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Abstract

In Chagas disease, CD8" T-cells are critical for the control of Trypanosoma cruzi during acute infection. Conversely, CD8" T-
cell accumulation in the myocardium during chronic infection may cause tissue injury leading to chronic chagasic
cardiomyopathy (CCC). Here we explored the role of CD8" T-cells in T. cruzi-elicited heart injury in C57BL/6 mice infected
with the Colombian strain. Cardiomyocyte lesion evaluated by creatine kinase-MB isoenzyme activity levels in the serum and
electrical abnormalities revealed by electrocardiogram were not associated with the intensity of heart parasitism and
myocarditis in the chronic infection. Further, there was no association between heart injury and systemic anti-T. cruzi CD8*
T-cell capacity to produce interferon-gamma (IFNv) and to perform specific cytotoxicity. Heart injury, however, paralleled
accumulation of anti-T. cruzi cells in the cardiac tissue. In T. cruzi infection, most of the CD8* T-cells segregated into IFNy*
perforin (Pfn)"®2 or IFNY"*9Pfn" cell populations. Colonization of the cardiac tissue by anti-T. cruzi CD8"Pfn" cells paralleled
the worsening of CCC. The adoptive cell transfer to T. cruzi-infected cd8 / recipients showed that the CD8" cells from
infected ifnry / pfn*™ donors migrate towards the cardiac tissue to a greater extent and caused a more severe
cardiomyocyte lesion than CD8" cells from ifmy**pfn /  donors. Moreover, the reconstitution of naive cd8 / mice with
CD8" cells from naive ifny"*pfn / donors ameliorated T. cruzi-elicited heart injury paralleled IFNv" cells accumulation,
whereas reconstitution with CD8" cells from naive ifny  pfn™" donors led to an aggravation of the cardiomyocyte lesion,
which was associated with the accumulation of Pfn* cells in the cardiac tissue. Our data support a possible antagonist effect
of CD8'Pfn* and CD8'IFNy" cells during CCC. CD8'IFNY" cells may exert a beneficial role, whereas CD8'Pfn* may play a
detrimental role in T. cruzi-elicited heart injury.
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ol CDE" T-cells in the cardiac inflammatory infilirates of GO
patients [5] and chronically infected mice [6], the participation of

Introduction
1

American trypanosomiasis, which is also known as Chagas disease.

panosoma ez is the intracellular protozoan that causes

a portion of these heart-invading cells in the immunopathology has
been proposed [7]. GGG is absent or is less severe in patients with
In Latin America, 8-15 million people are estimated 1o currently a significantdy higher frequency of circulating interferon-gamma

be infected with this organism [1]. While 50% of 7. eruzi-infected [FNY)-producing CD8" T-cells that are specific for 77 ez [8,9].

individuals sulfer from an indeterminate form of the disease. the

other 50% develop the digestive or the mild-to-severe cardiac form
ol Chagas disease between [0 and 30 years post-infection [2].

There is an emerging consensus that the pathology of chronic

chagasic cardiomyvopathy (CCC) is associated with  parasite
persistence and an imbalanced host immune response that favors
chronic heart inflammation [3]. However, the cellular mechanisms
leading to tissue damage in COC are unknown.

CD8Y T-cells are crucial for 7.

during the acute infection phase [4]. Based on the predominance

prazi dissemination control
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In addition, there is a correlation between the number of IFNy-
producing cells and the lack ol 77 erezi antigens in the heart lesions
ol CCC patients [10]. Adopting experimental murine models, we
conlirmed the presence of IFNy mRNA and protein [6,11,12] in
the cardiac tissue at the dilferent stages of 7. ez infection.
However, there is no clear association between CD8-enriched
myvocarditis, which occurs in an IFNy-containing milien [12], and
heart injury. Conversely, infilirating CD8% cells expressing
granzyme A but devoid of the natural killer cell marker CD57
were in contact with myocardial cells in heart biopsies rom CCC
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Author Summary

