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Chronic Chagasic cardiomyopathy (CCC) is a severe clinical manifestation that develops in 30%–40% of individuals chronically infected with the protozoal parasite Trypanosoma cruzi and is thus an important public health problem. Parasite persistence during chronic infection drives pathologic changes in the heart, including myocardial inflammation and progressive fibrosis, that contribute to clinical disease. Clinical manifestations of CCC span a range of symptoms, including cardiac arrhythmias, thromboembolic disease, dilated cardiomyopathy, and heart failure. This study aimed to investigate the role of signal transducer and activator of transcription-3 (STAT3) in cardiac pathology in a mouse model of CCC. STAT3 is a known cellular mediator of collagen deposition and fibrosis. Mice were infected with T. cruzi and then treated daily from 70 to 91 days post infection (DPI) with TTI-101, a small molecule inhibitor of STAT3; benznidazole; a combination of benznidazole and TTI-101; or vehicle alone. Cardiac function was evaluated at the beginning and end of treatment by echocardiography. By the end of treatment, STAT3 inhibition with TTI-101 eliminated cardiac fibrosis and fibrosis biomarkers but increased cardiac inflammation; serum levels of interleukin-6 (IL-6), and IFN−γ; cardiac gene expression of STAT1 and nuclear factor-κB (NF-κB); and upregulation of IL-6 and Type I and Type II IFN responses. Concurrently, decreased heart function was measured by echocardiography and myocardial strain. These results indicate that STAT3 plays a critical role in the cardiac inflammatory–fibrotic axis during CCC.
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Introduction

Chagas disease is caused by infection with the parasite Trypanosoma cruzi and currently affects an estimated 6–7 million people predominantly in Central and South America1. It is the leading cause of non-ischemic cardiomyopathy in Latin America (Bocchi, 2013). Acute infection is characterized as a non-specific febrile illness, with easily detectable parasitemia, that transitions to a clinically silent indeterminate phase with low to undetectable parasitemia (Dias et al., 1956). Overall, approximately 30% of infected individuals develop significant cardiac disease 10–15 years after infection, and approximately 2% of infected individuals develop chronic Chagasic cardiomyopathy (CCC) annually (Sabino et al., 2013). Mortality due to CCC is usually due to fatal arrhythmias, thromboembolism, or refractory heart failure (Rassi et al., 2010). Parasite-specific treatments, including benznidazole and nifurtimox, have been shown to reduce parasite burden but not to affect progression of cardiomyopathy (Morillo et al., 2015). The BENEFIT (Benznidazole Evaluation for Interrupting Trypanosomiasis) Study found that 17%–18% of patients with CCC progress to heart failure and death despite antiparasitic therapy (Marin-Neto et al., 2009; Morillo et al., 2015). Thus, treatment for patients with CCC also includes standard cardiac drugs to minimize arrhythmias and preserve heart function, including amiodarone, angiotensin-converting enzyme inhibitors, and aldosterone receptor agonists (Tanowitz et al., 2015; Nunes et al., 2018; Stein et al., 2018). However, improved understanding of the underlying mechanisms of disease progression in CCC will drive the development of more effective therapies.

The earliest cardiac histopathology findings in fatal cases of CCC were characterized by the persistence of parasites in the heart combined with diffuse fibrosis and inflammation in the myocardium (Dias et al., 1956). Further studies also identified autoimmunity, microvascular dysfunction, and dysautonomia as key factors in disease pathogenesis (Hyland et al., 2007; Bonney et al., 2019). In particular, the progressive cardiac fibrosis in CCC disrupts normal cardiac structural organization, resulting in worsening heart function, including arrhythmias and heart failure (Tassi et al., 2014; Tzizik and Borchardt, 2018). Transforming growth factor beta (TGF-β) is a master regulator of fibrosis and has been found to be elevated in CCC patients as well as preclinical models of CCC (Araujo-Jorge et al., 2002; Waghabi et al., 2002; Araujo-Jorge et al., 2008; Ferreira et al., 2016). Indeed, we recently demonstrated in our mouse model of CCC that TGF-β and downstream fibrosis mediators connective tissue growth factor (CTGF) and platelet-derived growth factor (PDGF) correlated with tissue fibrosis and worsening cardiac strain (Hoffman et al., 2019). Recently, inhibition of TGF-β was shown to decrease cardiac fibrosis and improve cardiac function in a mouse model of Chagas disease, indicating a key role of TGF-β in the mechanisms of fibrosis in CCC (Ferreira et al., 2019). However, additional investigation on the specific downstream targets of TGF-β will further define the key mechanisms of pathology in CCC and potentially identify new therapeutic targets.

Another classic lesion seen in CCC is chronic myocarditis that occurs as a result of the persistence of the parasite antigens in the heart. T. cruzi induces a pro-inflammatory response in which inflammatory cells infiltrate the myocardium, contributing to cardiac dysfunction (Andrade, 1999; Teixeira et al., 2002). Toll-like receptor signaling induces nuclear factor-κB (NF-κB)-mediated inflammatory signaling, leading to the release of pro-inflammatory cytokines (Andrade, 1999), e.g., interleukin-6 (IL-6) and interferon-γ (IFN-γ), as well as chemokines (Poveda et al., 2014). Transcriptome profile analysis of T. cruzi-infected cardiomyocytes revealed increased mRNA levels of cytokines and chemokines, including IL-6, a pleotropic cytokine that contributes to both inflammatory and fibrotic responses, depending on other disease factors (O’Reilly et al., 2014; Udoko et al., 2016; Kurdi et al., 2018). Importantly, IL-6 has been demonstrated to be responsible for macrophage polarization and subsequent myocardial damage in CCC (Sanmarco et al., 2017). Lymphocyte activation is amplified by IL-6 production induced by T. cruzi infection, leading to myocardial infiltration by T cells (Gao and Pereira, 2001). Importantly, IL-6 knockout (KO) mice infected with T. cruzi were shown to have reduced myocarditis compared to wild-type mice, confirming the role of IL-6 in T. cruzi-induced inflammation (Sanmarco et al., 2017). Furthermore, this suggests that IL-6 signaling may be a target for therapeutic intervention.

Signal transducer and activator of transcription-3 (STAT3) has been implicated as a key promoter of fibrosis development in animal models of fibrotic diseases (Ogata et al., 2006; Liu et al., 2013; O’Reilly et al., 2014; Pedroza et al., 2016; Su et al., 2017; Kurdi et al., 2018). STAT3 also has been found to be important in both IL-6 and TGF-β signaling and is directly activated by both IL-6 and TGF-β (Akira, 1996; Ogata et al., 2006; Fischer and Hilfiker-Kleiner, 2008; Hilfiker-Kleiner et al., 2010; Liu et al., 2013; O’Reilly et al., 2014; Tang et al., 2017). IL-6 binds its heterodimeric receptor consisting of IL-6Rα and IL-6Rβ (gp130), which induces the phosphorylation of the gp130-associated Janus kinase (JAK) and its subsequent phosphorylation of four tyrosine residues within gp130 (O’Reilly et al., 2013; O’Reilly et al., 2014). STAT3 binds to these phosphotyrosine (pY) peptide docking sites via its SRC homology 2 (SH2) domain resulting in its phosphorylation (O’Reilly et al., 2014; Johnson et al., 2018) at tyrosine 705 (pY-STAT3), which promotes its dimerization and accumulation within the nucleus, where pY-STAT3 homodimers drive pro-inflammatory and pro-fibrotic gene transcription (Johnson et al., 2018). STAT3 has been demonstrated to be activated by TGF-β through its heterodimerization with SMAD3 (Tang et al., 2017; Pedroza et al., 2018) resulting in upregulation of pro-fibrotic gene expression. Critical pro-fibrotic genes upregulated by activated STAT3 include Type I collagen, a key component of fibrosis (Papaioannou et al., 2018). Inhibition of STAT3 with TTI-101, a small molecule that targets the pY-peptide binding site within the SH2 domain of STAT3, has been found to ameliorate inflammation and fibrosis in the lung, skin, and liver (Xu et al., 2009; Pedroza et al., 2016; Pedroza et al., 2018). Importantly, cardiac-specific STAT3 signaling has been shown to play a critical role in inflammatory damage and age-related cardiac fibrosis (Jacoby et al., 2003). T. cruzi infection has been shown to increase STAT3 activation in the heart (Ponce et al., 2013). Together, these data suggest that STAT3 signaling plays a critical role in the pathogenesis of CCC.

Based on the findings summarized above, we hypothesize that STAT3 contributes to the chronic low-grade inflammation and progression of fibrosis seen in CCC and that use of TTI-101 may reduce cardiac fibrosis and/or inflammation in a mouse model of CCC. We have previously reported on our BALB/c mouse model of CCC that replicates the persistent inflammation and progressive fibrosis characteristic of human disease (Hoffman et al., 2019). The studies reported here were undertaken to investigate the consequence of STAT3 inhibition with TTI-101 on cardiac inflammation and fibrosis development in our animal model of CCC.



Materials And Methods


Parasites and Infections

T. cruzi H1 strain trypomastigotes, a DTU I strain originally isolated from a human patient with chronic cardiomyopathy in Mexico, were isolated from the blood of infected BALB/c mice [blood form trypomastigotes (bt)] at peak parasitemia [24–32 days post infection (DPI)] (Ruiz-Sanchez et al., 2005). Blood form trypomastigotes were washed once with sterile phosphate buffered saline (PBS), then resuspended in appropriate cell culture media (Complete Fibroblast Media). BALB/c mouse primary cardiac fibroblasts (Cell Biologics, IL, USA) were cultured in appropriate media and grown for 24 h prior to infection. Cell cultures were washed once with PBS, then infected with bt at a multiplicity of infection of 3 to achieve an infection efficiency of one parasite per cell. Cell culture medium was replaced every 24 h.

