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MAJOR ARTICLE

Blood Gene Signatures of Chagas Cardiomyopathy With or
Without Ventricular Dysfunction
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Chagas disease, caused by the protozoan parasite Trypanosoma cruzi, affects 7 million people in Latin American areas of endemicity.
About 30% of infected patients will develop chronic Chagas cardiomyopathy (CCC), an inflammatory cardiomyopathy characterized
by hypertrophy, fibrosis, and myocarditis. Further studies are necessary to understand the molecular mechanisms of disease progres-
sion. Transcriptome analysis has been increasingly used to identify molecular changes associated with disease outcomes. We thus
assessed the whole-blood transcriptome of patients with Chagas disease. Microarray analysis was performed on blood samples from
150 subjects, of whom 30 were uninfected control patients and 120 had Chagas disease (1 group had asymptomatic disease, and 2
groups had CCC with either a preserved or reduced left ventricular ejection fraction [LVEF]). Each Chagas disease group displayed
distinct gene expression and functional pathway profiles. The most different expression patterns were between CCC groups with a
preserved or reduced LVEE. A more stringent analysis indicated that 27 differentially expressed genes, particularly those related to
natural killer (NK)/CD8* T-cell cytotoxicity, separated the 2 groups. NK/CD8* T-cell cytotoxicity could play a role in determining
Chagas disease progression. Understanding genes associated with disease may lead to improved insight into CCC pathogenesis and

the identification of prognostic factors for CCC progression.
Keywords.
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Chagas disease is caused by the protozoan Trypanosoma cruzi
and affects up to 7 million people in Latin American countries
where T. cruzi is endemic [1]. The parasite is mainly transmitted
by hematophagous reduviid bugs, by blood transfusion, and con-
genitally, and Chagas disease is now a concern in industrialized
countries where it is not endemic, owing to immigration [2-4].
The infection presents with an acute phase with high-level para-
sitemia, which progresses to a chronic low grade infection phase
due to strong innate and acquired immunity that controls—but
does not completely suppress—blood and tissue parasitism
[5-7]. Most patients will develop an indeterminate/asymptom-
atic form (ASY) showing no signs of cardiac or digestive alter-
ations. Around 30% will have altered electrocardiograph and/
or echocardiograph findings that are characteristic of chronic
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Chagas cardiomyopathy (CCC) or so-called mega-syndromes
(ie, megacolon and megaesophagus). These complications are a
great cause of morbidity and mortality, resulting a considerable
socioeconomic burden [7-9].

CCC is the most frequent and severe clinical consequence of
Chagas disease and the major cause of infectious myocarditis in
the world [1, 8, 10]. It is an inflammatory cardiomyopathy with
electrical heart conduction abnormalities and arrhythmias [6,
11]. One third of patients with CCC further develop left ven-
tricular dysfunction, leading to dilation and refractory heart
failure. Patients with CCC have a worse prognosis than patients
with other noninflammatory cardiomyopathies [12]. Current
anti-T. cruzi drugs have shown to be unable to block progres-
sion toward the more severe forms of CCC [1]. The mechanisms
underlying CCC development are still not fully understood,
although inflammatory mechanisms are certainly involved [13].
Detection of T. cruzi DNA in peripheral blood is associated with
CCC severity [14], suggesting that the parasite load influences
disease progression toward CCC with ventricular dysfunction.

Histopathological analysis of hearts from patients with
CCC reveals a diffuse T-cell- and macrophage-rich myocar-
ditis, hypertrophy, and fibrosis with scarce tissue parasitism
[15-17]. Cytokines and chemokines are also known to play an
important role in immune-mediated damage and fibrosis [6].
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Whole-blood transcriptomic analyses have been used to under-
stand pathogenesis in cardiovascular diseases, such as cardiac
allograft rejection and coronary artery disease, and postmyo-
cardial infarction heart failure [18, 19]. Here, we describe for
the first time the use of a whole-blood microarray to analyze
samples from different clinical/parasitological forms and pro-
gression stages of Chagas disease.

METHODS

Samples From Healthy Controls and Patients With Chagas Disease
Samples from patients with Chagas disease were identified by
blood bank screening in 1996-2002 (from the cities of Sao Paulo
and Montes Claros in the State of Minas Gerais, Brazil); samples
from seronegative donors (ie, controls) were obtained from the
same blood banks as previously described [20]. Patients with
severe CCC came from the Heart Institute of the University of
Séo Paulo Medical School. Samples are from a subset of the ret-
rospective cohort described previously [21].

