
 

NORTHWESTERN UNIVERSITY 
 
 
 

The Regulation of Infection-Induced Cardiac Autoimmunity and Natural Dissemination of 
Trypanosoma cruzi in Experimental Chagas Heart Disease 

 
 
 

A DISSERTATION 
 
 
 

SUBMITTED TO THE GRADUATE SCHOOL 
 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 
 
 
 

for the degree 
 
 
 

DOCTOR OF PHILOSOPHY 
 
 
 

Field of Integrated Graduate Program in the Life Sciences 
 
 
 

By 
 
 

Kenneth V. Hyland 
 
 
 

EVANSTON, ILLINOIS 
 
 

December 2008 
 

 



 2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by Kenneth V. Hyland 2008 

All Rights Reserved 



 3 

ABSTRACT 

 

The Regulation of Infection-Induced Cardiac Autoimmunity and Natural Dissemination of 

Trypanosoma cruzi in Experimental Chagas Heart Disease 

 

Kenneth V. Hyland 

 

Chagas heart disease, caused by infection with the protozoan parasite Trypanosoma cruzi, 

is still regarded as a major public health problem in Central and South America.  The finding of 

cardiac specific autoimmunity during infection in both humans and experimental animals has 

provided a basis for investigation of its potential role in disease pathogenesis for many years.  

However, the complex nature of Chagas disease has left questions of the true mechanisms of 

cardiac inflammation, in addition to an understanding of the natural course of infection, largely 

unanswered.  My thesis research consisted of investigating aspects of parasite infection-induced 

cardiac autoimmune responses and the spatiotemporal dissemintation of T. cruzi in an 

experimental model of Chagas heart disease.  The infection of A/J mice with the Brazil strain of 

T. cruzi results in the development of acute myocarditis with both humoral and cellular 

autoreactivity by 21 days post infection.  To test the hypothesis that the magnitude of the 

autoimmune response is directly proportional to the amount of damage elicited by the parasite, I 

administered a trypanocidal drug, benznidazole, to mice to reduce the number of viable parasites 

following infection and determined that treatment not only decreased disease severity and 

eliminated mortality, but also significantly reduced cardiac myosin-specific DTH and antibody 

production.  With a strong enough secondary cardiac insult, the autoreactivity and myocarditis 

could be restored, indicating the reestablishment of self-tolerance after the eradication of the 
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parasite was not permanent in our disease model.  Overall, an important link between the levels 

of live parasite and the presence of autoimmunity was provided, suggesting that treatments 

designed, such as vaccines, to specifically target the parasite will likely reduce or eliminate the 

induction of autoimmunity as well.  To further understand the natural course of infection, I 

engineered firefly luciferase-expressing T. cruzi in order to non-invasively monitor the 

dissemination of parasites in mice over time using bioluminescence imaging technology.  For a 

more in-depth analysis of parasite tropism during infection, the tissue distribution of T. cruzi was 

determined by imaging heart, spleen, skeletal muscle, lungs, kidneys, liver and intestines ex vivo.  

This novel parasite line has already provided interesting results illustrating the natural 

dissemination of T. cruzi during infection and will continue to serve as a tool for studying a 

number of aspects of Chagas disease.  In conclusion, these results not only provide 

encouragement for the future exploration of parasite-specific therapeutic strategies for Chagas 

disease by showing that elimination of T. cruzi is effective at reducing or eliminating 

autoimmunity, but also illustrate a novel tool that could be easily applied to the screening of such 

therapeutical agents via bioluminescence.   
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PREFACE 

 

This dissertation contains two published manuscripts bounded by an Introduction and a 

Conclusion. The Introduction contains material from reviews published in the journals 

Autoimmunity in 2006 and Trends in Parasitology in 2006. Chapters one and two constitute the 

following articles: chapter one, Hyland et al. Modulation of autoimmunity by treatment of an 

infectious disease.  Infection & Immunity (2007) 75, 3641-50; and chapter two, Hyland et al. 