Wild-type BALB/c female mice (age 6–8 weeks), purchased from Taconic Biosciences, NY, USA, were injected intraperitoneally with 500 T. cruzi bt suspended in 0.1 ml sterile saline (n = 80) or sterile saline alone (n = 20) as previously described (Barry et al., 2016). Mice were evaluated daily for systemic signs of disease, including ruffled coat, lethargy, hunched posture, dyspnea, and visible weight loss. These signs were used as endpoint determinants, and mice that reached endpoint were humanely euthanized. All studies involving live animals were performed in strict compliance with Public Health Service Policy and The Guide for Care and Use of Laboratory Animals (Eighth Edition) and were approved by the Institutional Animal Care and Use Committee at Baylor College of Medicine under PHS assurance number D16-00475 (Council, 2011).



Cardiac Parasite Burden and Parasitemia Quantification

Blood was collected from infected mice during the acute phase of disease, at 32 DPI, and hearts were collected at study endpoint (91 DPI). Total DNA was isolated from blood and heart tissue using a DNEasy 96 blood and tissue kit according to the manufacturer’s guidelines (Qiagen Sciences, MD, USA). Parasitemia and cardiac parasite burden were assessed by quantitative real-time PCR as previously described (Jones et al., 2018). Briefly, PCR was performed using 10 ng purified DNA, TaqMan Fast Advanced Master Mix (Life Technologies, CA, USA), and oligonucleotides specific for the satellite region of T. cruzi nuclear DNA (primers 5’ ASTCGGCTGATCGTTTTCGA 3’ and 5’ AATTCCTCCAAGCAGCGGATA 3’, probe 5’ 6-FAM CACACACTGGACACCAA MGB 3’; Life Technologies, CA, USA). Data were normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (primers 5’ CAATGTGTCCGTCGTGGATCT 3’ and 5’ GTCCTCAGTGTAGCCCAAGATG 3’, probe 5’ 6-FAM CGTGCCGCCTGGAGAAACCTGCC MGB 3’; Life Technologies, CA, USA), and parasite equivalents were calculated from a standard curve of known parasite contents (Jones et al., 2018).



TTI-101 Treatment

TTI-101, formerly known as C-188-9, a proven inhibitor of STAT3 phosphorylation (Xu et al., 2009), was acquired from Tvardi Therapeutics, Inc., TX, USA. For in vitro experiments, a stock of TTI-101 was prepared in dimethyl sulfoxide (DMSO), which was added to cell culture media to achieve a final concentration of 20 µM. For in vivo experiments, TTI-101 was dissolved in DMSO to achieve a concentration of 25 mg/ml and administered once daily to mice from 70 to 91 DPI by intraperitoneal injection of 0.05 ml for a dose of 1.25 mg/mouse or 62.5 mg/kg body weight.



Benznidazole Treatment

Benznidazole (Laboratorio Elea, Argentina) was resuspended in 5% DMSO–95% HPMC (0.5% hydroxypropyl methylcellulose, 0.4% Tween 80, 0.5% benzyl alcohol in deionized water) to a final concentration of 10 mg/ml. Mice were treated with 100 mg/kg benznidazole by oral gavage once daily from 70 to 91 DPI. This treatment scheme was previously shown to reduce cardiac parasite burdens to nearly undetectable levels in BALB/c mice acutely infected with T. cruzi H1 (Cruz-Chan et al., 2021).



STAT3 in Cardiac Cells Infected With T. cruzi

Cell cultures were treated with the compound after growth with and without T. cruzi infection. Cardiac fibroblast cells were grown for 24 h before infection to allow acclimation to culture conditions. All experimental groups were treated with a media change at this time, with the infected groups treated with three blood form T. cruzi Tc1 H1 trypomastigotes per cell, and the naive controls were treated with media alone. Cell lysate samples were collected at the following time points: 12, 24, 48, and 72 h. Protein in the lysate was quantified using a Pierce™ BCA Protein Assay Kit according to the manufacturer’s instructions (ThermoFisher, MA, USA), and all samples were diluted to 1 µg/µl. Protein isolated from lysate and cardiac tissue from mouse experiments (100 µg/well) was tested for concentrations of pY-STAT3 using ELISA (ThermoFisher, MA, USA). Samples were treated with RIPA Lysis and Extraction Buffer (ThermoFisher, MA, USA) for acquisition of lysate, according to manufacturer’s instructions. To test the effect of TTI-101 treatment on the levels of pY-STAT3 in cardiac fibroblasts, this experiment was repeated with TTI-101 treatment. Immediately after infection, the cell cultures were then treated with 50 µg/ml TTI-101, dissolved in DMSO, or DMSO alone. TTI-101 treatment was replenished at the same concentration with media changes every 24 h. Cell lysate samples were collected as previously, and lysates were tested for concentrations of pY-STAT3 using ELISA following the manufacturer’s instructions. Two technical and biological replicates were measured for each factor analyzed.



STAT3 Inhibition With TTI-101 in a Mouse Model of Chronic Chagasic Cardiomyopathy

The infection and treatment timeline is illustrated in Figure 1A. At 70 DPI, mice were divided into six treatment groups, listed in Figure 1B. Prior to treatment start and end, at 70 and 91 DPI, all mice were anesthetized and imaged with echocardiography. Mice were immediately euthanized after the final echocardiography, and hearts and serum from the mice were collected for histologic analysis, gene expression, and ELISA analysis.




Figure 1 | Experimental design. Shown is the timeline for experimental infection with Trypanosoma cruzi, TTI-101 and/or benznidazole treatment, and echocardiography imaging in a mouse model of chronic Chagasic cardiomyopathy (A). Six treatment and control groups are listed, with untreated animals receiving dimethyl sulfoxide (DMSO) treatment vehicle alone (B).





Echocardiography

At 70 and 91 DPI, echocardiography was performed on anesthetized mice as described (Hoffman et al., 2019). Briefly, mice were anesthetized with inhaled isoflurane delivered by a precision vaporizer, and fur from the entire ventral thorax was removed with motor trimmers. Mice were positioned in dorsal recumbency on a temperature-regulated plate and monitored with rectal thermometer and Doppler ECG with four leads. The sternum was coated with a layer of ultrasound gel, and the left parasternal window was used to obtain both long and short axis echocardiogram images of the left ventricle in B-mode. Heart rates were maintained between 375 and 425 beats per minute during imaging acquisition. M-mode images were then obtained at the papillary level of the short-axis view in order to determine systolic and diastolic chamber dimensions.

The images were analyzed with Fujifilm Visualsonics VevoLab, Inc., Ontario, Canada echocardiogram analysis software. The left ventricle dimensions were obtained from the M-mode images to determine ejection fraction, stroke volume, and cardiac output. Each measurement represents the mean of 15 cardiac cycles of identical projection, transducer position, and angle of frozen images. Cardiac output values were normalized according to animal weight. The short-axis and long-axis left ventricle B-mode images were analyzed using the VevoStrain Fujifilm Visualsonics, Inc. Ontario, Canada software, with each measurement representing three cardiac cycles per position. The short-axis images were used to obtain circumferential strain. The long-axis images were used to obtain longitudinal strain.



Histopathology Methods

At 91 DPI, all mice were anesthetized to a surgical plane of anesthesia with an intraperitoneal injection of ketamine (100 mg/kg) and xylazine (10 mg/kg), then euthanized via opening of the thoracic cavity. The heart was collected by excision and divided in half with sterile instruments. Then, one half was immediately fixed in 10% formalin solution and the other flash-frozen for later processing. The samples were dehydrated, embedded in paraffin, sectioned to 5 mm, fixed, and stained with hematoxylin–eosin (H&E) and Masson’s trichrome.

Imaging of the stained sections was performed on three representative images of the left ventricle in distinct regions that did not overlap. The imaging was performed with an Amscope United Scope LLC, CA, USA ME580 brightfield microscope equipped with LMPLAN40-065 ×40 objective using an 18-megapixel camera at fixed upper and lower light levels. ImageJ software was used to quantify the total area of the images that represented inflammatory infiltrate (H&E) or collagen (Masson’s trichrome). Two sequential sections of the left ventricle were imaged, with three representative images obtained from distinct non-overlapping portions of myocardium in each section, representing approximately 5% of the area per section. Briefly, for total fibrosis, numerical values of the total myocardium and the Masson’s trichrome-stained collagen area were obtained by adding the values of each area obtained with photography of ×40 microscopic fields in a section; the fraction of total area of collagen deposition per area of the entire section analyzed was calculated for each animal. Total heart area was quantified as the total area of the myocardium that appeared in each image, with white background subtracted from the total area. This same protocol was performed for quantification of area of inflammation using H&E staining.



Immunohistochemistry

For immunohistochemistry (IHC) staining, mouse hearts were fixed in formalin, embedded in paraffin, and sectioned, as above. Heart sections were incubated with rabbit anti-CD4 monoclonal IgG (1:500; Cell Signaling Technology, Inc., MA, USA, 25229) or mouse anti-CD8 monoclonal IgG (1:50; Cell Signaling Technology, Inc., MA, USA, 98941) antibody followed by incubation with horseradish peroxidase (HRP)-conjugated secondary antibody. Brown color was carried out by incubation with the chromogen 3,3-diaminobenzidine (DAB), and nuclei were counterstained with hematoxylin.



Cardiac Tissue Gene Expression Analysis

Frozen cardiac tissues were processed using Qiagen RNeasy kit to isolate and purify mRNA according to the manufacturer’s instructions. The mRNA was quantified and converted to cDNA using Qiagen RT2 First Strand kit. The cDNA was quantified with Nanodrop, and 20 μg was used in the Qiagen RT2 Profiler PCR Array Mouse Fibrosis kit with SYBR Green Rox Mastermix or NF-κB (Mm00476361_m1) and STAT1 (Mm00439518_m1) primers (ThermoFisher, MA, USA) with TaqMan™ Gene Expression Master Mix. Quantitative reverse transcriptase polymerase chain reaction (RT-qPCR) was carried out on an Applied Biosystems Viia 7 Real-Time PCR system. The relative quantitation of the genes was performed according to the ΔCt method using GAPDH as the internal control gene for individual primers and the housekeeping genes included in the mouse fibrosis array.



