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Abstract

Heart disease is a major cause of death worldwide. Chronic Chagas cardiomyopathy (CCC) caused
by infection with 7rypanosoma cruzileading to high mortality in adults, and rheumatic heart
disease (RHD), resulting from infection by Streptococcus pyogenes affecting mainly children

and young adults, are amongst the deadliest heart diseases in low-middle income countries.
Despite distinct etiology, the pathology associated with both diseases is a consequence of
inflammation. Here we compare systemic immune profile in patients with these cardiopathies,

to identify particular and common characteristics in these infectious heart diseases. We evaluated
the expression of 27 soluble factors, employing single and multivariate analysis combined with
machine-learning approaches. We observed that, while RHD and CCC display higher levels of
circulating mediators than healthy individuals, CCC is associated with stronger immune activation
as compared to RHD. Despite distinct etiologies, univariate analysis showed that expression of
TNF, IL-17, IFN-gamma, I1L-4, CCL4, CCL3, CXCL8, CCL11, CCL2, PDGF-BB were similar
between CCC and RHD, consistent with their inflammatory nature. Network analysis revealed
common inflammatory pathways between CCC and RHD, while highlighting the broader reach of
the inflammatory response in CCC. The final multivariate model showed a 100% discrimination
power for the combination of the cytokines IL-12p70, IL-1Ra, IL-4, and IL-7 between CCC and
RHD groups. Thus, while clear immunological distinctions were identified between CCC and
RHD, similarities indicate shared inflammatory pathways in these infectious heart diseases. These
results contribute to understanding the pathogenesis of CCC and RHD and may impact the design
of immune-based therapies for these and other inflammatory cardiopathies that may also share
immunological characteristics.

Keywords

Chagas disease; Rheumatic heart disease; Inflammation; Systemic immune profile; Pathology;
Immunoregulation

Introduction

Heart disease is the leading cause of death worldwide with a disproportional burden

in underserved populations. The cardiomyopathy resulting from Chagas disease (ChD),
caused by infection with the intracellular parasite 7rypanosoma cruzi, is amongst the most
debilitating and deadly heart diseases in adults, leading to over 10,000 deaths/year [1].
Rheumatic heart disease (RHD) is caused by an immune response triggered by infection
with type A Streptococcus, is responsible for the highest number of disability-adjusted life-
years among 10-14-year-olds, and is the second highest number among children 5-9 years
old [2]. The cardiac involvement in both diseases is progressive, and clinical management
relies on palliative therapies to ameliorate symptoms. There are no vaccines to prevent these
diseases.

Chronic Chagas disease cardiopathy (CCC) is characterized by ventricular dilation and
dysfunction, thromboembolic events, and conductive alterations. The severity of left
ventricular systolic dysfunction is the main factor influencing prognosis [3,4]. In contrast,
RHD is characterized by progressive damage to the heart valves, leading to valvular
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regurgitation and/or stenosis [5]. Despite the differences, these diseases share several
aspects. The pathogenesis of both diseases involves immune reactions caused by antigenic
mimicry to heart structures, especially cardiac myosin, tropomyosin, laminin, and vimentin
[6-9]. Additionally, the presence of bacterial DNA in the valve tissue of patients with RHD
and of 7. cruziantigens in the myocardium of Chagas patients suggest the additional role
of the continuous antigenic stimulus in inflammatory injury and cardiovascular sequelae

in both diseases [10,11]. Anti-host and anti-pathogen reactivity leads to persistent T

cell activation and inflammation, causing tissue destruction [6,8,12,13]. The inflammatory
infiltrate observed in the heart tissue of CCC patients is composed mainly of activated CD8+
T cells that produce inflammatory cytokines such as TNF [14]. The affected valves in RHD
also contains pro-inflammatory cytokines such as TNF, IFN-gamma, IL-1beta, and IL-17,
but is mainly composed of CD4+ T cells and macrophages that orchestrate the production
of mediators related to tissue fibrosis [15]. The mechanisms underlying the recruitment of
distinct effector cells to the myocardial and valvular tissues are not completely understood.
However, it is known that chemokines orchestrate migration of cells associated with the
inflammatory response and severity in CCC and RHD [16-18]. Chronic inflammation is
key for the development of pathology, by regulating the hypertrophy and apoptosis of
cardiomyocytes, as well as fibrosis [17,19,20].

