stress and ER stress (Liu et al., 2021). Copper
chelated by DSF induces cancer cells apoptosis in a ROS and
mitochondria-dependent manner (Ren et al., 2021).

Ferroptosis is a programed cell death mechanism (Stockwell
et al, 2017) characterized by mitochondria with enhanced
matrix electron density and swollen cristae (Dixon et al.,
2012). Such alterations were observed by TEM here, so this
mechanism may be triggered by DSF. It should be kept in mind
that different cell death mechanisms such as necrosis, apoptosis,
and autophagy may be triggered simultaneously (dos Anjos
et al., 2016). Interestingly, in a murine model of sepsis, the
induction of pyroptosis and ferroptosis is associated with
downregulation of the mitochondrial aldehyde dehydrogenase
(Cao et al,, 2022) and since DSF and DETC inhibit this enzyme
(Deitrich and Erwin, 1971) may also trigger ferroptosis on
parasite cells.

Inhibition of cystine uptake, employed in GSH (Badgley
et al,, 2020) synthesis, transport causes ER stress associated with
ferroptosis in cancer cells (Dixon et al., 2014) and tryparedoxin
peroxidase-deficient Trypanosoma brucei parasites undergo
ferroptosis (Bogacz and Krauth-Siegel, 2018). Mitochondria
are involved in cysteine-deprivation leading to ferroptosis
(Gao et al., 2019).

The drug combination using DSF offers important
advantages, which may be both economical (Cvek, 2012; Soave
et al, 2016) and pharmacological, since this compound protects
normal cells (Jia and Huang, 2021), can diminish the toxicity of
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different drugs such as cis-diamminedichloroplatinum (Wysor
et al, 1982), including myocardial protection (Sonawane et al,
2018) and circa 30% of the CD patients develop heart disease,
characterized by arrhythmias among other cardiac
manifestations (Saraiva et al., 2021). It is worth mentioning
that DSF can suppress cardiac arrhythmogenesis (Sander et al,
2021). Nevertheless, DETC and DSF were reported to cause
neuropathies (Worner, 1982; Frisoni and Di Monda, 1989). In
addition, BZ and NEX may cause neuropsychiatric reactions
(Jackson et al., 2020). In this regard, it is noteworthy that DSF
and its derivatives were also reported to act as neuroprotective
agents (Zhao et al., 2000; Ningaraj et al., 2001; Libeu et al., 2012;
Mohammad-Gharibani et al., 2014; Prentice et al., 2015). The
eventual neurotoxic activity may be due at least in part to high
dosages used in the past (Gessner and Gessner, 1992) and
oxidative stress produced by copper accumulation leading to
lipid peroxidation (Tonkin et al., 2004), although DSF may exert
antioxidant effects (Kyle et al., 1989). This property is relevant
since both BZ (Pedrosa et al., 2001; Rigalli et al., 2016) and CD
(de Oliveira et al., 2007; Gupta et al., 2009) are associated with
oxidative stress.

Histopathological samples revealed no amastigote nests
detected in tissues of animals treated with low doses of the
DSE-BZ combination, which showed mild inflammatory
infiltrates and did not display significant fibrosis as assessed a
by the picrosirius red staining. CD is an inflammatory infection
(Talvani and Teixeira, 2011) associated with fibrosis and
pyroptosis (Cerban et al., 2020). The T. cruzi infection leads to
ROS formation in the mitochondria, triggering PARP-1 and NF-
kappaB activation, culminating in the production of pro-
inflammatory cytokines such as Il-12 and IFN-y (Ba et al,
2010), involved in cardiomyopathy pathophysiology (Cunha-
Neto et al, 1998). In this regard, DSF is anti-inflammatory
(Kanai et al., 2011), of potential use for inflammatory disorders
(Guo et al,, 2022), inhibiting oxidative stress and inflammasome
activation, preventing cardiac damage (Wei et al., 2022),
suppressing fibrosis (Zhang et al., 2021) and pyroptosis (Hu
et al, 2020; Li et al,, 2022; Zhou et al., 2022). The immune
response to T. cruzi infection associated with myocardial fibrosis
involves TGF-B (Chaves et al., 2019), and this cytokine
comprises a therapeutic target in the CD cardiac damage
(Waghabi et al, 2022). In this regard, DSF can inhibit TGF-3
receptor signal transduction (Jiang et al., 2021).

Systemic toxicity assays based on the measurement of
plasmatic CK, AST, ALT, and urea indicate decreased or
insignificant toxicity. DSF was shown to reduce toxicity of
several drugs such as cis-diamminedichloroplatinum, a
property termed “disulfiram rescue” for saving the treated
organism (Wysor et al, 1982; Roemeling et al., 1986). DETC is
also considered a rescue agent (Gandara et al., 1990).

