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Abstract

Chagas heart disease is an inflammatory cardiomyopathy that develops in approximately one-third
of people infected with the protozoan parasite 7rypanosoma cruzi. One way 7. cruziis transmitted
to people is through contact with infected kissing bugs, which are found in much of the Western
Hemisphere, including in vast areas of the United States. The epidemiology of 7. cruziand Chagas
heart disease and the varied mechanisms leading to myocyte destruction, mononuclear cell
infiltration, fibrosis, and edema in the heart have been extensively studied by hundreds of scientists
for more than 100 years. Despite this wealth of knowledge, it is still impossible to predict what
will happen in an individual infected with 7. cruzibecause of the tremendous variability in clonal
parasite virulence and human susceptibility to infection and the lack of definitive molecular
predictors of outcome from either side of the host—parasite equation. Further, while several distinct
mechanisms of pathogenesis have been studied in isolation, it is certain that multiple coincident
mechanisms combine to determine the ultimate outcome. For these reasons, Chagas disease is best
considered a collection of related but distinct illnesses. This review highlights the pathology and
pathogenesis of the most common adverse sequela of 7. cruziinfection—Chagas heart disease—
and concludes with a discussion of key unanswered questions and a view to the future.
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INTRODUCTION

Chagas disease, also known as American trypanosomiasis, is caused by infection with the
protozoan parasite 7rypanosoma cruzi (1). T. cruziis endemic to vast areas of the Western

Hemisphere, from Argentina to the United States. 7. cruziis a zoonosis, naturally transferred
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among domestic and wild animals and humans by triatomine insects called reduviid bugs, or
kissing bugs (2). In addition to insect transmission, which accounts for approximately 70%
of infections, congenital transmission is responsible for 26% of cases, and a small number of
people (<1% of each of the following categories) are infected by transfusion or
transplantation from a 7. cruzi~infected donor, laboratory accidents, or consumption of
liquids or food contaminated with 7. cruzi (Figure 1) (3). 7. cruzi~infected individuals are
found throughout the world due to the migration of infected individuals from areas of high
Chagas disease endemicity (such as South and Central America) to areas with relatively low
insect transmission (the United States) to no known insect transmission (the rest of the
world) (4). Chagas disease currently affects 6-8 million people and is responsible for
approximately 12,000 deaths per year (5). There are 28,000 new cases of 7. cruz/infection
per year. All of these numbers are much lower now than several decades ago due to
increased public knowledge of the disease, blood screening to reduce transfusion-acquired
disease, and insecticide spraying programs aimed at reducing transmission.

Benznidazole and nifurtimox are nitroimidazole compounds used to treat 7. cruziinfection.
They are reasonably effective in both acute and chronic disease (6), although treating
chronically infected patients with cardiomyopathy did not affect progression to heart failure
(7). A study by Morillo et al. (7) revealed a number of limitations in our ability to diagnose,
accurately assess, and predict clinical outcome in 7. cruziinfection and did not address the
important question of whether treating the vast majority of infected individuals, who have no
heart disease, might reduce the likelihood of them developing cardiomyopathy (8). There is
currently no vaccine for 7. cruziinfection, although many are hopeful that a vaccine will be
developed in the coming years (9).

T. cruzihas a complex life cycle involving two hosts, the reduviid bug and virtually any
vertebrate, and three distinct morphological and functional developmental stages:
epimastigotes, trypomastigotes, and amastigotes. The epimastigote form replicates in the
midgut of the reduviid bug and develops into nonreplicative metacyclic trypomastigotes in
the hindgut. 7. cruziis transmitted to humans when the bite wound from a reduviid bug or a
mucosal surface, such as the conjunctiva, is contaminated with parasites present in the
triatomine excreta (10). After transmission, the bloodstream trypomastigote form of 7. cruzi
is able to enter a variety of host cells where it differentiates into the replicative amastigote
form and multiplies in the cytoplasm. Eventually, parasitized cells rupture, releasing
trypomastigotes, which may infect adjacent cells, be disseminated through the blood and
infect cells at other locations in the body, or be taken up by another bug during a subsequent
blood meal.

The clinical course of Chagas disease is commonly considered to have acute, indeterminate,
and chronic phases (10, 11). If symptoms develop during acute infection, they are usually
mild and nonspecific and often mistaken for a viral illness unless there is an obvious sign of
infection, such as inflammation at the site of the bug bite (chagoma) or periorbital edema
developing after conjunctival infection (Romafia’s sign). Approximately 1% of acutely
infected people develop lymphadenopathy, hepatosplenomegaly, myocarditis, pericardial
effusion, and heart failure or meningoencephalitis. Parasites are usually detectable in the
blood for 2 to 4 months and thereafter are detectable by polymerase chain reaction (PCR) or
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indirectly by the presence of T. cruzi~specific antibodies. The infected person then enters the
indeterminate phase, which is essentially a years-to-decades-long phase of low-level
infection with no organ dysfunction and no symptoms of infection. The vast majority of
people remain in the indeterminate phase for life without any clinical symptoms, but with a
positive serology (Figure 2). Historically, it has not been possible to accurately predict which
indeterminate-phase individuals will progress to a chronic disease state; however, a type of
circulating plasma microRNA, referred to as microRNA-208a, has been studied as a
potential biomarker for predicting the risk of Chagas disease progression (12).

Approximately 30% of infected individuals eventually progress from the indeterminate to
the chronic (clinical) phase of Chagas disease. In these individuals, the indeterminate phase
may involve years of undetected accumulation of diffuse myocardial damage prior to clinical
detection. Cardiomyopathy is the most important clinical manifestation of chronic Chagas
disease because of the frequency with which it develops (in 20-30% of infected individuals),
and its severity, morbidity, and mortality. It is a complex disease that includes a wide
spectrum of manifestations, ranging from minor myocardium involvement to left ventricular
systolic dysfunction, dilated cardiomyopathy, arrhythmias, thromboembolic events, and
terminal cardiac failure (13). In addition to cardiac involvement, Chagas disease may also
affect the gastrointestinal tract and nervous system. Gastrointestinal symptoms in chronic
Chagas patients are most often a result of damage to either excitatory or inhibitory enteric
innervation by 7. cruziparasites (14). Although the most common gastrointestinal
manifestations are megaesophagus and megacolon, essentially any part of the
gastrointestinal tract can be involved, from the salivary glands to the rectum (14).
Gastrointestinal Chagas disease (~10%) is most frequently observed in individuals infected
south of the equator, in the region extending from central Brazil down through the Southern
Cone countries of South America (15). The geographic distribution of this form of the
disease is thought to result from subspecific variation among regional 7. cruzi populations
(15).

