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Editorial on the Research Topic

Clinical and Molecular Features of Infectious Cardiomyopathies: Implications for Prevention,

Treatment and Management

Heart diseases are the leading cause of death worldwide. The current Research Topic covers aspects
associated with the pathogenesis or progression of different cardiomyopathies, ranging from the
role of the pathogen, through the influence of diet and host factors. Parasitic infections, which
are often associated with cardiac manifestations, account for significant morbidity and mortality
in extensive areas of the world, especially in developing countries. Some of these infections
may affect the anatomic structures of the heart, such as the myocardium and pericardium,
as well as the pulmonary vasculature, producing a wide variety of cardiac manifestations. As
an example, Chagas disease, caused by the protozoan Trypanosoma cruzi, is a major cause of
cardiomyopathies worldwide.

Although the articles presented in the Research Topic discuss myocardial diseases of different
etiologies, they are heavily biased toward Chagas disease cardiomyopathy, which is the main
Research Topic of eight out of 10 papers. The study by de Oliveira et al. addressed an important
issue in Chagas disease, which is the correlation of parasitemia and disease severity. Studying
a cohort of 181 patients, they demonstrated that, although the parasitemia is variable amongst
chronic patients, high parasitemia is correlated with a reduction of left ventricular ejection fraction,
an important prognostic factor in Chagas cardiomyopathy. Intriguingly, the systematic review
presented by Bosch-Nicolau et al. in this same Research Topic failed to demonstrate an association
between parasite DNA and Chagas cardiomyopathy. Although apparently antagonistic, these
studies consider different aspects: myocardial function in cardiac patients, and cardiomyopathy
without considering severity of heart damage. These studies add to our knowledge in an area that
is still controversial and need further development.

In another study, de Oliveira et al. demonstrated the occurrence of a moderate to high intra-
discrete typing unit (DTU) V variability in patients from Bolivia living in Spain. Importantly,
this study showed an association between parasite alleles with the lack of cardiac involvement
in patients with Chagas disease, suggesting that parasite genetic intra-DTU variability may be a

5
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FIGURE 1 | Graphic summary of the infectious cardiomyopathies addressed in this topic.

marker of disease favorable outcome. Echeverría et al.
approached the potential use of several molecules as biomarkers
of left ventricular diastolic dysfunction. The authors showed
that, except for sST2, the levels of all markers analyzed [pro-B
type natriuretic peptide (NT-proBNP), galectin-3 (Gal-3),
neutrophil gelatinase-associated lipocalin (NGAL), high-
sensitivity troponin T (hs-cTnT), soluble (sST2), and cystatin-C
(Cys-c)] were associated with high risk of patients having
diastolic dysfunction. Amongst these markers, NT-proBNP
was the best marker for identifying diastolic dysfunction.
These studies, although with relatively low numbers of patients,
enlighten the search for much neededmarkers of disease severity.

The role of the host’s immune response was also addressed
in this Research Topic. Pinto et al. showed a modulation of
activated and regulated T-cell subpopulations by the interactions
of CD80/CD86 with CD28/CTLA-4, respectively. This work
implicates the network of co-stimulatory signals as potential
targets to control Chagas cardiomyopathy. The study by
Neves et al. shows an extensive comparison of the expression
of cytokines, recruitment and effector molecules between
patients with Chagas and idiopathic cardiomyopathies. While
the data shows significant immunological differences between

the cardiomyopathies, some similarities regarding expression
of chemokine receptors and TNF were found, identifying
potential common targets of intervention in these diseases.
Using experimental models of T. cruzi infection, de Souza et al.
and Dhanyalayam et al. showed the involvement of a lard-
rich diet and of sex in severity of Chagas cardiomyopathy,
respectively. These findings contribute to our understanding
regarding the role of host and environmental factors in Chagas
cardiomyopathy involvement. This, the Research Topic of studies
regarding Chagas disease in the current Research Topic, address
the influence of parasite, host, and environmental factors in
disease development.

Lastly, the studies by Ferrari et al. and Jan et al. discuss
pulmonary arterial hypertension, a well-known consequence of
infection with the parasite Schistosoma mansoni, and acute heart
failure associated with Takotsubo syndrome, respectively. These
studies highlight potential points of intervention and clinical
markers of these diseases.

Overall, the studies presented here add to the current clinical
knowledge of these cardiomyopathies, while also providing
information regarding their epidemiology, pathogenesis,
diagnosis, and treatment. In addition, the studies present
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strong suggestions of biomarkers of disease progression
and/or cure, to guide patient care. We believe that the content
of this Research Topic will aid general practitioners and
cardiologists in the identification and treatment of parasitic
and infectious cardiomyopathies. Figure 1 shows the graphic
summary of the papers published in this topic.
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Background: Trypanosoma cruzi has a high rate of biological and genetic variability,

and its population structure is divided into seven distinct genetic groups (TcI-TcVI and

Tcbat). Due to immigration, Chagas disease (ChD), caused by T. cruzi, has become a

serious global health problem including in Europe. Therefore, the aim of this study was to

evaluate the existence of genetic variability within discrete typing unit (DTU) TcV of T. cruzi

in Bolivian patients with chronic ChD residing in Barcelona, Spain.

Methods: The DNA was extracted from the peripheral blood of 27 patients infected with

T. cruzi DTU TcV and the fragments of the genetic material were amplificated through the

low stringency single primer-polymerase chain reaction (LSSP-PCR). The data generated

after amplification were submitted to bioinformatics analysis.

Results: Of the 27 patients evaluated in the study, 8/27 (29.6%) were male and

19/27 (70.4%) female, 17/27 (62.9%) were previously classified with the indeterminate

clinical form of Chagas disease and 10/27 (37.1%) with Chagas cardiomyopathy.

The LSSP-PCR detected 432 band fragments from 80 to 1,500 bp. The unweighted

pair-group method analysis and principal coordinated analysis data demonstrated the

existence of three distinct genetic groups with moderate-high rates of intraspecific

genetic variability/diversity that had shared parasite’s alleles in patients with the

indeterminate and cardiomyopathy forms of ChD.

Conclusions: This study demonstrated the existence of a moderate to high rate of

intra-DTU TcV variability in T. cruzi. Certain alleles of the parasite were associated with
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the absence of clinical manifestations in patients harboring the indeterminate form of

ChD. These results support the need to search for increasingly specific targets in the

genome of T. cruzi to be correlated with its main biological properties and clinical features

in patients with chronic ChD.

Keywords: Chagas disease, Trypanosoma cruzi, DTU TcV, genetic variability, cardiac form

INTRODUCTION

Chagas disease (ChD) is caused by the hemoflagellate protozoan
Trypanosoma cruzi and chronic Chagas cardiomyopathy is the
most severe manifestation (1). According to recent data from the
World Health Organization (WHO), ∼6 to 7 million people are
chronically infected with T. cruzi worldwide, and more than 75
million individuals are at risk of infection (2).

The genetic structure of T. cruzi is currently divided into
seven distinct genetic groups, also known as discrete typing
units (DTUs), TcI–TcVI, and TcBat (3, 4). T. cruzi presents
a high rate of biological and genetic variability (5) and these
differences may be linked to the main biological parameters of
the different strains of T. cruzi, such as geographical distribution
and human clinical manifestations of ChD. However, no previous
studies have presented sufficient data to confirm effectively such
potential correlations (6).

The area of spread of ChD is wide across the American
continent. One of the most notable changes in the epidemiology
of parasitic diseases in recent decades is the emergence of
ChD in European countries, and the associated risk of T. cruzi
transmission outside endemic areas (7). Europe is currently
hosting large immigrant populations, with recent data estimating
that immigrant populations represented 8.7% of the total
European population in 2010 (8). The prevalence of ChD
infection in Latin American immigrants living in Europe is
estimated in 4.2%, with the highest prevalence among migrants
from Bolivia (18.1%) and Paraguay (5.5%) (9). Population
movement over recent years has led to an increased prevalence of
ChD in these countries, primarily due to high numbers of Latin
American immigrants chronically infected with T. cruzi (10).

Although direct vector transmission cannot occur in
Europe, ChD can be transmitted in non-endemic countries via
blood transfusion and organs transplantation, or even vertical
transmission (9). Measures to control vertical transmission have
been designed and implemented in some countries to avoid
spreading ChD in Europe, although these measures have not
been shown to be entirely viable (11).

Assessing the real burden and implications for public health
of ChD in European countries is crucial. Therefore, this study
aimed to evaluate the intraspecific genetic variability of DTU TcV
from T. cruzi in immigrant patients with chronic ChD residing
in Barcelona, Spain, and to correlate the genetic differences
intra-DTU with the correspondent clinical forms of ChD.

MATERIALS AND METHODS

Patients and Blood Samples
Were evaluated twenty-seven patients with ChD infected byDTU
TcV previously genotyped by our group (12). Diagnosis of ChD

was confirmed for all 27 patients via two positive serological tests
and real-time PCR, according to the WHO recommendations.
All patients were clinically evaluated at Vall d’Hebron University
Hospital, Barcelona, Spain, between 2015 and 2019. From all
patients, 5mL of peripheral blood were collected and mixed with
an equal volume of guanidine 6 M/EDTA 0.2M pH 8 (13). The
Guanidine-EDTA Blood lysates (GEB) were boiled for 15min,
incubated at room temperature for 24 h, and stored at 4◦C until
use (14).

Extraction of DNA From Blood/Guanidine
and EDTA Samples
DNA was extracted from 200 µL of guanidine/EDTA blood
(GEB) samples and eluted in 55 µL using the NucliSens
easyMAG R© system (Biomerieux, France), according to the
manufacturer’s instructions.

Clinical Evaluation of Patients
The 27 patients with positive serology and real-time PCR for
ChD, were clinically evaluated at the Infectious Diseases Division,
Vall d’Hebron University Hospital, Barcelona, Spain, through
anamnesis, 12-lead electrocardiogram, chest, esophageal, and
colon X-rays, and rest transthoracic echocardiography. The
patients were classified as having different clinical forms of
chronic ChD (15, 16).

Intra-DTU TcV Genetic Variability
To assess the intraspecific genetic variability of the previously
genotyped T. cruzi DTU TcV (11) present in the peripheral
blood of patients with chronic ChD, low stringency single primer
(LSSP-PCR) methodology (17) was performed. To obtain the
genetic signature of T. cruzi kDNA, the following steps were
performed: (A) amplification of the 330 bp fragment specific
to T. cruzi kDNA (18). The amplified products were run on a
1.5% agarose gel (Sigma R©), stained with Syber (Midori Green
Advanced DNA Strain, Nippon Genetics Europe Gmbh) and
viewed on the Biorad photo documentation platform (Molecular
Imager, Gel DOC XR, Imaging System). The 330 bp fragments
were removed from the agarose gel, heated to 100◦C, and diluted
in ultrapure water at a 1:10 dilution. (B) DNA of the diluted 330
bp band fragments was subjected to a new amplification cycle
using the LSSP-PCR technique with the S35G∗ primer (5′-AAA
TAA TGT ACG GGG GAG AT-3′). A volume of 1 µL of diluted
DNA was added to the 10 µL of the reaction mixture containing
6.38 µL of sterile milli-Q water, 2.0 µL of sample buffer, 0.2 µL
of each deoxynucleotide (dATP, dCTP, dGTP, and dTTP–Sigma,
St. Louis, MO, USA), 0.1 µL of the S35G ∗ primer (450µM),
and 0.32 µL of Taq DNA polymerase (Go Taq-Promega) (18).
Amplification occurred under the following conditions: an initial
DNA denaturation stage at 95◦C for 5min, annealing at 30◦C
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for 1min, and extension at 72◦C for 1min, followed by 40
amplification cycles consisting of a denaturation step at 94◦C for
1min, one cycle of annealing at 30◦C for 1min, followed by a final
extension step at 72◦C for 10min. The LSSP-PCR products were
separated in 6% polyacrylamide gel electrophoresis and revealed
with NaOH and formaldehyde after silver staining (19). After
photo documentation the differences in the patterns of band
profiles were analyzed via bioinformatics tests.

Bioinformatics Analysis
The LSSP-PCR profiles were used to build a presence/absence
matrix of each visualized band, allowing a similarity analysis to be
built using NTSYSpc software. The relationships between T. cruzi
strains were estimated using a dendrogram representative of
the LSSP-PCR data. These were constructed based on the
coefficient of association (20) and the analysis of unweighted
peer groups [unweighted pair-groupmethod analysis (UPGMA)]
using Mega 6.04 Beta software. To estimate Shannon’s diversity,
the cophenetic correlation coefficient, heterozygosity by locus
(He), and principal coordinated analysis (PCoA) were performed
using the GenAlEx 6.5 software. In this case, a genetic distance
matrix was built. This calculation of genetic distances took
place in pairs for binaries. Data followed the methods of Huff
and collaborators (21), wherein any comparison with the same
state generates a value of 0 (for both 0 vs. 0 comparisons and
comparisons 1 vs. 1), while any comparison of different states (0
vs. 1 or 1 vs. 0) generates a value of 1.

Ethical Approval
This study was approved by the Human Research Ethics
Committee of the Vall d’Hebron University Hospital. All patients
who agreed to participate in the study signed an informed
consent form.

RESULTS

Patient Characteristics
This study included 27 patients with chronic ChD, identified
via positive serology (IgG anti-T. cruzi) and real-time PCR for
ChD, who were clinically managed at the Infectious Disease
Clinic of the Vall d’Hebron University Hospital, Barcelona, Spain
between 2015 and 2019. All patients reside in Barcelona, Spain,
and are immigrants from Bolivia, 8/27 (29.6%) being male and
19/27 (70.4%) female (Table 1). The mean age of the patients
was 47.1 ± 12.44 years (Table 1). Taking into account clinical
features, echocardiography (ECG) and radiological exams, 17/27
(62.9%) of the patients, presented the indeterminate form of ChD
and 10/27 (37.1%) the cardiomyopathy form. All patients with
Chagas cardiomyopathy’ were categorized in stage B1 of clinical
evolution according to the European Society of Cardiology (13).
No patient had the digestive, nervous, or mixed clinical forms
of ChD.

Intra DTU TcV Genetic Variability of
Trypanosoma cruzi
The LSSP-PCR analysis showed that the reaction amplified
the 330 pb fragment of the T. cruzi kDNA in all 27 DNA

TABLE 1 | General information of patients with Chagas disease involved in

the study.

Sample code Age Gender Clinical form DTU

(years)

1 32 F Cardiac TcV

2 27 F Indeterminate TcV

3 43 M Cardiac TcV

4 65 F Cardiac TcV

5 68 F Cardiac TcV

6 39 M Indeterminate TcV

7 60 F Indeterminate TcV

8 41 M Indeterminate TcV

9 46 M Indeterminate TcV

10 38 F Cardiac TcV

11 56 F Indeterminate TcV

12 67 F Indeterminate TcV

13 35 M Indeterminate TcV

14 44 F Indeterminate TcV

15 56 F Indeterminate TcV

16 28 M Indeterminate TcV

17 27 F Indeterminate TcV

18 39 F Indeterminate TcV

19 37 F Indeterminate TcV

20 56 F Indeterminate TcV

21 60 F Cardiac TcV

22 53 F Cardiac TcV

23 56 F Indeterminate TcV

24 44 M Cardiac TcV

25 62 M Cardiac TcV

26 43 F Cardiac TcV

27 50 F Indeterminate TcV

F, Female; M, Male; TcV, T. cruzi DTU; DTU, Discrete Typing Unit.

FIGURE 1 | Gel representative of the amplified products of the LSSP-PCR.

MW–Molecular Weight: 1 kb; 1, 5, 2, 24, 20, 27, 13, and 14 patient samples.

samples from patients infected with TcV DTU. After the second
amplification cycle, a total of 432 fragments were detected, and
the products amplified were evaluated. The sizes of the bands
varied between 80 and 1,500 bp (Figure 1). Sixteen profiles
of the amplified products of the LSSP-PCR were obtained
and only one (6.25%) was shared among all samples. The
percentage of polymorphic loci was 93.84%, demonstrating the
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FIGURE 2 | Phenogram containing UPGMA (unweighted pair-group method analysis) of the 27 samples of T. cruzi belonging to DTU TcV. The numbers on the

horizontal scale were obtained from the similarity coefficient of data. Different colors represent the clinical forms (indeterminate and cardiac) and gender of each patient

(male or female).

existence of a high rate of genetic variability among the samples.
The cophenetic correlation coefficient, which verifies that the
dendrogram preserved the distances in pairs between the original
unmodeled data points, obtained a value of 0.851, confirming the
high representation of the similarity matrices in the dendrogram.
The UPGMA dendrogram distinguished T. cruzi DTU TcV
samples into three distinct groups (Figure 2). Patients with the
indeterminate form of ChD were clearly grouped in two groups
(group 1 and 2) of the dendrogram, what showed that the
genomes of these protozoa share certain alleles that may indicate
common genetic characteristics and less intraspecific variability.
For patients with the cardiac form of ChD, no sharing of distinct
alleles was observed, indicating a higher rate of intraspecific
genetic variability and complexity (Figure 2).

The DICE similarity coefficient corroborated the data
contained in the dendrogram and UPGMA. This analysis was
used to assess the variability of alleles in each sample in the

range 0 to ± 1 (Figure 3). When comparing DNA samples from
patients with the Indeterminate clinical form of Chagas disease,
it was observed that the color intensity in Figure 3 tends to
become darker, approaching the number 1 staining score. This
may indicate a high degree of similarity between these samples.

The analysis of the principal coordinated analysis (PCoA)
in the two axes demonstrated 80.30% (35.1 + 45.2%) of
the variability between the components (Figure 4) and, in
total, three distinct groups were formed, as shown in the
UPGMA dendrogram. The average expected He was 0.296,
indicative of moderate-high genetic diversity among the 27
samples. In addition, Shannon Weaver’s diversity index (H′

= 3,159), a quantitative measure that defines the genetic
diversity of species taking into account their variability, was
also considered moderate to high. This assessment was used
to describe the richness of the intra-DTU TcV variability
of T. cruzi.
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FIGURE 3 | DICE similarity coefficient represented in the range of 0 to ± 1 for the 27 samples of T. cruzi (DTU TcV), (p, patient).

DISCUSSION

Trypanosoma Cruzi specie includes heterogeneous

subpopulations that circulate in both domestic and wild cycles

(22), and this diversity can be observed at the morphological

(23), biological, antigenic (24), and genetic (5, 25) levels.

Moreover, T. cruzi is currently subdivided into seven distinct
genetic groups (DTUs TcI-TcVI and Tcbat) (4), and each DTU

has its own characteristics (3). In order to better understand the
disease in each geographical region it is necessary to study the
molecular epidemiology of this parasite, inherently related to the
main biological characteristics, which consequently have clinical
implications on Chagas disease clinical features and evolution.

ChD is endemic in Latin America; however, the epidemiology
of this infection has changed, mainly due to recent population
migration for countries of distinct continents. At present, ChD
is an important public health problem in other non-endemic
regions, such as Europe (8). Immigration to Europe from
Latin American countries has increased steadily over the last
2 years, especially to southern European countries, such as
Spain and Italy. More recently, there is evidence for Latin
American immigration to northern countries in Europe as
well (10, 26). These population movements have increased the
occurrence of ChD in these countries (9), since a considerable
proportion of Latin American immigrants are chronically
infected with T. cruzi, added to the occurrence of autochthone
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FIGURE 4 | Principal coordinated analysis (PCoA) for the 27 samples of T. cruzi belonging to the TcV discreet typing unit (DTU).

cases transmitted by mechanisms independent to triatomine
vectors. Consequently, the number of reported cases of ChD
with or without cardiac involvement has increased dramatically
in recent years, especially in European countries, such as Spain,
Italy, and Switzerland, where most Latino immigrants have
settled (27, 28). Thus, studies aiming to evaluate the possible
association between the intraspecific genetic variability of T. cruzi
with the specific clinical forms of ChD are necessary.

It is known that DTU TcV is closely related to the domestic
cycle of ChD associated with human disease in countries such
as Argentina, Bolivia, Chile and Paraguay (6). This genotype
is related to the presentation of clinical cardiac and digestive
symptoms in patients from countries in the southern cone and
little is known about their natural mammalian reservoirs (3).
Previous studies have demonstrating the existence of genetic
variability within TcI (29) and TcII (30) isolates. In the present

study, a pioneering moderate-high rate of genetic variability
within DTU TcV of T. cruzi in a specific population of Bolivian
immigrants in Spain was assessed by LSSP-PCR. Furthermore, an
association was detected between the indeterminate form of ChD
and sharing certain alleles present in the parasite’s genome.

It is relevant to emphasize that the LSSP-PCR methodology
had been described and widely used to identify T. cruzi
underlines before the first genotyping criteria emerged in
2009 (31–33). Burgos and collaborators used this methodology
to evaluate the decrease of certain subclasses of the parasite
kDNA minicircles in the peripheral blood and brain tissue
of a patient infected with human immunodeficiency virus
and with T. cruzi (TcII) during treatment for Chagas disease
(34). Similarly, Costales and collaborators employed LSSP-
PCR to investigate the presence of polyclonal infection of the
parasite belonging to the TcI genotype in a cardiomyopathic
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patient with reactivation of the infection after heart
transplantation (35).

Lages-Silva et al. (30) also tried to establish the association
of intra-DTU genetic variability with the different clinical
manifestations of patients infected with T. cruzi. It is worth
mentioning that the authors used the same molecular technique
(LSSP-PCR) employing different genes, and as in the present
study, they were unable to detect an effective correlation, what
demonstrated the need to search for genetic targets that are
increasingly intrinsic in the parasite’s genome. In the work
involving DTU TcI (29), the study group sought to assess the
association between the TcI genotype and the home and wild
distribution of the genetic lineage in its hosts and biological
aspects of the strains. It is worth mentioning that the TcV DTU is
a hybrid strain, originating from several hybridization processes
between TcI and TcII, with loss of heterozygosity between the
progeny to produce TcIII and TcIV, followed by a second more
recent hybridization event between TcII and TcIII to produce
both, TcV and TcVI (36).

Lima and collaborators evaluated a family with two
generations of patients with chronic ChD infected with
DTU TcII, and attempted to establish the DTU/clinical forms
correlation. However, no satisfactory results were obtained,
possibly due to the low number of clinical samples. Despite of
similarly to the present study, in addition, they reported low
genetic variability/diversity in samples of the parasite belonging
to the TcII genotype (37).

In our study the UPGMA analysis of the samples
demonstrated the existence of three large groups within the
T. cruzi TcV genotype, including a high rate of intraspecific
genetic variability/diversity of this DTU. Similar data were
obtained by some of us using T. cruzi DTU TcII and TcVI
genotypes (38). We demonstrated, through UPGMA and PCoA
of random amplification of polymorphic DNA, the existence of
a high rate of genetic variability within DTU TcII and TcVI of T.
cruzi in samples from patients with chronic ChD residing in an
important endemic region of Minas Gerais state, Brazil.

Additionally, in accordance with the UPGMA results of
our study, Macchiaverna and collaborators showed that the
sequencing data of the T. cruzi TcMK (mevalonate kinase) gene
in clinical samples from chronic patients in Argentina, revealed a
low rate of genetic variability within the DTU TcV, and showing
apparently two robust subgroups of isolates (39).

Few studies have undertaken a more detailed intra-DTU
approach in an attempt to detect the appropriate correlations
with the clinical forms of ChD presented by the patients. A
more common approach has been to search correlation between
T. cruzi DTUs and the clinical forms of ChD. However, it
is reasonable to speculate that small genetic modifications or
alterations in parasite genomes at intra-DTU level may be more
related to the induction of distinct clinical manifestations of
this disease, and even responses to a specific treatment against
the T. cruzi, favoring a better understanding of the clinical and
epidemiological aspects of this disease in endemic and non-
endemic regions.

Therefore, knowing the genetic variability of T. cruzi intra-
DTU TcV in immigrant patients with chronic ChD residing in

Barcelona, Spain, is crucial to understanding the public health
implications of ChD in European countries. Improving this
understanding could contribute for the adequate design and
planning of more effective public health interventions to improve
the health of the immigrants and control the vertical transmission
of ChD, which is a serious problem in Europe nowadays.

CONCLUSIONS

This study demonstrated the existence of a moderate to high
rate of intra-DTU TcV variability in T. cruzi, in a specific
population of Bolivian immigrants in Spain. Being demonstrated
association of sharing of certain alleles of the parasite with
the absence of clinical manifestations in patients harboring the
indeterminate clinical form of ChD, a trend to be assessed in a
larger population. The information provided in this study could
affect the planning of more effective public health interventions
to improve the health of immigrants, vertical transmission
control, and improvement of ChD treatment in countries with
predominance of infection by TcV genotype. The results of this
study support the need to search for increasingly intrinsic and
specific targets in the genome of T. cruzi to be correlated with its
main biological properties and clinical features in patients with
chronic ChD.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by Human Research Ethics Committee of the
Vall d’Hebron University Hospital. The patients/participants
provided their written informed consent to participate in
this study.

AUTHOR CONTRIBUTIONS

MO, ES, AS, and IM: conceptualization. MO, ES, and IM:
data curation. MO: formal analysis, validation, and writing—
original draft. MO and JM-N: funding acquisition. MO, ML,
and JS: investigation. MO, ES, and AS: methodology. JM-N and
IM: project administration and supervision. MO, ES, ML, and
IM: resources. MO, ES, AS, ML, JM-N, and IM: visualization.
MO, MS, ML, JS, JM-N, and IM: writing—review and editing.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was supported by São Paulo Research Foundation
(FAPESP)- fapesp.br/en (Grant No. 2018/22093-4), São Paulo
Research Foundation (FAPESP)- fapesp.br/en (Grant No.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 7 May 2021 | Volume 8 | Article 66562414

https://www.fapesp.br/en
https://www.fapesp.br/en
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Oliveira et al. Intra-DTU TcV Genetic Variability

2019/11943-0), São Paulo Research Foundation (FAPESP)-
fapesp.br/en (Grant No. 2016/25403-9), and Universitat
Autònoma de Barcelona, Vall d’Hebron University Hospital,
PROSICS Barcelona, Spain.

ACKNOWLEDGMENTS

We thank Pilar Alcubilla for her technical support and Mercedes

Guerrero Murillo for bioinformatics analysis.

REFERENCES

1. Rassi A, Rassi A, Marcondes de Rezende J. American trypanosomiasis

(Chagas disease). Infect Dis Clin North Am. (2012) 26:275–91.

doi: 10.1016/j.idc.2012.03.002

2. WHO. Chagas Disease (American trypanosomiasis). Fact sheet No. 340.

WHO (2018).

3. Zingales B. Trypanosoma cruzi genetic diversity: something

new for something known about Chagas disease manifestations,

serodiagnosis and drug sensitivity. Acta Trop. (2018) 184:38–52.

doi: 10.1016/j.actatropica.2017.09.017

4. Zingales B, Andrade SG, Briones MRS, Campbell DA, Chiari E, Fernandes

O, et al. A new consensus for Trypanosoma cruzi intraspecific nomenclature:

second revision meeting recommends TcI to TcVI. Mem Inst Oswaldo Cruz.

(2009) 104:1051–4. doi: 10.1590/S0074-02762009000700021

5. Tibayrenc M. Genetic subdivisions within Trypanosoma cruzi (discrete typing

units) and their relevance for molecular epidemiology and experimental

evolution. Kinetoplastid Biol Dis. (2003) 2:12. doi: 10.1186/1475-9292-2-12

6. Zingales B, Miles MA, Campbell DA, Tibayrenc M, Macedo AM, Teixeira

MMG, et al. The revised Trypanosoma cruzi subspecific nomenclature:

rationale, epidemiological relevance and research applications. Infect Genet

Evol. (2012) 12:240–53. doi: 10.1016/j.meegid.2011.12.009

7. Requena-Méndez A, Aldasoro E, de Lazzari E, Sicuri E, Brown M, Moore

DAJ, et al. Prevalence of chagas disease in Latin-American migrants living in

Europe: a systematic review and meta-analysis. PLoS Negl Trop Dis. (2015)

9:e0003540. doi: 10.1371/journal.pntd.0003540

8. Rechel B, Mladovsky P, Ingleby D, Mackenbach JP, McKee M. Migration

and health in an increasingly diverse Europe. Lancet. (2013) 381:1235–45.

doi: 10.1016/S0140-6736(12)62086-8

9. Pérez-Molina JA, Molina I. Chagas disease. Lancet. (2018) 391:82–94.

doi: 10.1016/S0140-6736(17)31612-4

10. Basile L, Jansà JM, Carlier Y, Salamanca DD, Angheben A, Bartoloni A, et al.

Chagas disease in european countries: the challenge of a surveillance system.

Eurosurveillance. (2011) 16:3. doi: 10.2807/ese.16.37.19968-en

11. Muñoz J, Coll O, Juncosa T, Vergés M, Pino M Del, Fumado V, et al.

Prevalence and vertical transmission of Trypanosoma cruzi infection among

pregnant latin american women attending 2 maternity clinics in barcelona,

spain. Clin Infect Dis. (2009) 48:1736–40. doi: 10.1086/599223

12. de Oliveira MT, Sulleiro E, Gimenez AS, de Lana M, Zingales B, da Silva

JS, et al. Quantification of parasite burden of Trypanosoma cruzi and

identification of discrete typing units (Dtus) in blood samples of latin

american immigrants residing in Barcelona, Spain. PLoS Negl Trop Dis. (2020)

14:e0008311. doi: 10.1371/journal.pntd.0008311

13. Avila HA, Sigman DS, Cohen LM, Millikan RC, Simpson L. Polymerase chain

reaction amplification of Trypanosoma cruzi kinetoplast minicircle DNA

isolated from whole blood lysates: diagnosis of chronic Chagas’ disease. Mol

Biochem Parasitol. (1991) 48:11–21. doi: 10.1016/0166-6851(91)90116-n

14. Britto C, Cardoso MA, Wincker P, Morel CM. A simple protocol for the

physical cleavage of Trypanosoma cruzi kinetoplast DNA present in blood

samples and its use in polymerase chain reaction (PCR)-based diagnosis

of chronic Chagas disease. Mem Inst Oswaldo Cruz. (1993) 88:171–2.

doi: 10.1590/s0074-02761993000100030

15. Dias JCP, Ramos AN, Gontijo ED, Luquetti A, Shikanai-Yasuda MA, Coura

JR, et al. Aspectos Gerais da epidemiologia da doença de chagas com especial

atenção ao Brasil. Epidemiol Serv Saude Rev Sist Unico Saude Bras. (2016)

25:7–86. doi: 10.5123/S1679-49742016000500002

16. Mora G. Chagas cardiomyopathy. E J Cardiol Pract? (2016) 14:31–28. https://

www.escardio.org/Journals/E-Journal-of-Cardiology-Practice/Volume-14/

Chagas-cardiomyopathy

17. Vago AR, Macedo AM, Oliveira RP, Andrade LO, Chiari E, Galvão LMC, et al.

Kinetoplast DNA signatures of Trypanosoma cruzi strains obtained directly

from infected tissues. Am J Pathol. (1996) 149:2153–59.

18. Gomes ML, Macedo AM, Vago AR, Pena SDJ, Galvão LMC, Chiari E.

Trypanosoma cruzi: optimization of polymerase chain reaction for detection

in human blood. Exp Parasitol. (1998) 88:28–33. doi: 10.1006/expr.1998.4191

19. Santos FR, Pena SDJ, Epplen JT. Genetic and population study of a Y-

linked tetranucleotide repeat DNA polymorphism with a simple non-isotopic

technique. Hum Genet. (1993) 90:655–6. doi: 10.1007/BF00202486

20. Dice LR. Measures of the amount of ecologic association between species.

Ecology. (1945) 26:297–302. doi: 10.2307/1932409

21. Huff DR, Peakall R, Smouse PE. RAPD variation within and among

natural populations of outcrossing buffalograss [Buchloë dactyloides (Nutt.)

Engelm.]. Theor Appl Genet. (1993) 86:927–34. doi: 10.1007/BF00211043

22. TibayrencM,Ward P, Moya A, Ayala FJ. Natural populations of Trypanosoma

cruzi, the agent of Chagas disease, have a complex multiclonal structure. Proc

Natl Acad Sci USA. (1986) 83:115–9. doi: 10.1073/pnas.83.1.115

23. Brener Z, Chiari E. Varia C Oes morfol’ogicas observadas em diferentes

amostras DE. Rev Inst Med Trop São Paulo. (1963) 19:220–224.

24. Maguire JH, Hoff R, Sleigh AC, Mott KE, Ramos NB, Sherlock IA. An

outbreak of Chagas’ disease in southwestern Bahia, Brazil. Am J Trop Med

Hyg. (1986) 35:931–6. doi: 10.4269/ajtmh.1986.35.931

25. Tibayrenc M, Ayala FJ. The population genetics of Trypanosoma cruzi

revisited in the light of the predominant clonal evolution model. Acta Trop.

(2015) 151:156–65. doi: 10.1016/j.actatropica.2015.05.006

26. Gascon J, Bern C, Pinazo MJ. Chagas disease in Spain, the United States

and other non-endemic countries. Acta Trop. (2010) 115:22–7.

doi: 10.1016/j.actatropica.2009.07.019

27. Jackson Y, Gétaz L, Wolff H, Holst M, Mauris A, Tardin A, et al. Prevalence,

clinical staging and risk for blood-borne transmission of chagas disease among

Latin American migrants in Geneva, Switzerland. PLoS Negl Trop Dis. (2010)

4:e592. doi: 10.1371/journal.pntd.0000592

28. Coura JR, Vias PA. Chagas disease: a new worldwide challenge.Nature. (2010)

465:S6–7. doi: 10.1038/nature09221

29. León CM, Hernández C, Montilla M, Ramírez JD. Retrospective distribution

of Trypanosoma cruzi I genotypes in Colombia. Mem Inst Oswaldo Cruz.

(2015) 110:387–93. doi: 10.1590/0074-02760140402

30. Lages-Silva E, Ramírez LE, Pedrosa AL, Crema E, Da Cunha Galvão LM, Pena

SDJ, et al. Variability of kinetoplast DNA gene signatures of Trypanosoma

cruzi II strains from patients with different clinical forms of Chagas’ disease

in Brazil. J Clin Microbiol. (2006) 44:2167–71. doi: 10.1128/JCM.02124-05

31. Vago AR, Andrade LO, Leite AA, d’Ávila Reis D, Macedo AM, Adad SJ, et al.,

Filho GB, Pena SDJ. Genetic characterization of Trypanosoma cruzi directly

from tissues of patients with chronic chagas disease: differential distribution

of genetic types into diverse organs. Am J Pathol. (2000) 156:1805–9.

doi: 10.1016/S0002-9440(10)65052-3

32. Franco DJ, Vago AR, Chiari E, Meira FCA, Galvão LMC, Machado

CRS. Trypanosoma cruzi: mixture of two populations can modify

virulence and tissue tropism in rat. Exp Parasitol. (2003) 104:54–61.

doi: 10.1016/S0014-4894(03)00119-X

33. Segatto M, Rodrigues CM, Machado CR, Franco GR, Pena SDJ, Macedo AM.

LSSP-PCR of Trypanosoma cruzi: how the single primer sequence affects the

kDNA signature. BMC Res Notes. (2013) 6:174. doi: 10.1186/1756-0500-6-174

34. Burgos JM, Begher SB, Freitas JM, Bisio M, Duffy T, Altcheh J, et al. Molecular

diagnosis and typing of Trypanosoma cruzi populations and lineages in

cerebral chagas disease in a patient with AIDS. Am J Trop Med Hyg. (2005)

73:1016–8. doi: 10.4269/ajtmh.2005.73.1016

35. Costales JA, Kotton CN, Zurita-Leal AC, Garcia-Perez J, Llewellyn MS,

Messenger LA, et al. Chagas disease reactivation in a heart transplant patient

Frontiers in Cardiovascular Medicine | www.frontiersin.org 8 May 2021 | Volume 8 | Article 66562415

https://www.fapesp.br/en
https://doi.org/10.1016/j.idc.2012.03.002
https://doi.org/10.1016/j.actatropica.2017.09.017
https://doi.org/10.1590/S0074-02762009000700021
https://doi.org/10.1186/1475-9292-2-12
https://doi.org/10.1016/j.meegid.2011.12.009
https://doi.org/10.1371/journal.pntd.0003540
https://doi.org/10.1016/S0140-6736(12)62086-8
https://doi.org/10.1016/S0140-6736(17)31612-4
https://doi.org/10.2807/ese.16.37.19968-en
https://doi.org/10.1086/599223
https://doi.org/10.1371/journal.pntd.0008311
https://doi.org/10.1016/0166-6851(91)90116-n
https://doi.org/10.1590/s0074-02761993000100030
https://doi.org/10.5123/S1679-49742016000500002
https://www.escardio.org/Journals/E-Journal-of-Cardiology-Practice/Volume-14/Chagas-cardiomyopathy
https://www.escardio.org/Journals/E-Journal-of-Cardiology-Practice/Volume-14/Chagas-cardiomyopathy
https://www.escardio.org/Journals/E-Journal-of-Cardiology-Practice/Volume-14/Chagas-cardiomyopathy
https://doi.org/10.1006/expr.1998.4191
https://doi.org/10.1007/BF00202486
https://doi.org/10.2307/1932409
https://doi.org/10.1007/BF00211043
https://doi.org/10.1073/pnas.83.1.115
https://doi.org/10.4269/ajtmh.1986.35.931
https://doi.org/10.1016/j.actatropica.2015.05.006
https://doi.org/10.1016/j.actatropica.2009.07.019
https://doi.org/10.1371/journal.pntd.0000592
https://doi.org/10.1038/nature09221
https://doi.org/10.1590/0074-02760140402
https://doi.org/10.1128/JCM.02124-05
https://doi.org/10.1016/S0002-9440(10)65052-3
https://doi.org/10.1016/S0014-4894(03)00119-X
https://doi.org/10.1186/1756-0500-6-174
https://doi.org/10.4269/ajtmh.2005.73.1016
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Oliveira et al. Intra-DTU TcV Genetic Variability

infected by domestic Trypanosoma cruzi discrete typing unit i (TcIDOM).

Parasit Vect. (2015) 8:435. doi: 10.1186/s13071-015-1039-3

36. Freitas JM, Augusto-Pinto L, Pimenta JR, Bastos-Rodrigues L,

Gonçalves VF, Teixeira SMR, et al. Ancestral genomes, sex, and the

population structure of Trypanosoma cruzi. Plos Pathog. (2006) 2:e24.

doi: 10.1371/journal.ppat.0020024

37. Lima APB, de Oliveira MT, Silva RR, Torres RM, Veloso VM, de Lana

M, et al. Evaluation of parasite and host genetics in two generations

of a family with Chagas disease. Parasitol Res. (2018) 117:3009–13.

doi: 10.1007/s00436-018-5969-5

38. De Oliveira MT, MacHado De Assis GF, Oliveira E Silva JCV, MacHado

EMM, Da Silva GN, Veloso VM, et al. Trypanosoma cruzi Discret Typing

Units (TcII and TcVI) in samples of patients from two municipalities

of the Jequitinhonha Valley, MG, Brazil, using two molecular typing

strategies. Parasites and Vectors. (2015) 8: doi: 10.1186/s13071-015-1

161-2

39. Macchiaverna NP, Enriquez GF, Buscaglia CA, Balouz V, Gürtler RE, Cardinal

MV. New human isolates of Trypanosoma cruzi confirm the predominance

of hybrid lineages in domestic transmission cycle of the Argentinean Chaco.

Infect Genet Evol. (2018) 66:229–35. doi: 10.1016/j.meegid.2018.10.001

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.

Copyright © 2021Oliveira, Sulleiro, Silva, Silgado, de Lana, da Silva, Molina and

Marin-Neto. 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 Cardiovascular Medicine | www.frontiersin.org 9 May 2021 | Volume 8 | Article 66562416

https://doi.org/10.1186/s13071-015-1039-3
https://doi.org/10.1371/journal.ppat.0020024
https://doi.org/10.1007/s00436-018-5969-5
https://doi.org/10.1186/s13071-015-1161-2
https://doi.org/10.1016/j.meegid.2018.10.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


ORIGINAL RESEARCH
published: 25 May 2021

doi: 10.3389/fcvm.2021.667580

Frontiers in Cardiovascular Medicine | www.frontiersin.org 1 May 2021 | Volume 8 | Article 667580

Edited by:

Livia Passos,

Brigham and Women’s Hospital and

Harvard Medical School,

United States

Reviewed by:

Ana Carolina Leao,

Baylor College of Medicine,

United States

Amelie Vromman,

Brigham and Women’s Hospital and

Harvard Medical School,

United States

*Correspondence:

André Talvani

talvani@ufop.edu.br

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

General Cardiovascular Medicine,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 13 February 2021

Accepted: 15 April 2021

Published: 25 May 2021

Citation:

Souza DMS, Silva MC, Farias SEB,

Menezes APJ, Milanezi CM, Lúcio KP,

Paiva NCN, Abreu PM, Costa DC,

Pinto KMC, Costa GP, Silva JS and

Talvani A (2021) Diet Rich in Lard

Promotes a Metabolic Environment

Favorable to Trypanosoma cruzi

Growth.

