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Tissue damage observed in the clinical forms of chronic symptomatic Chagas disease
seems to have a close relationship with the intensity of the inflammatory process. The
objective of this study was to investigate whether the MICA (MHC class I-related chain A)
and KIR (killer cell immunoglobulin-like receptors) polymorphisms are associated with the
cardiac and digestive clinical forms of chronic Chagas disease. Possible influence of these
genes polymorphisms on the left ventricular systolic dysfunction (LVSD) in patients with
chronic Chagas heart disease was also evaluated. This study enrolled 185 patients with
positive serology for Trypanosoma cruzi classified according to the clinical form of the
disease: cardiac (n=107) and digestive (n=78). Subsequently, patients with the cardiac
form of the disease were sub-classified as with LVSD (n=52) and without LVSD (n=55). A
control group was formed of 110 healthy individuals. Genotyping was performed by
polymerase chain reaction-sequence specific oligonucleotide probes (PCR-SSOP).
Statistical analyzes were carried out using the Chi-square test and odds ratio with 95%
confidence interval was also calculated to evaluate the risk association. MICA-129 allele
with high affinity for the NKG2D receptor was associated to the LVSD in patients with
CCHD. The haplotype MICA*008~HLA-C*06 and the KIR2DS2-/KIR2DL2-/KIR2DL3+/
C1+ combination were associated to the digestive clinical form of the disease. Our data
showed that the MICA and KIR polymorphisms may exert a role in the LVSD of cardiac
patients, and in digestive form of Chagas disease.
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INTRODUCTION

Chagas disease, resulting from infection by the protozoan
Trypanosoma cruzi, is a neglected disease that affects about 6-7
million people worldwide, especially in Latin America (1, 2). The
acute phase of Chagas disease is usually asymptomatic; when
symptomatic, symptoms usually are mild and unspecific (2). Left
untreated, the disease progresses relentless to the chronic stage.
About 60–70% of these individuals will never present clinical
manifestation in the chronic phase, and the only evidence of the
disease is positive serology (the so-called indeterminate form of
chronic Chagas disease) (1). However, chronically infected
individuals may develop clinical manifestations of this disease
with irreversible lesions of some organs. After 20 years of
infection, about 30% develop chronic Chagas heart disease
(CCHD), which is clinically manifested by ventricular
arrhythmia (3), thromboembolism (1), sudden cardiac death
(1), chronic heart failure (1) and precordial chest pain with
normal coronary arteries (4). Ten per cent of Chagas patients
present the digestive form of the disease, characterized mainly by
dilatations of the esophagus and/or colon (5), cardio-digestive
form or, less common, neurological alterations (2).

In CCHD, an important feature is the interplay of autonomic
dysfunction, microvascular abnormalities, and autoimmunity
(6), which leads to chronic inflammation and reparative
fibrosis throughout the myocardium. This can result in the
remodeling of the left ventricle, which ultimately leads to left
ventricular systolic dysfunction (LVSD). In the digestive form of
the disease, the main characteristic is denervation resulting from
the destruction of the myenteric plexus (7). The disease causes
autonomic nervous system injury throughout all gastrointestinal
tract and can occur anatomical and functional abnormalities,
mainly related to the lower esophageal sphincter and colon (1).
This variation in clinical forms of chronic Chagas disease could
be related to the virulence and genetic heterogeneity of parasite,
to host genetic factors and differences in immune response (8).
The Discrete Typing Units-specific (DTUs) recognition of
parasite by cell of the immune system could also result in the
differential immune responses (9).

The pathogenic mechanisms involved in the clinical forms of
Chagas disease can be explained, at least in part, by the
persistence of the parasite maintaining the inflammation (10,
11), and by autoimmunity due to immune response against its
own antigens resulting in tissue damage (12). Natural killer (NK)
and T cells play a key role in responding to T. cruzi infection and
the development of clinical forms of Chagas disease (13, 14).
These cells are present in focal inflammatory infiltrations
observed in both the heart and the digestive tract (14–17).
However, the inappropriate expression of NK cell and T cell
ligands or receptors induces the autoreactive effector function of
these cells and may trigger autoimmune mechanisms (18, 19).

The MICA gene, located on chromosome 6p21.33, is
responsible for encoding MICA molecules, which are expressed
on the cell surface of epithelium, fibroblasts, keratinocytes,
endothelial cells and monocytes under stress conditions (20),
but its expression is higher in cells of epithelial origin (20, 21).
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These molecules are recognized by Tab, Tgd and NK cells by the
NKG2D receptor (18). The formation of the MICA-NKG2D
complex results in a cell-signaling cascade that ends with the
target cell lysis process (22). In addition, KIR genes are
responsible for encoding KIR receptors, which are involved in
the regulation of the effector response of NK cells. KIR receptors
recognize HLA class I molecules present on the surface of the
target cells (23). KIR comprise a family of 15 genes located on
chromosome 19q13.4, classified as activators (KIR2DS and -3DS)
and inhibitors (KIR2DL and -3DL) of NK cells and two
pseudogenes (KIR2DP1 and -3DP1) (24).

The aim of this study was to investigate whether MICA and
KIR polymorphisms are associated with the cardiac and digestive
clinical forms of chronic Chagas disease. Furthermore, the
possible association of these gene polymorphisms with LVSD,
the powerful independent predictor of all-cause mortality in
patients with CCHD (1), was also evaluated becauseMICA alleles
and certain KIR genes and their HLA ligands may be related to
the clinical forms of Chagas disease (25–27). To the best of our
knowledge, this appears to be the first study to evaluate the
association of KIR with digestive clinical form of chronic Chagas
disease and with LVSD in patients with CCHD.
MATERIALS AND METHODS

As far as possible, the STrengthening the REporting Genetic
Association Studies (STREGA) (28) criteria were adopted in the
design of this study.