Bioluminescent imaging of Trypanosoma cruzi infection.  International Journal for 

Parasitology (2008) (in press).  The Conclusion consists of a discussion of selected unpublished 

studies, future directions and the overall significance of completed research.  
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1.   INTRODUCTION 

 

 

A. Chagas heart disease — History, Impact and Epidemiology 

In 1908, untold numbers of slaves and laborers working the railroads connecting Rio, Brazil to 

the heart of the Amazon succumbed to malaria, yellow fever and other mysterious, undiagnosed 

illnesses.  Having been previously successful at reducing malarial disease transmission in the 

Santos shipping industry four years earlier, Carlos Chagas was appointed the challenge of 

alleviating the infectious disease burden being faced in the Brazilian interior.  Upon relocating to 

the undeveloped, rural area of Lassance, he encountered droves of individuals complaining about 

irregular heartbeats, atypical arrythmias, cardiac insufficiencies and inexplicable cases of sudden 

death.  Chagas had received training in fields of public health and parasitology from renowned 

physician, Oswaldo Cruz, and wisely deduced a link between the endemicity of myocardial 

failure and the triatomine bug.  While unheard of along the more developed Brazilian coast, 

these large black insects would often emerge from cracked mud walls and thatch roofs to feed on 

the blood of inhabitants throughout the night.  They were often referred to as “kissing bugs” for 

the trademark swollen bite sites often left near the eyelids and lips of their victims.  Upon 

dissection of the triatomine bug, Chagas discovered a eukaryotic, flagellated protozoan similar to 

Trypanosoma brucei, earlier identified as the agent of African sleeping sickness.  After finding 

this parasite in the bloodstream of young girl who had experienced fever, lymphadenopathy, 

hepatosplenomegaly and heart failure prior to death, after being been bitten by the reduvvid bug, 

Chagas confirmed the link between his novel trypanosome discovery and disease by infecting 
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monkeys with triatomine droppings and observing identical clinical symptoms.  Chagas named 

the protozoan after his mentor, Trypanosoma cruzi, and the associated disease eventually bore 

his own name.            

 After nearly a century of its identification, Chagas disease remains a significant public 

health issue and a major cause of suffering and death in Latin America.  The Centers for Disease 

Control estimates that 8 – 11 million people in Mexico, Central and South America have Chagas 

disease and many are unaware they are even infected 

(http://www.cdc.gov/chagas/factsheet.html).  The large numbers of currently infected 

individuals, along with the estimated 100 million at risk in 21 countries and approximate 50,000 

annual fatalities, make T. cruzi infection one of the leading causes of heart disease and 

cardiovascular-related deaths in endemic areas (1-3).  Public health efforts geared toward 

limiting vectorborne transmission have significantly reduced the number of newly infected 

individuals, but the cases now being identified outside of the typical endemic regions from 

increasing incidences of blood transmission (4) and organ transplantation (5) still make Chagas 

one of the most important diseases to understand due to its history of morbidity and mortality 

(6).  Despite its obvious clinical importance and the efforts of many investigators, the 

pathogenesis of Chagas heart disease is still elusive due to the complex nature of the host-

parasite interrelationship and numerous pathogenic mechanisms that have been proposed over 

the last century of research. 