Front. Cardiovasc. Med. 8:667580.

doi: 10.3389/fcvm.2021.667580

Diet Rich in Lard Promotes a
Metabolic Environment Favorable to
Trypanosoma cruzi Growth
Débora Maria Soares de Souza 1,2,3†, Maria Cláudia Silva 4†, Silvia Elvira Barros Farias 1,

Ana Paula de J. Menezes 1, Cristiane Maria Milanezi 4, Karine de P. Lúcio 5,

Nívia Carolina N. Paiva 6, Paula Melo de Abreu 2, Daniela Caldeira Costa 3,5,

Kelerson Mauro de Castro Pinto 1,7, Guilherme de Paula Costa 1,3, João Santana Silva 4,8

and André Talvani 1,3,9*

1 Laboratory of Immunobiology of Inflammation, Department of Biological Sciences, Federal University of Ouro Preto, Ouro

Preto, Brazil, 2 Biological Science Post-graduate Program, Federal University of Ouro Preto, Ouro Preto, Brazil, 3Health and

Nutrition Post-graduate Program, Federal University of Ouro Preto, Ouro Preto, Brazil, 4Department of Biochemistry and

Immunology, Ribeirão Preto Medical School, University of São Paulo, São Paulo, Brazil, 5 Laboratory of Metabolic

Biochemistry, Department of Biological Sciences, Federal University of Ouro Preto, Ouro Preto, Brazil, 6Center of Research in

Biological Sciences, Federal University of Ouro Preto, Ouro Preto, Brazil, 7 School of Physical Education, Federal University of

Ouro Preto, Ouro Preto, Brazil, 8 Fiocruz-Bi-Institutional Translational Medicine Plataform, Ribeirão Preto Medical School,

University of São Paulo, São Paulo, Brazil, 9Health Science, Infectology and Tropical Medicine Post-graduate Program,

Federal University of Minas Gerais, Belo Horizonte, Brazil

Background: Trypanosoma cruzi is a protozoan parasite that causes Chagas disease

and affects 6–7 million people mainly in Latin America and worldwide. Here, we

investigated the effects of hyperlipidic diets, mainly composed of olive oil or lard on

experimental T. cruzi infection. C57BL/6mice were fed two different dietary types in which

the main sources of fatty acids were either monounsaturated (olive oil diet) or saturated

(lard diet).

Methods: After 60 days on the diet, mice were infected with 50 trypomastigote forms

of T. cruzi Colombian strain. We evaluated the systemic and tissue parasitism, tissue

inflammation, and the redox status of mice after 30 days of infection.

Results: Lipid levels in the liver of mice fed with the lard diet increased compared with

that of the mice fed with olive oil or normolipidic diets. The lard diet group presented with

an increased parasitic load in the heart and adipose tissues following infection as well as

an increased expression of Tlr2 and Tlr9 in the heart. However, no changes were seen in

the survival rates across the dietary groups. Infected mice receiving all diets presented

comparable levels of recruited inflammatory cells at 30 days post-infection but, at this

time, we observed lard diet inducing an overproduction of CCL2 in the cardiac tissue and

its inhibition in the adipose tissue. T. cruzi infection altered liver antioxidant levels in mice,

with the lard diet group demonstrating decreased catalase (CAT) activity compared with

that of other dietary groups.

Conclusions: Our data demonstrated that T. cruzi growth is more favorable on tissue of

mice subjected to the lard diet. Our findings supported our hypothesis of a relationship

between the source of dietary lipids and parasite-induced immunopathology.

Keywords: inflammation, Trypanosoma cruzi, saturated fatty acids, monounsaturated fatty acids, adipose tissue,

cardiac tissue
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INTRODUCTION

The protozoan Trypanosoma cruzi, the etiological agent of
Chagas’ disease, affects 6–7 million people worldwide (1). The
parasite triggers an intense tissue inflammatory response in
the mammalian host (2, 3), which culminates in damage to
cardiac cells. The progressive myocarditis is associated with high
mortality and morbidity rates (4, 5).

In the absence of an effective pharmacological treatment
against the T. cruzi, there has been a growing demand for
methods that control the parasite replication and regulate the
parasite induced immune response to minimize tissue damage
in infected hosts (6). In this sense, it has been argued that the
nutritional status and dietary quality might be of importance
for the regulation of the host immune responses and in the
progression of infection (7–9). Diets rich in saturated fatty acids
have been linked to increasing adiposity and comorbidities such
as diabetes, hypertension, atherosclerosis, as well as interfering in
the immune response that favor the growth of T. cruzi (10, 11).
Diets rich in monounsaturated and polyunsaturated fatty acids
are beneficial to the body as they improve cardiac function and
modulate the immune system (12, 13).

Considering that T. cruzi infection causes a chronic systemic
and cardiac pattern of inflammatory response, and different
lipids are present in the intra- and extracellular environmental
of the parasites, the present study we aimed to investigate the
interference of monounsaturated and saturated fatty acid diets in
the course of T. cruzi infection related inflammation.

MATERIALS AND METHODS

Ethical Approval
All the methodologies performed are in accordance with the
standards of the National Council for Control of Animal
Experimentation (CONCEA), and were previously approved by
the Animal Research Ethics Committee of the Federal University
of Ouro Preto (CEUA-UFOP), under the protocol number
36/2015. The experiments comply with the standards of animal
research explicit in Law 11.749, of 2008, regulated by Decree No.
6.899, of July 15, 2009.

Animals, Study Design, and Diets
C57BL/6 male mice aged 21-days were used. The animals were
divided into groups according to the composition of diet they
received: normolipidic diet, monounsaturated fatty acid diet with
olive oil (olive oil diet) and saturated fatty acid diet with lard
(lard diet) (Table 1). The diets administration was initiated after
weaning and, after 60 days of diet, mice were infected with T.
cruzi. The analyses were performed at the day 30 post infection
(30 dpi), except in three independent experiments in which the
survival rate and the blood parasitemia were followed by 60 days,
the period when the number of parasites in the blood decreased.

Food Intake and Lee’s Index
The food intake was calculated by weighting the food provided
every other day divided by the number of mice in the cage. The
food intake (g) multiplied by the calorie provided, according to

TABLE 1 | Diet composition (1,000 g).

Ingredients (g) Control diet Hyperlipidic

diet–Olive oil

(DOO)

Hyperlipidic

diet–Lard

(DL)

Corn starch 465.7 287.7 287.7

Casein 140.0 140.0 140.0

Dextrinized starch 155.0 155.0 155.0

Sucrose 100.0 100.0 100.0

Soy oil 40.0 40.0 40.0

Microcrystalline cellulose 50.0 50.0 50.0

Mineral mix AIN93Ma 35.0 35.0 35.0

Vitamin mix AIN93Mb 10.0 10.0 10.0

L-cysteine 1.8 1.8 1.8

Choline Bitartrate 2.5 2.5 2.5

Lardc – – 168.0

Cholesterol – – 10.0

Extra virgin olive oild – 178.0 –

Total caloric value/1,000 g 4020.0 4910.0 4910.0

aMinerals (g/kg): CaCO3 357.0/C6H5K3O7.H2O 28.0/KH2PO4 250.0/NaCl 74.0/K2SO4

46.6/MgO 24.0/C6H5 + 4.FexNyO7 6.06/CO3Zn 1.65/MnCO3 0.63/CuCO3 0.3/KI

0.01/Na2Se 0.01025/(NH4) 6Mo7O24.4H2O 0.00795/Na2SiO3.9H2O 1.45/KCr (SO4 )

2.12 H2O 0.275/LiCl 0.0174/H3BO3 0.0815/NaF 0.0635/NiCO3 0.0318/NH4VO3

0.0066/C12H2O11 209.806.
bVitamins (mg/kg): Niacin 3.0/Calcium pantothenate 1.6/Pyridoxine 0.7/Thiamine

0.6/Riboflavin 0.6/Folic acid 0.2/Biotin 0.02/Vitamin E (500 IU/g) 15.0/Vitamin B12 (0.1%)

2.5/Vitamin A (500,000 IU/g) 0.8/Vitamin D3 (400,000 IU/g) 0.25/Vitamin K1/Dextrose

Mix (10 mg/g) 7.50/Sucrose 967.23. Conversion factors: proteins 4 kcal/g, lipids 9 kcal/g,

sugars 4 kcal/g.
cFatty acid composition of lard (commercial name: Estrela–values referring to 100 g of the

product): saturated 40.0/monounsaturated 44.76/polyunsaturated 15.42.
dFatty acid composition of extra virgin olive oil (commercial name: Olivenza–values

referring to 100 g of product): saturated 14.9/monounsaturated 75.6/polyunsaturated 9.5.

the offered diet) indicates the calorie intake. The Lee’s index,
indicator of obesity in rodents, proposed by Lee (14) and
described by Bernardis and Petterson (15), was calculated by
dividing the cubic root of body weight (g) by the naso-anal length
(cm) and multiplied the result by 10.

Biochemical Testing
Total cholesterol and triglycerides were determined using
commercial kits from Bioclin R© (Belo Horizonte, MG, Brazil)
according to protocols available by the manufacturer.

Liver Total Lipids Quantification
The total lipids in the liver were quantified according to Folch
method. Briefly, 100mg liver tissue was macerated in 400mL of
chloroform/methanol (2:1) and centrifuged at 3,000 g, for 10min
at 22◦C. Following this, 800mL of chloroform and 640mL of
NaCl (0.73%) were added to the supernatant, and samples were
centrifuged at 3,000 rpm, for 10min at 22◦C. The lower phase
was washed three times with 600mL of Folch solution (a solution
of distilled water containing 48% methanol, 3% chloroform, and
2% NaCl at 0.29%) and the extracted lipids were dried overnight
at 50◦C. The amount of lipid of each sample was calculated by the
difference between the weight of samples before and after they
were dried.
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Mice Infection, Parasitemia, Survival Rate,
and Body Weight
Mice were inoculated intraperitoneally with 50 blood
trypomastigote forms of the Colombian strain of T. cruzi,
obtained after two consecutive passages of the strain in swiss
mice. After the infection, the blood parasitemia levels were
evaluated daily by counting the number of parasites in 5ml
tail-vein blood samples using an optical microscope. Mortality
rate among the groups of animals was updated daily. In addition,
the body weight was assessed daily by weighing the animals on a
digital scale.

DNA Extraction and Parasitism Analysis
The genomic DNA was extracted from 10mg of heart or adipose
tissue using the Wizard R© SV Genomic DNA Purification System
kit (Promega) according to the manufacturer’s instructions. Real-
time polymerase chain reaction (PCR) was performed to quantify
the heart parasitism as previously described (16).

Histology
To determine the number of cells infiltrated in the heart and
epididymal adipose tissue, small pieces of the tissues were
fixed in dimethyl sulfoxide (DMSO)-Methanol (1:5) for 30
days, dehydrated through successive incubations in crescent
concentrations of ethanol, cleared in xylol and fixed in plastic
paraffin (Paraplastr). The paraffin-fixed tissues were cut into
sections with a size of 4µm, stained with hematoxylin and eosin
(HE) and the cell nuclei present in the fragments were quantified
in 20 images (random fields). The images visualized by the 40X
objective were scanned through the Leica DM 5000 B (Leica
Application Suite, version 2.4.0R1) and processed through the
Leica Qwin V3 image analyzer program.

Quantitative Real-Time PCR
Total RNA from the heart and epididymal adipose tissue
was extracted using the TRIzol reagent (Invitrogen) and the
SV Total RNA Isolation System kit (Promega) according to
the manufacturer’s instructions. Complementary DNA was
synthesized from 500 ng of RNA through a High Capacity
cDNA Reverse Transcription kit (Applied Biosystems). Real-
time PCR assays were performed in a StepOnePlus Real-Time
PCR System (Applied Biosystems) using SYBR Green Mix
reagents (Invitrogen). The mean cycle threshold (Ct) values from
duplicate measurements were used to calculate the expression of
the two target genes, which were normalized to the housekeeping
genes GAPDH or 18S. The sequences of all primers used are
described in Table 2.

Immunoassay
Levels of CCL2 were detected in the supernatant of the
homogenized cardiac and adipose tissues. For sample
preparation, 20mg of heart and 40mg of epididymal adipose
tissues were macerated in 200mL of phosphate buffered saline
(PBS) and, after centrifugation at 1,500 g, for 10min at 4◦C,
the supernatant was collected. Inflammatory mediators were
measured by enzyme-linked immunosorbent assay (ELISA)
using a specific kit (Peprotechr) and were performed according

TABLE 2 | Sequences of the primers used.

Targets Sequences

Tlr2 Forward: AAGTCTCCGGAATTATCAGTCC

Reverse: TGATGGATGTCGCGGAT

Tlr9 Forward: GGACCTACAGCAGAATAGCTCA

Reverse: AACTCGGGAACCAGACATG

T. cruzi Forward: AAATAATGTACGGG(T/G)GAGATGCATGA

Reverse: GGGTTCGATTGGGGTTGGTGT

18S Forward: CCGCAGCTAGGAATAATGGAATA

Reverse: GCCTCAGTTCCGAAAACCAA

Gapdh Forward: GTGGAGTCATACTGGAACATGTAG

Reverse: AATGGATGAAGGTCGGTGTG

to the manufacturer’s information. The absorbance values were
measured using the eMax ELISA reader (Molecular Devices) at
450 nm.

Catalase Activity Assay
Catalase activity was determined as described by Aebi (17) based
on its ability to convert hydrogen peroxide (H2O2) into water and
molecular oxygen. Briefly, 100mg liver tissue was macerated in
1mL of 0.1M phosphate buffer, pH 7.2, centrifuged at 10,000 g,
10min at 4◦C. For the assay, 10 µL of the supernatant was
added in 50 µL of K2HPO4, 40 µL of milli-Q water (Millipore,
Bedford, MA) and 900 µL of 2.5 mmol/L H2O2. The enzyme
activity was measured at 240 nm at 30 s, 2 and 3min by decaying
the absorbances. One-unit (U) of catalase is equivalent to the
hydrolysis of 1 mmol of H2O2 per minute.

Superoxide Dismutase Activity
Pyrogallol undergoes autoxidation producing the superoxide
anion (O−). The SOD enzyme competes for the O− by decreasing
the 3-(4,5-Dimethylthiazol-2-yl) (MTT) reduction. For the assay,
the supernatant of 100mg of liver tissue was mixed with MTT
and pyrogallol and incubated at 37◦C for 5min. The reaction was
stopped with DMSO and the plate was read at 570 nm. The results
were expressed as U of SOD per mg of protein in the supernatant
of the liver tissue. One unit of SOD is defined as the amount of
enzyme required for 50% inhibition of MTT reduction.

Oxidized and Total Glutathione
Quantification Assay
For the dosage of oxidized glutathione (GSSG), we used a
standard solution of 10mM oxidized glutathione for the samples
and a standard solution of 50mM oxidized glutathione in 5%
sulfosalicylic acid (SSA) for the curve. The samples were obtained
from the supernatant of 100mg of liver homogenized in 1mL
of 5% sulfosalicylic acid buffer - SSA. Following this, 100 µL of
the samples were pipetted in 50mL tubes and pipetted between
0.5 and 2.0 µL of vinylpyridine and 1–5 µL of triethanolamine
(TEA) was added to maintain the pH between 6.0 and 7.0. The
tubes were filled with distilled water to a volume of 15mL,
homogenized and kept at room temperature for 1 h. After the
incubation, 10 µL of samples were measured at 412 nm. The
samples were incubated for additional 5min at room temperature
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and, afterwards, 50 µL of nicotinamide adenine dinucleotide
phosphate (NADPH) was added. The plate was read each 1min
during the 5min incubation. Oxidized glutathione in the samples
was calculated based on pre-defined concentrations for the
calibration curve (p1: 0.25, p2: 0.125, p3: 0.062, p4: 0.0312, p5:
0.0156). For the measurement of total glutathione, 10 µL of
samples were pipetted in a 96-well plate and immediately after
the addition of 50 µL of NADPH, the absorbances were read
each 1min during the 5min incubation. The values for reduced
glutathione (GSH) were obtained from the difference between
total and oxidized glutathiones.

Statistical Analysis
Data were expressed as means ± SEM. Multiple groups were
compared using one-way analysis of variance (ANOVA) followed
by Tukey-Kramer post-test. The survival rate was compared by
log-rank test (Mentel-Cox) and the student’s t-test was used
to compare differences among two experimental groups. All
analyzes were performed using the Prism 8 software (GraphPad
Software). Groups were considered statistically different when
p-values < 0.05.

RESULTS

Hyperlipidic Diet Alters Body and
Biochemical Parameters in Mice
Firstly, we evaluated if the intake of normal and hyperlipidic
diets, and the calories provided by diets were similar among the
groups. To address this point, newly weaned mice were fed with
either a normolipidic diet, monounsaturated fatty acid diet (olive
oil) or with a saturated fatty acid diet (lard) for 90 days. None
of them modified mice’s body weight (Figure 1A). Although
mice fed with normolipidic diet consumed a higher quantity of
food than groups fed with olive oil or lard diets (Figure 1B),
the calorie intake was similar among all animals (Figure 1C).
The effect of hyperlipidic diets on the biochemical and body
parameters of mice were also evaluated. The liver/body weight
ratio was not different among animals receiving distinct diets
(Figure 1D) and mice fed a lard diet presented higher amount
of liver lipids when compared to those fed with normolipidic
and olive oil diets (Figure 1E). We observed a decreased plasma
levels of total cholesterol in mice fed with olive oil and lard
diets (Figure 1F) while triglycerides level was similar among all
animals (Figure 1G). The Lee’s index, an indicative degree of
obesity in mice (18), was similar among all animals (Figure 1H),
but the weight of the epididymal and subcutaneous adipose
tissues was higher in association with the lard diet (Figure 1I).

Diet Composition Interferes With the Heart
and Adipose Tissue Parasitism After T.
cruzi Infection
To evaluate if the olive oil diet or lard diet would affect the
response against the Colombian strain of T. cruzi, mice were
infected after 60 days of diet. The number of parasites circulating
in the mice blood was similar between the infected animals in
all days evaluated (Figure 2A); the difference was not evident

even during the peak of the parasitemia, at day 27 post infection
(Figure 2B). Interestingly, at the day 30 post infection, mice
fed with the lard diet presented higher parasitism in the heart
(Figure 2C) and adipose tissue (Figure 2D) compared to the
mice fed with normolipidic diet or olive oil diet. Despite the
high number of parasites among the group fed with lard diet, the
percentage of survival was not different between the groups that
received the different types of diet (Figure 2E).

Increased Amount of Olive Oil or Lard in
the Diet Did Not Alter the Tissue
Inflammation After T. cruzi Infection
Since mice fed with lard diets presented with high tissue
parasitism, we investigated whether the diets interfere with the
migration of inflammatory cells to the heart and adipose tissue
following infection. For this purpose, after 60 days of either
normolipidic, olive oil or lard diets followed by 30 dpi with
T. cruzi Colombian strain, the production of the chemokine
CCL2 and the tissue inflammation were evaluated. The infection
increased the CCL2 production in the heart tissue (Figure 3A)
and the number of inflammatory cells infiltrating the tissue
(Figures 3B,C) independently of the diet administered. Although
the lard diet increases the heart CCL2 production after infection
compared with infected normolipidic group, the number of
inflammatory cells in the tissue is similar among the infected
groups independent of the dietary type (Figures 3B,C). Mice
fed with the normolipidic diet presented with an increased
production of CCL2 in adipose tissue after infection compared
to all other dietary group (Figure 4A) despite this, the tissue
inflammation increased similarly for all groups (Figures 4A–C).

Hyperlipidic Diet Rich in Olive Oil Increases
Toll-Like Receptors Expression in the
Cardiac Tissue After T. cruzi Infection
Since TLRs are particularly important for parasite recognition
by immune cells, we investigated whether the hyperlipidic diets
could interfere with the TLR expression in the cardiac and
adipose tissue cells after T. cruzi infection. After receiving
either normolipidic, olive oil or lard diets for 60 days, mice
were infected by Colombian strain of T. cruzi and the mRNA
expression levels of Tlr2 and Tlr9 were evaluated in the cardiac
and adipose tissues of infected and non-infected mice. Infected
mice fed with olive oil diet presented higher Tlr2 and Tlr9
expression in the heart (Figures 5A,B) while those fed with lard
diet presented higher Tlr2 and Tlr9 expression in the adipose
tissue (Figures 5C,D).

Hyperlipidic Diet Alters the Redox Status
After T. cruzi Infection
The T. cruzi infection-caused oxidative stress, resulting in the
accumulation of free radicals, which altered the expression
and/or activity of antioxidant enzymes such as oxidized
glutathione (GSSG), catalase (CAT), and superoxide dismutase
(SOD). Activities of GSSG, CAT and SOD were evaluated in the
liver of mice fed with either a control, olive oil, or lard diet
for 60 days, followed by 30 dpi with T. cruzi. The infection
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FIGURE 1 | Body and biochemical parameters from mice fed with different types of hyperlipidic diets. Newly weaned C57BL/6 mice were fed with either a

normolipidic diet (n = 8), monounsaturated fatty acid diet with olive oil (n = 8) or saturated fatty acid diet with lard (n = 8) and (A) the body weight was monitored

weekly in a digital scale. The (B) food intake and the (C) calorie intake were calculated every other day. At the day 90th of diet, mice were euthanized and (D) the

liver/body weight ratio, (E) liver total lipids levels, (F) plasma total cholesterol, (G) plasma triglycerides, (H) Lee’s index and (I) weight of adipose tissue were evaluated.

ns, not statistically different, *p < 0.05 by one-way ANOVA followed by Tukey post-hoc test.
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FIGURE 2 | Parasitism and survival rate of mice fed with different types of hyperlipidic diets. Newly weaned C57BL/6 mice were fed with either a normolipidic diet (n =

8), monounsaturated fatty acid diet with olive oil (n = 8) or saturated fatty acid diet with lard (n = 8). At the day 60 of diet, mice were intraperitoneally infected with 50

blood trypomastigote forms of T. cruzi Colombian strain and (A) the blood parasite levels were monitored daily. (B) Number of parasites circulating in the mice blood at

the day 27 after infection. At the day 30 post infection the DNA was extracted from (C) the heart and (D) adipose tissue and the amount of DNA from parasites were

quantified in the tissues by real time PCR assay. (E) The survival rate of mice fed with normolipidic diet, olive oil diet or lard diet was monitored daily for 35 days. ns,

not statistically different; *p < 0.05 by one-way ANOVA followed by Tukey post-hoc test.

significantly downregulated the GSH/GSSG ratio in a diet-
independent manner (Figure 6A). In response to the parasite-
induced oxidative stress, we observed a slight decreased in the
CAT activity in mice under normolipidic or olive oil diets,
while infected mice under lard diet presented with intense
reduction of catalase activity (Figure 6B). In addition, SOD is
important for the protection of cells from oxidative insults, and
we observed increases in SOD activity after 30 dpi. This increase
was independent of the dietary type (Figure 6C).

DISCUSSION

The ingested lipids in foods are essential elements that
impacts the inflammatory profile or alter the redox status
caused by the inflammation (19). Diet exerts an important
role during the inflammatory processes, with some nutritional

studies demonstrating that ample and restricted consumption
of monounsaturated and saturated lipids, respectively, decreases
the expression of low-grade inflammatory markers (20, 21). The
effects of a high fat diet in inflammation caused by T. cruzi are
partially known (22, 23), but the effects of different types of lipids
remain poorly studied.

Although high consumption of saturated fatty acids is
frequently associated with weight gain and obesity in humans
and experimental models (24, 25), we did not observe alterations
in the body or liver weights in our lard group compared
with olive oil and normolipidic dietary groups. Our results
were consistent with other studies that have shown that few
weeks under high fat diet rich in saturated lipids do not
increase the body weight in experimental models (26, 27).
Interestingly, Marques and collaborators showed that the diet-
induced weight gain depends on the strain of rats and some
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FIGURE 3 | Cardiac inflammatory parameters of T. cruzi infected mice fed with different types of hyperlipidic diets. Newly weaned C57BL/6 mice were fed with either

a normolipidic diet (n = 8), monounsaturated fatty acid diet with olive oil (n = 8) or saturated fatty acid diet with lard (n = 8). At the day 60 of diet, mice were

intraperitoneally infected with 50 blood trypomastigote forms of T. cruzi Colombian strain. After 30 dpi (A) the concentration of CCL2 was assessed in the heart tissue

by ELISA assay. (B) The heart tissue was fixed, processed, blocked in paraffin, cut, and stained with hematoxylin and eosin and (C) the number of cells in the tissue

was quantified. #p < 0.05 compared with the non-infected group and *p < 0.05 compared with infected normolipidic diet group by one-way ANOVA followed by

Tukey post-hoc test.

strains require longer exposure to the diets to gain weight (28).
Although the weight was comparable across dietary groups,
the lard diet increased the liver lipid deposition. This could
indicate hepatic steatosis commonly observed after hyperlipidic
diets (11). In addition, there are unclear points that limit
the interpretation of rodent lipid metabolism with the same
optical prism used to humans (29). Of note, the majority
of human plasma cholesterol is transported as low-density
lipoproteins (LDL), but mice do not have cholesteryl ester
transfer protein, and for this reason, significant amounts of
cholesterol are identified as high-density lipoproteins (HDL)
in these animals. Another point, when animals have a high
consumption of carbohydrates (e.g., normolipidic diet - AIN-
93M), they can modify cholesterol metabolism increasing it in

the blood (30), even under a low-lipid diet, as we have shown in
this current study.

Hyperlipidic diets discussed here present equal energy density,
however, the lard diet is the more efficient in transforming
calories into adipose tissue assuming the normolipidic diet as
reference. No change was observed in the body composition
of animals under the effect of the different diets, according to
Lee’s index, however, the increased epididymal adipose tissue
related to a lard diet may be favoring parasite interaction
with host cells due to the presence of saturated fatty
acids and the increased cell internalization of cholesterol, as
previously demonstrated (7, 31–34). Then, considering the
cholesterol analogs for the parasite invasion and replication and,
considering both olive oil and lard diets have similar total lipid
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FIGURE 4 | Adipose tissue inflammatory parameters of T. cruzi infected mice fed with different types of hyperlipidic diets. Newly weaned C57BL/6 mice were fed with

either a normolipidic diet (n = 8), monounsaturated fatty acid diet with olive oil (n = 8) or saturated fatty acid diet with lard (n = 8). At the day 60 of diet, mice were

intraperitoneally infected with 50 blood trypomastigote forms of T. cruzi Colombian strain. After 30 dpi (A) the concentration of CCL2 was assessed in the adipose

tissue by ELISA assay. (B) The adipose tissue was fixed, processed, blocked in paraffin, cut, and stained with hematoxylin and eosin and (C) the number of cells in the

tissue was quantified. #p < 0.05 compared with the non-infected group and *p < 0.05 compared with infected olive oil and lard diets by one-way ANOVA followed by

Tukey post-hoc test.

percentage, we supplemented the lard diet with 1% cholesterol
attempting to understand how it could be favorable or not to
the T. cruzi.

Previously published results have showed that the T. cruzi
infects and proliferates within brown and white adipose tissue
(32, 35). In accordance with this, we showed that, although the
blood parasitemia was the same in mice from the hyperlipidic
and normolipidic dietary groups, mice under lard diet showed
increased parasitism in both the adipose and cardiac tissues.
Despite high tissue parasitism, the survival rate was the same
among all dietary groups. In contrast, using the Brazil strain of T.
cruzi, Nagajyothi et al. demonstrated that a high fat diet increases

survival rate in infected mice (7). Of note, studies involving T.
cruzi must pay attention to the strain used. A limitation of our
study was that, given that mice fed a normolipidic diet survived
the infection with the Colombian strain, we were not able to
observe higher survival rates in infected animals from the other
dietary groups.

Chemokine production and tissue recruitment of
inflammatory cells in T. cruzi infected animals are essential
for proper parasite control (36). In fact, our findings
demonstrated an increase in heart CCL2 expression and
the number of inflammatory cells in the heart and adipose
tissues following infection in all dietary groups. Although
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FIGURE 5 | TLRs expression on the heart and adipose tissue from T. cruzi infected mice fed with different types of hyperlipidic diets. Newly weaned C57BL/6 mice

were fed with either a normolipidic diet (n = 5), monounsaturated fatty acid diet with olive oil (n = 5) or saturated fatty acid diet with lard (n = 5). At the day 60 of diet,

mice were intraperitoneally infected with 50 blood trypomastigote forms of T. cruzi Colombian strain. After 30 dpi the mRNA expression levels of Tlr2 and Tlr9 were

measured in the heart (A,B) and adipose tissue (C,D) by real time quantitative PCR. Gapdh and 18S were used as housekeeping genes for the heart and adipose

tissues, respectively. ns, not statistically different. #p < 0.05 compared with the non-infected group and *p < 0.05 compared with infected group by one-way ANOVA

followed by Tukey post-hoc test.

an increase in CCL2-producing macrophages is expected
in the adipose tissues of infected mice (37), mice from lard
dietary group presented with adipose tissue inflammation,
independent of CCL2 production. Worth highlighting that
caloric restriction has been shown to reduces migration of
peripheral inflammatory monocytes from the bone marrow
to the circulation and tissues by interference on the CCL2
production in a mechanism dependent on the peroxisome
proliferator-activator receptor alpha and the activated protein
kinase (38). In our study, animals fed with normolipidic
performed higher ingestion of food in relation to those feed
with olive oil or lard diets, however without differences in the
calorie intake. In addition, the lard diet promoted a higher
parasites load in both evaluated sites evaluated with the

distinct pattern of CCL2 expression, after 48 h of the peak of
parasitemia concerning Colombian strain of T. cruzi. At this
representative moment of the experimental T. cruzi infection,
no difference in inflammatory infiltration was detected through
histological sections, but based on our previous experience,
higher expression of CCL2 represents a higher release of
this chemokine, an increasing of leukocyte recruitment,
higher cardiac tissue damage and mortality in those infected
animals (39).

Also essential to parasite control by immune cells is the
recognition of T. cruzi structures by cellular receptors. The
importance of TLR-2 and TLR-9 during the T. cruzi infection
was previously reported (40). Our results demonstrated an
overexpression of Tlr2 and Tlr9 mRNA in adipose tissue
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FIGURE 6 | Redox status of T. cruzi infected mice fed with different types of hyperlipidic diets. Newly weaned C57BL/6 mice were fed with either a normolipidic diet (n

= 5), monounsaturated fatty acid diet with olive oil (n = 5) or saturated fatty acid diet with lard (n = 5). At the day 60 of diet, mice were intraperitoneally infected with

50 blood trypomastigote forms of T. cruzi Colombian strain. After 30 dpi (A) the GSH/GSSG ratio, (B) CAT activity and (C) SOD activity were measured in the

supernatant of a macerated piece of liver. GSH, reduced glutathione; GSSH, oxidized glutathione; CAT, catalase; SOD, superoxide dismutase; ns, not statistically

different; #p < 0.05 by student t-test.

and in cardiac tissue driven by lard and olive oil diets,
respectively. Recent evidence suggest that saturated fatty acids
can promote TLR-2 and TLR-4 activation while polyunsaturated
fatty acids can inhibit these receptors (41). In parallel, T. cruzi-
glycosylphosphatidylinositol membrane anchor is recognized by
both, TLR-2 and TLR-9, and exert a role in the prognosis
of asymptomatic and cardiac clinical forms of Chagas disease
(42). In note, T. cruzi infection increases Tlr2 and Tlr9
expression in brown and white adipose tissues, respectively,
as well as in other immune cells (43), and, together, they
act in the balance between modulatory and inflammatory
responses. This duality observed in the expression of Tlr2
and Tlr9 under high-fat diets effects might interfere in the
parasite-host interaction and the immunopathogenesis since
the deficiency of these receptors or of the Myd88 promotes
susceptibility in infected mice (40) or the activation of
TLR2 and NF-Kb triggers cardiomyocyte hypertrophy (44,
45). Remarkably, the toll-like receptors act as a bridge
between diet-induced endocrine and immune response, but
further investigations are necessary to better understand
this network.

Finally, both lipid-rich diets and T. cruzi infection cause
oxidative stress (46, 47), and consequently, require the regulation
of the antioxidant levels to reduce the high free radicals levels.
The parasite decreases the GSH/GSSG ratio and CAT activity and
increases SOD activity increasing the oxidative stress (48, 49).
Interestingly, and in accordance with previous published data
(23), ourmice fed with saturated lipid-rich diet showed decreased
CAT activity compared with mice from the normolipidic and

unsaturated lipid-rich dietary groups. The antioxidant CAT
rescues the cardiac dysfunction induced by high fat diets in mice
(50). This suggests that the reduced CAT levels during infection
may contribute to parasite-caused cardiac pathogenesis.

In summary, our findings provided evidence that diets rich
in saturated lipids (e.g., lard diet) promote growth of T. cruzi
in tissues following infection, and decrease the liver antioxidant
production, contributing to the tissue damage.
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Background: Chronic Chagas disease (CChD), one of the infectious parasitic diseases

with the greatest social and economic impact upon a large part of the American

continent, has distinct clinical manifestations in humans (cardiac, digestive, or mixed

clinical forms). The mechanisms underlying the development of the most common

and ominous clinical form, the chronic Chagas cardiomyopathy (CCC) have not been

completely elucidated, despite the fact that a high intensity of parasite persistence in

the myocardium is deemed responsible for an untoward evolution of the disease. The

present study aimed to assess the parasite load CCC and its relation to left ventricular

ejection fraction (LVEF), a definite prognostic marker in patients with CCC.

Methods: Patients with CCC were clinically evaluated using 12-lead-electrocardiogram,

echocardiogram, chest X-ray. Peripheral blood sampling (5ml of venous blood in

guanidine/EDTA) was collected from each patient for subsequent DNA extraction and

the quantification of the parasite load using real-time PCR.

Results: One-hundred and eighty-one patients with CCC were evaluated. A total of 140

(77.3%) had preserved left ventricular ejection fraction (of ≥40%), and 41 individuals had

LV dysfunction (LVEF of < 40%). A wide variation in parasite load was observed with a,

mean of 1.3460± 2.0593 (0.01 to 12.3830) par. Eq./mL. The mean± SD of the parasite

load was 0.6768± 0.9874 par. Eq./mL and 3.6312± 2.9414 par. Eq./mL in the patients

with LVEF ≥ 40% and <40%, respectively.

Conclusion: The blood parasite load is highly variable and seems to be directly related

to the reduction of LVEF, an important prognostic factor in CCC patients.

Keywords: Trypanosoma cruzi, Chagas disease, chronic Chagas cardiomyopathy, left ventricular ejection fraction,

parasite burden
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INTRODUCTION

Chagas disease (ChD) is caused by the hemoflagellate protozoan
Trypanosoma cruzi (1). According to the World Health
Organization (2), ∼6–7 million people are infected with T. cruzi
globally, and more than 75 million individuals are at risk of
infection. The endemic area of ChD is relatively wide, extending
from the southern United States to Argentina (3). This disease
is still one of the infectious and parasitic diseases with the
greatest social and economic impact upon much of the American
continent, due to its high transmission rates mainly in the
Andean countries (4) and to the large bulk of infected individuals
in most Latin American countries where disease control is not
properly carried out (5, 6).

Its most severe clinical manifestations are attributed to the
cardiac involvement leading to heart failure, thromboembolic
events, arrhythmias and especially sudden death, with digestive
tract manifestations occurring in isolation or in association
with the cardiac manifestations (6–9). The pathological changes
causing megaesophagus and/or megacolon are deemed to
be mainly associated with the extensive destruction of the
intramural autonomic system, especially of the Auerbach and
Meisner myenteric plexuses of patients chronically infected with
the T. cruzi (10, 11).

In contrast, although cardiac autonomic derangements also
have been demonstrated, the main pathogenic mechanisms
leading to the appearance of CCC are now thought to
depend on inflammation directly related to tissue parasite
multiplication and the superimposed immunological reaction
thus triggered (12).

Also, it is recognized that development and aggravation of
CCC in a specific individual is dependent on other relevant
pathogenic aspects that generate myocardial inflammation,
related to both host and parasite genetics, as well as the tropism
inherent to the strain of the parasite infection (13–15).

Since the intensity of tissue inflammation and the evolution of
CCC are thought to be dependent upon the parasite persistence
and multiplication in the myocardium that may be reflected by
the parasite burden as assessed with blood real-time qPCR, in the
present study we evaluated the relation between the parasite load
in the peripheral blood of patients with CCC and its relation to
one of the most important prognostic factors for such patients,
the left ventricular systolic function.

MATERIALS AND METHODS

Patients With Chronic Chagas
Cardiomyopathy
This study evaluated 181 patients who were managed at the
Chagas Disease Outpatient Clinic, Division of Cardiology,
Ribeirão Preto Medical School, University of São Paulo (FMRP-
USP) between 2012 and 2018. All fulfilled the basic inclusion
criteria of having undergone at least two distinct serological tests
with positive results for Chagas disease, possess more than 18
years of age, presenting only cardiac abnormalities compatible
with Chagas disease and signing the free and informed consent
to participate in the study.

All patients included had a thorough clinical evaluation that
comprised the assessment of left ventricular ejection fraction
(LVEF) through a transthoracic echocardiogram obtained at rest,
using standard methods (16, 17).

Peripheral blood (5ml) was collected before treatment with
Benznidazole, from each patient and added to the same volume of
6M guanidine Hydrochloride 0.2M ethylenediaminetetraacetic
acid buffer (EDTA) solution (pH 8.0) (18), for further DNA
extraction. Guanidine-EDTA blood lysates (GEB) were boiled for
15min, incubated at room temperature for 24 h, and stored at
4◦C until use (19).

For Ethical Clearance
The study was approved by the Human Research Ethics
Committee of the Clinical Hospital, Ribeirão Preto Medical
School, University of São Paulo (FMRP/USP—CAAE:
09948419.3.0000.5440). Written informed consent was obtained
from all the patients.

DNA Extraction
DNA was extracted from 200 µL of GEB samples and eluted
with 55 µL of NucliSens easyMAG system (Biomerieux, France),
according to the manufacturer’s instructions.

Parasitic Load Quantification by qPCR
Quantitative real-time PCR (qPCR) was performed according
to a previously proposed methodology (20), using the multiplex
TaqMan system targeting the 195 bp region of T. cruzi satellite
DNA (Table 1). The qPCR reactions were carried out at a final
volume of 25 µL containing 5 µL DNA from each sample
(20 ng/µL), 400 nM of the two primers, and 100 nM of the
TaqMan probe. The Quantitec Multiplex PCR kit (Qiagen,
Manchester, United Kingdom) was used, and the CFX Real-
Time PCR detection system (Bio-Rad, Hercules, CA) was used
for amplification. The standard curve of the qPCR results
was obtained by extracting DNA from serial dilutions of 106

epimastigote forms of the Y strain (DTU TcII), with a detection
limit of 0.01 parasite. Equivalents/mL, as proposed by Cummings
et al. (20). Positive, negative, and reagent internal controls were
used for all qPCR reactions.

Statistical Analysis
All experiments were performed using at least two technical
replicates. The categorical data were expressed as percentages,
and continuous data were expressed as mean ± standard
deviation (SD) or median and intervals according to the
normality or nonparametric characteristics of the variable

TABLE 1 | Specific primers for Trypanosoma cruzi.

Primers name Sequence

TCZ-F 5′-GCTCTTGCCCACAMGGGTGC-3′

TCZ-R 5′-CCAAGCAGCGGATAGTTCAGG-3′

TCZ-F, Trypanosoma cruzi—Forward primer; TCZ-R, Trypanosoma

cruzi—Reverse primer.
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TABLE 2 | Clinical and laboratory parameters of 181 chronic Chagas

cardiomyopathy patients.

N (%)

Female 86 (47.5)

Male 95 (52.5)

Age (mean) 53.2

Cardiac pacemaker 31 (17.0)

Implantable cardiac defibrillator 5 (2.8)

NYHA CLASS I 129 (71.3)

II 41 (22.6)

III 11 (6.1)

IV 0 (0)

LVEF >70% 18 (9.9)

50–70% 86 (47.5)

40–49% 31 (17.1)

30–39% 23 (12.7)

<30% 18 (9.9)

Five patients had subjective

LVEF above 50%

LVEF, left ventricular ejection fraction; NYHA, New York Heart Association.

distribution. Student’s t-test was used to analyze the significance
of the statistical differences. For analysis of the correlation,
Pearson’s test was carried out. The results were deemed
statistically significant when the p-values were <0.05. The
analysis was conducted using GraphPad Prism (version
7.00) for Windows, GraphPad Software, La Jolla California
USA, www.graphpad.com.

RESULTS

Clinical Characteristics of the Patients
Included in This Study
The 181 patients included in the study came from several
Brazilian states: São Paulo (∼36.4%), Minas Gerais (∼53.6%),
Bahia (∼6.6%), Paraíba (∼0.5%), Alagoas (∼1.6%), and Goiás
(∼1.1%). Eighty-six (47.5%) were male and 95 (52.5%) were
female. The mean age was 53.2 years (range, 24–79 years).

Clinical Evaluation
Clinical data is summarized in Table 2. Most of them (129
individuals−71%) were in New York Heart Association (NYHA)
class I and none in NYHA class IV.

The cardiac evaluation based on the echocardiogram showed
that 140 patients had a left ventricular ejection fraction (LVEF) of
≥40% with a mean± SD of 58.96± 10.60%, while 41 individuals
had an LVEF of <40% and mean ± SD of 29.68 ± 6.27%
(Figure 1A). The difference for the LVEF in the two groups was
statistically significant with a p-value of 0.0003.

Parasitic Load
A wide variation in the parasite load was observed in the
peripheral blood of the 181 patients with chronic Chagas
cardiomyopathy (CCC) included in the study from 0.01 to

12.3830 par. Eq./mL, with a mean ± SD of 1.3460 ± 2.0593 par.
Eq./mL. There was no difference in the parasite load in relation
to gender (p= 0.44; Table 3).

The mean ± SD of the parasite load was 0.6768 ± 0.9874 par.
Eq./mL in the group of patients with LVEF of ≥40% and 3.6312
± 2.9414 par. Eq./mL in those with LVEF of <40%, p-value
of 0.0001 (Figure 1B). A significant correlation between par.
Eq./mL and LVEF was noted (r = 0.49; p < 0.0001; Figure 1C).