Biomarker and Cytokine Targets and Analysis

To analyze the circulating levels of fibrosis biomarkers, inflammatory cytokines, and cardiac injury biomarkers, serum was collected from mice at 91 DPI. Blood was collected after transection of the descending aorta and caudal vena cava following euthanasia, and serum was collected from the blood. Concentrations of fibrosis biomarkers TGF-β and PDGF-D were measured using sandwich enzyme-linked immunosorbent assay (ELISA) kits according to the manufacturer’s instructions (Abclonal). Concentrations of inflammatory cytokines IL-6 and IFN-γ were measured using ELISA kits according to the manufacturer’s instructions (ThermoFisher, MA, USA). Protein extracted from cardiac tissue was analyzed for IL-6 with ELISA kit as well. Protein in the sample was quantified using a Pierce™ BCA Protein Assay Kit according to the manufacturer’s instructions (ThermoFisher, MA, USA), and all samples were diluted to 1 µg/µl for analysis of 100 µg/well. After completing kit instructions, all plates were analyzed with a Bioteck colorimetric plate reader for appropriate absorbance wavelength per assay instructions (450 nm). All absorbance values were normalized to blank wells and compared to standard curve for calculation of concentrations. Two technical replicates were measured for each factor analyzed.



Statistical Analysis

All results are shown as mean ± standard deviation of two independent animal experiments, with two technical replicates. One representative experiment is expressed. Data were found to be normally distributed with the Shapiro–Wilk normality test. Two-way ANOVA and multiple-comparisons test were used when comparing multiple treatment groups to the naive control or untreated (infected) control. These tests were followed by Tukey’s honestly significant difference post-hoc test. When comparing two treatment groups to each other, a Student’s t-test was used. Analyses were performed using GraphPad Prism, Inc., CA, USA software, version 3.0. p ≤ 0.05 was considered statistically significant.




Results


TTI-101 Reduced pY-STAT3 in Infected Cardiac Fibroblasts

The concentration of pY-STAT3 was significantly higher in untreated T. cruzi-infected cardiac (Figure 2, green symbols) fibroblasts than naive cells (Figure 2, blue symbols). TTI-101 treatment of infected cardiac fibroblasts (Figure 2, purple symbols) significantly reduced pY-STAT3 levels compared to infected untreated (Figure 2, green symbols) cardiac fibroblasts. Similarly, TTI-101 treatment of infected cardiac fibroblasts (Figure 2, purple symbols) significantly reduced pY-STAT3 levels compared to naive untreated cardiac fibroblasts (Figure 2, red symbols).




Figure 2 | Active signal transducer and activator of transcription-3 (STAT3) concentration in cardiac fibroblast cell culture lysate. Shown are phosphorylated STAT3 (pY-STAT3) concentrations (units/µl, each µl contained 100 µg protein) in cardiac cell culture lysate. Separate cultures of cardiac fibroblasts were infected with one trypomastigote per cell of H1 TCI Trypanosoma cruzi strain or left naive. One each from the infected and naive groups was treated with TTI-101 (20 µM) or media alone. Cells were lysed at 12, 24, 48, and 72 h post infection. Cell lysates were analyzed with ELISA for pY-STAT3 concentration. Depicted are the summary data from two biological and two technical replicates. Error bars represent SD. Data were analyzed with two-way ANOVA; ****p < 0.0001 when comparing TTI-101-treated cells (purple symbols) to infected untreated cells (green symbols), $$$$p < 0.0001 when comparing TTI-101-treated cells (purple symbols) to naive untreated cells (blue symbols).





Infection and Mortality

Treatment with TTI-101 was used to inhibit STAT3 activity, and treatment with benznidazole was used to clear the infection to evaluate the effect of STAT3 if the parasites were removed. Successful infection was measured by detecting T. cruzi parasites in the blood at 32 DPI. All animals in the infected groups were found to have positive parasitemia (Supplemental Figure S1A). Acute mortality was found to be 50% in the infected groups (Supplemental Figure S1B). The remaining mice that survived until 70 DPI were randomly assigned to groups of 10 mice each for treatment as described.



Cardiac Parasite Burden and STAT3 Levels

Cardiac levels of pY-STAT3 were quantified from all treatment groups to evaluate the effect of TTI-101 treatment on its target. The groups treated with TTI-101 alone and benznidazole with TTI-101 had significantly less pY-STAT3 in cardiac tissue than all other groups not treated with TTI-101, including the naive control group that received treatment vehicle alone (Figure 3A). The infected groups treated with drug vehicle or benznidazole alone had significantly higher levels of pY-STAT3 in cardiac tissue than all other groups.




Figure 3 | Cardiac parasite burden and signal transducer and activator of transcription-3 (STAT3) activity. Shown are the mean ± SD concentrations of pY-STAT3 measured in cardiac tissue (A) and the relative parasite burden per 10 mg cardiac tissue measured with qPCR at 91 days post infection (B). Data were analyzed with Student’s t-test; *p < 0.05, **p < 0.01, ****p < 0.0001.



Cardiac parasite burden was evaluated for the evaluation of infection status and effect of TTI-101 treatment on levels of parasites in the cardiac tissue. As expected, cardiac parasite burden was significantly reduced in both groups treated with benznidazole. Cardiac parasite burden in infected groups treated with TTI-101 alone or untreated was significantly greater than those in the naive controls and the groups treated with benznidazole with or without TTI-101 treatment (Figure 3B). Treatment with TTI-101 alone did not have any effect on cardiac parasite burden compared to vehicle treatment.



Cardiac Fibrosis

To evaluate the effect of TTI-101 treatment on the development of cardiac fibrosis in chronically infected mice, cardiac fibrosis was quantified as the total percentage of Masson’s trichrome-stained collagen in the heart tissue of each animal in all groups. Infected groups treated with TTI-101 or benznidazole with TTI-101 had significantly lower levels of cardiac fibrosis than any other infected group (Figure 4A). Infected groups treated with treatment vehicle or benznidazole alone had significantly higher levels of cardiac fibrosis compared to all other groups. Cardiac fibrosis levels did not differ between the naive groups treated with treatment vehicle or TTI-101.




Figure 4 | Cardiac fibrosis and fibrosis biomarkers in experimental animals. Relative fibrosis % of total cardiac tissue imaged is illustrated for 91 days post infection (DPI) at conclusion of treatment (A). Terminal serum from all animals was collected at the conclusion of treatment at 91 DPI. Biomarkers of cardiac fibrosis were measured by ELISA. Serum concentrations of transforming growth factor beta (TGF-β) (B) and platelet-derived growth factor (PDGF)-D (C) at 91 DPI are shown. Representative images from one of two replicate experiments are shown. Error bars represent SD. Data were analyzed with Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To evaluate the effect of TTI-101 on signaling involved in the development of cardiac fibrosis in CCC, serum concentrations of biomarkers of cardiac fibrosis, including TGF-β and PDGF-D, were measured. As expected, serum TGF-β was significantly increased in the serum of infected mice compared to naive controls, but TTI-101 treatment, with or without benznidazole, significantly reduced TGF-β levels (Figure 4B). Similarly, PDGF-D was significantly increased in the serum of infected mice compared to naive controls, but TTI-101 treatment, with or without benznidazole, significantly reduced PDGF-D levels (Figure 4C). Cardiac fibrosis biomarker concentrations were similar between the infected groups with TTI-101 or benznidazole with TTI-101 and both naive groups with treatment vehicle or TTI-101. However, pro-fibrotic biomarker levels in the infected groups treated with TTI-101 were significantly lower than both infected groups that were not treated with TTI-101.



Cardiac Inflammation

We have previously demonstrated that the T. cruzi H1 strain induces significant cellular infiltration into the heart in both acutely and chronically infected mice (Hoffman et al., 2019; Villanueva-Lizama et al., 2020; Cruz-Chan et al., 2021). Here, we used our established mouse model of CCC to evaluate the effect of TTI-101 treatment on cardiac pathology. Cardiac inflammation was quantified as a total percentage of the heart tissue on histopathology (Representative images, Figures 5A–F). Cardiac inflammation was significantly higher in groups treated with TTI-101 or benznidazole with TTI-101 than any of the other infected and naive groups and was reduced only in the infected group treated with benznidazole alone (Figure 5G). Cardiac inflammation was significantly higher in the infected groups receiving treatment vehicle or benznidazole treatment alone compared to both naive groups. Cardiac inflammation did not differ significantly between the naive groups.




Figure 5 | Cardiac inflammation quantified on histopathological analysis in experimental animals. Representative images of hematoxylin and eosin staining of infiltrating inflammatory cells in naive untreated (A), naive TTI-101 treated (B), infected untreated (C), infected benznidazole treated (D), infected TTI-101 treated (E), and infected TTI-101 with benznidazole treated (F) are shown. Relative inflammation % of total cardiac tissue imaged is illustrated for 91 days post infection, at the conclusion of treatment (G). Representative images from one of two replicate experiments are shown. Error bars represent SD. Data were analyzed with Student’s t-test; *p < 0.05, ***p < 0.001, **** p < 0.0001.



The inflammatory infiltrate was characterized with immunohistochemistry using antibodies for both CD4 and CD8. Staining for CD4 was detected in low levels in the inflammatory infiltrate of the hearts of any group with myocarditis (Figure 6A). However, inflammatory infiltrates stained positive for CD8 in all infected groups (Figure 6B). The groups treated with TTI-101 had greater levels of CD4+ and CD8+ infiltrate than all other groups (Figures 6A–C). However, the CD8+ proportion of inflammatory infiltrate was much greater than CD4+ for all infected groups (Figure 6C).