Given that both heart diseases are characterized by a continuous inflammatory process that
can lead to heart failure, we evaluated the profile of the systemic soluble immune-mediators
in patients with CCC and RHD by determining the plasma levels of cytokines, chemokines,
and growth factors. The identification of immunological characteristics specific to and
shared by CCC and RHD provides essential information to understanding their pathogenesis,
as well as to potentially guide specific or general intervention strategies for infectious heart
disease.

2. Study population, materials, and methods

2.1 Study population

This was an observational study, with cross-sectional analysis of circulating molecules
including a total of 67 individuals. Plasma samples from 38 patients with CCC, from

areas endemic for Chagas disease in Brazil and with a positive serological test for
Trypanosoma cruzi (age range between 28 and 70 years, 58% of men and 42% women)
were used to measure circulating soluble factors. Detailed evaluations, including physical
examinations, electrocardiogram, chest X-rays and echocardiogram were performed in order
to characterize the clinical status of the CCC patients as previously defined by us [21]. CCC
patients presented right and/or left ventricular dilation, global left ventricular dysfunction,
alterations in the cardiac electric impulse generation and conduction upon eletrocardiogram,
chest x-rays and echocardiography. Plasma samples from 17 patients with RHD with
symptomatic severe mitral stenosis (age range between 28 and 64 years; 11.8% men and
88.2% women) were also included in this evaluation. RHD patients presented with late
RHD characterized by valve dysfunction resulting from rheumatic involvement confirmed
by echocardiography. All patients were undergoing cardiological clinical follow-up at the
Hospital das Clinicas of Universidade Federal de Minas Gerais (UFMG). Samples from
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12 healthy individuals not infected with 7. cruzi and with no previous events related to
rheumatic fever, nor evidence of cardiac involvement were included in the control group
(CONTROL; age range between 17 and 18 years, 58 % men and 42% women).

All patients who accepted to participate voluntarily in the research were informed about the
objectives of our study and signed the Informed Consent Form. This study was approved

by the Research Ethics Committee of Universidade Federal de Minas Gerais (COEP-UFMG
— ETICO006 / 05) and National Research Ethics Commission (CONEP n° 2.809.859) and
conforms to the ethical guidelines of the 1975 Declaration of Helsinki.

2.2 Luminex Bioassay

To evaluate the soluble factors present in the plasma of the different study groups,

the Bio-Plex ProTM Human Cytokine Standard 27-plex Kit (Bio-Rad — Hercules, CA,
USA) was used to measure the following molecules: cytokines (IL-1beta, IL1- Ra,

IL-2, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12p70, IL-13, IL-15, IL-17, IFN-gamma,
TNF) chemokines (CCL2, CCL3, CCL4, CCL5, CXCL8, CXCL10, CCL11) and growth
factors (G-CSF, GM-CSF, PDGF-BB, VEGF, basic FGF). Experiments were performed
according to manufacturer’s instructions. The data were acquired by the Bio-Plex 200
instrument equipped with the Manager software and the results were expressed as the mean
fluorescence intensity (MFI), after background subtraction.

2.3 Protein-protein interaction network and enriched pathways analysis

Network was constructed using NetworkAnalyst.ca. through direct relationships between
proteins and altered soluble factors in CCC and RHD. Pairwise correlation prediction was
determined based on IMEX database. Resulting high-scoring genes were used to identify hub
genes. Enriched pathway analysis emerging as a result of interconnections in the network
were generated using Kyoto Encyclopedia of Genes and Genomes (KEGG).

2.4 Statistical analysis

To compare the plasma levels of the molecules between the study groups, the results

were obtained using the Graphpad Prism 7 software (GraphPad Software, La Jolla - CA,
USA). The parametric data were subjected to the one-way ANOVA multiple comparison
test followed by the Tukey post-test, and represented by the mean and standard deviation.
Nonparametric data were analyzed using the Kruskal-Wallis test, followed by Dunn’s post-
test and represented by the median and interquartile range (25 and 75 percentile range).