DISCUSSION

The use of real-time quantitative PCR (qPCR) for monitoring
Chagas disease (ChD) was an important milestone in the
development of sensitive and reliable tools for molecular
diagnosis and post-therapeutic evaluation of patients infected
with the T. cruzi (21). Thus, qPCR has been increasingly applied
for quantification of the parasitic load of T. cruzi in the peripheral
blood, serum, cardiac tissue, umbilical cord blood, and skin
tissue samples from patients with acute and chronic phases of
Chagas disease. The method was also used to identify the DTUs
of the parasites (22–25) and has become very useful for clinical
and research purposes, especially during the chronic phase of
the disease, where direct parasitological diagnostic methods are
generally ineffective due to inherently low-grade parasitemia
(26, 27).

In our study a wide variation in the value of qPCR was
observed among patients with CCC. In addition, the individual
pPCR values were significantly and inversely correlated with the
correspondent individual values of the LVEF. These two main
results of our investigation may be coherent with the notion that
the biological aspects of the parasite and the host are both likely
to play a fundamental role in defining the installation and clinical
course of human Chagas disease (28).

Although widely variable, the low parasite burden in our
sample of patients with CCC corroborates the results in several
previous studies that reported on a low parasite load in
patients with chronic ChD, especially those studies that assessed
therapeutic failures (26, 29, 30). One of these pioneer studies
evaluated the parasite load in patients with chronic ChD from
different Latin American countries and described the ability to
identify a low parasite load in most samples (detection limit of
0.70 par. Eq./mL) (31).

Cancino-Faure et al. (32) in studying a group of immigrant
Latino patients living on the island of Mallorca in Spain, also
observed a low parasite load similar to the findings of our study,
with an average amount of T. cruzi DNA in the blood samples of
<1 par. Eq./mL.

Another study evaluated a sample population of patients with
the indeterminate or cardiomyopathy forms of chronic Chagas
Disease from the state of Minas Gerais in Brazil and found results
which were comparable to our findings, with amean parasite load
of 1.18 [0.39–4.23] par. Eq./mL, ranging between 0.01 and 116.10
par. Eq./mL (30).

The wide individual variation of parasite load was also
reported in a similar study that evaluated the genetic variability
of T. cruzi in chronic patients with ChD from different regions
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FIGURE 1 | (A) Left ventricular ejection fraction (LVEF) expressed as a percentage (%)—(horizontal line represented the mean of the LVEF values for each group). (B)

Parasitic load expressed in parasite equivalents per milliliter of blood for Left ventricular categories below and equal or above 40%. (C) Correlation between parasitic

load and LVEF (r = 0.49; p < 0.0001). The symbol (*) indicates a significant difference between the groups with p < 0.05.

TABLE 3 | Correlation between parasite load and gender.

Gender N Mean SD

Parasites Eq/mL (gender) M 86 1.265 2.064

F 95 1.506 2.178

N, number; SD, Standard deviation.

of Brazil (33). However, they reported a mean parasite load
higher than that found in the present study (mean parasite load
of all positive patients was 2.54 [1.43–11.14] par. Eq./mL, with
the load ranging from 0.12 to 153.66 par. Eq./ml). The authors
obtained the blood samples from patients residing in highly
endemic regions with active vectorial transmission of ChD, which
predisposes patients to reinfection. This may have influenced the
findings of higher parasite burden.

Geographical factors other than reinfection may possibly
explain the finding of moderate to high parasite loads in
immigrant patients residing in a European country, again with
great variation of the parasitemia load [0.001–22.2 T. cruzi DNA
(fg)/blood DNA (ng)] (34).

Only one previous study evaluating the serum parasite load
with qPCR correlated the results with the clinical prognosis of
Colombian patients with CCC during 2 years of follow-up. The
authors reported findings that are somewhat similar to those of
our study, in which detectable parasitemia (considered to be low
parasitemia) was associated with markers of myocardial injury
severity and higher risk (35). It is plausible to interpret their
results, as well as our own findings of an association between
more severe cardiac damage (as expressed by a lower LVEF)
and higher blood parasite burden, could be attributed to the less
vigorous immune response in patients evolving to more marked
forms organic involvement (35–38).
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Hence a high parasite load may reflect a weaker immune
response against the parasite, and the consequent more
serious damage to the cardiac tissue due to parasitic
replication, myocardial cell disruption, and the establishment
of autoimmunity in Chagas disease patients. However, a
robust immune response might paradoxically lead to a
worsening of the inflammatory cascade and produce more
myocardial damage (14). This possibility is opposite to
the predominant view that an effective immunological
response to the parasite is definitely necessary to efficiently
reduce the parasite load and minimize the organic damage
(39, 40).

Therefore, additional studies similar to our investigation
are warranted to assess the parasitic burden and its relation
to markers of severity of the cardiomyopathy and of clinical
prognosis. If confirmed, our present findings will have important
implications for the control and monitoring of public health,
the implementation of medical care, through the introduction
of additional controls for blood banks, and training of
personnel to diagnose and treat Chagas disease. Also, it
would be relevant to overcome a limitation of the present
study, if a cohort study could demonstrate that a high blood
parasite burden is associated with future deterioration of left
ventricular function.

CONCLUSIONS

The data from this study corroborate previous reports
that indicate the prevalence of low blood parasite load in
chronic patients with Chagas cardiomyopathy in Brazil.
The study additional finding of a significant correlation
between the individual parasite burden and the degree of left
ventricular dysfunction is coherent with the concept that a
high level of parasite persistence and load may bear relevant
prognostic and therapeutic implications for the management
of CCC.
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Background: Acute heart failure (AHF) is the major cause of death in children with

severe enterovirus 71 (EV71) infection. This study aimed to report our clinical experience

with EV71-related AHF, as well as to discuss its pathogenesis and relationship to

Takotsubo syndrome (TTS).

Methods: A total 27 children with EV71-related AHF between 1998 and 2018 were

studied. The TTS diagnosis was based on the International Takotsubo Diagnostic Criteria.

Results: Acute heart failure-related early death occurred in 10 (37%) of the patients.

Sinus tachycardia, systemic hypertension, and pulmonary edema in 100, 85, and

81% of the patients, respectively, preceded AHF. Cardiac biomarkers were significantly

increased in most patients. The main echocardiographic findings included transient

and reversible left ventricular (LV) regional wall motion abnormality (RWMA) with apical

ballooning. High concentrations of catecholamines either preceded or coexisted with

AHF. Myocardial pathology revealed no evidence of myocarditis, which was consistent

with catecholamine-induced cardiotoxic damage. Patients with EV71-related AHF who

had received close monitoring of their cardiac function, along with early intervention

involving extracorporeal life support (ECLS), had a higher survival rate (82 vs. 30%,

p = 0.013) and better neurological outcomes (59 vs. 0%, p = 0.003).

Conclusion: EV 71-related AHF was preceded by brain stem encephalitis-related

hypercatecholaminemia, which resulted in a high mortality rate. Careful monitoring is

merited so that any life-threatening cardiogenic shock may be appropriately treated. In

view of the similarities in their clinical manifestations, natural course direction, pathological

findings, and possible mechanisms, TTS and EV71-related AHF may represent the same

syndrome. Therefore, we suggest that EV71-related AHF could constitute a direct causal

link to catecholamine-induced secondary TTS.

Keywords: catecholamine, enterovirus 71, heart failure, dilated cardiomyopathy, Takotsubo syndrome
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INTRODUCTION

Most children infected by enterovirus 71 (EV71) develop either
hand-foot-mouth disease (HFMD) or herpetic angina. Less
than 0.01% of the patients are complicated by central nervous
system (CNS) involvement, pulmonary edema, acute heart
failure (AHF), shock, or early death (1–5). Our previous study
found that EV71-related early deaths are usually accompanied
by acute left ventricular (LV) dysfunction and LV regional
wall motion abnormality (RWMA) (4–11). Therefore, AHF
has been proposed as the major cause of early death in
these patients (4–12), with EV-71 brainstem encephalitis-related
hypercatecholaminemia believed as having a direct impact on the
cardiotoxicity leading to AHF (7, 11, 13). Jan and Fu et al. found
that patients with severe EV71 infection and AHF have clinical
manifestations of sympathetic hyperactivity and significantly
increased catecholamine concentrations. This result supports the
hypothesis that hypercatecholaminemia is the cause of EV-71
related AHF (7, 11).

Takotsubo syndrome (TTS) was first reported in Japan in
1990 (14). The condition is characterized by reversible LV
systolic dysfunction, which has a unique pattern similar to
RWMA occurring in acute coronary syndrome (ACS), but
without occluded coronary arteries, thus explaining the pattern
of transient LV dysfunction. The syndrome is usually preceded
by an emotional or a physical stress factor (15, 16). Although TTS
is generally presented as a benign disease, serious complications,
including AHF and cardiogenic shock, can lead to increased
mortality. The reported incidence of cardiogenic shock in TTS
patients ranges from 6 to 20% (15). Takotsubo syndrome most
commonly occurs in postmenopausal women (15, 16), but is
an uncommon condition in children (17, 18). The pathogenesis
of TTS remains largely uncertain. Catecholamine-mediated
cardiac stunning may be the main cause (15, 16, 19–21). The
pathophysiology of TTS appears to be similar to the hypothesis
of hypercatecholaminemia-related AHF in severe EV71 infection.
In the present study, we describe the first study performed on
children with severe EV71 infection and AHF, while presenting
a clinical picture resembling TTS. A review of our previous
studies is presented, with those findings shedding light on
the pathophysiological concepts involved in this novel cardiac
syndrome affecting children with severe EV71 infection.

METHODS

Study Population
Data from a total of 27 children, each with a laboratory-
confirmed clinical diagnosis of severe EV71 infection and AHF
from the years 1998 to 2018, were collected. Viral identification
was also confirmed by the Taiwan Centers for Disease Control.
The clinical features of EV71 infection have been divided
into four stages and modified from the previous study (22).
Stage 1, HFMD or herpangina without complication; Stage 2,
CNS involvement with encephalomyelitis; Stage 3, Autonomic
dysregulation; and Stage 4, Acute heart failure, including acute
LV systolic dysfunction and shock. Severe EV71 infection was
defined as EV71 infection beyond Stage 2. Patients suffering from

neuromuscular diseases, craniofacial anomalies, genetic diseases,
or previous cardiovascular diseases, as well as those who could
not participate due to other reasons were excluded. Amongst the
27 children with severe EV71 infection and AHF (Stage 4), 10
received only conventional medical treatment between 1998 and
2000, and were defined as the pre-ECLS era cohort. Seventeen
of the 27 patients experienced a poor response to conventional
medical treatments and were rescued through extracorporeal life
support (ECLS) between 2000 and 2018. These 17 were defined
as the post-ECLS era cohort.

Diagnostic Imaging Study
Chest X-ray and a complete transthoracic echocardiography,
using the Philips Sonos 5500, 7500 or iE33 ultrasound system
(Philips, Andover, Massachusetts, USA), were performed on all
patients within half an hour of entering the pediatric intensive
care unit (PICU), and repeated as needed. Key echocardiographic
features in this study consisted of LV systolic dysfunction and
circumferential RWMA involving the mid-ventricular segments.
If RWMA existed, the ejection fraction (EF) was measured
using the biplane Simpson’s rule. Possible causes of ventricular
dysfunction, such as congenital coronary artery anomalies
and severe ventricular outflow obstruction, were excluded.
All echocardiographic studies were performed by experienced
pediatric cardiologists (S-LJ, Y-CF, M-CL) (4–11).

Myocardial Histology Study
Myocardial histology using the elastic tissue-Masson
technique, hematoxylin and eosin stain, and in situ terminal
deoxyribonucleotidyl transferase-mediated dUTP nick end
labeling assay were all studied. All myocardial specimens were
sent for an enterovirus culture and analyzed by real-time
polymerase chain reaction (7).

Cardiac Biomarkers Study
Laboratory data including complete blood count, blood glucose,
biochemical tests, C-reactive protein, and cardiac biomarkers
such as creatinine kinase (CK), muscle-brain fraction of creatine
kinase (CK-MB), cardiac troponin I, B-type natriuretic peptide
(BNP), or N-terminal prohormone of BNP (NT-proBNP) were
studied (4–11). Hyperglycemia was defined as being a blood
glucose concentration over 150mg/dL on admission to the PICU.
The upper limits of normal were 150 units/L for CPK, 5% for CK-
MB, 1 ng/ml for cardiac troponin I, 100 pg/ml for BNP, and 125
pg/ml for NT-proBNP.

Catecholamine Study
Blood samples were collected upon admission to the PICU, and
with the plasma stored at −70◦C until analysis. After collection,
urine samples were protected from light and stored at 4◦C.
They were then acidified with concentrated hydrochloric acid
and stored at −20◦C until analysis. Measured epinephrine (Epi),
norepinephrine (NE), and vanillylmandelic acid (VMA) samples
were taken using commercially available high-performance
liquid chromatography, combined with the electrochemical
detectionmethod (7, 11).We corrected the relative concentration
of urine catecholamine and VMA based on urine creatinine
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TABLE 1 | Comparison of cohort data from before and after the era of using ECLS to rescue severe EV71-related acute heart failure.

Total Pre-ECLS era Post-ECLS era P value

years (1998–2018) (1998-2000) (2000-2018)

Variables (n = 27) (n = 10) (n = 17)

Clinical Data

Age (months) 21 ± 16 (17) 18 ± 14 (13) 23 ± 17 (20) 0.505

Gender 17 M/10 F 5 M/5 F 12 M/5 F 0.415

BW (kg) 11 ± 4 (11) 10 ± 3 (10) 12 ± 5 (11) 0.334

Onset to admission (days) 4 ± 1 (3) 4 ± 1 (4) 3 ± 1 (3) 0.243

MaxHR (bpm) 206 ± 28 (205) 204 ± 37 (209) 207 ± 22 (200) 0.980

MaxSBP (mmHg) 119 ± 27 (123) 117 ± 15 (118) 120 ± 32 (131) 0.141

Diagnostic Imaging

CTR in CxR 0.50 ± 0.04 (0.52) 0.50 ± 0.06 (0.53) 0.50 ± 0.04 (0.52) 0.824

Pulmonary edema 22 (81%) 9 (90%) 13 (76%) 0.621

LVEDD, Z-score 1.2 ± 2.1 (0.8) 0.9 ± 1.9 (1.0) 1.3 ± 2.2 (0.8) 0.639

Initial EF% 36 ± 11 (36) 38 ± 14 (36) 35 ± 9 (36) 0.570

RWMA 23 (85%) 8 (80%) 15 (88%) 0.613

Laboratory Data

CK (IU/L) 330 ± 297 (344) 344 ± 445 (183) 323 ± 168 (369) 0.201

CK-MB (IU/L) 65 ± 237 (20) 135 ± 383 (11) 23 ± 10 (22) 0.182

Glucose (mg/dl) 268 ± 228 (199) 251 ± 137 (232) 276 ± 267 (140) 0.525

Intervention and Outcomes

Rescued by ECLS 15 (56%) 0 (0%) 15 (88%) 0.000

Good neurological outcome 10 (37%) 0 (0%) 10 (59%) 0.003

Survival rate (>7 days) 17 (63%) 3 (30%) 14 (82%) 0.013

10 early deaths 7 early deaths 3 early deaths

4 late deaths 3 late deaths 1 late death

Data are presented as mean ± standard deviation (median) or case numbers (%). BW, body weight; CK, creatine kinase; CK-MB, muscle-brain fraction of creatine kinase; CTR,

cardiothoracic ratio; CXR, chest radiography; ECLS, extracorporeal life support; EF, ejection fraction of the left ventricle; EV71, enterovirus 71; MaxHR, maximum heart rate; LVEDD,

left ventricular end-diastolic dimension; MaxSBP, maximum systolic blood pressure; RWMA, regional wall motion abnormalities. Good neurological outcome is defined as survival to

discharge with a Pediatric Cerebral Performance Category Scale of 1, 2, or 3 upon hospital discharge. Comparison of data between pre-ECLS era and post-ECLS era cohorts were

analyzed by the Mann-Whitney U-test, Pearson’s Chi-square test, or Fisher’s exact test.

concentration and then expressed it as a ratio to the creatinine
concentration (7, 11).

Diagnosis of TTS
The TTS diagnosis in this study was mainly based on the
international Takotsubo diagnostic criteria (19), including (1)
acute onset of symptoms; (2) transient RWMA with acute LV
dysfunction by transthoracic echocardiography; (3) elevation in
levels of cardiac biomarkers, CK-MB, cardiac troponin I, BNP,
or NT-proBNP; (4) no evidence of infectious myocarditis; and
(5) complete normalization of wall motion abnormality and
LVEF, except in patients who died prior to evidence of recovery
being captured.

Statistical Analysis
The data was displayed as the numbers of the case, percentage,
median, or mean ± standard deviation. SPSS, Version 22.0
for Windows (SPSS, Chicago, IL, USA) was used for statistical
analysis. TheMann-WhitneyU-test, Pearson’s Chi-square test, or
Fisher’s exact test were used to compare clinical manifestations,
laboratory features, and outcomes between the pre-ECLS
era and post-ECLS era cohorts. The Kaplan-Meier method

was used to analyze the survival rate of EV71-related AHF
patients. A two-tailed test result of P < 0.05 was considered
statistically significant.

RESULTS

Patient Profiles
The demographic data, clinical manifestations, and outcomes
of the patients are shown in Table 1. The median age of the
patients was 17 months (4–69 months), with the male/female
ratio being 1.7. Enterovirus 71-related AHF occurred in patients
2–4 days (median of 3 days) after EV71 infection symptoms
were noted. All 27 patients experienced brainstem encephalitis
(Figure 1A) and sinus tachycardia, with their maximum heart
rate ranging from 185 to 260 bpm. Twenty-three (85%) patients
on arrival to the PICU had preexisting systemic hypertension,
while hypotension was diagnosed in 4 (15%), if cardiogenic shock
occurred. Comparing the cohorts between the pre-ECLS era
and post-ECLS era, there were 7 (70%) and 3 (18%) patients
who experienced early death due to AHF, while three (30%)
and 1 (6%) experienced late death due to encephalopathy,
respectively. Compared with the pre-ECLS era cohort, patients
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in the post-ECLS cohort had better neurological outcomes (good
neurological outcomes of 59 vs. 0%, p = 0.003), as well as higher
survival rates (82 vs. 30%, p= 0.013) (5, 7, 8).

Diagnostic Imaging Study
The cardiothoracic ratios measured on chest radiographs ranged
from 0.39 to 0.55 (median 0.52). In the chest X-rays of all
patients, heart size was normal for age. Twenty-two (81%)
patients developed pulmonary edema (Figure 1B). The M-mode
z-score values of LV end-diastolic diameter ranged from −2.1 to
4.6 (median of 0.84), which was consistent with the normal heart
sizes shown on chest radiography. Initial abnormal LVEF ranged

FIGURE 1 | Sagittal magnetic resonance imaging of the brain reveals high

signal intensity over the dorsal regions of the brain stem and cervical spinal

cord in a 16-month-old patient with severe enterovirus 71 infection and acute

heart failure in the year 2001 (A). Chest radiography demonstrates bilateral

pulmonary edema and a normal heart size. The ejection fraction of the left

ventricle was 27% as measured by echocardiography at this time (B).

from 17 to 46% (median of 36%) by echocardiography. There
were 23 (85%) patients who had typical RWMA and 4 (15%)
with late stage AHF who had diffuse LV akinesia (Figures 2A–D;
Supplementary Videos 1, 2).

Myocardial Histology Study
Histological examination of the myocardium of seven patients
revealed that all myocardial specimens demonstrated obvious
myofibrillar degeneration with coagulative myocytolysis, with
most of the nuclei showing significant pyknosis and irregular
shape. Myofibrillar waving, dissolution, and different degrees of
cardiomyocyte apoptosis could be observed. The LV was more
remarkably involved than the right ventricle. Through either viral
culture, real-time polymerase chain reaction for virus detection
or inflammatory cell infiltration, all heart specimens showed no
evidence of viral myocarditis (7).

Cardiac Biomarkers and Catecholamine
Study
Laboratory findings revealed hyperglycemia, elevated CK, CK-
MB, cardiac troponin I, BNP, and NT-proBNP in 15 (56%),
16/26 (62%), 24/26 (92%), 7/8 (88%), 4/4 (100%), and 4/4 (100%)
patients, respectively. The cardiac biomarkers CK-MB, cardiac
troponin I, BNP, and NT-proBNP were 65 ± 237 IU/L (median
of 20), 3.94 ± 2.77 ng/ml (median of 1.48), 296 ± 162 pg/ml
(median of 238), and 3,956 ± 2,908 pg/ml (median of 3,095),
respectively. Catecholamines were measured in SIX patients,
including plasma catecholamines which were measured in three
patients who showed high concentrations, with their Epi levels
being 3,461, 7,505, and 6,137 pg/ml (normal range <70 pg/ml),
and NE levels at 4,723, 54,418, and 579 pg/ml (normal range
100–400 pg/ml). Urine catecholamines were measured in three

FIGURE 2 | Transthoracic two-dimensional echocardiogram in the apical four-chamber view shows a mid-ventricular pattern of a circumferential regional wall motion

abnormality with conspicuous apical ballooning of the LV in a 20-month-old patient in the year 2000 (A) (also see Supplementary Video 1). Diagram demonstrates

the apical ballooning shape of the LV with an appearance resembling an octopus pot (called Tako-tsubo) (B). Transthoracic color Doppler echocardiogram in the

parasternal long-axis view shows LV dysfunction with a circumferential regional wall motion abnormality resulting in apical ballooning of the LV during systole, and mild

mitral regurgitation in a 3-year-old patient in the year 2018 (C) (also see Supplementary Video 2). An M-mode echocardiographic recording from the level of the

mitral valve chordae to the level of the mitral valve reveals a circumferential LV regional wall motion abnormality along yellow and red lines (D). Ao, aorta; LA, left atrium;

LV, left ventricle; RA, right atrium; RV, right ventricle.
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FIGURE 3 | Box-plots show significant elevation of plasma and urine

catecholamine concentrations in patients with enterovirus 71-related heart

failure. Dash lines indicate individual upper limits of normal. �, Outliers: the

patient’s values that are between 1.5 and 3 box lengths from either end of the

box. Epi, epinephrine; NE, norepinephrine.

patients who displayed high Epi concentrations levels of 561,
677, and 1,236 µg/24 h (normal range 0–24 µg/24 h), NE levels
of 1,303, 467, and 2,131 µg/24 h (normal range 10–80 µg/24 h),
and VMA levels of 37.6, 14.2 and 28.4 mg/24 h (normal range 1–
7 mg/24 h), respectively (Figure 3). Patients with EV71-related
AHF had significantly higher troponin I, CK-MB, BNP, NT-
proBNP, and catecholamine levels than those of patients without
AHF. Using the cut-off values of BNP >100 pg/ml, urine Epi
>134 µg/gCr, and urine NE >176 µg/gCr to identify EV71-
infected patients with AHF, their sensitivity and specificity were
both 100% for all when compared with those patients without
AHF (7, 10, 11).

Diagnosis of TTS
An acute onset of symptoms and acute LV dysfunction occurred
in all patients. Echocardiographic findings with typical RWMA
met the diagnosis criteria in 23 (85%) patients, whereas four
patients with diffuse LV akinesia, possibly due to a late stage
of AHF upon arrival, did not meet the diagnostic criteria.
There was insufficient laboratory data seen in both cardiac
biomarkers and histological examination of the myocardial to
allow for a full analysis, but the available parameters were elevated
in most of the patients. There was no evidence of infectious
myocarditis in 7 of 7 (100%) patients, while BNP andNT-proBNP
both significantly increased in 4 of 4 (100%) patients. In 17
of the 27 patients, there was complete normalization of wall
motion abnormality and LVEF, although early death occurred
in the other 10 patients prior to complete normalization of
LVEF. Most of the recovery time of LV systolic function was
about 3–5 days.

DISCUSSION

Children with enterovirus infection are more likely to experience
no complications, except when the pathogen is EV71. Enterovirus
71 was first discovered in California patients in 1974, where
they were presented with serious neurologic complications.
The virus is related to sporadic cases and outbreaks, and is
distributed globally. Countries including Bulgaria in 1975 (44
deaths), Hungary in 1978 (47 deaths), Malaysia in 1997 (more
than 31 deaths), and Taiwan in 1998 (78 deaths) have all been
noted (1–3, 7). Brain stem encephalitis was the main neurological
complication and was present in all of the fatal EV71 infection
cases (1–3). However, AHF was the main cause of early mortality
(4–9). All patients ran a similar fulminant course resulting in
death. After experiencing several days of HFMD symptoms,
herpangina, or febrile illness (Stage 1), patients developed brain
stem encephalitis (Stage 2), with some developing sympathetic
hyperactivity (Stage 3), and a few progressing to AHF with or
without pulmonary edema (Stage 4), shock, and even rapid death,
despite intensive management attempts (1–5).

EV71 Encephalitis, Hypersympathetic
Activity, and Hypercatecholaminemia
Although hypersympathetic activity is preceded by CNS
involvement, its pathophysiology remains unclear. The main
pathological finding in EV71 encephalomyelitis is CNS
inflammation, predominantly involving the whole brain stem
and gray matter of the spinal cord. The lesions in these regions
can increase hypersympathetic activity, and may result in
peripheral vascular constriction, diaphoresis, tachycardia, and
systemic hypertension, with surges of hypercatecholaminemia
(13). In previous studies, we proved that there were significantly
high concentrations of catecholamines in patients with EV71-
related AHFwhich was preceded by hypersympathetic symptoms
(7, 10, 11).

EV71-Related AHF
Based upon our prior knowledge and observations of the clinical
manifestations, the characteristic presentations of patients with
EV71-related AHF seem to include several issues. First, typical
echocardiographic findings involved a mid-ventricular pattern
of circumferential LV RWMA with apical ballooning, known
as “panic or shivering heart”, as well as acute LV dysfunction.
Second, pulmonary edema and a normal heart size were
noted in most patients experiencing heart failure, which has
been termed, “heart function-chest radiograph dissociation.”
If only chest radiographs are used for assessment, this
phenomenon may lead to unrecognized cardiac dysfunction
in these patients. Third, there was no evidence of infectious
myocarditis through patients’ histology. Fourth, sympathetic
hyperactivity and high concentrations of catecholamines were
either followed by or coexisted with LV dysfunction. Fifth,
most patients had a significant increase in cardiac biomarkers,
indicating a certain degree of cardiac damage. Sixth, myocardial
pathology results possibly indicated catecholamine-induced
cardiac damage. Seventh, LV dysfunction was both acute and
transient, but also usually fatal. Eighth, shock patients with
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FIGURE 4 | The postulated pathogenesis of severe EV71 infection associated with catecholamine-induced secondary Takotsubo syndrome (TTS). Central nervous

system indicates central nervous system; EV71, enterovirus 71; HFMD, hand-foot-and-mouth disease; LV, left ventricular; and S1–4, Stage 1–4.

hypotension more often experienced rapid clinical deterioration
and adverse neurological outcomes. Ninth, short-term ECLS
support treatment for transient cardiac dysfunction caused by
catecholamine storm had a lower mortality rate and fewer
neurological sequelae.

EV71-Related AHF and TTS
Catecholamines seem to play an important role in the
pathogenesis of TTS, reflecting the comprehensive response of
the cardiovascular system to either a sudden increase in the
concentration of endogenous catecholamines, which is usually
related to acute severe stress, or exogenous catecholamines (15,
16, 19–21). Cases can be classified as primary or secondary TTS
(23). Biopsy samples obtained from patients in the acute phase of
TTS are similar to those resulting from the direct effects observed
after catecholamine-induced cardiotoxicity (16). Evidence from
clinical studies supports the hypothesis that excess catecholamine
serves as triggers for TTS (15, 16, 19–21). Paur et al. (24)
reported an animal study concerning TTS that revealed a high
epinephrine concentration can induce LV apical ballooning by
injecting an exogenously high-dose of epinephrine. Fu et al. (25)
developed a feline model of NE cardiotoxicity and compared it
to children with EV71-related AHF. His study concluded that
AHF in patients with EV71 encephalitis was similar to that in
cats experiencing NE cardiotoxicity. In view of the similarities
in clinical manifestations, natural course direction, pathological
findings and possible pathogenesis, TTS and EV71-related AHF
may represent the same syndrome. Therefore, we suggest that
there is a direct causal link between EV71-related AHF and
catecholamine-induced secondary TTS.

Pathogenesis of EV71-Related TTS
Our postulated pathogenesis of EV71-related TTS is presented in
Figure 4. The pathophysiology of severe EV71 infection-related
AHF and TTS can be generally divided into two phases. The

first starts with an increased release of catecholamines, such
as Epi and NE, initiated by EV71-related encephalitis, thus
causing damage to the brain stem. The serum catecholamine
concentration of severe EV71 patients is significantly higher
at the time of AHF when compared with those in their non-
AHF counterparts. These differences indicate that susceptible
individuals may release excessive catecholamines. However,
the thresholds for EV71-related encephalitis and excessive
catecholamine release are incompletely understood. In recent
years, several published reports have revealed the role of this
brain-heart axis in the pathogenesis of TTS. Templin et al.
(26) reported less functional connectivity in the limbic system
of patients with TTS compared with healthy individuals. That
region is important in emotional management and autonomic
system regulation. Based on this reasoning, we consider that
children with severe EV71 infection who develop TTS may have
different autonomic regulation and the limbic system functions.
The second phase is the cardiovascular reactions to the surge in
circulating catecholamines. At this stage, catecholamine-induced
TTS can be characterized by peripheral arterial vasoconstriction
leading to an increase in afterload and transient high LV end-
systolic pressure, acute coronary artery vasospasm resulting in
both myocardial ischemia and a subsequent reduction in cardiac
output with systemic hypotension, and finally catecholamine-
mediated myocardial stunning which occurs directly at the
apex where the β-adrenergic receptor gradient is highest.
This area is highly sensitive to circulating catecholamines
(16, 23). Despite the presence of hypercatecholaminemia, the
development of hypotension may be the late stage of cardiogenic
shock, or an aberrant response to catecholamine secretion,
with the development of biased beta-2-mediated post-receptor
signaling, and thus excessive release of the vasodilator nitric
oxide (NO). Patients with TTS are hyper-responsive to NO,
and in combination with the release (via catecholamines) of
superoxide anion, generate peroxynitrite, a major inflammatory
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mediator. This “nitrosative stress” is responsible for damage
to the glycocalyx lining the vasculature (for example, via
plasma concentrations of the glycocalyx component SD-1),
facilitating increases in vascular permeability. Thus, despite
the high catecholamine levels, patients with TTS develop
both hypotension (partially via NO effect, partially via volume
depletion) and peripheral edema.

LIMITATIONS

Due to the rarity of the condition, studies of children with
severe EV71-related AHF aremostly limited to either case reports
or series (3, 12). Although we have 20-years of experience
treating children with EV71-related AHF at our institute, the
case numbers in this study are limited. However, although
similar clinical presentations have been found (3, 12), to the
best of our knowledge this study is the largest case series
in this field. Second, although there is currently a lack of
non-invasive tools for a quick and reliable diagnosis of TTS,
coronary angiography and left ventriculography are considered
to be the gold standard diagnostic tools for confirming TTS.
We lacked any evidence of absence of coronary artery disease
(CAD) in this study, and also could not fully exclude any
other conditions of secondary TTS, such as acute subarachnoid
hemorrhage and pheochromocytoma. However, those conditions
are uncommon in young children, and most published reports
on TTS do not comply with these exclusion rules (19, 27).
We cannot completely rule out the possibility that ACS-
induced TTS may be the main event in our cohort, which
in turn caused EV71 infection resulting in encephalitis and
AHF. Nevertheless, the clinical manifestations (no history of
heart disease predisposed to ACS prior to the event, and no
myocarditis at autopsy) are more consistent with TTS being
the initial precipitating event. Moreover, the prevalence of
concomitant CAD in adult patients ranges from 10 to 29%
(19). Therefore, the existence of CAD should not be regarded
as an exclusion criterion, as acknowledged by International
Takotsubo Diagnostic Criteria (19). Third, although cardiac
magnetic resonance (CMR) with new parametric techniques has
become an important tool for the non-invasive assessment of the
TTS at the time of acute presentation and can help distinguish
between TTS and other important differential diagnoses, such
as myocarditis and myocardial infarction (28), we did not
perform CMR for patients in this study due to all of them were
hemodynamically unstable at the time of acute presentation.
Fourth, we did not check cytokine profiles in this study.
Cytokine storm can lead to AHF by IL-6-induced diastolic
dysfunction and increased cardiomyocyte stiffness. Moreover,
IL-1β and TNF-α produce negative inotropic effects and may
induce cardiomyocyte pyroptosis and apoptosis, respectively
(29, 30). However, there are limited data on cytokine storm-
induced AHF (31, 32), and its clinical presentations and
echocardiographic findings are not consistent with EV71-
related AHF and TTS. Fifth, we did not perform specific
immunohistological staining in this study. Immunohistological

studies in patients with TTS and in rat models of TTS show that
there is considerable inflammation, both cellular (leukocyte and
macrophage infiltration) and humoral (thioredoxin-interacting
protein), together with increased tissue 3-nitrotyrosine and
poly(ADP-ribose) contents (33). Finally, the recognition of
RWMA is subjective and involves substantial interoperative
variability, despite all echocardiographic examinations being
performed by experienced pediatric cardiologists in this study.
Huang et al. (34) reported that automated interpretation of
echocardiography by deep neural networks could be used to
assist in the recognition of RWMA. Therefore, we consider that
using these deep neural networks to automate the recognition of
RWMA would be valuable in both supporting clinical reporting
and improving efficiency in the future treatment of children with
severe EV71 infection and AHF.

CONCLUSION

Severe EV71 infection with AHF preceded by brain stem
encephalitis-related hypercatecholaminemia has a high mortality
rate. Enterovirus 71-related hypercatecholaminemiamay serve as
a trigger factor for TTS in the same manner as severe physical
stress factors. Additionally, patients with EV71-related AHF can
be considered to have secondary TTS, which manifests itself
as a form of chemical and toxic cardiomyopathy. Obtaining
a detailed medical history, closely monitoring vital signs and
clinical symptoms, routine measurement of NT-proBNP and
troponin concentrations, follow-up echocardiography, as well as
follow-up CMR may all aid in the diagnosis of TTS in EV71
patients with AHF. Speckle tracking echocardiography should
be used to monitor cardiac function, not just ejection fraction.
They also need to be carefully monitored in order to treat
any life-threatening cardiogenic shock which may occur at the
appropriate time. Further research is still required in order to
help clarify the hypotheses discussed herein and increase our
understanding of the thresholds for excess catecholamine release
and the cardiovascular responses to EV71-related encephalitis.
These additional studies will also help the medical community
better understand the pathophysiology underpinning severe
EV71 infection-induced secondary TTS in young children.
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Schistosomiasis, especially due to Schistosoma mansoni, is a well-recognized cause of

pulmonary arterial hypertension (PAH). The high prevalence of this helminthiasis makes

schistosome-related PAH (Sch-PAH) one of the most common causes of this disorder

worldwide. The pathogenic mechanisms underlying Sch-PAH remain largely unknown.

Available evidence suggests that schistosome eggs reach the lung via portocaval shunts

formed as a consequence of portal hypertension due to hepatosplenic schistosomiasis.

Once deposited into the lungs, the eggs elicit an immune response resulting in

periovular granuloma formation. Immune mediators drive transforming growth factor-β

(TGF-β) release, which gives rise to pulmonary vascular inflammation with subsequent

remodeling and development of angiomatoid and plexiform lesions. These mechanisms

elicited by the eggs seem to become autonomous and the vascular lesions progress

independently of the antigen. Portopulmonary hypertension, which pathogenesis is still

uncertain, may also play a role in the genesis of Sch-PAH. Recently, there have been

substantial advances in the diagnosis and treatment of PAH, but it remains a difficult

condition to recognize and manage, and patients still die prematurely from right-heart

failure. Echocardiography is used for screening, and the formal diagnosis requires

right-heart catheterization. The experience in treating Sch-PAH is largely limited to the

phosphodiesterase type 5 inhibitors, with evidence suggesting that these vasodilators

improve symptoms and may also improve survival. Considering the great deal of

uncertainty about Sch-PAH pathogenesis, course, and treatment, the aim of this review

is to summarize current knowledge on this condition emphasizing its pathogenesis.

Keywords: pulmonary hypertension, pulmonary arterial hypertension, schistosomiasis, hepatosplenic

schistosomiasis, TGF-β

INTRODUCTION

Pulmonary hypertension (PH) is a hemodynamic and pathophysiologic condition
that comprises heterogeneous disorders, leads to right-heart failure if untreated, and
carries substantial morbidity and mortality (1–4). It is defined as a mean pulmonary
arterial pressure exceeding 20 mmHg at rest as assessed by right-heart catheterization
(5). According to the recent World Health Organization (WHO) classification,
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it is grouped into five categories: pulmonary arterial hypertension
(PAH) (Group 1), left-heart-related (Group 2), lung-
related (Group 3), chronic thromboembolic (Group 4), and
miscellaneous (Group 5) PH (5). Schistosome-associated PH is
classified as Group 1.

Pulmonary arterial hypertension is a chronically progressive
condition that results from elevation in precapillary pulmonary
artery pressure due to inflammation, vascular tone imbalance,
and progressive remodeling of the pulmonary vasculature (4).
Schistosomiasis is a well-recognized cause of PAH, which
is estimated to occur in about 5–15% of patients with the
severe hepatosplenic form of schistosomiasis, particularly due
to Schistosoma mansoni (6, 7). Although PAH is an uncommon
complication of schistosome infection, the high prevalence of this
helminthiasis makes schistosome-associated PAH (Sch-PAH)
one of the most common causes of this disorder worldwide (7).

Patients with Sch-PAH present clinical, laboratory, and
hemodynamic profiles similar to those observed in PAH due
to other etiologies (8). However, the pathogenic mechanisms
underlying Sch-PAH remain largely unknown (9, 10), though
available evidence suggests that egg deposition into the lung and
consequent inflammatory response are key events in the genesis
of these disorder. Over the last two decades, there have been
substantial advances in the diagnosis and treatment of Sch-PAH,
but it remains a difficult condition to recognize and manage,
and patients still die prematurely from right-heart failure (11).
In synthesis, there is a great deal of uncertainty about Sch-PAH
pathogenesis, course, and treatment. Therefore, the aim of this
mini-review is to summarize the current knowledge regarding
Sch-PAH emphasizing its pathogenesis.

ETIOPATHOGENESIS AND COURSE OF
SCHISTOSOME INFECTION

Schistosomiasis is a neglected tropical parasitic disease caused by
trematode flukes of the genus Schistosoma. These blood flukes
use man and other mammals as definitive hosts, and aquatic and
amphibian snails as intermediate hosts. Schistosoma mansoni, S.
haematobium, and S. japonicum are the most common disease-
causing species and the most widely distributed, whereas S.
guineensis, S. intercalatum, and S. mekongi occur in a few
geographical areas and are only of local importance (12–15).
According to available estimates, schistosomiasis affects more
than 230 million people in parts of the Middle East, South
America, Southeast Asia and, particularly, in sub-Saharan Africa
(14, 15). The infection is more common in rural areas, but it
also occurs in the periphery of urban centers associated with
poor sanitation.

The schistosome species differ from each other in several
characteristics and these differences are important determinants
of the clinical presentations of the infection. Schistosoma
haematobium inhabits the pelvic plexuses and damages the
urinary tract. The other species reside in the portal and
mesenteric veins, and cause intestinal and liver disease (12–15).

Schistosome eggs are shed into the environment through
feces or urine. The eggs that reach freshwater release the

ciliated miracidium larva that infects the intermediate host. After
multiplying asexually into sporocysts and later into cercarial
larvae, they are shed by the snail. On finding a definitive
host, the cercariae penetrate the skin, lose their bifurcated tail
transforming into schistosomula, which migrate in blood to
the lungs and, then, to the liver, where they grow into adult
worms, mate and follow the path to the mesenteric venules
of the colon (S. mansoni), small intestine (S. japonicum), or
pelvic plexus (S. haematobium), where eggs are laid (Figure 1A).
About a third of the eggs are eliminated through feces or
urine. Those not eliminated remain trapped in the intestinal or
bladder wall, or are transported by blood to the liver or other
organs (12–15). Eggs trapped into tissues elicit a cell-mediated
periovular granulomatous reaction. As the infection progresses, a
down modulation of the immune response originate progressive
smaller granulomas (16), which are gradually replaced by
fibrotic deposits (12, 15). Thus, in late infection, organ-specific
clinical manifestations usually positively correlate with infection
intensity, and are chiefly mediated by egg induced inflammation
and granulomatous reaction (15, 16).

The course of schistosome infection is classified into acute
and chronic phases and different clinical forms (17). Acute
schistosomiasis is mostly seen in travelers after primary infection.
Commonly, it presents as sudden onset of fever, malaise,
myalgia, headache, eosinophilia, fatigue, diarrhea (with or
without blood), abdominal pain, hepatomegaly, non-productive
cough with pulmonary infiltrates on chest X-ray and, in case
of S. haematobium infection, hematuria. These symptoms often
subside spontaneously over a few weeks (15–17).