Figure 6 | CD4 and CD8 staining of inflammatory infiltrate in cardiac tissue. Immunohistochemistry was performed on cardiac tissues from groups exhibiting myocarditis, and images were processed for the measurement of relative CD4+ and CD8+ populations. The relative CD4+ (A) and CD8+ (B) stained cells are depicted as a percent of total tissue, measured from heart samples from all treatment groups. Comparison of CD4+ and CD8+ percentages of total cellular infiltrate (C) is shown. Error bars represent SD. Data were analyzed with Student’s t-test; ***p < 0.001, ****p < 0.0001.





STAT3 Inhibition Causes Increased Pro-Inflammatory Signaling Driven by IL-6 and IFN-γ

To characterize the signaling mechanism behind the increase in cardiac inflammation with STAT3 inhibition by TTI-101, serum and heart tissue were evaluated for evidence of pro-inflammatory signaling changes. To evaluate the effect of the inhibition of STAT3 activity on IL-6 pro-inflammatory pathway and IFN-γ pro-inflammatory pathway, concentrations of IL-6 were measured in serum and heart tissue, and serum IFN-γ levels were measured. Serum concentrations of IL-6 (Figure 7A) were significantly higher in groups treated with TTI-101 or benznidazole with TTI-101 than those in all other groups. Similar trends were seen in elevations of cardiac tissue IL-6 (Figure 7B), which, in combination with the serum data, suggest that local and systemic IL-6 responses are altered with TTI-101 treatment. Serum concentrations of IFN-γ (Figure 7C) were significantly higher in groups treated with TTI-101 or benznidazole with TTI-101 than those in all other groups. Additionally, serum levels of IFN-γ were significantly increased in the infected groups that were treated with treatment vehicle or benznidazole alone compared to the uninfected control groups.




Figure 7 | Inflammatory signaling induced by signal transducer and activator of transcription-3 (STAT3) inhibition. Pro-inflammatory signaling mechanisms influenced by STAT3 activity were measured in the serum and cardiac tissues of all animals after treatment with TTI-101. Shown are individual levels of serum interleukin-6 (IL-6) (A), cardiac IL-6 (B), and serum interferon-γ (IFN-γ) (C). Downstream effectors of IL-6 and IFN-γ were measured in cardiac tissue. Cardiac gene expression levels of STAT1 (D) and NF-κB (E) are shown as fold increase above naive controls. Representative images from one of two replicate experiments are shown. Error bars represent SD. Data were analyzed with Student’s t-test; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To confirm that the downstream effectors in the IL-6 and IFN-γ pro-inflammatory signaling pathways were upregulated, gene expression levels of NF-κB and STAT1 were measured. All four infected groups had upregulated gene expression of STAT1 and NF-κB compared to uninfected controls (Figures 7D, E). In groups treated with TTI-101 and benznidazole with TTI-101, gene expression levels of NF-κB and STAT1 were significantly higher than those in both the uninfected controls and the other infected groups.



STAT3 Inhibition Reduces Cardiac Function Despite a Reduction in Cardiac Fibrosis

To evaluate whether heart function improved or declined in response to STAT3 inhibition during CCC, echocardiography was performed before and after treatment with TTI-101. There were no significant differences between ejection fraction levels among treatment groups before treatment (Figure 8A). Groups treated with TTI-101 and benznidazole with TTI-101 had a significant decrease in ejection fraction at the end of treatment compared to that before treatment. Additionally, the groups treated with TTI-101 and benznidazole with TTI-101 had a significantly lower ejection fraction than that in all other groups.




Figure 8 | Cardiac function measured on echocardiography. Echocardiography was performed pre- and post-treatment to evaluate changes to cardiac function. All infected groups are compared to the naive untreated and naive TTI-101-treated groups (no significant differences were seen between the naive untreated and naive TTI-101-treated groups). Summary data measurements of ejection fraction (A) and cardiac output (B) measured by M mode echocardiography before and after treatment compared to naive control averages (dotted line). Summary data levels of myocardial strain of the left ventricle measured by B mode echocardiography before and after treatment compared to naive control average (dotted line; (C). Short-axis images were used to determine myocardial circumferential strain (C). Representative images from one of two replicate experiments are shown. Error bars represent SD. Data were analyzed with Student’s t-test. When comparing groups to naive control, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. For each group when comparing pre-treatment to post-treatment values ±p < 0.05, ±±p < 0.01, ±±±±p < 0.0001.



Before treatment, at 70 DPI, there were no statistically significant differences in cardiac output among the groups, including between the infected and naive groups (Figure 8B). At treatment completion, cardiac output was significantly reduced in all of the infected groups compared to baseline pretreatment measurements (Figure 8B). However, the TTI-101 treatment groups exhibited the greatest reduction in cardiac output. Moreover, those groups treated with TTI-101 exhibited the greatest myocardial strain alterations relative to the other groups, regardless of whether they were treated with benznidazole (Figure 8C).

We have previously shown that myocardial strain correlates with cardiac fibrosis in our mouse model of CCC (Hoffman et al., 2019). To evaluate the effect of STAT3 inhibition on myocardial strain, both longitudinal and circumferential myocardial strains [longitudinal and circumferential shortening expressed as negative % strain (Dandel et al., 2009)] were measured from echocardiography images. Before treatment, there was no significant difference in circumferential strain between any of the groups (Figure 8C). In groups treated with TTI-101 and benznidazole with TTI-101, myocardial strain significantly increased after treatment compared to that before treatment and was also significantly higher than that in all other groups after treatment. After treatment, the myocardial strain in the infected groups treated with treatment vehicle and benznidazole was significantly higher than that in the uninfected control groups.




Discussion

Given previous evidence that signaling pathways involving STAT3 are altered in chronic fibrotic diseases and evidence showing altered STAT3 signaling in T. cruzi infected cells in vitro, we conducted the studies described here to determine the in vivo effect of inhibiting STAT3 on cardiac fibrosis development in CCC (Ponce et al., 2013; Kasembeli et al., 2018). To our knowledge, this is the first report to define the role of STAT3 in modulating the cardiac inflammatory–fibrotic axis in a mouse model of CCC. We confirmed that T. cruzi H1 infection significantly increased levels of pSTAT3 in cardiac fibroblasts in vitro and in heart tissue of chronically infected mice. We showed that similar to mouse models of skin, lung, and liver fibrosis (Pedroza et al., 2016; Kasembeli et al., 2018; Pedroza et al., 2018), inhibition of STAT3 signaling with the small molecule TTI-101 significantly reduced T. cruzi-induced pSTAT3 levels and tissue fibrosis. The reduced fibrosis was accompanied by significantly reduced serum levels of TGF-β and PDGF-D. Inhibition of STAT3 signaling also resulted in a significant increase in cardiac inflammation, with infiltration of both CD4+ and CD8+ cells into the heart, accompanied by increased expression of the pro-inflammatory transcription factors NF-κB and STAT1 and IL-6 protein levels. Concurrently, levels of IL-6 and IFN-γ were elevated in the serum. Inhibition of STAT3 signaling also resulted in decreased cardiac function, as evidenced by significantly reduced ejection fraction and cardiac output and worsening cardiac strain in mice treated with TTI-101. The effects of TTI-101 treatment were equivalent when administered alone or combined with benznidazole treatment to remove the parasite stimulus. Altogether, these data confirm that STAT3 signaling plays a key role in the pathogenesis of CCC.

We propose the pathway illustrated in Figure 9 as the mechanism of pro-fibrotic communication that is the result of our findings combined with those of previous research, as summarized below (Negoro et al., 2000; Stahl et al., 2013; Stahl et al., 2014; Pedroza et al., 2016; Tang et al., 2017; Cevey et al., 2019). High levels of TGF-β cause increased STAT3 activity through SMAD3 activation and subsequent dimerization between STAT3 and SMAD3, which engage in transcriptional regulation events that promote fibrosis (Tang et al., 2017). The STAT3 activity also has a positive feedback on both TGF-β and PDGF (Negoro et al., 2000; Tang et al., 2017). PDGF stimulates further TGF-β pro-fibrotic signaling (Negoro et al., 2000; Tang et al., 2017; Johnson et al., 2018). Inhibition of phosphorylation of STAT3 would prevent the dimerization and activity of phosphoSTAT3/SMAD3. Ultimately, a positive feedback loop modulated by STAT3 signaling would create an environment of sustained pro-fibrotic signaling between TGF-β and PDGF-D and their downstream gene expression targets, including the collagen gene.




Figure 9 | Signal transducer and activator of transcription-3 (STAT3) activity in fibrosis and inflammatory signaling. Depicted are the pro-inflammatory and pro-fibrotic pathways in which STAT3 plays a role. Arrows represent upregulation of a pathway, while blunt lines represent downregulation of a pathway. Cardiac inflammation is modulated by STAT3 via suppression of both nuclear factor-κB (NF-κB) and STAT1 pro-inflammatory signaling. Cardiac fibrosis signaling is promoted by STAT3 through transforming growth factor beta (TGF-β)/SMAD signaling. The image was created with the assistance of BioRender.



An important finding in our analysis of the cardiac fibrosis development in this study was that benznidazole treatment alone did not reduce cardiac fibrosis, despite successfully reducing cardiac parasite burden. This finding is consistent with results from a 2018 study by Fortes Francisco et al. (2018) demonstrating that benznidazole treatment did not reduce fibrosis in BALB/c mice chronically infected with T. cruzi. However, this is in contrast with studies showing that benznidazole treatment does reduce fibrosis in T. cruzi-infected C3H/HeJ and C57BL/6 mice (Rial et al., 2020). This suggests that the response to benznidazole treatment may depend in part on the genetic background of the host. Additionally, we found through echocardiographic analysis of heart function that benznidazole treatment did not improve cardiac output or myocardial strain. This is despite the significant reduction in cardiac inflammation in the groups treated with benznidazole, suggesting that benznidazole alone is insufficient to address the underlying host response that leads to clinical disease, similar to what was observed in the BENEFIT trial (Marin-Neto et al., 2009; Morillo et al., 2015).