To represent the general profile of the soluble factors evaluated, data from MFI medians
were used for making radar charts using Microsoft Excel Software. Each axis of the graph
represents the percentage contribution for each molecule within each functional group
(cytokines, chemokines, and growth factors). Additionally, for qualitative representation

of data, analysis of the t-distributed stochastic neighbor-embedding (t-SNE) algorithm

was performed, a tool that allows the visualization of multidimensional data in smaller
dimensions (t-SNE1 and t-SNEZ2) [22]. Initially, the MFI values of the molecules evaluated
by Luminex Multiplex Assay were tabulated in Excel spreadsheets in xIs format, converted
into a csv file, imported and converted into an Fcs file in the Flowjo software. Then, the
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t-SNE analysis was generated by selecting the 27 molecules evaluated in our study, using the
Barnes-Hut algorithm with 1000 interactions and perplexity parameter of 30. Subsequently,
the analysis was performed by the FlowSOM algorithm for the detection of clusters on the
islands generated by tSNE [23]. Next, an analysis was performed by the cluster explorer
algorithm to represent the relative intensity expression profile of the molecules evaluated in
the clusters found by the FlowSom algorithm.

To assess a possible pattern of differentiation between groups using the soluble factors,

a representative heatmap analysis was performed using the Clustvis software using the
heatmap package R-version 0.7.7, where it is possible to analyze the grouping amongst
samples and to define the homogeneity or heterogeneity in the distribution of data amongst
groups. Rows and columns are grouped using the correlation distance and the mean link.

To identify possible predictors of distinct immune responses between the evaluated heart
diseases, a logistic regression model adjusted by the LASSO method was used. This
method of analysis is suitable for situations in which there is a large number of potential
predictors as well as variables that can be correlated. Due to their right-skewed distributions,
cytokine values were log-transformed and standardized to ensure the proper identification
of predictors in the regression models. The analysis was conducted using the statistical
software R version 3.6.3, with the aid of the tidyverse (data manipulation), foreign (data
reading), ggplot2, corrplot, gridExtra and GGally packages (graphs), glmnet (adjustment

of the models via LASSO), and pROC (calculation of the area under the ROC curve).
Initially, the original data were randomly divided into a training set (80% of the data)

to adjust the model and test (remaining 20%), to calculate the predicted probabilities and
evaluate the predictive performance of the model. The results obtained were shown as

a set of variables that, in association, can explain the event, in our study, the power to
distinguish between the two heart diseases. The impact of the variable on the desired
response (differentiation between heart diseases) was evidenced as an sO coefficient that
translates a directly proportional association when positive and an inversely proportional
association when negative. The results were represented using violin plot graph exploring
the relationship of each molecule with the groups evaluated, by the ROC curve to determine
the power of discrimination between the groups (CCC and RHD) and by a correlation graph
between the covariates selected in the final model of the method LASSO.

3. Results

3.1 Plasma levels of cytokines, chemokines, and growth factors indicate greater
immunological activation in patients with Chagas cardiomyopathy as compared to
rheumatic heart disease.

Analysis of plasma levels of circulating mediators comparing CCC patients with individuals
in the CONTROL group demonstrated an increase in a wide variety of soluble factors.
Amongst the cytokines, only IL-6 and TNF were not significantly higher in CCC plasma

as compared to CONTROL (Fig 1 and supplementary table 1). All chemokines and growth
factors were higher in CCC plasma as compared to CONTROL (Figs 2A and 2B and
supplementary table 1). On the other hand, plasma levels of the different immune mediators
in the samples from patients with RHD compared to the CONTROL group showed an
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increase only in IL-12, IFN-gamma, IL-17, IL-4, IL-1Ra, CCL4 and PDGF-BB (Fig 1, Figs
2A and 2B and supplementary table 1).