THE PATHOLOGY OF CHAGAS HEART DISEASE

The pathology of Chagas disease is complex, heterogeneous, and dependent on many
variables, with parasite and host determinants of immunity and inflammation having critical
roles (16-18). The heart is the organ most frequently affected in chronic disease (19).
Current thinking is that the inflammation in the heart develops over years from indolent,
low-grade processes that depend, at least in part, on the few parasites that persist in the heart.
Intertwined cellular and molecular mechanisms contribute to degenerative, destructive,
inflammatory, and reparative responses, which are detailed throughout the remainder of this
review. It is the sum of these processes that culminates in the varied outcomes of infection:
from no disease whatsoever to cardiac damage and remodeling that can ultimately lead to
heart failure and related clinical sequelae, such as stroke (17).

The Pathology of Acute Chagas Heart Disease

The acute phase of Chagas heart disease occurs within the first few weeks of parasite
inoculation, and it is usually of weeks to a few months in duration (11). In the mammalian
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host, 7. cruziunder-goes initial rounds of replication near the site of inoculation, with
released trypomastigotes able to infect a wide range of cell types throughout the body.
Essentially, any nucleated cell can be infected by 7. cruzi (20). In the heart, these include
myocytes, endothelial cells, neurons, fibroblasts, and adipocytes (21). The parasite shows
particular tropism for striated cardiac myofibers, which may explain why the heart is the
organ most commonly involved in chronic disease. The mechanism underlying this potential
tropism has not been conclusively determined, but it might be related to the highly
developed plasma membrane repair mechanisms that are operative in these cells, which
facilitate parasite entry (22). In the rare cases (<1%) in which clinically apparent
myocarditis develops during the acute phase, the myocardial inflammation is similar to that
of other forms of myocarditis. Depending on the particular combination of 7. cruzi strain
and host genetic and immunologic variants, fulminant intracardiac replication may occur,
with the accumulation of large numbers of intracellular amastigote forms that can be seen
easily by light microscopy and that appear as a cyst in the tissue. Since each amastigote cyst
is actually the parasitized cytoplasm of a single cell, it is a false cyst or pseudocyst.

Upon microscopic examination, 7. cruzi-infected myocardial fibers show evidence of
damage, characterized by vacuolization, myocytolysis, and myofibrillar degeneration. These
changes are invariably associated with intense mononuclear cell infiltration, which is
initially composed of macrophages and neutrophils and then becomes more mixed, with the
addition of lymphocytes, plasma cells, eosinophils, and mast cells (23). The infiltrating
lymphocytes have broad antigen specificity, including to parasite, host, and nonspecific
antigens. Other factors contribute to and exacerbate the inflammatory response, including
the local production of cytokines, chemokines, and their receptors; the upregulation of
adhesion molecules; complement activation; platelet aggregation and adhesion; and antibody
production and opsonization. Interstitial edema, hemorrhage, and vasculitis may be present.
Within weeks, as the host adaptive immune response develops, the number of parasitized
cells diminishes dramatically and the inflammatory cell response wanes, usually with
resolution of myocardial tissue to a near-normal state. Residual abnormalities of acute
myocarditis include scarring (interstitial fibrosis) and myofiber hypertrophy, with a minimal,
or low-grade, ongoing inflammatory reaction. The gross features of the acute phase of
Chagas cardiomyopathy range from minimal change to dilatation of the atria and ventricles
that gives a globular architecture in severe cases. As mentioned above, acute infection is
typically subclinical, although infection may be suspected if there is a chagoma or Romafia’s
sign, when there has been a laboratory accident, or transfusion of blood or transplantation of
tissue from a 7. cruzi~infected donor to a recipient who develops symptoms of systemic
infection.

The Pathology of Chronic Chagas Heart Disease

Most people with chronic infection live their lives with no sequelae of infection (Figure 2).
Many were infected as children and are unaware of being infected. However, approximately
10% of these individuals develop megaesophagus or megacolon, both of which are
fascinating illnesses that result from defects in the enteric nervous system (24) and are not
discussed further in this review. Slowly developing inflammatory changes and scarring of
the myocardium ultimately lead to changes in gross cardiac morphology in approximately
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20-30% of infected individuals (25). Hearts are typically globally enlarged, with marked
alteration in size and shape (Figure 3). Chamber dilatation predominates over hypertrophy,
resulting in the globular appearance. The conus arteriosis may be prominent or bulging, and
distinct delineation of the right and left ventricles gives a cor bifidum appearance (26). The
epicardium may have dense fibroinflammatory plaques that align along the coronary
arteries, sometimes in what is described as a rosary pattern. In about half of those who
develop chronic disease, the heart shows an unusual thinning of the ventricular wall—
usually near the apex of the left ventricle, but sometimes near the right—that bulges in the
form of an aneurysm (Figure 3).

Microscopic evaluation of these areas shows dramatic atrophy, with the loss of myocardial
fibers and their replacement by dense, fibrous scar tissue and fat between the endocardium
and epicardium (Figure 4). Inflammation is generally lacking in these areas, and there are no
parasites. Endocardial thrombi are frequently present in the aneurysm, showing varying
degrees of organization (Figure 3d). Mural thrombi can be found elsewhere in the heart as
well. Large areas of dense white scar tissue are commonly identified throughout the
myocardium. Coronary arteries may be dilated and have minimal evidence of atherosclerotic
changes.

The classic pathologic features of the chronic phase of Chagas cardiomyopathy include low-
grade myocarditis accompanied by myocytolysis, myofiber hypertrophy, and interstitial
fibrosis (26). In contrast to the acute phase, only focal areas of inflammation are generally
found in the hearts of chronic Chagas patients. Inflammatory cell infiltrates are composed
primarily of T cells and macrophages, with a few eosinophils, plasma cells, and mast cells
(Figure 4). Unlike during the acute phase, parasites are rarely observed by conventional
microscopic analysis of cardiac biopsy samples or random sections of explants or autopsy
specimens (27). Myofiber degeneration is focal and associated with areas of inflammation.
The scarring and fibrosis related to the chronic phase are prominent features that can be
focal or diffuse, and they involve almost any area of the myocardium, although some older
resources describe a ventricular predominance over an atrial predominance, a predominance
of left over right, and a predominance of subepicardial myocardium over mural
myocardium. Fibrosis exhibits a somewhat unique pattern of distribution, often surrounding
and enveloping individual myocardial fibers, a feature that loosely separates it from the
patterns of fibrosis noted in idiopathic dilated cardiomyopathy (28, 29). Rarely,
nonnecrotizing granulomas may be present with multinucleated giant cells. Vasculitis is not
a characteristic feature of chronic Chagas heart disease (30). With time, myofiber
hypertrophy may become prominent, characterized by significant variation in myofiber and
nuclear size and shape and increased perinuclear deposits of lipofuscin. Small blood vessels
may show abnormalities, which include luminal narrowing, a feature that potentially
supports a hypothesis of local injury related to ischemia (31, 32).