Because of promising in vitro and in vivo results, we are
starting a clinical trial with the DSF-BZ combination (Saraiva
et al, 2021), comprising a bona fide translational approach.
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Taken together, the present data and the cytoprotective capacity
of DSF/DETC as well as the resistance reversion potential, such a
combination may be safe and effective, even in refractory
CD cases.
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Chronic Chagasic cardiomyopathy (CCC), a progressive inflammatory and
fibrosing disease, is the most prominent clinical form of Chagas disease, a
neglected tropical disease caused by Trypanosoma cruzi infection. During
CCC, the parasite remains inside the cardiac cells, leading to tissue damage,
involving extensive inflammatory response and irregular fibrosis. Among the
fibrogenic factors is transforming growth factor-B (TGF-B), a key cytokine
controlling extracellular matrix synthesis and degradation. TGF-J is involved
in CCC onset and progression, with increased serum levels and activation of its
signaling pathways in the cardiac tissue, which crucially contributes to fibrosis.
Inhibition of the TGF-B signaling pathway attenuates T. cruzi infection and
prevents cardiac damage in an experimental model of acute Chagas disease.
The aim of this study was to investigate the effect of TGF-f neutralization on T.
cruzi infection in both in vitro and in vivo pre-clinical models, using the 1D11
monoclonal antibody. To this end, primary cultures of cardiac cells were
infected with T. cruzi trypomastigote forms and treated with 1D11. For in vivo
studies, 1D11 was administered in different schemes for acute and chronic
phase models (Swiss mice infected with 10* parasites from the Y strain and
C57BL/6 mice infected with 102 parasites from the Colombian strain,
respectively). Here we show that the addition of 1D11 to cardiac cells greatly
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reduces cardiomyocyte invasion by T. cruzi and the number of parasites per
infected cell. In both acute and chronic experimental models, T. cruzi infection
altered the electrical conduction, decreasing the heart rate, increasing the PR
interval and the P wave duration. The treatment with 1D11 reduced cardiac
fibrosis and reversed electrical abnormalities improving cardiac performance.
Taken together, these data further support the major role of the TGF-
signaling pathways in T. cruzi-infection and their biological consequences on
parasite/host interactions. The therapeutic effects of the 1D11 antibody are
promising and suggest a new possibility to treat cardiac fibrosis in the chronic
phase of Chagas’ heart disease by TGF- neutralization.

KEYWORDS

cardiac fibrosis, Chagas disease, TGF-f, 1D11, treatment

Introduction

Chagas disease, also known as American trypanosomiasis, is
caused by the flagellate protozoan Trypanosoma cruzi,
transmitted by a triatomine insect vector, commonly known as
kissing bugs (World Helth Organization, 2021). Chagas disease
presents distinct and successive acute and chronic phases. In
humans, signals of the acute phase begin 6 to 10 days after
infection and last for about 4 to 8 weeks (Steverding, 2014). In
most cases, the acute phase is hardly identified with the absence
of symptoms or by presenting nonspecific clinical symptoms,
such as fever and malaise (Chagas, 1909; Dias, 1984; Rassi et al.,
2008). If not treated or in case of treatment failure, the acute
phase progresses into the chronic phase (Marin-neto et al., 2002;
Coura, 2007). Chronic chagasic cardiomyopathy (CCC) is the
main and most severe clinical manifestation of chronic Chagas
disease, representing an important problem in terms of public
health (Alvarez et al, 2014) and social impact (Amieva et al.,
2021). In the affected individuals, alterations in heart function
such as arrhythmias, apical aneurysms, thromboembolism and
progressive heart failure may result in sudden death (Rassi et al.,
2010). CCC is also the most common cause of non-ischemic
cardiomyopathy in Latin America, representing approximately
10,000 deaths/year in patients between 30 and 50 years old, in
endemic areas of Chagas disease (Rassi et al, 2010; Bocchi
et al., 2017).

In the chronic phase of infection the parasite remains in
myocardial cells contributing to the damage in cardiac tissue,
which involves inflammatory response, cell death, and focal
fibrosis (Sato et al., 1993; Andrade, 1999; Rassi et al., 2012).
Mononuclear cells-enriched cardiac inflammation is directly
related to the intensity of myocardial fibrosis, a biological
process conducted by cytokines and growth factors that act on
fibroblasts and stimulate collagen production (Rossi, 1998;
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Pereira et al., 2014; Pereira et al,, 2015). This damage leads to
structural modifications involving tissue repair and remodeling,
and results in replacement of cardiac tissue with connective
tissue, characteristic of the fibrotic process (Ihn, 2002; Zamilpa
et al, 2014). In view of the importance of fibrosis in cardiac
involvement during CCC, mechanisms involved in this process
represent potential targets for therapeutic strategies to prevent or
reverse fibrosis to improve the prognosis of patients with CCC,
since there are still no specific treatments for this phase of the
disease. The molecule that stands out as a key regulator in the
production and remodeling of the extracellular matrix in fibrosis
is TGF-.