Analysis of the levels of soluble factors amongst patients with different heart diseases (CCC
x RHD) showed increased levels of cytokines (IL1-beta, IL-12, IL-5, IL-9, IL-13, IL-10,
IL-7, IL-15), chemokines (CCL5, CXCL10), and growth factors (G-CSF, GM-CSF, VEGF,
basic FGF) in CCC (Fig 1, Figs 2A, 2B and supplementary table 1).

This highly activated immunological profile observed in CCC patients is depicted in a radar
graph analysis, showing increased relative levels of cytokines, chemokines, and growth
factors (Figs 3A, 3B, and 3C respectively), as compared to the CONTROL group and RHD.
These data were reinforced by the tSNE analysis in Fig 3D, demonstrating the stratification
between the different groups as seen by separation of distinct islands formed on the map
generated by the algorithm. Clusters 1, 2 and 7 in Fig 3E were identified by the FlowSOM
analysis and projected onto the tSNE map showing their location in the region occupied

by CCC group (observed in Fig 3D, green islands to the right). Group 8 (Fig 3E) is
distributed amongst the regions occupied by primarily RHD and CONTROL groups, with
some contribution from the CCC group (observed in Fig 3D, purple, orange, and a few green
islands to the left). The profile of relative intensity values identified by the cluster explorer
showed a profile of greater expression of cytokines, chemokines, and growth factors by
clusters 1, 2, and 7 located in the CCC group (Fig 3F, yellow brackets). In contrast, lesser
expression of the evaluated molecules was represented by cluster 8, identified predominantly
in the RHD and CONTROL groups (Fig 3F, turquoise bracket).

3.2 Protein-protein interaction network analysis reveals enriched pathways associated
with cardiac Chagas and rheumatic heart disease.

Network analysis using the molecules that were altered in CCC (Fig. 4A) and RHD
(Fig. 4B) as compared to CONTROL group shows a greater number of interactions in
the CCC network as compared to RHD, given the presence of 9 versus 2 nodes with
high centrality degrees (dark green), respectively. In addition, CCC displays connections
with 267 molecules potentially influenced by the main node molecules, while RHD
displays 90 connections. Interestingly, enriched pathway analysis emerging as a result
of interconnections in the network generated by KEGG, showed a predominance of
inflammatory networks in both diseases (Fig.4, bottom tables). In addition, while the first
10 networks with lowest false discovery rate (FDR, adjusted p value) in CCC were also
found amongst the first 20 of RHD (yellow rows), IL-17, PI3K-Akt and TNF signaling
inflammatory pathways were specific for CCC (red rows).

3.3 Soluble immune mediators segregate individuals with the different cardiomyopathies.

Cluster analysis including all soluble immune mediators segregates patients from RHD,
CCC, and the CONTROL group (Fig 5A). Also, strong associations between 1L-10 and
IL-12, IL-1beta and IL-6, TNF and CXCLS, IL-9 and CCL5, GM-CSF and IL-5, CCL3
and CCL4, IFN-gamma and CCL2, IL-4 and CCL11 were observed (Fig 5A). Cytokine
analysis led to an improved clustering of CCC patients and revealed correlations between
IL-10 and IL-12, IFN-gamma and IL-4, IL-1beta and IL-6, IL-2 and IL-5, IL - 13 and
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IL-15 (Fig 5B). The chemokine cluster analysis was less capable of segregating the groups.
However, associations were observed between CCL2 and CCL11, CCL3 and CCL4, CCL5
and CXCL10 (Fig 5C). Likewise, the analysis of growth factors showed less capability for
segregating the groups. The correlation analysis revealed association only between VEGF
and GM-CSF (Fig 5D).

3.4 The cytokines IL-12p70, IL1Ra, IL-4, and IL-7 are the main predictors of segregation of
the systemic immune response between Chagas and rheumatic heart disease.

Expression of all immune mediators were compared between CCC and RHD and confirmed
factors that are distinct between the diseases, but also showed parameters that did not show
statistical significance between groups, suggesting similarities between CCC and RHD.
Together, these data were used for a predictive analysis performed by the logistic regression
model adjusted by the LASSO method, which demonstrated a complete separation for

the cytokine IL-12p70 (Fig 6A). On the other hand, TNF, IL-17, IFN-gamma, CCL4,
CCL3, CXCLS8, CCL11, IL-4, CCL2, and PDGF-BB molecules did not show statistically
significant differences between CCC and RHD, which may indicate immunological
characteristics shared between these heart diseases (Fig 6A, p values in bottom panel).