These chronic inflammatory changes with evidence of remodeling are found throughout the
myocardium, including in regions harboring conducting fibers and nodes (33). Andrade et
al. (34) also described a range of microscopic inflammatory changes, including
scleroatrophy, fibrosis, and vascular ectasia in the atrioventricular conducting system,
proposing a direct causal relationship to the clinical arrhythmic abnormalities in the study’s
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cohort. The destruction of parasympathetic nerves in the epicardial-mediastinal region has
been documented, potentially suggesting a causative mechanism for arrhythmias and sudden
death (35, 36). It has been suggested that direct damage by parasitism, inflammation, and
antineuronal autoimmune reactions may all contribute to parasympathetic nerve damage,
although this clinical feature is not specific to Chagas patients (32). Further, although this
mechanism is consistent with autopsy reports showing significant denervation in some
Chagas patients who died suddenly, this theory has not been rigorously tested, and recently
the role of parasympathetic impairment in Chagas pathogenesis has been questioned more
generally (32).

The chronic phase of the disease likely represents, at least in part, a slowly progressive,
cyclical reaction to the presence of intramyocardial parasites, which results in a smoldering,
ongoing inflammatory reaction, myocardial cell necrosis and dropout, and fibrosis that
develop over years to decades. This theory has been advanced by studies in which low
numbers of 7. cruzi organisms, fragments, or antigens can be demonstrated in many chronic
cases by immunohistochemical and PCR assays (37), which have greater sensitivity than
conventional microscopy. This is supported by observations in human and animal studies
that indicate trypanocidal therapies frequently do not completely clear 7. cruzi, potentially
leaving a stimulus for ongoing inflammation (38). However, foci of inflammation often have
no geographic or temporal relationship to the presence of 7. cruzi, suggesting that other
mechanisms might contribute to ongoing inflammatory cascades and subsequent clinical
decompensation. Finally, recent results using highly luminescent parasites and detailed
molecular analyses show that myocarditis can develop in the complete absence of cardiac
parasitism (39).

MECHANISMS OF THE PATHOGENESIS OF CHAGAS HEART DISEASE

Many of the mechanisms of the pathogenesis of Chagas heart disease have been described
and defined in detail in humans and experimental animals (40). Most proposed mechanisms
require the presence of 7. cruzisomewhere in the host, whether in the heart or elsewhere, to
produce and/or propagate cardiac pathology. Indeed, even cardiac autoimmunity, which
develops in some people and animals infected with 7. cruzi, resolves upon removal of the
parasite (41). It is essentially impossible to study any individual mechanism of pathogenesis
in an infected person or animal in isolation because other mechanisms may also be operative
and can either accentuate or moderate the mechanism under study. For example, T
regulatory (Treg) responses that develop to downregulate the autoimmunity that can develop
in some individuals may also suppress parasite-specific immunity and permit 7. cruzito
persist and replicate in the tissue. However, because most investigations have been designed
to explore only one mechanism, we present them separately below, with the understanding
that the final outcome of 7. cruziinfection is an integration of many distinct processes rather
than resulting from only one.

The absence or paucity of parasites in the hearts of those who succumb to Chagas heart
disease has been a conspicuous feature of the disease since it was first described. The natural
course of disease development in humans is largely unknown since (/) most individuals are
unaware of being infected; (/i) those who develop Chagas disease typically do so many years
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after infection; and (/7)) those who are acutely infected are often treated. The recent
development of luminescent parasite systems now permits longitudinal and noninvasive
assessment of host parasitism in experimental animals, and it is hoped that these models will
be valuable both for assessing the mechanisms of pathogenesis and for developing new and
more effective therapies (39, 42, 43).

Host Responses to T. cruzi Infection

Although the term host response encompasses complexity and early innate immune
responses, nonimmune cellular responses to parasite products, cell invasion and intracellular
replication, and adaptive immunity, all of which integrate to give an outcome of infection,
the early response deserves separate consideration. Dendritic cells, macrophages, natural
killer cells, B cells, CD4* T cells, and CD8" T cells, as well as protective and inflammatory
factors—including reactive oxygen species (ROS), bioactive lipids, cytokines, and
antibodies—contribute both to controlling parasite levels and to promoting tissue
inflammation. Additionally, complement deposition on bloodstream trypomastigotes may be
important, yet its role is not straightforward (44). While it has been shown that complement
deposition enhances host cell invasion by 7. cruzi (45), T. cruzitrypomastigotes are known
to be resistant to complement-mediated lysis (46). This is an excellent example of the many
ways that 7. cruzihas evolved to exploit host molecules and processes that are harmful to
other pathogens to advance its missions.

Disease outcome is determined by a highly complex interplay between the virulence of the
7. cruzi strain and the genetic susceptibility of the individual, with both parasite virulence
and host susceptibility varying with the parasite—host combination. That is, one parasite
strain may be more virulent for one host than for another, and one host may be more
susceptible to one parasite strain than to another. Further, this diversity in the species 7. cruzi
also extends to diagnosis and drug susceptibility (47). Innate and adaptive immune responses
may contribute to heart damage and increase the risk of heart failure through inducing
sustained inflammation, fibrosis, and oxidative stress injury, leading to the disruption of
myofibrils, myocyte necrosis, microvascular dysfunction, autonomic dysfunction, and
cardiac hypertrophy and fibrosis (Figure 5). Therefore, the outcome of infection results from
a culmination of many processes. In the end, the ultimate goal of 7. cruziis the same as for
any other pathogen: to replicate and persist in its human host until it can be transmitted to
another host. For 7. cruzi, this means circulating in the blood at levels sufficient to be picked
up by a reduviid bug during a blood meal and transmitted to another animal or human. An
autopsy-based study employing histology, immunohistochemistry, and PCR determined that
there are vanishingly small numbers of 7. cruziin chronic infection, and the heart is the only
solid organ with detectable parasites (and, then, these are detected only by PCR and only in
57% of cases) (48). Of course, this paucity of parasites in the heart has been a notable
feature of Chagas heart disease for more than 100 years, and it is important to bear this in
mind as we explore the pathogenesis of this important illness that afflicts millions
throughout the world and especially in the Western Hemisphere (49).
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Innate Immune and Nonimmune Mechanisms of Chagas Pathogenesis

There have been many fine reviews of the innate immune mechanisms in 7. cruziinfection
(50), including those relating to Toll-like receptors (51) and inflammasomes and Nod-like
receptors (52-54). In this review, we focus on the areas of innate immunity and nonimmune
mechanisms that have not been emphasized in previous reviews.

