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Chagas cardiomyopathy is the most severe chronic manifestation and leading cause of mortality in the disease. Chronic inflammation, resulting from persistent infection by T. cruzi, leads to continuous immune system activation in patients with Chagas disease. The knowledge of immunological aspects can be important for the identification of biomarkers capable of indicating parasitological cure or clinical progression provides for physician’s valuable tools for improved clinical evaluation. Soluble cell adhesion molecules (sCAMs) have been applied in other disease like potential biomarkers. Thus, the aim of this study was to evaluate the levels of soluble cell adhesion molecules in chronic patients with different stages of Chagas heart disease progression. Sera from 303 individuals, classified according to cardiac involvement and left ventricular dysfunction, were used for cell adhesion molecules quantification (sVCAM-1, sP-selectin, sE-selectin and sL-selectin) and it was measured using the Cytometric Bead Array. We found that sCAMs demonstrated good performance in differentiating patients in the indeterminate phase from negative individuals or those in the mild cardiac phase, as well as patients with mild from those with severe cardiomyopathy, and cardiac patients non-infected versus infected (severe cardiomyopathy). Therefore, sCAMs may serve as potential biomarkers for the diagnosis and prognosis of chronic cardiac patients with Chagas disease.
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Introduction

Chagas disease, also known as American trypanosomiasis, is a protozoan infection endemic to Latin America, with high morbidity, and is caused by the hemoflagellate protozoan Trypanosoma cruzi (1). The disease is characterized by two phases: acute and chronic. The acute phase, which can last up to four months after infection, is characterized by intense parasitaemia and strong inflammatory response. The chronic phase follows the acute phase, can be asymptomatic or symptomatic, and the clinical progression of individuals is unpredictable (2, 3).

Most chronic patients (~70%) remain asymptomatic for decades and are considered to have the indeterminate form of the disease, as they do not show signs of cardiac or digestive progression (4). Approximately 30% to 45% of chronic patients may develop the cardiac form, characterized by Chagas cardiomyopathy, the most severe chronic manifestation and the leading cause of mortality in the disease (5).

Chronic Chagas cardiomyopathy is defined as a dilated cardiomyopathy associated with extensive fibrosis, leading to the progressive loss of contractile function of the organ, which may culminate in heart failure (6, 7). This damage to the myocardium and intramural nervous system occurs due to the presence of T. cruzi and inflammatory response, leading to necrosis and fibrosis, resulting in hemodynamic and cardiovascular repercussions (8).

In addition, several factors such strain variability, cellular tropism, the host’s immune response, and genetic background, directly contribute to cardiac pathogenesis in Chagas disease (9, 10). The immunological aspects that help explain why patients evolve into different clinical forms of the disease are addressed by several theories, which, while conflicting, may also be interconnected, providing insight into the immunopathogenesis of the disease’s clinical manifestations.

The persistence of T. cruzi in the host results in chronic inflammation, leading to continued immune system activation in patients with Chagas disease. This persistence of the parasite in the chronic phase triggers a cellular immune response that causes extensive tissue damage without repair (11). High levels of Th1-profile cytokines (IFN-γ and TNF) are involved in the progression of the cardiac form, while IL-10 is associated with the indeterminate form, protecting against the development of symptomatic chronic forms (12, 13). However, factors leading asymptomatic chagasic patients to develop cardiomyopathy are still unknown (14).

Chemical mediators of the inflammatory process stimulate the expression of cell adhesion molecules (CAMs), which participate in the recruitment of leukocytes to the infection site. Selectins are transmembrane molecules involved in the rolling and margination of leukocytes. They are expressed on the cell surface and divided into three types. E-selectin is present in endothelial cells and is expressed after stimulation by inflammatory cytokines (15. P-selectin is found in platelets as well as on endothelial cells and is expressed after stimulation by thrombin and histamine (16). L-selectin is expressed in most circulating leukocytes (17). In turn, VCAM-1 (vascular cell adhesion molecule-1) is expressed in endothelial cells in response to inflammatory interleukins and TNF, interacting with integrins (molecules present on the surfaces of leukocytes). VCAM-1 plays a role in the later stages of rolling by to facilitate cell adhesion to the endothelium, enabling subsequent transmigration (18).