STAT3 is known to have roles in both pro- and anti-inflammatory signaling, which is tissue and disease dependent (O’Shea and Murray, 2008). As STAT3 inhibition can be immunosuppressive, this may create a situation similar to that in aging immune systems in which the ability to control infection by adaptive immunity is limited and there is subsequent compensation for this deficiency with increased inflammation (Sadighi Akha, 2018). In our model, infection-induced cardiac inflammation was characterized by a dominance of CD8+ T-cell infiltrate into the myocardium. This is consistent with the findings of myocarditis in autopsied human patients with severe CCC, which is also characterized by a dominance of CD8+ T cells in the inflammatory infiltrate (Reis et al., 1993). Accumulation of anti-T. cruzi CD8+ T cells in the myocardium in chronic T. cruzi infection has been associated with worsened cardiomyocyte lesions, leading to a detrimental outcome for heart function (Lindner et al., 2012; Silverio et al., 2012; Hovsepian et al., 2013; Roca Suarez et al., 2018). Indeed, in our model, the increased inflammatory response after TTI-101 treatment was accompanied by declining cardiac function, further supporting a role for inflammatory damage in decreased cardiac function. This result is similar to previous findings in which STAT3 inhibition worsened cardiac function in other disease models, such as acute myocardial infarction (Negoro et al., 2000). The increase of inflammation, specifically CD8+ T cell infiltrate, shows the importance of the STAT3 pathway in suppressing inflammation in the chronic stage of disease. Our results also align with previous findings that IL-6, in a STAT3-dependent manner, suppresses proliferation and survival of CD8+ T cells in the setting of T. cruzi infection (Yu et al., 2013). Future studies should include an investigation into whether these infiltrating CD8+ T cells are T. cruzi-specific to evaluate the role of STAT3 in the targeted immune response to the parasite.

Findings from previous research show that both IL-6 and IFN-γ participate in the response to T. cruzi infection in animal models (Barry et al., 2016; Jones et al., 2018). Additionally, in human CCC patients, total serum levels of IFN-γ increased later in infection during cardiac dysfunction (Andrade, 1999; Cunha-Neto and Chevillard, 2014). Our results agree with these findings. Furthermore, IL-6 was induced in the TTI-101-treated groups, which we found interesting, as IL-6 is the major ligand for STAT3 signaling and engages in a positive feedback relationship with pY-STAT3. However, recent findings suggest that accumulation of unphosphorylated STAT3 can drive the expression of IL-6 genes through a mechanism distinct from pY-STAT3, suggesting that the IL-6-induced inflammation seen in our results could follow this mechanism (Yang et al., 2007). An important downstream effector of one of these pathways is pro-inflammatory NF-κB, which is induced by IL-6/phosphoinositide 3-kinase (PI3K) signaling (Keller et al., 2016; Jin et al., 2017). Treatment for T. cruzi infection with benznidazole has been shown to downregulate NF-κB and Toll-like receptor-4 (TLR4) expression, thereby reducing host inflammatory responses (Ronco et al., 2011; Lambertucci et al., 2017; Cevey et al., 2019). Our findings of increased serum and cardiac IL-6 in the TTI-101-treated group, coupled with increased cardiac gene expression of NF-κB, uncover an IL-6/PI3K/NF-κB pro-inflammatory cascade as a potential important contributor to the intense myocarditis seen in these animals. While there was a slight decrease in inflammatory cell infiltrate in the infected groups treated with benznidazole, there was no decrease in cardiac NF-κB expression. Furthermore, concurrent treatment of benznidazole with TTI-101 abrogated this decrease in inflammation afforded by benznidazole treatment alone. This may be due to other pro-inflammatory mechanisms, such as STAT1-driven inflammation.

In animals treated with TTI-101, IFN-γ was also significantly increased in the serum. IFN-γ is also an important pro-inflammatory cytokine that plays a role in the inflammatory response to T. cruzi infection (Rodrigues et al., 1999; Kayama and Takeda, 2010; Rios et al., 2019). STAT3 inhibits IFN-γ/STAT1 and NF-κB pro-inflammatory signaling through various mechanisms, including suppressor of cytokine signaling 3 (SOCS3) upregulation in T. cruzi infection, and inhibition of STAT3 results in increased STAT1 activity (Hovsepian et al., 2013; Yu et al., 2017). IL-6-induced STAT3 signaling also likely suppresses IFN pro-inflammatory signaling in CCC. In fibroblasts, IL-6 suppresses IFN-γ/STAT1 induction of pro-inflammatory gene expression in a STAT3-dependent manner (Costa-Pereira et al., 2002). Considering this evidence, combined with the current study’s results, it is clear that STAT3 controls both IL-6/NF-κB and IFN-γ/STAT1 pro-inflammatory signaling, with the overall effect of reducing cardiac inflammation in CCC.

Limitations to this study were present and are acknowledged by the authors. In our previous studies, we evaluated the chronic stage of disease at 111, 140, and 212 DPI, demonstrating persistent low-grade inflammation and progressive fibrosis (Hoffman et al., 2019). In the current study, we evaluated tissue pathology and cardiac function at an earlier time point of 91 DPI. Additionally, we evaluated the impact of benznidazole and TTI-101 treatment immediately at the end of treatment. Since we have shown in our mouse model that, later in disease, cardiac fibrosis levels are higher and cardiac inflammation levels are lower, it is possible that the effects of TTI-101 on cardiac inflammation may be less severe at later stages of CCC. Thus, ongoing studies are evaluating the sustained impact of benznidazole and TTI-101 treatment at later times after infection. Additionally, we observed variability in the reduction of tissue parasite burdens in mice treated with benznidazole, as well as variability in tissue fibrosis levels, with some mice exhibiting higher fibrosis than infected untreated mice. These findings could be the result of treatment failure in individual animals or potentially exacerbated inflammatory responses to parasite antigens leading to increased post-inflammatory fibrosis. Further investigation is needed to identify the causes of the unexpected increases in pathology in individual benznidazole-treated mice.

This study uncovered previously unknown signaling pathways responsible for the development of pathology in CCC. Namely, we have described the cellular signaling mechanisms responsible for promoting fibrosis and inhibiting inflammation that involve STAT3, as illustrated in Figure 10. The cardiac damage by the parasite and the host inflammatory response create the necessity for a tissue repair mechanism, which, in CCC, is cardiac fibrosis, as seen in our model. STAT3 plays a role in this shift by reducing inflammation and concomitantly promoting fibrosis. This new information illustrates the importance of the balance between pro-inflammatory and pro-fibrotic signaling in the control of cardiac pathology in CCC. The results of this study also suggest that further investigation into the cardiac fibrotic–inflammatory signaling mechanism is warranted for a more complete understanding of the pathophysiology behind CCC. Given recent findings that TGF-β inhibition prevents cardiac fibrosis development, along with our findings that STAT3 inhibition reduces TGF-β-dependent fibrosis development, a more complete understanding of TGF-β signaling in CCC would uncover additional signaling contributors to cardiac pathology. Our findings of the connections between the signaling pathways that induce these pathologies provide insight into the best approach to treatment, which is likely a multimodal therapy to inhibit both inflammation and fibrosis. This new knowledge advances the field by uncovering a new underlying mechanism of disease in CCC.




Figure 10 | Signal transducer and activator of transcription-3 (STAT3) modulation of the cardiac inflammatory–fibrotic axis in chronic Chagasic cardiomyopathy (CCC). Depicted is the cardiac pathology continuum that starts in the acute phase with a predominantly inflammatory response in the heart, which develops into a predominantly fibrotic response in the heart with progression into chronic disease. The role of STAT3 and its upstream and downstream signaling mediators is also depicted. In our model of CCC, STAT3 was found to promote fibrosis via transforming growth factor beta (TGF-β) and platelet-derived growth factor (PDGF) signaling while suppressing inflammatory signaling that involved interferon-γ (IFN-γ) and interleukin-6 (IL-6). Upon inhibition of STAT3, inflammation increased and fibrosis decreased in the heart. The image was created with the assistance of BioRender.





Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The animal study was reviewed and approved by Institutional Animal Care and Use Committee at Baylor College of Medicine.



Author Contributions

KH, MB, PH, DT, and KJ conceived and designed the experiments. KH, MV, and CP acquired and analyzed the data. KH, DT, and KJ interpreted the data. KH drafted the manuscript. MB, PH, DT and KJ critically revised the manuscript for important intellectual content. KH, MV, CP, MB, PH, DT, and KJ approved publication of the content and agree to be accountable for all aspects of the work. All authors contributed to the article and approved the submitted versión.



Funding

This work was funded by the Texas Children’s Hospital Center for Vaccine Development to develop and test vaccines for neglected tropical diseases, including Chagas disease. Equipment and reagents used were funded in part by Baylor Research Advocates for Student Scientists. This project was supported by the Mouse Phenotyping Core at Baylor College of Medicine with funding from the NIH (UM1HG006348 and RO1DK114356) and the Pathology and Histology Core at Baylor College of Medicine with funding from the NIH (P30 CA125123). TTI-101 was provided by Tvardi Therapeutics, Inc. 



Acknowledgments

We are grateful for the generous donation of benznidazole powder from Laboratorio Elea (Buenos Aires, Argentina), with the assistance of Dr. Silvia Gold and Dr. Luis Ferrero.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2021.708325/full#supplementary-material



Footnote

1 https://www.who.int/en/news-room/fact-sheets/detail/chagas-disease-(american-trypanosomiasis.



References

 Akira, S. (1996). Transcription Factors NF-IL6 and STAT3 Involved in Cytokine Signal Transductions. Tanpakushitsu Kakusan Koso 41, 1237–1248.

