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ARTICLE INFO ABSTRACT

Cardiac dysfunction with progressive inflammation and fibrosis is a hallmark of Chagas disease caused by
persistent Trypanosoma cruzi infection. Osteopontin (OPN) is a pro-inflammatory cytokine that orchestrates
mechanisms controlling cell recruitment and cardiac architecture. Our main goal was to study the role of en-
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Inﬂthnmationd i dogenous OPN as a modulator of myocardial CCL5 chemokine and MMP-2 metalloproteinase, and its patholo-
gz:e;ii);:zo ¢lng gical impact in a murine model of Chagas heart disease. Wild-type (WT) and OPN-deficient (sppl —/—) mice

were parasite-infected (Brazil strain) for 100 days. Both groups developed chronic myocarditis with similar
parasite burden and survival rates. However, sppl —/— infection showed lower heart-to-body ratio (P < 0.01)
as well as reduced inflammatory pathology (P < 0.05), CCL5 expression (P < 0.05), myocyte size (P < 0.05)
and fibrosis (P < 0.01) in cardiac tissues. Intense OPN labeling was observed in inflammatory cells recruited to
infected heart (P < 0.05). Plasma concentration of MMP-2 was higher (P < 0.05) in infected WT than in spp1
—/— mice. Coincidently, specific immunostaining revealed increased gelatinase expression (P < 0.01) and
activity (P < 0.05) in the inflamed hearts from T. cruzi WT mice, but not in their sppl —/— littermates. CCL5
and MMP-2 induction occurred preferentially (P < 0.01) in WT heart-invading CD8™* T cells and was mediated
via phospho-JNK MAPK signaling. Heart levels of OPN, CCL5 and MMP-2 correlated (P < 0.01) with collagen
accumulation in the infected WT group only. Endogenous OPN emerges as a key player in the pathogenesis of
chronic Chagas heart disease, through the upregulation of myocardial CCL5/MMP-2 expression and activities
resulting in pro-inflammatory and pro-hypertrophic events, cardiac remodeling and interstitial fibrosis.

1. Introduction a mosaic of local chemoattractant agents including adhesion molecules,

extracellular matrix components, and pro-inflammatory cytokines and

Chronic cardiomyopathy is the most frequent and severe manifes-
tation of Chagas disease, triggered by infection with the protozoan
parasite Trypanosoma cruzi. It affects approximately one-third of T.
cruzi-infected patients, typically years or decades after the initial ex-
posure [1]. Multiple mechanisms have been suggested to explain the
pathogenesis of parasite-elicited cardiomyopathy, including pathogen
persistence, exacerbated inflammatory response, autoimmunity, mi-
crovascular disorders and/or neurogenic disturbances [2]. This com-
plex process still remains incompletely understood, but it is now clear
that prolonged inflammation due to incessant cardiac parasitism pro-
vokes serious damage to the conduction system and myocardium [3,4].
A selective CD8 ™ T cell trafficking towards the target organ is driven by

chemokines, particularly CCL2, CCL3, CCL5, CXCL9 and CXCL10 [5].
Focal myocarditis becomes more intense as the disease progresses to
severe clinical stages. In advanced cases, the loss of cardiomyocytes and
their substitution by fibrotic tissue lead to disruption of muscle fibers
and malfunctioning of the electrophysiologic sincitia. Cardiovascular
alterations predispose the infected patient to heart failure and ven-
tricular arrhythmias, with increased risk of premature death [6].
Among other cardiopathogenic factors, T. cruzi infection induces the
production of several inflammatory enzymes, including matrix me-
talloproteinases (MMPs). This protein superfamily comprises a panel of
zinc-dependent endopeptidases that are classified into families ac-
cording to their substrate specificity [7]. The expression and activities
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of MMPs are strictly controlled under normal circumstances, but often
become activated in the development of diverse pathologies, such as
neoplasia, arthritis, and neurodegenerative and cardiovascular dis-
orders [8,9]. In addition, overexpression of MMPs has been associated
with tissue remodeling during infections with protozoan parasites [10].
In experimental T. cruzi infection, increased levels of the gelatinases
MMP-2 and MMP-9 have been suggested to contribute to acute myo-
carditis by favoring leukocyte infiltration and modulating immunity
[11,12]. Moreover, enhanced MMP-2 and MMP-9 expression has been
linked to the cardiac clinical form in chronic Chagas patients. Both
enzymes have been postulated as potentially useful biomarkers of the
progression to severe T. cruzi cardiomyopathy, as well as promising
therapeutic targets [13-15]. Regarding the control of gelatinase levels,
the cytokine and cell attachment phosphoprotein osteopontin (OPN)
has been implicated in the upregulation of MMP-2 expression and ac-
tivity in tumor cells [16], and also in orchestrating inflammation
against T. cruzi [17]. In the present study, we investigated the role of
endogenous OPN as a modulator of myocardial CCL5 and MMP-2, as
well as its pathological impact in a murine model of chronic Chagas
heart disease.

2. Material and methods
2.1. Ethics statement

This study was carried out in strict accordance with the re-
commendations of Spanish Legislation and the European Union
Directive (2010/63/EU) for the protection of animals used for scientific
purposes. All mice were maintained under pathogen-free conditions in
the animal facility at the Centro de Estudios Metabdlicos (Santander,
Spain). The animal protocol was approved by the Comité de Etica en la
Investigaciéon de la Universidad de Oviedo (Asturias, Spain). The in-
dividual room temperatures were kept between 18 and 22 °C with food
and water ad libitum. Care of the mice was overseen by a laboratory
animal veterinarian, in compliance with European codes of practice.
Mice were euthanized in a CO, chamber, and all efforts were made to
minimize suffering.

2.2. Mice and infection

OPN-deficient (sppl —/—) and wild-type (WT) mice breeded into a
C57BL/6 genetic background were purchased from The Jackson
Laboratory (Bar Harbor, ME, USA). Ten adult (six- to eight-week-old)
male mice from each genotype were infected by intraperitoneal injec-
tion of 10 trypomastigotes of T. cruzi Brazil strain [18] (routinely
maintained by serial subinoculation in C3HeJ mice at three-week in-
tervals) in 0.1 ml blood. Age- and sex-matched uninfected WT and OPN
deficient mice (ten mice per group) were used as controls. For each
group, body weight and mortality rate were recorded daily. Blood
specimens were collected and mice were sacrificed at 100 days post
infection (dpi). The hearts were excised, weighed and processed for
parasite, chemokine and enzyme detection, histopathological ex-
amination, and immunohistochemical studies.