The diagnostic criteria for Chagas disease included the detec-
tion of antibodies against T. cruzi in serological tests. All patients
with Chagas disease underwent standard electrocardiography and
echocardiography. Left ventricular dimensions and left ventricu-
lar ejection fraction (LVEF) were evaluated with a 2-dimensional,
M-mode approach, in accordance with the recommendations of
the American Society of Echocardiography. Patients with Chagas
disease who had no changes in electrocardiographic and echo-
cardiograph findings and no clinical signs of digestive disease
(but were not assessed for subclinical digestive disease) are here
described as asymptomatic (ASY) subjects. Patients with CCC pre-
sented typical conduction abnormalities (ie, right bundle branch
block and/or left anterior division hemiblock). Patients with CCC
who had a significantly reduced LVEF (ie, <40%; average, 30%)
are here described as having severe CCC, whereas those with a
preserved LVEF (ie, 40%; average, 60%) are here described as hav-
ing moderate CCC (Table 1). A total of 150 whole-blood samples
collected in PAXgene tubes were from 5 different subject groups
(30 samples per group). Characteristics of patients and seronega-
tive controls whose samples were used in this study are described
in Table 1. This protocol was approved by the Institutional Review

Board of the University of the Sdo Paulo School of Medicine and
by the Brazilian National Ethics in Research Commission, and
written informed consent was obtained from the patients.

Sample Selection and Preparation

Total RNA was isolated from PAXgene whole-blood samples
by using the PAXgene Blood RNA Kit (PreAnalytiX) accord-
ing to the manufacturer’s instructions. Quantification of quality
assessment of total RNA was performed using an Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA), and all sam-
ples had a RNA integrity number of >6. Detection of kinetoplast
minicircle T. cruzi DNA in 20 mL of blood was performed with
a real-time polymerase chain reaction (PCR) assay [14].

Whole-Blood Gene Expression Analysis

Gene expression analysis was performed using the Illumina
HumanHT-12 v3 BeadChip. Reverse transcription of 200 ng
of total RNA and complementary RNA (cRNA) synthesis were
performed using the Illumina TotalPrep-96 RNA Amplification
Kit (Ambion, Darmstadt, Germany). Hybridization of 700 ng
of each biotinylated cRNA sample with a single array on the
BeadChip was performed at 58°C for 16-18 hours.

Data Processing and Statistical Analysis of Gene Expression

BeadChips were scanned using the Illumina Bead Array Reader.
The GenomeStudio V 2010.1 Gene Expression Module was
used to determine the fluorescence intensities. The uncor-
rected and nonnormalized raw fluorescence intensities were
integrated and derived in the probe profile mode. Subsequently
the fluorescence intensities underwent background correc-
tion, log, transformation, and quantile normalization, using
the R/Bioconductor package LUMI (available at: http://www.
bioconductor.org/) [22]. Individual arrays were submitted to a
batch-correction protocol implemented in the R/Bioconductor
package SVA [23]. Sample quality control and outliers detec-
tion were assessed using the R/Bioconductor package
ARRAYQUALITYMETRICS [24]. Probes were mapped to their
unique gene symbols with the LUMIHUMANALL annotation
database. To identify genes highly expressed in one or more
clinical groups, we used independent 2-class f tests (P < .05;

Table 1. Clinical Characteristics of Study Subjects, by Study Group
Result of Testing for LVEF Analysis
T cruzi

Group Patients, No. Age, y PCR EIA EKG ECG Finding Value, %
Seronegative controls 30 48 + 10 Negative Negative Normal Preserved 64 + 4
ASY T cruzi PCR negative 30 49+ 9 Negative Positive Normal Preserved 62+4
ASY T cruzi PCR positive 30 47 £ 12 Positive Positive Normal Preserved 62 +4
Moderate CCC (with preserved LVEF) 30 50 £ 8 Positive Positive Abnormal Preserved 61+7
Severe CCC (with reduced LVEF) 30 46 + 10 Positive Positive Abnormal Reduced 307

Data are mean + SD, unless otherwise indicated.