Chagas disease, a neglected tropical disease that is caused
by Trypanosoma cruzi, afflicts between 8 and 15 million
people in Latin America. Anti-parasite immunity allows for
acute phase survival; however, approximately 30% of
patients present chronic chagasic cardiomyopathy (CCC)
with parasite persistence and CD8-enriched myocarditis at
10 to 30 years post-infection. The comprehension of the
pathogenesis of Chagas’ heart disease may open a new
avenue of therapy for CCC. Here, we explored the role of
CD8" T-cells in heart injury in C57BL/6 mice that were
infected with the Colombian strain of T. cruzi. In infected
mice, most of the CD8" T-cells were segregated into CD8*
interferon-gamma (IFNv)*perforin (Pfn)™2 and CD8"IFNy"®?
Pfn" cell populations. Importantly, the enrichment of the
chronic myocarditis in anti-parasite CD8'Pfn" cells paral-
leled the worsening of CCC.CD8" cells from infected ifiry
pfn™* donors migrated towards the cardiac tissue to a
greater extent than did CD8" cells from ifny" pfn !
donors. Moreover, accumulation of IFNy* cells in the cardiac
tissue ameliorated cardiomyocyte lesion, whereas enrich-
ment in CD8'Pfn" cells aggravated cardiomyocyte injury.
Therefore, our data suggest that CD8'IFNY" cells are
beneficial, whereas CD8 Pfn" cells are detrimental in T.
cruzi-elicited heart injury.

patienis [13]. suggesting a role for eyvtolytic GD8™ T-cells (CTL) in

cardiomyocyte lesion. Corroborating these data, the deliciency of

perforin (Phn), a component of the CTL machinery [14], resulted

during chronic 7. ez inlection [7].

CDE" T-cells mediate protection against infection through the
secretion ol eyvtokines, such as IFNy and tumor necrosis factor
[TNF). and through CTL activity via the release ol cytotoxic
granules containing granzymes. granulysing and P [14]. In
humans, CD8Y T-cells are Tunctionally segregated ino inflamma-
tory (TENY'PI™) and evtotoxic [IENY™Pht) eflectors, which
may influence the outcome ol an infections process [15].
Therefore, we investigated whether CD8 T-cell effector activities
are segregated into distinet GD8T populations of inflammatory
[IFNy")

Furthermore, it is reasonable to propose that the lnctional

and eytotoxic cells (PIn7) during a 7. wazi inlection.

segregation of CD8Y T-cells in rizo has distinet implications [or
parasite control and the immunopathology of chronic cardiomy-
opathy. Therefore, adopting a murine model of chronic 70 cruz-
elicited CD8-enriched myocarditis. we analyzed CD# T-cells 1o
clarify whether they are mulifunctional (IFNY Pt} or segreoated
into inflammatory (IFNY") and cytotoxic (PIn®) cells. Tn addition,
we examined the ability of DS T-cells that selectively express

IFNy

LY

or Pl 1o colonize the cardiac tssue and investigated
whether they play a role in parasitism control or cardiac tissue
injury during 7. emzi infection.

Results

Evolution of T. cruzi-elicited cardiomyocyte lesion and
electrical abnormalities were not associated with the
intensities of parasitism and CD8-enriched myocarditis
[nitiallv, we mvestgated whether there was an association
hetween the evolution ol heart injury and parasite load in 7. cruz-
infected CH7BLAG mice. The first peripheral blood circulating
parasites were detected at 14 dpi, marking the onset of the acute
infection phase. The peak ol parasitemia was observed between 42
ane 45 dpi and trvpomastigotes were rarely found in the blood w
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90 dpi. characterizing the onset of the chronic phase of infection
(Figure 1AL With respect 1o