TGF-P is a multifunctional cytokine, which plays a role in
regulating processes such as cell apoptosis, embryogenesis,
epithelial cell migration and epithelial-mesenchymal
transitions (Moustakas and Heldin, 2005). In mammals, there
are three isoforms of TGF-B: TGF-B1, TGF-B2 and TGF-B3.
These isoforms share homology of about 70% in the amino acid
sequence and are encoded by distinct genes located in different
chromosomes (Huang et al., 2014). However, TGF-B main
biological activities are associated with the regulation of cell
proliferation and differentiation, immunosuppressive activities,
and regulation of the deposition of extracellular matrix
components (Reisdorf et al., 2001; Moustakas and Heldin,
2005). Several studies have reported the involvement of TGF-3
in cardiac fibrosis (Eghbali et al., 1991; Okada et al., 2005; Tan
et al,, 2010; Bhandary et al., 2018; Frangogiannis, 2020; Ko et al.,
2022) and in other organs such as kidney, liver and lung (Daniels
et al., 2004; Wang et al., 2005; Gellibert et al., 2006; Petersen
et al., 2008; Dewidar et al., 2019; Gu et al., 2020; Inui et al., 2021).

In the last two decades, our group has been studying the role
of TGF-B as an inducer of several pathological processes in
Chagas disease (Ferreira et al., 2022; Waghabi et al., 2022). We
already investigated TGF-f3 pathway inhibition in experimental
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models of acute and chronic Chagas heart disease using
SB431542 and GW788388, which are two selective inhibitors
of the kinase activity of the TGF-P type 1 receptor TBR1/ALK5
(Waghabi et al,, 2007; de Oliveira et al.,, 2012; Ferreira et al,,
2019). The treatment with TGF-f pathway inhibitors improved
cardiac parameters as it (i) reduced the prolonged PR and QTc
intervals, increased heart rate, and reversed sinus arrhythmia,
and atrial and atrioventricular conduction disorders; (ii)
reversed the loss of connexin-43 enriched intercellular plaques
and fibrosis of the cardiac tissue; (iii) reduced activation and
expression of TGF-B intracellular proteins (Smad2/3); (iv)
modulated protein expression of fibrosis regulators (MMP-9,
reduced TIMP-1/TIMP-2/TIMP-4); and (v) partially restored
GATA-6 and Tbox-5 transcription, supporting cardiac recovery
(Ferreira et al,, 2019). Understanding the mechanisms triggered
by the strategies inhibiting TGF-f activity and the interference
of these factors in the development of Chagas’ cardiopathy are of
great importance. It makes TGF-f a relevant target for the
development of therapies for chronic heart disease patients.
However, the clinical use of inhibitors of TGF- receptor
kinase activity could induce some deleterious secondary effects,
such as heart-valve lesions, physeal dysplasia and an increase in
femur and tibia thickness (Anderton et al., 2011). Thus,
investigating new compounds that inhibit the TGF-B pathways
by other mechanisms is of utmost importance. In the present
study, we used in vitro and pre-clinical models to investigate the
effect of a neutralizing antibody (1D11), directed against the
three TGF-f isoforms, on T. cruzi infection.

Methods
Ethics statement

All mice procedures were carried out in strict accordance
with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the Brazilian National Council of Animal
Experimentation (http://www.cobea.org.br/ ) and the federal law
11.794 (8 October 2008). Protocols used in this study were
approved by the Institutional Committee for Animal Ethics of
Fiocruz (CEUA/Fiocruz, Licenses LW10/14 and LW42-11). All
efforts were made to minimize animal suffering.

Parasites

Trypomastigotes of the Y strain of T. cruzi were obtained
from the blood of infected mice at the peak of parasitemia
(Meirelles et al., 1986) and were maintained in serum-free
medium with 2% bovine serum albumin.

The Colombian T. cruzi DTU I strain (Zingales et al., 2012)
was maintained by serial passages in specific pathogen-free C57BL/
6 mice by IP injection of 5,000 blood trypomastigotes in 0.2 mL of
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pyrogen-free saline (BioManguinhos-Fiocruz, Brazil) every 35 days
post-infection (dpi), the parasitemia peak using this inoculum.