 Andrade, Z. A. (1999). Immunopathology of Chagas Disease. Memorias do Instituto Oswaldo Cruz 94 Suppl 1, 71–80. doi: 10.1590/s0074-02761999000700007

 Araujo-Jorge, T. C., Waghabi, M. C., Hasslocher-Moreno, A. M., Xavier, S. S., Higuchi Mde, L., Keramidas, M., et al. (2002). Implication of Transforming Growth Factor-Beta1 in Chagas Disease Myocardiopathy. J. Infect. Dis. 186, 1823–1828. doi: 10.1086/345882

 Araujo-Jorge, T. C., Waghabi, M. C., Soeiro Mde, N., Keramidas, M., Bailly, S., and Feige, J. J. (2008). Pivotal Role for TGF-Beta in Infectious Heart Disease: The Case of Trypanosoma Cruzi Infection and Consequent Chagasic Myocardiopathy. Cytokine Growth Factor Rev. 19, 405–413. doi: 10.1016/j.cytogfr.2008.08.002

 Barry, M. A., Wang, Q., Jones, K. M., Heffernan, M. J., Buhaya, M. H., Beaumier, C. M., et al. (2016). A Therapeutic Nanoparticle Vaccine Against Trypanosoma Cruzi in a BALB/c Mouse Model of Chagas Disease. Hum. Vaccines immunotherapeutics 12, 976–987. doi: 10.1080/21645515.2015.1119346

 Bocchi, E. A. (2013). Heart Failure in South America. Curr. Cardiol. Rev. 9, 147–156. doi: 10.2174/1573403X11309020007

 Bonney, K. M., Luthringer, D. J., Kim, S. A., Garg, N. J., and Engman, D. M. (2019). Pathology and Pathogenesis of Chagas Heart Disease. Annu. Rev. Pathol. 14, 421–447. doi: 10.1146/annurev-pathol-020117-043711

 Cevey, A. C., Penas, F. N., Alba Soto, C. D., Mirkin, G. A., and Goren, N. B. (2019). IL-10/STAT3/SOCS3 Axis Is Involved in the Anti-Inflammatory Effect of Benznidazole. Front. Immunol. 10, 1267. doi: 10.3389/fimmu.2019.01267

 Costa-Pereira, A. P., Tininini, S., Strobl, B., Alonzi, T., Schlaak, J. F., Is'harc, H., et al. (2002). Mutational Switch of an IL-6 Response to an Interferon-Gamma-Like Response. Proc. Natl. Acad. Sci. U. S. A. 99, 8043–8047. doi: 10.1073/pnas.122236099

 Council, N. R. (2011). Guide for the Care and Use of Laboratory Animals. 8th edn (Washington, DC, USA: National Academy Press).

 Cruz-Chan, J. V., Tininini, S., Strobl, B., Alonzi, T., Schlaak, J. F., Is'harc, H., et al. (2021). Vaccine-Linked Chemotherapy Induces IL-17 Production and Reduces Cardiac Pathology During Acute Trypanosoma Cruzi Infection. Sci. Rep. 11, 3222. doi: 10.1038/s41598-021-82930-w

 Cunha-Neto, E., and Chevillard, C. (2014). Chagas Disease Cardiomyopathy: Immunopathology and Genetics. Mediat. Inflamm. 2014, 683230. doi: 10.1155/2014/683230

 Dandel, M., Lehmkuhl, H., Knosalla, C., Suramelashvili, N., and Hetzer, R. (2009). Strain and Strain Rate Imaging by Echocardiography - Basic Concepts and Clinical Applicability. Curr. Cardiol. Rev. 5, 133–148. doi: 10.2174/157340309788166642

 Dias, E., Laranja, F. S., Miranda, A., and Nobrega, G. (1956). Chagas’ Disease; a Clinical, Epidemiologic, and Pathologic Study. Circulation 14, 1035–1060. doi: 10.1161/01.cir.14.6.1035

 Ferreira, R. R., de Souza, E. M., de Oliveira, F. L., Ferrao, P. M., Gomes, L. H., Mendonca-Lima, L., et al. (2016). Proteins Involved on TGF-Beta Pathway are Up-Regulated During the Acute Phase of Experimental Chagas Disease. Immunobiology 221, 587–594. doi: 10.1016/j.imbio.2016.01.009

 Ferreira, R. R., Abreu, R. D. S., Vilar-Pereira, G., Degrave, W., Meuser-Batista, M., Ferreira, N. V. C., et al. (2019). TGF-Beta Inhibitor Therapy Decreases Fibrosis and Stimulates Cardiac Improvement in a Pre-Clinical Study of Chronic Chagas’ Heart Disease. PloS Negl. Trop. Dis. 13, e0007602. doi: 10.1371/journal.pntd.0007602

 Fischer, P., and Hilfiker-Kleiner, D. (2008). Role of Gp130-Mediated Signalling Pathways in the Heart and its Impact on Potential Therapeutic Aspects. Br. J. Pharmacol. 153 Suppl 1, S414–S427. doi: 10.1038/bjp.2008.1

 Fortes Francisco, A., Jayawardhana, S., Taylor, M. C., Lewis, M. D., and Kelly, J. M. (2018). Assessing the Effectiveness of Curative Benznidazole Treatment in Preventing Chronic Cardiac Pathology in Experimental Models of Chagas Disease. Antimicr Agents chemother. 62 (10), e00832 doi: 10.1128/aac.00832-18

 Gao, W., and Pereira, M. A. (2001). Trypanosoma Cruzi Trans-Sialidase Potentiates T Cell Activation Through Antigen-Presenting Cells: Role of IL-6 and Bruton’s Tyrosine Kinase. Eur. J. Immunol. 31, 1503–1512. doi: 10.1002/1521-4141(200105)31:5<1503::Aid-immu1503>3.0.Co;2-w

 Hilfiker-Kleiner, D., Shukla, P., Klein, G., Schaefer, A., Stapel, B., Hoch, M., et al. (2010). Continuous Glycoprotein-130-Mediated Signal Transducer and Activator of Transcription-3 Activation Promotes Inflammation, Left Ventricular Rupture, and Adverse Outcome in Subacute Myocardial Infarction. Circulation 122, 145–155. doi: 10.1161/circulationaha.109.933127

 Hoffman, K. A., Reynolds, C., Bottazzi, M. E., Hotez, P., and Jones, K. (2019). Improved Biomarker and Imaging Analysis for Characterizing Progressive Cardiac Fibrosis in a Mouse Model of Chronic Chagasic Cardiomyopathy. J. Am. Heart Assoc. 8, e013365. doi: 10.1161/jaha.119.013365

 Hovsepian, E., Penas, F., Siffo, S., Mirkin, G. A., and Goren, N. B. (2013). IL-10 Inhibits the NF-kappaB and ERK/MAPK-Mediated Production of Pro-Inflammatory Mediators by Up-Regulation of SOCS-3 in Trypanosoma Cruzi-Infected Cardiomyocytes. PloS One 8, e79445. doi: 10.1371/journal.pone.0079445

 Hyland, K. V., Leon, J. S., Daniels, M. D., Giafis, N., Woods, L. M., Bahk, T. J., et al. (2007). Modulation of Autoimmunity by Treatment of an Infectious Disease. Infect Immun. 75, 3641–3650. doi: 10.1128/iai.00423-07

 Jacoby, J. J., Kalinowski, A., Liu, M. G., Zhang, S. S., Gao, Q., Chai, G. X., et al. (2003). Cardiomyocyte-Restricted Knockout of STAT3 Results in Higher Sensitivity to Inflammation, Cardiac Fibrosis, and Heart Failure With Advanced Age. Proc. Natl. Acad. Sci. U. S. A. 100, 12929–12934. doi: 10.1073/pnas.2134694100

 Jin, K., Li, T., Sánchez-Duffhues, G., Zhou, F., and Zhang, L. (2017). Involvement of Inflammation and its Related microRNAs in Hepatocellular Carcinoma. Oncotarget 8, 22145–22165. doi: 10.18632/oncotarget.13530

 Johnson, D. E., O’Keefe, R. A., and Grandis, J. R. (2018). Targeting the IL-6/JAK/STAT3 Signalling Axis in Cancer. Nat. Rev. Clin. Oncol. 15, 234–248. doi: 10.1038/nrclinonc.2018.8

 Jones, K., Versteeg, L., Damania, A., Keegan, B., Kendricks, A., Pollet, J., et al. (2018). Vaccine-Linked Chemotherapy Improves Benznidazole Efficacy for Acute Chagas Disease. Infect Immun. 86. doi: 10.1128/IAI.00876-17

 Kasembeli, M. M., Bharadwaj, U., Robinson, P., and Tweardy, D. J. (2018). Contribution of STAT3 to Inflammatory and Fibrotic Diseases and Prospects for its Targeting for Treatment. Int. J. Mol. Sci. 19 (8), 2299. doi: 10.3390/ijms19082299

 Kayama, H., and Takeda, K. (2010). The Innate Immune Response to Trypanosoma Cruzi Infection. Microbes Infect / Institut Pasteur 12, 511–517. doi: 10.1016/j.micinf.2010.03.005

 Keller, R., Klein, M., Thomas, M., Dräger, A., Metzger, U., Templin, M. F., et al. (2016). Coordinating Role of Rxrα in Downregulating Hepatic Detoxification During Inflammation Revealed by Fuzzy-Logic Modeling. PloS Comput. Biol. 12, e1004431. doi: 10.1371/journal.pcbi.1004431

 Kurdi, M., Zgheib, C., and Booz, G. W. (2018). Recent Developments on the Crosstalk Between STAT3 and Inflammation in Heart Function and Disease. Front. Immunol. 9, 3029. doi: 10.3389/fimmu.2018.03029

 Lambertucci, F., Motino, O., Villar, S., Rigalli, J. P., de Lujan Alvarez, M., Catania, V. A., et al. (2017). Benznidazole, the Trypanocidal Drug Used for Chagas Disease, Induces Hepatic NRF2 Activation and Attenuates the Inflammatory Response in a Murine Model of Sepsis. Toxicol. Appl. Pharmacol. 315, 12–22. doi: 10.1016/j.taap.2016.11.015