 

B.  Trypanosoma cruzi — Life cycle and Transmission 
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The life cycle of T. cruzi involves two intermediate hosts (triatomine insects and mammals) 

and three well-defined morphological and functional developmental stages: epimastigotes, 

trypomastigotes and amastigotes (7).  As illustrated in Figure 1, the epimastigote forms replicate 

in the midgut of the reduviid bug insect vector and develop into nonreplicative metacyclic 

trypomastigote forms residing in the vector hindgut.  When the insects feed on blood, they 

release their excreta containing metacyclic trypomastigotes that subsequently penetrate the 

mammalian host through either scratching of the bite wound or permissive mucosa or 

conjunctival membranes and initiate cellular invasion.  Trypomastigotes survive the acidic 

parasitophorous vacuole and freely enter the host-cell cytoplasm where they differentiate into the 

replicative amastigote form.  Following many rounds of multiplication by binary fission, the cell 

cytosol fills with amastigotes which ultimately transform into bloodform trypomastigotes.  A 

fully parasitized cell will then rupture, releasing trypomastigotes to the blood stream where they 

can either infect adjacent cells, disseminate through the blood, or be taken up by a new reduviid 

bug, thus completing the cycle.  A less common, yet increasingly significant, route of parasite 

transmission is through transfusion of blood products (8-10).  As such, Chagas disease has 

become a potential problem associated with migration of infected individuals from endemic 

areas to the United States, Canada, Eastern Europe, Australia and Japan (11).  Fortunately, the 

appropriate selection of blood donors, the use of more sensitive and accurate advanced molecular 

diagnostic tests and the application of a mandatory quality assurance system have improved the 

safety of blood banks in Latin American and have reduced the overall risk of acquisition of 

blood-borne Chagas disease (12, 13).  Although reported in Latin American countries where 

Chagas disease is prevalent in those of reproductive age, congenital transmission of T. cruzi is  
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Figure 1.  Trypanosoma cruzi life cycle and transmission.  

The transmission and life cycle of T. cruzi starts when a triatomine vector, or reduvvid bug, 

defecates onto the skin of a mammalian host while taking a blood meal.  Either through the bite 

wound itself, or through mucous membranes, metacyclic trypomastigotes present in the bug 

feces enter the host.  Following the invasion of a host cell, trypomastigotes transform to 

amastigotes capable of mulitple rounds of replication via binary fission.  After about 5 days of 

reproduction, amastigotes differentiate back into trypomastigotes which rupture the cell 

membrane.  This release back into the host bloodstream enables the infection of adjacent cells or 

ingestion by the triatomine vector from a bloodmeal.  Once inside the midgut of the vector, 

ingested trypomastigotes differentiate into epimastigotes capable of replication.  The 

epimastigotes gradually transform into metacyclic trypomastigotes which are transmitted to the 

mammalian host.  Illustration adapted from Centers for Disease Control 

(http://www.dpd.cdc.gov/dpdx). 
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categorized as an uncommon route of transmission, along with organ transplantation (14), oral 

transmission (15), laboratory accidents and accidental self-inoculation by hospital personel.   

 

C.  Acute and chronic Chagas disease 

There are typically two stages of infection in human Chagas heart disease:  the acute stage which 

occurs shortly after the infection and the chronic stage which appears after a silent period that 

may last many years.  The acute stage of the disease, generally seen in children, is characterized 

by fever, lymphadenopathy and hepatosplenomegaly, muscle and joint pains, malaise, respiratory 

disturbances and local inflammation at the site of infection.  Focal cardiac inflammation and 

heart enlargement, attributed to mononuclear cell, mast cell and neutrophil infiltration, has also 

been observed (16).  In nearly 95% of cases, clinical symptoms are either absent or mild and 

non-specific (6), making it difficult to diagnose disease in the acute stage of infection.  In 

instances when symptoms manifest, less than 5% of individuals can succumb to infection, 

typically of either myocarditis or meningoencephalitis.  

 More commonly, acute cases with or without symptoms progress to a chronic stage, 

where T. cruzi establishes a lifelong, low-grade infection which can present in any age group (6).  