Ethical Considerations and
Subject Selection
This study was approved by the Research Ethics Committee of
the São José do Rio Preto Medical School (FAMERP - # 009/
2011), and the experiments were carried out in accordance with
the approved regulations. An informed consent form was signed
by all participants.

This was a cross-sectional, case-control study. Between
January 2011 and December 2012, a total of 185 unrelated
male and female patients serologically diagnosed with chronic
Chagas disease were selected from those who sought treatment at
the Cardiomyopathy Outpatient and General Surgery Services of
Hospital de Base of the Fundação Faculdade Regional de
Medicina (HB-FUNFARME), São José do Rio Preto, SP, Brazil,
a tertiary referral center for treating patients with chronic Chagas
disease. The control group for the genic and allele frequency
analyses consisted of 110 male and female blood donors, eligible
for donation, recruited at the Blood Bank in São José do Rio
Preto, SP, Brazil. They were tested for Chagas, hepatitis B and C,
HIV, syphilis, and HTLV I/II.

All subjects were classified as being from a mixed ethnic
population due to high miscegenation of the Brazilian
population (29), although they self-reported themselves as
European descent, mixed African together with European
descent, and African descent. The probability of variations in
August 2021 | Volume 12 | Article 714766
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the allele frequencies due to ancestry background was minimized
by matching individuals from similar ancestry backgrounds. Sex
and residence in the same geographical areas also were matched
during groups selection to avoid bias in the results.

The following inclusion and exclusion criteria were adopted
for the patient group: Inclusion - Positive laboratory diagnosis of
T. cruzi infection, being in the chronic phase of the disease at the
time of the study and resident in a municipality in the
northwestern region of the state of Sao Paulo. Exclusion -
Under 18 years of age, suffering other infectious or parasitic
diseases, with any concomitant disease that may induce the onset
of chronic heart disease, pregnant women, and patients with any
type of mental deficiency. The inclusion criteria for the control
group were as follows: eligible for donation, asymptomatic and
living in the same geographical region as the patients.

Clinical Characterization of the Patients
All patients underwent 12-lead electrocardiogram, 2-dimensional
echocardiogram and chest X-rays. Patients suspected of having
the digestive form of the disease underwent anorectal manometry,
X-rays of the opaque enema, esophageal manometry, and X-rays
of the esophagus. The diagnosis of chronic Chagas heart disease
was based on abnormalities in the resting ECG (right bundle
branch block, left anterior fascicular block, left ventricular
hypertrophy, left atrial dilatation), which can be found in the
presence of a normal 2-D echocardiography. Also, patients were
considered to have chronic Chagas heart disease in the presence
of abnormalities in the 2-D echocardiogram (right ventricular
dilatation, left atrial dilatation, left ventricular dilatation,
segmental wall abnormalities, and LVSD). Such alterations are
consistent with chronic Chagas heart disease (30). Patients with
esophageal disorders at manometry or dilatation at radiological
study, as well as those with dilatation of the colon at barium
enema were considered to have chronic Chagas digestive disease
(7). Patients with a mixed form of the disease (cardiac and
digestive) were excluded.

Moreover, CCHD patients were subdivided into two groups
according to their left ventricular ejection fraction (LVEF), the
powerful independent predictor of all-cause mortality (1),
according to the Teichholz method: “Patients without LVSD”
for those diagnosed with LVEF ≥60% and “patients with LVSD”
for those with LVEF <60% (31).

Biological Samples
Blood samples were collected into tubes containing EDTA
anticoagulant for genomic DNA extraction, that it was made
using the PureLinkTM Genomic DNA Mini Kit (Invitrogen,
Carlsbad, California, USA) according to the manufacturer’s
instructions. The evaluation of concentration and purity of
DNA samples was made using the ratio of the absorbance at
optical densities (OD) of 260 and 280 nm with Epoch™

equipment (BioTek, Winooski, Vermont, USA). Blood samples
were also collected into tubes without anticoagulant to obtain
serum for laboratory diagnosis.
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Serology for T. cruzi
The laboratory diagnosis of T. cruzi infection in patients and
controls were made based on the 2nd Brazilian Guidelines for
Chagas Diseases (31) and two positive tests were used to establish
the diagnosis: enzyme-linked immunosorbent assay (ELISA)
using the ELISAcruzi immunoassay (bioMerieux SA Brazil)
and indirect immunofluorescence using the Imuno-Com
(Wama Diagnóstica, Brazil), following the manufacturer’s
instructions on both techniques. Positive and negative controls
were included in all reactions and the samples were tested
in duplicate.
MICA, KIR, and HLA Genotyping
MICA, KIR andHLA class I (HLA-A, -B and -C) were genotyped
by Po lymerase Cha in Reac t ion-Sequence Spec ific
Oligonucleotide Probes protocols with Luminex technology
(One Lambda Inc., Canoga Park, CA, USA) according to the
manufacturer’s instructions. Hybridization was detected by flow
cytometry (LABScanTM 100 flow analyzer) and the data was
interpreted using a computer program (HLA Fusion 2.0
Research, One Lambda).