Macrophages and oxidative stress.—In addition to producing cytokines and
chemokines, activated macrophages exert cytotoxic effects against microbes by producing
ROS and reactive nitrogen species. NADPH (nicotinamide adenine dinucleotide phosphate)
oxidase (NOX2) is a multimeric complex that utilizes NADPH as substrate and reduces O,
to produce superoxide (O,°") that is then further dismutated into the stable and diffusible
pro-oxidant H,Oo. In infected mice, blocking NOX2 ROS arrests the activation and
proliferation of splenic phagocytes and the production of inflammatory cytokines [e.g.,
interleukin (IL)-1, IL-6, interferon (IFN)--y, tumor necrosis factor (TNF)-a] (55). This was
confirmed by the finding that p47219%~~ mice exhibit increased susceptibility to 7 cruziand
succumb to infection (56).

Likewise, inducible nitric oxide synthase utilizes L-arginine and O, for the synthesis of L-
citrulline and nitric oxide (NO) in a complex oxidoreductase reaction (57). The reaction of
NO with O,"~ produces peroxynitrite, which is a strong cytotoxic oxidant that kills 7. cruzi
in macrophages (58, 59). However, the extent of the ROS and NO responses in human and
mouse macrophages infected with 7. cruziis significantly lower than that observed in
lipopolysaccharide—IFN-y-induced proinflammatory macrophages (60). Indeed,
trypanosomes have evolved an elaborate antioxidant system to scavenge ROS NO from
macrophages (61, 62). Parasite isolates overexpressing cytoplasmic and mitochondrial
tryparedoxin peroxidases are able to infect and multiply more efficiently in macrophages
(59, 63) and, thus, utilize macrophages to disseminate to different tissues.

In nonimmune cells such as cardiac myocytes, 7. cruziinfection induces ROS production
through mitochondria (64). Mitochondrial (mt) ROS signals nuclear factor xB (NF-xB)-
dependent cytokine gene expression (64, 65) and causes mtDNA damage (e.g., 8-
hydroxyguanine lesions) that signals activation of the DNA repair enzyme polyadenosine
ribose polymerase 1 (PARP1). PARP1-dependent posttranslational modification of RelA
(p65)-interacting nuclear proteins facilitates the assembly of the NF-xB transcription
complex and boosts cytokine gene expression (64, 65). Further, Sirtuin 1 (SIRT1), a highly
conserved member of the family of NAD*-dependent Sir2 histone deacetylases, competes
with PARP1 for its NAD™ substrate and integrates mitochondrial metabolism and
inflammation. Treating mice with the SIRT1 agonist SRT1720 has no effect on 7. cruz/
burden, but it suppresses NF-xB-dependent transcription and reduces oxidative and
inflammatory stress in infected cells and mice (66). These studies point to the possibility that
ROS-PARP1/PAR-RelA contributes to inflammatory pathology in 7. cruziinfection and
that the pathology might be reduced through SIRT1 activation.

Macrophages and chronic inflammation.—The New York Heart Association
(NYHA) functional classification of heart failure places patients in one of four categories
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according to the severity of their symptoms. Chagas patients with NYHA class I11-1V
display a proinflammatory transcrip-tomic and proteomic profile in peripheral blood
mononuclear cells (67-70) and increased levels of TNF-a* monocytes (71-73) in the
circulation. In contrast, IL-10* monocytes with an anti-inflammatory transcriptome are
present in the peripheral blood of infected individuals classified as NYHA class I-11 who
have no-to-minimal left ventricular dysfunction. Several studies conducted during the 2010s
suggested that chronic injurious processes generate cellular debris that signals a
proinflammatory macrophage response in class 111-1V patients (74). Cardiac proteins
oxidized during 7. cruziinfection are immunogenic, and immunity to these oxidized proteins
can cause cardiac inflammation and decreased cardiac contractility. Preventing protein
oxidation by treatment with the spin-trapping antioxidant a.-phenyl-A-tertbutyl nitrone
(PBN) prevents immunity to these oxidized proteins and maintains normal cardiac histology
and cardiac contractility (75).

Mitochondrial dysfunction and oxidative stress.— 7. cruziinvasion elicits massive
calcium mobilization in the host cell (76), mitochondrial membrane potential transition (64,
65), and O,"~ production in cardiac myocytes (77, 78). In vivo studies show that
mitochondrial defects of the respiratory chain contribute to consistently high levels of
mtROS and oxidative adducts in experimental animals and humans, and elevated mtROS is
associated with a decline in host antioxidant capacity due to inhibition of the nuclear factor
(erythroid 2)-like 2 (NFE2L2, also known as NRF2) antioxidant response element pathway
and other mechanisms (77, 79-83). Enhancing antioxidant capacity by treatment with
antioxidant PBN or vitamin A or overexpression of the Mn isoform of superoxide dismutase
(known as MnSOD) can prevent oxidative stress and preserve mitochondrial and left
ventricular function (82, 84-86). Likewise, treatment with sildenafil, an inhibitor of
phosphodiesterase 5, provides cardioprotection through preservation of cGMP-dependent
protein kinase activity and antioxidant—oxidant balance in chronically infected mice (87).
These studies conclusively establish the pathogenic importance of mtROS and chronic
oxidative stress in Chagas disease. The benefits of ROS scavengers in suppressing
hypertrophic gene expression were also noted in experimental studies (77, 80), while
treatment of 7. cruzi-infected rodents with the trypanocidal drug benznidazole suppresses
the classical mediators of inflammatory ROS (e.g., NOX2 and myeloperoxidase) but not the
hypertrophic response. These observations imply that ROS of mitochondrial origin
contributes to cardiac remodeling in Chagas disease.

It was not understood until recently why the antioxidant response is not triggered in the
presence of continued oxidative stress in the 7. cruzi~infected myocardium. NFE2L2 is a
transcription factor that regulates the expression of antioxidant proteins. NFE2L2 activation
is decreased in cardiac myocytes and the myocardium of mice infected with 7. cruzi.
Importantly, inhibiting 7. cruzi~induced mtROS by overexpression of MnSOD in cardiac
myocytes preserves NFE2L2 transcriptional activity and antioxidant—oxidant balance, and
MnSOD'9 mice overexpressing MnSOD also preserve normal cardiac structure and function
(85). These findings provide evidence that mtROS inhibition of the NFE2L 2/antioxidant
responsive element (or ARE) pathway constitutes a key mechanism in stimulating the
expression of genes promoting fibrosis and the evolution of chronic Chagas cardiomyopathy.
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Several drugs that stimulate the NFE2L2 pathway are being evaluated for treating diseases
that are caused by oxidative stress, and these may also be helpful as adjuvant therapy in
Chagas disease. In summary, 7. cruzi<induced ROS production by mitochondria and
inflammatory cells is crucial for clearing parasites, yet it may lead to prolonged oxidative
stress, resulting in pathologic changes within the myocardium in Chagas patients.