Abbreviations: ASY, asymptomatic; CCC, chronic Chagas cardiomyopathy; ECG, echocardiography; EIA, enzyme-linked immunosorbent assay; EKG, electrocardiogram; LVEF, left ventricular

ejection fraction.
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fold change, >1.25) [25]. Differentially expressed genes (DEGs)
were determined by fitting the expression data to the linear
model implemented in the R/Bioconductor package LIMMA
[26]. P values were submitted to false-discovery rate correction
with the Benjamini-Hochberg method and the statistical signif-
icance threshold was defined as a P value of < .05.

Enrichment Analysis

Probe sets representing the same gene were collapsed by tak-
ing the probe set the with highest expression across all samples.
Gene expression was subjected z normalization (per gene across
samples), and the average z score of each class was used as the
preranked gene lists (1 list per class). The preranked gene lists
with 1000 permutations were subjected to gene set enrichment
analysis (GSEA) [27, 28] to generate normalized enrichment
scores for blood transcription modules (BTMs) from previously
generated gene sets [29] (nominal P = .01; 1000 permutations).

Network and Pathway Analysis

Ingenuity Pathway Analysis software (IPA; Qiagen, Redwood
City, California) maintains a graphical database of networks of
interacting genes (Ingenuity Knowledge Base). The lists of differ-
entially expressed genes (DEGs) in patients with moderate CCC
as compared to those with severe CCC were uploaded to IPA and
analyzed on the basis of the content available during December
2015. The significance of the association between each list and
the pathway was measured by the Fisher exact test. The biological
relationship between 2 molecules is represented as an edge (line).

Analysis of Messenger RNA Expression by Real-Time Quantitative
Reverse Transcription PCR (qRT-PCR)

Real-time qRT-PCR analysis of selected genes was performed
using TagMan Gene expression assays according to manufac-
turer’s instructions. 18S ribosomal RNA was used for normal-
ization. The reactions were done in the QuantStudiol12K PCR
System (Applied Biosystems). All reagents were provided by
Thermo Fisher Scientific. Reactions were performed in triplicate
and cycle threshold (Ct) values were averaged for the replicates;
negative controls were included. The relative expression was
calculated for each gene in each group as individual data points
by the 222 method, as previously described [30]. Severe CCC
was used as the calibrator in the 2"24¢ method for comparison
between CCC groups; therefore, the relative expression in each
sample was calculated with respect to the average expression
value for patients with severe CCC (value set as 1). Statistical
analysis was performed with the Mann-Whitney rank sum test
and the Fisher exact test.

RESULTS

Different Groups of Patients With Chagas Disease Display Distinct Gene
Expression Profiles

We collected whole-blood
(n = 30 per group) in 4 different groups based on clinical/

samples from 150 patients

parasitological characteristics of Chagas disease and T. cruzi
PCR status (Table 1), as well as from seronegative controls. The
blood transcriptome of these patients was assessed by microar-
ray analysis. All possible comparisons between any 2 groups (10
comparisons in total) were performed to identify genes highly
expressed in one of the groups (Figure 1). For each comparison,
genes were considered upregulated in one group compared to
another if the P value was <.05 and the fold change was >1.25. Of
the 4 possible comparisons for a given group, genes were con-
sidered highly expressed in the group if they were upregulated
in at least 2 comparisons. Figure 1 presents 3 sets of genes, com-
prising 16, 6, and 9 genes, that were highly expressed in control,
ASY PCR-negative, and ASY PCR-positive groups, respectively.
In addition, 2 other sets of genes, comprising 53 and 196 genes,
were highly expressed in the moderate and severe CCC groups,
respectively. The expression profiles of these genes in the mod-
erate and severe groups were remarkably different. Figure 1B
lists some genes that were upregulated in each group. Of note,
several genes with high expression in the moderate CCC group
and low expression in the severe CCC group were related to nat-
ural killer (NK)/cytotoxic CD8* T cells.
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Figure 1. Whole-blood microarray analysis of patients with Chagas disease.
Whole-blood transcriptome for 150 patients (30 per group) assigned to 4 different
clinical/parasitological groups based on Chagas disease and Trypanosoma cruzi
polymerase chain reaction (PCR) status, as well as seronegative controls, was
assessed by microarray analysis. All possible comparisons between any 2 groups
(10 comparisons in total) were performed to identify genes highly expressed in one
of the groups. Genes were considered highly expressed in the group if they were
upregulated in at least 2 comparisons (P < .05; fold change, >1.25) in the control
group, the asymptomatic (ASY), PCR-negative group, and the ASY PCR-positive
group. Abbreviations: CCC, chronic Chagas cardiomyopathy; FC, fold change; Mod,
moderate; Sev, severe; -, negative; +, positive.
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GSEA Discloses Functional Pathways Modulated in Each Chagas