2.3. Cardiac parasitism

DNA from the hearts of mice was isolated with High Pure PCR
Template Preparation Kit (Roche Applied Science, Indianapolis, IN,
USA), according to the manufacturer's instructions. For parasite de-
tection, we used the quantitative PCR assay described by Caldas et al.
[19]. The reactions were performed with 100 ng of genomic DNA. The
results were based on a standard curve constructed with DNA
(0.01-100 pg) from culture specimens of T. cruzi trypomastigotes. The
standards for the quantitative PCR reactions were generated from tissue
homogenate of heart from naive mice, to which 2 x 10* trypomasti-
gotes were added per mg of tissue. DNA (from tissues spiked with
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parasites) was extracted and serially diluted with DNA obtained from
parasite-free myocardium. The ten-fold diluted prepared standards
contained DNA from 5 x 10% to 5 x 10~ 2 parasite equivalents (esti-
mated DNA content of T. cruzi: 0.22 pg/parasite, varying from 0.12 to
0.33) per 100 ng of total DNA. A standard curve was generated from
these standards to determine the DNA pathogen load in the infected
hearts.

2.4. Histopathological and immunohistochemical analyses of heart

Cardiac tissues from mice were cut in pieces and placed in 10%
neutral buffered formalin for at least 4 h at room temperature followed
by overnight incubation in 70% ethanol. Samples were embedded in
paraffin and 5-um tissue sections were cut onto coated slides and
stained with hematoxylin-eosin or using the Masson's trichrome
staining. Myocardial sections were examined for evaluation of the in-
flammatory and degenerative processes. This analysis was performed in
at least twenty areas in each heart section, in three sections from each
animal, at 400 X magnification (50 microscopic fields examined).
Morphometric analysis of cardiomyocytes and quantification of leuko-
cyte accumulation were accomplished by standard procedures [20,21].
Analysis and quantification of interstitial fibrotic injury was evaluated
as fractional area of collagen content in % of total myocardial tissue
with a digital image software (ImageJ-NIH, Bethesda, MD, USA). For
the determination of fibrosis, at least 60 fields per group were assessed.

For immunohistochemical studies, the slides were deparaffinized
and rehydrated using routine techniques. Then, tissue sections were
incubated in citrate buffer (10 mM sodium citrate, 0.05% Tween-20,
pH 6.0) for 30 min at 95 °C for antigen retrieval, followed by treatment
with 0.3% hydrogen peroxide and blocking with 10% normal goat or
rabbit serum. Specimens were finally analyzed using goat polyclonal
antibody to OPN (1: 20; R & D Systems, Minneapolis, MN, USA) and
biotinylated rabbit antiserum to goat IgG (Vector Laboratories,
Burlingame, CA, USA), or rabbit polyclonal antibody to MMP-2
(1:1000; Torrey Pines Biolabs, San Diego, CA, USA) and biotinylated
swine antiserum to rabbit immunoglobulin (Dako, Glostrup, Denmark),
following a procedure previously described [22]. Mouse B-actin de-
tection by a monoclonal antibody (AC-15, 1:50, Sigma-Aldrich, St.
Louis, MO, USA) was used for normalization of mean staining in-
tensities with OPN (or MMP-2)/f-actin ratio.

2.5. Isolation of CD4* and CD8™* T cells from the leukocyte infiltrate

Hearts from twenty T. cruzi-infected mice (100 dpi) were en-
zymatically digested at 37 °C with 200 FALGPA U/ml collagenase type
IV from Clostridium histolyticum and 200 FALGPA U/ml hyaluronidase
type IV-S (Sigma-Aldrich) to isolate inflammatory cells. The mono-
nuclear cell fraction was separated by centrifugation on Histopaque
1083 (Sigma-Aldrich) [23] and washed twice with PBS plus 5% heat
inactivated fetal calf serum (FCS). Aliquots of these cells were sus-
pended in RPMI 1640 culture medium supplemented with 10% FCS and
1.5 mM r-glutamine. All the media and reagents were endotoxin-free.
Cells were seeded by triplicate in 24-well plates and stimulated with T.
cruzi trypomastigote lysate (10 ug/ml) [17] for 24h at 37 °C. In-
filtrating CD4" and CD8* T cells were then isolated using im-
munomagnetic negative selection (EasySep™ TM Mouse CD4* and
CD8* Isolation Kits, StemCell Technologies, Grenoble, France) fol-
lowing the manufacturer's instructions. Each subpopulation (5 x 10°
cells/well) was cultured for another three days in the presence of anti-
mouse CD3 antibody (clone: 145-2C11 from BD Biosciences-Phar-
mingen, San José, CA, USA) conjugated nanoparticles (40 nM, Explora
Biotech, Rome, Italy) to selectively activate T. cruzi-experienced T cells
[24].
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2.6. Real-time PCR

Quantitative real-time RT-PCR analysis was performed using the
High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA,
USA), and amplification of murine genes (Ccl5, Ccl3, Cxcl9, Cxcl10 and
ribosomal 18S) was performed in triplicate with the use of TagMan
MGB probes and the TagMan Universal PCR Master Mix (Thermo Fisher
Scientifics, Waltham, MA, USA) on an ABI Prism 7900 HT instrument
(Applied Biosystems), as reported previously [25,26]. Quantification of
gene expression was calculated using the comparative threshold cycle
method, normalized to the ribosomal 18S control and efficiency of the
RT reaction (relative quantity, 2~ 24€T),

2.7. Hydroxyproline quantification

Fragments of 100 mg of myocardium were removed for hydro-
xyproline determination, as an indirect measure of fibrotic deposition
of collagen [27]. Briefly, tissues were homogenized in saline 0.9%,
frozen at — 70 °C and lyophilized. The assay was performed with 20 mg
of dry tissue, which was subjected to alkaline hydrolysis in 300 ul H,O
plus 75 ul 10 M NaOH at 120 °C for 20 min. An aliquot of 50 pl of the
hydrolyzed tissue was added to 450 pul of Chloramine T oxidizing re-
agent (56 mM Chloramine T, 10% n-propanol in citrate buffer) and
allowed to react for 20 min. A hydroxyproline standard curve was
prepared likewise. Color was developed by addition of 500 pl of 1 M p-
dimethyl-aminobenzaldehyde diluted in n-propanol/perchloric acid 2:1
v/v. Optical density was read at 550 nm.