Lipid mediators.—Lipid derivatives of arachidonic acid, including leukotrienes (LTB,)
and cys-teinyl lymphotoxins (LTCy4, LTDg4, and LTE4), also contribute to reducing cardiac
pathology in Chagas disease by modulating cytokine production, macrophage function, and
NO-dependent killing of 7. cruzi (86). Many inflammatory mediators are stored in
specialized organelles known as lipid bodies, which increase in number inside macrophages
in response to 7. cruziinfection (88). LTB,4 synthesis is mainly directed by dendritic cells,
granulocytes, macrophages, and mast cells through the production of the enzyme 5-
lipoxygenase (5-LO). 5-LO deficiency in mice permits an increase in peak parasitemia
during 7. cruziinfection. However, these mice also survive longer upon infection and have
lower cardiac parasitosis, inflammation, and fibrosis (89, 90). This is yet another example of
the complexity of innate immunity in balancing parasite control and tissue pathology. 5-LO
also induces the synthesis of lipoxin A4 (LXA4), which induces the anti-inflammatory
suppressor of cytokine signaling 2 (SOCS2). In 7. cruzi-infected mice, SOCS2 deficiency
decreases cardiac inflammation, but not parasitosis, and also decreases myocyte dysfunction
and cardiac hypertrophy (91). This is accompanied by a reduction in levels of IL-12, IFN-y,
TNF-a, and other proinflammatory cytokines. SOCS2 deficiency also leads to an increase in
LXA4 expression and the number of Tregs and increased macrophage sensitivity to IFN-vy,
which could explain the ability to clear parasites despite a reduction in proinflammatory
mediators (91). LXA4 may function through both SOCS2-dependent and SOCS2-
independent mechanisms, and its effects may be augmented by other lipid mediators, such as
thromboxane A4 (TXA,). By suppressing the proliferation of intracellular 7. cruziand
thereby enhancing survival in acute infection, TXA4 may promote a state of low-level
chronic infection. Additional studies also suggest that the induction of prothrombotic lipids,
such as TXA, increases parasitemia and cardiovascular damage (92). Clearly, bioactive
lipids are important modulators of 7. cruziinfection and of the cardiac pathology resulting
from chronic infection, and thus pharmacologic modulation of these lipids may have
therapeutic benefit.

Additional factors.—All of the innate immune mechanisms mentioned above vary
depending on the strain of 7. cruziinvolved and the genetic background of the host, both in
humans (93) and experimental animals (94). In addition to innate and adaptive immunity,
other mechanisms—including microvasculopathy, autonomic neuropathy, and kallikrein—
kinin dysregulation—may also influence outcomes (40, 95-97).

Adipocytes appear to serve as an important reservoir for 7. cruzias well as to contribute to
the development of a chronic inflammatory state that promotes cardiac damage in
chronically infected individuals (21). The detection of 7. cruzi DNA in the adipose tissue of
elderly Chagas patients combined with experimental observation of 7. cruz/infection in
human and mouse adipocytes is consistent with a role for parasite persistence in Chagas

Annu Rev Pathol. Author manuscript; available in PMC 2020 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bonney et al.

Page 11

pathogenesis, and it is suggestive of a role for adipose tissue in maintaining and reactivating
chronic infection. Due to the prominent role of adipose tissue in energy metabolism, insulin
sensitivity, and inflammation, it has been suggested that 7. cruziinfection may be linked to
other adipocyte-associated diseases, such as diabetes and obesity (98). Chagas
cardiomyopathy may be further affected by the activation of the kallikrein—kinin system,
leading to a proinflammatory response that is characterized by mast cell expansion,
vasodilation, increased vascular permeability, and cardiac edema and is accompanied by
increased myocardial parasitism (99). Evidence that cardiac dysautonomia is a significant
component of Chagas cardiomyopathy includes reports of impaired parasympathetic heart
rate regulation, tachycardia, and other functional abnormalities linked to cardiac neuropathy,
as well as a notable reduction of parasympathetic innervation in the myocardium observed
upon autopsy of individuals who had chronic Chagas disease (35, 36). Reversible perfusion
defects and reductions in the poststress left ventricle ejection fraction have also been
observed in infected individuals in both the indeterminate and chronic phases of Chagas
heart disease. However, the subtleness and variability of denervation and the lack of a clear
relationship between dysautonomia and death in Chagas patients raises questions about the
role of neuropathy in Chagas pathogenesis. Due to the heterogeneity in disease progression,
the precise contribution of each of these factors is likely to vary considerably among
patients.

Adaptive Immunity to T. cruzi Infection

Innate immunity to 7. cruziinfection is important to prevent unchecked intracellular parasite
proliferation through all of the mechanisms described above. These innate immunity
responses bide time until antigen-specific adaptive immunity develops, which is ultimately
responsible for clearing infected cells.

Cell-mediated immunity.—ByY the early 1990s, much work had already been done to
delineate the importance of lymphocyte subsets in immunity to 7. cruz/ (100-102). It is now
known that essentially every lymphocyte subset is important in immunity to 7. cruzi.
Infection elicits a pre-dominately T helper 1 (Th1)-type immune response, both in the
myocardium and peripherally. This response is characterized by the expression of the Thl
cell transcription factor Thet and the production of Th1l cytokines (i.e., IFN-y, I1L-2, IL-12,
and TNF-a)), which are accompanied by suppressed levels of transcription factors and
cytokines associated with Th2 (i.e., GATA-3, IL-4, and I1L-10) and Th17 responses (i.e.,
IL-17) (103-107). Among chronically infected individuals, those with heart disease produce
higher levels of IFN-y, TNF-a, and IL-6 and lower levels of IL-4 and IL-10 than those in
the indeterminate phase (108). This promotes Th1 differentiation and proliferation in CD4*
T cells, leading to activation of antiparasite responses by CD8" T cells and macrophages
(109). Effector CD8™ T cells are crucial for recognizing 7. cruzi-infected cells and
controlling infection (110). Reduced CD8* T cell responses are associated with more severe
clinical disease, and treatments that improve CD8" T cell responses improve clinical
outcome, presumably through cytotoxicity that clears infected cells (111, 112).