Primary cultures of cardiomyocytes

Cardiac cells from mouse embryos were obtained, and as
previously described these cells were contaminated with few
fibroblasts and endothelial cells (Meirelles et al., 1986). Cells
were maintained in Eagle’s medium (Sigma) supplemented with
7% fetal calf serum (FCS) (Sigma), 100 pg/ml gentamicin
(Sigma), 1 mM L-glutamine (Sigma), and 2.5 mM CaCl,.

Drug

1D11 is a murine IgG1 monoclonal antibody that neutralizes
all three TGF-B isoforms. The 1D11 antibody and its isotype
matched murine IgGl control (13C4) were produced by
Genzyme Corporation (Sanofi-Genzyme, USA). The vehicle
used for these antibodies was composed of 20 mM histidine,
135 mM NaCl, 10 mM methionine, 0.01% tween 80.

Infection and treatment in in vitro assays

Cardiac cells were seeded over gelatin-coated glass coverslips
in 24-well plates (1 x 10° cells/well) for 24 h at 37°C under an
atmosphere of 5% CO,. Cultures were incubated with fresh
medium containing 25, 100 and 200 pg/mL 1D11 and 100 pg/
mL 13C4 or vehicle for 2 h before infection or during the
addition of trypomastigotes of the Y strain in a parasite-to-host
cell proportion of 10:1. Parasites were also pre-treated with 100
pg/mL 1D11 for 2 h before infection. At the time indicated, cells
were washed with phosphate-buffered saline (PBS), fixed in
Bouin’s solution, and stained with Giemsa solution. The
percentage of cardiac cells containing parasites and the
number of parasites per infected cell were determined by
counting 400 cells/slide on two distinct coverslips at 24, 48, 72,
and 96 h post infection. Analysis was performed with a Zeiss
microscope at a magnification of x400. Data are means +
standard deviations from three independent experiments.

Infection and treatment in in vivo assays

Acute phase model

Male Swiss mice (age 6 to 8 weeks, weight 18 to 20 g) were
obtained from the animal facilities of ICTB (Instituto de Ciéncia e
Tecnologia em Biomodelos (ICTB/FIOCRUZ, Rio de Janeiro,
Brazil). Mice were housed for at least 1 week before parasite
infection under environmental factors and sanitation according to
the “Guide for the Care and Use of Laboratory Animals”. Infection
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was performed by intraperitoneal (IP) injection of 10* bloodstream
trypomastigotes from the Y strain of T. cruzi. Sex and age-matched
noninfected mice were maintained under identical conditions.

Chronic phase model

Female C57BL/6 mice (H-2°, aged 4 to 6 weeks) were
obtained from the animal facilities of ICTB (FIOCRUZ, Rio de
Janeiro, Brazil). Animals were housed for at least one week
before parasite infection at Animal Facility/IOC under
environmental factors and sanitation according to “Guide for
the Care and Use of Laboratory Animals”. For all experimental
procedures, C57BL/6 mice were infected by IP injection of 100
blood trypomastigotes of the Colombian strain of T. cruzi
(Ferreira et al., 2019). Parasitemia was employed as a
parameter to establish acute and chronic phases using 5 UL of
blood obtained from the tail vein and it was also individually
checked by direct microscopic counting of parasites, as
previously described (Brener, 1962; Waghabi et al., 2009).

1D11 treatment

Treatment was performed by intraperitoneal (IP)
administration (0.2 mL) of the 1D11 antibody, and its isotype
matched murine IgG1 control (13C4). For determination of the
best dose, 1D11 was IP administered to Y-infected mice at 5 dpi
with 1.25, 2.5, 5 and 10 mg/Kg. Further, as the best-chosen dose,
mice received 5mg/Kg 1D11 in different schemes of treatment
for acute and for chronic phase assays. The control group
received vehicle buffer using the same scheme.

Experimental groups

Mice were divided into the following groups respecting the limit
of 5 animals per cage: untreated and non-infected (NI), untreated
and T. cruzi infected (T. cruzi) and 1D11 treated and T. cruzi
infected, using 5 treatment schemes for the acute phase studies:
single dose at 3 dpi (SD d3), single dose at 5 dpi (SD d5), day 0+
three times a week (d0+ 3xw), day 3+ once a week (d3+ 1xw), and
day 3+ three times a week (d3+ 3xw). For chronic phase studies,
mice were divided into the following groups: untreated and non-
infected (NI), untreated and T. cruzi infected (T. cruzi) and 1D11
treated and T. cruzi infected, using 2 treatment schemes: single dose
at 120 dpi (SD d120) and day 120+ once a week (d120+ 1xw). Eight
to 10 mice from each group were used for analysis at each different
dpi, and three independent experiments were performed to
assure reproducibility.