amastigote lorms were detected at 15 dpi. and were [requently

cardiac  parasitism, the  [irst

observed inside of myocytes from 30 dpi. The peak ol hean
parasitism coincided with the peak of parasitermia (12 dpi). Alier
60 dpi. the heart parasitism decreased and the parasite pseudo-
cvsts were barely detectable ar 90 and 120 dpi (Figure 1A).
although small pseudocysts and a few spots of parasite antigens
were detected by THS in every heart tissue section of all infected
mice at every time point evaluated (data not shown). Therelore, in
this maodel of 7. erezi inlection, there was a correlation between
parasitemia and heart parasitism during the acute and chronic
phases of infection (2 =0.797, p=<0.001). Approximately 80% of
the inlected mice survived the acue infection and developed the
chronic infection (Figure 1B). To explore the heart mjurv, we
evaluated creatine kinase cardiac isoenzyme MB (CK-MB) activity
levels in serum. a marker of mvocardial cell damage [16.17]. and
examined ECG registers looking for electrical abnormalities
[7.18]. A 30 dpi, increased CIGMDB actvity was observed in 7.
cruz-infected C57BLA6G mice when compared with their nonin-
fected counterparts (Figure 1C). The CK-MDB activity reached its
highest levels ar 90 dpi and remained high during chronic
infection, which is suggestive of comtinmuous cardiomyocyte injury
(Figure 1C). Although during the acute infection there is a
parallelism between cardiac parasitism and CK-MDB activity in the

B S T RSy o
serium [ 15—45 dpi. = =0.982, p<"0.001}, no association between

the intensity ol cardiac  parasiism  and  the  evolution  of
cardiomyocyte lesion was noticed alter parasite control or in
chronic 7. ez infection  (GO-120 dpi. 2= 0.0399, p=0.05)
(Figure 1D). Compared with sex- and age-matched nonmnlected
controls. in infected mice. bradveardia was the first significam
ECG alteration and was lisstly detected ar 30 dpi. During the
course of the inlection, the mice presented signilicantly higher
bradveardia, PR intervals and prolonged OTce intervals when
compared with noninfected contols (Figure 1E and Table 1).
AlL (100%) of the infected mice presented ECG abnormalities at
90 dpi (Table 1} and leatured a delay in the conduction of electric
impulses together with arrhythmia and lirst- and second-degree
atrioventricular blocks (AVBL and AVB2). Again. there was no
relationship between the intensity ol tissue parasitism and  the
evolution ol electrical abnormalities. Interestingly, the CIK-MB
activity in the serum and the elecirical alterations were paralleled
by heart enlargement during  the chronic  infection  phase
[Figure 1F). Therefore. we evaluated whether heart injury was
associated  with the establishment and the ntensity of” GDE-
enriched myocarditis. A kinetic study ol heart colonizaton by
inflammatory CD4" and CD8' cells. the major components of
chagasic myocarditis [5.6]. in 7. emz-infected CH7BLAG mice
revealed that rare mononuclear cells were detected in the cardiac
tissue at 15 dpi. CD8-enriched inflammation occurred at 30 dpi.
after which a significant  contraction  of  inflammation  was
observed: however, myocardits that was mainly composed ol
CDE" T-cells persisted during the chronic phase (Figure 1G).
Onee again, there was no correlation between CK-MDB activity
levels in the serum and the intensity of inflammation (r* = 0,058,
p=0.055 Flow cvtometry analysis of mononuclear cells harvested
[rom cardiac tssue of 7. guz-inlected CGH7BL/G mice confirmed
the predominance of CD8* T-cells (Figure S1A). A small part of
the TCRT cells were CD8™CD4Y T-cells. Also,  some
CDS™SNK LY cells were detected (Figure S1B). Further,
CDEY cells were mainly TCRT cells at 40 dpi (Figure S$1G..
CDE" T-cells-enriched myocarditis persisted at 90 dpi (R1 gate:
47.6-73.6% TCRaf: 17.5-19.4% TCR TCRap CDA 2. 28.2