HLA-KIR ligand specificities belonging to the groups C1, C2,
Bw4 (Bw4-80Ile and Bw4-80Thr) and HLA-A*03/-A*11 were
considered according to Carr et al. (32), Thananchai et al. (33),
and Kulkarni et al. (34). KIR haplotypes AA and BX (BB and AB)
were defined based on the number of the genes encoding
activating receptors (according to http://www.allelefrequencies.
net). Binding affinities to NKG2D, attributed to the amino acid
position 129 in theMICA gene, were determined by Steinle et al.
(35) and Karacki et al. (36), based on amino acid composition
(methionine, high; valine, low – in respect to the rs1051792
polymorphism). Due to physical proximity with HLA-B, MICA
ambiguities were solved by linkage disequilibrium (LD)
between them.
Statistical Analysis
KIR and MICA-129 frequencies were obtained by direct
counting. The ARLEQUIN software version 3.11 (http://cmpg.
unibe.ch/software/arlequin3) was used to calculate the allele
groups (HLA and MICA) and haplotype frequencies. The
Hardy-Weinberg equilibrium was verified according to the
method described by Guo & Thompson (37) for KIR2DL2/3
and KIR3DL1/S1, and for MICA and HLA alleles. The relative
LD (D’) was calculated according to the Imanishi method (38).
Comparisons between groups of patients were attained using the
chi-square test with Yates’ correction or Fisher’s exact test using
the statistics program OpenEpi version 3.01 (http://www.
openepi.com/Menu/OE_Menu.htm). The genetic associations
were measured by OR (Odds Ratio) and the 95% confidence
interval (95% CI). The unpaired t-test was used to compare the
mean ages. P-values < 0.05, corrected by the Bonferroni
inequality method for multiple comparisons (Pc), were
considered statistically significant.
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RESULTS

The clinical characteristics of patients and controls are shown in
Table 1. Of the 185 patients (88 men and 97 women; mean age of
65.2 ± 10.4 years) with positive serology for T. cruzi, 78 (42.2%)
(35 men and 43 women; mean age of 65.8 ± 10.8 years) were
considered to have digestive form of Chagas disease and 107
(57.8%) (53 men and 54 women; mean age of 64.7 ± 10.2 years)
were considered to have cardiac form of Chagas disease. Of the
78 patients with digestive form, 21 (26,9%) (5 men and 16
women; mean age of 64.3 ± 10.3 years) had megacolon
(MGC), 44 (56.4%) (23 men and 21 women; mean age of
66.8 ± 11.2 years) had magaesophagus (MGE), and 13 (16.6%)
(7 men and 6 women; mean age of 64.7 ± 10.8 years) had MGC
and MGE. Of the 107 patients with CCHD, 52 (48.6%) (30 men
and 22 women; mean age of 64.9 ± 10.3 years) had LVSD,
whereas the remaining 55 (51.4%) (23 men and 32 women; mean
age of 64.5 ± 10.1 years) did not. The control group was
comprised by 110 healthy individuals (47 man and 63 women;
mean age of 54.4 ± 5.1 years). The difference between the mean
age of patient groups with chronic Chagas disease (cardiac or
digestive) and the control group was statistically significant
(p <0.00001).
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MICA, KIR (KIR2DL2/3 and KIR3DL1/S1) and HLA class I
frequencies of the control group were in Hardy-Weinberg
equilibrium (p-value > 0.05).

No significant differences were found in the distribution of
MICA alleles between the groups. Moreover, statistically
significant differences were not found for both the MICA-129
alleles with high affinity and MICA-129 alleles with low affinity
for the NKG2D receptor between patients with the cardiac and
digestive forms of Chagas disease. However, the MICA-129
alleles with high affinity showed a risk association to LVSD in
patients with CCHD. The frequency was higher in patients with
LVSD than in patients without LVSD (OR = 1.97; CI = 1.09-3.33;
p-value = 0.02; Pc = 0.04) and controls (OR = 1.98; CI = 1.19-
3.28; p-value = 0.007; Pc = 0.01). No significant differences were
found for the MICA-129 alleles between patients without LVSD
and controls (Table 2).

Table 3 shows the frequency of the MICA~HLA-B and
MICA~HLA-C haplotypes that presented a p-value < 0.05 in
the comparison of the groups. The haplotypesMICA*002~HLA-
C*07 (OR = 4.30; CI = 1.14-16.17; p-value = 0.04; Pc = 1.32) and
MICA*008~HLA-C*06 (OR = 13.04; CI = 1.63-104.0; p-value =
0.005; Pc = 0.04) showed a higher frequency in patients with the
digestive than in patients with cardiac form of the disease.
MICA*008~HLA-C*06 was also more frequent in patients with
the digestive than in control group (OR = 4.42; CI = 1.18-16.63;
p-value = 0.03; Pc = 0.30). Moreover, the haplotype
MICA*008~HLA-B*44 (OR = 3.84; CI = 1.09-13.52; p-value =
0.04; Pc = 0.64) was more frequent in patients with cardiac form
than in patients with the digestive form of the disease. However,
the significance of these associations was not statistically
significant after correcting for multiple comparisons, except for
the haplotype MICA*008~HLA-C*06, associated as a factor of
risk for digestive form of Chagas disease. There was no
significant difference on comparing the MICA~HLA-B and
MICA~HLA-C haplotypes between patients with LVSD and
those without LVSD. The frequencies of HLA-A, -B and –C
alleles were similar between groups.

Table 4 shows the distribution of KIR gene frequencies.
Cardiac patients presented a higher frequency of KIR2DS2
activating gene when compared to the patients with the
digestive form of the disease (OR = 1.89; CI = 1.05-3.43; p-
value = 0.04; Pc = 0.64), but the significance was lost after
applying the Bonferroni correction.

No significant differences were found in the distribution of
KIR haplotypes (AA and BX) and in the distribution of
KIR-HLA receptor ligand pairs between all groups investigated
in this study (Tables 4 and 5, respectively). The frequencies of
HLA class I ligands of KIR (A3 or A11, Bw4 and Bw4-80Ile,
C1 and C2, in homozygosity and heterozygosity) were similar
between groups.

The combination between the distribution of activating and
inhibitory KIR and their respective HLA ligands is shown in
Table 6. Both 2DS2-/2DL2-/2DL3+/C1+ and 2DS2-/2DL3+/C1+

combinations were more frequent in patients with digestive form
than in patients with the cardiac form of the disease (OR = 2.40;
CI = 1.28-4.51; p-value = 0.009; Pc = 0.03 and OR = 2.09; CI =
1.15-3.80; p-value = 0.02; Pc = 0.06 respectively) and in control
TABLE 1 | Characteristics of the chronic Chagas disease patients and control
individuals.