In the final model using all variables, data demonstrated a 100% discrimination power for
the combination of the cytokines IL-12p70, IL-1Ra, IL-4, and IL-7 among CCC and RHD
groups (Figure 6B, right graph). The left panel in Fig 6B shows the distribution of the
selected discriminating variables and their correlations. The data showed a strong positive
correlation only between IL-12 and IL-7. In contrast, a weak correlation was demonstrated
between IL-12 and IL-4; 1L-1Ra and IL-4; IL-4, and IL-7. A negative correlation was
observed between IL-12 and IL-1Ra; IL-1Ra and IL-7. The values of the coefficients sO
were shown next to the figure.

4. Discussion

Heart disorders are the number one killer in the world, encompassing diseases with several
distinct etiologies. Cardiopathies of infectious nature disproportionally affect underserved
populations, causing millions of deaths and severe morbidity with a tremendous social and
economic impact in already impoverished populations. CCC is the deadliest consequence
of 7. cruziinfection due to progressive conductive and contractile heart alterations[21].
RHD, while rare in developed countries, is still highly prevalent in poorer areas globally and
causes thousands of deaths mainly due to heart valve compromise [24]. Despite distinct
etiologies and pathologies, the inflammatory immune response plays a crucial role in

both diseases. However, whether the pattern of immune response is similar or different

in these infectious heart diseases is not clear. This is an important point to address. It will
provide information about the pathogenesis of these diseases, provide disease markers, and
indicate therapeutic targets for each or both diseases. The findings may also illuminate the
understanding of other infectious and inflammatory heart diseases.

In our study, we evaluated the systemic release of soluble mediators in the plasma of
individuals with CCC and RHD. Our data point to a strong immunological activation in
patients with CCC as shown by elevated plasma levels of cytokines, chemokines, and
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growth factors in comparison to RHD. This hyperactivation was confirmed by comparative
network analysis that showed the broader extent of the immune response in CCC as
compared to RHD. Using machine learning analysis, we found that the combination of
positive association between IL-12 and IL-7 and a negative association between IL-1Ra
and IL-4 completely segregated CCC and RHD patients. These distinctions indicate

the involvement of particular immunological pathways in these infectious cardiopathies,
providing insight regarding their pathogenesis. Importantly, in addition to identifying
immunological distinctions between CCC and RHD, our data also pointed to similarities
in the expression of the mediators comparing the two groups, which may suggest common
pathways in infectious heart diseases.

Previous studies by our group and others have reported increased levels of inflammatory
cytokines in plasma, in peripheral blood mononuclear cells and hearts of patients with
CCC [25-30], as well as RHD [31,32]. These molecules can be released in response to
lesions in the myocardium, being present locally or systemically and, since they might be
responsible in the long term for cardiac dysfunction, they can predict a worse prognosis
in cardiovascular diseases [33-35]. Thus, evaluating their levels systemically can be
informative of the disease development.

Our data demonstrated an increase in plasma levels of the inflammatory cytokines IL-1beta,
IL-12, IL-17A, IFN-gamma in CCC patients as compared to CONTROL. While levels of
IL-12, IL-17A and IFN-gamma were also increased in RHD as compared to CONTROL,
IL-12, which is mainly derived from innate cells, was even higher in CCC patients as
compared to RHD. Analysis of cytokine levels by association dendrogram revealed a strong
hierarchical link between the inflammatory cytokines IL-6 and IL-1beta and subsequently
with TNF, all mainly derived from innate cells, in CCC but not RHD. This suggests a strong
activation of innate cells resulting in the production of inflammatory cytokines in CCC,
which corroborates our previous data using distinct study groups [36].