These CAMs are expressed on the cell surface and are subsequently cleaved by metalloproteases, releasing their soluble form into the bloodstream, making their quantification possible (19). Some studies have been investigating the importance of CAMs in heart diseases (20, 21), as well as their role in diseases (22), such as T. cruzi infection (23, 24).

Among individuals infected with the parasite, fewer than 10% are diagnosed, and this diagnosis usually occurs in the chronic phase (25). Due to the lack of prognostic markers, treatment should be administered to all potentially affected patients (those in the undetermined stages or with initial symptoms) (26), with approximately 1% of those infected receiving treatment (25). Treatment when administrated in the chronic phase have the effectiveness reduced, however even when treated in the acute phase, there are reports of the development of chronic heart disease (27).

Thus, the identification of biomarkers capable of indicating parasitological cure or clinical progression provides for physician’s valuable tools for improved clinical evaluation and decision-making (28). Moreover, these new biomarkers could also be instrumental in the search for safer and more effective therapeutic options, as well as enabling closer and more accurate monitoring of treated patients (26). Given the above, it is believed that CAMs could be used as prognostic biomarkers in the chronic form of Chagas disease. Therefore, this study aimed to evaluate the levels of soluble cell adhesion molecules in chronic patients with different stages of Chagas heart disease progression.





Material and methods




Study population

Sera from 303 individuals from the Chagas Disease and Heart Failure Outpatient Clinic - PROCAPE - Universidade de Pernambuco were analysed. These individuals were classified into different groups according to the results of diagnostic tests (conventional and recombinant ELISA, IgG anti- T. cruzi) based to the II Brazilian Consensus on Chagas Disease (4). Also, clinical exams (echocardiogram, electrocardiogram, X-ray) were performed. Individuals were excluded if they presented: esophageal or colon dilation, digestive complaints (such as dysphagia or constipation), leukocyte alterations, pacemaker implantation, hypo – or hyperthyroidism, autoimmune diseases, cancer or any other systemic diseases. Patients who had received blood transfusions or organ transplants were also excluded.

Thus, patients who tested positive in the serological test were classified into the following groups: asymptomatic infected individuals (I-A, n = 102), individuals with mild cardiac involvement (I-MC, n = 70), and individuals with severe cardiac involvement (I-SC, n = 87). In addition, non-reactive individuals in the serological test were also analyzed for comparison and classified based on the presence (non-infected cardiac individuals, NI-C, n = 22) or absence (asymptomatic non-infected individuals, NI-A, n = 22) of any cardiac problem.

The cardiopathy of the infected was classified based on left ventricular dysfunction and manifestations of heart failure, according to the I Latin American Guideline for the Diagnosis and Treatment of Chagas Cardiomyopathy (8). Group I-A patients were classified as stage A (asymptomatic), group I-MC patients as stage B1 (mild electrocardiographic and echocardiographic alterations with preserved ventricular function), and group I-SC patients as stage C (ventricular dysfunction). From the percentage of left ventricular ejection fraction (LVEF), it was possible to characterize cardiac function (Table 1).


Table 1 | Characterization of chagasic and non-chagasic individuals.







Molecules quantification

The levels of soluble cell adhesion molecules (sVCAM-1/CD106, sP-selectin/CD62P, sE-selectin/CD62E, and sL-selectin/CD62L) were measured using the Cytometric Bead Array (CBA) Flex system (Becton Dickinson, BD CBA Human, San Jose, CA, USA), according to the manufacturer’s instructions, with adaptations as required. The beads were acquired within 24 hours using the BD FACSCalibur flow cytometer. The analyses were performed using BD FCAP Array Software version 3.0.1.