Interestingly, two thirds of individuals harboring chronic parasite infection, often termed 

“indeterminate”, fail to demonstrate any detectable clinical signs and do not die of Chagas 

disease.  However, in about one-third of cases (17), a chronic form of disease develops, causing 

irreversible damage to the heart, esophagus and colon, with dilatation and disorders of nerve 

conduction of these organs.  The infiltrate in chronic Chagas heart disease primarily consists of 

lymphocytes with lower numbers of macrophages, eosinophils, plasma cells, neutrophils and 
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mast cells (18).  While studies on myocardial biopsy fragments from chronic Chagasic patients 

indicate a predominance of CD8+ over CD4+ T cells (19, 20), T. cruzi infection also causes a 

decrease in expression of lymphocyte surface molecules including CD3, CD8, and CD4 in order 

to circumvent host immunity (21).  Questions remain pertaining to the cytokine environment 

produced during chronic infection.  While some argue that heart-infiltrating T cells yield only a 

significant production of IFN-γ and TNF-α, contributing to IL-12 synthesis and control of the 

infection (22), others claim that macrophage IL-10 production facilitates the replication and 

survival of the pathogen (23, 24).  Interestingly, parasites are rarely found in the hearts of 

chronic Chagasic patients, yet parasite DNA can be detected in some inflammatory lesions (25).  

Through an uncertain mechanism, myocyte destruction continues throughout the course of 

disease, causing the gradual accumulation of fibrosis and decreased contractility of the heart.  

The diminished muscle mass, rhythm irregularity (arrhythmia or ventricular tachycardia) (26), 

and ultimate heart failure is the leading cause of death in chronic Chagas patients (27).  In fact, 

10% of all T. cruzi infected patients will die from refractory, end-stage heart failure or severe 

arrhythmia (26, 27), giving chronic Chagas disease patients a shorter survival and worse 

prognosis than cardiomyopathies of non-inflammatory etiology (28). 

 Current chemotherapeutic approaches for the specific treatment of Chagas disease are 

considered to be unsatisfactory because of frequent toxic side effects and overall limited 

efficacy, particularly in the chronic form of the disease.  In fact, the irreversible nature of the 

diminished cardiac contractility observed in the chronic phase of Chagas makes heart 

transplantation the only viable therapeutic option (29).  The frequent side effects of currently 

accepted treatments, benznidazole and nifurtimox, likely result from bystander reductive or 
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oxidative damage in mammalian tissues that is intended to specifically exploit the deficiency 

of detoxification mechanisms in T. cruzi.  While the use of these nitroderivatives has had limited 

success in the treatment of acute infection, physicians have been hesitant to prescribe such 

treatment since complete eradication of T. cruzi is uncommon using such measures (30).  When 

employed for the treatment of chronic Chagas disease, these therapies were unable to prevent 

lesions of the heart and digestive tract and had no impact on mortality after 10 years of 

administration (31).  Unfortunately, rather than prescribing what is clearly an insufficient 

treatment for chronic Chagas, physicians are forced to treat symptoms as they appear instead of 

the disease itself.   

 

D.  Experimental Chagas heart disease 

A variety of animal models of Chagas disease have been employed in order to address a number 

of issues including mortality, immune function, cardiac pathology, chemotherapeutic agents and 

autoimmunity.  Among the animals analyzed are dogs (32, 33), monkeys, rabbits (34), hamsters 

(35-37) and more commonly rats (38-43) and mice (44-52).  A number of parasite strains and 

clones (e.g., Silvio, Brazil, Tulahuen, Y, Colombian, Corpus Christ, etc.) have been used to 

infect a variety of strains of mice (e.g., BALB/c, C3H, A/J, DBA/2, etc.). While no single 

parasite-mouse combination recapitulates the entire spectrum of human infection—for instance, 

experimentally infected mice seldom develop end-stage heart failure during chronic infection—

each combination does seem to reflect some particular aspect of the disease, including acute or 

chronic myocarditis and in some cases the indeterminate, or asymptomatic, infection.  As such, 

interpretations can then be made based on the aspect of interest, rather than Chagas disease as a 
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whole.  One of the critical points in validating any aspect of Chagas disease is the use of 

animal models that reproduce most components of the human disease.  The most widely used 

models of T. cruzi infection-induced myocarditis today are (i) BALB/c mice infected with the 