Disease Group

To describe the functional content of the transcriptional profiles
in each subject group, we performed GSEA on the lists of genes
ranked by the average z-normalized expression across all sub-
jects in a group (Figure 2). We have used as gene sets the BTMs
previously developed [29]. The BTMs include a collection of
346 gene sets that, taken together, describe various aspects of
the functioning of the immune system in blood circulating cells.
BTM:s with increased activity in the peripheral blood of patients
with severe CCC included functions related to the inflamma-
tory response and innate immunity. BTMs with reduced activity
in patients with severe CCC included NK-cell, B-cell, and T-cell
activation; phosphatidylinositol signaling; and chaperonin-me-
diated protein folding. BTMs with increased activity in patients
with moderate CCC included NK-cell and phosphatidylinositol
signaling, while monocyte-related functions were negatively
modulated in this group. BTMs with increased activity in the
ASY T. cruzi PCR-positive group included polo-like kinase 1
(PLK1) signaling and the mitotic cell cycle in stimulated CD4*
T cells. Both of these functions were negatively modulated in
the ASY T. cruzi PCR-negative group, along with BTMs related
to inflammation and innate immunity. As shown in Figure 2,
among the BTMs found to be active in the ASY T. cruzi PCR-
negative group were NK-cell signaling, chaperonin-mediated
protein folding, and clustering of major histocompatibility
complex-Toll-like receptor 7 (TLR7)-TLR8. The control group

0@ M4.2: PLK1 signaling events
O M4.5: mitotic cell cycle in stimulated CD4 T cells
@  M61.1: enriched in NK cells (KIR cluster)
@ S1: NK cell surface signature
o M101: phosphatidylinositol signaling system
® @ M47.1: enriched in B cells (1)
@] @ M7.1: T cell activation ()
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O M204.0: chaperonin mediated protein folding (I)
@ M146: MHC-TLR7-TLRS cluster
® wm33: inflammatory response
® m11.2: formyl peptide receptor mediated neutrophil response
@ M171: heme biosynthesis (1)
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@ M150: innate antiviral response
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Figure 2. Findings of gene set enrichment analysis. Corrplot analysis of gene
expression results shows blood transcription modules and functional pathways that
have increased (red) or reduced activated (blue) in the peripheral blood of each
subject group. Abbreviations: CCC, chronic Chagas cardiomyopathy; IFN, interferon;
MHC, major histocompatibility complex; Mod, moderate; NES, normalized enrich-
ment score; NK, natural killer; Sev, severe; TLR, Toll-like receptor; -, negative; +,
positive.

showed enrichment of functions related to B-cell activation,
T-cell activation, and chaperonin-mediated protein folding.
PLK1 signaling events, the NK-cell surface signature, and com-
plement activation were negatively modulated in the control

group.

An NK/CD8* T-Cell Cytotoxicity Gene Signature Is Present in Patients
With Moderate CCC

We then performed a more stringent analysis to determine the
DEGs, considering an adjusted P value of .05 and a fold change
of 1.5. Expression profiles of 150 samples distributed in 5 groups
(30 per group; Table 1) were assessed. The analysis revealed
27 DEGs between the moderate versus severe CCC groups
(Table 2). We have also found 11 DEGs when patients with
severe CCC were compared to seronegative controls, 7 DEGs
when the ASY T. cruzi PCR-negative group was compared to
patients with severe CCC, 6 DEGs when the ASY T. cruzi PCR-
positive group was compared to the control group, 2 DEGs
when the ASY T. cruzi PCR-positive group was compared to
patients with severe CCC, and 1 DEG when patients with mod-
erate CCC were compared to the control group Supplementary
Tables 1-5. The other 4 remaining comparisons did not pres-
ent any DEGs. Once again, the highest number of DEGs was
found in the contrast between the moderate and severe CCC
groups. Interestingly, 8 of 13 DEGs upregulated in the moder-
ate CCC group as compared to the severe CCC group belonged
to the NK/CD8* T-cell cytotoxicity pathways, including GZMB
(which encodes granzyme B); PRF1; GLNY (granulysin);
KIR3DS1, KIR2D14, and KIR2DL1/KIR2DL3 (killer immu-
noglobulin-like receptors); and KLRC2/NKGD2 and KLRF1/
NKp80 (killer cell lectin-like receptors).