Within the CD4"* T cell compartment, both Thl and Th17 immunity are protective against 7.
cruzi infection, yet they may also contribute to deleterious inflammation and increase the
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severity of cardiac lesions (104, 113-115). The complexity of Thl and Th17 responses to 7.
cruzi infection is highlighted by the observation that selective downregulation of Th1 cells
and Th17 cells by parasite frans-sialidases or the expression of other immunomodulatory
factors promotes both host survival and low-level parasite persistence by reducing both
protective and harmful effects (113, 116). Levels of IFN-vy, IL-2, and I1L-10 may predict the
risks of arrhythmia and sudden death in Chagas patients, with elevated IL-2 most strongly
correlated with a high risk of death (117). However, the frequency of activated T cells is
inversely related to disease severity, and chronic infection may lead to clonal exhaustion and
reduced numbers of memory T cells (118-121). This effect is greater for CD8* T cells than
for CD4* T cells.

The presence of active myocarditis during the chronic phase of disease increases the chance
of progression to heart failure (122). Chagas myocarditis typically is characterized by
diffuse foci of myofibril disruption, fibrosis, few if any intracellular parasites, and
mononuclear cell infiltration (123, 124). The inflammatory infiltrate is composed primarily
of lymphocytes and macrophages, with smaller numbers of natural killer cells, dendritic
cells, and granulocytes. Among infiltrating lymphocytes, parasite-specific CD8* T cells are
thought to predominate among other populations of CD4* and CD8* T cells.

In addition to directly damaging cardiac myocytes and disrupting myofibrils, infiltrating
lymphocytes and other inflammatory mediators produced in response to the primary
infection may trigger autoimmune responses. Polyantigenic autoimmunity involving T cells
has been widely reported both in humans and experimental animals infected with 7. cruzi,
yet the significance of autoimmunity in the pathogenesis of human Chagas heart disease is
not known, despite there being hundreds of published articles characterizing the
autoimmunity in detail. Pathogenic autoimmunity involving CD45%, CD8v6*, CD8a., and
other autoreactive T lymphocytes has been demonstrated both in chicken and mouse models
of experimental Chagas disease (125, 126), but a clear link between cell-mediated
autoimmunity and myocardial inflammation in humans has not been demonstrated. The
prevalence, significance, and mechanisms of the development of autoimmunity in human
Chagas heart disease are major unresolved questions in the field (127).

It is advantageous to both the host and parasite to moderate T cell immunity during 7. cruzi
infection: a response that promotes parasite persistence to enable the parasite to transfer to
new hosts but has no-to-moderate morbidity and no premature mortality serves the needs of
both partners in the symbiotic relationship. CD4*CD25*Foxp3* Treg cells modulate
proinflammatory immune responses by downregulating prolonged activation of CD4* T
cells and CD8* T cells. Peripheral Treg cell populations are reduced during acute 7. cruzi
infection, and they expand during chronic infection (128, 129). This may promote the
expansion of effector and Th cells during acute infection when parasitemia is highest, and it
may later control tissue damage resulting from exposure to the persistent inflammatory state
that develops during chronic disease. This may also facilitate the persistence of low-level
infection in patients with indeterminate or chronic Chagas disease. In experimental Chagas
disease, the depletion of Tregs during acute infection increases the levels of inflammatory
mediators, myocarditis, and tissue parasitosis, leading to earlier mortality (130, 131). This
effect may depend on several factors, including the method of Treg depletion. Other studies

Annu Rev Pathol. Author manuscript; available in PMC 2020 July 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bonney et al.

Page 13

have attributed a range of effects to the loss of Treg function during 7. cruziinfection, from
no significant impact to a notable increase in the expression of inflammatory mediators that
is accompanied by reduced parasitemia and cardiac pathology (130, 132, 133). These
pathologic changes are associated with an elevated Th1 response early in the course of
infection, followed by a downregulation of Th1l cells and an increase in Th17 cells during
later phases of infection (132). Genetic polymorphisms associated with lower expression of
transforming growth factor (TGF)-p—a regulatory cytokine produced by Treg cells that
promotes the differentiation of naive T cells into Th17 cells—are also associated with a
lower susceptibility to developing cardiomyopathy (134). This suggests that Tregs help
control cardiac inflammation by modulating the proinflammatory Th1 and Th17 cell
responses required for parasite clearance, yet they also contribute to immune-mediated
cardiac damage. Various methods for promoting Treg cell functionality have been suggested
as potential therapeutic approaches. These include the adoptive transfer of Treg cells,
intravenous immunoglobulin therapy, administration of low-dose IL-2—IL-2 antibody
complex, administration of sphingosine 1-phosphate receptor 1 agonists, and vitamin D
supplementation (135). The efficacies of these interventions are yet to be tested.

7. cruzimay indirectly influence T cell responses through interactions with dendritic cells.
Exposure to low-virulence strains of 7. cruzitriggers upregulation of major
histocompatibility complex (MHC) class I and 1l on dendritic cells, leading to increased
production of IL-6, IL-12, and TNF-a, which promote the activation and proliferation of Th
cells and effector T cells (136). This protective immunity results in increased clearance of 7.
cruzi. In contrast, high levels of virulence are achieved by some parasite strains that are
capable of manipulating dendritic cells to downregulate the expression of MHC class | and
I molecules, while increasing the expression of IL-10 and TGF-B (136). This promotes the
differentiation of naive T cells into Treg cells, leading to a suppressed immune response that
promotes parasite replication. Although TGF-p promotes the differentiation of T cells into
Tregs, somewhat paradoxically, it has the potential to induce inflammation and fibrosis
through other mechanisms. Due to its function in activating growth factors and directing
tissue repair and remodeling, high levels of TGF-f have been independently linked to the
induction of inflammation, fibrosis, and cardiac hypertrophy, and it is associated with a
higher incidence of heart failure and death in patients with chronic Chagas disease (137,
138). However, lower serum TGF-B together with elevated TNF-a are associated with
decreased left ventricular function (139). Thus, TGF-p can have different effects depending
on other factors.

Impaired peripheral T cell responses observed during acute 7. cruziinfection may also be
caused by parasite-induced inhibition of IL-2 receptor expression or by temporary clonal
exhaustion of parasite-specific T cell subsets following an earlier vigorous response (140).