Colombian strain for a 150-240 days (17) for the chronic phase of infection, (ii) C3H mice 

infected with the Silvio X-10/4 clone (53, 54) and (iii) A/J mice infected with the Brazil strain 

for 7-30 days (55, 56) for the acute phase, though T. cruzi related pathogenesis has been 

investigated in other systems as well.  Although the term “acute” is given to the A/J-Brazil 

model, it is based solely on the amount of time taken to observe disease and does not necessarily 

reflect a direct model of acute human infection any more than the BALB/c-Colombian model 

represents chronic human Chagas disease.  In fact, the relevance of animal models to human 

disease is an issue for nearly all experimental models.  Nevertheless, the consistent development 

of parasite-induced cardiac autoimmunity and the short term of disease development make the 

“acute” model very attractive for addressing specific potential mechanisms of T. cruzi-induced 

Chagas disease. 

 

E.  Proposed mechanisms of Chagas disease pathogenesis 

Biventricular enlargement, apical aneurysm and diffuse interstitial fibrosis, lymphocytic infiltrate 

and myocytolysis of cardiac tissue are common observations made in the examinations of 

patients who die of Chagas disease-induced heart failure.  A variety of explanations have been 

proposed for this damage observed in Chagas heart disease, as illustrated in Figure 2.  The nature 

of T. cruzi infection makes parasite-induced myocytolysis the most obvious explanation for 

tissue damage since host cells burst to release bloodform trypomastigotes into circulation.   
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Figure 2.  Potential mechanisms of Chagas disease pathogenesis.  

There are several proposed mechanisms for Chagas disease pathogenesis.  Chagas may be caused 

by parasite-induced myocytolysis from the repeated process of cardiomyocyte invasion, 

replictation and release, damage to the cardiac microvasculature via impaired blood perfusion 

and subsequent platelet aggregation, dysautonomia of cardiac tissue consisting of overactivation 

of sympathetic and neurohormonal pathways, cardiotoxin (hemolysin) secretion by the parasite, 

non-specific damage induced by infiltrating neutrophils and/or eosinophils, cardiac-specific 

antibody-mediated cytotoxicity, or immune responses generated against the parasite or host 

(autoimmunity).  These potential mechanisms are not mutually exclusive and pathogenesis likely 

occurs as a result of a combination of several.  Illustration adapted from (57). 
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Mechanisms of microvascular disturbances, where hypoperfusion in areas of altered cardiac 

wall motion results in heart tissue damage (58-61), destruction of heart neuronal tissue, briefly 

reviewed in (62), and toxin secretion by the parasite (63) have also been suggested to play a role 

in Chagas pathogenesis.  From a more immunological perspective, mechanisms of antibody-

mediated cytotoxicity and nonspecific neutrophil- and eosinophil-induced damage (64, 65), 

parasite-specific immune responses to T. cruzi antigens persistent in the heart tissue (66-70), and 

autoimmunity have all received experimental support.  Although generally controversial among 

investigators (65, 71-79), this last mechanism suggests that cardiac damage, regardless of its 

initial cause, leads to a breakdown in self-tolerance and autoimmunity induction.  Importantly, 

none of these proposed mechanisms can be considered to be mutually exclusive and it is very 

likely that the combination of viable parasite-induced myocardial damage, parasite antigen-

specific immunity and autoimmunity contribute to the inflammation and heart failure in Chagas 

disease in a coordinated manner. 