 Lindner, D., Hilbrandt, M., Marggraf, K., Becher, P. M., Hilfiker-Kleiner, D., Klingel, K., et al. (2012). Protective Function of STAT3 in CVB3-Induced Myocarditis. Cardiol. Res. Pract. 2012, 437623. doi: 10.1155/2012/437623

 Liu, Y., Liu, H., Meyer, C., Li, J., Nadalin, S., Königsrainer, A., et al. (2013). Transforming Growth Factor-β (TGF-β)-Mediated Connective Tissue Growth Factor (CTGF) Expression in Hepatic Stellate Cells Requires Stat3 Signaling Activation. J. Biol. Chem. 288, 30708–30719. doi: 10.1074/jbc.M113.478685

 Marin-Neto, J. A., Rassi, A. Jr., Avezum, A. Jr., Mattos, A. C., Rassi, A., Morillo, C. A., et al. (2009). The BENEFIT Trial: Testing the Hypothesis That Trypanocidal Therapy is Beneficial for Patients With Chronic Chagas Heart Disease. Memorias do Instituto Oswaldo Cruz 104 Suppl 1, 319–324. doi: 10.1590/s0074-02762009000900042

 Morillo, C. A., Marin-Neto, J. A., Avezum, A., Sosa-Estani, S., Rassi, A. Jr., Rosas, F., et al. (2015). Randomized Trial of Benznidazole for Chronic Chagas’ Cardiomyopathy. N. Engl. J. Med. 373, 1295–1306. doi: 10.1056/NEJMoa1507574

 Negoro, S., Kunisada, K., Tone, E., Funamoto, M., Oh, H., Kishimoto, T., et al. (2000). Activation of JAK/STAT Pathway Transduces Cytoprotective Signal in Rat Acute Myocardial Infarction. Cardiovasc. Res. 47, 797–805. doi: 10.1016/s0008-6363(00)00138-3

 Nunes, M. C. P., Beaton, A., Acquatella, H., Bern, C., Bolger, A. F., Echeverría, L. E., et al. (2018). Chagas Cardiomyopathy: An Update of Current Clinical Knowledge and Management: A Scientific Statement From the American Heart Association. Circulation 138, e169–e209. doi: 10.1161/cir.0000000000000599

 O’Reilly, S., Cant, R., Ciechomska, M., and van Laar, J. M. (2013). Interleukin-6: A New Therapeutic Target in Systemic Sclerosis? Clin. Trans. Immunol. 2, e4. doi: 10.1038/cti.2013.2

 O’Reilly, S., Ciechomska, M., Cant, R., and van Laar, J. M. (2014). Interleukin-6 (IL-6) Trans Signaling Drives a STAT3-Dependent Pathway That Leads to Hyperactive Transforming Growth Factor-β (TGF-β) Signaling Promoting SMAD3 Activation and Fibrosis via Gremlin Protein. J. Biol. Chem. 289, 9952–9960. doi: 10.1074/jbc.M113.545822

 O’Shea, J. J., and Murray, P. J. (2008). Cytokine Signaling Modules in Inflammatory Responses. Immunity 28, 477–487. doi: 10.1016/j.immuni.2008.03.002

 Ogata, H., Chinen, T., Yoshida, T., Kinjyo, I., Takaesu, G., Shiraishi, H., et al. (2006). Loss of SOCS3 in the Liver Promotes Fibrosis by Enhancing STAT3-Mediated TGF-Beta1 Production. Oncogene 25, 2520–2530. doi: 10.1038/sj.onc.1209281

 Papaioannou, I., Xu, S., Denton, C. P., Abraham, D. J., and Ponticos, M. (2018). STAT3 Controls COL1A2 Enhancer Activation Cooperatively With JunB, Regulates Type I Collagen Synthesis Posttranscriptionally, and is Essential for Lung Myofibroblast Differentiation. Mol. Biol. Cell 29, 84–95. doi: 10.1091/mbc.E17-06-0342

 Pedroza, M., Le, T. T., Lewis, K., Karmouty-Quintana, H., To, S., George, A. T., et al. (2016). STAT-3 Contributes to Pulmonary Fibrosis Through Epithelial Injury and Fibroblast-Myofibroblast Differentiation. FASEB J. Off. Publ. Fed. Am. Societies Exp. Biol. 30, 129–140. doi: 10.1096/fj.15-273953

 Pedroza, M., To, S., Assassi, S., Wu, M., Tweardy, D., and Agarwal, S. K. (2018). Role of STAT3 in Skin Fibrosis and Transforming Growth Factor Beta Signalling. Rheumatol. (Oxford England) 57, 1838–1850. doi: 10.1093/rheumatology/kex347

 Ponce, N. E., Carrera-Silva, E. A., Pellegrini, A. V., Cazorla, S. I., Malchiodi, E. L., Lima, A. P., et al. (2013). Trypanosoma Cruzi, the Causative Agent of Chagas Disease, Modulates Interleukin-6-Induced STAT3 Phosphorylation via Gp130 Cleavage in Different Host Cells. Biochim. Biophys. Acta 1832, 485–494. doi: 10.1016/j.bbadis.2012.12.003

 Poveda, C., Fresno, M., Girones, N., Martins-Filho, O. A., Ramirez, J. D., Santi-Rocca, J., et al. (2014). Cytokine Profiling in Chagas Disease: Towards Understanding the Association With Infecting Trypanosoma Cruzi Discrete Typing Units (a BENEFIT TRIAL Sub-Study). PloS One 9, e91154. doi: 10.1371/journal.pone.0091154

 Rassi, A. Jr., Rassi, A., and Marin-Neto, J. A. (2010). Chagas Disease. Lancet 375, 1388–1402. doi: 10.1016/S0140-6736(10)60061-X

 Reis, D. D., Jones, E. M., Tostes, S. Jr., Lopes, E. R., Gazzinelli, G., Colley, D. G., et al. (1993). Characterization of Inflammatory Infiltrates in Chronic Chagasic Myocardial Lesions: Presence of Tumor Necrosis Factor-Alpha+ Cells and Dominance of Granzyme A+, CD8+ Lymphocytes. Am. J. Trop. Med. Hygiene 48, 637–644. doi: 10.4269/ajtmh.1993.48.637

 Rial, M. S., Arrúa, E. C., Natale, M. A., Bua, J., Esteva, M. I., Prado, N. G., et al. (2020). Efficacy of Continuous Versus Intermittent Administration of Nanoformulated Benznidazole During the Chronic Phase of Trypanosoma Cruzi Nicaragua Infection in Mice. J. Antimicr. Chemother. 75, 1906–1916. doi: 10.1093/jac/dkaa101

 Rios, L. E., Vázquez-Chagoyán, J. C., Pacheco, A. O., Zago, M. P., and Garg, N. J. (2019). Immunity and Vaccine Development Efforts Against Trypanosoma Cruzi. Acta tropica 200, 105168. doi: 10.1016/j.actatropica.2019.105168

 Roca Suarez, A. A., Van Renne, N., Baumert, T. F., and Lupberger, J. (2018). Viral Manipulation of STAT3: Evade, Exploit, and Injure. PloS Pathog. 14, e1006839. doi: 10.1371/journal.ppat.1006839

 Rodrigues, M. M., Ribeirão, M., Pereira-Chioccola, V., Renia, L., and Costa, F. (1999). Predominance of CD4 Th1 and CD8 Tc1 Cells Revealed by Characterization of the Cellular Immune Response Generated by Immunization With a DNA Vaccine Containing a Trypanosoma Cruzi Gene. Infect Immun. 67, 3855–3863. doi: 10.1128/iai.67.8.3855-3863.1999

 Ronco, M. T., Manarin, R., Frances, D., Serra, E., Revelli, S., Carnovale, C., et al. (2011). Benznidazole Treatment Attenuates Liver NF-kappaB Activity and MAPK in a Cecal Ligation and Puncture Model of Sepsis. Mol. Immunol. 48, 867–873. doi: 10.1016/j.molimm.2010.12.021

 Ruiz-Sanchez, R., Leon, M. P., Matta, V., Reyes, P. A., Lopez, R., Jay, D., et al. 2005. Trypanosoma Cruzi Isolates From Mexican and Guatemalan Acute and Chronic Chagasic Cardiopathy Patients Belong to Trypanosoma Cruzi I. Memorias do Instituto Oswaldo Cruz 100, 281–283. doi: 10.1590/S0074-02762005000300012

 Sabino, E. C., Ribeiro, A. L., Salemi, V. M., Di Lorenzo Oliveira, C., Antunes, A P., Menezes, M. M., et al. (2013). Ten-Year Incidence of Chagas Cardiomyopathy Among Asymptomatic Trypanosoma Cruzi-Seropositive Former Blood Donors. Circulation 127, 1105–1115. doi: 10.1161/CIRCULATIONAHA.112.123612

 Sadighi Akha, A. A. (2018). Aging and the Immune System: An Overview. J. Immunol. Methods 463, 21–26. doi: 10.1016/j.jim.2018.08.005

 Sanmarco, L. M., Ponce, N. E., Visconti, L. M., Eberhardt, N., Theumer, M. G., Minguez, A. R., et al. (2017). IL-6 Promotes M2 Macrophage Polarization by Modulating Purinergic Signaling and Regulates the Lethal Release of Nitric Oxide During Trypanosoma Cruzi Infection. Biochim. Biophys. Acta 1863, 857–869. doi: 10.1016/j.bbadis.2017.01.006

 Silverio, J. C., Pereira, I. R., Cipitelli Mda, C., Vinagre, N. F., Rodrigues, M. M., Gazzinelli, R. T., et al. (2012). CD8+ T-Cells Expressing Interferon Gamma or Perforin Play Antagonistic Roles in Heart Injury in Experimental Trypanosoma Cruzi-Elicited Cardiomyopathy. PloS Pathog. 8, e1002645. doi: 10.1371/journal.ppat.1002645