Network and Pathway Analysis

The list containing the 27 DEGs (Table 2) capable of segregating
moderate from severe CCC with their respective fold changes
and P values was uploaded in IPA. The most significant network
was termed “cell death and survival, hematological disease,
immunological disease” (P = 10-%%; Figure 3). In this network,
we could find multiple genes associated with NK/CD8* cyto-
toxic T-cell function, such as GZMB, PRF1, GLNY, KLRC2,
KIR2DL4, and KIR2DL1/KIR2DL3.

Validation of Microarray Results by Real-Time qRT-PCR

To assess the expression of each gene belonging to the NK/
CD8* T-cell cytotoxic profile in each individual in the 2 car-
diomyopathy groups, we performed real-time qRT-PCR assays
using specific primers for each of the 8 genes belonging to the
NK/CD8* T-cell cytotoxicity pathways. For KIR2DL4, we had
undetectable expression in most samples and thus limited the
analysis of qPCR results to the remaining 7 genes. The valida-
tion of microarray results is shown in Figure 4. The number of
upregulated genes for each sample is depicted in Supplementary
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Table 2. Differentially Expressed Genes in the Comparison Between
Blood Samples From Patients With Moderate and Those With Severe
Chronic Chagas Cardiomyopathy

Fold
Symbol Entrez Gene Name Change  Padjusted
ADGRG1 Adhesion G protein—-coupled 1.615  4.93E-03
receptor G1
ALAS2 5'-aminolevulinate synthase 2 -1563  4.48E-02
BCL2L1 BCL2-like 1 -1.562  2.50E-02
CES3 Carboxylesterase 3 -1590 9.79E-03
FCGR1B Fc fragment of immunoglobulin G, -1.661 5.23E-03
high-affinity b, receptor (CD64)
FCGR1C Fc fragment of immunoglobulin G, -1.541 6.72E-03
high-affinity Ic, receptor (CD64),
pseudogene
FGFBP2 Fibroblast growth factor binding 1604  2.19E-02
protein 2
GK5 Glycerol kinase 5 (putative) 1657  6.71E-04
GNLY Granulysin 15604  2.90E-02
GZMB Granzyme B (granzyme 2, cytotoxic 1.688 1.38E-03
T-lymphocyte-associated serine
esterase 1)
ITLN1 Intelectin 1 (galactofuranose binding) -1.581 4.02E-02
KIR2DL1/ Killer cell immunoglobulin-like recep- 2.002 1.51E-03
KIR2DL3 tor, 2 domains, long cytoplasmic
tail, 3
KIR2DL4 Killer cell immunoglobulin-like recep- 1.845 1.22E-03
tor, 2 domains, long cytoplasmic
tail, 4
KIR3DS1 Killer cell immunoglobulin-like recep- 2236 4.18E-03
tor, three domains, short cytoplas-
mic tail, 1
KLC3 Kinesin light chain 3 -1.681 6.16E-03
KLRC2 Killer cell lectin-like receptor subfam- 1.671 2.58E-02
ily C, member 2
KLRF1 Killer cell lectin-like receptor subfam- 1.690 1.09E-03
ily E member 1
KRT1 Keratin 1, type Il -1.775  4.87E-02
MIR181A2HG MIR181A2 host gene 1669  5.97E-04
MYBL1 v-myb avian myeloblastosis viral onco-  1.504 1.34E-03
gene homolog-like 1
POLR2J4 Polymerase (RNA) Il (DNA directed) 2.234  2.74E-03
polypeptide J4, pseudogene
PPDPF Pancreatic progenitor cell differentia- -1.560  3.18E-03
tion and proliferation factor
PRF1 Perforin 1 (pore-forming protein) 1.5674 1.34E-03
SMIM24 Small integral membrane protein 24 -1.636  2.57E-02
ST6GALNAC4  ST6 (o-N-acetyl-neuraminyl- -1514  9.18E-03
2,3-B-galactosyl-1,3)-N-
acetylgalactosaminide
a-2,6-sialyltransferase 4
TGFBR3 Transforming growth factor f3 recep- 1.629 1.94E-03
tor Il
TMOD1 Tropomodulin 1 -1.544  2.47E-02

The analysis revealed 27 differentially expressed genes between the 2 groups (fold change,
1.5; cutoff adjusted P < .05).