 

F.  Infection-induced autoimmunity 

Autoimmune diseases are frequently considered to be the consequence of aberrant immune 

responses against pathogens (80, 81) when the immune system continues to elicit damage to self-

proteins rather than properly shutting down.  Immune responses against harmless antigens can 

cause allergic diseases, including rhinitis, atopic dermatitis and allergic asthma.  However, in 

several instances the immune system can initiate severe autoimmune disease in response to a 

pathogen.  Persistent infection with Theiler’s murine encephalomyelitis virus (TMEV) induces a 

chronic demyelinating disease of the central nervous system (CNS) characteristic of human 
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multiple sclerosis (82, 83).  Other viruses, including coxsackievirus types B3 (84) and B4 (85, 

86) and encephalomyocarditis virus (ECMV) (87), have been shown to persist in their target 

organs (either the viral RNA or infectious virus) whereby autoimmune disorders of myocarditis 

or diabetes gradually occur.  Both streptococcal and borrelia bacterial strains have also been 

implicated in the development of rheumatic fever or heart disease (88-90) and Lyme arthritis 

(91), respectively.  Despite animal models showing direct evidence of infection-induced 

autoimmunity, including those established for T. cruzi-induced autoimmunity, there is no real 

understanding of the underlying mechanism(s). 

 

G.  The autoimmune hypothesis for Chagas heart disease 

In its simplest terms autoimmunity can be defined as an immune reaction directed against an 

organism’s own proteins.  Specifically, a healthy body is equipped with a powerful set of tools 

for resisting the onslaught of invading microorganisms (such as viruses, bacteria, and parasites). 

Through a number of potential mechanisms, the immune system occasionally goes awry and 

attacks the body itself, resulting in the production of autoantibodies or T lymphocytes reactive 

with host antigens.  The concept of autoimmunity as the cause of human illness in particular is 

relatively new, and it was not accepted into the mainstream of medical thinking until the 1950s 

and 1960s.  Autoimmune diseases are defined as diseases in which the progression from benign 

autoimmunity to pathogenic autoimmunity occurs.   

The concept of Chagas disease having an autoimmune etiology, officially put forth in the 

mid-1970s (92), stemmed from the consistent observations, made over many years of 

investigation, of cardiac pathology, including inflammation and fibrosis, in the virtual absence of 
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T. cruzi.  Early discoveries of parasite and host crossreactive antibodies in chronic Chagas 

patients, along with the ability to block host-specific antibodies with T. cruzi antigens (93, 94) 

strongly encouraged further exploration of the basis of autoimmunity for the disease (95).  Since 

this early finding of autoantibodies in Chagas disease, many studies have identified cellular 

aspects of cardiac autoimmunity.  In addition, the notion of parasites being absent from chronic 

Chagasic tissue lesions have been repeatedly challenged by investigators claiming a more vital 

importance for parasite persistence and its derived immunity in the pathogenesis of disease.  

Both perspectives, with corresponding criticisms, and the possible involvement of other relevant 

mechanisms have been nicely summarized in several reviews (24, 65, 75, 78, 79, 96-100).   

 Original postulates set forth by Witebsky state that (i) an autoimmune response be 

recognized in the form of autoantibody- or cell-mediated immunity, (ii) the corresponding 

antigen be identified and (iii) an analogous autoimmune response be induced in an experimental 

animal (101).  While these criteria for autoimmunity have been clearly fulfilled via several 

experimental models and human disease, they do not account for the delineation between benign 

and pathogenic types.  Accordingly, Rose and Bona later expanded on these principles by 

establishing criteria for defining a disease as ‘autoimmune’.  They include (i) direct evidence 

from transfer of pathogenic antibodies or T cells, (ii) indirect evidence based on reproduction of 

the autoimmune disease in experimental animals and (iii) circumstantial evidence from clinical 

clues (e.g., mononuclear cell infiltrate in affected tissue/organ, high serum IgG antibody levels) 

(102).  Again, both indirect and circumstantial evidence of pathogenic autoimmunity in Chagas 

heart disease have been clearly illustrated by a number of investigators, but direct evidence in 

this context is lacking, rendering the autoimmune hypothesis still largely hypothetical.   
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The overall clinical significance and potential implications of Chagas heart disease 

being an autoimmune disease are serious.  If the autoimmune responses typically observed in 