Data analysis

The data derived from FCAP Array analyses were processed using GraphPad Prism 8 (GraphPad Software Inc., 2018, San Diego, CA, USA). To evaluate the normality of the data, the Shapiro-Wilk test was applied. Based on the distribution characteristics of the samples, variance analyses were performed using the Kruskal-Wallis test for non-parametric data or One-Way ANOVA for parametric data, followed by post-hoc multiple comparison tests (Dunn’s for non-parametric and Tukey’s for parametric analyses). When comparing two groups, parametric data were analyzed using the T-test, while non-parametric data were evaluated with the Mann-Whitney test (unpaired) or Wilcoxon test (paired). Statistical significance was determined at a threshold of p < 0.05.

Correlations between the molecules were examined using the Spearman test for non-parametric data and the Pearson test for parametric data. The strength of correlations was represented by the correlation coefficient (r) and classified as follows: 0 - 0.3 (negligible), 0.3 - 0.5 (weak), 0.5 - 0.7 (moderate), 0.7 - 0.9 (strong), and 0.9 - 1.0 (very strong) (29).

To assess the capacity of sCAMs to discriminate among the defined groups, Receiver Operating Characteristic (ROC) curve analysis was performed. The evaluation included the determination of optimal cut-off points and the calculation of the area under the curve (AUC), which served as a measure of test performance. AUC values were interpreted as follows: 0.5 - 0.6 (very poor), 0.6 - 0.7 (poor), 0.7 - 0.8 (fair), 0.8 - 0.9 (good), and above 0.9 (excellent) (30). Also, a cut-off was established through of the means concentrations of the groups analyzed, to distinguish individuals as “high” and “low” secretors of sCAMs (31). Fisher’s exact test was used to compare the frequencies of high sCAMs secretors among the different groups, with significance considered at p < 0.05.





Ethical considerations

Individuals included in the study were invited to participate and sign an Informed Consent Form, authorizing the use of the collected material for scientific purposes. This study is part of the project “Prospecting for Biomarkers of Clinical Evolution and Etiological Treatment in Chagas Disease,” which has been approved by the Research Ethics Committee of the Aggeu Magalhães Institute CAAE: 20049919.5.0000.51.90.






Results

Our data shows variations in levels of sCAMs in the different groups analysed. We found that patients in group I-MC demonstrated lower mean levels compared to other chronic patients. Selectins showed higher mean levels in group I-A compared to non-infected individuals (NI-A and NI-C). In contrast, sVCAM-1 levels were lower in the chronic patient groups than in asymptomatic non-infected individuals, while patients with cardiac infections (I-MC and I-SC) had lower levels than non-infected cardiac patients (NI-C) (Figure 1).




Figure 1 | Average concentrations of soluble cell adhesion molecules in the different study groups. NI-A (non-infected asymptomatic); NI-C (non-infected cardiac); I-A (infected asymptomatic); I-MC (infected mild cardiac); I-SC (infected severe cardiac). ┌┐Statistically significant (p < 0.05). Error bars (Confidence Interval of 95%). Analysis of Variance: Kruskal-Wallis test and Dunn’s multiple comparation test.



A significant moderate positive correlation was observed between LVEF and sE-selectin (r = 0.513; p < 0.001) in the I-SC group. These results indicate that patients with lower LVEF tend to have lower sE-selectin levels in the most severe form of chronic chagasic cardiopathy.

By adopting a concept of “high” and “low” sCAM secretors, and establishing a cut-off based on the average concentrations of all individuals, we investigated the frequency of secretion of these molecules between the groups (Figure 2). All individuals in group I-MC were classified as low secretors of sP-selectin and sL-selectin, showing a statistically significant difference compared to all other groups (p < 0.0001). It was also observed that while most non-infected individuals were classified as high secretors of sVCAM-1, most of these individuals were classified as low secretors of sL-selectin. The percentage frequencies of high secretors for all groups are summarized in Table 2.