51% TCR TCRafTCDET. two independent experiments) when
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Figure 1. C57BL/6 mice infected with the Colombian strain of 7. cruzi develop chronic cardiomyopathy. Mice were infected with 100 bt
of the Colombian strain of T. cruzi and parasitological and clinical parameters were evaluated. (A} Kinetics of parasitemia and cardiac parasitism. (B}
Survival rate. (C) CK-MB activity levels in the serum of noninfected and T. cruzi-infected mice. (D) Positive correlation between cardiac tissue
parasitism and CK-MB activity levels during the acute phase (r* =0.982) but not during the chronic phase (* =0.039) of infection. (E) Representative
ECG register segments of 1200 ms of sex- and age-matched noninfected (NI) controls and T. cruzi-infected C57BL/6 mice at 30, 45, 60, 90 and 120 dpi,
showing arrhythmia and first and second degree atrioventricular block (AVB1, AVB2; arrows) in infected mice. (F) Relative heart weight (mg/g) of
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noninfected (NI, pool of three age-matched controls per analyzed point} and T. cruzi-infected C57BL/6 mice at 15, 30, 45, 60, 90 and 120 dpi. (G)
Numbers of CD4™ and CD8™ cells in the cardiac tissue during acute and chronic T. cruzi infection were counted after immunohistochemistry staining.
Each circle represents an individual mouse. These data represent three independent experiments. , p<<0.05, ", p<<0.01, and e p==0.001 comparing
NI controls and T. cruzi-infected mice.
doi:10.1371/journal ppat. 1002645.g001

the highest level of CK-MDB activity in the serum. demarking the during the chronic infection and were associated with an increased
cardiomyocyte lesion (Figure 1G). was detected. spleen weight and cellularity (Figure $2A and S2B), although these
Therefore, the present findings show that chronic cardiomyop- ellector activides were not proportional 1o the parasite load
athy in C57BL/6 mice is not associated with the intensity of hean [Figure 2A and 2B). Morcover, during the chronic infection, no
parasitism or inflammation. even though cardiomyocyte lesion and relationship was observed between the intensity of the svstemic anti-
elecuical abnormalities occurred in the persistence ol the parasite VNHRFTLY CD8" T-cell effector activities and cardiomyocyte
and the CD8-enriched inflammation in this tssue. Collectively, lesion. as evidenced by the observaton that the highest CK-MDB
these data show that this model reproduces several leatures of the activity level inthe serum was detected ar 90 dpi, which follows the
COC that has been described in patients [2] and it is an comraction of GDE T-cell effector activities (inflammatory and
appropriate model for this study. cyvtolvtic) (Figare 2A and 2B). [mporanty, using the major
histocompatibility complex class T (MHC I) multimer H-2K"/

Chronic heart injury was not related to the systemic \‘XI'LRI'“I‘L\:_ a critical reagent for proper visualization of specilic
immune response but paralleled the accumulation of CDE" T-cells [21]. we revealed the presence of anti-VNHREFTLY

i i i SP2 otide O <:+'-_._\\.' spleen : ardiac tissue ) \
anti-T. cruzi VNHRETLV ASP2 effector CD8 T-cells in the _\.SI_ ]},L]mfh \( i ._IM[L]] in I])il[l] il l][]l?[l Lissue []fI”l[\
cardiac tissue Colombian-infected CH7BLAG mice (Figure 2C;. The analysis of

7 i . . ) .. CD8Y H2KY/VNHRFTINT Tecells in spleen (Figure 2D)

Next we investigated whether the induction of the anti-T. ey i A :: R D
e . . . . . . conlirmed the kinetic of the requency of and-VNHRFTLV CDS
CD8-mediated immune response involving IFNvy production and E— E— I A I— -