While levels of IL-17, a T-cell derived cytokine, were higher in CCC and RHD in
comparison with CONTROL, they did not differ between the cardiopathies. The functional
response of IL-17 in RHD is still controversial, being associated with protective response
[37] or significant rheumatic mitral stenosis in RHD [38]. In CCC, IL-17 by T lymphocytes
is consistently correlated with better ventricular function [39,40]. Thus, clarifying the

role of IL-17 in RHD and CCC will help to elucidate whether this cytokine plays

similar or antagonistic roles in CCC and RHD. If associated with inflammation in these
cardiomyopathies, the inhibition of function of these cytokines may emerge as therapeutic
strategies, as described in other non-infectious inflammatory diseases such as psoriasis and
rheumatoid arthritis [41-43].

IL-4, IL-5, IL-9, and IL-13 are associated with Th2 response, which are key for modulating
Th1-mediated responses [44]. Our results showed increased levels of these molecules in the
plasma of CCC patients compared to control and RHD. We also observed increased levels
of IL-10 in CCC as compared to RHD and CONTROL. It is interesting that the increase

in regulatory cytokines is observed in the CCC patients, which displays a more intense
inflammatory profile as compared to RHD. It is possible that these cytokines are induced
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as an attempt to control inflammation. To some extent they do so, given the long-lasting
nature of CCC. However, given the progressive nature of CCC, it is also possible that

these cytokines while present, are not fully active due to an altered expression of their
receptors. This mechanism was previously shown by us in human leishmaniasis, where

the severe mucosal clinical form displays high expression of IL-10, despite presenting a
hyperactivated inflammatory response associated with low expression of IL-10 receptor [45].
Further studies regarding cytokine receptor expression and signaling will address this issue.
In addition to potential Th1 control, IL-4, IL-9 and IL-13 have also been associated with

the formation of tissue fibrosis, thus potentially involved in disease pathology. There was an
association of I1L-4 with fibrosis and cardiac remodeling in patients with heart fialure [46].
Furthermore, increased levels of IL-9 in patients with ischemic heart disease were associated
with left ventricular dysfunction and disease progression [47], and high IL-13 was observed
in the plasma of individuals with severe CCC corroborating this hypothesis [48]. These data
demonstrate the need for studies regarding the use of anti-IL-4 and anti-IL-13 antibodies

in an attempt to neutralize the pro-fibrotic effect of these molecules as a useful therapeutic
strategy to limit cardiac fibrosis. Clinical studies targeting the blockade of the IL-4/IL-13
axis have already been reported in other diseases, such as atopic dermatitis and allergic
asthma, but they have not yet been studied in the cardiomyopathies evaluated in our study
[49,50]. On the other hand, it is important to highlight that the therapeutic blockade of
these cytokines can induce an immune imbalance that can exacerbate the Thl response,
emphasizing the importance of further studies.

Our data demonstrated that the plasma levels of proliferative T-cell-derived cytokines IL-2,
IL-7, and IL-15 are predominant in CCC as compared to CONTROL. Increased serum IL-2
levels have been described and associated with impaired cardiac function in CCC [51]. IL-7
and IL-15 have been described as important factors for the expansion of CD8 T cells in
vitro and maintenance of infiltrating T cells in the heart of CCC patients [52]. Our data also
showed that the levels of IL-7 and IL-15 are increased in the plasma of individuals with
CCC as compared to RHD, emphasizing a role for these molecules in CCC.

Growth factors are potential modulators of the inflammatory and fibrotic immune response
in chronic diseases [20,53,54]. In our study, circulating levels of VEGF, G-CSF, and
GM-CSF, involved with the induction of inflammatory mediators, as well as basic FGF,
associated with the fibrotic and hypertrophic response, are increased in CCC as compared

to CONTROL and RHD, possibly reflecting the dilated nature of CCC. Elevated levels of
PDGF-BB were observed in both heart diseases. The accumulation of this molecule in the
systemic environment may reflect the fibrotic effect observed in the valvular and heart tissue
of patients RHD and CCC, respectively [20,55,56].