2.8. Gelatin zymography

The catalytic activity of MMP-2 was examined by gelatin zymo-
graphy of cardiac tissue homogenate, as described elsewhere [11]. In
brief, 30 ug of protein from heart homogenate were electrophoresed
through a 7.5% polyacrylamide gel copolymerized with 1 mg/ml ge-
latin (type A from porcine skin; Sigma-Aldrich). The gels were then
washed twice with 2.5% Triton X-100 and incubated for 24 h at 37 °C in
activation buffer (50 mM Tris-HCI buffer, pH 7.4, containing 10 mM
CaCl, and 1 uM ZnCl,). After incubation, the gels were stained with
0.05% Coomassie brilliant blue, and destained with 10% acetic acid and
30% methanol in H,O. Gelatine degradation was visualized as trans-
parent bands against the dark background. To confirm the specificity of
the metalloproteinase activity detected, and to standardize results from
different zymograms, recombinant mouse MMP-2 (BioLegend, San
Diego, CA, USA) was used as a positive internal control. For correlation
analysis, MMP-2 activity as detected by gelatin zymography was further
measured by transmission densitometry (G-700 Densitometer; Bio-Rad,
Hercules, CA, USA) and results were expressed as fold change over
uninfected control samples.

2.9. Assessment of soluble chemokine and metalloproteinase levels

Commercial ELISA kits were used to evaluate levels of murine CCL3,
CCL5, CXCL9, CXCL10, MMP-2 (R&D Systems), and MMP-10
(MyBioSource, San Diego, CA, USA) in cell supernatants and plasma
samples, according to the manufacturers' instructions. The supplied
standards were used to generate the corresponding standard curves.
The assay sensitivity for CCL3, CCL5, CXCL9, CXCL10, MMP-2 and
MMP-10 was 1.5 pg/ml, 2.0 pg/ml, 7.8 pg/ml, 4.2 pg/ml, 0.082 ng/ml
and 2.35 pg/ml, respectively.

2.10. Western blotting

Heart samples were homogenated by a modified RIPA buffer con-
taining 1% Nonidet P-40, 0.25% sodium deoxycholate, 0.1% SDS, 1 mM
EDTA, and a protease/phosphatase inhibitor cocktail (Calbiochem,
EMD Millipore, Danvers, MA, USA). After centrifugation at 15,000 x g
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for 20 min at 4 °C, the supernatants of cell lysates containing 30 pg
protein each were subjected to 10% SDS-PAGE and transferred to a
nitrocellulose membrane (EMD Millipore). The filters were probed with
mitogen-activated protein kinase (MAPK) antibodies specific for total
p38 and phosphorylated p38 (Cell Signaling Technology, Danvers, MA,
USA), or total Jun NH,-terminal kinase (JNK) and phosphorylated JNK
(Cell Signaling), used at 1:1000 dilution. A HRP-conjugated appropriate
secondary antibody was dispensed to detect immunoreactive bands
using an ECL system (GE Healthcare, Pittsburgh, PA, USA).
Band intensity was analyzed using NIH Image J software.

2.11. c-Jun DNA-binding activity

Nuclear extracts (15 pg) were prepared from both uninfected and
infected heart tissues using the Qproteome Nuclear Protein Kit (Qiagen,
Germantown, MD, USA) and applied to an activator protein 1 (AP-1)/c-
jun transcription factor assay kit (TransAM®, Active Motif, Carlsbad,
CA, USA) according to the manufacturer's recommendations [28].
Phosphorylated c-jun present in nuclear protein extract binds specifi-
cally to an oligonucleotide containing a TPA-responsive element (TRE)
with the consensus binding site 5-TGAGTCA-3’ immobilized on the
microplate. In some experiments, a competitor oligonucleotide (ori-
ginal TRE or mutant) was added to confirm specific reactivity. The c-jun
antibody recognizes an epitope on the protein that is accessible upon
DNA binding. Addition of a secondary HRP-conjugated antibody and
the corresponding substrate provided a sensitive colorimetric readout
quantified by spectrophotometry.

2.12. Flow cytometry

Flow analysis was used to ensure adequate enrichment of isolated
cell subsets. The cells were first stained extracellularly with labeled rat
anti-mouse CD4-PerCP-Cy 5.5 (RM4-5, 1:200 dilution) and CD8a-Alexa
Fluor 647 (53-6.7, 1:200) antibodies (BD Biosciences-Pharmingen), and
then fixed and permeabilized with BD Cytofix/Cytoperm solution (BD
Biosciences-Pharmingen). Specific gating strategies were used to select
the lymphocyte population. The purity of enriched cell preparations
was: CD4%, 95.6 = 1.2 (mean% =+ SD); CD8", 94.7 = 1.3. Each
subset was gated on the 7-amino actinomycin D negative (7-AAD ),
live cell population. Mean cell viability was: CD4 ", 81%; CD8™*, 89% as
judged by this test. The cells were next separately stained intracellularly
with mouse PE-conjugated anti-murine CCL5 (2E9/CCL5, 1:200,
BioLegend), Alexa Fluor 488-conjugated rabbit anti-mouse MMP-2
(NB200-193AF488, 1:250, Novus Biologicals, Littleton, CO, USA), or
isotype control immunoglobulins. Antibodies were added to the cell
suspension at a final volume of 100 pl and incubated in the darkness at
2-8 °C for 30 min. Samples (at least 5 x 10° cells) were acquired on a
FACSCalibur (BD Biosciences) and data were analyzed using BD
CellQuest Pro software (BD Biosciences).