Characteristic Patients Control
(n = 185) (n = 110)

Age* (Mean ± SD) 65.2 ± 10.4 54.4 ± 5.1
Sex (n as %)
Male 88 (47.6) 47 (42.7)
Female 97 (52.4) 63 (57.3)
Ancestry backgrounds** (n as %)
European descent 92 (49.7) 61 (55.4)
Mixed African with together European descent 78 (42.2) 42 (38.2)
African descent 15 (8.1) 7 (6.4)
Clinical forms (n as %) –

Cardiac 107 (57.8)
With LVSD 52 (48.6)
Mean ± SD 64.9 ± 10.3
sex (n) male/female 30/22
Without LVSD 55 (51.4)
Mean ± SD 64.5 ± 10.1
sex (n) male/female 23/32
Digestive 78 (42.2)
With MGC 21 (26.9)
Mean ± SD 64.3 ± 10.3
sex (n) male/female 5/16
With MGE 44 (56.4)
Mean ± SD 66.8 ± 11.2
sex (n) male/female 23/21
With MGC+MGE 13 (16.6)
Mean ± SD 64.7 ± 10.8
sex (n) male/female 7/6
*P-value <0.00001whenmean age of patients group and subgroups of patients (cardiac and
digestive) were compared to the control group. t = 10.1 (Patients vs. Control). t = 9.4 (Cardiac
vs. Control). t = 9.6 (Digestive vs. Control). t = 8.7 (With LVSD vs. Control). t = 8.5 (Without
LVSD vs. Control). t = 6.7 (WithMGC vs. Control). t = 9.4 (WithMGE vs. Control). t = 5.8 (With
MGC + MGE vs. Control). **All subjects were classified as being from a mixed ethnic
population due to high miscegenation of the Brazilian population (29). LVSD, left ventricular
systolic dysfunction; MGC, megacolon; MGE, magaesophagus; SD, Standard deviation.
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group (OR = 2.26; CI = 1.21-4.20; p-value = 0.01; Pc = 0.04;
and OR = 2.10; CI = 1.16-3.80; p-value = 0.02; Pc = 0.06
respectively), but after Bonferroni correction only 2DS2-/
2DL2-/2DL3+/C1+ combination was associated with the risk of
the digestive form of chronic Chagas disease. A significant
difference was found for 2DS1+/2DL1+/C2+ combination
between patients with LVSD and those without LVSD, but
only before p-value correction (OR = 0.35; CI = 0.14-0.85;
p-value = 0.03; Pc = 0.09).
Frontiers in Immunology | www.frontiersin.org 5
DISCUSSION

The data obtained in this study provide evidence that
broadens and reinforces our knowledge about the influence
of the MICA and KIR genetic variants and their interactions
with HLA class I molecules in the different clinical forms
of chronic Chagas disease. In particular, MICA-129 allele with
high affinity for the NKG2D receptor was associated to the
LVSD. The haplotype MICA*008~HLA-C*06 and the
TABLE 3 | Haplotype frequencies of MICA, HLA-B and HLA-C in patients with the digestive or cardiac forms of chronic Chagas disease, in patients with LVSD and
without LVSD and in control individuals.

Haplotypes Digestive (n = 78) Cardiac (n = 107) With LVSD (n = 52) Without LVSD (n = 55) Control (n = 110) D’ (p-value)
n (%) n (%) n (%) n (%) n (%)

MICA~HLA-B
*008~*44 3 (1.9)a 15 (7.0)a 7 (6.7) 8 (7.3) 14 (6,4) 0.25 (0.12)#

MICA~HLA-C
*002~*07 9 (5.8)b 3 (1.4)b 1 (0.9) 2 (1.8) 4 (1.8) 0.03 (0.79)##

*008~*06 9 (5.8)c,d 1 (0.5)c 0 (0.0) 1 (0.9) 3 (1.3)d 0.74 (0.06)##
Augu
st 2021 | Volume 12 | A
aOR = 3.84; CI = 1.09-13.52; p-value = 0.04; Pc = 1.16 (Digestive form vs. Cardiac form).
bOR = 4.30; CI = 1.14-16.17; p-value = 0.04; Pc = 1.24 (Digestive form vs. Cardiac form).
cOR = 13.04; CI = 1.63-104.0; p-value = 0.005; Pc = 0.04 (Digestive form vs. Cardiac form).
dOR = 4.42; CI = 1.18-16.63; p-value = 0.03; Pc = 0.30 (Digestive form vs. Control).
#D’ (p-value) in patients group with cardiac form of disease. ##D’ (p-value) in patients group with digestive form of disease. LVSD, left ventricular systolic dysfunction; Pc, p-value corrected
by the Bonferroni inequality method; D’, relative linkage disequilibrium.
The asterisk symbol [*] is used in the official nomenclature of MHC genes to designate that the method of definition was molecular.
TABLE 2 | Distribution of MICA alleles in patients with the digestive or cardiac forms of chronic Chagas disease, in patients with LVSD and without LVSD and in control
individuals.