The recruitment of activated leukocytes to the sites of inflammatory injury is mediated by
the interaction between chemokines and their receptors [57]. Our data showed an increase in
the levels of all chemokines in plasma samples from CCC patients compared to CONTROL,
reflective of intense inflammation. Cluster analysis demonstrated a strong association
between CCL3 and CCL4 in CCC, which bind CCR5 receptor. CCR5 has been associated
with CCC [58,59] and is involved in the recruitment of CD8+ T cells, a predominant cell
subpopulation in the myocardium of CCC patients [14]. The levels of CCL5 and CXCL10
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were higher in CCC as compared to RHD. Additionally, the cluster heatmap analysis
revealed a strong association between these molecules. CXCL10 is a protein produced

in response to IFN-gamma, which recruits Th1 cells, contributing to the expansion of
inflammation [60]. IFN-gamma has been associated with cardiopathy progression in CCC
[61]. Interestingly, in RHD, there was an increase as compared to CONTROL only in CCL4,
a chemokine associated with the preferential recruitment of CD4* T lymphocytes, the main
subpopulation of T cells found in the inflammatory valve infiltrate of patients with this heart
disease [31]. These results are consistent with the differential cellular recruitment to lesion
sites in CCC and RHD and indicate potential points of intervention in these diseases.

The LASSO analysis demonstrated that the concomitant positive association between IL-12
and IL-7 and negative association between IL-1Ra and IL-4 were the main predictors

of segregation of the immune response between CCC and RHD with a power of 100%
discrimination. Of note is the negative association observed with the regulatory cytokines,
which may indicate that the pathways for IL-1Ra and IL-4 may be compromised in CCC.

The wealth of information contained within the systemic immune profile is well exploited
by implementation of pathway and network analyses, thereby permitting us to investigate
potential disease pathways that promote CCC and RHD. These pathway networks provide
a global view of the multiple processes involved in disease pathogenesis where clusters of
similar pathways emerging as a result of strong interconnections between them allow us to
identify predominant biological processes. Our network analysis showed that CCC displays
a greater number of node molecules with high centrality, with 267 nodes overall, while
RHD displayed 90. This suggests a broader interference in associated immune molecules
in CCC and, therefore, involvement of many more pathways. KEGG enrichment analyses
identified inflammatory pathways common in both diseases, while IL-17, TNF, and PI3K-
Akt signaling pathways are exclusive of CCC. Interestingly, PI3K signaling pathway has
been associated with control of parasitism in hearts of mice infected with 7. cruzi, as well
as in CCC patients [62]. Exploiting the pathways involving these molecules may provide
potential targets to treat CCC.

While many differences were observed between the profile in CCC and RHD, our

data also shows similarities amongst these diseases. This was not necessarily expected,
since the diseases have distinct etiologies and pathology, and suggests that despite such
differences, there are pathways commonly activated. Thus, this may have implications

for other infectious cardiopathies as well. Univariate analysis of the expression of TNF,
IL-17, IFN-gamma, CCL4, CCL3, CXCLS8, CCL11, IL-4, CCL2, PDGF did not show
statistically significant differences between CCC and RHD, suggesting that these molecules
may represent a common pathway in inflammatory cardiopathies. Extending these studies to
other heart diseases will be of great value to unveil new pathways of intervention to prevent
disease progression.

One limitation of our study was that a correlation analysis between the increased levels
of the molecules and the cardiac function of the patients included in the study was

not performed. This was mainly due to the fact that the criteria for disease severity are
distinct in CCC and RHD. While in CCC ejection fraction is a key measure, this function
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is not necessarily associated with severity in RHD, in which the clinical parameters of
abnormalities involve the echocardiographic evaluation of valve morphology [63,64].

As a conclusion, our findings suggest that heart disease due to Chagas disease is associated
with stronger immunological activation as compared to RHD. Despite the infectious

and inflammatory nature of both diseases, our study identified factors that can clearly
discriminate the immune response between them, unveiling singular pathways in these
diseases. In addition, we observed similarities between CCC and RHD that may indicate
shared immunological pathways between these heart diseases, and potentially others. Taken
together, our data shows the first indication of potential immunological targets for specific
and broad intervention in CCC and RHD.
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Fig. 1. Comparative analysis of plasma cytokines levels between the study groups.
The groups evaluated were CONTROL (n = 12), CCC (Chagas cardiomyopathy, n = 38) and

RHD (rheumatic heart disease, n = 17). p values <0.05 were considered statically significant.