Mortality and parasitemia

The mortality of the mice was checked daily until 30 dpi (for
acute phase model) and until 150 dpi (for chronic phase model)
and expressed as a percentage of cumulative mortality. To check
the effects of treatments on parasite circulation, parasitemia was
individually checked by direct microscopic counting of parasites
in 5 pl of blood, as described above.
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Electrocardiography analysis

ECG recording and analysis were performed in all groups of
infected and non-infected animals. Mice were IP tranquilized with
diazepam (20 mg/Kg), fixed in the supine position and the
transducers were carefully placed subcutaneously according to
chosen preferential derivation (DII). Traces were recorded using a
digital system (Power Lab 2/20) connected to a bio-amplifier at 2
mV for 1 s (PanLab Instruments, Spain). Filters were standardized
between 0.1 and 100 Hz and traces were analyzed using the Scope
software for Windows V3.6.10 (PanLab Instruments, Barcelona,
Spain). ECG parameters were recorded for at least 2 min and
evaluated in the acute (at 15 dpi) and chronic phases (at 120, 150
and 180 dpi), using the following standard criteria: the heart rate,
monitored by beats/minute (bpm), and the variation at P wave
and PR, QRS and correct QT intervals (QTc), all measured in
milliseconds (ms). The ECG parameters were analyzed as
previously described (Ferreira et al., 2019).

Histological assessment of cardiac fibrosis

Formalin-fixed tissues were dehydrated and embedded in
paraffin. Sections (3 wm) were stained by Masson’s trichrome as
previously described (Ferreira et al., 2019). Sections were observed
using a Nikon microscope coupled with image acquisition systems
(Nikon) and the images were assessed for percentage area of
collagen using CellProfiler image analysis software (http://www.
cellprofiler.org). In addition, percent of Masson’s Trichrome
stained area (light blue areas) was quantified for each heart
section in a 10x microscopic magnification. Two heart sections
were made for each mouse, and 4-6 fields were quantified per
section to obtain whole tissue information.

Statistical analysis

Differences between infected and non-infected groups and
between infected mice, 1D11 treated or not, were considered
statistically significant when *p< 0.05, **p< 0.01, and **p< 0.001,
as determined by GraphPad Prism 8.0 software (GraphPad
Software Inc., San Diego, CA, USA). All the analyses were
performed using the non-parametric Mann-Whitney test.

Results

1D11 treatment decreases T. cruzi
invasion of cardiac cells in vitro

Given that it was previously demonstrated that TGF-3 and its
receptors are required for T. cruzi entry into cardiomyocytes
(Ming et al., 1995; Waghabi et al, 2005; Waghabi et al., 2007), we
first tested the use of 1D11 during the process of invasion of these
cells by T. cruzi. To this end, cardiac cells were treated with 25, 100
and 200 pg/ml 1D11 for 24 h during T. cruzi Y strain infection.
Figure 1A demonstrates that the addition of 100 and 200 pg/ml
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1D11 reduced T. cruzi host cell infection. We also tested the pre-
treatment of both parasites (TC PT) and cardiac cells (CM PT)
with 100 pg/ml 1D11 (Figure 1B) and observed similar effect as
compared to 1D11 addition during infection (DI). Thus, we chose
to use 100 pg/ml 1D11 in the next steps to continue the
investigation of TGF- neutralization during in vitro T. cruzi
infection on cardiac cells. We performed a kinetic study from 24 h
until 96 h of T. cruzi infection, and observed a sustained lower
percentage of T. cruzi infected cardiac cells after the inhibition of
TGEF-B even after 96 h post infection (Figure 1C). Quantification
of the percentage of infected cells is shown in Figures 1A-C

1D11 treatment inhibits the intracellular
T. cruzi cell cycle

We have previously demonstrated that TGF-f3 is implicated
in T. cruzi infection and controls its intracellular life cycle
(Waghabi et al., 2005, 2007), thus we examined whether the
TGF-P neutralization with 1D11 during the process of T. cruzi
infection could affect the intracellular parasite cycle. For this
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purpose, cells were treated with 100 pg/ml 1D11, and compared
with controls. Our results showed that the addition of 1D11
reduced the number of intracellular forms of the parasite
(Figure 1D). Quantification of the number of intracellular
parasites during the cycle showed that there was already a
significant difference in the mean number of intracellular
parasite forms, at 48 h post infection. This difference increased
throughout the infection, reaching the highest differences, at
96 h (Figure 1D).