MICA Digestive (n = 78) Cardiac (n = 107) With LVSD (n = 52) Without LVSD (n = 55) Control (n = 110)
n (%) n (%) n (%) n (%) n (%)

Alleles Position 129
*001 met 2 (1.3) 6 (2.8) 2 (1.9) 4 (3.6) 7 (3.2)
*002 met 33 (21.2) 40 (18.7) 23 (22.1) 17 (15.5) 40 (18.2)
*004 val 26 (16.7) 25 (11.7) 11 (10.5) 14 (12.7) 33 (15.0)
*006 val 2 (1.3) 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.5)
*007 met 4 (2.6) 9 (4.2) 6 (5.8) 3 (2.7) 6 (2.7)
*008 val 41 (26.3) 51 (23.8) 22 (21.2) 29 (26.4) 61 (27.7)
*009 val 15 (9.6) 26 (12.1) 12 (11.5) 14 (12.7) 31 (14.1)
*010 val 8 (5.1) 8 (3.7) 3 (2.9) 5 (4.5) 12 (5.4)
*011 met 4 (2.6) 6 (2.8) 5 (4.8) 1 (0.9) 6 (2.7)
*012 met 1 (0.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
*015 met 1 (0.6) 3 (1.4) 2 (1.9) 1 (0.9) 2 (1.0)
*016 val 3 (1.9) 3 (1.4) 0 (0.0) 3 (2.7) 4 (1.8)
*017 met 5 (3.2) 6 (2.8) 2 (1.9) 4 (3.6) 2 (1.0)
*018 met 6 (3.8) 12 (5.6) 7 (6.7) 5 (4.5) 7 (3.1)
*019 val 1 (0.6) 7 (3.3) 4 (3.8) 3 (2.7) 4 (1.8)
*024 val 0 (0.0) 1 (0.5) (0.0) 1 (0.9) 0 (0.0)
*027 val 3 (1,9) 8 (3.7) 2 (1.9) 6 (5.4) 4 (1.8)
*029 met 0 (0.0) 2 (0.9) 2 (1.9) 0 (0.0) 0 (0.0)
*030 met 0 (0.0) 1 (0.5) 1 (1.0) 0 (0.0) 0 (0.0)
*045 met 1 (0.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
MICA-129
High affinity§ 57 (36.5) 85 (39.7) 50 (48.1)a,b 35 (31.8)a 70 (31.8)b

Low affinity§ 99 (63.5) 129 (60.2) 54 (51.9) 75 (68.2) 150 (68.2)
aOR = 1.98; CI = 1.13-3.46; p-value = 0.02; Pc = 0.04 (With LVSD vs. Without LVSD).
bOR = 1.98; CI = 1.23-3.20; p-value = 0.007; Pc = 0.01 (With LVSD vs. Control).
LVSD, left ventricular systolic dysfunction; Met, methionine; Val, valine. §Based on amino-acid composition (methionine, high; valine, low - related to the rs1051792) in position 129 of the
MICA gene (35,36). Pc, p-value corrected by the Bonferroni inequality method.
The asterisk symbol [*] is used in the official nomenclature of MHC genes to designate that the method of definition was molecular.
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KIR2DS2-/KIR2DL2-/KIR2DL3+/C1+ combination were
associated to the digestive clinical form of the disease.

MICA and KIR molecules are directly involved in the
activation and regulation of NK cell activity. The effector
Frontiers in Immunology | www.frontiersin.org 6
mechanisms of NK cells act on the target cell when there is no
recognition of HLA class I molecules by KIR receptors and/or
when MICA molecules are recognized by the NKG2D receptor
(17), hypotheses known as “missing self” and “induced self”
TABLE 5 | Distribution of KIR and their respective HLA ligands in patients with the digestive or cardiac forms of chronic Chagas disease, in patients with LVSD and
without LVSD and in control individuals.

KIR - HLA ligands Digestive (n = 78) Cardiac (n = 107) With LVSD (n = 52) Without LVSD (n = 55) Control (n = 110)
n (%) n (%) n (%) n (%) n (%)

Inhibitory
2DL1-C2 63 (80.8) 90 (84.1) 44 (84.6) 46 (83.6) 86 (78.2)
2DL2-C1 33 (42.3) 50 (46.7) 25 (48.1) 25 (45.5) 38 (34.5)
2DL3-C1 53 (67.9) 68 (63.6) 34 (65.4) 34 (61.8) 59 (53.6)
3DL2-A3/A11 19 (24.4) 26 (24.3) 13 (25.0) 13 (23.6) 36 (32.7)
3DL1-Bw4 41 (52.6) 78 (72.9) 36 (69.2) 42 (76.4) 75 (68.5)
2DL1-C2C2 10 (12.8) 25 (23.4) 10 (19.2) 15 (27.3) 22 (20.0)
2DL2-C1C1 3 (3.8) 12 (11.2) 6 (11.5) 6 (10.9) 12 (10.9)
2DL3-C1C1 10 (12.8) 13 (12.1) 6 (11.5) 7 (12.7) 20 (18.8)
2DL2/2DL2-C1C2 14 (17.7) 10 (9.3) 5 (9.6) 5 (9.1) 6 (5.5)
2DL2/2DL3-C1C2 16 (20.5) 28 (26.2) 14 (26.9) 14 (25.5) 29 (26.4)
2DL3/2DL3-C1C2 27 (34.6) 27 (25.2) 14 (26.9) 13 (23.6) 23 (20.9)
2DL2/2DL2-C1C1 1 (1.3) 1 (0.9) 1 (1.9) 0 (0.0) 2 (1.8)
2DL2/2DL3-C1C1 2 (2.6) 11 (10.3) 5 (9.6) 6 (10.9) 10 (9.1)
2DL3/2DL3-C1C1 8 (10.3) 4 (3.7) 3 (5.8) 1 (1.8) 8 (7.2)
Activating
2DS1-C2 27 (34.6) 34 (31.8) 13 (25.0) 21 (38.2) 36 (32.7)
2DS2-C1 26 (33.3) 45 (42.1) 22 (42.3) 23 (41.8) 45 (40.9)
2DS1-C2C2 5 (6.4) 10 (9.3) 4 (7.7) 6 (10.9) 8 (7.2)
2DS2-C1C1 3 (3.8) 8 (7.5) 4 (7.7) 4 (7.3) 7 (6.3)
3DS1-Bw4-80Ile 16 (20.5) 19 (17.8) 9 (17.3) 10 (18.2) 20 (18.8)
August 2021 | Volume 1
Bw4 = HLA-A*23, *24, *32; HLA-B *13, *27, *44, *51, *52, *53, *57, *58. Bw4-80Ile = HLA-A*23, *24, *32; HLA-B*51, *52, *53, *57, *58. Group C1 = HLA-C*01, *03, *07, *08, *12, *14,
*16. Group C2 = HLA-C*02, *04, *05, *06, *07, *15, *17, *18. HLA-KIR ligands specificities were considered according to Carr et al. (32), Thananchai et al. (33) and Kulkarni et al. (34).
LVSD, left ventricular systolic dysfunction.
TABLE 4 | Distribution of KIR genes and KIR haplotypes in patients with the digestive or cardiac forms of chronic Chagas disease and, in patients with LVSD and
without LVSD and in control individuals.