2.13. Effect of JNK inhibitor on inflammatory response

CD8* T cells isolated by immunomagnetic selection from in-
flammatory infiltrates present in myocardium from T. cruzi-infected WT
and sppl —/— mice were stimulated with trypomastigote lysate for
24 h. Then, the cells were split into 96-well plates at a density of
1 x 10° leukocytes/well. Activation was achieved by 72-h incubation
with anti-CD3 conjugated nanoparticles in the presence of 10 uM
SP600125 JNK inhibitor (Tocris Bioscience, Bristol, UK) or DMSO ve-
hicle. This step was followed by cell surface marker labeling, fixation
and impermeabilization, before intracellular staining with antibodies to
CCL5 and MMP-2. Percentages of chemokine- and metalloproteinase-
synthesizing cells were measured by FACSCalibur flow cytometer and
analyzed by CellQuest Pro software.
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2.14. Statistical analysis

Statistical analysis was performed by using GraphPad Prism (San
Diego) 5.0 software. Arithmetic means and standard deviations (SD),
derived from at least three different observations for each sample
analyzed in independent experiments, were calculated. Significant dif-
ferences among multiple groups were made by using the one-way
analysis of variance (ANOVA) test followed by Tukey's test. Wilcoxon
signed rank test was conducted for comparisons between two groups.
Correlation analyses were done using Pearson's correlation coefficient.
In all cases, values of P < 0.05 were considered statistically sig-
nificant.

3. Results

3.1. OPN deficiency ameliorates inflammatory cardiomyopathy, heart
fibrosis and CCL5 induction in mice chronically infected with T. cruzi

Mice bred on a C57BL/6 background, when infected with the Brazil
strain of T. cruzi, are known to overcome the acute phase of Chagas
disease and gradually develop a dilated cardiomyopathy by 100 dpi
[29]. At that time of infection, examination of the hearts of T. cruzi-
infected mice revealed significantly (P < 0.05) increased OPN ex-
pression in cardiac tissue (Fig. 1A). We observed immunostaining for
OPN mostly localized in leukocytes infiltrating the inflammatory le-
sions of the myocardium. On the other hand, heart sections from un-
infected mice displayed no enhanced levels of the phosphoprotein. OPN
antibody showed no IHC reactivity in different sppl —/— tissues
(heart, liver, spleen, skeletal muscle, lymph nodes), either infected or
uninfected (data not shown). The role of OPN in the development of T.
cruzi-dependent cardiomyopathy was then analyzed in mice with or
without genetic double deficiency in OPN chronically infected with the
parasite. In our series, no differences in parasite burden in myocardium
and survival rate were found between WT and sppl —/— mice at 100
dpi. Nevertheless, the heart-to-body weight ratio was significantly
(P < 0.01) lower in the group devoid of endogenous OPN (Table 1). In
the infected WT animals, the histopathological examination revealed
mild cardiomyocyte hypertrophy (Fig. 1B). We found a significant
(P < 0.05) increase in the cross-sectional area of cardiac muscle cells,
supporting that the high heart-to-body weight ratio resulted -at least in
part- from an enlargement of the myocytes themselves, as opposed to
edema which might augment the organ weight. The chronic sequelae
present by day 100 included marked thinning, focal inflammation and
fibrosis in the right and left ventricular walls of the heart, with de-
struction of cardiac myofibers. T. cruzi-infected WT animals exhibited
widespread leukocyte infiltration in heart tissue, accompanied by dif-
fuse interstitial fibrosis. However, in infected mice with genetic abla-
tion of sppl there was a significant (P < 0.05) reduction of the in-
tensity of long-term inflammatory pathology and myocyte size in
myocardium (Fig. 1B). In parallel, the amount of interstitial fibrosis in
the organ was significantly (P < 0.01) less as demonstrated by Mas-
son's trichrome staining and hydroxyproline quantification, re-
presentative of tissue collagen deposition (Fig. 1B and C). In-
dependently of their endogenous OPN availability, uninfected C57BL/6
mice showed neither areas of deposition of myocardial collagen nor
remarkable increase of hydroxyproline content (Fig. 1B and C).

Local production of the pro-inflammatory chemokines CCL3, CCLS5,
CXCL9 and CXCL10 at the target site of persistent infection with T. cruzi
(100 dpi) was also studied. Elevated mRNA (Fig. 2A) and protein
(Fig. 2B) levels of the four chemoattractants were detected in cardiac
muscle from the infected WT group in comparison to uninfected
counterparts (P < 0.05). Conversely, parasite-infected sppl —/— mice
displayed downregulated generation of CCL5 transcript and protein
compared to that recorded for infected WT littermates (P < 0.05),
whereas augmented CCL3, CXCL9 and CXCL10 expression remained
unaltered. Altogether, these findings suggest that CCL5 induction,
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pathological inflammation and collagen accumulation in the heart
during experimental chronic T. cruzi infection are at least partially
modulated by endogenous OPN.

3.2. OPN-deficient mice display reduced expression and activity of
myocardial MMP-2 during the chronic phase of experimental Chagas disease

Excessive activation of MMP-2 and MMP-10 has been implicated in
adverse cardiac remodeling upon chronic cardiomyopathy [30,31].
Therefore, we analyzed T. cruzi-induced production of both enzymes in
our infection model. First, we detected increased concentrations of
MMP-2 and MMP-10 in the blood of chronically infected WT mice
displaying myocardial abnormalities compared to the uninfected group.
Notably, MMP-2, but not MMP-10, plasma levels in T. cruzi-infected
sppl —/— mice were found to be significantly (P < 0.05) lower than
those recorded in their WT littermates infected with the parasite
(Fig. 3A). We further assessed myocardial MMP-2 protein expression by
immunohistochemistry. Specific staining revealed the presence of the
enzyme in heart muscle from WT mice on day 100 of infection, mainly
associated with areas of leukocyte infiltration. Such immunoreactivity
was significantly (P < 0.01) higher than that visualized in specimens
from OPN-deficient mice chronically infected with T. cruzi (100 dpi) or
uninfected animals (Fig. 3B). To investigate whether the upregulated
expression of myocardial MMP-2 was linked to augmented gelatinase
activity, gelatin zymography was carried out on cardiac tissue extracts
from mice on day 100 after infection and uninfected controls. We
verified that the hearts from WT mice with chronic Chagas myocarditis
displayed much higher (P < 0.05) gelatinolytic activity of the active
form of MMP-2 (62 kDa) than that observed for the infected spp1 —/—
group or pathogen-free mice (Fig. 3C). These findings show that en-
dogenous OPN has a remarkable participation in the induction of car-
diac MMP-2 expression and activity upon prolonged in vivo infection
with T. cruzi.