Comparison of the different schemes of
treatment with 1D11 in vivo

In the second set of experiments, 5mg/Kg antibody was
administered in vivo by IP injection in male Swiss mice infected
with 10* bloodstream trypomastigotes of the Y strain in the acute
model. Evaluating parasitemia and survival rates, we observed
that treatment starting at 3 dpi (SD d3) was not beneficial to
infected mice, resulting in similar parasitemia peak and
mortality as compared to untreated group (T. cruzi). On the
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1D11 treatment decreases T. cruzi invasion of cardiomyocytes and the parasite number per infected cells. The percentage of cardiac cells
containing parasites (A—C) and the number of parasites per infected cell (D) were determined by counting 400 cells/slide on two distinct
coverslips at 24, 48, 72, and 96 h post infection. Data are means + standard deviations from three independent experiments. Significant
differences between infected cells treated or not with 1D11 are indicated by *p < 0.05 **p< 0.01, ***p< 0.001.
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other hand, a single dose of 1D11 treatment at 5dpi (SD d5)
showed best results in decreasing the parasitemia peak and
protecting mice from death (Supplemental Figures 1A-C).
Thus, for the subsequent studies, the treatment scheme of
1D11 d5 was chosen. The next step was to test the best dose
of 1D11 to be IP administered, and to this end we performed a
dose-response assay with 1.25, 2.5, 5 and 10 mg/Kg of 1D11. The
results showed a dose-dependent inhibition of parasitemia at 8
dpi from 1.25 up to 10 mg/Kg of 1D11 (Supplemental Figures
1D-F) and 5mg/Kg 1D11 d5 was considered as the best dose as it
presented similar results as compared to the 10mg/Kg dose
(Supplemental Figures 1D-F).

1D11 treatment reduced parasitemia and
increased mice survival rates in acutely T.
cruzi-infected mice

All assays were thus performed with the 5 mg/Kg dose of
1D11 in a single dose scheme at 5 dpi. Under these conditions,
1D11 led to a significant reduction at the peak of parasitemia,
reaching 60% of reduction on circulating parasites and 65% of
reduction on mortality rates of the mice after 30 dpi
(Figures 2A, B).

1D11 treatment prevented heart damage
during acute phase of T. cruzi infection

At 15 dpi, ECG parameters were evaluated, and the analysis
of the ECG traces demonstrated atrial ventricular block with PR
interval higher than 40 ms, leading to sinus bradycardia in sham-
treated T. cruzi- infected mice as compared to the non-infected
control group (472.8 and 774.2 bpm, respectively, Figure 3A).
ECG analysis demonstrated that at 15 dpi, all mice presented a
significant decrease in heart rate, as measured by beats per
minute (bpm) (Figure 3B), associated with a significant
increase of QRS complex (Figure 3C), PR (Figure 3D) and
QTc (Figure 3E) intervals, when compared with sex- and age-
matched non-infected (NI) controls. 1D11 IP administration
significantly limited the bpm decrease at 15 dpi, with a mean
heart rate of 549.2 bpm (Figure 3B). Further, improved QRS
complex, PR and QTc intervals were observed in presence of
1D11 (Figures 3C-E).

1D11 treatment increased mice survival
rates in chronically T. cruzi-
infected mice

After characterizing the successful effect of a single IP dose of
1D11 during the experimental acute phase of Chagas disease, we
aimed to test the possible benefits of such administration in
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1D11 best dose administration in a single dose scheme at 5 dpi
reduced the peak of parasitemia and improved the survival rates.
The treatment reduced (A) the peak of parasitemia and (B)
mortality rates after 30 dpi. Data are means + standard
deviations from three independent experiments. Significant
differences between infected mice treated or not with 1D11 are
indicated by **p< 0.01, ***p< 0.001.

chronic T. cruzi infected mice, in which the fibrotic feature is
already installed in mice hearts. In the chronic model assay, T.
cruzi-infected animals presented a circulating parasite peak at 42
dpi. This evaluation was an important step for the confirmation
that the animals were infected and would develop Chagas disease
(data not shown), and thus, only mice presenting parasites at the
parasitemia peak were considered for chronic infection
evaluations. Given that best results of 1D11 treatment during
the acute phase were obtained with the single dose scheme, we
decided to sustain this scheme during the chronic phase and also
included a group of mice treated once a week for 30 days starting
at 120 dpi, when cardiac damage has already been installed.
About 90% of the infected animals survived the acute phase and
progressed to the chronic phase of Chagas disease (120 dpi).
When treated with 1D11 in both schemes (SD d120 and d120+
1xw), we observed an increase of approximately 15% in survival
of these animals at 150 dpi (Figure 4). We did not detect
significant variation in body weight between studied groups.
Weighing of the heart, liver, kidney, and spleen was also
performed, and a significant increase was observed in liver and
spleen weight of infected animals compared to the control group,
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1D11 IP administration restored electrocardiographic parameters. 1D11 was administered at 5 dpi by intraperitoneal injection in male Swiss mice
infected with 10* bloodstream trypomastigotes of the Y strain. Representative electrocardiographic tracings of each group at 15 dpi are shown
(A). 1D11 treatment resulted in best heart rate, in beats per minute (bpm) (B); PR interval in milliseconds (C); QRS interval (D) and QTc interval in
milliseconds (E). Significant differences between non infected and infected mice treated or not with 1D11 are indicated by *p< 0.05 **p< 0.01,