Figure 2 | Representative scatter of individual molecule concentrations by group, differentiating high and low producers based on the adopted cut-off (mean concentration of all individuals per molecule). NI-A (non-infected asymptomatic); NI-C (non-infected cardiac); I-A (infected asymptomatic); I-MC (infected mild cardiac); I-SC (infected severe cardiac).




Table 2 | Relative frequency of individuals in each group, classified as high secretors of soluble cell adhesion molecules.



Moreover, by plotting the ROC curve for the sCAMs and analyzing the AUC, we can highlight the ability of the sCAMs to discriminate between distinct groups based on the cut-off points adopted for each molecule. Figure 3 illustrates the sCAMs with an AUC above 0.8.




Figure 3 | Comparison of ROC curves of molecules between different groups. NI-A (non-infected asymptomatic); NI-C (non-infected cardiac); I-A (infected asymptomatic); I-MC (infected mild cardiac); I-SC (infected severe cardiac). AUC (area under the curve).



The analysis of I-A and I-MC patient groups, the sCAMs exhibited good AUC values (sP-selectin = 0.89; sL-selectin = 0.88; sE-selectin = 0.83; sVCAM-1 = 0.84), demonstrating that these molecules can differentiate between chronic asymptomatic (I-A) and the initial cardiac phase forms (I-MC). When comparing NI-A and I-A, sL-selectin stands out with an AUC of 0.88, indicating its ability to differentiate between infected and non-infected individuals, despite both groups lacking clinical signs. In the comparison between the NI-C and I-SC groups, significance was observed with sL-selectin and sE-selectin (AUC = 0.85 and 0.88, respectively), highlighting the ability of these two molecules to differentiate between infected and non-infected individuals, even though both have heart disease. To differentiate between the I-MC and I-SC groups, sP-selectin and sVCAM-1 presented AUCs of 0.90 and 0.83, respectively. The molecule that stood out the most was sL-selectin, which demonstrated excellent accuracy (AUC = 0.92).





Discussion

Cardiac fibrosis is a hallmark of Chagas cardiomyopathy, and its progression over time is associated with decreased left ventricular systolic function (32). The characterization of heart disease based on the I Latin American Guideline for the Diagnosis and Treatment of Chagas Cardiomyopathy facilitates the study of cardiac forms with and without ventricular dysfunction (8). The investigation of various molecules as potential biomarkers for Chagas disease has already been conducted (33), however, it does not address the different stages of Chagas heart disease. Thus, our study focuses on analyzing the immune response through soluble adhesion molecules in chronic patients, with differentiation based on the cardiac stage.

In our study, we observed a distinct variation in the levels of sCAMs across the different stages of Chagas disease. In chronic patients transitioning from the indeterminate form (I-A group) to mild chronic Chagas cardiomyopathy (I-MC group), sCAM levels exhibited a significant decrease. However, as the disease progressed to more severe stages of cardiomyopathy (I-SC group), these levels increased again, approaching concentrations observed in the indeterminate group. A similar profile has been reported for chemokines such as CCL5 and CXCL10 in patients with indeterminate and chronic Chagas heart disease (34).

The initial reduction in sCAM levels observed between the indeterminate and mild cardiac groups may be linked to the inflammatory response associated with the Th1 profile. This response, while critical for controlling Trypanosoma cruzi infection, can lead to excessive production of nitric oxide and reactive oxygen species. These reactive molecules are known to suppress the expression of adhesion molecules involved in cellular migration and tissue infiltration (35). To control the inflammation, anti-inflammatory cytokines (such as IL-10 and TGF-β) are expressed to regulate this heightened inflammatory response. Vasconcelos et al. (36) observed that chagasic patients with mild cardiomyopathy exhibit a stronger anti-inflammatory response (IL-10) compared to indeterminate form and severe cardiomyopathy patients. Similarly, Melo et al. (37) reported a high frequency of IL-10 genes in mild cardiomyopathy patients. This scenario of suppression may explain the decline in sCAMs levels during the early stages of cardiac involvement.