KIR Genes Digestive (n = 78) Cardiac (n = 107) With LVSD (n = 52) Without LVSD (n = 55) Control (n = 110)
n (%) n (%) n (%) n (%) n (%)

Inhibitory
KIR2DL1 74 (94.9) 103 (96.3) 51 (98.0) 52 (94.5) 108 (98.2)
KIR2DL2 36 (46.2) 64 (59.8) 31 (59.6) 33 (60.0) 61 (55.4)
KIR2DL3 62 (79.5) 96 (89.7) 46 (88.5) 50 (90.9) 97 (88.1)
KIR2DL5 43 (55.1) 64 (59.8) 31 (59.6) 33 (60.0) 68 (61.8)
KIR3DL1 75 (96.2) 103 (96.3) 49 (94.2) 54 (98.2) 105 (95.5)
Activating
KIR2DS1 33 (42.3) 42 (39.3) 18 (34.6) 24 (43.6) 46 (41.8)
KIR2DS2 30 (38.5)a 58 (54.2)a 26 (50.0) 32 (58.2) 58 (52.7)
KIR2DS3 17 (21.8) 33 (30.8) 17 (32.7) 16 (29.1) 38 (34.5)
KIR2DS4 75 (96.2) 101 (94.4) 48 (92.3) 53 (96.4) 104 (94.5)
KIR2DS5 26 (33.3) 50 (46.7) 23 (44.2) 27 (49.1) 46 (41.8)
KIR3DS1 33 (42.3) 40 (37.4) 18 (34.6) 20 (36.7) 42 (38.2)
Framework and Pseudogenes
KIR2DL4 78 (100.0) 107 (100.0) 52 (100.00) 55 (100.0) 110 (100)
KIR3DL2 78 (100.0) 107 (100.0) 52 (100.00) 55 (100.0) 110 (100)
KIR3DL3 78 (100.0) 107 (100.0) 52 (100.00) 55 (100.0) 110 (100)
KIR3DP1 78 (100.0) 107 (100.0) 52 (100.00) 55 (100.0) 110 (100)
KIR2DP1 74 (94.9) 104 (97.2) 51 (98.1) 53 (96.4) 108 (98.2)
Haplotypes
AA 24 (30.8) 21 (19.6) 12 (23.1) 9 (16.4) 26 (23.6)
BX 54 (69.2) 86 (80.4) 40 (76.9) 46 (83.6) 84 (76.4)
aOR = 1.89; CI = 1.05-3.43; p-value = 0.04; Pc = 0.64 (Cardiac form vs. Digestive form).
LVSD, left ventricular systolic dysfunction; Pc, p-value corrected by the Bonferroni inequality method.
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respectively (39). Furthermore, MICA molecules act as co-
stimulators of Tab (CD8+ and subsets of CD4+) and Tgd
cells (40). It is known that NK and T cells are part of the
inflammatory infiltrate found in the cardiac and digestive forms
of chronic Chagas disease (10, 14–17). Due to the polymorphic
nature of the MICA and KIR genes, the proteins encoded by
them are highly diverse (18, 24). As a result, different patterns of
proteins may explain the variability in the response of NK and
CD8+ T cells in different clinical forms of the disease. The
interaction of these cells with the target cell exerts a significant
role in the initiation and regulation of the innate and adaptive
immune responses, and the molecular basis of these cellular
interactions seem to be crucial for an efficient and modulated
response against the parasite to avoid tissue damage.

The MICA-129 polymorphism was previously reported by our
group as risk factors for severe LVSD in patients with CCHD. The
met allele (high affinity for the NKG2D receptor) contributed to
LVSD under an additive inheritance model; individuals who were
homozygous for the met allele had the highest risk of presenting
severe LVSD (26). Even though the strategies adopted for the
composition of the present study were different from those
adopted previously (26), MICA-129 met seems to be a risk
factor for LVSD in a population of patients with CCHD from
the northwestern region of the state of São Paulo (southeastern
Brazil), even that the severity of LVSD has not been considered.

The amino acid methionine at position 129 of the a2 domain
of the MICA protein (MICA-129met) has higher affinity for the
Frontiers in Immunology | www.frontiersin.org 7
NKG2D receptor than proteins with the amino acid valine
(MICA-129val) in the same position due to a conformational
change of the molecule, which may compromise NK cell
activation and the co-stimulation of CD8+ T lymphocytes (33).
Chronic myocarditis has been correlated with the clinical
severity of CCHD (41). A high production of cytokines
induces migration of large numbers of inflammatory cells into
the myocardium, which act as an effector of heart damage (15,
41). The strong affinity formed by the NKG2D-MICA-129met
complex may be related to the tissue damage that causes LVSD in
patients with CCHD, since the NKG2D-MICA interaction may
participate in inflammatory processes with increased cytokine
production by NK and TCD8+ (18). The involvement of these
cells in the immunopathological mechanisms of the cardiac form
of Chagas disease can be attributed to their cytotoxic effects,
mainly because of the production of cytokines with a Th1
response profile such as interferon-gamma (IFN-g) (15, 42).