The chronic phase is usually asymptomatic, but individuals
who live in endemic areas may present clinical manifestations
that progress insidiously without specific treatment. The intensity
and duration of the infection determine the severity of the
chronic fibro-obstructive disease (12–17). In the intestinal form,
eggs tapered into the gut wall provoke mucosal granulomatous
inflammation that may cause chronic or intermittent abdominal
pain and discomfort with or without diarrhea that may contain
blood. Granulomatous inflammation around eggs embolized to
presinusoidal periportal spaces of the liver that occur in the
early stages of the chronic phase may cause hepatomegaly,
which characterizes the hepatointestinal form. In long-standing
intense infections, periportal collagen deposition leads to fibrosis
and progressive occlusion of terminal branches of the portal
veins causing portal hypertension. This clinical form is called
hepatosplenic and presents with splenomegaly, collateral venous
circulation, portocaval shunting, and esophagogastric varices
[(12–14, 16, 17); Figures 1B–D]. The mild urinary form results
from granulomatous inflammation around S. haematobium
eggs tapered in the bladder and ureteral walls. Its defining
symptom is hematuria, often associated with urinary frequency,
burning micturition, dysuria and suprapubic discomfort. In
high-intensity late chronic infections, obstruction of the urinary
tract may develop due to accumulation of dead calcified eggs and
fibrosis formation in vesical and ureteral walls (12–14, 16, 17).

Portosystemic shunts resulting from portal hypertension in
hepatosplenic schistosomiasis enables egg embolization from
the portal venous system to the systemic venous circulation,
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FIGURE 1 | (A) Schistosome life cycle. (B) Enlarged liver and spleen in hepatosplenic schistosomiasis. (C) Endoscopic aspect of esophageal varices. (D) Collateral

venous circulation. (E) Pulmonary vascular remodeling in schistosome-associated pulmonary arterial hypertension. (F) Right-heart strain (cross section of the heart).

IL, interleukin; TNF, tumor necrosis factor; TGF, transforming growth factor; Echo, echocardiography; Cath, right-heart catheterization.

and then to the lungs, which may cause PH in about 5–
10% of patients with this severe form of schistosomiasis,
particularly when the etiologic agent is S. mansoni (7). Although
preexisting hepatosplenic disease is considered essential for the
development of Sch-PAH, in rare reported cases, it was described
the occurrence of this condition in chronic schistosomiasis
without evidence of portal hypertension (18). However, in these
situations, it is not possible to rule out the possibility that the
patients actually presented schistosome infection associated with
PH of another etiology. This may also be the explanation for
the rare reported cases of PH associated with S. haematobium
infection (19).

SCHISTOSOME-RELATED PULMONARY
ARTERIAL HYPERTENSION

Schistosomiasis is the most common parasitic disease associated
with PH (20, 21); and Sch-PAH might represent one of the
most prevalent causes of this condition worldwide (22). Interest
in this disorder has increased in recent years due to the
current availability of PAH treatment. However, Sch-PAH is still
underdiagnosed and undertreated.

Currently, Sch-PAH is defined by the combination of
the following criteria: (1) mean pulmonary arterial pressure

>20 mmHg, pulmonary arterial wedge pressure ≤15 mmHg
(current criteria of precapillary PH) associated with a pulmonary
vascular resistance >3 Wood Units, assessed at rest by right-
heart catheterization; (2) history of schistosome infection,
as evidenced by current or prior presence of schistosome
eggs in stool examination or rectal biopsy, prior schistosome
specific treatment, or prior exposure to the infection in
a schistosome endemic area; and (3) ultrasonographic
findings consistent with hepatosplenic schistosomiasis,
which include periportal fibrosis, enlargement of the left
lobe of the liver, and thickening of the gallbladder wall
(23) associated with signs of portal hypertension such
as splenomegaly and collateral venous circulation [(7);
Figures 1B–D].

Pathogenesis
The exact pathogenesis of Sch-PAH remains unclear; however,
mechanical obstruction of lung vasculature by embolized
eggs, pulmonary vascular inflammation and remodeling, and
portopulmonary hypertension-like pathophysiology have been
suggested as the most probably pathogenic mechanisms for this
condition (6, 18). The immunopathogenesis of the disease is also
unclear, although there are similarities with the immunologic
features of idiopathic PAH (18).
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After being embolized to lungs via portosystemic shunts,
the eggs elicit a predominantly T helper type-2 (Th2) cells
immune response resulting in periovular granuloma formation.
These granulomas affect both lung parenchyma and pulmonary
vasculature causing parenchyma damage and fibrosis, and a
certain extend of distal pulmonary vascular bed loss with
consequent elevation in pulmonary vascular resistance. This
mechanism is similar to what occurs in liver after egg deposition
in the portal branches of portal vein, which results in some
grade of fibrosis, tissue destruction, and obstruction of the portal
flow (7, 18). Although this mechanism was originally considered
the principal explanation for Sch-PAH, currently, it has been
suggested that mechanical obstruction of the pulmonary arteries
by the eggs may not cause significant increase in pulmonary
vascular resistance and that Sch-PAH is especially due to a
proliferative vasculopathy [(18, 24); Figure 1E].

A diffuse and heterogeneously distributed pulmonary
vasculopathy is an important pathogenic mechanism underlying
Sch-PAH (7, 18, 24–26). Alterations in the structure and function
of the endothelial cells develop in association with growth
of neointimal, medial, and adventitial layers, resulting in an
occlusive arteriopathy, which increases the resistance to the
blood flow. Angiomatoid and plexiform lesions also develop
(6, 7, 22, 26). The exact pathogenesis of this vasculopathy is
still unclear, though inflammatory mechanisms are strongly
suspected (27). Some evidence indicates that transforming
growth factor (TGF)-β plays a key role in the vascular
remodeling (7, 9, 28–30); and, in Sch-PAH, the release of
this cytokine is probably a consequence of the Th2 inflammation
elicited by eggs deposited into lungs through a series of cellular
and signaling events (7, 9, 29). However, Sch-PAH shares TGF-
β-dependent vascular remodeling with idiopathic, heritable and
autoimmune-associated etiologies of PAH (30). An interesting
aspect is the fact that TGF-β activation, seems to become
autonomous and independent of schistosome antigen resulting
in a persistent vascular disease despite parasite eradication
(7, 31). Some evidence suggests that TGF-β can induce a shift
from glucose oxidation toward uncoupled aerobic glycolysis in
pulmonary artery smooth muscle cells (PASMCs), which, then,
undergo increased glycolysis, similar to the anaerobic glycolysis
or “Warburg” effect observed in cancer cells. This effect may
contribute to the proliferative, apoptosis resistant, cancer-like
phenotype observed in PASMCs, pulmonary artery endothelial
cells, and adventitial fibroblasts in established PAH. Increased
cytosolic calcium, probably due to changes in ion channels, also
seems to contribute to the contractile, hyperproliferative, and
anti-apoptotic phenotype of PAH PASMCs (24). It has also been
suggested that an infection (e.g., viruses) from propagating a
number of inflammatory pathways that lead to vascular cell
proliferation, migration, and extracellular matrix deposition
may contribute to the structural remodeling characteristic of
PAH (32, 33). In this context, Kim et al. demonstrated that
patients with PAH exhibit a unique gut microbiome profile
that produces bacterial metabolites and molecules, which may
play a role in the pathogenesis of PAH (34). The obstructive
vascular remodeling increases right-ventricle (RV) afterload
leading to its hypertrophy. Over time, changes in the RV such as

fibrosis and ischemia may develop causing RV dysfunction [(24);
Figure 1F].

It has also been suggested that portopulmonary hypertension
(PoPH), which is a serious complication of chronic liver
diseases that course with portal hypertension, may contribute
to the pathogenesis of Sch-PAH (6, 18, 26). Portopulmonary
hypertension pathogenesis is unknown, but several hypotheses
have been proposed: (1) imbalance of vasoconstrictive and
vasodilatory mediators is the most widely accepted explanation.
According to it, mediators that are normally metabolized by the
liver, reach the pulmonary circulation via portosystemic shunts
causing PoPH; (2) hyperdynamic pulmonary circulation with
increased RV output and blood flow through the pulmonary
vascular bed causing increased sheer stress on the vascular
wall and then PoPH; (3) genetic predisposition; (4) pulmonary
thromboembolism from the portal venous system. Emboli from
the portal circulation may reach pulmonary vessels through
portosystemic shunts causing PH; and (5) inflammation (6, 35).

Clinical Profile and Diagnosis
The clinical manifestations of Sch-PAH are indistinguishable
from those of PAH of the other etiologies and result
from progressive right-heart failure, including shortness of
breath on exertion, peripheral edema, and syncope. However,
pulmonary artery enlargement is more pronounced in Sch-
PAH, independently of mean pulmonary artery pressure level,
suggesting that this is more likely a feature of Sch-PAH (36).
Furthermore, the clinical course of Sch-PAH seems to be more
benign than that of idiopathic and connective tissue disease-
associated PAH (37, 38).

As Sch-PAH is an important cause of PAH worldwide,
particularly in developing countries, it is worth investigating
this helminthiasis in people with PAH. The diagnosis of
schistosomiasis is based on the history of environmental
exposure to the infection, prior treatment of the parasitosis,
or detection of eggs in stool, urine or rectal biopsy. Serologic
testing is more helpful in the evaluation of patients from
non-endemic areas because of the high rate of false positive
results in persons who live in schistosome endemic areas (14,
17). Techniques to detect parasite antigens have been used
and are commercially available in a point-of-care format (39).
Polymerase chain reaction (PCR) and loop-mediated isothermal
amplification (LAMP) on stool, urine or serum are sensitive
but still of limited use. Hepatosplenic schistosomiasis diagnosis
is based on ultrasonographic findings as previously described
(23). Abdominal computed tomography (CT) scan and magnetic
resonance imaging (MRI) may also demonstrate the findings of
this form of schistosomiasis.

Echocardiography is usually the first exam performed in
patients with suspicion of PH. Signs of RV overload such as
RV hypertrophy and dilation, increase in pulmonary artery
systolic pressure (PASP), and septal flattening or bulge are
usually present. As measurement of pulmonary pressure by
echocardiography is subject to limitations and its correlation
with invasive measurements depends on optimal technical
conditions, echocardiography is recommended for screening
purposes. Studies have consistently shown that in nearly 50% of
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cases, PASP Doppler estimates differ by more than 10 mmHg
from the values obtained by right-heart catheterization (40–42).
However, echocardiogram can give important additional and
prognostic information, such as right and left heart function, and
right atrial area and presence of pericardial effusion, which are
associated with prognosis (42, 43).

If PH probability is intermediate or high on
echocardiography, it should be considered to perform a
ventilation/perfusion (V/Q) scan, comprehensive heart
evaluation, and pulmonary tests to rule out the WHO 2, 3,
and 4 PH groups. Right-heart catheterization is mandatory to
confirm the presence of PH and to distinguish pre-capillary and
post-capillary predominance (22, 44).

Clinical Management
Patients with Sch-PAH require close monitoring. Although
reducing pulmonary pressure is the principal focus of the
therapeutic approach, symptomatic, and supportive treatment
remains an important component of patients’ care. Diuretics are
indicated to prevent or treat edema and the effects of volume
overload on RV function and remodeling. Supplemental oxygen
to maintain saturations above 90% helps to avoid hypoxia-
induced pulmonary vascular constriction and consequent
additional increase in pulmonary vascular resistance (4). Patients
with portal hypertension have elevated bleeding risk from
esophagogastric varices thus anticoagulation is usually not
recommended (45).

Sch-PAH patients present improvements in functional
class, 6-min walk distance, and hemodynamic parameters in
response to PAH specific treatment (7, 46). Additionally,
treated patients seem to have better survival rates than those
untreated, at 5 years (47). Currently, PAH therapies target
one or more of three major pathways implicated in disease
progression: the nitric oxide (NO) pathway, which includes
phosphodiesterase type 5 inhibitors (sildenafil and tadalafil) and
soluble guanylyl cyclase stimulators (riociguat); the endothelin-1
(ET-1) pathway, which includes receptor antagonists (bosentan,
ambrisentan, and macitentan); and the prostacyclin (PGI2)
pathway, which includes prostacyclin analogs (epoprostenol,
treprostinil, and iloprost) and the non-prostanoid IP-receptor
agonist selexipag (7, 48). Considering resource limitations,
only a few of these agents are available for clinical use in
schistosomiasis endemic areas. Thus, the major drug used
in those areas is sildenafil. However, as Sch-PAH shares
pathophysiologic characteristics with the other WHO Group 1
PAH etiologies, creates the opportunity of treating Sch-PAH
patients with the other agents (7). As a consequence of the
better understanding of PAH pathophysiology, combination
therapy, targeting the NO, ET-1, and PGI2 pathways, has
emerged as the contemporary standard in the treatment
of PAH patients (49). This approach requires investigation
in Sch-PAH.

Sotatercept is an investigational ligand trap for TGF-β that was
recently studied in patients with other forms of PAH. In these

patients treated with standard therapy, the addition of sotatercept
improved pulmonary vascular resistance, exercise tolerance, and
serum levels of brain natriuretic peptide in comparison to
placebo. As TGF-β activation may be a final common pathway
in PAH pathogenesis, which is driven by different routes such as
Th2 immune response in schistosomiasis, sotatercept may also be
useful in the treatment of Sch-PAH patients (50).

The effect of anti-schistosome therapy in the lung parenchyma
and vasculature has not been established. However, some authors
suggest treating all Sch-PAHpatients with praziquantel due to the
severity of the disease and low risk of harm (51).

SUMMARY AND CONCLUSIONS

Schistosome pulmonary arterial hypertension is one of the
most common causes of WHO Group 1 PAH worldwide.
Thus, even in non-endemic areas, epidemiologic information
about schistosomiasis exposure is important to be elicited.
This form of PH develops in patients with the severe
hepatosplenic form of schistosomiasis, especially due to
S. mansoni infection, following egg embolization to the
lungs via collaterals that form as a consequence of portal
hypertension. Although Sch-PAH pathogenesis is largely
unknown, progressive remodeling of pulmonary vasculature
is considered a key mechanism in the genesis of this disease.
It has been suggested that TGF-β signaling as a consequence
of the Th2 immune response elicited by eggs deposited into
the lungs triggers the vascular remodeling. The clinical,
laboratory, and hemodynamic profiles of Sch-PAH are similar
to those of the other forms of PAH. Screening for the disease
is performed using echocardiography, and definite diagnosis
requires right-heart catheterization. Although patients with
Sch-PAH show a more favorable hemodynamic profile and
better survival compared to those with other forms PAH,
its outcome remains poor, carrying a significant morbidity
and mortality. Data on treatment of Sch-PAH patients with
pulmonary vasodilators are limited, but recent evidence
suggests that such therapies improve symptoms and may also
improve survival.
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Background:Chronic Chagas Cardiomyopathy is a unique form of cardiomyopathy, with

a significantly higher mortality risk than other heart failure etiologies. Diastolic dysfunction

(DD) plays an important role in the prognosis of CCM; however, the value of serum

biomarkers in identifying and stratifying DD has been poorly studied in this context.

We aimed to analyze the correlation of six biochemical markers with diastolic function

echocardiographic markers and DD diagnosis in patients with CCM.

Methods: Cross-sectional study of 100 adults with different stages of CCM. Serum

concentrations of amino-terminal pro-B type natriuretic peptide (NT-proBNP), galectin-3

(Gal-3), neutrophil gelatinase-associated lipocalin (NGAL), high-sensitivity troponin T

(hs-cTnT), soluble (sST2), and cystatin-C (Cys-c) were measured. Tissue Doppler

imaging was used to measure echocardiographic parameters indicating DD. Multivariate

logistic regression models adjusted by age, sex, BMI, and NYHA classification were used

to evaluate the association between the biomarkers and DD.

Results: From the total patients included (55% male with a median age of 62 years),

38% had a preserved LVEF, but only 14% had a normal global longitudinal strain.

Moreover, 64% had a diagnosis of diastolic dysfunction, with most of the patients

showing a restrictive pattern (n = 28). The median levels of all biomarkers (except for

sST2) were significantly higher in the group of patients with DD. Higher levels of natural

log-transformed NTproBNP (per 1-unit increase, OR = 3.41, p < 0.001), Hs-cTnT (per

1-unit increase, OR = 3.24, p = 0.001), NGAL (per 1-unit increase, OR = 5.24, p

=0.003), and Cys-C (per 1-unit increase, OR = 22.26, p = 0.008) were associated

with increased odds of having diastolic dysfunction in the multivariate analyses. Finally,

NT-proBNP had the highest AUC value (88.54) for discriminating DD presence.

Conclusion: Cardiovascular biomarkers represent valuable tools for diastolic

dysfunction assessment in the context of CCM. Additional studies focusing mainly on

patients with HFpEF are required to validate the performance of these cardiovascular

biomarkers in CCM, allowing for an optimal assessment of this unique population.

Keywords: Chagas disease, Chagas cardiomyopathy, biomarkers, diastolic dysfunction (DD), echocardiograph
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INTRODUCTION

Chagas disease, or American trypanosomiasis, is an infectious
disease endemic in Latin America caused by hemoparasite
Trypanosomacruzi (T. cruzi) (1). According to the World Health
Organization (WHO) estimates published in 2015, 5,742,167
individuals with Chagas disease were living in Latin American
countries (2). Moreover, estimated 300,000 infected individuals
live in the U.S.A, and almost 100,000 live in the European Union
with this disease, while the pooled prevalence of infection in
Latin American migrants is estimated to be 4.2% (3, 4). The main
transmission route of T. cruzi is vectorial (including parts or stool
of ingestion triatomine insects); nevertheless, other important
forms of the transmission include vertical (5), blood transfusions
(6), and solid organ transplant (7). Although the acute infection
is generally oligosymptomatic, almost 30% of the infected
patients develop the chronic form of the disease after a few
decades (8).

In its chronic phase, Chagas disease can involve the
nervous system, the gastrointestinal tract (essentially the
esophagus and the colon), and the heart (9). Chronic Chagas
cardiomyopathy (CCM) represents one of the most severe
forms of organ involvement, highlighting a high incidence
of arrhythmias, leading to systemic embolisms and sudden
cardiac death (10). Furthermore, it is associated with a
severe myocardial involvement resulting in functional
valvular regurgitation and dilated cardiomyopathy (11).
Classically, heart failure in the context of Chagas disease
has been related to a predominant systolic dysfunction
profile (11, 12); however, diastolic dysfunction (DD) in the
setting of CCM has also been associated with a worse clinical
status and a higher incidence of adverse cardiovascular
outcomes (13–16). This highlights the importance of making
a prompt diagnosis of DD, which is usually achieved by
echocardiography (17, 18).

Nevertheless, echocardiographic diagnosis of DD may suffer

from the characteristic interobserver variability of this method
(19). Moreover, patients with CD usually live in rural,

secluded areas, significantly limiting the possibility of performing
echocardiographic studies due to its restricted availability outside
hospitals and associated costs (11). In this context, cardiovascular

(CV) biomarkers could overcome these limitations, as samples
can be collected and stored for a sufficient time to allow
transportation to a nearby laboratory, the measurements
do not depend on the availability of a trained cardiac
sonographer, and the cost of the tests are significantly
lower compared with echocardiography (20, 21). Moreover,
CV biomarkers may also represent a viable option for
identifying DD in this special population, as it has been
observed that biomarkers such as NT-proBNP are significantly
associated with DD diagnosis in heart failure of other
etiologies (22–25). We aimed to analyze the correlation of six
biochemical markers with diastolic function echocardiographic
markers and DD diagnosis in patients with CCM. We
hypothesize that NT-proBNP will have a significantly higher
discriminative capacity to detect DD compared with the other
CV biomarkers.

MATERIALS AND METHODS

Study Population
This cross-sectional study was conducted between July and
December 2015 at the Heart Failure and Heart Transplant
Clinic of Fundación Cardiovascular in Floridablanca, Colombia.
Adult outpatients (>18 years old) with a positive serological
diagnosis of T. cruzi infection (positive IgG antibodies) and
echocardiographic (echo) or electrocardiographic (ECG)
abnormalities consistent with chronic Chagas cardiomyopathy
(a left anterior fascicular block, a right bundle branch
block, atrioventricular blocks, ventricular premature beats,
atrial fibrillation or flutter, bradycardia ≤50 h/min or
echocardiographic finding suggesting myocardial alterations
as evaluated by a cardiologist) were included. We enrolled
patients across all the severity stages, including individuals
with implantable devices and refractory heart failure. The study
sample was obtained from the patients with CCM, attending
their follow-up evaluations; the first 100 individuals who fulfilled
the inclusion criteria were enrolled. We excluded individuals
with diabetes mellitus, coronary heart disease history, mitral
stenosis, or uncontrolled hypertension. The Institutional
Committee on Research Ethics approved the research protocol
of the study. All the patients provided written informed consent
for their participation in the study.

Data Collection
Information on socioeconomic status, lifestyle factors, and
medication use was recorded. Body-mass index, left ventricular
ejection fraction (LVEF) calculated by Simpson’s rule from the
four-chamber view, and global longitudinal strain by speckle
tracking (GLS) were also measured. Finally, fasting serum
samples were collected from each individual for the assessment
of the six biomarkers. High-sensitivity troponin T (hs-cTnT) was
quantified with a fifth generation assay on an automated platform
(ECLIA Elecsys 2010 analyzer, Roche Diagnostics, Germany).
Galectin-3 (Gal-3) was assessed by using a quantitative
method, specifically an ELFA (enzyme-linked fluorescent assay)
technique (VIDAS, Biomerieux, Marcy l’Étoile, France). Amino-
terminal pro-B-type natriuretic peptide (NT-proBNP) levels were
measured using the electrochemiluminescence method (Roche
Diagnostics GmbH, Mannheim, Germany). The Alere Triage R©

NGAL test was used to assess Neutrophil Gelatinase-Associated
Lipocalin (NGAL). Soluble ST2 (sST2) was measured from
banked serum by a Critical Diagnostics PresageTM sST2 assay
kit via enzyme-linked immunosorbent assay (ELISA). Finally,
Cystatin c (Cys-c) was quantified by an immunologic turbid
metric assay (Tina-quant Cystatin C cobas R©).

Echocardiography
Transthoracic echocardiographywas performed using a GEVivid
S6 ultrasound system with an M4S matrix-array transducer of
1.6–4.3 MHz. Acquisitions were performed by a single certified
and experienced cardiac sonographer blinded to the patient
data (MCV). All echocardiograms were read and measured
by a single cardiologist certified in echocardiography (LEE).
Cardiac dimensions and Doppler measurements were obtained
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in accordance with American Society of Echocardiography and
European Association of Echocardiography recommendations.
M-mode echocardiography was used to measure the left
atrial (LA) diameter and LV end-diastolic and end-systolic
diameters (as recommended by the 2010 Guidelines of the
American Society of Echocardiography at the time the study
was initiated).

Two-dimensional LA and LV volumes were determined using
modified Simpson’s rule, with images obtained from the apical
four-chamber and two-chamber views. Pulsed-wave Doppler was
performed in the apical four-chamber view. From transmitral
recordings, early peak (E) and late (A) diastolic filling velocities,
E/A ratio, E wave deceleration time, velocity-time integral (VTI)
of the E-wave (VTIE), A-wave VTI (VTIA), and LA filling
fraction [VTIA/(VTIE + VTIA)] were obtained. The e’ lateral
velocity (tissue Doppler) and the E/e’ ratio were calculated.
Isovolumic relaxation time was measured from continuous-
wave Doppler obtained in the apical five-chamber view. RV
systolic pressure was derived from continuous-wave Doppler
interrogation of tricuspid regurgitation. RV systolic function was
evaluated by measuring the peak systolic myocardial velocity (RV
S0) of the lateral tricuspid annulus, and tricuspid annular plane
systolic excursion (TAPSE).

Regarding diastolic dysfunction, the patients were classified
into four groups according to the echocardiographic
characteristics observed. The patients without alterations
compatible with DD were classified as having a normal filling
pattern; moreover, individuals with DD were divided into three
groups: abnormal relaxation pattern, pseudonormal pattern,
and restrictive pattern (including both reversible and fixed
defects) according to the recommendations for the evaluation
of left ventricular diastolic function by echocardiography of
the American Society of Echocardiography and the European
Association of Cardiovascular Imaging.

Statistical Analysis
Categorical variables were presented as numbers and
proportions, while continuous variables were reported as
medians and interquartile ranges. The Chi-square and
Fischer exact tests were used to assess for differences in
categorical variables by the DD group, while the Mann—
Whitney U-test and the Kruskal—Wallis test were used
for continuous variables. The Pearson’s correlation test was
used to assess whether the biomarkers were correlated with
relevant continuous echocardiographic parameters of diastolic
dysfunction. Furthermore, we used natural log-transformed
values of biomarkers concentrations to approximate a normal
distribution. ANOVA tests and the Bonferroni post hoc pairwise
comparisons test were used to explore whether levels of natural
log-transformed biomarkers were different across DD groups.
Afterward, all biomarkers were analyzed using univariate logistic
regression analyses in relation to DD diagnosis, and then
adjusting for age, sex, body mass index, and NYHA classification.
We quantified the discriminatory ability of the biomarkers
with the area under the receiver-operating characteristic curve
(AUC-ROC). The Youden index was used to identify the
best biomarkers cut-off level to distinguish patients with and

without DD. Also, we compared the AUC of NT-proBNP vs. all
biomarkers. All statistical tests were two-sided. A p-value < 0.05
was considered statistically significant for all tests. All analyses
were performed using Statistical Package STATA version 15
(Station College, Texas, USA).

Sensitivity Analyses
To explore whether the associations of the levels of the
biomarkers with the outcome of diastolic disfunction would
differ by ejection fraction classification, an interaction term of
each biomarker and the LVEF was tested. Furthermore, the
performance of the biomarker was evaluated only in patients with
a preserved ejection fraction to assess for differences that may
have clinical implications in this context.

RESULTS

Population Characteristics
One hundred individuals were included, 55%male with a median
age of 62 [interquartile range (IQR) 53–70] years at baseline
assessment. About 38% of the patients had a preserved LVEF,
but only 14% of the included patients had a normal global
longitudinal strain (GLS) value. Moreover, 64 patients (64%)
had a diagnosis of diastolic dysfunction (DD), with most of
the patients showing a restrictive pattern (n = 28). Patients
with DD had a significantly higher body mass index (BMI) and
were more frequently prescribed heart failure drugs, including
ACEI/ARB, MRAs, beta-blockers, and diuretics, compared with
patients without DD. Moreover, the individuals with DD had a
significantly lower LVEF (Median in patients with DD: 17.5 vs.
median in patients with non-DD: 42.5. p < 0.001) (Table 1).

Biomarkers and Diastolic Dysfunction in CCM
Significant differences in the levels of the biomarkers were
observed when comparing patients with and without DD and
across DD groups (Tables 1, 2). At first, the median levels of NT-
proBNP (1,695 vs. 132 pg/ml), Hs-cTnT (15.9 vs. 5.1 ng/L), Cys-C
(1.3 vs. 0.9 mg/L), NGAL (110 vs. 73.5 ng/ml), and Galectin-3
(15.3 vs. 12.9 ng/ml) were significantly higher in the group of
patients with DD compared with those without this diagnosis.
Similarly, the levels of the biomarker also increased with
more severe forms of diastolic dysfunction, being significantly
different across DD groups (Supplementary Table 1, Figure 1).
Furthermore, most of the evaluated biomarkers were significantly
correlated with diastolic function echocardiographic variables,
being the NT-proBNP and the Cys-C the biomarkers with
the highest correlation values across the assessed variables
(Supplementary Table 2). Interestingly, Mitral flow E velocity
was correlated only with the renal biomarkers (Cys-C and
NGAL) (Supplementary Table 2).

Furthermore, multivariate logistic regression models adjusted
by age, sex, BMI, and NYHA classification revealed that
all logarithm-transformed biomarkers (except for Galectin-3
and sST2) were significantly associated with DD diagnosis
(Table 3). In this context, higher levels of natural log-transformed
NTproBNP (per 1-unit increase, OR= 3.41, p< 0.001), Hs-cTnT
(per 1-unit increase, OR = 3.24, p = 0.001), NGAL (per 1-unit
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TABLE 1 | Characteristics of the patients with chronic Chagas cardiomyopathy evaluated according to diastolic dysfunction diagnosis (n = 100).

Patients without DD (N = 36) Patients with DD (N = 64) Total (N = 100) p value

Males 18 (50.0%) 37 (57.8%) 55 (55.0%) 0.451

Age 60.5 (52.7, 71.0) 63.0 (56.0, 68.2) 62.0 (54.0, 69.5) 0.217

AHA/ACC Classification 0.066

A 1 (2.8%) 0 (0.0%) 1 (1.0%)

B 9 (25.0%) 7 (10.9%) 16 (16.0%)

C 26 (72.2%) 53 (82.8%) 79 (79.0%)

D 0 (0.0%) 4 (6.2%) 4 (4.0%)

NYHA 0.853

I 15 (41.7%) 28 (43.8%) 43 (43.0%)

II 14 (38.9%) 25 (39.1%) 39 (39.0%)

III 7 (19.4%) 10 (15.6%) 17 (17.0%)

IV 0 (0.0%) 1 (1.6%) 1 (1.0%)

BMI 27.3 (24.5, 29.7) 24.4 (21.9, 27.6) 26.2 (22.7, 28.2) 0.008

ACEI/ARB 16 (44.4%) 54 (84.4%) 70 (70%) <0.001

MRA 9 (25.0%) 47 (73.4%) 56 (56%) <0.001

Beta-blockers 19 (52.8%) 59 (92.2%) 78 (78%) <0.001

Diuretics 10 (27.8%) 37 (57.8%) 47 (47.0%) 0.004

LVEF 42.5 (35.2, 46.2) 17.5 (8.7, 30.2) 27.000 (13.0, 40.2) <0.001

NT-proBNP 132.0 (54.4, 319.6) 1695.0 (665.9, 3892.0) 703.6 (178.9, 2818.7) <0.001

Hs-cTnT 5.1 (3.5, 11.2) 15.9 (9.5, 29.1) 11.7 (5.6, 22.4) <0.001

Cys-C 1.0 (0.9, 1.1) 1.2 (1.0, 1.5) 1.1 (0.9, 1.4) <0.001

NGAL 73.5 (61.2, 98.5) 110.0 (80.0, 160.2) 96.5 (69.0, 145.2) <0.001

Galectin-3 12.9 (10.8, 15.1) 15.3 (12.2, 20.5) 14.2 (11.5, 18.2) 0.006

sST2 22.9 (19.4, 26.0) 26.7 (20.5, 33.5) 24.7 (20.1, 31.9) 0.091

BMI, body mass index; ACEI/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; MRA, mineralocorticoid receptor antagonists; LVEF, left ventricular ejection

fraction; NT-proBNP, N-terminal-proB-type natiuretic peptide; Hs-cTnT, high-sensitive cardiac troponin T; Cys-C, cystatin C; NGAL, neutrophil gelatinase- associated lipocalin; sST2,

soluble ST2.

TABLE 2 | Characteristics of the patients with chronic Chagas cardiomyopathy evaluated according to diastolic dysfunction classification (n = 100).

0 (N = 36) I (N = 22) II (N = 14) III and IV (N = 28) Total (N = 100) p value

Males 18 (50.0%) 12 (54.5%) 7 (50.0%) 18 (64.3%) 55 (55.0%) 0.686

Age 60.5 (52.7, 71.0) 62.0 (56.2, 67.7) 62.500 (55.0, 66.7) 64.500 (55.7, 69.7) 62.0 (54.0, 69.5) 0.660

AHA/ACC Classification 0.019

A 1 (2.8%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (1.0%)

B 9 (25.0%) 2 (9.1%) 5 (35.7%) 0 (0.0%) 16 (16.0%)

C 26 (72.2%) 20 (90.9%) 8 (57.1%) 25 (89.3%) 79 (79.0%)

D 0 (0.0%) 0 (0.0%) 1 (7.1%) 3 (10.7%) 4 (4.0%)

NYHA 0.650

I 15 (41.7%) 8 (36.4%) 8 (57.1%) 12 (42.9%) 43 (43.0%)

II 14 (38.9%) 12 (54.5%) 4 (28.6%) 9 (32.1%) 39 (39.0%)

III 7 (19.4%) 2 (9.1%) 2 (14.3%) 6 (21.4%) 17 (17.0%)

IV 0 (0.0%) 0 (0.0%) 0 (0.0%) 1 (3.6%) 1 (1.0%)

BMI 27.3 (24.5, 29.7) 27.2 (23.2, 28.0) 23.7 (21.4, 27.1) 23.1 (21.6, 27.5) 26.2 (22.7, 28.2) 0.012

ACEI/ARB 16 (44.4%) 17 (77.3%) 13 (92.9%) 24 (85.7%) 70 (70%) <0.001

Beta-blockers 19 (52.8%) 21 (95.5%) 13 (92.9%) 25 (89.3%) 78 (78%) <0.001

MRA 9 (25%) 16 (72.7%) 9 (64.3%) 22 (78.6%) 56 (56%) <0.001

Diuretics 10 (27.8%) 11 (50.0%) 5 (35.7%) 21 (75.0%) 47 (47.0%) 0.002

LVEF 42.5 (35.2, 46.2) 26.5 (13.7, 32.5) 20.5 (10.0, 30.7) 14.0 (6.0, 21.2) 27.0 (13.0, 40.2) <0.001

BMI, body mass index; ACEI/ARB, angiotensin-converting enzyme inhibitor/angiotensin receptor blocker; MRA, mineralocorticoid receptor antagonists; LVEF, left ventricular

ejection fraction. Bold values indicate a statistically significant difference, P-value < 0.05.
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FIGURE 1 | Biomarker levels in patients with chronic Chagas cardiomyopathy with normal and abnormal patterns of diastolic function of the left ventricle. NT-proBNP,

N-terminal-proB-type natiuretic peptide; Hs-cTnT, high-sensitive cardiac troponin T; Cys-C, cystatin C; NGAL, neutrophil gelatinase-associated lipocalin; sST2, soluble

ST2. *, p-value < 0.001. **, p-value < 0.01. ***, p-value < 0.05.

increase, OR = 5.24, p = 0.003), and Cys-C (per 1-unit increase,
OR = 22.26, p = 0.008) were associated with increased odds of
having diastolic dysfunction.

Diagnostic Evaluation of the Biomarkers
Table 4 shows the best cut-off point for each biomarker and
its corresponding AUC-ROC for detecting diastolic dysfunction.
NT-proBNP had the highest AUC value (88.54) and was superior
in all evaluated parameters (sensitivity, specificity, positive
predictive value, negative predictive value, and accuracy) than
the other assessed biomarkers. Hs-cTnT and Cystatin-C had
the second and third highest AUC values, respectively. Finally,
Galectin-3 was the only biomarker that was not significantly
associated with DD diagnosis.

When comparing the AUC-ROC, we observed that the value
was significantly higher for the NT-proBNP compared with any
of the other biomarkers (p: 0.015 vs. Hs-cTnT, p: 0.004 vs. sST2,
p < 0.001 vs. Galectin-3, p: 0.004 vs. NGAL, p: 0.010 vs. Cys-C)
(Figure 2).

Sensitivity Analyses
A significant interaction term by LVEF was observed for NT-
proBNP (p = 0.011) and Hs-cTnT (p = 0.021). Therefore,
we assessed the population of patients with preserved ejection
fraction apart, as identifying diastolic dysfunction could be
more challenging in this subgroup. Supplementary Table 3

summarizes the characteristics of patients with HF with a
preserved ejection fraction according to the diagnosis of DD,
evidencing a similar profile to the one observed in the full
cohort (Table 1). We observed a different performance of the

biomarkers in this population, highlighting that NT-proBNP and
Hs-cTnT remained as significant predictors of DD. At the same
time, NGAL and Cys-C lost statistical significance, and Galectin-
3 and sST2 remained not significantly associated with diastolic
dysfunction diagnosis (Supplementary Table 4).

DISCUSSION

In this study, patients with chronic Chagas cardiomyopathy
had high prevalence of DD (64%), with most of the patients
showing a restrictive pattern (n = 28). Several differences
were observed between the patients with and without DD,
highlighting a significantly lower LVEF in patients with DD
diagnosis. Interestingly, patients with diastolic dysfunction had a
significantly lower bodymass index compared with those without
DD. This finding could reflect the most advanced stage of HF
in patients with DD, as these individuals develop a syndrome
of cardiac cachexia, which is characterized by significant weight
loss in the absence of peripheral edema. Furthermore, significant
differences in the levels of NT-proBNP, Hs-cTnT, Cys-C, NGAL,
and Galectin-3 were observed when comparing patients with
and without DD and across DD groups, which were evidenced.
Finally, NT-proBNP had the highest discriminative capacity to
identify patients with DD, being its AUC-ROC significantly
higher than those of the other assessed biomarkers.

Diastolic dysfunction has been associated with the
development of Chagas cardiomyopathy in several studies,
highlighting the relevant role of this condition as a potential
early marker of myocardial involvement in the context of Chagas
disease (13, 14, 17, 26). In the study of García-Alvarez et al., half
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TABLE 3 | Association between biomarker levels and diastolic dysfunction diagnosis in patients with chronic Chagas cardiomyopathy.

Biomarkers Crude estimate Adjusted estimate�

OR 95% CI p-value OR 95% CI p-value

NT-proBNP 2.54 1.75–3.67 <0.001 3.41 2.02–5.74 <0.001

Hs-cTnT 3.41 1.89–6.20 <0.001 3.24 1.65–6.37 0.001

Cys-C 18.25 3.16–105.38 0.001 22.26 2.27–217.7 0.008

NGAL 6.42 2.26–18.28 <0.001 5.24 1.74–15.78 0.003

Galectin-3 3.73 1.20–11.55 0.023 2.89 0.87–9.57 0.081

sST2 1.87 0.81–4.32 0.142 1.56 0.63–3.88 0.339

�, All models were adjusted by age, sex, body mass index, and NYHA classification. NT-proBNP, N-terminal-proB-type natiuretic peptide; Hs-cTnT, high-sensitive cardiac troponin T;

Cys-C, cystatin C; NGAL, neutrophil gelatinase-associated lipocalin; sST2, soluble ST2. Bold values indicate a statistically significant difference, P-value < 0.05.

TABLE 4 | Discriminative characteristics of the evaluated biomarkers for DD in the context of chronic Chagas cardiomyopathy.

Biomarkers� Cut-off AUC (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%) p-value

NT-proBNP 5.81 88.54 90.63 77.78 87.88 82.35 86 <0.001

Hs-cTnT 2.30 77.30 79.69 66.67 80.95 64.86 75 <0.001

Cystatin-C 0.07 76.22 81.25 50 74.29 60 70 0.002

NGAL 4.48 73.22 79.69 44.44 71.83 55.17 67 0.010

sST2 3.27 72.09 82.81 41.67 71.62 57.69 68 0.066

Galectin-3 2.42 69.57 85.94 33.33 69.62 57.14 67 0.218

�, The discriminative capacity of the biomarkers was evaluated, considering the models adjusted by age, sex, body mass index, and NYHA classification. NT-proBNP, N-terminal-proB-

type natiuretic peptide; Hs-cTnT, high-sensitive cardiac troponin T; Cys-C, cystatin C; NGAL, neutrophil gelatinase-associated lipocalin; sST2, soluble ST2.

of the patients initially classified as being in the undetermined
form of the disease, which showed impaired relaxation patterns.
In contrast, half of the individuals with electrocardiographic
abnormalities suggestive of CCM had a normal diastolic function
(13). Furthermore, DD has also been associated with higher
mortality risk among patients with CCM, as Rassi et al. suggested
in their study, concluding that left atrial volume predicts adverse
cardiovascular outcomes in this context (12). Similarly, Nunes
et al. observed a significant association between the E/e’ ratio and
a composite outcome of mortality and heart transplantation (27).
Nevertheless, a significant interaction between the LVEF and the
E/e’ ratio was observed, as, in patients with a severe LV systolic
function (LVEF < 30%), the E/e’ ratio had an inverse association
with mortality; on the other hand, in patients with LVEF >45%,
the E/e’ ratio had a direct association with mortality, being a ratio
>15 a powerful predictor of the assessed outcome. Interestingly,
the septal e’ velocity in patients with the composite outcome was
>7 cm/sg on average. This observation deserves attention and,
probably, an in-depth study of confounding factors that could
explain it (27).

On the other hand, serum biomarkers have been gaining
relevance as an important tool in the context of CCM. Several
studies have highlighted the usefulness of these measurements
to detect, classify, and assess the prognosis of patients with
Chagas disease and myocardial involvement (28, 29). Among the
most relevant ones, NT-proBNP has been the biomarker with
the best performance to detect and predict adverse outcomes
in patients with CCM, showing an unparalleled discriminative
capacity compared with other biomarkers (30–33). Nevertheless,

few studies have assessed performance of this biomarker in
detecting and classifying DD in CD. Barbosa et al. reported that
NT-proBNP levels were significantly associated with diastolic
dysfunction in 59 patients with dilated CCM in Brazil. They
observed that a marked elevated concentration of this biomarker
(>800 pg/ml) had a sensitivity of 90% and specificity of 70.5%
for detecting a restrictive filling pattern in this population (14).
Similarly, Mady et al. reported that NT-proBNP levels were
significantly correlated with DD echocardiographicmarkers (26).
Finally, the study of Nunes MCP et al. concluded that BNP levels
were significantly correlated with diastolic function patterns
independently of systolic function in a small cohort of patients
with CCM. A BNP value of 280.4 pg/ml showed a sensitivity of
96% and a specificity of 75% for predicting a value of E/e’ ratio >

15, while the AUC-ROC for BNP to detect an E/e’ ratio > 15 was
0.875 (34).