In addition to the downregulation of IL-2 receptor expression, incubation of human
peripheral blood mononuclear cells with 7. cruzitrypomastigotes inhibits the expression of
CD3, CD4, and CD8 by Th cells and cytotoxic lymphocytes, leading to reduced cell
proliferation (141). A notable reduction in the frequency of T cells expressing the V5 T cell
receptor has been observed in patients with acute but not chronic Chagas disease (142).
Robust expansion and activation of peripheral CD4* and CD8* T cells specific both for
parasite and host antigens occur in patients with chronic Chagas disease.
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Humoral immunity.—Polyclonal activation of B cells and hypergammaglobulinemia are
characteristic of acute Chagas disease. The majority of antibodies produced by splenic B
cells in the early phases of infection are not specific for parasite antigens, but parasite-
specific antibodies may be detected within 3 weeks of infection (143). The classification of
early and late acute infection and the indeterminate phase can be made based on predictable
changes in antibody specificities and the ratio of lytic to nonlytic antibodies (144). Antibody
quantification may also be a useful indicator of treatment efficacy in children; however,
serologic tests may not be robust indicators of parasitologic cure in adults due to the
prolonged persistence of circulating 7. cruzi~specific antibodies (145). Promisingly, during
the past year, a specific antibody was identified that may serve as an effective biomarker for
monitoring parasite persistence in chronically infected people (146). A protective role for
lytic antibodies is suggested by the association of increased levels of lytic immunoglobulin
G with the indeterminate phase in patients, as well as with adults who have undetectable
parasitemia after 10 years (147, 148). Although 7. cruzitrypomastigotes are resistant to
complement-mediated lysis, anti-gal antibodies may lyse trypomastigotes directly (149), and
antibody opsonization may promote uptake and clearance by reticuloendothelial
macrophages (150).

As is true of several of the immune and nonimmune mechanisms discussed above, humoral
immunity may have deleterious as well as beneficial effects during 7. cruziinfection. At
least one parasite antigen acts as a B cell mitogen, triggering polyclonal lymphocyte
activation (151). This activation may reduce the efficiency of parasite clearance by impeding
the development of a robust, parasite-specific response, leading to increased cardiac
pathology (152, 153). 7. cruziinfection also triggers the production of an array of potentially
pathogenic autoantibodies. Antibodies from chronically infected people may bind to cardiac
myocytes and exert damage via antibody-dependent cytotoxicity, leading to the release of
creatine phosphokinase (154). This may also explain why elevated levels of serum cardiac
troponin | are observed both in 7. cruzi~infected mice and uninfected mice immunized with
T. cruzi antigens (155). Antibodies to a number of self-antigens are produced during 7. cruzi
infection; targets include cardiac antigens such as actin, myosin binding protein C, myosin,
and tropomyosin, as well as muscarinic and adrenergic receptors, galectin 1, and laminin
(155-158). High levels of antibodies that cross-react with cardiac myosin (anti-B13) and p-
adrenergic receptors (anti-B1AR and anti-p2p) are linked with disease severity in patients
with chronic Chagas disease, being most abundant in those experiencing dilated
cardiomyopathy and systolic heart failure (159). Autoantibodies may also contribute to
pathologic changes in the heart by disrupting cardiac conduction. However, some studies
suggest that autoantibody titers do not correlate with disease severity and that cardiac
damage resulting from 7. cruzi~induced autoimmunity may not be antibody mediated at all
(156, 160, 161).

Although the presence of humoral autoimmunity in 7. cruzi~infected individuals is both
widespread and widely acknowledged, questions remain regarding the genesis of this
autoimmunity and its importance in pathogenesis. As in some other infection-induced,
organ-specific autoimmune diseases, autoimmunity may develop as a result of pathogen—
host molecular mimicry, bystander activation after tissue damage, or a combination of other
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immunologic factors that lead to a breach of self-tolerance (40, 162, 163). The observation
of robust autoimmunity in 7. cruzi~infected individuals in the indeterminate phase without
signs or symptoms of disease supports the argument that autoimmunity is irrelevant to
pathogenesis (164). Alternatively, the persistence of 7. cruziin anatomic sites such as
adipose tissue (21) or the large intestine (39, 42) may be sufficient to promote heart disease
pathogenesis in the absence of cardiac parasitosis (20, 165, 166). Indeed, the development of
cardiac inflammation and fibrosis whether or not parasites are found in the heart illustrates
the importance of a parasite reservoir somewhere in the body (43). Removing this reservoir
from experimental animals leads to complete resolution of myocarditis (41), further
supporting the importance of parasite persistence—even outside the heart—in the
pathogenesis of Chagas heart disease.

CONCLUDING REMARKS

In this article we have attempted to review the gross and microscopic pathology and major
mechanisms of the pathogenesis of Chagas heart disease, with an emphasis on innate
immune, adaptive immune, and nonimmune processes. We refer the reader to reviews of
other relevant topics, for example autoimmunity (124, 127, 167, 168) and the heterogeneity
and geographic distribution of the species 7. cruzi (169). In the current literature, it is clear
that the variable and largely unpredictable outcomes of 7. cruz/infection result from a
complex interplay of host—parasite interactions. These include protective host responses—
such as immune cell infiltration of infected tissues and the release of inflammatory
cytokines, ROS, and lipid mediators—and an array of parasite-specific immune responses,
as well as the pathogenic effects of infection, such as myocyte destruction, inflammation,
autoimmunity, and pathogenic oxidative stress and adipocyte modulation (Figure 6). To treat
Chagas disease most effectively, one must determine how to tip this delicate balance in favor
of the host.

Can We Prevent the Progression of Chagas Heart Disease?

The pathology of Chagas heart disease is fascinating. Why are cardiac apical aneurysms so
common in Chagas but not in other cardiac infections? Why is cardiac pathology focal and
not diffuse? How do tissue inflammation, edema, and fibrosis progress over time in an
individual, and why do some lesions heal while others develop? How might the removal of
7. cruzi (especially from reservoir sites) through drug treatment prevent progression from
the indeterminate to the chronic phase? There was much excitement about testing the
efficacy of drug therapy on chronic patients with cardiomyopathy. The Benznidazole
Evaluation for Interrupting Trypanosomiasis (BENEFIT) Trial tested the safety of
benznidazole and its efficacy in improving the clinical outcomes of individuals with
cardiomyopathy (170). Unfortunately, although benznidazole treatment reduced parasitemia,
it did not significantly prevent the progression of cardiac disease during 5 years of follow-
up. What was not tested in this trial was whether drug treatment has benefit for those in the
indeterminate phase by preventing progression to the chronic phase. Indeed, this is the
treatment philosophy of many Chagas physicians, even in light of the BENEFIT Trial
results.
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Chagas in the United States