***p< 0.001.

but the 1D11 treatments was not able to act on these alterations
(data not shown).

1D11 treatment reversed cardiac altered
electrical conduction in T. cruzi-infected
mice models

We further tested the effects of 1D11 administration in
animals chronically infected with T. cruzi focusing on the heart
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parameters. To this end, we performed electrocardiogram
analysis at the end of the experiment at 150 dpi.
Electropherograms were selected to demonstrate the evolution
of cardiac electrical alterations observed in the same mouse; thus,
an electropherogram of a mouse in 120 dpi (ml 120 dpi)
indicates the presence of atrium-ventricular blockage grade 1
(AVB1), which clearly evolved into an atrium-ventricular
blockage grade 2 (AVB2) in 150 dpi (ml 150 dpi). After
1D11 administration in single dose, mice improved the heart
electrical disorders; in Figure 5, we showed a mouse ECG tracing
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1D11 treatment increased mice survival rates in chronically T. cruzi-infected mice. After 120 dpi 1D11 was administered in two schemes: single
dose at 120 dpi (SD d120) and starting at 120 dpi + once a week (d120+ 1xw). Significant differences between non infected and infected mice
treated or not with 1D11 are indicated by *p< 0.05
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and QTc interval in milliseconds (E). Significant differences
between non infected and infected mice treated or not with

in the heart of animals with 120 and 150 dpi (Figures 6A, B, 1D11 are indicated by *p< 0.05, **p< 0.01, ***p< 0.001.

respectively). Both 1D11 treatment schemes decreased heart

cardiac fibrosis, both in humans and in experimental models

model, we identified a significant increase in collagen deposition
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mice treated or not with 1D11 are indicated by ***p < 0.001.

fibrosis, but we still observed a higher percent of area of collagen
deposition in the heart of infected animals as compared to non-
infected ones (Figure 6C-E). Although 1D11 d120+ 1xw treated
mice presented a slight reduction in the collagen area as
compared to the group of mice treated in a single dose
scheme, SD d120, it was not statistically significant
(Figure 6C-E).
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Figure 6

1D11 treatment reverses heart fibrosis in mice chronically infected with T. cruzi. After 120 dpi 1D11 was administered in two schemes: (C) a
single dose at 120 dpi (SD d120) and (D) starting at 120 dpi + once a week (d120+ 1xw). (A) Non-infected (NI) and (B) infected mice were
sacrificed at 150 dpi for fibrosis assessment. Heart sections were stained for collagen deposition by Masson'’s trichrome (light blue staining). (E)
Percent of Masson's Trichrome stained area (light blue areas) was quantified on microscopic images of heart sections using CellProfiler image
analysis software. Data is a representative image of 10 independent mice per group. Significant differences between non infected and infected
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Discussion

Even more than a century after its discovery, many challenges
remain unresolved when the subject is Chagas disease.
Therapeutic and prognostic methods must still be improved
(Vilar-Pereira et al., 2016; Pérez-Molina and Molina, 2018).
Here, we aimed to investigate the role of TGF-B on T. cruzi
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infection using the 1D11 monoclonal antibody, which neutralizes
the three isoforms of TGF-B in in vitro and pre-clinical models.
We showed that addition of 1DI1 to cardiac cells reduces
cardiomyocyte invasion by T. cruzi and the number of parasites
per infected cell. In both acute and chronic experimental models,
T. cruzi infection altered the electrical conduction: decreasing the
heart rate, increasing the PR interval and the P wave duration.
The treatment with 1D11 reversed electrical abnormalities,
improved cardiac performance, and reduced cardiac fibrosis.