3.3. Endogenous OPN modulates the phospho-JNK MAPK signaling
pathway in the heart from chronically infected mice

In an attempt to clarify the molecular mechanisms underpinning
OPN-mediated cardiopathogenesis during the chronic stage of T. cruzi
infection, we investigated the contribution of MAPK cascade in myo-
cardium from infected mice. Immunoblot analysis revealed that para-
site infection significantly (P < 0.05) activated the intracellular JNK
signaling pathway in cardiac cells from WT but not sppl —/— animals,
without changes in their total protein content (Fig. 4A). Differentially,
we detected a very weak induction of myocardial p38 phosphorylation
for both infected groups. Furthermore, augmented expression of
phospho-JNK promoted by OPN was associated with enhanced AP-1
DNA-binding activity. We found that OPN generated upon prolonged T.
cruzi infection of WT mice induced a 5.5-fold increase (P < 0.01) of c-
jun recognition of the 5’-TGAGTCA-3’ motif over values obtained from
infected sppl —/— mice. Specificity of the assay was confirmed by
competitive binding studies, in which oligonucleotides containing an
unmodified consensus (TRE competitor), but not a mutant (mut com-
petitor), c-jun target sequence significantly (P < 0.05) attenuated
binding to the immobilized probe (Fig. 4B). These results suggest that,
in chronic Chagas heart disease, endogenous OPN is implicated in up-
regulation of the phospho-JNK MAPK signaling route in T. crugi-in-
fected myocardium.

3.4. OPN-induced CCL5 and MMP-2 molecules are mainly produced by
CD8™ T cells present in the inflammatory heart infiltrate of chronically
infected mice

The ability of endogenous OPN to upregulate myocardial CCL5 and
MMP-2 levels in mice chronically infected with T. cruzi prompted us to
search for the cellular source of these pro-inflammatory mediators.
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Fig. 1. Myocardial osteopontin (OPN), inflammatory lesions and collagen deposition in mice chronically infected with T. cruzi.

Wild-type (WT) and OPN-deficient (sppl —/—) C57BL/6 mice were infected with the parasite for 100 days. Uninfected mice (U) were included as a control group. After that period, ten
animals from each group were sacrificed and their hearts were collected for histopathological studies.

(A) Immunostaining of cardiac muscle sections was performed using OPN-specific polyclonal antibody. Images show a representative experiment of three performed; scale bar:
100 pum. dpi, days post infection. Quantification was performed by scoring the staining intensities using ImageJ (NIH), as described in ‘Material and methods’. Results are means * SD,
*P < 0.05. Data are representative of three independent experiments with at least eight mice per group each.

(B) Microphotographs of tissue-sections from each experimental group stained with hematoxylin-eosin (left and central panels) and Masson's trichrome stain (right panels); scale bar:
50 pm. Cardiomyocyte cross-sectional area, infiltrating inflammatory cells and Masson-stained area were measured in infected (black bars) and uninfected (white bars) heart tissue
specimens. The measurements were done in three independent experiments. Results from digital image analysis applied for quantification are shown. Data (means + SD) are derived
from at least eight mice per group. #P < 0.05 versus uninfected and infected sppI —/— mice; ##P < 0.01 versus sppl —/— infection.

(C) Hydroxyproline content in myocardium of uninfected (U) and T. cruzi-infected (Tc) animals. Myocardia were excised at 100 dpi. Hydroxyproline content was evaluated by col-
orimetric assay. Values, expressed as means *= SD from three separate experiments, are representative of at least eight mice per group. **P < 0.01 when comparing infected WT mice
versus the remaining groups.

Table 1 compartments (Fig. 5A). Intracellular chemokine and metalloproteinase
Chronic Trypanosoma cruzi infection in wild-type (WT) and osteopontin-deficient (spp1 analysis of infiltrating CD4" and CD8™" T cells performed ex vivo de-
—/=) C57BL/6 mice. monstrated that there is an expansion of lymphocytes co-expressing
CD8/CCL5 and CD8/MMP-2 in the hearts from infected WT mice
(Fig. 5B). In this experimental group, CD4* CCL5* and CD4* MMP-2*
0.5 197 + 17 100 infiltrating cells were present at lower percentages (median values of
0.5 203 + 15 100 28.9% and 4.1%, respectively, versus 66.3% CD8* CCL5* and 61.4%
CD8* MMP-27") (Fig. 5B and Supplemental Fig. 1). Cells were negative
for staining with isotype control antibodies. On the other hand, as

Genotype Heart/body weight ratio (mg/g)  Heart parasitism®  Survival (%)

WT 7.3
sppl —/— 5.2

+
+

Ten animals per experimental group were analyzed after 100 days of infection with Brazil
strain parasites.

Results are expressed as mean + SD of three independent experiments. shown in Fig. 5B, CD4" and CD8™ T cells isolated from infected spp1
@ Number of parasite equivalents per 100 ng DNA. —/— myocardium displayed only reduced to negligible levels of CCL5

“ P < 0.01. and MMP-2 expression. Of note, the percentage values of CD8* CCL5 ™"
and CD8*MMP-2* found in infected WT hearts were significantly

Numerous lines of evidence indicate that a marked influx of CD4 " and greater than those recorded in the sppl —/— group (P < 0.01 and
CD8™ T cells is responsible for aberrant production of multiple patho- P < 0.001, respectively) (Supplemental Fig. 1). For CD4* CCL5* and
genic factors at cardiac tissue of infected mice [32]. We therefore in- CD4* MMP-2" infiltrating cells, no significant differences were de-

vestigated whether CCL5 and MMP-2 were synthesized by such cell monstrated between WT and spp] —/— mice. In T. cruzi-infected hearts
subsets within the mononuclear leukocyte population. All data shown showing OPN overexpression, the CD8 ™ T cell compartment within the
was gated on the 7-AAD negative, live CD4* and CD8" T cell inflammatory infiltrate represents a major source of CCL5 and MMP-2

15
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A B Fig. 2. Pro-inflammatory chemokine expression in the heart
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(B) Soluble protein concentration of CCL3, CCL5, CXCL9 and
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molecules associated with chronic cardiopathogenesis.