: ; T T-cells in this tissue detected by ex zao ELISpot and i aieo cytolytic
the evtotoxic machinery was related to heart injury. In spleen of 7. : g
eruzi-infected mice, the e oio H-2K -restricted anti-VNHRFTIN
ASP2 peptide [19.20] IFNy-secreting cells (Figure 2A) and @ oo
evtotoxic (DS T-cells (Figure 2B) were first detected at 15 dpi.

assay. Further, the frequency of blood creulating CD8Y H-2K"/
VNHRFTLV" T-cells reflected the high frequency of these cells in
the spleen in the acute infection and the contraction ol these
populations in the chronic infection (Figure 2D). Conversely, there
was an enrichment in CD8" H-2K/ VNHRFTLV" T-cells among
heart infilrating inflammatory cells in the acute infection tha

Both of these CD8Y T-cell effector activities rose quickly, reaching a
maximum at the parasitemia peak (45 dpi) and remaining high unul
60 dpi. Both of the anti-VNHRFTLY CDE" T-cell effector activities
declined slowly therealicr, but they persisted alier parasite control
and remained detectable ar 120 dpi (Figure 2A and 2B). Thus,

. . - i . . et
during the acute phase (rom 15 1045 dpi) the increase ol hoth CGDE

persisted  during the chronic phase ol infection Figure 2D).
paralleling the pemisting myocardial cell injury (Figure 1C).

o i i 2 i +
T-cell eflector activities (inflammatory and cvitolvtic; in the spleen Heart‘ njury-1s a‘SSOC{atEd Wlth the enrlChm‘ent of Pfr‘
paralleled the parasitic load in the blood and in cardiac tissues. A cells in the cardiac tissue during the chronic T. cruzi

60 dpi, after the parasitemia and heart parasitism were under infection

control (Figure 2A and 2B). there was contraction of these cDs* As described above, THS and llow cyvtometry analysis showed
T-cell effector activities, as expected. However, anti-VNHRFTLV that CD8-enriched myocarditis was established early during the 70
CDE" T-cell elfector activities (inflammatory and eyvtolvtic) persisted crazd inlecton, Initallv, we adopted an i site THS approach 1o

Table 1. Electrocardiograph parameters of C57BL/6 mice infected with the Colombian T. cruzi strain.

Heart rate’ PR interval P duration QRS duration Cardiac conduction Frequency of
Groups (bpm) {ms) (ms) (ms) QTc (ms) (% of micel® afflicted mice (%)
Noninfected 6376 70.7 356 1.1 96 21 116 1.5 77657 ART (00%), AVE1 0
(0%), AVB2 (09%)
T. cruzi 30 dpi 4916 36.2 416 2.8 136 1.2 136 2.3 81651 ART (43%), AVE1 70
(43%), AVB2 (28%)
T. cruzi 60 dpi 4966 51.37 466 4.2 146 3.7 145 0.8 866 6.2 ART (57%), AVB1 86
(439%), AVB2 (43%)
T. cruzi 90 dpi 4506 61.67 476 63" 145 0.9 13612 8861337 ART (67%), AVB1 100
(4396), AVB2 (57%)
T. cruzi 120 dpi 4336 6447 456 47 146 3.0 136 1.1 896116 ART (72%), AVE1 100

(28%), AVEZ (72%)

'ECG parameters were evaluated using the following standard criteria: (i) heart rate (monitored by beats per minute (bpm), and (i} the variation of the P wave and PR,
QRS and corrected QT intervals (QTc), all measured in milliseconds {ms). ART, arrhythmia; AVB1, first-degree atrioventricular block; AVB2, second-degree atrioventricular
block.

2This data represent three independent experiments, with 7-8 infected mice/group. Three sex- and age-matched noninfected controls were analyzed in all experimental
time points. The results were pooled in one representative group of 12 noninfected controls per experiment.

3significant differences

*, p=0.05;

M p=0.01;

"1 p<I0.001 between the values for noninfected and T. cruzi-infected groups of mice.

doi10.1371/journal ppat. 10026451001
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