As the disease progresses to severe cardiomyopathy, the inflammatory process becomes increasingly intense. Teixeira et al. (38) provide additional insights into the immunopathological mechanisms underlying these observations. They describe how the Th1-dominated response in Chagas disease promotes the release of inflammatory cytokines and chemokines. These mediators drive the recruitment of immune cells to the myocardium, consequently increasing sCAMs levels and leading to necrosis and apoptosis of cardiomyocytes. This tissue damage perpetuates the inflammatory cycle and exacerbates disease progression, facilitating the transition from I-MC to I-SC patients.

This progression results in elevated levels of sCAMs, like demonstrated in our data, which show an elevation in sCAMs levels in severe cardiac patients (I-SC group) compared to those with mild cardiac involvement (I-MC group). This trend aligns with findings by Yin et al. (39), who observed that levels of sP-selectin, sVCAM-1, and sICAM-1 increased with the severity of cardiac heart failure in patients with various etiologies unrelated to Chagas disease. Although the study does not focus specifically on Chagas cardiomyopathy, it highlights how worsening cardiac dysfunction correlates with elevated levels of sCAMs. Therefore, the results presented (sCAMs levels) along with other studies on oxidative stress and inflammatory mediators, offer a comprehensive explanation for the variations in sCAM levels across the stages of Chagas disease.

We also observed that infection by T. cruzi (in indeterminate chronic patients) favors the modulation of the studied molecules when compared to uninfected individuals, with higher concentrations of selectins and lower concentrations of sVCAM-1. Our findings corroborate those of Panagiotidou et al. (40), who demonstrated the ability of the parasite to induce the production of selectins, using them as mediators for transendothelial transmigration and allowing the parasite to target specific tissues.

By adopting the concept of “high producers” and “low producers” (41), we were able to establish a relationship between the studied molecules and the patient’s clinical status, combined with accuracy analysis (ROC curve). We observed the good ability of sCAMs to differentiate between the indeterminate and mild cardiac stages (I-A vs. I-MC), suggesting their potential use as clinical biomarker for predicting early cardiac changes. In addition to sL-selectin demonstrating good accuracy in distinguishing infected from uninfected asymptomatic individuals (I-A vs. NI-A), being considered a complementary toll for diagnosis of infection, however further studies are carried out.

Cardiac markers, such as Troponin and CKMB, which increase with the severity of cardiac damage, are already in use. However, they are insufficient to distinguish Chagas heart disease from other cardiac conditions (42). Therefore, our study stands out by identifying molecules (sL-selectin and sE-selectin) that show good accuracy in differentiating non-infected heart disease patients from those with severe chronic Chagas heart disease (NI-C vs. I-SC). Additionally, LVEF% demonstrated a positive correlation with sE-selectin, supporting the potential of this molecule as a biomarker for differentiating Chagasic from non-Chagasic heart disease.

Furthermore, studies that perform a stratification cardiac severity are scarce, making it difficult to effectively assess the progression of cardiac involvement in the disease. By addressing this gap in the literature, our findings reveal that sVCAM-1, sP-selectin, and sL-selectin demonstrate strong potential in differentiating mild and severe heart disease (I-MC vs I-SC).

This study provides scientific evidence on the profile of cell adhesion molecules across different stages of cardiac progression in the chronic phase of Chagas disease. However, further research is needed to understand the mechanisms of sCAMs, particularly through future longitudinal studies, which may help predict the clinical progression of the disease. Therefore, continued investigation of sCAMs in the context of Chagas disease will offer valuable insights for the scientific community.





Conclusion

CAMs demonstrated good performed well in differentiating patients in the indeterminate phase from negative individuals, as well as from those in the mild cardiac phase. Left ventricular ejection fraction combined with sE-selectin proved to be a good indicator for distinguishing between uninfected and infected cardiac individuals for improved prediction. Finally, sL-selectin demonstrated excellent accuracy in differentiating infected patients with mild from those with severe cardiomyopathy. Therefore, we suggest that sCAMs may serve as potential biomarkers for the diagnosis and prognosis of chronic cardiac patients with Chagas disease.
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