Although several studies have highlighted the potential use
of biomarkers as Galectin-3, Cystatin-C, and NGAL to identify
DD in patients with different diseases, this represents the first
study that assessed these and other relevant cardiovascular
biomarkers in the context of CD and CCM (22, 25, 35).
Furthermore, NT-proBNP levels are mainly elevated by systolic
dysfunction alone, potentially limiting its utility in the context
of HF with a preserved ejection fraction (HFpEF) and
patients with mild DD (14). Considering this limitation,
additional cardiorenal biomarkers could prove useful in this
specific context. Our findings of a significant association
between Hs-cTnT, Cys-C, NGAL, and Galectin-3 levels with
diastolic dysfunction provide valuable evidence regarding the
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FIGURE 2 | An area under the curve of each natural log-transformed biomarker regarding the ability of discriminating patients with diastolic dysfunction. NT-proBNP,

N-terminal-proB-type natiuretic peptide; Hs-cTnT, high-sensitive cardiac troponin T; Cys-C, cystatin C; NGAL, neutrophil gelatinase-associated lipocalin; sST2,

soluble ST2.

role of different pathophysiological pathways, reflected in the
differential levels of these biomarkers, in the development of
diastolic dysfunction in CCM. However, despite showing a
statistically significant difference, the difference in the levels
of Cys-C in patients with DD compared with those without
this condition may not have a relevant clinical significance.
Moreover, we also observed that some biomarkers showed a
higher correlation with specific echocardiographic markers of
DD than NT-proBNP. For example, NGAL had an importantly
higher correlation with PSAP (0.53) and the E/A ratio (0.35)
compared to NT-proBNP (0.34 and 0.24, respectively). Similarly,
Cys-C had a higher correlation with PSAP (0.45) and the E/e’
lateral ratio (0.44) compared to NT-proBNP (0.34 and 0.22,
respectively). Interestingly, NT-proBNP was not significantly
correlated with the mitral flow E velocity, being this measure
only correlated with the biomarkers of renal impairment (Cys-C
and NGAL).

Finally, it is relevant to highlight that biomarkers are not
intended to replace echocardiography regarding DD diagnosis;
however, they could be of high utility in settings with limited
access to echocardiography by identifying those patients with

early CCMwith a high risk of functional derangements of the LV,
thus optimizing the use of the echocardiographic assessment for
only this high-risk group. Nevertheless, the relevance and added
value of cardiorenal biomarkers in addition to NT-proBNP in
CCM still need to be evaluated in larger cohorts. In addition,
the comparative performance of these biomarkers to detect DD
in patients with HF of other etiologies is also warranted, as the
present results cannot be extrapolated to cardiomyopathies other
than CCM due to its unique pathophysiology and patterns of
myocardial involvement.

Study Limitations
Wemust acknowledge the important limitations of our study. At
first, diastolic dysfunction diagnosis was not achieved through
cardiac catheterization, which is currently considered the gold
standard for this purpose. Secondly, the median LVEF was
significantly lower in patients in the diastolic dysfunction group
than in individuals without DD. It is critical to consider
this finding when interpreting the results of our study, as
the high prevalence of reduced LVEF in patients with DD
from our population can significantly modify the associations
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observed. We aimed to overcome this limitation by performing a
sensitivity analysis, assessing the performance of the biomarkers
separately in patients with preserved LVEF (>40%), observing
similar findings for NT-proBNP and Hs-cTnT. However, future
studies with larger sample sizes are required to validate these
results, as our sample did not include an important number
of patients with a preserved ejection fraction; therefore, we
could not thoroughly assess the performance of the biomarkers
in patients with diastolic dysfunction and preserved LVEF. In
addition, a control group of patients with other cardiomyopathies
was not included, which precluded the comparison of the
discriminative capacity of the biomarkers in non-CCM HF.
Finally, we did not measure the intraobserver variability
and the coefficient of variation for the assessed biomarkers,
limiting the possibility of considering these relevant variables in
our analyses.

CONCLUSIONS

Cardiovascular biomarkers represent valuable tools for diastolic
dysfunction assessment in the context of CCM. In the present
study, NT-proBNP showed the highest discriminative capacity
for detecting DD; nevertheless, due to limitations of its use in
the setting of reduced LVEF, other biomarkers, such as Hs-cTnT,
Cys-C, NGAL, and Galectin-3, could prove useful for detecting
and classifying DD when echocardiography or other diagnostic
methods are not available. Additional studies focusing mainly on
patients with HFpEF are required to validate the performance
of cardiovascular biomarkers in CCM, allowing for an optimal
assessment of this special population.
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Chronic chagasic cardiomyopathy (CCC) is the most important complication of patients

with Chagas disease (CD). The role of persistent detection of DNA in peripheral blood and

its association to CCC is unknown. We performed a systematic review up to July 2021,

including studies that reported ratios of CCC and PCR positivity among non-treated

adult patients. We identified 749 records and selected 12 for inclusion corresponding to

1,686 patients. Eight studies were performed in endemic countries and 4 in non-endemic

countries. Only two studies showed an association between CCC and Trypanosoma

cruzi parasitemia by means of PCR detection. Six studies reported greater positive PCR

ratios among patients with CCC than in the patients with indeterminate chagas disease

(ICD) with no statistical significance. A significant risk of bias has been detected among

most of the studies. Therefore, while we performed a meta-analysis, wide inter-study

heterogeneity impeded its interpretation.

Conclusions: With the available information, we could not establish a correlation

between PCR-detectable parasitemia and CCC.

Systematic Review Registration:

https://www.crd.york.ac.uk/prospero/display_record.php?ID=CRD42020216072,

identifier: CRD42020216072.

Keywords: Chagas disease, Chagas cardiomyopathy, T. cruzi, polymerase chain reaction, PCR

INTRODUCTION

Chagas disease (CD) is a protozoal disease caused by Trypanosoma cruzi, a zoonotic infection
mainly found in endemic areas of the American continent. It affects about 8 million people
worldwide and because of globalization and international migrations during the last decades, it
has become a cause of concern in non-endemic countries (1).

Chagas disease has an acute phase that generally runs its course asymptomatic or with
rather unspecific symptomatology. Once patients overcome this phase, they enter a chronic
phase, defined by the absence of trypomastigotes in the blood smear. Most people with T.
cruzi infection are diagnosed at this stage. Approximately 30–40% of chronically infected
patients will develop visceral involvement comprising the chronic chagasic cardiomyopathy
(CCC), the digestive form, or both during the following 10–30 years after infection (2).
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CCC is considered the cause of at least 7,000 deaths every
year and is the most common reason for performing heart
transplants in Latin America. The principal underlying causes are
sudden death from malignant arrhythmias and heart failure as a
consequence of dilated cardiomyopathy (3).

Both host immune response and the persistence of infection
are crucial on CCC progression (4). Host factors, such as genetic
polymorphisms involved in the immune response have been
proposed as prognosis markers (5). Regarding the role of T.
cruzi persistence, several studies have evidenced that visceral
involvement is directly linked to the parasite presence on such
organs in both human and animal models (6). Besides, an
association between certain discrete typing units (DTU), which
are used to group T. cruzi genetic diversity, and its virulence and
tissue tropism has been described (7).

Blood parasites can be detected by PCR. However, parasite
dynamics is still a matter of debate. While in the acute phase,
the presence of T. cruzi in the blood is constant, in the chronic
phase low level parasitemia is observed in a subset of patients
(8). Different PCR assays have been developed to detect the
parasite DNA with initial difficulties in standardizing techniques
to obtain reliable and comparable results (9). However, in
recent years, notable advances have been made with new
methodologies showing reliable results that have been used to
monitor the parasite load in patients with CCC and follow-up the
effectiveness of etiologic treatments (10). Besides, the relationship
between parasitemia or the presence of parasitic DNA on
peripheral blood, and disease progression is controversial
(11, 12).

Therefore, this systematic review has the objective of assessing
the association between the presence of parasitic DNA of T. cruzi
on peripheral blood through PCR and CCC.

MATERIALS AND METHODS

Study Design
We conducted a systematic review following the standardized
guidance (13), and we adhered to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA)
statement using a flow diagram and following its checklist
to ensure that all recommended information is captured
and findings are properly reported (14). The review protocol
was registered in the PROSPERO database (registration ID
number: CRD42020216072).

Eligibility Criteria and Patient Population
We included clinical trials, controlled observational and cross-
sectional studies in adult patients (>16 years old) with chronic
CD reporting data on the results of the peripheral blood T. cruzi
PCR and CCC.

Eligible studies had to establish the chronic CD diagnosis
through two different positive serological tests. Indeterminate
Chagas disease (ICD) concerns patients diagnosed with a chronic
CD that presented with normal ECG and/or echocardiogram,
regardless of the presence or absence of gastrointestinal disease.
CCC was defined as electrocardiographic or echocardiographic
alterations not attributed to other conditions. We included

studies considering any PCR protocol whenever the same
procedure was maintained throughout the study.

Studies assessing the impact of treatment with benznidazole,
nifurtimox, or azole-derivative drugs were excluded. In addition,
we excluded studies focusing on acute infections, pregnant
women, children, or immunocompromised patients.

Literature Search, Data Collection, and
Reporting of Results
We searched Medline, EMBASE, and LILACS databases.
Additionally, we tracked citations to relevant studies in Scopus
and the ISI Web of Knowledge for review purposes, and
manually screened references lists of these studies. We adapted
the search strategy to the requirements of each database
(Supplementary Material Appendix 1). There were no language
or publication period restrictions. We conducted the last search
during July 2021.

One reviewer (PBN) screened the titles and abstracts resulting
from the search against inclusion criteria. We obtained a full-text
copy of eligible references to finally decide on their inclusion.
A second reviewer (JEP) independently checked the eligibility
decisions for accuracy. We discussed disagreements until a
decision was reached; and planned to involve a third investigator
if discrepancies remained.

Two researchers (PBN and JEP) extracted data from included
studies using the standardized extraction forms. No pilot
study was conducted due to the low number of articles
included. Whenever possible, article authors were contacted for
unreported or additional data to minimize the missing data.
For each study, we collected (when available): study design,
baseline characteristics, cardiac involvement, PCR method,
PCR status of the included patients at the inclusion, and
association measures as reported by authors of each study.
We independently assessed the risk of bias for each study
using a modified Quality In Prognosis Studies (QUIPS). Tool
checklist (Supplementary Material Appendix 2), appropriate
for prognostic factor review questions (15).

Statistical Analysis
We described the population of each study and the frequencies of
positive PCR among ICD and CCC participants. The association
of PCR status and visceral involvement was extracted as the
amount of positive PCR among ICD participants and CCC
participants, using as association measure the odds ratios
(ORs) and 95% CI. Pooled OR was calculated using the
Mantel–Haenszel approach with a random effects model due
to the heterogeneity of each study population. Inter-study
heterogeneity was assessed with a restricted maximum likelihood
model and reported as the I2 and tau statistics. We adhered
to the methods recommended in the Cochrane Handbook for
Systematic Reviews of interventions whenever possible (16).

RESULTS

Our search retrieved 749 records. After removing duplicates
and reading titles and abstracts, we discarded 719 records as
they were in vitro experiments, were performed in animals,
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FIGURE 1 | The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of included articles. CCC, chronic chagasic

cardiomyopathy; PCR, polymerase chain reaction.

corresponded to Trypanosoma species other than T. cruzi,
included acute infection patients or treated patients, or did
not report visceral involvement. Of the remaining 30 reports,
we proceeded to a full-text review and finally included 10
articles. The characteristics of excluded studies are reported
in Supplementary Material Appendix 3 (8, 11, 17–34). After
checking the reference lists of these studies, we identified two
additional eligible studies. The complete eligibility process is
depicted in a PRISMA flowchart (Figure 1).

Finally, we included 12 studies comprising 1,686 patients
(12, 35–45), which are described in Table 1. Eight studies were
cross-sectional studies, 3 were designed as prospective cohorts,
and 1 was a case-control study. Countries where studies were
performed in endemic areas were as follows: 3/8 (37.5%) in Brazil,
3/8 (37.5%) in Chile, 1 (12.5%) in Argentina, and 1 (12.5%)
in Bolivia. Among them, 1 was performed in a rural site, 2 in
urban facilities, and 5 combined patients living in both urban and
rural contexts. Four studies included patients from non-endemic
countries: 3 from Spain where more than 90% of patients came

from Bolivia and 1 from Japan. Patients’ ages ranged from 16 to
81 years old, and most of them were women (58.8%; 885/1,505).

Chronic chagasic cardiomyopathy assessment was performed
using ECG in all studies. In 4 (33.3%) studies, ECG was
combined with echocardiography, in 1 (8%) was combined
with chest radiography, and in 4 (33.3%), the 3 ancillary tests
were performed. CCC classification was very heterogeneous and
included either predefined criteria by the authors (35–37, 40, 43)
or standardized classifications as Minnesota criteria (12, 38),
Kuschnir criteria (39, 44, 45), Rocha criteria (42), and New
York Heart Association (NYHA) classification (41). Among the
included patients, 998 (59.2%) were classified as ICD and 688
(40.8%) as CCC. CCC proportion among different studies varied
from 12.1% (40) in a study including young childbearing-aged
women to 80% (43) in a study including patients under the
suspicion of organ involvement in Latin-American people living
in Japan. However, the last study included only 5 patients.
Cardiologic characteristics of patients with CCC are summarized
in Supplementary Material Appendix 4.
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TABLE 1 | Summary of the characteristics of the included studies.

References

and

country

Study

design

Study site Included

(excluded)

Age Sex Excluded

comorbidities

CCC

assessment

Clinical form PCR

technique*

PCR results Association

measure

Salomone

et al. (35)

Argentina

Cross-

sectional

Endemic

(urban)

68 (23) 55 y (SD ± 12)

ICD: 52 y (SD ± 9)

CCC: 59 y

(SD ± 12)

64% F ICD:

70% F CCC:

59% F

Yes EKG +

EchoC

ICD: 27

(39.7%) CCC:

41 (60.3%)

Qualitative

c-PCR

1 sample

Kinetoplast

DNA

Global + PCR:

14/68 (21%) ICD:

2/27 (7.4%) CCC:

12/41 (29.2%)

OR 5.17

(95%CI

1.06–25.36)

Carrasco

et al. (36)

Chile

Cross-

sectional

Endemic

(rural)

38 (225) ICD: 40,57 y

(SD ± 10.59)

CCC: –HF 68.4 y

(SD ± 12.9) –PM:

54.1 y (SD ± 8.4)

–Altered EKG:

53.4 y (SD ± 19.1)

ICD: 62% M

CCC: 62% M

No EKG +

EchoC +

Thoracic

X-Ray

ICD: 26

(68.4%) CCC:

12 (31.6%)

Qualitative

c-PCR

1 sample

Kinetoplast

DNA

Global + PCR:

18/38 (54.7%)

ICD: 10/26 (36%)

CCC: 8/12 (66%)

OR 3.20

(95%CI

0.76–13.46)

Zulantay

et al. (37)

Chile

Prospective

cohort

Endemic

(urban and

rural)

30 (0) 33.2 y (R 18–50) 53.3% M Yes EKG ICD: 18 (60%)

CCC: 12

(40%)

Qualitative

c-PCR

1 sample

Kinetoplast

DNA

Global + PCR:

17/30 (56.6%)

ICD: 10/18

(55.5%) CCC:

7/12 (58.3%)

OR 1.12

(95%CI

0.26–4.91)

Borges-

Pereira et al.

(38) Brazil

Cross-

sectional

Endemic

(rural)

12 (9) 48.6 y (R 16–82)

ICD: 43.5 y CCC:

64.4 y

58,8% F ICD:

70% F CCC:

42.9% F

No EKG ICD: 6 (50%)

CCC: 6 (50%)

Qualitative

c-PCR

1 sample

Kinetoplast

DNA

Global + PCR:

9/12 (75%) ICD:

5/6 (83.3%) CCC:

4/6 (66.6%)

OR 0.40

(95%CI

0.03–6.18)

Murcia et al.

(39) Spain

Prospective

cohort

Non

endemic

181 (0) 33 y (SD ± 11) No reported No reported EKG +

EchoC +

Thoracic

X-Ray

ICD: 116

(64%) CCC:

65 (36%)

Qualitative

c-PCR

1 sample

Kinetoplast

DNA

Global + PCRs:

123/181 (68%)

ICD: 81/116

(69,8%) CCC:

42/65 (64.6%)

OR 0.79

(95%CI

0.41–1.50)

Sabino

et al. (12)

Brazil

Cross-

sectional

Endemic

(urban and

rural)

485 (115) IND (PCR–): 48.4 y

(SD ± 10.1) IND

(PCR+): 49.1 y

(SD ± 10.6) CCC

(PCR–): 49.2 y

(SD ± 6.3) CCC

(PCR+): 47.8 y

(SD ± 7.1)

53,6% M IND:

52,3% M

CCC: 59,4%

M

Yes EKG +

EchoC

ICD: 279

(57.5%) CCC:

206 (42.5%)

Quantitative

rt-PCR

1 sample

Kinetoplast

DNA

Global + PCR:

304/485 (62.7%)

ICD: 143/279

(51.3%) CCC:

161/206 (78.1%)

OR 3.48

(95%CI

2.31–5.23)

(Continued)
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TABLE 1 | Continued

References

and

country

Study

design

Study site Included

(excluded)

Age Sex Excluded

comorbidities

CCC

assessment

Clinical form PCR

technique*

PCR results Association

measure

Kaplinski

et al. (40)

Bolivia

Cross-

sectional

Endemic

(urban and

rural)

83 (337) ICD: 27 y

(R 22–34) CCC:

32 y (R 24–39)

100% F No reported EKG IND: 73

(87.9%) CCC:

10 (12.1%)

Quantitative

rt-PCR

1 sample

Kinetoplast

DNA

Global + PCR:

36/83 (43.4%)

ICD: 33/73

(45.2%) CCC:

3/10 (33.3%)

OR 0.52

(95%CI

0.12–2.17)

Apt et al.

(41) Chile

Case-

control

Endemic

(urban and

rural)

200 (0) ICD: 50.5 y

(R 20–77) CCC:

56.4 y (R 25–81)

ICD: 79% F

CCC: 68% F

Yes EKG +

EchoC

ICD: 100

(50%) CCC:

100 (50%)

Qualitative

c-PCR

1 sample

Kinetoplast

DNA

Global +PCR:

145/200 (72.5%)

ICD: 72/100 (72%)

CCC: 73/100

(73%)

OR 1.05

(95%CI

0.57–1.96)

Sánchez-

Montalvá

et al. (45)

Spain

Cross-

sectional

Non

endemic

455 (316) 39 y (R 31–46.5)

ICD: 37 y

(R 31–44) CCC:

42 y (R 36–49)

68.2% F Yes EKG +

EchoC +

Thoracic

X-Ray

ICD: 302

(66.4%) CCC:

153 (43.6%)

Qualitative

rt-PCR

1 sample

Satellite DNA

Global +PCR:

118/455 (25.9%)

ICD: 76/302

(25.2%) CCC:

42/153 (27.4%)

OR 1.13

(95%CI

0.72–1.75)

D’Ávila et al.

(42) Brazil

Cross-

sectional

Endemic

(urban and

rural)

91 (0) ICD: 44 y

(SD ± 10.3) CCC:

54 y (SD ± 10.3)

ICD: 65.2% F

CCC: 33.8%

F

No reported EKG +

EchoC +

Thoracic

X-Ray

ICD: 23

(33.8%) CCC:

68 (66.2%)

Quantitative

rt-PCR

1 sample

Satellite DNA

Global + PCR:

65/91 (71.4%)

ICD: 16/23

(69.6%) CCC:

49/68 (72%)

OR 1.13

(95%CI

0.40–3.17)

Salvador

et al. (44)

Spain

Prospective

cohort

Non

endemic

38 (16) 36 y (R 22–55) 75.6% F No reported EKG +

Thoracic

X-Ray

ICD: 27 (71%)

CCC: 11

(29%)

Qualitative

rt-PCR

1 sample

Satellite DNA

Global + PCR:

16/38 (42.1%)

ICD: 11/27

(40.7%) CCC:

5/11 (45.4%)

OR 1.21

(95%CI

0.29–4.98)

Imai et al.

(43) Japan

Cross-

sectional

Non

endemic

5 (12) 57.6 y (R 49–68) 60% F No EKG +

EchoC

ICD: 1 (20%)

CCC: 4 (80%)

Qualitative

rt-PCR

1 sample

Satellite DNA

Global +PCR: 3/5

(60%) ICD: 1/1

(100%) CCC: 2/4

(50%)

OR 0.33

(95%CI

0.01–12.82)

CCC, chronic chagasic cardiomyopathy; c-PCR, conventional polymerase chain reaction; EchoC, echocardiography; ECG, electrocardiogram; ICD, indeterminate chagas disease; R, range; RR, risk ratio; rt-PCR, real time polymerase

chain reaction; SD, standard deviation; y, years; PM, pacemaker; HF, heart failure.

*PCR methodology: specifying PCR technique (conventional PCR or real time PCR) and target of the used primer (kinetoplast DNA or nuclear satellite DNA).
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All the included studies used a PCR for DNA parasite
detection in peripheral blood. However, many different protocols
were used for its determination. All studies used a single
venous blood sample for PCR determination. Six studies (50%)
used a conventional PCR method (35–39, 41) while the other
half used real-time PCR method (12, 40, 42–45). Only four
studies used a quantitative method to report PCR results
(12, 40–42) while the rest of the studies used a qualitative
method. There is a wide variation regarding primers used.
Most studies (8/12; 66.3% used a real time PCR method
based on the amplification of a genomic DNA sequence
of the Kinetoplast. In the other 4 studies, satellite DNA
amplification was used (42–45). Parasite detection in patients
with ICD ranged from 7.4 (35) to 100% (43). When considering
patients with CCC, parasite detection varied from 27.4 (45) to
78.1% (12).

The results of the risk of bias assessment using theQUIPS scale
are shown in Supplementary Material Appendixes 5, 6. Most
studies included a representative population with CD. However,
2 studies were considered at an overall high risk as one included
only childbearing-aged women (40), and the other included
patients under suspicion of organ involvement (43). As per study
attrition, most of the studies were classified as low risk of bias
since basal characteristics including PCR and organ assessment
were performed at the inclusion and, in consequence, data were
available for all participants included in the studies. Regarding
outcome measurement (PCR), all the studies specified their
protocol and almost all included control samples and maintained
the same procedure in all samples. As per CCC assessment,
six studies were rated at low risk of bias since they included
blind ECG assessment and/or double assessment by different
investigators (12, 37, 38, 40, 41, 45). Conversely, two studies
that neither used a standardized classification nor reported their
ECG or echocardiographic findings were considered at high
risk of bias (35, 43). Considering study confounders, all the
studies but one was rated as having a moderate to high risk
of bias. Most of the studies did not consider cardiovascular
risk factors and other possible heart diseases or performed a
stratified data analysis. Finally, result presentation and statistical
analysis were classified at a moderate to high risk of bias in
a wide group of studies. Most of them were designed for
another purpose and we retrieved the specific information from
their results.

An association between CCC and T. cruzi parasitemia by
means of PCR detection was found in 2 studies (12, 35). They
all were performed in endemic regions and found a greater
PCR positivity between patients with CCC and ICD with ORs
of 5.17 (CI 1.06–25.36) and 3.48 (CI 2.31–5.23). In one study,
although a risk ratio (RR) of 4.45 was reported, it included
both cardiac and digestive forms on the analysis, and when OR
was calculated with only CCC patients, we could not achieve
statistical significance (36). None of the non-endemic studies
identified an association between parasite DNA detection in
peripheral blood and CCC. Six studies reported greater positive
PCR ratios among patients with CCC than in patients with
ICD although differences did not achieve statistical significance
(36, 37, 41, 42, 44, 45). The remaining 4 studies reported

a positive PCR rate that favored patients with ICD (38–40,
43).

When we meta-analyzed the OR, pooled results showed that
the estimated OR for positive T. cruzi PCR of patients with CCC
compared to patients with ICD was 1.36 (95% CI: 0.87–2.12)
(Figure 2). However, we found significant heterogeneity among
studied variables in the meta-regression analysis. To diminish
variability, we grouped studies by patient’s countries of origin and
by PCR technique with the same results. Thus, no conclusions
can be achieved from the meta-analysis.

DISCUSSION

In this review, despite 8 out of 12 studies reporting higher
ratios of positive PCR among patients with CCC, we could not
find a correlation between parasitemia by means of PCR and
CCC. When we analyzed the characteristics of the included
studies, in only 2 studies, the proportion of PCR positivity was
significantly greater within CCC (12, 35). These studies were
performed in an endemic region and their specific objective was
to determine the correlation between parasitemia and CCC. It
has been suggested that patients in endemic regions are prone
to parasite re-exposure, contributing to higher rates of CCC
and parasitemia among patients with CD (45). In the same line,
in a study performed in a non-endemic country, the positive
PCR ratio decreased in patients with longer periods since the
first arrival (8). Also, geographic distribution should play a role
in CCC development and parasitemia burden. T. cruzi genetic
diversity is unequally distributed among different countries, and
some authors have reported a cardiac tropism of some discrete
typing units (DTUs) (7). In this review, included patients came
mostly from 4 different countries and only one of them reported
DTUs determination (42).

Age was higher among patients with CCC in studies
performed in endemic countries recruiting the general
population (range 49.2–68 years) than in non-endemic countries
(range 33–42 years). Regardless of the age per se having been
described as a risk factor for CCC and its mortality, results
from different reports are inconsistent (46). On one hand, study
participants in their second to the fourth decade of life may have
not yet developed target organ damage, or it is too incipient, as
it takes on average 20–30 years after the acute infection. On the
other hand, older people often associate other cardiovascular
risk factors and this could lead to a misinterpretation of the CCC
assessment (47). In fact, only three studies were excluded from
their analysis due to other cardiovascular risk factors (12, 41, 45).
Male sex has been related to CCC development and higher
mortality rates (48). Although, this predisposition was described
as an independent risk factor from parasitemia (20). Among the
included studies, the male proportion ranged from 31.8 to 66.2%.
As none of the included studies conducted stratified analysis by
sex or age, results should be interpreted with caution.

Classically, CCC assessment has involved ECF, chest X-ray,
and clinical status, as they are easy to collect and widely available.
Echography, a non-invasive examination, has been progressively
studied in CD and its performance has been introduced in
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FIGURE 2 | Evaluation of the association between PCR detection between patients with CCC and ICD. CI, confidence interval; OR, odds ratio.

different CCC classifications (49). ECG abnormalities are usually
seen before the patient develops a malignant arrhythmia or
heart failure (50). However, echocardiographic alterations as
diastolic dysfunction can appear before electrical abnormalities
develop and may be used as an early marker of CCC (45).
In this review, the CCC assessment was very heterogeneous.
While 3 studies performed only an ECG and 1 study included a
chest X-ray, 8 of 12 studies used echocardiography to complete
the cardiac evaluation. CCC classifications were disparate,
while 5 authors used a non-standardized classification (35–
37, 40, 43), 7 used different standardized criteria (12, 38,
39, 41, 42, 44, 45). Conduction system alterations as right-
bundle block and left anterior hemiblock prevailed over other
arrhythmias or contraction abnormalities in most of the studies
(Supplementary Material Appendix 3). Two studies (39, 42) did
not provide cardiological findings of their participants, and only
4 studies (41, 42, 44, 45) provided the distribution of disease
severity. As a result, between-study comparisons of CCC severity
are not feasible.

Current PCR-based methods for T. cruzi detection have
shown high sensitivity and specificity compared with classical
methods, such as blood culture or xenodiagnosis (8). However,
sample collection, conservation, sample volume, DNA extraction
method, and primers used may influence its performance (9).
As a result, in recent years, many initiatives have pursued the
standardization of these techniques (33). In the present review,
earlier studies used conventional PCR methods preferably using
as molecular targets of the kinetoplast DNA sequences. On
the other hand, later studies preferred real-time PCR (rt-PCR)
techniques toward satellite or minicircle DNA sequences which
showed better sensitivity and specificity results and allowed
quantification (9). Only four studies used a quantitative method

(12, 40–42) but parasitemia levels were not related to any clinical
outcome. Parasitemia levels are usually low in chronic patients
with CD compared with parasitemia levels in patients with acute
CD. Different studies have analyzed the correlation between
quantitative results of T. cruzi in peripheral blood and organ
damage with inconsistent results (41, 50). Parasite detection
ratios ranged widely within the included studies. In patients with
ICD, the detection ranged from 7.4 (35) to 100% (43) while in
patients with CCC varied from 27.4 (45) to 78.1% (12). Besides
the previously described factors, parasite dynamics in blood have
not been thoroughly characterized. Intermittent parasitemia is
constant in the chronic phase of CD but its periodicity, triggers,
determinants, or reservoirs are still unknown (8). Thus, although
the internal variability is probably acceptable among all studies as
they used the same method throughout, lack of sensitivity could
result in low positive ratios precluding differences detection.

This systematic review has several limitations. As a neglected
tropical disease, scarce investment over time has limited the
generation of high-quality evidence (51). A significant risk of
bias has been detected among most of the studies resulting from
small sample sizes, differences among study designs, differences
not reporting on basal characteristics, different CCC assessments,
and PCR methods along with the fact that most of the studies
were not even designed for this purpose. To improve studies
comparability, we have grouped them by the main confounding
factors: country of origin and quality of PCR technique but
variability remained. Therefore, while we have performed a
meta-analysis, wide inter-study heterogeneity (I2 64%, p < 0.01)
impedes a robust interpretation of its results. A patient-level
meta-analysis could improve the consistency and robustness of
the results and provide evidence to better inform physicians
treating people living with CD.
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In conclusion, with the current information, we could
not establish a correlation between PCR-detectable parasitemia
and CCC. Better prospective studies with a defined follow-
up, representative population, homogeneous criteria, and
standardized methods for PCR detection are needed to answer
this question.
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Chronic Chagas cardiomyopathy (CCC) is one of the deadliest cardiomyopathies known

and the most severe manifestation of Chagas disease, which is caused by infection

with the parasite Trypanosoma cruzi. Idiopathic dilated cardiomyopathies (IDC) are

a diverse group of inflammatory heart diseases that affect the myocardium and are

clinically similar to CCC, often causing heart failure and death. While T-cells are critical

for mediating cardiac pathology in CCC and IDC, the mechanisms underlying T-cell

function in these cardiomyopathies are not well-defined. In this study, we sought

to investigate the phenotypic and functional characteristics of T-cell subpopulations

in CCC and IDC, aiming to clarify whether the inflammatory response is similar

or distinct in these cardiomyopathies. We evaluated the expression of systemic

cytokines, determined the sources of the different cytokines, the expression of their

receptors, of cytotoxic molecules, and of molecules associated with recruitment

to the heart by circulating CD4+, CD8+, and CD4-CD8- T-cells from CCC and

IDC patients, using multiparameter flow cytometry combined with conventional and

unsupervised machine-learning strategies. We also used an in silico approach to

identify the expression of genes that code for key molecules related to T-cell function

in hearts of patient with CCC and IDC. Our data demonstrated that CCC patients

displayed a more robust systemic inflammatory cytokine production as compared

to IDC. While CD8+ T-cells were highly activated in CCC as compared to IDC,

CD4+ T-cells were more activated in IDC. In addition to differential expression of

functional molecules, these cells also displayed distinct expression of molecules
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associated with recruitment to the heart. In silico analysis of gene transcripts in the

cardiac tissue demonstrated a significant correlation between CD8 and inflammatory,

cytotoxic and cardiotropic molecules in CCC transcripts, while no correlation with CD4

was observed. A positive correlation was observed between CD4 and perforin transcripts

in hearts from IDC but not CCC, as compared to normal tissue. These data show a clearly

distinct systemic and local cellular response in CCC and IDC, despite their similar cardiac

impairment, which may contribute to identifying specific immunotherapeutic targets in

these diseases.

Keywords: T-cells, cytokines, chemokines, inflammation, Chagas cardiomyopathy, idiopathic cardiomyopathy

INTRODUCTION

Heart diseases are the leading cause of death worldwide
(1). Chronic Chagas cardiomyopathy (CCC) is the most
severe manifestation of Chagas disease, resulting from an
intense inflammatory reaction triggered by the infection
by the intracellular protozoan Trypanosoma cruzi, and
affecting about 30% of the infected population (2). CCC is
characterized by arrhythmias, thromboembolism, heart dilation
and failure, and sudden death (3–5). It is considered the leading
cause of non-ischemic cardiomyopathy in Latin America,
and poses an economic burden of over $7 billion/year in
already impoverished populations (6–8). Idiopathic dilated
cardiomyopathy (IDC) comprises a heterogeneous group of
clinical diseases characterized by an enlarged left ventricle
with poor contractility, sharing clinical features with CCC
(9–11). IDC is also the result of an inflammatory response, with
evolution to congestive heart failure and death (9, 12, 13). It is
one of the main causes of heart transplants in Brazil (14, 15).
IDC etiology can be related to genetic and non-genetic causes,
such as metabolic issues, autoimmunity or associated with
previous viral infection (16, 17). Previous clinical studies have
shown that CCC displays a worse prognosis when compared
with cardiomyopathies of different etiologies, including IDC
(18–20). This is probably related to progressive remodeling of
the myocardium and consequent hypertrophy (21), in response
to the intense chronic inflammation observed in CCC (22–25).

The inflammatory infiltrate present in the myocardium of
CCC patients contains macrophages and B cells, but it is mainly
composed of T-cells, primarily cytotoxic CD8+ T-cells followed
by CD4+ T-cells (22). Although the recruitment mechanisms
of these cells to the cardiac tissue of Chagas patients have
not been clarified, the expression of chemotactic receptors
that preferentially recruit inflammatory Th1 cells has been
associated with severity of CCC (26–28). Exacerbated expression
of inflammatory cytokines by circulating CD4+, CD8+ and CD4-
CD8- (double negative, DN) T-cells has also been associated
with CCC, as well as with worse ventricular function in these
patients (29–33).

In addition to the indistinguishable clinical profile, some
histopathological features observed in IDC are also shared
by CCC, such as the occurrence of fibrosis and necrosis of
cardiomyocytes (13). The inflammatory infiltrate associated with
IDC is also mainly mononuclear, containing T and B cells, as

well as macrophages (34). While CCR2 is critical for cellular
recruitment in experimental models of IDC (35), it is not clear
what chemokines and receptors mediate cell recruitment to
human heart in IDC.

In this study, we sought to investigate phenotypic and
functional features of T-cell subpopulations in CCC and IDC,
aiming to clarify whether the characteristics of T-cells in
the inflammation-mediated pathology is similar or distinct
in these diseases. Our results showed several immunological
differences related to cytokine expression, cytotoxic molecule
expression and potential of recruitment to the heart in CCC
vs. IDC. These systemic differences were mirrored by in
silico analysis of transcripts found in the hearts from CCC
and IDC patients, suggesting that despite the similar degree
of left ventricular dysfunction and clinical resemblance, the
underlying immunological mechanisms are quite distinct in
CCC and IDC. Our results, in addition to providing original
information regarding distinct T-cell characteristics related to
disease pathology in these clinically similar diseases, point to
potential targets for adjuvant immunotherapeutic approaches,
potentially contributing to future clinical management of
dilated cardiomyopathies.

PATIENTS, MATERIALS, AND METHODS

Patients
This was an observational study, with a cross-sectional
analysis, including patients who were referred to a tertiary
cardiology outpatient service (Hospital das Clínicas, UFMG) for
management of heart failure. The patients were classified into
2 groups according to the underlying cause of cardiomyopathy.
Chronic Chagas cardiomyopathy (CCC) was defined by left
ventricular enlargement with systolic dysfunction in the presence
of positive serologic tests for antibodies against T. cruzi.
Idiopathic dilated cardiomyopathy (IDC) was also characterized
by dilated left ventricle with systolic dysfunction, but negative
serological tests for Chagas disease in the absence of abnormal
loading conditions or coronary artery disease sufficient to cause
global systolic impairment (36).

To analyze the ex vivo cellular immune profile in T
lymphocyte subpopulations, peripheral blood samples of 24
individuals with CCC and 13 with IDC were collected. The
demographic and clinical features of patients included in the
study of T-cell responses are represented in Table 1. This table
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TABLE 1 | Demographic and clinical features of patients evaluated in the study for

ex vivo T-cell analysis.

Characteristics CCC group (N = 24) IDC group (N = 17) P-value

Age (years) 61.5 (51.5 ± 69.8) 60.0 (50.0 ± 69.0) 0.429

LVEF (%) 38.4 ± 11.6 35.3 ± 9.2 0.209

LVDD (mm) 46.3 ± 13.6 62.9 ± 9.0 0.001

LVSD (mm) 40.5 ± 10.0 51.0 ± 8.2 0.004

Left Atrial diameter

(mm)

39.0 ± 10.0 44.4 ± 6.6 0.08

SPAP (mmHg) 34.1 ± 4.5 33.8 ± 13.0 0.471

Heart rate (bpm) 60.0 (54.8 ± 61.5) 68.0 (57.0 ± 80.0) 0.148

A (cm/s) 63.0 (36.2 ± 78.8) 34 (30.0 ± 89.5) 0.347

E (cm/s) 66.0 ± 13.5 56.8 ± 4.6 0.11

DT (ms) 199.5 ± 65.1 205.0 ± 67.4 0.443

Data are presented as mean ± SD or median and interquartile range. Sex Variable

were presented by percentage (%). LVEF, left ventricular ejection fraction; LVDD, left

ventricular end-diastolic diameter; LVSD, left ventricular end-systolic diameter; SPAP,

systolic pulmonary artery pressure; A, late diastolic trans mitral flow velocity; E, early

diastolic trans mitral flow velocity; DT, deceleration time. The p-values in bold indicates

statistically significant differences between CCC and IDC.

shows the similarity between the degree of cardiac involvement
and clinical parameters measured in CCC and IDC patients.
Except for left ventricular systolic and diastolic diameter, all other
parameters were similar between groups. Plasma samples from 38
patients of the CCC group and 5 of IDC group were employed
to measure circulating soluble factors. Detailed assessment,
including physical examinations, electrocardiogram, chest X-
rays, and echocardiogram, were performed to characterize the
clinical status, as previously defined by us (3).

All individuals went through cardiological clinical follow-up
at the Hospital das Clínicas of Universidade Federal de Minas
Gerais (UFMG) and accepted to participate voluntarily in the
research. All were informed about the objectives of our study and
signed the Informed Consent Form. This study was approved
by the Comitê de Ética em Pesquisa of Universidade Federal
de Minas Gerais (COEP-UFMG – ETIC006/05) and Comissão
Nacional de Ética em Pesquisa (CONEP no. 2.809.859) and
conformed to the ethical guidelines of the 1975 Declaration
of Helsinki.

Blood Sampling and Collection of
Peripheral Blood Mononuclear Cells
(PBMC) and Plasma
Peripheral blood samples were collected by venipuncture in
tubes containing sodium heparin (Vacutainer, Becton Dickinson,
San Jose, CA, USA). PBMC were isolated by differential
centrifugation at 600 g for 40min, using Ficoll-Paque PLUS (GE
Healthcare, Sweeden), as previously done by us (37). Plasma
was retrieved and PBMC were washed with phosphate buffered
saline three times, and resuspended in RPMI 1640 medium
(Thermo Fisher Scientific, Waltham, US), supplemented with 5%
inactivated human serum (Thermo Fisher Scientific, Waltham,
US), 1% antibiotic (penicillin, 200 U/mL; and streptomycin, 0.1
mg/mL, -Thermo Fisher Scientific, Waltham, US) and 1mM of
L-glutamine (Sigma-Aldrich, St. Louis, US) at a concentration of

1 × 107 cells/ml. The cells were kept in a CO2 incubator at 37
◦C

for 18 h, and 1µg/mL of Brefeldin A (Biolegend, San Diego, CA)
was added in the last 4 h to prevent cytokine secretion.

To assess the frequency of TNF in CD8+ T lymphocytes
and for the correlation analysis with the frequency of IFN-
gamma in CD4+ and CD8+ T lymphocytes, PBMC from
7 CCC patients and 8 IDC patients were stimulated with
PMA (1 ng/mL, Sigma-Aldrich, St. Louis, US) and Ionomycin
(500 ng/mL, Sigma-Aldrich, St. Louis, US), under the same
conditions mentioned above.

Measurement of Soluble Cytokines and
Chemokines
Plasma obtained from peripheral blood as mentioned above was
used to measure the following molecules: cytokines (IL1-Ra, IL-
2, IL-6, IL-7, IL-10, IL-15, IL-17) and chemokines (CCL3, CCL4,
CCL5) using the Bio-Plex ProTM Human Cytokine Standard
27-plex Kit (Bio-Rad—Hercules, CA, USA). Experiments were
performed according to themanufacturer’s instructions. The data
were acquired by the Bio-Plex 200 instrument equipped with the
Manager software, and the results were expressed as the mean
fluorescence intensity (MFI) after background subtraction.

Flow Cytometric Analysis
PBMC (2 × 105/tube) were stained for 30min at 4◦C
with a combination of anti-cell surface molecules monoclonal
antibodies conjugated to fluorochromes. Anti-CD4 PercpCy5
(clone A161A1), CD8 APCcy7 (clone SK1), TCR alpha-beta
FITC (Clone IP-26) and TCR gamma-delta BV421 (clone B1)
were used for phenotypic identification of T-cell subpopulations;
anti-TNFR1 APC (Clone W15099A) and anti-IL10R PE (clone
3F9), for evaluation of immunoregulatory cytokines receptors;
anti-CCR5 BV510 (clone J418F1), anti-CXCR3 pecy7 (clone
G025H7), and anti-CCR4 BV510 (clone L291H4), for analysis of
chemokine receptor expression.

After the incubation period, cells were washed twice by
centrifugation (10min, 4◦C, 600 g) with PBS containing 1%
BSA and fixed with 2% paraformaldehyde solution for 20min.
After total removal of the fixing solution by centrifugation and
washing with PBS, the cells were permeabilized for 15min with
0.5% saponin and then submitted to intracellular staining with
anti-IFN-gamma BV510 (clone 4S.B3), anti-TNF BV510 (clone
MAb11), anti-IL-10 APC, (clone JES3-19F1), anti-IL-17 BV510
(clone (BL168), anti-granzyme A PE (CB9), anti-perforin PE
(clone B-D48), anti-Eomes APC (clone # 644730) and anti-cMET
APC (clone # 95106). All combinations employed antibodies
labeled with different fluorochromes. Anti-Eomes and anti-
cMET antibodies were from R&D Systems (Minneapolis), and all
others were from Biolegend (San Diego, CA, USA).