3.5. Inhibition of JNK MAPK signaling pathway dampens CCL5 and MMP-
2 expression in myocardial CD8* T cells from T. cruzi-infected mice

Inhibition of the JNK/phospho-c-jun cascade was tested to show its
involvement in augmented production of CCL5 and MMP-2 by invading
CD8™* T cells selected from infected hearts. FACS analysis demonstrated
increased expression levels of both mediators in CD8* leukocytes
constituting the inflammatory infiltrate isolated from the infected WT
myocardium. CCL5 and MMP-2 percentage values were markedly
(P < 0.05) reduced by incubation of cells in the presence of the JNK
MAPK-specific inhibitor SP600125 (Fig. 6). CD8™ T cells from infected
sppl —/— hearts showed low expression of these pro-inflammatory
agents and non-significant response to SP600125 treatment. No sub-
stantial downregulation was achieved using the p38 MAPK-specific
inhibitor SB203580 in WT and sppl —/— cell cultures (data not
shown). There was no toxic effect of inhibitors on cell viability. These
results suggest that, in chronic Chagas heart disease, targeted phar-
macological inhibition of phospho-JNK MAPK signaling may reduce
myopathy-promoting CCL5 and MMP-2 responses from muscle-in-
filtrating CD8* T cells.
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3.6. Heart levels of OPN, CCL5 and MMP-2 correlate with the extent of T.
cruzi-elicited myocardial fibrosis

Correlations between either cardiac CCL5 concentration or MMP-2
activity and OPN expression at the heart of infected WT mice are dis-
played in Fig. 7. Both CCL5 and MMP-2 values correlated in-
dependently with OPN levels, showing Pearson's coefficients of
r=0.840 (P =0.002) and r=0.760 (P = 0.010), respectively
(Fig. 7A and B). In addition, we estimated correlations between each
inflammatory mediator and pathologic structural changes of the in-
fected myocardium. For the correlations between OPN expression,
CCL5 level or MMP-2 gelatinase activity, and collagen area fraction in
cardiac muscle from infected WT mice, Pearson's coefficients were de-
termined to be r = 0.930 (P = 0.001), r = 0.880 (P = 0.007), and
r = 0.900 (P = 0.004), respectively (Fig. 7C-E). Conversely, the cor-
relations between CCL5 concentration or MMP-2 activity and collagen
content in the infected sppl —/— group were not significant
[r=—0.456 (P = 0.185) and r = 0.383 (P = 0.274), respectively]
(Fig. 7F and G). Collectively, our findings suggest that upregulated
production of myocardial OPN, CCL5 and MMP-2 is strongly associated
with inflammatory damage and adverse remodeling of the heart during
chronic Chagas cardiomyopathy.
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Fig. 3. Circulating levels of matrix metalloproteinases and
myocardial gelatinase expression and activity in chronic
murine T. cruzi infection.

(A) Levels of matrix metalloproteinase (MMP)-2 and MMP-10
in plasma specimens collected from uninfected (U, white bars)
and T. crugi-infected (Tc, black bars) C57BL/6 mice. After
100 days of infection, samples obtained from wild-type (WT)
and osteopontin-deficient (sppI —/—) mice (ten animals from
each group were analyzed) were assayed in triplicate by cap-
ture ELISA for MMP-2 and MMP-10. Each bar represents the
mean values for each group * SD. The results presented are
representative of three independent experiments with similar
outcome. *P < 0.05 and ***P < 0.001, compared with U
groups; #P < 0.05, compared with Tc sppl —/— mice.

(B) MMP-2 expression in heart from T. cruzi-infected (Tc,
100 days post infection; black bars) WT and sppl —/— mice.
Myocardia from uninfected (U, white bars) WT and sppl —/—
mice were analyzed as well. Panels display representative re-
sults of MMP-2-specific immunostaining in cardiac tissues from
the different groups and quantitative comparison (mean of
three independent determinations = SD). Data are re-
presentative of at least eight mice per group. Original magni-
fication for microphotographs, x 400; scale bar: 20 pm.

(C) Analysis of the influence of endogenous osteopontin on
MMP-2 activity. Heart tissues from uninfected (U) and T. cruzi-
infected (Tc, 100 days) WT and sppl —/— mice were subjected
to gelatin zymography to detect the enzymatic activity of
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4. Discussion

MMPs have been largely related to development of myocarditis
caused by prolonged infections of diverse etiology [33-35]. In parti-
cular, increased MMP-2 activity has been implicated in the transition
from hypertrophy to heart failure, whereas MMP-9 has been linked to
chronic inflammatory cardiomyopathy via activation of endothelial and
myocyte apoptotic pathways rather than promoting fibrosis [36-38].
With regard to human chronic Chagas heart disease, MMP-2 and MMP-
9 have been characterized as useful biomarkers for detecting the advent
and progression of cardiomyopathy, even with predictive potential on
mortality [13,15,39-42]. Of note, the MMP-2/MMP-9 ratio was found
to reach significantly higher values in T. cruzi-infected patients dis-
playing ECG abnormalities [43]. Moreover, MMP-2 overexpression and
enhanced activity appear to rise progressively with increasing com-
plexity of left ventricular dysfunction and cardiac hypertrophy in in-
dividuals with advanced-stage infection by this parasite [14,15].

In this study we showed that the expression and activity of MMP-2
are upregulated in cardiac tissue during the chronic phase of T. cruzi
infection. Such increase is detected in association with abundant in-
flammatory cells infiltrating the myocardium. More important, we
found that the pleiotropic cytokine OPN plays a critical role in the

SPP1 /-

SPP1 -/- MMP-2. Representative zymography gel images of MMP-2
(glycosylated proMMP-2 form corresponding to ~72 kDa and
corresponding ~62 kDa)
Quantification of bands was accomplished by densitometry.
The results presented are representative of three independent
experiments performed with ten mice per group. A.D.U., ar-
bitrary densitometric units. *P < 0.05 versus active MMP-2;
#P < 0.05 versus proMMP-2 in U- and Tc- sppl —/— groups.

active form to are shown.