 Stahl, P., Ruppert, V., Meyer, T., Schmidt, J., Campos, M. A., Gazzinelli, R. T., et al. (2013). Trypomastigotes and Amastigotes of Trypanosoma Cruzi Induce Apoptosis and STAT3 Activation in Cardiomyocytes In Vitro. Apoptosis 18, 653–663. doi: 10.1007/s10495-013-0822-x

 Stahl, P., Ruppert, V., Schwarz, R. T., and Meyer, T. (2014). Trypanosoma Cruzi Evades the Protective Role of Interferon-Gamma-Signaling in Parasite-Infected Cells. PloS One 9, e110512. doi: 10.1371/journal.pone.0110512

 Stein, C., Ruppert, V., Schwarz, R. T., and Meyer, T. (2018). Amiodarone for Arrhythmia in Patients With Chagas Disease: A Systematic Review and Individual Patient Data Meta-Analysis. PloS Negl. Trop. Dis. 12, e0006742. doi: 10.1371/journal.pntd.0006742

 Su, S. A., Yang, A. D., Wu, Y., Xie, Y., Zhu, W., Cai, Z., et al. (2017). EphrinB2 Regulates Cardiac Fibrosis Through Modulating the Interaction of Stat3 and TGF-β/Smad3 Signaling. Circ. Res. 121, 617–627. doi: 10.1161/circresaha.117.311045

 Tang, L. Y., Heller, M., Meng, Z., Yu, L. R., Tang, Y., Zhou, M., et al. (2017). Transforming Growth Factor-β (TGF-β) Directly Activates the JAK1-STAT3 Axis to Induce Hepatic Fibrosis in Coordination With the SMAD Pathway. J. Biol. Chem. 292, 4302–4312. doi: 10.1074/jbc.M116.773085

 Tanowitz, H. B., Machado, F. S., Spray, D. C., Friedman, J. M., Weiss, O. S., Lora, J. N., et al. (2015). Developments in the Management of Chagas Cardiomyopathy. Expert Rev. Cardiovasc. Ther. 13, 1393–1409. doi: 10.1586/14779072.2015.1103648

 Tassi, E. M., Continentino, M. A., Nascimento, E. M., Pereira Bde, B., and Pedrosa, R. C. (2014). Relationship Between Fibrosis and Ventricular Arrhythmias in Chagas Heart Disease Without Ventricular Dysfunction. Arquivos Brasileiros Cardiologia 102, 456–464. doi: 10.5935/abc.20140052

 Teixeira, M. M., Gazzinelli, R. T., and Silva, J. S. (2002). Chemokines, Inflammation and Trypanosoma Cruzi Infection. Trends Parasitol. 18, 262–265. doi: 10.1016/S1471-4922(02)02283-3

 Tzizik, D. M., and Borchardt, R. A. (2018). Chagas Disease: An Underrecognized Diagnosis. JAAPA 31, 30–33. doi: 10.1097/01.JAA.0000547749.92933.6a

 Udoko, A. N., Johnson, C. A., Dykan, A., Rachakonda, G., Villalta, F., Mandape, S. N., et al. (2016). Early Regulation of Profibrotic Genes in Primary Human Cardiac Myocytes by Trypanosoma Cruzi. PloS Negl. Trop. Dis. 10, e0003747. doi: 10.1371/journal.pntd.0003747

 Villanueva-Lizama, L. E., Cruz-Chan, J. V., Versteeg, L., Teh-Poot, C. F., Hoffman, K., Kendricks, A., et al. (2020). TLR4 Agonist Protects Against Trypanosoma Cruzi Acute Lethal Infection by Decreasing Cardiac Parasite Burdens. Parasite Immunol. e12769. doi: 10.1111/pim.12769

 Waghabi, M. C., Coutinho, C. M., Soeiro, M. N., Pereira, M. C., Feige, J. J., Keramidas, M., et al. (2002). Increased Trypanosoma Cruzi Invasion and Heart Fibrosis Associated With High Transforming Growth Factor Beta Levels in Mice Deficient in Alpha(2)-Macroglobulin. Infect Immun. 70, 5115–5123. doi: 10.1128/iai.70.9.5115-5123.2002

 Xu, X., Kasembeli, M. M., Jiang, X., Tweardy, B. J., and Tweardy, D. J. (2009). Chemical Probes That Competitively and Selectively Inhibit Stat3 Activation. PloS One 4, e4783. doi: 10.1371/journal.pone.0004783

 Yang, J. (2007). Unphosphorylated STAT3 Accumulates in Response to IL-6 and Activates Transcription by Binding to NFkappaB. Genes Dev. 21 (11), 1396–1408. doi: 10.1101/gad.1553707

 Yu, C. R., Dambuza, I. M., Lee, Y. J., Frank, G. M., and Egwuagu, C. E. (2013). STAT3 Regulates Proliferation and Survival of CD8+ T Cells: Enhances Effector Responses to HSV-1 Infection, and Inhibits IL-10+ Regulatory CD8+ T Cells in Autoimmune Uveitis. Mediat. Inflamm. 2013:359674. doi: 10.1155/2013/359674

 Yu, T., Zuo, Y., Cai, R., Huang, X., Wu, S., Zhang, C., et al. (2017). SENP1 Regulates IFN-γ-STAT1 Signaling Through STAT3-SOCS3 Negative Feedback Loop. J. Mol. Cell Biol. 9, 144–153. doi: 10.1093/jmcb/mjw042





Conflict of Interest: DT is the inventor of several patents concerning TTI-101 that are owned by Baylor College of Medicine and licensed to Tvardi Therapeutics, Inc.; DT has ownership of this company’s stock.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Hoffman, Villar, Poveda, Bottazzi, Hotez, Tweardy and Jones. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fcimb-11-708325-g007.jpg
Serum IL§ Concentrations IL-6In Cardiac Tissue

§ 8 8

H

%% 1Ls Concentration pglug Protein

Doy o g e
o “a‘:‘w\. 4 e 4&,,& e e e @
v\:‘«\"“ e \M o o e
e o™ oo

10000

1000

100

Fold Change from Control

Fold Change from Control





OEBPS/Images/fcimb-11-708325-g004.jpg
b
Serum TGF.p Concantatons PDGF-D Serum Concentration

Cardise Fibrosis

y

i e
H
4
(]
»
i Gomirin i
[
B
5
W
P

e S o I —
Pl
0 2






OEBPS/Images/fcimb-11-708325-g002.jpg
PRIATY N U S—

Naive Uniested
Naive Troatod
Infocted Unreato
Infocted Treated

E¥ ey

PEANTS .

° % ® @ © 7
e 28 2





OEBPS/Images/fcimb-11-708325-g005.jpg
Cardiac Inflammation

3
Wi
W
Treatment Group
F






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Signal Transducer and Activator of Transcription-3 Modulation of Cardiac Pathology in Chronic Chagasic Cardiomyopathy

      

        		

          Introduction

        



        		

          Materials And Methods

        

          		

            Parasites and Infections

          



          		

            Cardiac Parasite Burden and Parasitemia Quantification

          



          		

            TTI-101 Treatment

          



          		

            Benznidazole Treatment

          



          		

            STAT3 in Cardiac Cells Infected With T. cruzi

          



          		

            STAT3 Inhibition With TTI-101 in a Mouse Model of Chronic Chagasic Cardiomyopathy

          



          		

            Echocardiography

          



          		

            Histopathology Methods

          



          		

            Immunohistochemistry

          



          		

            Cardiac Tissue Gene Expression Analysis

          



          		

            Biomarker and Cytokine Targets and Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            TTI-101 Reduced pY-STAT3 in Infected Cardiac Fibroblasts

          



          		

            Infection and Mortality

          



          		

            Cardiac Parasite Burden and STAT3 Levels

          



          		

            Cardiac Fibrosis

          



          		

            Cardiac Inflammation

          



          		

            STAT3 Inhibition Causes Increased Pro-Inflammatory Signaling Driven by IL-6 and IFN-γ

          



          		

            STAT3 Inhibition Reduces Cardiac Function Despite a Reduction in Cardiac Fibrosis

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Footnote

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-11-708325-g009.jpg
I sar
STAT
I
/ l Fibrosis
Inflammation





OEBPS/Images/fcimb-11-708325-g008.jpg
Ejecton Fraction Over Tresment Cardiac Output Over Trestment ‘Myocardial Strain Over Treatment
. g g
i pﬁ I~ 54
A ¥ H
i i i
J s 4 H
. - *,

3 5

S





OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Images/fcimb-11-708325-g003.jpg
Cardiac pSTAT3.

PSTATS (units/jg protein)

Treatment Group

Cardiac Parasite Burden

Parasites/10 mg Heart Tissue

Treakisik See





OEBPS/Images/fcimb-11-708325-g001.jpg
7. cruzi Treatment Start Treatment End

5008t Echocardiography Echocardography
Days0. 0 ot
Treatment Tnfection Status | Number of Mice
Vehicle (DMSO) Nave 10
TIL 101 ive 10
Vehicle (DMSO) Tnfected 0
TTL100 Tnfected 10
Benmidazole Tnfected 10

TTI-101 + Benznidazole Tnfected 0






OEBPS/Images/fcimb-11-708325-g006.jpg
=
e
o

Cardiac CD4+ Infitrate Cardiac CDB Infirate

CD4+ and CDB+ T cell Popultion

ote

T
H Ex 4
rlas®f
Miw\m«v‘a‘«v St B w \‘«f“
3 e

s -

»e!
W
4, % co4s or OB of Tt

A e

oo

%
i

¥





OEBPS/Images/fcimb-11-708325-g010.jpg
50083
— S

|
S

INFLAMMATION FIBROSIS
ACUTE CHRONIC
T cruzi INFECTION TIMELINE





OEBPS/Images/fcimb.2021.708325_cover.jpg
’ frontiers

in Cellular and Infection Microbiology

Signal Transducer and Activator of
Transcription-3 Modulation of
Cardiac Pathology in Chronic

Chagasic Cardiomyopathy