Another aspect of Chagas disease that has not been emphasized in general reviews such as
this one is the importance of this disease in the United States. It is estimated that 300,000
persons living in the United States are chronically infected with 7. cruzi (171), with the
majority of these being people from South and Central America who were infected before
migrating. This includes 30,000 people in Los Angeles alone (172). However, reduviid bugs
are found throughout vast areas of the country, with more than half being infected with 7.
cruzi (173). Insect transmission of 7. cruzioccurs in the United States as well. Although the
first documented case of autochthonous transmission of 7. cruziwas reported in 1955 (174),
a person with Chagas megacolon who lived 1,200 years ago was discovered mummified in a
Texas rock shelter in 2011 (175). Large percentages of wild animals, as well as nonhuman
primates used in research (176) and working dogs along the Texas—Mexico border (177),
have also been infected through insect transmission. A 2012 study of US blood donors
estimated the prevalence of insect transmission as 1 in 354,000 eligible donors (178). A
second, pilot study conducted prospectively in Houston blood donors identified individuals
who were likely to have been exposed near their home, while hunting or camping, or
through congenital transmission (179). A major question about autochthonous transmission
relates to the pathogenic potential of the United States isolates. Many of them belong to a set
of 7. cruzistrains (Tcl) known to cause chronic myocarditis (169). All of the pathology
images included in Figures 3 and 4 were obtained at Cedars-Sinai Medical Center in Los
Angeles (180).

Final Thoughts on Pathogenesis

Essentially every host response to 7. cruziinfection that aims to kill or suppress the parasite
may also harm the host. When several mechanisms are operative simultaneously, for
example oxidative stress and adaptive immunity, they may be synergistic or antagonistic.
Regulatory responses involved in restoring the self-tolerance that may be broken during
infection may dampen parasite-specific immunity and permit 7. cruzito replicate and
disseminate. In the end, balance is best for both host and parasite. This balance likely occurs
in the vast majority of infected people, who remain in the indeterminate phase of infection
and eventually die of causes other than Chagas disease. A healthy balance of parasite
suppression and modulated immunity keeps tissue pathology to a minimum, but allows
parasites to circulate and be transferred to other hosts (181). In this regard, the death of an
infected individual during the acute phase of infection is a tragic accident from the parasite’s
perspective. Key questions remain about the pathogenesis of Chagas disease and Chagas
heart disease in particular: What determines the tissue distribution of 7. cruziover time?
What are the mechanisms of transendothelial migration (182) and tissue tropism? What are
the genetic, environmental, and physiologic factors that determine the outcome of infection
in each individual? These are likely numerous, and the importance and complexity of this
issue cannot be overstated. How prevalent is autochthonous infection in the United States,
and what are the outcomes of those infected with natural 7. cruz/isolates? In the end,
Chagas disease is a collection of related diseases having different degrees of severity. Much
work remains before we can accurately determine whether an infected person will progress
from the indeterminate phase to the chronic phase and how to intervene to prevent this
progression.
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Figure 1.
Modes of transmission of 7rypanosoma cruzi. Approximately 70% of infections occur when

infected reduviid bugs feed on or otherwise come into contact with people. The bug’s feces
contain infective metacyclic trypomastigotes, which can enter the body through any break in
the skin, for example the bite wound, or through any mucous membrane. Approximately
26% of infections are due to maternal—fetal transmission during pregnancy. A few infections
occur as a result of laboratory accidents, the consumption of contaminated food or
beverages, or blood transfusion or the transplantation of tissue from an infected donor. Oral
transmission can occur when fresh juice is prepared by crushing plants such as sugar cane. If
there are infected reduviids in the plants, trypomastigotes end up in the juice when the plants
(and bugs) are crushed. Transmission by blood transfusion was a major problem before
blood suppliers in many countries, including the United States, began screening for 7. cruzi.
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Figure 2.
Outcomes of chronic Trypanosoma cruzi infection. Approximately 70% of 7. cruzi~infected

people live normal lives without developing any adverse sequelae of infection.
Approximately 10% develop megaesophagus or megacolon, and 20-30% develop
cardiomyopathy. A tiny number of people die during acute infection from fatal cardiac
dysrhythmias (not shown), and a few others develop additional sequelae involving other
systems.
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Figure 3.
Gross pathology of Chagas heart disease. Examples of explanted hearts from patients with

chronic Chagas cardiomyopathy highlight the characteristic features of (a,6) cardiomegaly,
multichamber dilatation, and epicardial scarring. Cross-sections through (c) the ventricles
and (d) left apex reveal patchy myocardial, endocardial, and epicardial fibrosis. Aneurysms
are frequently present in different stages of development and are visible in the 10 o’clock
position in panel ¢and viewed from above in panel d. In the aneurysm in panel g, the
thinning of the ventricular wall can be appreciated, and an apical endocardial thrombus
(deep red) is visible in the aneurysm cavity. All explants are from Cedars-Sinai Medical
Center in Los Angeles.

Annu Rev Pathol. Author manuscript; available in PMC 2020 July 21.



1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Bonney et al. Page 30

a Normal histology

€@ Myofiber degeneration f Nonnecrotizing granuloma @ Multinucleated giant cell

Figure 4.
Microscopic pathology of Chagas heart disease. Essentially, every possible histologic picture

of Trypanosoma cruziinfection can be observed by examining the hearts of patients with
acute, chronic, or chronic reactivation (e.g., upon immunosuppression) disease. (§) Normal
cardiac histology. (6) Heart section with mononuclear cell infiltration, myofibrillar
degeneration, fibrosis, and an amastigote pseudocyst, commonly seen in reactivation disease.
(¢) Massive interstitial fibrosis replacing depleted myocytes. () A mixed cell infiltrate
comprising histiocytes, lymphocytes, eosinophils, and mast cells. (¢) In addition to the
chronic inflammation described in the earlier panels, myocardial fibers show evidence of
degeneration, with expanded basophilic cytoplasm, corrugated cell membranes, and nuclei
with degenerative features, including open and clumped chromatin and irregular nuclear
borders. ( £) Nonnecrotizing granulomas are occasionally observed. ( g) Multinucleated
giant cells are commonly found. We emphasize that 7. cruz/iamastigotes are rarely observed,
except in the case of reactivation (5).
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Figure5.
Pathogenesis of Chagas heart disease. (&) A variety of cells, including 7rypanosoma cruzi

parasites, infiltrate the myocardium, which develops (6) histopathology characterized by
mononuclear cell infiltration, edema, myocyte destruction, and fibrosis. Parasites are
typically not observed in chronic infection. (¢) Mechanisms are listed that may lead to
progressive cardiac dysfunction that progresses to heart failure during 7. cruziinfection.
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Figure®6.

Protective and pathogenic responses to 7rypanosoma cruzi infection. The various protective
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and pathogenic responses are shown. Importantly, many protective processes can also have
deleterious effects, which is a general challenge in mounting innate and adaptive responses
to pathogens.
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