Table 6. We found that patients with moderate CCC displayed a
mean (+standard error of the mean) of4.63 £ 0.39 upregulated
NK/CD8" T-cell cytotoxic genes, while patients with severe
CCC displayed 2.42 + 0.39 upregulated genes (P = .0011).
Supplementary Figure 1A shows that the frequency of samples

displaying upregulated expression of combinations of genes
(=5, >4, 23, and 22) in the NK/CD8" T-cell cytotoxic signature
was significantly higher in the moderate CC group than in the
severe CCC group. The best discrimination was found to be the
upregulated expression of >3 genes belonging to the NK/CD8*
T-cell cytotoxic signature (frequencies, 80% vs 33.33% in the
moderate and severe CCC groups, respectively; P = .0005).
Supplementary Figure 1B shows that several genes were more
frequently upregulated in samples from patients with moder-
ate CCC, compared with those from patients with severe CCC
samples, especially KIR3DS1 (86.6% vs 29.6%, respectively;
P < .0001). Together, results indicate that many more samples
in the moderate CCC group than in the severe CCC group dis-
played upregulated expression of several genes in the NK/CD8*
T-cell cytotoxic signature.

DISCUSSION

Whole-blood transcriptome analyses of Chagas disease clini-
cal groups and T. cruzi-seronegative control subjects revealed
specific signatures of each clinical/parasitological group, with
expression profiles between CCC groups being the most dis-
tinct. GSEA of immune-related functions also generated simi-
lar findings, where the severe CCC group displayed the highest
number of modulated BTMs. A more stringent analysis revealed
a low number of DEGs, probably due to the high interindivid-
ual variability often found in chronic diseases. Yet, the largest
list of DEGs came from the comparison between the moder-
ate CCC group (comprising patients with a preserved LVEF)
and the severe CCC group (comprising patients with a reduced
LVEEF). Several groups have reported differential immune path-
ways in patients with Chagas disease belonging to different
clinical groups. Patients with Chagas cardiomyopathy displayed
a skewed proinflammatory, Thl-type cytokine profile as com-
pared to patients with the ASY form [31-33]. Increased levels
of plasma TNF-q, IL-6, and IL-10 were detected in patients with
CCC who had a reduced LVEF as compared to those who had a
preserved LVEF [34, 35]. GSEA established further differences
between clinical/parasitological groups. Increased inflammation
and innate immunity BTMs in the severe CCC group is in line
with the increased production of proinflammatory cytokines in
patients with CCC who had a reduced LVEF [34] and may be
related to the association of T. cruzi parasitism with severe CCC
[14]. Conversely, the lower activity of inflammatory and innate
immunity BTMs in the ASY T. cruzi PCR-negative group may
be related to the reduced parasitism displayed by this group. The
finding that BTMs related to T-cell activation showed a reduced
activity in the severe CCC group is in line with recent studies
showing that T cells from the peripheral blood of patients with
CCC displayed reduced activation when stimulated with anti-
gen [36, 37]. Incubation of T cells with T. cruzi trypomastigotes
reduced the expression of CD3{, proliferation indexes, and IL-2
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Findings of network and pathway analysis. Ingenuity Pathway Analysis was performed with the list containing the 27 differentially expressed genes capable of

segregating patients with moderate chronic Chagas cardiomyopathy (CCC) from those with severe CCC on the basis of their respective fold changes and Pvalues. The most
significant network generated was related to cell death and survival, hematological disease, immunological disease (P= 107%%). Genes upregulated in moderate as compared

to severe CCC are depicted in red, while downregulated genes are depicted in green.

production [37, 38], possibly indicating a direct effect of para-
sitism on the T-cell activation status.

A more stringent computational analysis of the DEGs upreg-
ulated in patients with moderate CCC revealed an enrichment
of genes related to NK cells, cytotoxicity, and cell death path-
ways. Likewise, GSEA revealed that the NK cell BTM was more
active in ASY T. cruzi PCR-negative and moderate CCC groups
than in the severe CCC group. This was reinforced by IPA of the
high-stringency moderate versus severe CCC DEGs, which iden-
tified the cell death and survival, hematological disease, immuno-
logical disease network as highly significant. The finding that 8 of
13 DEGs upregulated in the moderate CCC group as compared to
the severe CCC group belong to the NK/CD8" T-cell cytotoxicity
pathways provided a clue for pathogenesis. The validation of the
microarray findings with qPCR indicated that those findings were
biologically relevant. Furthermore, analysis of gPCR results indi-
cated that the upregulated expression of genes from the cytotoxic
signature may be a general feature of blood samples from patients
with moderate CCC, even when taken individually. NK cells have
been reported to interact with T. cruzi-infected fibroblasts [39]
and to be associated with acute T. cruzi infection control [40]. An
increased frequency of NK and NKT cells and a decreased fre-
quency of NKT cells have been observed in ASY and severe CCC