Subsequently, the cells were washed twice with a 0.5%
saponin solution and resuspended in PBS for acquisition in a
FACSCanto II flow cytometer (Becton & Dickinson, San Jose,
CA, USA). A minimum of 100,000 gated events was acquired
and analyzed using the software Flowjo (Ashland, Oregon-
US), employing supervised analysis and unsupervised machine-
learning strategies. We analyzed forward scatter area (FSC-
A) vs. forward scatter height (FSC-H) to remove doublets.
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Lymphocytes were selected based on FSC-A vs. side scatter area
(SSC-A). The analysis strategy for evaluating the different T-cell
subpopulations is represented in Figure 2A.

In silico Analysis of mRNA Expression
Profile
Data containing the gene expression profile by microarray
analysis were obtained from the Gene Expression Omnibus
(GEO) database (http://www.ncbi.nlm.nih.gov/geo/). A total of
17 samples of the human left ventricular free wall heart tissue
were available for comparison between CCC (n = 10) and
healthy donors (n = 7), under the Gene Expression Omnibus
accession number GSE84796; files were selected to compare
the gene expression profile of CD4, CD8, IFN-gamma, IL-
10, Il-17, granzyme A, perforin, CCR5, CCL3, CCL4, CCL5,
Eomes, and HGF; data Evaluated by SurePrint G3 Human
GeneExpression v1 8x60K Arrays (Agilent Technologies, Les
Ulis, França) (38). Additionally, through accession number
GPL2041, files corresponding to gene transcripts of CD4, CD8,
Granzyme A, Perforin, CCR5, CCL5, and Eomes were selected
from the analysis of 7 samples of the left ventricular anterior
free wall from patients with IDC and 8 of healthy donors
(GeneChip R© Human Gene 1.0 array-Affymetrix) (39). Gene
expression profile data from both studies were represented using
mRNA fluorescence intensity.

Protein-Protein Interaction Network and
Enriched Pathways Analysis
The network was constructed using NetworkAnalyst.ca. through
direct relationships between proteins and altered soluble factors
in CCC and IDC. Pairwise correlation prediction was determined
based on IMEx database. Resulting high-scoring genes were used
to identify hub genes. Enriched pathway analysis emerging as a
result of interconnections in the network were generated using
Kyoto Encyclopedia of Genes and Genomes (KEGG).

Statistical Analysis
To assess the systemic profile of soluble factors, the phenotypic
and functional cellular profile of T-cell subpopulations among
cardiomyopathies, and comparative analysis of the in silico study,
the data were analyzed using the GraphPad Prism 8 software
(GraphPad Software, La Jolla—CA, USA). After evaluating the
Gaussian distribution using the Shapiro-Wilk test, the parametric
data were analyzed using the unpaired t-test end non-parametric
data were submitted to the Mann-Whitney test. The data were
represented in the graphs using minimum and maximum values.
Correlation analysis of the plasma profile of the chemokine CCL4
with its ligand CCR5 in CD4+, CD8+ and gamma-delta+ DN T
cells, as well as the evaluation of association the % expression of
IFN-gamma with cMET+ CCR5+ and CXCR3+ CCR4+ cells in
different cardiomyopathies, was performed using Pearson’s test
for parametric data and Spearman’s test for non-parametric data.

To assess a possible pattern of differentiation between groups,
using data from soluble cytokines, we built a representative
heat map analysis using the Clustvis software, which uses the
R-version 0.7.7 package, where it is possible to identify the
cluster between the samples and define the homogeneity or

heterogeneity in the distribution of data between the groups.
Rows and columns are grouped using the correlation distance
and the mean link. Additionally, principal component analysis
(PCA) was performed, in which the X- and Y-axes show the %
of the total variance. Prediction ellipses indicate a probability of
0.95 that a new observation will fall inside the ellipse (40).

For the qualitative representation of the cellular immune
profile, analysis of the t-distributed stochastic neighbor-
embedding (t-SNE) algorithm was performed, a tool that allows
the visualization of multidimensional data in 2 dimensions (t-
SNE1 and t-SNE2) (41). Then, the t-SNE analysis was generated
using the Barnes-Hut algorithm with 1,000 interactions and
a perplexity parameter of 30. The molecules selected for this
analysis were CD4, CD8, TCR gamma-delta, CXCR3, CCR4,
and cMET.

RESULTS

The Levels of Inflammatory, Proliferative,
and Regulatory Cytokines Are Elevated in
Plasma of CCC, as Compared to IDC
Patients
First, we assessed the systemic soluble cytokine profile in
plasma samples of patients with different cardiomyopathies. Our
data showed an increase in cytokines with an inflammatory
profile (IL-6), proliferative (IL-2, IL-7, IL-15), and regulatory
(IL-10 and IL-17) in the CCC group compared to IDC
(Figure 1A). On the other hand, the level of the IL-1 receptor
antagonist (IL-1RA) were higher in IDC than CCC (Figure 1A).
Heatmap analysis showed clear segregation between groups,
with a strong correlation between IL-15 and IL-2 and IL-
10 and IL-7 (Figure 1B). PCA analysis reinforced the distinct
soluble cytokine profile between cardiomyopathies, shown by
the prediction ellipses, with a total variation of 70.7%, with
52.3% on the X-axis and 18.4% on the Y-axis (Figure 1C).
Network analysis using the molecules that were altered in
CCC (Figure 1A) as compared to IDC shows the inflammatory
cytokine IL-6, the proliferative cytokines IL-15 and IL-2 and the
modulatory cytokine IL-10 as central nodes, with high centrality
(Figure 1D). Enriched pathway analysis emerging as a result of
interconnections in the network generated by KEGG, showed a
predominance of inflammatory networks in CCC. Of note, T-cell
signaling and TNF signaling pathways emerge within the first 20
pathways with lowest false discovery rate (FDR, adjusted p-value)
in CCC (Figure 1D, yellow mark).

Inflammatory CD8+ T-Cells Are More
Frequent in CCC Patients, While
Inflammatory CD4+ T-Cells Are Associated
With IDC
To evaluate cellular responses, we first determined the overall
frequency of circulating T-cell subpopulations, evaluating the
frequencies of CD4+, CD8+, TCRgamma-delta+ and TCRalpha-
beta+ DN T-cells in the different cardiomyopathies. Figure 2A
shows the analysis strategy employed. Our data showed that the
frequencies of CD4+, CD8+ and alpha-beta+ DN T-cells were
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FIGURE 1 | Comparative analysis of plasma cytokines levels between the study groups. (A) Comparative analysis of plasma cytokine levels between patients with

Chronic Chagas cardiomyopathy (CCC, n = 38) and Idiopathic cardiomyopathy (IDC, n = 5). Plasma soluble cytokine levels were measured using the Bio-Plex ProTM

Human Cytokine Standard 27-plex Kit, and results are expressed in MFI, as described in Materials and Methods. Graphs are expressed as boxplots, with the

(Continued)
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FIGURE 1 | minimum and maximum values indicated. p-values < 0.05 were considered statically significant and are shown in the Figure. (B) Representative heat

map analysis of cytokine plasma levels. Both rows and columns are grouped using correlation distance and mean link. In the color gradient bar, blue indicates lower

plasma levels, while red indicates higher levels. Vertical lines represent each sample evaluated, and horizontal lines represent each molecule in the study. (C) Principal

component analyses (PCA) between measured cytokines and evaluated study groups; the X and Y axes show % of the total variance. Prediction ellipses indicate with

a probability of 0.95 that a new observation will fall within the ellipse. (D) Network and enriched pathway analysis in CCC. Protein-protein network interactions were

performed considering the molecules altered in CCC as compared to IDC. Blue and light green represent rub nodes. Different colors distinguish nodes with different

numbers of interactions. Bottom table shows a pathway enrichment analysis derived from protein-protein interactions based on Kyoto Encyclopedia of Genes and

Genomes (KEGG) algorithm, showing the top 20 hits for CCC with lowest false discovery rates (FDR). T-cell signaling and TNF signaling pathways are highlighted.

FIGURE 2 | Frequency of different T lymphocyte subpopulations in peripheral blood of patients with chronic Chagas cardiomyopathy and idiopathic cardiomyopathy.

(A) Representative dot plots of the analysis strategy used in the study: To remove doublets, the parameters FSC-A × FSC-H were used; lymphocytes were selected

according to size (FSC-A) and granularity (SSC-A) parameters. For phenotypic separation of cell subpopulations, CD8 and CD4 surface markers were selected,

followed by selection of CD4−CD8− cells to identify gamma−delta+ and alpha−beta+ DN T cells. (B) Frequency of CD4+ T cells, CD8+ T cells, gamma−delta+ DN

T cells (CCC, n = 17; IDC, n = 13), and alpha−beta+ DN T cells (CCC, n = 10; IDC, n = 10). Graphs are expressed as boxplots, with the minimum and maximum

values indicated.

similar between the groups (Figure 2B). However, we observed
higher frequency in DN T-cells expressing the TCR gamma-delta
in IDC compared to CCC patients (Figure 2B).

To assess the functional profile of the different T-cell
subpopulations, we evaluated the expression of the inflammatory
cytokines IFN-gamma and TNF, as well as of the regulatory
cytokine IL-10, and of IL-17. We observed an increase in the
frequency of IFN-gamma (Figure 3A) in CD4+ T-cells in the
CCC group compared to IDC, while TNF was increased in
CD4+ T-cells from IDC as compared to CCC (Figure 3B). The

frequency of CD8+IL-10+ T-cells was increased in CCC as
compared to IDC (Figure 3C). IL-17 expression was increased
in CD8+ and alpha-beta+ DN T-cells from CCC as compared to
IDC (Figure 3D).

Analysis of TNF receptor 1 (TNFR1) and IL-10 receptor (IL-
10R) expression showed that, while there was no difference in
the expression of IL-10R by the different T-cell subpopulations
(Figure 3E), TNFR1 was upregulated in CD4+ T-cells and
TCRgamma-delta+ DN T-cells from IDC than CCC, and
higher in CD8+ cells from CCC compared to IDC (Figure 3F).
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FIGURE 3 | Cellular immune profile of cytokines and immunoregulatory receptors in T-cell subpopulations in different cardiomyopathies. Frequency of expression of

cytokines and immunoregulatory receptors (A) IFN-gamma, (B) TNF, (C) IL-10 (D) IL-17 (E) IL-10R, (F) TNF-R1. The analysis was performed as described in the

materials and methods for comparison between the different groups in CD4+, CD8+, gamma-delta+ (CCC, n = 17, IDC, n = 13) and alpha-beta+ DN T cells (CCC, n

= 10, IDC, n = 10). (G) analysis of the ratio of TNFR1+/IL10R+ cells in CD4+ and CD8+ T cells; TNF expression in CD8+ T cells stimulated with PMA/Ionomycin

(CCC, n = 7; IDC, n = 8). Values of p < 0.05 were considered statistically significant. Graphs are expressed as boxplots, with the minimum and maximum values

indicated.

We observed a higher TNFR1/IL-10R ratio in CD8+ T-cells
from CCC as compared to IDC, and a tendency of increased
TNFR1/IL-10R ratio in CD4+ cells in IDC (Figure 3G). In
addition, we observed a higher frequency of CD8+TNF+ T-
cells in CCC as compared to IDC after in vitro stimulation

(Figure 3G). Together, these data suggest that CD8+ T-cells
and CD4+ T-cells from CCC and IDC, respectively, display a
predominantly inflammatory profile.

To determine the cytotoxic potential of the different T-cell
subpopulations, we evaluated the frequency of expression of
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Eomes, perforin, and granzyme A. We observed a significant
higher frequency of Eomes only in CD8+ T-cells in the CCC
group compared to IDC (Figure 4A). No differences were
observed in perforin expression comparing CCC and IDC
(Figure 4B). Expression of granzyme A was increase in CD4+

T-cells in CCC patients compared to IDC (Figure 4C).
We also verified the percentage contribution of the different

T-cell subpopulations to the expression of the different cytotoxic
molecules. It is quite clear that CD8+ cells are the main
expressors of cytotoxic molecules, as compared to the other T-
cell subpopulations analyzed in both CCC and IDC (Figure 4D).
In addition to CD8+ T cells, DN TCR alpha beta T cells showed
a statistically significant increase in the contribution to perforin
expression in IDC compared to CCC, emerging as an important
source of perforin expression in IDC (Figure 4D).

Analysis of Chemokine and Chemokine
Receptor Expression Reveals Distinct
Recruitment Potential of T-Cell
Subpopulations in the Different
Cardiomyopathies
The expression of the chemotactic receptor CCR5, which has
been associated with CCC, was significantly higher in CD4+,
CD8+, and TCRgamma-delta+ DN T-cells in the CCC group as
compared to IDC (Figure 5A). We also measured the systemic
expression of the chemokines CCL3, CCL4, and CCL5, which
are ligands for CCR5 and associated with cellular recruitment
to inflammatory sites. Our data showed increased plasma levels
in these chemokines in the CCC group as compared to IDC
(Figure 5B).

To determine the association between the CD4+, CD8+, and
TCRgamma-delta+ DN T-cells expressing CCR5 with plasma
levels of the chemokine ligands, we performed a correlation
analysis between these molecules in the CCC group. While no
correlation was observed between the cells expressing CCR5 and
CCL3 or CCL5, we observed a positive and statistically significant
correlation between expression of CCL4 and the frequency of
CD8+CCR5+, but not with CD4+ nor gamma-delta+ DNT-cells
(Figure 5C). These data indicate an association between CCL4
expression and CD8+CCR5+ T-cells in CCC.

We also evaluated the frequency of expression of the
chemokine receptors CXCR3, CCR4, and the cardiotropic
molecule cMET in CD4+, CD8+, and TCRgamma-delta+ DN
T-cells, using multiparameter flow cytometry, combined with
conventional and unsupervised machine-learning strategies.
Through clustering by similarity using unsupervised analysis, we
found different population clusters, which revealed differences
in the expression density of the mentioned molecules. We
identified clusters 1 (Figure 6A), distributed within the CCC
group (red color, Figure 6B), and clusters 2 and 3 (Figure 6A),
predominantly located in the IDC group (blue color, Figure 6B).
Cluster 1 shows the colocalization between cMET and CD8
expression, while clusters 2 and 3 demonstrate co-localization of
CXCR3 and CCR4 in CD4+ T-cells and gamma-delta DN T-cells,
respectively. Conventional quantitative analysis confirmed the
data observed by tSNE, showing a significant higher expression

of CD8+cMET+ T-cells, as well as CD8+cMET+CCR5+ T-
cells in the CCC group compared to IDC (Figure 6C).
A positive correlative analysis between the frequency of
CD8+CCR5+cMET+ T-cells and the inflammatory cytokine
IFN-gamma or Eomes was observed in CCC but not IDC
(Figures 6D,E).

As observed in the unsupervised qualitative analysis, the
frequency of CCR4 and the co-expression of CXCR3 and CCR4
were higher in CD4+ T-cells in IDC when compared to the
CCC (Figure 6F). A positive correlation between the frequency
of CXCR3+CCR4+ CD4+ T-cells and the inflammatory cytokine
IFN-gamma was observed in IDC but not CCC (Figure 6G).
In addition, the expression of CXCR3 and CCR4 were
higher in TCRgamma-delta+ DN T-cells in IDC than CCC
(Figure 6H). These data support the hypothesis of a distinct
cell recruitment potential of activated T-cells populations in the
different cardiomyopathies.

We performed a combined analysis of the parameters
that were statistically significant comparing between groups,
including cytokine, cytotoxic molecule, and chemotactic
receptor expression by CD4+ and CD8+ T-cells in IDC and
CCC, respectively. The Clustvis algorithm showed a distribution
that generated a cellular immune signature profile that
segregated the CCC and IDC groups, emphasizing the cellular
immunological differences between the cardiomyopathies
(Supplementary Figure 1).

In silico Analysis Reveals Inflammatory and
Cytotoxic Potential by CD8+ T-Cells in the
Heart of Patients With CCC
We employed an in silico approach to evaluate the expression
of mRNA that code for molecules related to CD4 and CD8
function in heart tissue obtained from CCC and IDC patients,
using mRNA profiles available in different publicly available
gene banks. Our data demonstrated up-regulation of gene
transcripts for CD8, IFN-gamma, granzyme A, perforin, Eomes,
CCR5, and their ligands, CCL3, CCL4, and CCL5, in cardiac
tissue samples from CCC patients, compared to healthy donors
(Figure 7A). Additionally, to assess the association of CD8+

cells with the mRNA expression intensity of the different up-
regulated molecules, we used a correlation matrix, which showed
an association between CD8 and HGF (cMET receptor ligand),
CCR5, CCL4, CCL5, perforin, granzyme A, IL-10 and IFN-
gamma in the CCC group (Figure 7B). A significant correlation
was observed only between CD8 and Eomes in the control group,
and no correlation of inflammatory nor cytotoxic molecules were
observed with CD4 transcripts in CCC (Figure 7B).

Gene transcription profile data showed that the mRNA
fluorescence intensity for the molecules CD4, CD8, Granzyme
A, perforin, CCR5, CCL5, and Eomes was similar between IDC
and control group (Figure 7C). Despite similar expression, the
correlation analysis showed an association between CD4 and
perforin in IDC but not in control (Figure 7D). Interestingly,
there was also a statistically significant correlation between CD8
with CCR5 and perforin in IDC, but this was also observed in
healthy individuals (Figure 7D).
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FIGURE 4 | Expression of cytotoxic molecules by the different T-cell subpopulations. Frequency of expression of molecules associated with cytotoxic function (A)

Eomes, (B) perforin and (C) granzyme A are shown. Graphs are expressed as boxplots, with the minimum and maximum values indicated. (D) Contribution of

different cell subpopulations to the expression of different cytotoxic molecules. The analysis was performed as described in the materials and methods for comparison

between the different groups in CD4+, CD8+, gamma-delta+ DN T cells (CCC, n = 17, IDC, n = 13) and alpha-beta+ DN T cells (CCC, n = 10, IDC, n = 10). Values

of p < 0.05 were considered statistically significant.

DISCUSSION

Although both CCC and IDC are cardiomyopathies associated
with highmorbidity andmortality, CCC has been associated with
a worse prognosis (3, 18, 42–44). While these cardiomyopathies
are clinically indistinguishable, the worse prognosis observed
in CCC suggests that distinct pathogenic mechanisms may be
involved in the progression of these diseases. In this work, we
evaluated immunological characteristics of patients with CCC
or IDC and observed that CCC displays a more inflammatory
systemic profile as compared to IDC. In addition, the T-
cell responses, which are critical given the chronic nature
of these diseases, are also quite distinct in CCC and IDC,
as seen by the differential expression of immunoregulatory
cytokines, cytotoxic molecules and molecules that address T-
cells to the heart. Importantly, in silico analysis of mRNA
transcripts from CCC and IDC heart tissue confirmed these
differences, strengthening the hypothesis that distinct underlying
immunopathology mechanisms are involved in CCC and IDC.
These results point to distinct targets potentially employable as
adjuvant immunotherapeutic approaches to treat these diseases.

The establishment of a predominantly systemic inflammatory
immune response in individuals infected with T. cruzi seems

to be crucial for the development of cardiac pathology (22,
29, 45–49). Here, we described elevated plasma levels of IL-
6, IL-2, IL-7, IL-15, IL-17A, and IL-10 in the CCC group, as
compared to IDC. In addition, dendrogram analysis showed
that comparative expression of these molecules led to complete
segregation between the groups. This data also reinforce the
robust immune activation observed in CCC patients (50–53).
Network analysis showed that IL-6, IL-2, IL-15 and IL-10
emerged as node molecules with high centrality, suggesting
a broad involvement of these immune molecules in CCC.
KEGG enrichment analyses identified inflammatory pathways
as the main ones amongst the first 20 pathways with lowest
FDR, of particular interest, the T-cell signaling and the TNF
signaling pathways. These data corroborate previous studies
that highlight the role of inflammatory molecules in the
immunopathology of Chagas disease (54–56). Exploiting the
molecules that compose these pathways may provide potential
targets to treat CCC.

Given that T-cells are central in the adaptive immune response
observed in chronic diseases, including CCC and IDC (30, 32,
33, 57–61), we proposed to evaluate the functional characteristics
of different T-cell subpopulations present in the peripheral blood
of CCC and IDC patients. Our results suggest that while CD8+

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 February 2022 | Volume 9 | Article 78742377

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Neves et al. Immunological Differences in Chagas and Idiopathic Cardiomyopathies

FIGURE 5 | Expression of CCR5 by the different T-cell subpopulations and of its soluble chemokine ligands CCL3, CCL4, CCL5. (A) Evaluation of the frequency of

expression of CCR5 by CD4+, CD8+, gamma-delta+ DN T cells (CCC, n = 17, IDC, n = 13) and alpha-beta+ DN T cells (CCC, n = 10, IDC, n = 10). The analysis

was performed as described in the materials and methods for comparison between the different groups. (B) Plasma levels of soluble chemokines (CCL3, CCL4,

CCL5) in samples from patients with Chronic Chagas cardiomyopathy (CCC, n = 38) and idiopathic cardiomyopathy (IDC, n = 5). Graphs are expressed as boxplots,

with the minimum and maximum values indicated. (C) Correlation analysis between plasma levels of CCL4 and the frequency of expression of CCR5 in CD4+, CD8+

and gamma-delta+ DN T cells in CCC group. Parametric data were analyzed using Pearson’s correlation test and non-parametric data using Spearman’s test. Values

of p < 0.05 were considered statistically significant.

T-cells are the main ones associated with the immunoregulatory
potential in CCC, CD4+ T-cells are associated with IDC. CD8+

cells display increased frequency of expression of TNFR1, TNF,
IL-10, and IL-17 when compared to IDC, and CD4+ T-cells
display increased expression of TNF and TNFR1 in IDC as
compared to CCC. Increase expression of cytokines with different
functional profiles observed in CCC is possibly related to a
control mechanism for the intense inflammation observed in
those patients (53, 62–66). Analysis of the ratio TNFR1/IL-10R
revealed a predominantly inflammatory profile in CD8+ T-cells
from CCC compared to IDC. A similar tendency was observed in
the CD4+ T-cells from IDC, although not statistically significant.
Previous studies have shown that CD8+ T cells expressing
TNF are indeed the predominant cell type in the hearts of
CCC patients (45), and that CD4+ T cells expressing activation
molecules are present in the heart of IDC patients, although not
increased in relation to other leukocytes (67). Of note, the TNF
signaling pathway appeared as one of the key pathways associated
with the altered cytokine profile in CCC, strengthening the role of
this molecule in CCC and suggesting this pathway as a potential
intervention target.

T-cell cytotoxic function is essential for resistance to T.
cruzi infection through the lysis of infected cells (68–70), and

may also be important in IDC where viral infection may have
played a role (17, 71, 72). However, uncontrolled T-cell mediated
cytotoxicity may contribute to cardiac injury and dysfunction
(45, 73, 74). To determine the cytotoxic potential of the different
cell populations, we evaluated the expression of Eomes, a critical
transcription factor for the differentiation of activated CD8+ T-
cells and for controlling expression of inflammatory cytokines,
and the cytotoxic molecules granzyme A and perforin (75). It
is noteworthy to mention that expression of most cytotoxic
molecules was similar between groups in all T-cell populations.
Thus, these cells may potentially be related to pathology in both
diseases. However, we observed a high expression of Eomes by
CD8+ T-cells in CCC, reinforcing the previously suggested role
for these cells in CCC pathology (45).

While our data also evidenced the effector capacity of T
helper lymphocytes in CCC, shown by the increased frequency
of expression of granzyme A in CD4+ T-cells, as compared to
IDC, the presence of cytotoxic CD4+ T-cells in the hearts of
CCC has not been investigated. These cells recognize antigenic
peptides via MHC class II and are capable of secreting cytolytic
granules that can induce apoptosis of target cells (76, 77). Thus,
it is valid to speculate that CD4+ T-cells may also contribute
to the immunopathology in CCC. Favoring this hypothesis,
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FIGURE 6 | CCR4 and CXCR3 expression reveals distinct recruitment potential between cardiomyopathies. (A) Representation of t-distributed stochastic neighbor

embedding (t-SNE) using the expression density of CD4, CD8, cMET, TCR gamma-delta, CXCR3, and CCR4, with emphasis on clusters 1, 2, and 3 shown by the

ellipses. Cluster 1 shows the colocalization between cMET and CD8 expression, while clusters 2 and 3 demonstrate the expression of CXCR3 and CCR4 by CD4+

(Continued)

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 February 2022 | Volume 9 | Article 78742379

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Neves et al. Immunological Differences in Chagas and Idiopathic Cardiomyopathies

FIGURE 6 | and gamma-delta+ DN T cells, respectively. (B) tSNE generated showing the stratification between the CCC (red) and IDC (blue) groups after overlaping

the islands formed by the algorithm. (C) Frequency (%) of cMET+ and co-expression of cMET+CCR5+ in CD8+ T cells (CCC, n = 17, IDC, n = 13). (D) Correlation

analysis between the frequency of CD8+ IFN-gamma+ cells stimulated with PMA/Ionomycin (CCC, n = 7; IDC, n = 8) and CD8+cMET+ CCR5+ cells. (E) Correlation

analysis between the frequency of CD8+Eomes+ cells and CD8+cMET+CCR5+ cells. (F) Frequency (%) of CXCR3, CCR4 and co-expression of CXCR3+ CCR4+ in

CD4+ T cells (CCC, n = 8; IDC, n = 5). (G) Correlation analysis between the frequency of CD4+ IFN-gamma+ cells stimulated with PMA/Ionomycin (CCC, n = 7, IDC,

n = 5) and CD4+ CXCR3+ CCR4+ cells. (H) Frequency of CXCR3, CCR4 and co-expression of CXCR3+ CCR4+ in gamma-delta+ DN T cells (CCC, n = 8; IDC, n =

5). The analysis was performed as described in the materials and methods for comparison between the different groups. Graphs are expressed as boxplots, with the

minimum and maximum values indicated. Values of p < 0.05 were considered statistically significant.

pro-inflammatory and potentially effector CD4+ T-cells have
been associated with pathology in experimental models of T.
cruzi infection, particularly in the absence of regulatory B-
cells (78).

To determine the underlying mechanism related to the
recruitment of these different T-cell populations to the heart
tissue of CCC or IDC patients, we first evaluated the expression of
the chemotactic receptors CCR5 and cMET, which display cardio
tropic activity (79). In addition, cytolytic CD8+ T-cells expressing
cMET have been associated with increased intracellular levels
of inflammatory cytokines such as IFN-gamma and TNF (80).
The upregulation of CCR5 in CD8+ T-cells from T. cruzi-
infected mice has been associated with tissue damage (81, 82).
Genetic variants of CCR5 have been associated with human
Chagas disease (83), and high CCR5 expression by leukocytes
has also been associated with severe CCC (27, 84). The analysis
of CCR5 expression frequency showed a high frequency of
CD4+, CD8+ and TCRgamma-delta+ DN T-cells expressing
this molecule in CCC compared to IDC. Moreover, a positive
correlation between the frequency of CD8+ CCR5+ and CCL4,
a ligand for CCR5, was observed in CCC but not IDC. The high
frequency of cMET+ cells in the CCC group compared to IDC,
as well as the association between CD8+cMET+CCR5+ T-cells
with the frequency of CD8+IFN-gamma+ and CD8+EOMES+

T-cells only in the CCC patient group, strongly suggest that
these molecules mediate the recruitment of inflammatory and
cytotoxic CD8+ T-cells to cardiac tissue in CCC. Our data from
the in silico analysis support this hypothesis, since it revealed
an increase in the intensity of CD8 transcripts in the cardiac
tissue of CCC patients compared to healthy donors. Furthermore,
there was a correlation between the intensity of expression of
CD8 mRNA and molecules with inflammatory potential (IFN-
gamma), cytotoxic (Eomes, granzyme A, perforin), regulatory
(IL-10), and cardiotropic (CCR5, CCL4, and CCL5 and HGF) in
CCC but not IDC. Importantly, previous studies in experimental
models of T. cruzi infection have shown that treatment with
Met-RANTES, a CCR5 antagonist, ameliorated the cardiac tissue
damage observed in treated animals (85). Thus, controlling the
recruitment of potentially cytotoxic CCR5+CD8+ T-cells may
emerge as a possible immunotherapeutic strategy in CCC.

The increased expression of CCR4, which has been related to
T-cell infiltration in heart inflammatory conditions in a murine
model (79, 86), and CXCR3+ CCR4+ cells by CD4+ T-cells in
IDC implicates these molecules in the recruitment of this cell
subpopulation to the heart, revealing distinct cell recruitment
mechanisms in CCC and IDC. In addition, gamma-delta+ DN
T-cells also express higher CXCR3 receptors in IDC as compared

to CCC, suggesting a potential role for these cells in IDC (87–
90). In silico analysis showed an association of CD4 with perforin
in IDC, which was not observed in healthy hearts, adding to the
hypothesis that these cells are involved in tissue pathology in
IDC. The identification of TCRgamma-delta+ DN T-cells was
not possible in this analysis since this can only be determined
using multiparameter immunostaining in situ, or single cell
analysis, due to the need to exclude CD4 and CD8 expression
in the gamma-delta+ T-cells. The use of a small molecule
CXCR3 receptor antagonist has been shown to improve cardiac
remodeling (91) in experimental models, opening perspectives
for studying its use in human cardiomyopathies, where this
molecule may play a role, such as in IDC.

CXCR3 and CCR4 expression have been shown to be induced
by cMET, which has cardiotropic effects (79). Although the
expression of this molecule is low in IDC, it is possible that
the observed levels are sufficient to induce these chemokine
receptors. We also observed an association of CD8+ T-cells and
cMET in CCC. Thus, it is tempting to hypothesize that, despite
the involvement of distinct T-cell populations in IDC and CCC,
control of cMET expression (or its ligand, HGF), may emerge as
a strategy to control T-cell recruitment in IDC and CCC. Specific
inhibition of cMET has shown promising effects to treat several
types of cancer (92). However, given that the HGF/cMET axis is
important in heart function (93), more in-depth studies need to
be performed to evaluate this possibility.

LIMITATIONS OF THE STUDY

Despite dealing with clinically similar cardiomyopathies, it is
important to bear in mind that these diseases develop under a
distinct time scale, which may impact the differential immune
responses observed. It is, however, difficult to determine exactly
when disease started, posing a limitation as to the role of
time to disease development and intensity of the observed
immune response. In addition, while the pathology associated
with both diseases may develop over years, CCC results from
an acquired infection, not the same in IDC. This difference
in etiology may also influence the inflammatory response,
potentially explaining the exuberant response observed in CCC.
The results shown in this study significantly add to the current
literature as they represent, to the best of our knowledge, the
first comparison of cellular and systemic immune response
between CCC and IDC, two deadly cardiomyopathies. In
addition to bringing insights to the mechanisms of pathology
underlying these diseases, our studies point to potential targets
that may be applied to control the immune response and,
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FIGURE 7 | In silico analysis shows association between CD8 and CD4 mRNA with cytotoxic molecules in CCC and IDC hearts, respectively. (A) In silico comparative

analysis between the expression of gene transcripts of molecules related to the function of CD4+ and CD8+ cells in cardiac tissue samples from patients with chronic

Chagas cardiomyopathy (CCC, n = 10) and healthy donors (CTL, n = 7) (B) Correlation analysis between the intensity of CD8 and CD4 mRNA expression and

functional molecules associated with inflammatory, regulatory, cytotoxic, and cardiotropic function in the CCC and CTL group. (C) Comparative analysis between the

expression of gene transcripts of molecules related to the function of CD4+ and CD8+ cells in cardiac tissue samples from patients with

(Continued)
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FIGURE 7 | idiopathic cardiomyopathy (IDC, n = 7) and Healthy donors (CTL, n = 8) (D) Correlation analysis between the intensity of CD4 and CD8 mRNA

expression and functional molecules associated with inflammatory, regulatory, cytotoxic and cardiotropic function in the IDC and CTL group. Microarray data were

available in Expression Omnibus databases for download [GEO- (http://www.ncbi.nlm.nih.gov/geo/)] were downloaded and subjected to statistical analysis by

Graphpad Prism 8; Parametric data were analyzed by the test Student’s t and non-parametric by Mann–Whitney test. Values of p < 0.05 were considered statistically

significant. Pearson’s test performed correlation analysis. *p < 0.05, *** and ****p < 0.0001.

thus, pathology in these diseases. However, further studies
need to be developed to validate these potential strategies and
instruct clinical practice, which were not within the scope of
present study.

CONCLUSION AND FUTURE DIRECTIONS

In conclusion, the data from the comparative analysis between
the different cardiomyopathies that manifest clinically as heart
failure showed that CCC is associated with a strong immune
activation, with a soluble cytokine signature that distinguishes
it from IDC. The ex vivo analysis of peripheral T-cell responses,
involving cytokine and cytotoxic molecule expression, and the
in silico analysis of cardiac tissue suggest that inflammatory and
cytotoxic CD8+ T-cells are strongly associated with CCC, while
CD4+ T-cells are associated with IDC. Furthermore, differential
expression of chemotactic receptors by CD4+ and CD8+ T-cells,
suggest distinct mechanisms of recruitment to the heart in
IDC and CCC. Our data demonstrated clear immunological
differences in otherwise clinically similar cardiomyopathies,
clarifying mechanisms of immunopathology and pointing
to potential targets for immune-mediated intervention in
these diseases. Our data demonstrate clear immunological
differences in clinically similar cardiomyopathies, elucidating
the involvement of molecules potentially involved in the
immunopathology of these diseases and pointing to potential
targets for immunity-mediated intervention. Future studies,
using modulators of chemokine receptor function and TNF-
mediated inflammatory responses, are underway in our
laboratory to validate whether the modulation of cellular
recruitment and inflammatory responses will have a direct
translational application in CCC and IDC.
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Coronavirus disease-2019 (COVID-19) caused by Severe Acute Respiratory Syndrome

Coronavirus 2 (SARS-CoV-2; CoV2) is a deadly contagious infectious disease. For

those who survive COVID-19, post-COVID cardiac damage greatly increases the risk

of cardiomyopathy and heart failure. Currently, the number of COVID-related cases

are increasing in Latin America, where a major COVID comorbidity is Chagas’ heart

disease, which is caused by the parasite Trypanosoma cruzi. However, the interplay

between indeterminate Chagas disease and COVID-19 is unknown. We investigated

the effect of CoV2 infection on heart pathology in T. cruzi infected mice (coinfected

with CoV2 during the indeterminate stage of T. cruzi infection). We used transgenic

human angiotensin-converting enzyme 2 (huACE2/hACE2) mice infected with CoV2,

T. cruzi, or coinfected with both in this study. We found that the viral load in the

hearts of coinfected mice is lower compared to the hearts of mice infected with CoV2

alone. We demonstrated that CoV2 infection significantly alters cardiac immune and

energy signaling via adiponectin (C-ApN) and AMP-activated protein kinase (AMPK)

signaling. Our studies also showed that increased β-adrenergic receptor (b-AR) and

peroxisome proliferator-activated receptors (PPARs) play a major role in shifting the

energy balance in the hearts of coinfected female mice from glycolysis to mitochondrial

β-oxidation. Our findings suggest that cardiac metabolic signaling may differently regulate

the pathogenesis of Chagas cardiomyopathy (CCM) in coinfected mice. We conclude

that the C-ApN/AMPK and b-AR/PPAR downstream signaling may play major roles in

determining the progression, severity, and phenotype of CCM and heart failure in the

context of COVID.

Keywords: Chagas’ heart disease, CoV2 infection, inflammation, cardiomyopathy, adiponectin, mitochondrial

oxidation, energy metabolism, glycolysis

INTRODUCTION

COVID-19 illness, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2; CoV2), results in debilitating disease manifestations in many infected people and increases
mortality in people with comorbidities, including heart disease (1–6). The causes of death in
COVID-19 patients include cardiomyopathy, stroke, cardiac arrest, sepsis, and organ failure (7–10).
Furthermore, post-COVID patients exhibit various degrees of cardiac damage, which may cause
debilitating long-term effects on heart function (11–13). Thus, the post-COVID effect may pose
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a major threat for the development of cardiomyopathy
and heart failure, especially in individuals with pre-existing
heart conditions.

Although currently deaths due to COVID-19 are subsiding
in many countries due to vaccination (14), COVID-19 is still
a major threat in Latin America, where a major COVID-19
comorbidity is Chagas Disease (CD). CD is caused by the parasite
Trypanosoma cruzi, which infects an estimated eight million
people in Latin America and is also increasingly found in non-
endemic countries, including 300,000 infected individuals in the
United States (15). Of these chronically infected individuals,
30% will develop chronic Chagas cardiomyopathy (CCM) and
congestive heart failure, which are significant causes of morbidity
andmortality (16). Thus, vulnerable COVID-19 patients with CD
constitute a major health burden in the Americas. In addition,
the post-COVID effect on CCM in CD patients could create
a health crisis in Latin America during the post-COVID era
since hundreds of thousands of asymptomatic (indeterminate)
CD patients likely already have or will contract COVID-19.
A recent clinical registry data study from Brazil suggests that
Chagas disease and SARS-CoV-2 coinfection do not lead to
worse in-hospital outcomes (17). In another case study, the
authors reported that COVID-19 infected CD patients (n = 2)
presented with a rapid disease progression, and despite all efforts
of the medical team, both patients died (18). These authors
also suggested that COVID-19 may lead to lymphopenia, which
could curb the anti–T. cruzi immune response and increase
the risk of death in coinfected patients (18). However, there is
limited clinical data or information from animal models on the
interplay between indeterminate/asymptomatic CD and COVID
susceptibility, severity, risk of mortality, and long-term effects on
heart pathology in post-COVID CD patients.

Recent clinical meta-analysis data for COVID-19 suggest that
male sex is independently associated with hospitalization, ICU
admissions, need for vasopressors or endotracheal intubation and
mortality (19).Many clinical studies have also reported thatmales
have a higher mortality rate due to Chagas’ heart disease (20, 21).
Male CD patients are also at higher risk for myocardial fibrosis
and more severe ventricular remodeling (21). However, the role
of sex differences in the interactions between COVID and CD
is unknown.

In the present pilot study, we investigated the effect of CoV2
infection on heart metabolism and pathogenesis in mice with
indeterminate stage T. cruzi infection. We used huACE2 mice
(male and female) infected with CoV2, T. cruzi, or coinfected
with both. Our results show that the pulmonary pathology in
coinfected male mice was significantly reduced compared to
CoV2 infected male mice and the viral load in the lungs of
coinfected mice was reduced compared to CoV2 infected mice.
We also show the presence of CoV2 in the hearts of infected mice
and that the viral load was significantly reduced in the lungs of
coinfectedmice compared tomice infected with CoV2 alone. Our
data show no difference in heart viral loads between the male
and female coinfected mice. However, our data demonstrate a
significant difference in the effect of CoV2 infection on cardiac
adipogenic metabolism, inflammation, energy metabolism, and
mitochondrial functions between male and female coinfected

mice compared to their respective control groups. Our data
suggest that adiponectin-AMP-activated protein kinase (C-ApN-
AMPK) signaling and peroxisome proliferator-activated receptor
(PPARγ and PPARα) signaling dominates in the hearts of
coinfected mice. At the same time, high level β-adrenergic
receptor (b-AR) activity in the hearts of female coinfected mice
shifts the energy metabolic pathways toward lipid β-oxidation
pathway and is likely responsible for sex differences in the
pathogenesis of post-COVID dilated cardiomyopathy, cardiac
atrophy and heart failure.

MATERIALS AND METHODS

Biosafety
All aspects of this study were approved by the Institutional
Animal Care and Use and Institutional Biosafety Committee of
Center for Discovery and Innovation of Hackensack University
Medical Center (IACUC 282) and adhere to the National
Research Council guidelines.

Animal Model and Experimental Design
The transgenic mice expressing the human angiotensin-
converting enzyme 2 (huACE2) (Jackson Laboratories, Bar
Harbor, ME) were bred at Hackensack Meridian Health - Center
for Discovery and Innovation (CDI). The Brazil strain of T.
cruzi was maintained by passage in C3H/HeJ mice (Jackson
Laboratories, Bar Harbor, ME). Both male and female mice (N =

16) were intraperitoneally (i.p.) infected with 103 trypomastigotes
at 6 weeks of age. Mice were maintained on a 12-h light/dark
cycles and housed in groups of 3–5 per cage with unlimited
access to water and chow. Once they reached indeterminate stage
(22) (65 DPI; no circulating parasitemia and pro-inflammatory
markers), one set of mice was coinfected intra-nasally with
1 x 104 pfu SARS-CoV2 (NR-52281, Isolate USA-WA1/2020
COV-2 virus, NIH-BEI resources). After 10 DPI CoV2 (i.e.,
75 DPI T. cruzi infection), we collected samples (heart, lungs,
white adipose tissue (WAT) and blood; n = 4/sex/subset).
Age and sex matched huACE2 mice infected with SARS-CoV2
alone, as well as uninfected huACE2 mice, served as controls
(Supplementary Figure 1). The heart samples were used in the
present study.