Furthermore, the interaction between NKG2D and the MICA
molecules may also favor autoimmune conditions by promoting
costimulatory signaling of specific CD8+ T cell self-antigens (18).
Thus, a milieu of potent immune stimuli may overcome the
threshold of activation needed to breach self-tolerance.
Autoimmunity is accepted as one of the pathogenic
mechanisms responsible for the different clinical manifestations
of Chagas disease, as the infectious agent can mimic self-antigens,
induce autoreactive cell proliferation or increase the expression of
major histocompatibility complex (MHC) and costimulatory
TABLE 6 | Distribution of activating KIR plus inhibitory KIR and their respective ligands in patients with the digestive or cardiac forms of chronic Chagas disease, in
patients with LVSD and without LVSD and in control individuals.

Activating and/or inhibitory KIR and
HLA ligands combinations

Digestive (n = 78) Cardiac (n = 107) With LVSD (n = 52) Without LVSD (n = 55) Control (n = 110)
n (%) n (%) n (%) n (%) n (%)

KIR-C1
2DS2+/2DL2-/C1+ 2 (2.5)a 11 (10.3)a 4 (7.7) 7 (12.7) 6 (5.4)
2DS2-/2DL2+/C1+ 7 (9.0) 14 (13.1) 7 (13.5) 7 (12.7) 5 (4.5)
2DS2+/2DL3-/C1+ 15 (19.2) 10 (9.3) 6 (11.5) 4 (7.3) 9 (8.2)
2DS2-/2DL3+/C1+ 41 (52.6)b,c 37 (34.6)b 18 (34.6) 19 (34.5) 38 (34.5)c

2DS2+/2DL2-/2DL3-/C1+ 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
2DS2-/2DL2-/2DL3+/C1+ 34 (43.6)d,e 26 (24.3)d 14 (26.9) 12 (21.8) 28 (25.5)e

2DS2+/2DL2-/2DL3+/C1+ 1 (1.3) 9 (8.4) 4 (7.7) 5 (9.1) 4 (3.6)
2DS2-/2DL2+/2DL3+/C1+ 7 (9.0) 13 (12.1) 7 (13.5) 6 (10.9) 5 (5.4)
2DS2+/2DL2+/2DL3-/C1+ 14 (17.9) 10 (9.3) 6 (11.5) 4 (7.3) 8 (7.3)
2DS2+/2DL2+/2DL3+/C1+ 11 (14.1) 27 (25.2) 13 (25.0) 14 (25.5) 29 (26.3)
KIR-C2
2DS1+/2DL1-/C2+ 0 (0.0) 1 (0.9) 0 (0.0) 1 (1.8) 2 (1.8)
2DS1-/2DL1+/C2+ 36 (46.2) 55 (51.4) 30 (57.7) 25 (45.5) 50 (45.6)
2DS1+/2DL1+/C2+ 26 (33.3) 32 (29.9) 10 (19.2)f 22 (40.0)f 32 (29.1)
KIR-BW4-80Ile
3DS1+/3DL1+/BW4-80Ile+ 15 (19.2) 18 (16.8) 8 (15.4) 10 (18.2) 16 (14.4)
3DS1+/3DL1-/BW4-80Ile+ 1 (1.3) 1 (0.9) 1 (1.9) 0 (0.0) 1 (0.9)
3DS1-/3DL1+/BW4-80Ile+ 28 (35.9) 38 (35.5) 17 (32.7) 21 (38.2) 39 (35.5)
August 2021 | Volume 1
aOR = 4.35; CI = 0.94-20.24; p-value = 0.07 (Cardiac form vs. Digestive form).
bOR = 2.09; CI = 1.15-3.80; p-value = 0.02; Pc = 0.06 (Digestive form vs. Cardiac form).
cOR = 2.10; CI = 1.16-3.80; p-value = 0.02; Pc = 0.06 (Digestive form vs. Control).
dOR = 2.40; CI = 1.28-4.51; p-value = 0.009; Pc = 0.03 (Digestive form vs. Cardiac form).
eOR = 2.26; CI = 1.21-4.20; p-value = 0.01; Pc = 0.04 (Digestive form vs. Control).
fOR = 0.35; CI = 0.14-0.85; p-value = 0.03; Pc = 0.09 (With LVSD vs. Without LVSD).
Bw4 = HLA-A*23, *24, *32; HLA-B *13, *27, *44, *51, *52, *53, *57, *58. Bw4-80Ile = HLA-A*23, *24, *32; HLA-B*51, *52, *53, *57, *58. Group C1 = HLA-C*01, *03, *07, *08, *12, *14,
*16. Group C2 = HLA-C*02, *04, *05, *06, *07, *15, *17, *18. HLA-KIR ligands specificities were considered according to Carr et al. (32), Thananchai et al. (33) and Kulkarni et al. (34).
LVSD, left ventricular systolic dysfunction; Pc, p-value corrected by the Bonferroni inequality method.
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molecules in infected cells (43). Associations of CD8+ T cells with
degenerated ganglion cells has been reported in patients with
megacolon (44). These cells were also seen to be related to the
destruction of myofibers in heart tissue (12).

This study also showed that the MICA*008~HLA-C*06
haplotype was a risk factor for digestive form of Chagas
disease. The MICA*008 allele carries the microsatellite A5.1
characterized by the insertion of a guanine nucleotide after the
second GCT (GGCT) repeat, which generates a stop codon in the
exon that encodes the transmembrane domain and results in a
truncated form of the protein (45). Furthermore, the MICA*008
allele has the amino acid valine at position 129 of the protein.
Thus, the risk factor for the digestive form of the disease may be
related to the expression of the mutated protein, A5.1, which
would affect its recognition by NKG2D receptors. The result of a
weak MICA-129val interaction could lead to an increased
expression of NKG2D as in autoimmune diseases (46, 47), and
favor interactions with other ligand binding proteins such as
UL16-binding proteins (ULBPs) (48). This creates an
environment rich in cytokines that enhances the cytotoxic
activity of CD8+ T cells and NK cells and therefore the
production of IFN-g, again favoring the autoimmunity
condition (46, 47). It is also known that MICA stimulates Tgd
cells in the intestinal mucosa, a phenomenon that could be
related to the digestive form of the disease (49).