cases, respectively [41, 42]. Furthermore, cytotoxicity toward the
NK target cell line K562 has been reported to be low in peripheral
blood mononuclear cells from symptomatic patients with CCC
[43]. Significantly, the cytolytic pathway is shared between NK
and cytolytic CD8* T cells, especially the cytolytic effector mole-
cules perforin, granzyme B, and granulysin. The genes encoding
these molecules, all of which were upregulated DEGs in blood
samples from patients with moderate CCC, play a key role in
the killing of intracellular T. cruzi in murine and cellular infec-
tion models [44]. The other genes (KIR2DL1, KIR2DL1, KLR2/
NKGC2, and KLRF1/NKp80) displayed high expression in NK
cells, but some have been reported to be expressed by a smaller
number of CD8" T cells [45]. CD8" T cells are involved in the
control of T. cruzi infection in murine models of acute infection
[46]. Thus, we cannot exclude that the increased expression of
genes belonging to the cytotoxic signature observed here could
be due to circulating CD8" T cells. Accordingly, the NK cell BTM
was found to be active in the ASY T. cruzi PCR-negative group,
which shows more complete control of parasitism. The presence
of T. cruzi DNA in blood was significantly associated with known
markers of disease progression, suggesting parasite load and per-
sistence influence evolution from moderate-to-severe CCC [14].
Concordantly, a higher level of parasitism in the acute phase is
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Figure 4. Validation of microarray results by real-time quantitative reverse transcription polymerase chain reaction analysis (qQRT-PCR). Real-time qRT-PCR assays for 7
genes belonging to the natural killer (NK)/CD8* T-cell cytotoxicity pathways: GZMB (which encodes granzyme B), PRF1 (perforin 1), GLNY (granulysin), KIR2DL1/KIR2DL3
(killer immunoglobulin-like receptor genes), and KLRC2 and KLRF1 (killer cell lectin-like receptor genes). The fold change was calculated as the mean + SD for each group as
individual data points, by the 222 method. *P < .05, **P < .01, and ***P < .0001 by the Mann-Whitney rank sum test.

associated with more-aggressive heart disease in the chronic
phase of experimental T. cruzi infection [47, 48]. The differen-
tial expression patterns between moderate and severe CCC may
suggest that the peripheral blood expression profile has a bearing
on progression to severe cardiomyopathy. However, it is possi-
ble that this differential expression profile may be a consequence
of pathophysiological alterations of heart failure itself. We have
compared the list of DEGs in the severe versus moderate CCC
contrasts with postmyocardial infarction heart failure [19]. The
comparison revealed a single common downregulated DEG
(TGFBR3). This suggests that the DEGs in our study are primary
to CCC and not secondary to heart failure. However, one of the
main limitations of our study is that we did not follow up patients
in the cohort. Our study was therefore unable to assess the possi-
ble predictive value of these markers for progression to the more

severe form of CCC. Another caveat of the present analysis is that
transcriptome measured in peripheral blood will reflect both the
change of transcriptional programs within individual cells, as
well as the change in the representation of cell populations [49].
So, it is difficult to ascertain which of the possibilities might be
taking place. In addition, we observed a low number of DEGs.
This is not unexpected in a chronic disease, given the heterogene-
ity often observed among human samples, which leads to signals
that are rather weak. Considering these limitations, the present
study shows that Chagas disease clinical/parasitological groups
and T. cruzi-seronegative control samples displayed a distinct
whole-blood gene signature in which the gene expression profiles
in samples from the moderate CCC (preserved LVEF) and severe
CCC (reduced LVEF) groups were the most distinct. Taken
together, our data suggest that cytotoxic peripheral NK or CD8*
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T cells may play a role in the control of T. cruzi parasitism, which
might be important for Chagas disease—associated heart disease
progression and severity, although this still has to be functionally
validated. Understanding genes and pathways associated with the
disease may lead to improved insight into CCC pathogenesis and
the identification of prognostic factors for CCC progression.
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