Immunoblot Analysis
Tissue lysates were prepared as previously described (22).
Each sample containing 30 µg of protein were resolved on
SDS-PAGE and separately on native gel electrophoresis and
the proteins were transferred to nitrocellulose membrane
for immunoblot analysis. Adiponectin-specific mouse
monoclonal antibody (#ab22554, Abcam), AdipoR1-specific
rabbit polyclonal antibody (#ab70362, Abcam), AdipoR2-
specific rabbit polyclonal antibody (#ABT12, Sigma-Aldrich),
PPARα-specific rabbit polyclonal antibody (#PA1-822A,
Thermo Fisher Scientific), PPARγ-specific rabbit polyclonal
antibody (#2492, Cell Signaling Technology), pAMPK-
specific rabbit monoclonal antibody (#2535S, Cell Signaling
Technology), Cytochrome C-specific rabbit monoclonal
antibody (#4280S, Cell Signaling Technology), Superoxide
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dismutase 1-specific mouse monoclonal antibody (#4266S, Cell
Signaling Technology), Hexokinase 2-specific rabbit monoclonal
antibody (#2867S, Cell Signaling Technology), β1 adrenergic
receptor-specific rabbit polyclonal antibody (#12271S, Cell
Signaling Technology), F4/80-specific rat monoclonal antibody
(#NB 600-404, Novus Biologicals), TNFα-specific rabbit
polyclonal antibody (#ab6671, Abcam), pHSL (Ser563)-specific
rabbit monoclonal antibody(#4139, Cell Signaling Technology),
ATGL-specific rabbit monoclonal antibody(#30A4, Cell
Signaling Technology, Perilipin-specific rabbit monoclonal
antibody (#D1D8, Cell Signaling Technology), IFNγ-specific
rabbit monoclonal antibody (#EPR1108, Abcam), CD4-specific
rabbit polyclonal antibody (#NBP1-19371, Novus biologicals),
CD8-specific rabbit polyclonal antibody(#NBP2-29475, Novus
biologicals), T-cadherin-specific rabbit polyclonal antibody
(#ABT121, Millipore), FABP4-specific rabbit monoclonal
antibody (#3544, Cell Signaling Technology), IL6-specific mouse
monoclonal antibody (#66146-1-lg, Proteintech), IL10-specific
rabbit polyclonal antibody (#20850-1-AP, Proteintech), BNIP3-
specific rabbit monoclonal antibody (#44060, Cell Signaling
Technology), Caspase 3-specific rabbit polyclonal antibody
(#9662, Cell Signaling Technology) were used as primary
antibodies. Horseradish peroxidase (HRP)-conjugated anti-
mouse immunoglobulin (#7076, Cell Signaling Technology)
or HRP-conjugated anti-rabbit immunoglobulin (#7074, Cell
Signaling Technology) antibody was used to detect specific
protein bands (as shown in the figure legends) using a
chemiluminescence system. β-actin-specific rabbit monoclonal
antibody (#4970S, Cell Signaling Technology) or Guanosine
nucleotide dissociation inhibitor (GDI) (#71-0300, Invitrogen)
were used as protein loading controls.

Determination of Parasite (T. cruzi) Load in
the Tissue
A quantitative real time polymerase chain reaction (q-RT-PCR)
was used to quantify the parasite load by using PCR SYBR Green
Master Mix (Roche, Applied Science, CT) containing MgCl2
by employing QuantStudio 3 Real Time PCR system (Thermo
Fisher). DNA isolation, preparation of standard curve and qPCR
analysis was performed as previously published (23).

Determination of SARS-CoV-2 Load in the
Tissue
Total RNA was isolated from the hearts using Trizol reagent.
The number of SARS-COV-2 copies were quantified using 2019-
nCoV_N2 primer/probe mix and One-Step PrimeScript RT-PCR
kit from Takara Bio Inc. All assays were performed on Agilent
AriaMx Real-time PCR System according to the following cycling
conditions: 15min at 42 ◦C (1 cycle, reverse transcription),
followed by 10 sec at 95 ◦C (1 cycle, hot start) and continuing
with 5 s at 95 ◦C, and 30 s at 55◦C (40 cycles, PCR amplification).

Histological and Morphometric Analysis of
the Heart
The hearts were harvested immediately after sacrificing the mice.
The hearts were cut 5mm above the apex in cross section through

the ventricles, fixed in formaldehyde, analyzed by histological
staining as described earlier (24). Hematoxylin and eosin (H&E)
and Masson’s trichrome staining were performed, and the
images were captured and analyzed as previously described (25).
Four to six sections of each heart were scored blindly. For
each myocardial sample, histologic evidence of myocarditis and
inflammation was classified in terms of degree of infiltration
of immune cells, fibrosis and accumulation of lipid droplets in
capillaries was graded on a five-point scale ranging from 0 to
4+. A zero-score indicated lowest or negligible changes and 4
the most damaged state. The cardiomyocyte cell size in the heart
sections was analyzed by counting the number of cardiomyocyte
nucleus/5 images/heart section (40 x images of H&E stained heart
sections). We performed morphometric analysis as described
earlier (24). Briefly, the H&E sections of the hearts were used
to analyze the thickness of the left ventricular wall (LVW),
right ventricular wall (RVW) and the intra-septal wall (24). The
thickness of the LVW, RVW and septal wall was measured at five
different locations at a magnification of 10x (24). The average
value of the 5 measurements was calculated for each mouse.

Right Ventricle Hypertrophy
Myocyte profiles in cross section were selected for the analysis
of myocyte size adjacent to the inner wall of the right ventricles
from the microscopic images of Masson-Trichrome sections
(Supplementary Figure 3). The cardiomyocytes have a
prolate spheroid shape. Cardiomyocyte length (Dmaj) and
diameter (Dmin) were measured on digitized images of
tissue slices stained with trichrome stain as reported earlier
(Supplementary Figure 3C) (26, 27). Each cell was recognized
based on the intercellular collagen network. A total of 40
cells/sex/group were measured and the mean of the cell
volume was calculated using the web-based tool [https://www.
easycalculation.com/shapes/surface-area-of-prolate-spheroid.
php].

Histological Analysis of the Lungs
Freshly isolated lung tissues were fixed with 10% neutral-buffered
formalin for a minimum of 48 h and then embedded in paraffin
wax (n = 4/sex). Hematoxylin and eosin (H&E) staining was
performed, and the images were captured as previously published
(25). Four to six sections of each lung were scored blindly.
For each lung sections, the histological evidence of pulmonary
pathology was classified in terms of the presence of infiltration
of immune cells, granulomas, accumulation of lipid droplets and
fibrosis as published earlier (23, 25).

Immunohistochemical Analysis of Perilipin
and Phospho-Perilipin
Freshly isolated heart tissues were fixed with 10% neutral-
buffered formalin for a minimum of 48 h and then embedded in
paraffin wax (n= 4/sex) and sectioned for immunohistochemical
analysis (IHC). IHC was performed using perilipin and phospho-
perilipin specific antibody with a dilution of 1:100 followed by
corresponding HRP-conjugated goat anti-rabbit or anti-mouse
immunoglobulin as previously described (23, 25). The positive
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staining intensities of the images were quantified using NIH-
Image J software for a minimum of 5 images of each heart (23).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism
(GraphPad Software, Inc., La Jolla, CA, USA). We performed
statistical analysis by comparing the data between the infected
groups (CoV2/T. cruzi/coinfection) and uninfected control
groups. For the coinfection group, since the baseline is mice
infected with T. cruzi, we also performed statistical data analysis
and fold change analysis by comparing the data between the
coinfected groups and T. cruzi infected groups. Comparisons
between groups weremade using Two-WayANOVA (GraphPad)
and unpaired Student’s t-test (Microsoft Excel) as appropriate.
Values of p < 0.05 were considered statistically significant. Data
represent means± S.E.M.

RESULTS

We developed indeterminate CD model by infecting one set of
hACE2 mice with a low dose (1000 parasite) of Trypanosoma
cruzi (22). At 65 DPI, T. cruzi infected mice showed no
parasitemia or significant changes in inflammatory markers in
blood (data not shown). We analyzed the parasite load in the
hearts of T. cruzi infected and coinfected mice by qPCR and
detected 1.5–3 pg of T. cruzi DNA/ng of host DNA (23). We
found no significant difference in the parasite load in the hearts
between male and female, and T. cruzi infected and coinfected
mice. To investigate the pathological effects of CoV2 infection
on the hearts in T. cruzi compromised mice, we performed
histological and biochemical analyses of heart and lung samples
obtained from the following three different murine models of
infections: the T. cruzi model (infected with T. cruzi), the
CoV2 model (infected with SARS-CoV2), and the coinfection
model [infected with T. cruzi followed by SARS-CoV2 infection
at the indeterminate stage (65DPI)]. Uninfected mice served
as controls. We used n = 8 mice/group for both sexes. We
observed no mortality during CoV2 infection in mice with or
without T. cruzi infection. During the histological analysis of
the lung and heart samples, we observed a significant difference
in their pathology between the sexes. Therefore, we analyzed
all the data separately for males and females in each group as
presented below.

Asymptomatic T. cruzi Infection Modulates
Pulmonary Pathology During CoV2
Infection in huACE2 Mice
We and others have shown that T. cruzi infection alters
immune and metabolic signaling in mice during acute and
chronic stages (28, 29). Here, we analyzed whether asymptomatic
(indeterminate stage) T. cruzi infection-induced immune and
metabolic changes regulate pulmonary pathology in intranasally
CoV2 infected huACE2 mice 10 days post-CoV2 infection.
Histological analysis of H&E stained lung sections of uninfected
(control), CoV2 infected (positive control), T. cruzi infected,
and coinfected mice were analyzed for infiltrated immune

cells, accumulated lipid droplets, fibrosis, and granulomas
(Figure 1A). Histological analysis showed significantly increased
infiltrated immune cells and lipid droplets in the lungs of T.
cruzi infected mice compared to uninfected mice (Figures 1A,B).
The alveolar space was more constrained and interstitial tissue
thickened in male T. cruzi infected mice compared to female T.
cruzimice. CoV2 infection also significantly increased infiltration
of immune cells and lipid droplets in the lungs compared to
uninfected mice (sex and age matched). However, the number
of granulomas and their size were greater in male CoV2 mice
compared to female CoV2 mice. Interestingly, both the number
and size of granulomas were greater in the lungs of female
coinfected mice than in male coinfected mice. For both sexes,
we observed vascular leakage (hemosiderin) and neutrophilic
alveolitis in the lungs in CoV2/coinfected mice. These analyses
demonstrated that: (i) the pulmonary pathology in coinfection
is reduced compared to CoV2 infection alone; and (ii) although
males are more susceptible to severe pulmonary CoV2 infection
in general, in the context of T. cruzi coinfection females are
more susceptible to severe pulmonary CoV2 infection compared
to males.

Asymptomatic T. cruzi Infection Reduces
Viral Burden in the Lungs of huACE2 Mice
Coinfected With SARS-CoV2
ACE2 is a known receptor for the cell entry of SARS-CoV2
(30, 31). It has been shown that ACE2 expression levels were
positively associated with immune signatures and no significant
difference in their levels between males and females or between
younger and older persons in any tissue (32). Since T. cruzi
infection can alter the immune signature, we analyzed the effect
of T. cruzi infection on the expression levels of ACE2 in the
lungs and hearts by Western blotting (Figure 2A). As expected,
CoV2 infection significantly increased ACE2 levels in the lungs
in huACE2 mice in both males (p ≤ 0.0001) and females (p
≤ 0.01) compared to uninfected sex-matched mice (Figure 2A).
The levels of ACE2 were significantly higher (p ≤ 0.001) in the
lungs of both male and female T.cruzi infected mice compared to
sex matched control mice (Figure 2A). CoV2 infection further
significantly increased (p ≤ 0.01) the levels of ACE2 in the
lungs of both males and females in coinfected mice (Figure 2A).
Our data showed a significant increase in ACE2 levels in the
lungs of coinfected mice compared to only CoV2 infected mice
(Figure 2A). We observed no difference in the levels of ACE2
in the lungs between the sexes in coinfected mice. In the hearts,
in uninfected female mice, the levels of ACE2 were significantly
lower (p≤ 0.01) compared to uninfected male mice (Figure 2A).
CoV2 infection significantly increased ACE2 levels in the hearts
of male (p ≤ 0.05) mice. T. cruzi infection did not significantly
alter the levels of ACE2 in the hearts of male and female mice
compared to sex matched uninfected control mice. ACE2 levels
in the hearts significantly increased in coinfected male (p ≤

0.01) and coinfected female (p ≤ 0.0001) mice compared to
sex matched T. cruzi infected mice, and significantly increased
only in coinfected female mice (p ≤ 0.0001) compared to sex
matched uninfected mice. These data suggest that ACE2 is highly
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FIGURE 1 | T. cruzi infection modulates pulmonary pathology in CoV2 infected

huACE2 mice. (A) H&E stained lung sections (n = 4/sex, a minimum of five

images/section were analyzed) of both male and female uninfected, CoV2

infected, T. cruzi infected, and coinfected huACE2 mice showing infiltrated

immune cells (black arrowhead), accumulated lipid droplets (black line), fibrosis

(red arrowhead), and granulomas (red arrow) (20x magnification, bar-200µm).

(B) Histological grading of lung pathology was carried out according to

experimental groups and classified in terms of granulomas (numbers),

infiltrated immune cells, and accumulated lipid droplets. Each class was

(Continued)

FIGURE 1 | graded on a 6-point scale ranging from 0 to 5 as discussed in

Materials and Methods. Values plotted are mean ± standard error (SE) from n

= 5. The error bars represent the standard error of the mean. **P < 0.01 and

***P < 0.001, between the indicated groups and uninfected mice. #p ≤ 0.05

and ###p ≤ 0.001 for comparisons between CoV2 infected and co-infected

mice.

expressed in the lungs of coinfected male and female mice and in
the hearts of coinfected female mice compared to CoV2 infected
(male/female) mice.

Lung viral loads quantitated by qPCR analysis were
significantly greater (p ≤ 0.01) in male CoV2 infected
mice compared to female CoV2 infected mice (Figure 2B).
Interestingly, although ACE2 levels were significantly higher
in the lungs of male coinfected mice compared to male
CoV2 infected mice (Figure 2A), the viral load in the lungs
of male coinfected mice was significantly lower (p ≤ 0.001)
compared to male CoV2 mice (Figure 2B). Between coinfected
males and females, the viral load in the lungs of female mice
was significantly higher (p ≤ 0.01) compared to male mice
(Figure 2B). However, the viral load in the lungs of coinfected
female mice was not significantly altered compared to CoV2
infected female mice. These data suggest that males are likely
more susceptible to pulmonary CoV2 infection in general, but
that females may be more susceptible to pulmonary CoV2
infection in the context of CD. ACE2 levels were either similar
(in males) or significantly greater (in females) in coinfected mice
compared to CoV2 infected male or female mice (Figure 2A).
However, the viral load was significantly lower in the hearts
of coinfected male and female mice (4.7-fold and 3.6-fold,
respectively, p ≤ 0.001) compared to CoV2 infected male and
female mice (Figure 2B). These data suggest that: (i) CoV2
infects myocardium in huACE2 mice infected intranasally with
SARS-CoV2 and (ii) indeterminate stage T. cruzi infection
reduces the viral load in the heart during CoV2 infection.

Sex Dependent Morphological Changes in
the Hearts of Mice Infected With CoV2, T.
cruzi, and Coinfection
We have shown that CoV2 infects and persists in the hearts
of intra-nasally infected mice (Figure 2B). Histological analysis
of the hearts was performed using H&E (Figure 3A) and
Masson-trichrome (Figure 3B) stained sections as described
in Materials and Methods. Microscopic analysis of the heart
sections of CoV2 infected mice demonstrated the presence
of infiltrated immune cells, increased accumulation of lipid
droplets in the capillaries, enlarged cardiomyocyte nuclei, and
increased fibrosis compared to control mice (Figures 3A,B
and Supplementary Figure 2). The H&E sections showed
significantly reduced cytoplasmic coloration in LV of female
coinfected mice compared to their sex matched counterparts
(Figure 3A), which is an indication of reduced intracellular
protein levels. H&E sections of the hearts showed the presence
of myocytes with significantly increased cell size in LV in
coinfected male mice compared to coinfected female mice and
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FIGURE 2 | Changes in ACE2 levels and viral load in the lungs and hearts of CoV2 infected, T. cruzi infected, and coinfected hACE2 mice. (A) Immunoblot analysis

(upper panel) of ACE2 in the lungs (left) and hearts (right). GDI was used as loading control. Fold changes in the protein levels of ACE2 were normalized to GDI

expression and are shown as a bar graph (A dot plot displaying individual data point is shown in Supplementary Figure 4). The error bars represent standard error of

the mean. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to uninfected sex matched mice (n = 4/sex/group) (###p < 0.001 for comparisons

between CoV2 infected and coinfected mice). (B) Number of viral copies/µg of RNA in the lungs (left) and hearts (right) quantitated by qPCR in male and female CoV2

and coinfected mice. The error bars represent standard error of the mean (**p≤ 0.01 and ***p≤ 0.001) (M, male; F, female).

also compared to uninfected mice (Supplementary Figure 3 and
Supplementary Table 1A). In RV, we measured the major (Dmaj)
and minor (Dmin) cardiomyocyte dimensions and calculated
cardiomyocyte volume, assuming a cell shape in the form of
prolate ellipsoid (Supplementary Figures 3B,C) as discussed in
Methods (26, 27). The histological measurements showed that

the cardiomyocytes volume was significantly higher in RV (p ≤

0.001 males: and p ≤ 0.01 females) of coinfected mice compared
to uninfected mice (Supplementary Tables 1A,B). We also
measured interstitial fibrosis and extracellular space expansion
in RV using the microscopic images of Trichrome sections (data
not shown) (Supplementary Figure 3). The collagen layer in

Frontiers in Cardiovascular Medicine | www.frontiersin.org 6 March 2022 | Volume 9 | Article 78397491

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Dhanyalayam et al. Cardiac Pathology During CoV2-T. cruzi Co-infection

the extracellular space was significantly expanded (p ≤ 0.05) in
coinfected males compared to coinfected females. These data
suggest that cardiomyocytes size significantly increased in male
coinfected mice compared to female coinfected mice, however,
the extracellular membrane space significantly disintegrated in
between the cardiomyocytes in coinfected female mice compared
to coinfected male mice. These data further indicate that
coinfected male mice display a hypertrophied cardiomyocyte
phenotype and the female coinfected mice display an atrophied
cardiomyocyte phenotype. The male coinfected mice showed
significantly elevated fibrosis compared to female coinfectedmice
(Figure 3B). The levels of accumulated lipid droplets in the
capillaries, infiltrated immune cells and fibrosis in RV in male
coinfected mice were significantly greater compared to female
coinfected mice (Figure 3C and Supplementary Figure 2).

The changes in cardiomyocyte size affect the size of the
hearts (Supplementary Figure 3). Therefore, we performed
the morphometric analysis of the hearts as described in
Materials and Methods. The thickness of the left ventricular
wall (LVW), right ventricular wall (RVW) and septal wall
(SW) differed between males and females and infected and
coinfected mice compared to sex matched control mice
(Supplementary Table 1B). LVW thickness significantly
decreased in female mice singly infected with CoV2 or T.
cruzi compared to female control mice; however, no significant
difference was observed in female coinfected mice. LVW
thickness in male CoV2/T. cruzi singly infected and coinfected
mice showed no significant differences compared to male
control mice. RVW thickness significantly decreased in female
control mice compared to male control mice, and it was
further decreased in female coinfected mice. Interestingly, the
thickness of RVW was significantly reduced in male coinfected
mice compared to male T. cruzi infected mice, which was not
observed for female coinfected and T. cruzi infected mice. SW
thickness increased in female CoV2 mice and was inversely
proportional to the decreased LVW thickness compared to
female control mice.

CoV2 Infection Alters Cardiac Lipid
Metabolism Differently in Male and Female
huACE2 Mice With and Without
Indeterminate T. cruzi Infection
Earlier we demonstrated that T. cruzi infection causes increased
cardiac lipid accumulation, which elevates cardiac mitochondrial
and endoplasmic dysfunction (33, 34). We performed
immunohistochemistry (IHC) staining of perilipin (lipid
droplet associated protein) and phospho-perilipin (marker of
break-down of lipid droplets) to analyze the levels of micro-lipid
droplets in the myocardium (Figure 4). The IHC analysis
showed significantly increased (p ≤ 0.001) levels of perilipin and
significantly decreased (p ≤ 0.001) levels of phospho-perilipin
in the myocardium of T. cruzi infected mice compared to
uninfected mice. However, in the myocardium of coinfected
mice, the levels of perilipin significantly decreased (p ≤ 0.001)
compared to T. cruzi infected mice, suggesting that accumulated
lipid droplets in the cardiomyocytes were used up during

the CoV2 infection (Figure 4). The levels of perilipin also
increased in the myocardium of CoV2 infected mice compared
to uninfected mice (Figure 4). Interestingly, male CoV2 mice
showed significantly greater (p ≤ 0.01) levels of phospho-
perilipin compared to female CoV2 mice, which is similar to the
myocardium of coinfected mice (Figure 4). These data suggest
that the myocardium uses accumulated lipids rapidly during
CoV2 infection; however, the rate of lipid catabolism may differ
between males and females.

CoV2 Infection Alters Cardiac Adiponectin
(C-ApN) Levels and Adiponectin (ApN)
Signaling in the Hearts in Coinfected Mice
We detected no change in parasite load in the heart between
T. cruzi and coinfected mice (data not shown); however,
we observed significant heart morphological changes,
including accumulation of lipid droplets (Figures 3, 4).
Because adiponectin and it’s signaling are associated with
adipogenesis and lipid oxidation, we examined and quantified
the levels of adipogenic markers such as adiponectin (ApN)
and its receptors in the hearts by Western blotting in coinfected
and CoV2 infected mice and compared with T. cruzi infected
and uninfected mice (Figure 5). We measured the levels of
cardiac high-molecular weight ApN (C-HMW ApN), a.k.a.
its anti-inflammatory/anti-fibrotic/metabolically active form
(35, 36) by native gel (Figure 5A). Previously we showed a
strong correlation between C-ApN levels and progression of
cardiomyopathy during CD, wherein elevated levels of C-ApN
were associated with mortality due to cardiac dilation (22). As
expected, the levels of C-HMW ApN significantly (p ≤ 0.0001)
increased in the hearts of T. cruzi infected mice both in males and
females compared to sex matched uninfected mice. However,
although the levels of C-HMW ApN significantly increased
(p ≤ 0.0001) in coinfected male mice compared to uninfected
male mice, no significant difference was observed compared to
T. cruzi infected male mice (Figure 5A). In female coinfected
mice, the levels of C-HMW ApN significantly decreased (p ≤

0.05) compared to T. cruzi infected female mice; however, these
levels were still significantly increased (p ≤ 0.01) compared to
uninfected female mice (Figure 5A). CoV2 infection did not
alter C-HMW-ApN levels in either male or female mice. These
data indicate that the levels of anti-inflammatory C-HMW-ApN
are high in the hearts of T. cruzi infected and coinfected mice
and significantly elevated in male mice compared to female
mice. The regulatory actions of ApN are mainly mediated by
its receptors Adiponectin-R1 and -R2 (Adipo R1 and R2) and
T-cadherin (37–39). We found that the levels of AdipoR1,
AdipoR2 and T-cadherin were significantly altered in the hearts
between the sexes and infections (Figure 5B). In particular,
the levels of R1 significantly increased in CoV2 (p ≤ 0.01)
and coinfected (p ≤ 0.0001) male mice compared to their sex
matched controls (Figure 5B). In females, AdipoR1 significantly
increased (p ≤ 0.0001) only in the hearts of CoV2 infected (not
in coinfected female mice) compared to uninfected female mice
(Figure 5B). Between males and females AdipoR1 significantly
(p ≤ 0.05) increased in female uninfected and CoV2 infected
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FIGURE 3 | Histology of the myocardium of uninfected, CoV2 infected, T. cruzi infected, and coinfected huACE2 mice (n = 4/sex, a minimum of five images/section

were analyzed). (A) H&E stained sections of left ventricles showing the accumulation of lipid droplets in the capillaries (red arrow) and presence of enlarged

cardiomyocyte nuclei (black arrowhead) in infected mice (20x magnification). (B) Masson-trichrome stained sections of right ventricles showing fibrosis (blue and

purple) and the presence of immune cells (yellow arrows) in the right ventricles (RV) of infected/coinfected mice (20x magnification; bar – 100µm) (Additional images

are shown in Supplementary Figures 2, 3). (C) Histological grading of heart sections showing the levels of immune infiltrates, lipid droplet accumulation, and fibrosis

among CoV2 infected, T. cruzi infected, and coinfected mice compared to uninfected mice in both sexes. The error bars represent standard error of the mean.

*p < 0.05, **p < 0.01 and ***p < 0.001 compared with uninfected sex matched mice (M, male; F, female).

female mice compared to their male counterparts; however,
it was significantly reduced (p ≤ 0.05) in coinfected female
mice compared to coinfected male mice. The levels of AdipoR2
significantly decreased (p ≤ 0.01) in CoV2 infected male
and female mice compared to their sex matched uninfected
mice (Figure 5B). The levels of AdipoR2 also significantly
decreased (p ≤ 0.05) in female coinfected mice compared to
female uninfected mice. Interestingly, the levels of AdopoR2
were significantly reduced in female mice (uninfected and
infected (T. cruzi/CoV2/coinfected) compared to their respective
male mice (Figure 5B). Another ApN receptor, T-cadherin,
significantly increased (p ≤ 0.001) only in female CoV2 infected
mice compared to uninfected mice. Taken together, these data
suggest that C-HMW ApN may regulate anti-inflammatory

and metabolic signaling in the hearts of coinfected male mice
via AdipoR1.

Cardiac Immune Signaling Differs Between
Male and Female Coinfected and CoV2
Infected Mice
Because we observed significant changes in the levels of
HMW adiponectin in the hearts during infection, which may
affect immune signaling, we analyzed the levels of infiltrated
macrophages and the levels of proinflammatory TNFα in the
hearts by immunoblot analysis (Figure 6A). The cardiac levels
of F4/80 significantly increased in CoV2 infected (p ≤ 0.01)
and coinfected (p ≤ 0.0001) male mice compared to sex
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FIGURE 4 | Immunohistochemistry staining (top panel) of huACE2 mouse myocardium using anti-perilipin (left) and anti-phospho-perilipin (right) antibody. The stained

sections show altered levels of perilipin and phospho-perilipin during indeterminate T. cruzi infection and coinfection in both male and female mice compared to

uninfected and CoV2 infected mice. IHC staining intensity (bottom panel) was analyzed using ImageJ software. Positive staining intensities of perilipin and

phospho-perilipin were calculated and plotted separately (n = 4 mice, a minimum of five images/section were analyzed). The error bars represent standard error of the

mean. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with uninfected sex matched mice (M, male; F, female).

matched uninfected mice. The levels of F4/80 significantly
increased (p ≤ 0.01) in the hearts of coinfected male mice
compared to CoV2 singly infected male mice (Figures 6A,B),
suggesting significant infiltration of macrophages in the hearts
of coinfected male mice (but not in coinfected female mice).
The levels of F4/80 significantly increased (p ≤ 0.05) in singly
CoV2-infected and coinfected males compared to singly CoV2-
infected and coinfected females (Figures 6A,B). Interestingly,
the cardiac levels of TNFα significantly increased (p ≤ 0.0001)
in CoV2 infected male mice but not in CoV2 infected female
mice compared to their respective sex matched uninfected
mice (Figures 6A,C). The cardiac levels of TNFα significantly
decreased (p≤ 0.001) in coinfectedmale mice compared to CoV2
infected male mice (Figures 6A,C). These data suggested that

although the levels of infiltrated immune cells are increased in the
hearts of male coinfected mice during CoV2 infection, the levels
of pro-inflammatory TNF are decreased, whichmay be due to the
increased levels of cardiac HMW adiponectin that can regulate
macrophage activation (36, 40).

CoV2 Infection Differently Alters Cardiac
Lipid and Glucose Metabolism in the
Hearts of Coinfected Male and Female
Mice
ApN regulates glucose (AMPK/glycolysis) and lipid (PPARs)
metabolism (41–44). Therefore, we analyzed heart levels of
pAMPK and hexokinase II (HK) as markers of glucose
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FIGURE 5 | Immunoblot analysis of adipogenic markers in the hearts of Cov2 infected, T. cruzi infected, and coinfected huACE2 mice. Western blot images of (A)

cardiac high-molecular weight adiponectin (HMW ApN) and (B) ApN receptors (Adipo R1, R2 and T-cadherin). β-Actin was used as loading control. Fold-changes in

the protein levels of adipogenic markers normalized to β-Actin are shown as bar graphs. (A dot plot displaying individual data point is shown in

Supplementary Figure 4). The error bars represent standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to uninfected sex

matched mice (n = 4/sex/group) (##p≤ 0.01 for comparisons between CoV2 infected and coinfected mice) (M, male; F, female).

metabolism and PPARα and PPARγ as markers of lipid
oxidation and lipogenesis, respectively (Figure 7). Western
blotting analysis demonstrated significantly increased pAMPK

(p ≤ 0.0001) in the hearts of coinfected male and female
mice compared to their respective sex matched uninfected
controls (Figure 7A). Anothermarker of glycolysis, hexokinase-2
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FIGURE 6 | Immunoblot analysis of inflammatory markers in the hearts of CoV2 infected, T. cruzi infected, and coinfected huACE2 mice. Western blot images (A) of

macrophage marker (F4/80) and proinflammatory cytokine TNFα. β-Actin was used as loading control. Fold changes in the protein levels of F4/80 (B) and TNFα (C)

were normalized to β-Actin expression and are shown as bar graphs (A dot plot displaying individual data point presented in Supplementary Figure 4). The error

bars represent standard error of the mean. **p < 0.01 and ****p < 0.0001 compared to uninfected sex matched mice (n = 4/sex/group). (##p≤ 0.01, and ###p≤

0.001 for comparisons between CoV2 infected and coinfected mice) (M, male; F, female).

(HK2), significantly increased in coinfected male mice (p
≤ 0.001) and significantly decreased in coinfected female
mice compared to sex matched uninfected mice (Figure 7A).
These data suggest that glycolysis is significantly increased in
coinfected male mice and significantly decreased in coinfected
female mice. Infection with CoV2 alone significantly increased
pAMPK (p ≤ 0.0001) only in male mice (compared to
uninfected male mice), and its levels were significantly reduced
(p ≤ 0.0001) in CoV2 infected female mice compared to
CoV2 infected male mice (Figure 7A). The levels of HK also
significantly decreased (p ≤ 0.0001) in CoV2 infected female
mice compared to CoV2 infected male mice. These data suggest
that, in general during CoV2 infections, the myocardium of
male mice shifts their energy resources toward glycolysis,
whereas the myocardium of female mice shuts down the
glycolysis pathway.

ApN/AMPK signaling also regulates lipid metabolism.
Western blotting analysis demonstrated significantly increased
PPARα in the hearts of both coinfected male (p ≤ 0.0001)

and coinfected female (p ≤ 0.0001) mice compared to sex

matched uninfected mice. However, the levels of PPARα in the

hearts of coinfected female mice was significantly higher (p ≤

0.0001) compared to coinfected male mice. CoV2 infection alone
also significantly increased (p ≤ 0.05) cardiac PPARα levels in

male mice compared to uninfected male mice (Figure 7B). The
cardiac levels of PPARγ significantly increased (p ≤ 0.0001)
only in coinfected female mice compared to uninfected female
mice and other groups (Figure 7B). These data suggest that
both lipogenesis and lipid oxidation dominate in the hearts of
coinfected female mice, and that these hearts mainly depend on
lipid oxidation and utilization as their energy resource during
CoV2 infection, whereas coinfected male mice hearts may utilize
both glucose and lipids as sources of energy.

Beta-Adrenergic Receptors Play a Major
Role in the Hearts of Coinfected Female
Mice
Beta-adrenergic receptors (b-AR) are implicated in various heart
diseases (45, 46), and several studies have demonstrated that
chronic T. cruzi infection causes dysfunctional b-AR signaling
in the hearts in Chagas’ mouse models (47–49). Increased b-
AR activity causes lipolysis resulting in the release of free fatty
acids and their derivatives, which are the ligands for PPARα

and PPARγ (50–52). PPARα is involved in fatty acid oxidation,
whereas PPARγ is implicated in lipogenesis (53–56). Our data
also indicated that increased PPARα and PPARγ expression in
the hearts of female coinfected mice may be induced via a
different mechanism and not via the HMW-ApN-AMPK axis
(Figure 7). Because b-AR are highly sensitive to estrogen (57–
59), we investigated whether b-AR play an important role in
inducing PPAR levels in female mice byWestern blotting analysis
(Figure 8). We observed significantly increased (p ≤ 0.05) b-
AR in female uninfected mice compared to male uninfected
mice, indicating that females may be more sensitive to b-AR
stimulation. The levels of b-AR significantly increased in the
hearts of coinfected mice both in males (p ≤ 0.0001) and females
(p ≤ 0.001) compared to their sex matched uninfected mice
(Figure 8A). However, the levels of b-AR significantly increased
(p≤ 0.0001) in the hearts of coinfected female mice compared to
coinfected male mice, suggesting that in female coinfected mice
b-AR activation may significantly increase cardiac lipolysis and
lipid metabolism (Figures 7, 8A).

The cardiac levels of PPARγ and PPARα significantly
increased (p ≤ 0.0001) in coinfected female mice compared
to coinfected male mice and other groups (Figure 7). Because
increased PPARs may elevate lipid mitochondrial β-oxidation,
we analyzed the levels of Cytochrome C (Cyto) and superoxide
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FIGURE 7 | Immunoblot analysis of markers of glucose and lipid metabolism in the hearts of CoV2 infected, T. cruzi infected, and coinfected huACE2 mice.

Immunoblot images of (A) markers of glucose metabolism (pAMPK and hexokinase II) and (B) markers of lipid metabolism (PPARα and PPARγ). β-Actin was used as

loading control. Fold changes in the protein levels normalized to β-Actin are shown as bar graphs (A dot plot displaying individual data points is presented in

Supplementary Figure 4). The error bars represent standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 compared to uninfected sex

matched mice (n = 4/sex/group) (###p≤ 0.001 for comparisons between CoV2 infected and coinfected mice) (M, male; F, female).

dismutase (SOD) (Figure 8A). Western blotting analysis showed
a significant increase in Cyto (p ≤ 0.05) and SOD (p ≤

0.0001) in the hearts of coinfected male mice and a significant
increase in Cyto (p ≤ 0.0001) but a significant decrease in
SOD (p ≤ 0.05) in the hearts of coinfected female mice
compared to their respective sex matched uninfected mice
(Figures 8B,C). In fact, the levels of Cyto significantly increased
(p≤ 0.0001) in the hearts of coinfected female mice compared to
coinfected male mice, suggesting greater levels of mitochondrial
oxidative phosphorylation in the hearts of coinfected female
mice. T. cruzi infected mice (both males and females) showed
significantly increased SOD (p ≤ 0.0001) in the hearts during
the indeterminate stage compared to uninfected mice. Together,

these data suggested that lipid catabolism and oxidation are
higher in female hearts compared to male hearts in coinfected
mice, which may prevent the progression of cardiac dilation due
to intracellular lipotoxicity (60), but may also cause increased
oxidative stress. The reduced levels of SOD in the hearts
in coinfected female mice also suggest increased oxidative
stress and mitochondrial dysfunction in these mice. Increased
mitochondrial dysfunction is associated with cachexia and
atrophy (61, 62). On the other hand, in coinfected males, the
cardiac accumulation of HMW-ApN and AMPK activation may
increase glycolysis and also adipogenesis, which may cause
lipotoxicity leading to cardiac steatosis, hypertrophy and early
dilated cardiomyopathy in post-COVID mice.
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FIGURE 8 | Immunoblot analysis of β-Adrenergic Receptor and markers of mitochondrial β-oxidation in the hearts of CoV2 infected, T. cruzi infected, and coinfected

huACE2 mice. Western blot images (A) of β-Adrenergic Receptor (β-AR), cytochrome C (Cyto C), and superoxide dismutase (SOD). β-Actin was used as loading

control. Fold changes in the protein levels of β-AR (B), Cyto C (C) and SOD (D) were normalized to β-Actin expression and are shown as bar graphs (A dot plot

displaying individual data points is presented in Supplementary Figure 4). The error bars represent standard error of the mean. *p < 0.05, **p < 0.01, ***p < 0.001

and ****p < 0.0001 compared to uninfected sex matched mice (n = 4/sex/group) (#p≤ 0.05 and ###p ≤ 0.001 for comparisons between CoV2 infected and

coinfected mice) (M, male; F, female).

DISCUSSION

Many clinical and in vivo studies have examined the effect
of comorbidities, such as diabetes, asthma, hypertension,
and cardiac diseases, on the pulmonary pathogenesis and
susceptibility to CoV2 infection. However, the effects of
metabolic and immunologic changes associated with chronic
infectious disease on the risk of developing severe COVID have
not been extensively investigated and neither have been the
post-COVID effects on the manifestation/activation of other
infectious diseases. The present study examines: (i) the effect
of T. cruzi infection-induced immune and metabolic responses
on the susceptibility to CoV2 infection and (ii) the early effect
of CoV2 infection on the pathogenesis and risk of developing
cardiomyopathy in T. cruzi infected mice coinfected with CoV2
during the indeterminate CD stage. We also examined the
effects of CoV2 infection on the morphology and metabolic
signaling in the hearts of non-CD mice and compared the results
with our coinfection model to evaluate the role of T. cruzi
infection-induced immune and metabolic changes in regulating
cardiac viral load and inflammation during CoV2 infection
using hACE2 murine models. Moreover, this study assessed
whether the relationship between T. cruzi and CoV2 infections
differs between male and female mice. Specifically, to understand
the interplay between T. cruzi and CoV2 infections, we used
transgenic hACE2 mice (males and females) nasally infected
with SARS-CoV2 in mice pre-infected with T. cruzi. Our study
revealed that: (a) T. cruzi-CoV2 coinfection increased ACE2
levels in the lungs and hearts, but the viral load significantly
decreased compared to CoV2 infection alone, and (b) there
was no observed difference between viral loads in the hearts
of male and female coinfected/CoV2 mice. However, CoV2
infection differently altered immune and metabolic status in the
hearts of male and female mice (both in CoV2 and coinfection
models). More importantly, our study showed that the impact of
CoV2 infection on cardiac metabolism and progression of dilated

CCM in coinfected mice is sex-dependent: male coinfected
mice were more susceptible to developing hypertrophied dilated
CCM, whereas female coinfected mice were more susceptible to
developing cardiac cachexia.

The viral load in the lungs in female CoV2 infected mice were
significantly lower compared to male CoV2 infected mice, which
is reminiscent to the observations made in COVID patients (19).
Some clinical studies also suggested that the mortality rate of
women in young COVD-19 patients is lower than that of men,
while there is no difference between the mortality rate of women
and men in elderly patients (63, 64). However, not many clinical
studies suggesting sex difference in cardiac pathology during
COVID are reported. Our study shows for the first time that the
viral load in the hearts of coinfected mice is lower compared to
CoV2 singly infected mice, although the cardiac levels of ACE2
were similar (in males) or greater (in females) in coinfected
mice compared to CoV2 singly infected mice. The significantly
reduced viral load in the hearts of coinfected mice may be due
to the altered immune and metabolic changes caused by T. cruzi
infection during acute and indeterminate stages. Similar to the
hearts, we also observed significantly reduced viral loads in the
lungs of coinfected male mice compared to CoV2 singly infected
mice, even though the levels of ACE2 were significantly greater
in coinfected male mice. These data suggest that the rates of
viral entry, infection, severity, and pathology are not regulated
just by the levels of ACE2 receptor, and that the immune and
metabolic status of the organ may play a major role in regulating
COVID pathology.

T. cruzi infection causes increased accumulation of lipid
droplets in the capillaries and micro-lipid droplets in the
cardiomyocytes in the myocardium, which in turn alters cardiac
metabolic status (Figures 2, 4) (22, 33). The increase in lipid
accumulation in themyocardium inT. cruzi infectedmicemay be
due to the increased cardiac HMW-ApN levels, which regulates
adipogenesis, lipid oxidation, and anti-inflammatory signaling
(as shown by increased SOD and reduced TNFα levels) during
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the indeterminate stage (22, 34). The levels of HMW-ApN in the
hearts of coinfected mice were significantly greater compared to
CoV2 alone infected mice, which might have contributed to the
reduced TNFα levels (although there was increased infiltration
of macrophages) in the hearts of coinfected mice (Figures 3,
5, 6). Interestingly, although we observed a similar pattern
of altered HMW-ApN and reduced TNFα in the hearts of
coinfected males and females, histological and morphological
analyses showed significant differences between cardiomyocyte
cell size, cell number and presence, localization, and size of lipid
droplets between the sexes. The hearts of coinfected male mice
showed a hypertrophied and dilated myocardium phenotype,
whereas coinfected female mice displayed an atrophied and
cachexic myocardium phenotype (Supplementary Figure 3 and
Supplementary Table 1A). We also observed a shrunken heart
phenotype in coinfected female mice (Supplementary Table 1B).
This was reminiscent of cardiac atrophy observed in cancer
patients (65).