-72 kDa
- 62 kDa

Tc

=1 ProMMP-2

=3 Active MMP-2

SPP1-/-
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selective induction of myocardial MMP-2 expression and enzymatic
activity that leads to exacerbated inflammation and cardiac remodeling
in C57BL/6 mice infected for 100 days with Brazil parasite strain. This
is a well-defined and reliable animal model for human Chagas heart
involvement, for which extensive histopathological, electro-
cardiographical and imaging data is available [18,44-46]. The ability
of OPN to stimulate MMP-2 production and catalytic actions has al-
ready been demonstrated in hepatocellular carcinoma cell lines [16]. In
a previous report, we have verified that OPN is involved in the mod-
ulation of the inflammatory response against T. cruzi [17]. Our current
data reveal that T. cruzi-triggered overexpression of this phosphopro-
tein by heart-invading mononuclear cells may further contribute to the
pathogenesis of Chagas myocarditis favoring MMP-2-dependent leu-
kocyte recruitment and chronic alterations in cardiac structure and
function.

OPN is a multi-faced cytokine synthesized by a variety of cell types
including fibroblasts, myocytes, macrophages and lymphocytes. This
polyfunctional molecule is implicated in interactions with target cells
mediating signaling, immunomodulation, migration and attachment
[47,48]. In the cardiovascular system, OPN levels markedly augment
under pathological conditions [49]. Infiltrating leukocytes are relevant
cells expressing this agent in inflammatory heart disorders, yet the
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Fig. 4. Involvement of MAPK signaling pathway in osteopontin-dependent cardiopathogenesis in T. cruzi-infected mice.

(A) Induction of MAPK signaling pathway. The hearts from infected (Tc, black bars) WT and sppl —/— mice were collected at 100 dpi and lysed as described in ‘Material and methods’.
Cardiac homogenates from uninfected animals (U, white bars) were included as controls. The lysates were analyzed by Western immunoblotting using antibodies to total (p38 and JNK)
and phosphorylated (p-p38 and p-JNK) kinases. Band intensity was analyzed using NIH Image J software. A.D.U., arbitrary densitometric units.

(B) ELISA for AP-1 (c-jun) DNA-binding activity. Nuclear extracts from uninfected (U) and infected (Tc, 100 dpi) WT (dark grey bars) and sppl —/— (light grey bars) murine hearts (at
least eight individual samples from each group collected from three separate experiments) were assayed in triplicate. Activated phospho-c-jun present in infected WT samples recognizes
an oligonucleotide containing the consensus binding motif immobilized on the microplate. Specificity of the assay was confirmed by competition of phosphorylated c-jun binding by
addition of unbound original TRE versus mutant (mut) oligonucleotide. OD, optical density. Data are the means = SD of three independent experiments. *P < 0.05 versus Tc + TRE

competitor; *#P < 0.01 versus U- and Tc-sppl —/— mice.

potential contribution of OPN derived from infected cardiomyocytes
should not be underestimated [50,51]. Further, OPN overexpression
has been associated with processes of cardiac remodeling in long-term
evolution of myocarditis [52]. After 100 days of infection, we observed
that T. cruzi-harboring mice genetically lacking OPN presented sig-
nificant reduction of myocardial enlargement, inflammatory infiltration
and interstitial fibrosis when compared with infected WT animals. In
the sppl —/— group, amelioration of inflammation and tissue damage
was associated with downregulated Ccl5 gene and CCL5 protein ex-
pression in the infected heart. In fact, OPN has been reported to ef-
fectively drive CCL5 production in mesenchymal stromal cells [53]. It
may be speculated that OPN acts as an important and specific stimulus
for myocardial CCL5 that boosts the migration of inflammatory cells to
the heart of T. crugi-infected WT mice. It is noteworthy that upregulated
production of myocardial OPN, CCL5 and MMP-2 strongly correlated
with parameters of inflammatory damage and adverse modification of
cardiac architecture during experimental chronic Chagas myocarditis.
Taken together, these data suggest that endogenous OPN is involved in
the pathogenesis of T. cruzi-elicited cardiomyopathy upon prolonged
infection with this protozoan parasite. Alternatively, other important
detrimental actions of OPN in the infected host should be considered to
analyze the attenuation of cardiac damage linked to global genetic loss
of this matricellular component. Myocardial OPN overexpression has
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been associated with increased myocyte death and organ dysfunction in
different models of heart disease [54]. OPN may interact with CD44
receptor favoring apoptosis via oxidative stress, mitochondrial death
pathways, and BIK/caspase-12 activities [55]. Moreover, OPN could
favor myofibroblast differentiation as well as survival, migration and
proliferation of cardiac fibroblasts, ultimately promoting interstitial
fibrosis [56,57]. Consequently, reduced heart pathology in T. cruzi-in-
fected OPN-deficient mice might be further attributable to diminished
levels of cardiomyocyte destruction and enhanced myofibroblast/fi-
broblast activation.

We then explored the cellular and molecular mechanisms under-
lying OPN-orchestrated cardiopathogenesis during the chronic stage of
T. cruzi infection. In persistently infected heart displaying exacerbated
OPN expression, it is evident that infiltrating CD8* T cells are one of
the principal producers of CCL5 and MMP-2. Both mediators have been
tightly linked to pathological inflammation and cardiac fibrosis, crucial
factors in determining the severity of Chagas cardiomyopathy. In
agreement with our finding, CCL5 has been detected in cardiac tissue
from parasite-infected mice in association with CD8* T cells [58].
Moreover, this cell subset has been identified as the main cellular origin
of MMP-2 and MMP-9 in T. cruzi-infected patients with heart failure
[39]. In our in vivo infection experiments, OPN-deficient mice displayed
significantly lower levels of MMP-2 protein in the blood and heart, and
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Fig. 5. Ex vivo studies of CCL5 and MMP-2 expression in T lymphocytes purified from inflammatory infiltrates present in the hearts of T. cruzi-infected (A) WT and (B) sppl —/— mice

(ten mice per group) after 100 days of infection.