*p <0.05, ** p <0.005 *** and **** p <0.0001. Plasma soluble cytokine levels were

measured using the Bio-Plex ProTM Human Cytokine Standard 27-plex Kit and results are
expressed in MFI, as described in Materials and Methods. IL: Interleukin. TNF: Tumor
necrosis factor. IFN: Interferon Gamma. IL-1Ra: Interleukin-1 receptor antagonist.
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Fig. 2. Comparative analysis of levels of plasma chemokines (A) and growth factors (B) between
the study groups.

The groups evaluated were CONTROL (n = 12), CCC (Chagas cardiomyopathy, n = 38)
and RHD (rheumatic heart disease, n = 17). p values <0.05 were considered statically
significant. * p <0.05, ** p <0.005 *** and **** p <0.0001. Plasma soluble cytokine
levels were measured using the Bio-Plex ProTM Human Cytokine Standard 27-plex Kit
and results are expressed in MFI, as described in Materials and Methods. CCL: chemokine
(C-C motif) ligand. CXCL: chemokine (C-X-C maotif) ligand. G-CSF: Granulocyte colony-
stimulation factor. GM-CSF: Granulocyte macrophage colony-stimulating factor. PDGF:
Platelet- derived growth factor. VEGF: vascular endothelial growth factor. FGF basic:
Fibroblast growth factor.
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Fig. 3. General profile of the evaluated soluble factors represented by radar graphs and tSNE

analysis.

Representative analysis by radar chart with the median plasma levels of (A) cytokines,

(B) chemokines and (C) growth factors in samples from CONTROL group (orange line),
patients with CCC (green line) or RHD (purple line). (D) Generated tSNE map, showing
the stratification between the different groups evaluated after overlapping on the islands

formed by the algoritm. (E) Clusters detected by the FlowSOM analysis and projected
on the tSNE map to identify the distribution within the groups evaluated. (F) Heat map

representation of the relative intensity expression of the molecules performed by the cluster

explorer algorithm.
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Fig. 4. Network and pathway interactions in Chagas and rheumatic herat diseases.
Protein-protein network interactions were performed considering the molecules altered in

CCC and RHD as compared to CONTROL group. Top panels of (A) and (B) show
the networks resulting of the analysis for CCC and RHD, respectively. Dark and light
green represent rub nodes. Different colors distinguish nodes with different numbers
of interactions. Bottom tables show the pathways found using the generated by the
Kyoto Encyclopedia of Genes and Genomes (KEGG) algorithm, showing general common
pathways between CCC and RHD (grey rows), the correspondence between the top ten hits
for CCC in the top 20 for RHD (yellow rows) and the pathways exclusive for CCC (red
rows).
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Fig. 5. Cluster analysis of the soluble immune mediators.
(A) Heatmap representation of the plasma levels of all soluble mediators evaluated; and

individual analysis by group of molecules: (B) cytokines, (C) chemokines, and (D) growth
factors in samples from CONTROL group (n = 12), patients with CCC (n = 38) or RHD (n
= 17). Both rows and columns are clustered using correlation distance and average linkage.
Light gray indicates higher plasma levels, while dark grey indicates lower plasma level.
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Fig. 6. Identification of predictors of immunological segregation between heart diseases.
(A) Violin Plot depict the relationship of each molecule in the study groups (Chagas cardiac

and RHD); p-values are shown in bottom graph (B) marginal distribution of the selected
covariates and their correlations. In the main diagonal of the figure, graphs of the marginal
distribution (smoothed) of each covariate are presented, while below the diagonal, scatter
plots are represented for each pair. Above the diagonal, the estimated correlations are
shown. Coefficient values SO are shown on the side. Graph on the right-hand side shows
the discrimination between CCC (diamonds) and RHD (triangles) patients, based on the
expression of IL-12p70, IL-1Ra, IL-4 and IL-7. Y-axis shows the predicted probability of
RHD and X-axis displays the individual patient ID.
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