CD has been tightly linked to alterations in metabolic
substrate utilization and impairments of mitochondrial oxidative
capacity and endoplasmic reticulum functions in the hearts
(22, 33, 66–68). It is known that patients with heart disease
exhibit a shift from fatty acid oxidation toward greater
dependance on glucose as a source for cellular energy adenosine
triphosphate (ATP) (69). Thus, mitochondria have become a
key target in combating this metabolic reprogramming in heart
disease including CD (66). Exhaustion of mitochondria or
increased mitochondrial oxidative stress results in mutations in
mitochondrial DNA, mitochondrial dysfunction and oxidative
stress causing cachexia, cardiac atrophy and heart failure (70).
During viral and parasitic infections, the myocardium tends
to shift its energy utilization from fatty acid oxidation to
glycolysis. Increased activation of AMPK in the hearts of
infected mice is an indicator of depletion of ATP (23, 71–
73). Although the levels of adiponectin and activated AMPK
significantly increased in the hearts of both male and female
coinfected mice, the downstream mechanism(s) of HMW-
ApN/AMPK pathway significantly differed between male and
female coinfected mice (Figure 9), in that in male coinfected
mice AMPK/PPARα and AMPK/glycolysis increased, whereas
in female coinfected mice AMPK/PPARα/PPARγ increased.
This may be due to the significant increase in b-AR in
coinfected female mice. Thus, in coinfected female mice even
in the presence of AMPK activation, glycolysis was completely
turned off due to a strong increase in b-AR induced lipolysis
(PPARs) and the myocardium may have used only fatty acids
as their energy source. In female mice, increased estrogen
levels could stimulate b-AR (74), which can activate lipolysis
and release free fatty acids, positively regulating PPARs (75,
76). The increased activation of PPARγ and PPARα (in the
myocardium in female coinfected mice) may form a vicious
cycle in inducing lipogenesis and lipid β-oxidation, respectively,
overburdening mitochondrial oxidative phosphorylation and
causing dysfunctional mitochondria, cachexia and atrophy. The
reduced levels of cardiac SOD (even with increased levels of
Cyto), reduced coloration of eosin staining in the heart sections,
and decreased cardiomyocyte size (heart size) in the hearts of

FIGURE 9 | The proposed models of signaling pathways that differentiate the

pathogenesis of dilated cardiomyopathy (indicated by blue arrows) and

cachexia (indicated by red arrows) in male and female coinfected mice,

respectively. The adiponectin/AMPK/glycolysis pathway dominates in the

hearts of male coinfected mice, whereas β-adrenergic receptor signaling

activates lipid metabolic pathways in female coinfected mice.

coinfected female mice suggest oxidative stress, cachexia and
atrophy, respectively. Overall, these data suggest that CoV2
infection and coinfection with T. cruzi differently affect cardiac
metabolic and immune status in male and female mice via host
C-ApN/AMPK and b-AR/PPAR-signaling, respectively. Thus,
the C-ApN/AMPK and b-AR/PPAR downstream signaling may
play major roles in determining the progression, severity, and
phenotype of CCM and heart failure in the context of COVID.

The present study investigated the immediate effect of CoV2
infection on heart pathology in CoV2/T. cruzi single infections
and CoV2 coinfection in the T. cruzi indeterminate model,
whereas any potential long-term effects remain to be explored.
Further studies including a greater number of male and female
mice at different time stamps are warranted to evaluate the long-
term post-COVID effects on the development and progression of
Chagas cardiomyopathy. Our data from this pilot study indicate
that the risk of developing dilated cardiomyopathy in T. cruzi
infected males may be greater than in females and that the risk
of developing cachexia-associated heart failure in T. cruzi-CoV2
coinfected females may be greater than in coinfected males.
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online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2022.783974/full#supplementary-material

Supplementary Figure 1 | Flow chart of the experimental design.

Supplementary Figure 2 | H&E sections (top panel) and Masson trichrome

images (bottom panel) of right ventricles (RV) of coinfected male and female mice

showing fibrosis (blue and purple), infiltration of immune cells (yellow arrow),

accumulation of lipid droplets (red arrow), and enlarged nuclei (green arrowhead)

(40X magnified; bar-50µm).

Supplementary Figure 3 | Alterations in cardiomyocyte size during CoV2/T. cruzi

infection and coinfection in male and female mice: (A) H&E sections showing the

average cell size in left ventricles (cardiomyocytes - green arrowhead; endothelial

cells - yellow arrowhead; macro-lipid droplets - black arrowhead; and immune

cells - red arrowhead) (40X magnified; bar-50µm). (B) Masson trichrome images

(gray scale) of right ventricles showing changes in extracellular collagen layer

(white) and thickness of intercellular collagen network during infection and

coinfection (40X magnified; bar-50µm). (C) Illustration of cardiomyocyte

hypertrophy determination by measuring cardiomyocyte length (Dmaj) and

diameter (Dmin) and intercellular collagen thickness using histological sections

(Masson trichrome) of the hearts. The data are presented as

Supplementary Table 1A.

Supplementary Figure 4 | Changes in the levels of ACE2 and metabolic signaling

markers (Western blot analysis) in the heart/lungs are compared between male

and female mice during CoV2/T. cruzi infections and coinfection. Fold changes in

the protein levels were normalized to GDI and are represented as a dot plot. The

error bars represent standard error of the mean. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P <

0.001 and ∗∗∗∗P < 0.0001compared between males and females in each group.

Supplementary Table 1A | Cardiomyocyte volume by histology. Cardiomyocyte

length and width were measured (n = 40 cells/sex/group) on microscopic images

of the cardiac histology sections (right ventricles) and the volume was calculated

as described in Methods. The significance p-value for differences in volume was

calculated by t-test comparing each group to sex matched uninfected mice and is

denoted by “∗” (∗p ≤ 0.05, ∗∗p ≤ 0.01 and ∗∗∗p ≤ 0.001).

Supplementary Table 1B | Morphometric analysis of the hearts of CoV2/T. cruzi

infected and coinfected male and female mice. The thickness of the right ventricle

wall (RVW), left ventricle wall (LVW) and intra-septal wall (Septal -W) was measured

as mentioned in materials and methods and is presented in mm. The significance

p-value for differences in wall thickness was calculated by t-test comparing each

group to sex matched uninfected mice and is denoted by “∗” (∗p ≤ 0.05, ∗∗ p ≤

0.01 and ∗∗∗p ≤ 0.001). The significance p-value for differences in wall thickness

between coinfected and sex matched T. cruzi infected mice is denoted by “#” (# p

≤ 0.05).
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Bruna F. Pinto1, Nayara I. Medeiros1,2, Andrea Teixeira-Carvalho2, Jacqueline A. Fiuza2,
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Chagas cardiomyopathy is the symptomatic cardiac clinical form (CARD) of the chronic
phase of Chagas disease caused by Trypanosoma cruzi infection. It was described as
the most fibrosing cardiomyopathies, affecting approximately 30% of patients during the
chronic phase. Other less frequent symptomatic clinical forms have also been described.
However, most patients who progress to the chronic form develop the indeterminate
clinical form (IND), may remain asymptomatic for life, or develop some cardiac damage.
Some mechanisms involved in the etiology of the clinical forms of Chagas disease have
been investigated. To characterize the contribution of CD80 and CD86 co-stimulatory
molecules in the activation of different CD4+ (Th1, Th2, Th17, and Treg) and CD8+

T lymphocyte subsets, we used blocking antibodies for CD80 and CD86 receptors
of peripheral blood mononuclear cells (PBMC) in cultures with T. cruzi antigens from
non-infected (NI), IND, and CARD individuals. We demonstrated a higher frequency of
CD8+ CD25+ T lymphocytes and CD8+ Treg cells after anti-CD80 antibody blockade
only in the CARD group. In contrast, a lower frequency of CD4+ Treg lymphocytes
after anti-CD86 antibody blockade was found only in IND patients. A higher frequency
of CD4+ Treg CD28+ lymphocytes, as well as an association between CD4+ Treg
lymphocytes and CD28+ expression on CD4+ Treg cells in the CARD group, but not in
IND patients, and once again only after anti-CD80 antibody blockade, was observed.
We proposed that Treg cells from IND patients could be activated via CD86-CTLA-4
interaction, leading to modulation of the immune response only in asymptomatic patients
with Chagas disease, while CD80 may be involved in the proliferation control of T CD8+

lymphocytes, as also in the modulation of regulatory cell activation via CD28 receptor.
For the first time, our data highlight the role of CD80 in modulation of Treg lymphocytes
activation in patients with CARD, highlighting a key molecule in the development of
Chagas cardiomyopathy.

Keywords: Chagas disease, CD80 co-stimulatory molecule, Treg cells, immune response, Chagas
cardiomyopathy
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INTRODUCTION

Chagas disease, also known as American trypanosomiasis, is
a neglected tropical parasitic disease caused by the protozoan
Trypanosoma cruzi (1), affecting approximately 8 million people
worldwide (2). The increase in morbidity in non-endemic
regions, as well as the resurgence of transmission in endemic
countries, is currently becoming a major focus of attention (3).

During the chronic phase, approximately 60% of patients do
not develop specific clinical symptoms of the disease, classified
as indeterminate clinical form (IND) (4–7). They can remain
asymptomatic throughout their lives (8). However, in the 10–
20 years of range, IND patients are likely to develop some cardiac
damage (8, 9). Another 30% of infected individuals develop
severe cardiomyopathy with progressive myocardium damage
due to inflammation and fibrosis (4, 7). Heart failure caused by
chronic Chagas disease has the worst prognosis among other
cardiomyopathies (4, 7, 10, 11).

Some mechanisms involved in the etiology of the clinical
forms of Chagas disease have been investigated, but even
112 years after the first description of this morbidity, science
still does not understand why different clinical manifestations are
developing in the chronic phase of the infection. The study of the
immune response is crucial to determine the development of the
disease by mobilizing multiple humoral and cellular mechanisms
of the innate and acquired immune response (12, 13).

During an acute T. cruzi infection, antigen-presenting cells,
such as monocytes, activate CD4+ T lymphocytes and initiate IL-
12 secretion, which is the primary driver of IFN-γ-producing T
helper 1 (Th1) cell differentiation. Th1 is essential for controlling
the replication of the parasite but not for completely eliminating
them, which contributes to the establishment of low-grade
chronic persistent infection (7, 10, 14). While IND patients
develop mechanisms to regulate the immune response, such as
IL-10 production and Treg cell activation, CARD patients have
a strong Th1-lymphocyte. This Th1 mechanism contributes to
high levels of IFN-γ and TNF-α pro-inflammatory cytokines that
lead to an exacerbated and uncontrolled inflammatory response
(15–19).

Trypanosoma cruzi infection also leads to CD8 T+
lymphocytes activation, which shows cytotoxic activity by
destroying infected cells with T. cruzi amastigotes, as well as
through the production of IFN-γ for infection control (20–22).
Studies with cardiac tissue biopsy fragments from patients
with CARD have shown a high frequency of T cells in the
inflammatory infiltrate, mainly CD8+ T lymphocytes, which
contributes to cardiac fibers destruction, fibrosis development,
and tissue damage (23–25).

Two signals are required for T CD4+ and T CD8+ lymphocyte
activation. The first is mediated by the MHC and TCR receptors
and the second by the CD80 and CD86 co-stimulating molecules
that interact with the CD28 or CTLA-4 receptors present in
the lymphocyte cell surface (26, 27). The interaction of the
TCR receptor with the MHC-bound peptide is not sufficient
for lymphocyte activation and a second activation signal is
required (26, 28, 29). The interaction of CD80 or CD86 with
CD28 leads to lymphocyte proliferation, and the interaction

with CTLA-4 leads to inhibition of lymphocyte activity and
thus downregulates the immune response (27, 30–32). CD28
receptor is constitutively expressed on T cells, has low avidity
for CD80 and CD86 molecules and when activated, it triggers
strongly up-regulates T cell cytokine production (26, 27, 33,
34). On the contrary, CTLA-4 has high avidity for CD80 and
CD86 molecules, and its expression is rapidly increased only
after T cell activation (33, 35). CTLA-4-deficient mice showed
elevated leukocyte infiltrate in various organs, pointing to the role
of CTLA-4 as a negative regulator of T cell activation (36). In
Chagas disease, it was observed that there was a higher frequency
of CD80+ monocytes in IND and CARD patients and a lower
frequency of CD86+ monocytes only in the CARD form (30, 37,
38). The IND group also showed a higher CTLA-4 expression
on T lymphocytes after exposure of monocytes to the Y strain
of T. cruzi (30).

Although the expression of these co-stimulating molecules
is essential for the activation or inhibition of lymphocytes (39–
41), few studies to date have demonstrated the capacity of
these receptors to activate CD4+ and CD8+ T lymphocytes in
Chagas disease (38, 42). We previously demonstrated that CD86
may be involved in immunoregulation by CTLA-4 association,
suggesting a strategy to control inflammation and tissue damage
in IND patients (38).

This study characterizes the contribution of CD80 and
CD86 co-stimulatory molecules in the activation of CD4+
subpopulations (Th1, Th2, Th17, and Treg) and CD8+ T
lymphocyte subsets by blocking antibodies to inhibit CD80 and
CD86 receptors of peripheral blood mononuclear cells (PBMC)
in cultures with T. cruzi antigens. We demonstrated that CD80
and CD86 receptors have different functions in lymphocytes
activation from patients with Chagas disease, and CD80 may be
responsible for the modulation of Treg lymphocytes activation
in patients with CARD, pointing out a key molecule in the
development of cardiomyopathy.

MATERIALS AND METHODS

Study Population
The patients who agreed to participate in this study were
selected at the outpatient clinic of the Ambulatório de Doenças
infecto-parasitárias Alda Falcão in Instituto René Rachou
and Ambulatório Bias Fortes of the Hospital das Clinicas
of Universidade Federal de Minas Gerais, Belo Horizonte,
Minas Gerais, Brazil.

Serology for Chagas disease was defined by the following
tests: indirect immunofluorescence, ELISA, or indirect
hemagglutination, and patients were considered infected
when they tested positive for at least two different serological
tests. In total, 20 patients with Chagas disease were grouped
as indeterminate (IND) and cardiac (CARD) clinical forms.
The IND group (n = 9) included asymptomatic individuals
who tested positive for Chagas disease but did not have
significant alterations in electrocardiography, echocardiogram,
esophagogram, chest X-ray, and barium enema. The CARD
group (n = 11) was represented by patients with alterations
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in electrocardiography who were already monitored by the
responsible physicians at Ambulatório de Doenças infecto-
parasitárias Alda Falcão in Instituto René Rachou and
Ambulatório Bias Fortes of the Hospital das Clinicas of
Universidade Federal de Minas Gerais. Left ventricular end-
diastolic diameter/body surface area ≥31 mm (64.8 ± 5.9 mm)
and left ventricular ejection fraction <55% (34 ± 10%) were
used as echocardiographic parameters of Chagas dilated
cardiomyopathy. The non-infected group (NI, n = 9) included
normal, healthy individuals from non-endemic areas for
Chagas disease who tested negative for T. cruzi infection.
The age of the patients included in this study was between
30 and 75 years.

Trypanosoma cruzi Soluble Antigen
Preparations
Tissue culture-derived trypomastigotes of the CL-Brener strain
of T. cruzi were isolated from LLC cells maintained in RPMI
1640 medium (Gibco, Thermo Fisher Scientific, United States)
supplemented with 10% fetal bovine serum, as previously
described (43). Later, trypomastigotes were collected from the
supernatant and were lysed and homogenized by a glass
homogenizer and Teflon pestle in cold phosphate-buffered
saline (PBS, Sigma, United States). Next, the suspensions were
centrifuged at 23,000 × g for 60 min at 4◦C, and the supernatant
was collected, dialyzed for 24 h at 4◦C against PBS, and sterilized
by filtration on 0.2 µm pore size membranes. The protein
concentration was measured by Nanodrop (Thermo Scientific,
United States), and the material was separated into aliquots and
stored at −70◦C. Parasites obtained were used to infect PBMC
from patients and healthy individuals at a final concentration of
20 µg/ml.

Obtaining Peripheral Blood Mononuclear
Cells
The peripheral blood of the individuals was collected in a
sterile Vacutainer tube containing heparin and was slowly added
over Ficoll-Hypaque (Sigma) in a proportion of 1:1 in a 14-ml
polypropylene tube (Falcon, United States). It was centrifuged
at 400 × g for 40 min at room temperature, and, at the end of
the centrifugation, peripheral blood mononuclear cells (PBMC)
ring was obtained between the Ficoll-Hypaque mixture and the
plasma. The plasma was carefully removed, subsequently stored
in 2 ml aliquots, and duly identified at −20◦C. The PBMC
was removed with the aid of a micropipette and transferred
to a 50-ml Falcon tube. The cells were washed three times by
centrifugation at 400 × g for 10 min at 4oC in sterile PBS
and resuspended in RPMI 1640 medium to 107 cells/ml. All
manipulations were performed under sterile conditions in a
laminar flow hood.

Anti-CD80 and Anti-CD86 Blocking
Assay
To perform co-stimulation blockade by anti-CD80 and anti-
CD86 antibodies, CMBLAST medium was used, containing 1.6%

L-glutamine (Sigma), 3% penicillin and streptomycin, and 5%
inactivated AB-type human serum (Sigma) diluted in RPMI
1640 medium. PBMC culture was carried out in polypropylene
tubes of 5 ml at a concentration of 107 cells/ml with CMBLAST
medium. TRYPO (20 µg/ml), anti-CD80 monoclonal antibody
blockade (2D10.4, 5 µg/ml), or anti-CD86 monoclonal antibody
blockade (IT2.2, 5 µg/ml) (Thermo Fisher Scientific, Waltham,
MA, United States) were added to the tubes, obtaining a final
volume of 1.5 ml. As a control, the same conditions described
above were used in tubes in the absence of TRYPO stimulation,
as well as in the absence of anti-CD80 or anti-CD86 monoclonal
antibody blockade. The tubes were incubated for 18 h at 37◦C
under 5% CO2 (Forma Scientific, United States).

Flow Cytometry
After in vitro assay, Brefeldin-A (1 mg/ml [Sigma, United States])
was added to the cells, incubated for 4 h, and then washed in
sterile PBS. Brefeldin-A is a blocker of protein trafficking to
the Golgi complex, leading to the accumulation of intracellular
proteins and being a potent inhibitor of cell secretion (44).
The cells were transferred to 5-ml polystyrene tubes containing
the corresponding surface antibodies and were incubated for
30 min in the dark at room temperature. Next, cells were
washed with PBS-W (PBS pH 7.4, containing 0.5% BSA and 0.1%
sodium azide) and were fixed with 2% formaldehyde, followed
by incubation for 20 min in the dark at room temperature.
A total of 2.5 ml of PBS-P (PBS, pH 7.4 containing 0.5%
BSA, 0.1% sodium azide, and 0.5% saponin) were added,
and tubes were incubated for 15 min in the dark at room
temperature. To evaluate intracellular markers, 2 µl of anti-
cytokine antibody was added to each tube and incubated for
1 h at room temperature. Then, cells were washed with 1 ml
of PBS-P, 150 µl of PBS was added to the tubes, and the
samples containing the cell suspension were used to acquire data
on a flow cytometer (FACS LSR Fortessa, BD, United States).
A total of 50,000 events were analyzed using size (FSC)
and granularity (SSC) parameters. Monoclonal antibodies were
conjugated to FITC, PERCP (or PE-Cy5 or PERCP-Cy5.5),
APC, APCCy7, PE-Cy7, and BV421. The analyzed molecules
(clones) were CD4 (RPA-T4), CD28 (CD28.2), CTLA-4 (BNI3),
CD25 (M-A251), HLA-DR (G46-6), CD80 (2D10), CD86 (2331),
Tbet (4B10), GATA-3 (L50-823), RORγT (Q21-559), FOXP3
(PCH101), IFN-γ (25723.11), IL-4 (8D4-8), IL-10 (JES3-19F1),
and IL-17 (eBio64DEC17).

Statistical Analysis
For each co-stimulatory molecule blockade antibody (anti-
CD80 and anti-CD86), four treatments were prepared: (A)
only medium (control); (B) medium with TRYPO; (C) medium
with blockade antibody; and (D) medium with TRYPO and
blockade antibody.

The data in each NI, IND, and CARD group were normalized
using ratio calculation of the four treatments. First, the values
obtained in (C) treatment were divided by (A) treatment values.
This ratio (C/A) demonstrates the effect of co-stimulatory
molecules blockade in cells. Second, the values obtained in
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FIGURE 1 | Representation of the reduction of CD80 and CD86 molecules after antibody blockade. Histogram representation, frequency of CD80+ or CD86+

monocytes, and mean fluorescence intensity (MFI) after and before anti-CD80 and anti-CD86 antibody blockade of PBMC cultures from total group (NI, IND, and
CARD, n = 29). For this analysis, monocytes were delimited through granularity (SSC) vs. HLA-DR parameters and subsequent evaluation of the CD80 and CD86
co-stimulatory molecules. Statistical differences (p < 0.05) were obtained by Wilcoxon signed-rank test. Bars represent the median values.

the (D) treatment were divided by (B) treatment values.
This ratio (D/B) demonstrates the effect of co-stimulatory
molecules blockade in cells and the effects of stimulation
with TRYPO. Finally, from a new division [(D/B)/(C/A)], we
obtained a normalized quotient, corresponding to the effect of
co-stimulatory molecules blockade and the TRYPO stimulation,
nullifying the medium variations.

To analyze the pattern of cytokines expressed by CD4+ T
lymphocytes (IFN-γ, IL-4, IL-17, and IL-10), we calculated a
relative expression index through the ratio between the effect
of anti-CD86 blockade and the effect of anti-CD80 blockade
in TRYPO stimulation. For the analysis of cytokines and the
proportion of co-stimulatory molecules expressed by lymphocyte
subsets, raw data obtained from treatments only after TRYPO
stimulation (treatments B and D) were used.

Afterward, the statistical analysis was performed comparing
the quotient of each NI, IND, and CARD group. All data assumed
a non-Gaussian distribution. Differences between groups were
analyzed by non-parametric Kruskal–Wallis test followed by
Dunn’s multiple comparisons test, using the GraphPad Prism
version 5.0 software (San Diego, United States). Paired analysis
through Wilcoxon signed-rank test was used to verify differences
between the total groups (NI, IND, and CARD, n = 29) before and
after anti-CD86 blockade on anti-CD80 antibody blockade.

The association between Treg lymphocytes and CD28 and
CTLA-4 receptors was determined from the linear regression,
considering the coefficient of determination (R2) for the quality

of fit and the F test to measure the variance between pairs
(p < 0.05). For all analyses, the confidence interval was 95%, and
significant statistical differences were considered when p < 0.05.

RESULTS

The Use of Blocking Monoclonal
Antibodies Reduces the Frequency and
Mean Fluorescence Intensity of CD80
and CD86 Receptors, Respectively
Although the role of CD80 and CD86 co-stimulatory molecules
is already known to activate adaptive immunity, the involvement
of these molecules in Chagas disease is poorly studied. Thus,
using monoclonal blocking antibody for CD80 and CD86
receptors, we assessed the functional phenotypic profile of CD4+
T and CD8+ T lymphocytes and their subsets from cultures
of PBMC after TRYPO stimulation from healthy and Chagas
disease patients.

First, to validate the anti-CD80 and anti-CD86 blocking assay,
we evaluated the expression of CD80 and CD86 co-stimulatory
molecules before and after anti-CD80 and anti-CD86 antibody
blockade in PBMC culture from NI, IND, and CARD groups.
Reduction in the frequency of total monocytes CD80+ and mean
fluorescence intensity (MFI) of CD86 were observed after anti-
CD80 and anti-CD86 antibody blockade, respectively (Figure 1).
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CD86 Contributes to Control the
Inflammatory Response While CD80 Has
a Protective Profile Only in
Asymptomatic Patients With Chagas
Disease
To assess the effect of CD80 and CD86 co-stimulatory
molecules on the activation or inhibition of total CD4+
T lymphocytes, we analyzed the relationship between these
molecules and their CD28 and CTLA-4 ligands. However,
no difference was observed in these molecules. In addition,
we evaluated the main cytokines produced by total CD4+
T cells after anti-CD80 or anti-CD86 antibody blockade
from PBMC cultures of Chagas disease patients and healthy
individuals. We observed a significant reduction in the frequency
of CD4+ IL-17+ T lymphocytes in IND patients when
compared to the NI group only in the presence of anti-CD80
antibody blockade (Figure 2A). Other significant differences
were not observed.

Next, to analyze the pattern of cytokines expressed by CD4+
T lymphocytes (IFN-γ, IL-4, IL-17, and IL-10), we calculated
a relative expression index through the ratio between anti-
CD86/anti-CD80 blockade from PBMC cultures of NI, IND, and
CARD groups. Our data demonstrated a higher frequency of
CD4+ IFN-γ+ T lymphocytes after anti-CD86 antibody blockade
compared to anti-CD80 antibody blockade in IND compared to
patients with CARD (Figure 2B). Other significant differences
were not observed.

CD8+ T Lymphocytes Activation Could
Be Modulated by CD80 Co-stimulatory
Molecule
CD8+ T lymphocytes play a crucial role during the acute
and chronic phases of Chagas disease, and, considering
that their activation may be dependent of CD80 and CD86
molecules performance (20, 45, 46), our next step was to
evaluate the expression of the CD25, CD28, and CTLA-4
activation molecules in total CD8+ T lymphocytes after
anti-CD80 or anti-CD86 antibody blockade of NI, IND,
and CARD groups. The results showed a higher frequency
of CD8+ CD25+ T lymphocytes in the CARD group
when compared to the IND group only after anti-CD80
antibody blockade (Figure 3). Other significant differences
were not observed.

CD80 and CD86 Modulate Regulatory T
Cells Activity in Cardiac and
Indeterminate Patients, Respectively
After anti-CD80 and anti-CD86 blocking assays on CD4+
and CD8+ T total lymphocytes, we wondered what role
these co-stimulatory molecules play in activating the
CD4+ and CD8+ T subsets. The data show a lower
frequency of CD4+ Treg cells in IND when compared
to the NI group only with anti-CD86 antibody blockade
(Figure 4A). In contrast, the CARD group showed a higher
frequency of CD8+ Treg lymphocytes in comparison with

IND individuals only in PBMC cultures after anti-CD80
antibody blockade (Figure 4B). Other significant differences
were not observed.

Subsequently, we evaluated the expression of IFN-γ, IL-4, IL-
17, and IL-10 cytokines by Th1, Th2, Th17, and CD4+ Treg
lymphocytes, respectively, in PBMC cultures with TRYPO, with
anti-CD80 antibody blockade, and with anti-CD86 antibody
blockade from NI, IND, and CARD groups. A lower frequency
of Treg IL-10+ lymphocytes when compared to Th1 IFN-γ+
cells in the three PBMC cultures and from all groups evaluated
was observed, except in the case of the IND group after CD80
blockade. Our results also showed a reduction in the frequency
of Treg IL-10+ cells in comparison with Th2 IL-4+ lymphocytes
in PBMC cultures with TRYPO and with anti-CD86 antibody
blockade from NI and CARD groups, as well as in PBMC culture
with anti-CD80 antibody blockade from the CARD group.
In addition, only in PBMC culture with anti-CD80 antibody
blockade from the CARD group was observed lower frequency of
Treg IL-10+ lymphocytes when compared to Th17 IL-17+ cells
(Figure 4C). Other significant differences were not observed.

CD80 Appears to Modulate Treg
Activation Only in Cardiac Patients via
CD28 Receptor
We evaluated the proportion of CD28 and CTLA-4 ligands in
each lymphocyte subsets in PBMC cultures with TRYPO, with
anti-CD80 antibody blockade, and with anti-CD86 antibody
blockade from NI, IND, and CARD individuals. In patients
with Chagas disease, regardless of the clinical form, the same
proportion of CD28 on Th1, Th2, Th17, and CD4+ Treg
was observed in the three cultures of PBMC evaluated. In
contrast, we found a higher proportion of CD8+ Treg CD28+
cells in PBMC culture with anti-CD80 antibody blockade
from CARD patients compared to PBMC culture with anti-
CD86 antibody blockade and to IND group. When we
analyzed the frequency of CTLA-4, we observed a similar
proportion of this ligand on the Th1, Th2, Th17, and
CD8+ Treg lymphocyte subsets of Chagas disease patients.
On the contrary, lower proportion of CD4+ Treg CTLA-4+
lymphocytes was observed only in PBMC culture with anti-
CD86 antibody blockade from IND group in comparison with
PBMC culture with anti-CD80 antibody blockade and the CARD
group (Figure 5).

Our next step was to assess significantly the expression
of CTLA-4 and CD28 ligands on CD4+ and CD8+ Treg
lymphocytes after anti-CD80 or anti-CD86 antibody blockade in
PBMC cultures of NI, IND, and CARD individuals. Our results
showed a higher frequency of CD4+ Treg CD28+ lymphocytes
in CARD in comparison with NI group only after anti-CD80
antibody blockade (Figure 6). Other significant differences
were not observed.

Finally, to understand the possible relationship between CD80
and CD86 co-stimulatory molecules and CD28 and CTLA-4
expressed in CD4+ and CD8+ Treg lymphocytes, we investigated
the interaction between these molecules after anti-CD80 or anti-
CD86 antibody blockade of NI, IND, and CARD groups through
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FIGURE 2 | Analysis of the phenotypic-functional profile of CD4+ T lymphocytes after anti-CD80 and anti-CD86 antibody blockade. Flow cytometry gate strategy of
non-infected (NI) individuals is represented. Frequency of T CD4+ lymphocytes expressing CD25, CD28, and CTLA-4 activations molecules and IFN-γ, IL-4, IL-17,
and IL-10 cytokines (A) in PBMC culture from NI individuals (n = 9), indeterminate (IND, n = 9), and cardiac (CARD, n = 11) clinical forms of Chagas disease, after
TRYPO in vitro stimulation and anti-CD80 and anti-CD86 antibody blockade. Relative expression index of IFN-γ, IL-4, IL-17, and IL-10 cytokines through
CD86/CD80 blockade ratio by CD4+ T lymphocytes (B). Statistical differences (p < 0.05) between groups were obtained by Kruskal–Wallis test, followed by Dunn’s
post-test, and represented by asterisk (*) and lines. Boxes demonstrate the median and interquartile ranges, whiskers evidence the highest and lowest observation,
and dots represent the outliers.
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FIGURE 3 | Analysis of the phenotypic-functional profile of CD8+ T lymphocytes after anti-CD80 and anti-CD86 antibody blockade. Flow cytometry gate strategy of
non-infected (NI) individuals is represented. Frequency of T CD8+ lymphocytes expressing CD25, CD28, and CTLA-4 activations molecules in PBMC culture from NI
individuals (n = 9), indeterminate (IND, n = 9), and cardiac (CARD, n = 11) clinical forms of Chagas disease, after in vitro stimulation with T. cruzi antigens and
anti-CD80 and anti-CD86 antibody blockade. Statistical differences (p < 0.05) between groups were obtained by Kruskal-Wallis test, followed by Dunn’s post-test,
and represented by asterisk (*) and lines. Boxes demonstrate the median and interquartile ranges, whiskers evidence the highest and lowest observation, and dots
represent the outliers.
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FIGURE 4 | Analysis of CD4+ and CD8+ T lymphocytes subsets after anti-CD80 and anti-CD86 antibody blockade and pattern of expressed cytokines in PBMC
cultures with TRYPO, CD80, or CD86 antibody blockade. Flow cytometry gate strategy of non-infected (NI) individuals is represented. Frequency of Th1, Th2, Th17,
and CD4+ Treg lymphocytes (A) and CD8+ Treg lymphocytes (B) after in vitro stimulation with T. cruzi antigens and anti-CD80 and anti-CD86 antibody blockade.
Th1 IFN-γ+, Th2 IL-4+, Th17 IL-17+, and CD4+ Treg IL-10+ PBMC cultures with TRYPO, with anti-CD80 antibody blockade, and with anti-CD86 antibody
blockade (C) from NI individuals (n = 9), indeterminate (IND, n = 9), and cardiac (CARD, n = 11) clinical forms of Chagas disease. Statistical differences (p < 0.05)
between groups were obtained by Kruskal–Wallis test, followed by Dunn’s post-test, and represented by asterisk (*) and lines. Boxes demonstrate the median and
interquartile ranges, whiskers evidence the highest and lowest observation, and dots represent the outliers.

linear regression analysis. We found a significant association
between CD4+ Treg lymphocytes and CD4+ Treg CD28+ cells
in NI (R2 = 0.62/p = 0.02) and CARD (R2 = 0.38/p = 0.04)
groups, but not in IND patients, and only in PBMC cultures
after anti-CD80 blockade (Figure 7). Other significant differences
were not observed.

DISCUSSION

Inflammatory stimuli modulate the expression of CD80 and
CD86 co-stimulatory ligands, resulting in the activation
or attenuation of signals that determine the nature and
development of the subsequent immune response (32). It
has been demonstrated that the absence of the second signal

mediated by CD80 and CD86 to T cell activation drives
lymphocyte anergy (26), and the simultaneous blockade of these
both molecules results in exacerbated T. cruzi infection in a
murine model (47). Therefore, CD80 and CD86 co-stimulatory
molecules play a critical role in the control of the immune
responses. However, little is known about the role of these
molecules in activating adaptive immunity mediated by CD4+
and CD8+ T lymphocytes and their subsets during the chronic
phase of Chagas disease. We previously described that IND
and CARD patients differentially expressed CD80 and CD86
co-stimulatory molecules, and we proposed that CD86 may be
involved in the immunomodulation in asymptomatic patients
(38). Here, we confirmed the regulatory performance of CD86
and highlighted the role of the CD80 molecule in the regulation
of Treg activation in patients with CARD.
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FIGURE 5 | Proportion of CD28 and CTLA-4 expression by lymphocyte subsets. Proportion of CD28 and CTLA-4 ligands on Th1, Th2, Th17, CD4+ Treg (A), and
CD8+ Treg lymphocytes (B) in PBMC cultures with TRYPO, with anti-CD80 antibody blockade, and with anti-CD86 antibody blockade from NI individuals (n = 9),
indeterminate (IND, n = 9), and cardiac (CARD, n = 11) clinical forms of Chagas disease.

We evaluated the role of CD80 and CD86 molecules in
targeting CD4+ T lymphocytes, and we found that blocking the
CD80 receptor led to a reduction in the frequency of CD4+IL-
17+ T lymphocytes in IND patients. It has been proposed that
IL-17 is associated with better cardiac function in patients with
Chagas disease (48, 49) and this cytokine may regulate the
immune response and the development of cardiac lesions during
T. cruzi infection (50). On the contrary, our results showed that
only after anti-CD86 antibody blockade, higher frequency of
CD4+ IFN-γ+ T lymphocyte was observed also in the IND group.
IFN-γ production is required to control replication of the parasite
during the acute phase of T. cruzi infection, even as contributing
to the increase of the inflammatory process during the chronic
phase (12, 15, 51). Thereby, we proposed that CD86 can control
IFN-γ+ expression by CD4+ T cells in asymptomatic patients,
regulating the development of exacerbated inflammation, and
CD80 displays a protective role through the regulation of
IL-17, participating in myocardium tissue homeostasis only
in IND patients.

We demonstrated a higher frequency of CD8+ CD25+
T lymphocytes and CD8+ Treg cells in the CARD group
after anti-CD80 antibody blockade in contrast with lower
frequency of CD4+ Treg lymphocytes after anti-CD86 antibody
blockade found only in IND patients. It has been proposed
that even IND patients has the highest frequency of Treg
cells in peripheral blood and these cells was associated with
a better clinical prognosis in patients with the asymptomatic
clinical form of Chagas disease (19, 38, 52), CARD patients
also have higher frequency of Treg lymphocytes in comparison
with NI individuals (38). Thus, even though patients with

CARD present an imbalance in the production of effector and
immunoregulatory mechanisms that contribute to the worsening
of myocardial damage, these individuals are able to produce
regulatory T lymphocytes to try to control inflammation. On the
contrary, the production of Treg lymphocytes in IND patients
indeed appears to be a key factor in regulating the inflammatory
process, preventing tissue damage. Here, we proposed that these
regulatory cells can be activated in both IND and CARD clinical
forms of chronic Chagas disease by opposite co-stimulation
molecules. We have previously demonstrated an association
between CD86 receptor expressed in non-classical monocytes
with Treg lymphocytes, while a negative correlation with CD80
by total monocytes and these regulatory cells was found in
patients without cardiomyopathy (NI and IND), but not in
CARD group (38). Moreover, as observed in this study, only anti-
CD86 antibody blockade, but not CD80, led to a reduction of
CD4+ Treg IL-10+ cells in IND patients. These findings suggest
that while CD86, but not CD80, may contribute to the activation
of Treg lymphocytes as well as the production of IL-10 by these
cells only in IND individuals, leading to modulation of the
immune response, in the CARD group, CD80 may be responsible
for controlling CD8+ CD25+ T lymphocyte activation and could
be involved in the modulation of Treg cell induction.

Activation or inhibition of T lymphocytes requires the
interaction between CD80 and CD86 co-stimulatory molecules
with their ligands CD28 and CTLA-4 that can direct the plasticity
in T lymphocyte subset activation (32). Through comparing the
proportion of CD28 and CTLA-4 ligands in each lymphocyte
subsets between patients with Chagas disease, we observed a
higher proportion of CD28 on CD8+ Treg cells only after
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FIGURE 6 | Analysis of the frequency of CD28 and CTLA-4 ligands on Treg lymphocytes after anti-CD80 and anti-CD86 antibody blockade. Flow cytometry gate
strategy of non-infected (NI) individuals is represented. Frequency of T CD4+ Treg lymphocytes (A) and CD8+ Treg lymphocytes (B) expressing CD28 and CTLA-4 in
PBMC culture from NI individuals (n = 9), indeterminate (IND, n = 9), and cardiac (CARD, n = 11) clinical forms of Chagas disease, after in vitro stimulation with
T. cruzi antigens and anti-CD80 and anti-CD86 antibody blockade. Statistical differences (p < 0.05) between groups were obtained by Kruskal–Wallis test, followed
by Dunn’s post-test, and represented by asterisk (*) and lines. Boxes demonstrate the median and interquartile ranges, whiskers evidence the highest and lowest
observation, and dots represent the outliers.

anti-CD80 blockade from CARD in comparison with anti-CD86
blockade and to IND group. Moreover, lower proportion of
CTLA-4 on CD4+ Treg lymphocytes was observed only after
anti-CD86 blockade from IND in comparison with anti-CD80
antibody blockade and to CARD group. Interestingly, when we
evaluated the statistical results, we found a higher frequency of
CD4+ Treg CD28+ lymphocytes in CARD group only after anti-
CD80 antibody blockade. Furthermore, we verified an association
between CD4+ Treg lymphocytes and CD28+ expression on
CD4+ Treg cells in CARD group, but not in IND patients, and
once again only in after anti-CD80 antibody blockade. Previously,
it has been demonstrated by our research group that there is
an association between CD80 and CD28, and between CD86
and CTLA-4 receptors on total CD4+ T lymphocytes, as also,
increased frequency of CD4+CTLA-4+ T lymphocytes in IND
group (38). CTLA-4 is constitutively expressed in murine and
human Tregs being a key molecule involved in Treg-mediated
suppression (53–55). CTLA-4 interacts with CD80 and CD86 on
professional antigen-presenting cell (APCs), such as monocytes,
and captures these ligands in a process called trans-endocytosis
(56). Thus, CD80 and CD86 become unavailable to interact with
CD28, leading to indirect inhibition of total T lymphocytes.
Furthermore, it has been demonstrated that CD25+CD4+ Treg
cells from deficient CD28 mice exhibited suppressive activity,

indicating that this molecule is dispensable for the Treg-mediated
suppression (54). Thus, we suggested that this CTLA-4-mediated
suppression mechanism could be used by Treg cells only in IND,
but not by CARD patients, since Chagas cardiomyopathy patients
demonstrated a higher frequency of Treg CD28+ lymphocytes
and not CTLA-4, as shown by IND patients in our previous
studies (38).

Therefore, we proposed that Treg cells from IND patients
could be activated via CD86-CTLA-4 interaction, leading to
modulation of the immune response only in asymptomatic
patients with Chagas disease, while CD80 may be an important
molecule capable of modulating the expression of CD28 in
Treg lymphocytes only from patients with CARD. Nolan
et al., evaluated the role of CD80 and CD86 in mice and
human with sepsis and observed that upregulation of CD80
on circulating monocytes was associated with severity of
illness, while CD86 appears to have a protective performance,
suggesting a relatively anti-inflammatory role of this co-
stimulatory molecule in vivo (57). In addition, positive
regulation of CD80 directs the polarization of Th1 lymphocytes
(58). Therefore, we suggested that CD80 may be involved
in the proliferation control of T CD8+ lymphocytes, as
well as in the modulation of regulatory cells activation
via CD28 receptor.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 10 May 2022 | Volume 9 | Article 750876112

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-750876 May 13, 2022 Time: 15:48 # 11

Pinto et al. CD80/CD86 Modulate Regulatory T Cells

FIGURE 7 | Linear regression analysis between CD4+ and CD8+ Treg lymphocytes and CD28 and CTLA4 ligands on Treg lymphocytes. Association between CD4+

Treg lymphocytes (A) and CD8+ Treg lymphocytes (B) with CD28 and CTLA-4 expressed in CD4+ and CD8+ Treg cells from PBMC culture of NI individuals (n = 9),
indeterminate (IND, n = 9), and cardiac (CARD, n = 11) clinical forms of Chagas disease, after in vitro stimulation with T. cruzi antigens and anti-CD80 and anti-CD86
antibody blockade. Data are presented by R-squared (R2), and significant statistical differences were considered when p < 0.05.
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Here, we highlighted for the first time the role of CD80 in
modulation of Treg lymphocyte activation in CARD patients,
maybe by performance with CD28 receptor, pointing out a
key molecule in the development of Chagas cardiomyopathy.
It is important to mention that even though the CD80
and CD86 blockade used here reduced statistically both the
frequency and the expression of these receptors in human
monocytes, the in vitro experiments performed are limited by
not completely blocking these receptors. Thus, the use of other
methodological approaches, such as molecular tools to repress
the expression of these receptors or to block their actions
can provide more information about the role of CD80 and
CD86 in chagasic pathology. Therefore, further studies are still
needed to understand the immunological mechanisms involved
in establishing the different clinical forms of Chagas disease.
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