In 2007, we demonstrated that SB-431542, an inhibitor of
ALK5, inhibited T. cruzi-induced activation of the TGF-B
pathway in epithelial cells and in cardiomyocytes. We also
described that addition of SB-431542 reduced cardiomyocyte
invasion by T. cruzi. Furthermore, we concluded that SB-431542
treatment significantly reduced the number of parasites per
infected cell and of trypomastigote differentiation and release.
To confirm these data we first tested a neutralizing antibody that
recognizes human TGF-B 1, 2 and 3 (1D11, Genzyme) on
infected cardiac cells from mouse embryos treated with
different concentrations of the antibody. The addition of 1D11
reproduced our previous findings: (1) it inhibited cardiac cells
invasion by T. cruzi, (2) it reduced the percentage of cells
infected with T. cruzi; and (3) it reduced the number of
parasites per infected cell. These results are important, since
they demonstrate that neutralizing TGF-} activity before its
binding to cell receptors not only inhibits T. cruzi invasion but
also acts through inhibiting parasite proliferation probably
impairing the infection of neighbor’s cells.

Fibrosis is one of the most significant histopathologic
findings of CCC, being associated with the presence of
inflammatory infiltrates and degeneration of cardiac cells
(Rossi and Bestetti, 1995; Rossi, 2001). The mechanisms
driving the progression of fibrosis in different organs and
tissues are similar and have common features. The progressive
accumulation of connective tissue and excessive deposition of
extracellular matrix components result in the replacement of
normal tissue architecture and loss of functional activity. This
process is mediated by soluble cytokines and growth factors,
which regulate cell migration, proliferation, and differentiation,
as well as the synthesis and degradation of extracellular matrix
components, amongst which TGF-f (Gharee-Kermani and
Pham, 2001; Hata and Chen, 2016).

In the present study, 1D11 modulated parasitemia and
survival rates. Moreover, TGF-3 neutralization also improved
the cardiac function, when compared with the control group,
corroborating other data in the literature. A previous study
performed by our group showed that GW788388, a potent
selective inhibitor of ALK5, administrated in an acute model
of Chagas disease significantly decreased parasitemia, and
improved cardiac electrical conduction as measured by PR
interval in electrocardiography, restored connexin43
expression, increased survival and decreased cardiac fibrosis.
Here, we also showed that TGF-B neutralization starting at 5 dpi
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exerts beneficial actions through inhibiting the progression of
heart commitment by electrical disorders, such as arrythmias.

Recently we investigated TGF-B pathway inhibition by
GW788388, using an experimental model of chronic Chagas’
heart disease (Ferreira et al., 2019). Treatment with the TGF-8
receptor inhibitor improved several cardiac parameters, with
reversion of heart fibrosis followed by a better heart function.
However, the clinical use of inhibitors of TGF-} receptor kinase
activity could induce some deleterious secondary effects
(reviewed in Aratjo-Jorge et al, 2012). Thus, here we also
investigated the monoclonal antibody 1D11 during the
experimental chronic phase of Chagas disease. 1D11 antibody
has already been studied in other preclinical models; it was
applied in a model of kidney fibrotic disease in which it was
observed that mice receiving 1D11 from day 3 presented
prevention of glomerular fibrosis even when started after the
onset of proteinuria (Liang et al., 2016). A more recent work used
1D11 to demonstrate that aberrant activation of transforming
growth factor-B (TGF-) mobilizes mesenchymal/stromal stem
cells in blood, which are recruited for the prostatic stromal
hyperplasia (Wang et al., 2017). Hypertensive induced
myocardial fibrosis was also studied under the effect of 1D11 in
vivo and in vitro treatment (Wong et al., 2018), where it was
shown that connective tissue growth factor (CTGF) expression is
dependent on TGF-f3 signaling in a model of myocardial fibrosis.
Another study also demonstrated the beneficial IP administration
of 1D11 in a model of hepatic fibrosis (Ling et al., 2013). 1D11
administration was also effective to prevent radiation-induced
lung injury (Anscher et al, 2006). These important findings
corroborate the application of TGF-f neutralization in the
complex cardiac fibrotic disorder observed by T. cruzi infection.

1D11 therapy ameliorates critical aspects of the disease.
Therefore, TGF-§ emerges as a candidate to treat the fibrosis
deregulation associated with chronic Chagas’ heart disease and
to improve patient prognosis. These data strongly reinforce that
the treatment with antibodies could represent a new therapeutic
strategy to address acute and chronic phases of Chagas disease
that warrants further clinical exploration. We have conducted a
series of studies investigating the role of TGF-f and its pathway
inhibition. Here, we have again reinforced the importance of
using TGF-B pathway inhibitors in Chagas chronic disease
development. Thus, as a strategic step, pharmaceuticals
worldwide should reinforce the development of humanized
antibodies against TGF-} to become suitable for human tests.
Finally, on-target anti-TGF-} therapies should be addressed in
clinical trials in order to test its efficacy in patients presenting the
cardiac disorder due to chronic Chagas disease.
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