Class I HLA molecules play a crucial role in determining the
individual immune response through the peptide presentation of
pathogens endogenous to CD8+ T cells. Thus, peptide affinity for
MHC class I appears to be determinant for an effective antigen-
directed response, as this interaction may result in distinct
patterns of CD8+ T cell responses (50). As the associations
involving MICA and HLA alleles were not separately observed,
it is difficult to determine the primary associated locus within the
haplotype. It is known that someMICA alleles may be intimately
linked to other alleles also responsible for the association, such as
HLA, due to the relatively close physical proximity between these
loci and thus, when combined they exert a synergistic effect (51).
Thus, both alleles may be exerting an influence on the Chagas
disease megacolon and/or magaesophagus.

The data from this study indicate possible risk association
related to the inhibitory KIR2DL3 and its C1 ligand in the
absence of both KIR2DL2 and KIR2DS2 (2DS2-/2DL2-/2DL3+/
C1+) in the digestive form of chronic Chagas disease, which has
never been previously published. The interaction between KIR
and HLA class I molecules, KIR ligands, is required for the
functional activity of NK cells, so that the presence of one, but
not the other, is not sufficient to influence their function (34). It
is known that different KIR receptors (inhibitors and activators)
have affinity for the same ligand, however the affinity for the
inhibitory receptor seems to be stronger than for its homolog
activator (52). There is also a well-established inhibition affinity
scale for the KIR2DL-HLA-C pairs: KIR2DL1-C2 has the
greatest inhibitory potential, followed by KIR2DL2-C1 and
KIR2DL3-C1 (53).

KIR2DL2 and KIR2DL3 segregate as alleles of the same locus
and both recognize C1 group ligands. However, these receptors
Frontiers in Immunology | www.frontiersin.org 8
present qualitative differences in their functional effect and
clinical influence (54). The main feature of the digestive form
of the disease is denervation resulting from the reduction in the
number of neurons (10). The neurons death is associated with
immune system mononuclear cell adherence and lyses (5). NK
cells and cytotoxic lymphocytes are prevalent in the esophagus
and colon of chronic chagasic patients (8). In patients with
megacolon, NK cells are located between muscle layers or in
proximity to the myenteric plexus (44). Thus, the weak
inhibitory signal generated by the absence of KIR2DL2, that is,
the homozygosity of KIR2DL3 in the presence of the C1 ligand
found in the 2DS2-/2DL2-/2DL3+/C1+ combination, appears not
to be sufficient to inhibit the effector function of NK cells and
protect against the exacerbated inflammation that results in
tissue lesions of the gastrointestinal tract. KIR2DL-HLA-C
inhibitor pairs have been shown to exert influence on
inflammatory bowel diseases (55, 56).

In addition to the results of this study, the KIR2DS2-C1
activating pair, in the absence of its inhibitory homolog,
KIR2DL2, independently of the presence or absence of
KIR2DL3, has been shown to constitute a possible risk factor
for Chagas disease and CCHD in patients from a population in
southern Brazil (27). In this study, the 2DS2+/2DL2-/C1+

combination showed only a tendency of a positive association
with the cardiac form. However, the possible distinction of
results can be explained by the influence of ethnicity on the
distribution of KIR genes and HLA alleles in patients chronically
infected by T. cruzi from different Brazilian regions. Other
methodological variables may have contributed to the
observed differences.

The inflammatory infiltrate could be responsible for tissue
damage in both forms of chronic Chagas disease (5). NK cells
can increase T cell response activity through the production of
IFN-g and both can migrate to the region of inflamed tissues. In
addition, NK cell-mediated target cell death also affects T cell
responses, possibly by decreasing parasite burden and/or because
target cell debris can promote the cross-presentation of antigens to
CD8+ T cells (57). According to Sathler-Avelar et al. (13), strong
and uncontrolled activation of NK cells as well as proinflammatory
monocytes may result in the tissue damage observed in the clinical
manifestations of chronic Chagas disease. Baseline levels of NK,
NKT, and CD4+ CD25high cells, increased expression of activated
CD8+ T cells associated with failed immunoregulationmechanisms
were associated with cardiac symptoms of chronic Chagas disease
(58). Thus, NK and T cells need to be properly activated to become
competent in performing their functional activities without causing
tissue damage, and the molecular interactions between receptors
and stimulatory and costimulatory molecules and the production
of cytokines in the activation process of these cells may be closely
related to the immunophysiological processes of CCHD and
Chagas disease megacolon and magaesophagus. Of course, there
are other cells and other immunophysiological mechanisms
involved in the pathogenesis of both cardiac and digestive
Chagas disease.

There was a difference in respect to age, with the mean age of
the control group being lower than the mean age of the patient
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groups. Sixty-seven years is the age maximum limit for blood
donation in Brazil (59), which results in a younger population
compared to the patients with Chagas disease. Additionally, the
high mean age of patients is because the chronic clinical forms of
Chagas disease develop many years after initial infection, usually
after two decades (1, 2, 31). Besides age, can presume that they
were not exposed to the infection by T. cruzi, this fact also could be
a bias. However, blood donors are useful as control groups to
compare the frequencies of the alleles and genes with patient
groups since they are representative of the general population (60).

In conclusion, our study shows that MICA and KIR
polymorphisms are associated with LVSD in patients with
CCHD as well as in digestive Chagas disease, respectively.
These findings may be related to the inflammatory activity
carried out by NK and T cells. However, further studies are
needed, such are histopathological analysis and cytotoxicity
assays, to further clarify if such associations play a causal role
in LVSD and in MGC and/or MGE. Studies involving other
populations, especially those comprised of patients with LVSD
without infection by T. cruzi, should also be performed.
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