(A) The cells were first stained extracellularly for murine CD4 and CD8 surface markers and gated on viable [7-amino-actinomycin D (7-AAD) negative] lymphocyte subpopulations.
Shaded area of histograms represents live -L- and dead -D- cells; dashed curve shows background signal. Percentage lymphocyte viability values are indicated.

(B) CD4* and CD8" T cells were stained for intracytoplasmic chemokine/metalloproteinase, as described under ‘Material and methods’. The relative number of CD4* CCL5™",
CD8* CCL5*, CD4" MMP-2", and CD8 " MMP-2" cells for each group (at least eight mice per group were analyzed) was determined by flow cytometry (representative plots from three

independent experiments are shown). Isotype controls are shown on the right.

less cardiac gelatinase activity, than their WT littermates. Such ob-
servations reflect the importance of endogenous OPN for stimulation of
MMP-2 production and activity that decisively contributes to the ag-
gravation of chronic T. cruzi-elicited cardiomyopathy. MMP-2
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activation in the inflamed myocardium, either independently or cou-
pled to other pathogenic mediators like endothelin-1, is known to lead
to adverse ventricular enlargement and systolic dysfunction [27,59].
Several studies have addressed this apparently paradoxical boost in
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Fig. 6. Modulation of CCL5 and MMP-2 responses through inhibition of JNK MAPK signaling pathway.

CD8™" T cells were purified from inflammatory infiltrates isolated from hearts of T. crugi-infected WT and sppI —/— mice on day 100 of infection. Cells were expanded for 72 h in the
presence of JNK-specific inhibitor SP600125 at 10 pM as described in ‘Material and methods’. Vehicle-treated controls (DMSO) were included for testing. CCL5 and MMP-2 expression was
analyzed by flow cytometry. The dark grey-colored histogram represents the expression of each mediator after the addition of inhibitor or vehicle, whereas histogram in white represents
the corresponding IgG isotype control. The numbers indicate percentage values of CCL5- and MMP-2-expressing CD8* T cells. Quantification of the expression of CCL5 and MMP-2 in
specimens from infected WT and sppl —/— groups is shown. Data are representative of one of three independent experiments, each performed with twenty mice per group. *P < 0.05

versus infected WT cells incubated with the inhibitor.

MMP-2 activity accompanied by increased heart fibrosis [60-62]. Al-
though a definite explanation is still pending, it should be taken into
account that MMP-2 seems to have an array of cardiac remodeling-
promoting functions. Elevated activity of this metalloproteinase may
potentiate continuous influx of inflammatory cells to the infected
muscle through activation of cytokines/chemokines or chemoattraction
mediated by degradation products of myocardial matrix components,
which could facilitate profibrotic changes [63,64].

OPN is known to be involved in tuning of intracellular signaling
cascades controlling the production of pro-inflammatory mediators.
Previous reports pointed out that OPN stimulation of mesenchymal
stromal cells leads to AP-1 c-jun binding to the Ccl5 promoter [53].
Also, OPN is capable of triggering MMP-2 expression and its activation
via the SDF-1a/CXCR4 axis and/or the IkBo/IKK/NF-xB pathway
[16,65]. Herein, we characterized endogenous OPN as a potent upre-
gulator of JNK MAPK signaling route and DNA-binding activity of c-jun
AP-1 transcription factor in T. cruzi- infected myocardium. In parallel,
our findings unveil a phospho-JNK MAPK-dependent mechanism of
CCL5 and MMP-2 synthesis that operates in infiltrating CD8* T cells
isolated from WT, but not OPN-deficient, mice with chronic infection.
Thus, it could be speculated that myocardial OPN overexpression makes
a critical contribution to JNK induction and subsequent CCL5/MMP-2
production in CD8* T cells dominating the inflammatory infiltrate in
Chagas myocarditis.

In summary, this study provides evidence, for the first time, that
endogenous OPN is a key player in the pathogenesis of inflammatory
cardiomyopathy caused by persistent T. cruzi infection, through the

20

upregulation of myocardial CCL5/MMP-2 expression and activities,
leading to pro-inflammatory and pro-hypertrophic events, cardiac re-
modeling and interstitial fibrosis. The CD8* T cell compartment within
the inflammatory infiltrate most likely constitutes a major source of
these cardiopathogenic agents. So far, the development of T. cruzi-
driven myocarditis represents interplay of many parasite and host fac-
tors. A growing body of evidence suggests that the combined effects of
infection, inflammatory mediators and regulatory signals on the car-
diovascular system influence the evolution of Chagas cardiomyopathy
[2,28,66]. Our current results open new perspectives to gain insight
into the complex host-parasite interrelationship and reveal potential
novel chemotherapeutic targets for modulating the life-threatening
progression of Chagas heart disease.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2017.10.006.
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Fig. 7. Correlation analysis of myocardial osteopontin (OPN), CCL5 and MMP-2 with heart fibrosis caused by chronic T. cruzi infection.

Plots show correlations between (A) CCL5 levels or (B) MMP-2 activity and OPN expression in cardiac tissues from wild-type (WT) mice upon 100 days of infection. CCL5 concentration
was measured by ELISA, relative MMP-2 activity was determined by gelatin zymography and densitometry, and OPN expression was evaluated by immunohistochemistry coupled with
image analysis (see Supplemental Fig. 2). A.D.U., arbitrary densitometric units relative to B-actin expression.

Additional plots display correlations between (C) OPN levels, or (D) CCL5 production, or (E) MMP-2 activity, and the percent area of collagen in the infected WT myocardium calculated
using data from histopathological studies. Estimated associations of (F) CCL5 levels, or (G) MMP-2 activity, with collagen area (%) in T. cruzi spp1 —/— hearts are also depicted.
The Spearman correlation coefficient was used for analysis. Significant differences (P value) are indicated in each graph, together with the r* value. The filled squares (WT) or triangles
(spp1 —/—) represent the individual samples evaluated. The solid lines represent the linear regression for each association.
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