Chagas patients were the undeniable root cause of pathogenesis, the development of T. cruzi-

specific chemotherapy would be insufficient, since the self-propogated immune response to host 

tissue would be unblocked.  From a preventative standpoint, any attempts to develop an effective 

vaccine against T. cruzi would need to acknowledge that the selected antigens were incapable of 

eliciting any anti-host responses due to crossreactivity.  Even if shown to be negative for the 

induction of such responses, regulatory healthcare authorities would surely continue to be 

hesistant to approve a vaccine with the mere potential of inducing chronic myocarditis in what 

could be millions of recipients.  As such, the determination of the importance of autoimmunity in 

the context of T. cruzi infection, whether it be simply a benign artifact or a potent contributor to 

pathogenesis, is critical to the advancement of Chagas treatment. 

 

H.  Evidence for autoimmunity in Chagas heart disease 

The hypothesis that Chagas disease is an autoimmune disease requires that (i) T. cruzi infection 

induces autoimmunity and (ii) this autoimmunity is pathogenic.  While the first condition has 

been extensively proven using multiple experimental models (17, 55, 73, 75, 77), the second is 

considered unsubstantiated and continues to exist as a matter of debate (65, 72, 99).  

Autoantibodies against a variety of heart, skeletal muscle and nervous tissue, including 

ribosomal P proteins (103, 104), cardiac myosin (105, 106), β1 adrenergic receptor (107, 108), 

cytoskeletal microtubule associated proteins (109), LIST neuronal proteins (110, 111), and a 

novel mammalian protein termed Cha (112) have been identified in T. cruzi infections (see Table 
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1).  However, little evidence adequately shows these antibodies are more prevalent in patients 

with Chagas disease than in asymptomatic, infected individuals.  From a cellular perspective, T 

cell clones from chronic Chagasic patients have been shown to proliferate in culture with either 

human cardiac myosin peptide or the B13 parasite antigen (113), suggestive of molecular 

mimicry.  Despite the wide array of immunological findings, the clinical relevance of humoral 

and cellular immunity is unclear. 

 As one potential component of Chagas pathogenesis, investigators have examined the 

contribution of autoantibodies to disease.  T. cruzi-induced autoantibodies alter the contraction 

and cell signaling of cardiac myocytes and lyse myocytes through an antibody dependent 

cytotoxicity mechanism in vitro (114, 115).  Immunization of mice with T. cruzi antigen, 

cruzipain, also induced autoantibodies to myosin thought to be pathogenic due to conduction 

abnormalities observed in both the mother and pups (116). However, transfer of autoantibodies 

from an infected donor to naïve recipient has failed to induce disease in animal models.  It is also 

noteworthy that levels of anti-myosin antibodies are significantly increased in patients with heart 

damage resulting from causes other than T. cruzi infection such as myocardial infarction, 

coronary artery bypass, heart valve surgery, and viral myocarditis (117, 118).  Based on these 

reports, it would not seem unreasonable to infer that cardiac tissue damage resulting from tissue 

infection, possibly through a bystander effect, could cause the level of anti-myosin immunity to 

rise in Chagas heart disease.   

 Several lines of evidence also support a role for cellular autoimmunity in Chagas heart 

disease.  Splenocytes harvested from chronically infected mice elicit lysis of syngeneic 

myoblasts in vitro and induce electrocardiographic abnormalities when transferred to a naïve  
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Table 1. Host proteins to which autoimmunity develops during T. cruzi infection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
* M, mouse; H, human; Rb, rabbit

T cellsRbCardiac myocytes

T cellsHCardiac myocytes

T cellsHHeart homogenate

Complement (C5-C9 complex)HCardiac myocytes

Serum IgGHSmall nuclear ribonucleoprotein

Serum IgGHSciatic nerve homogenate

Serum IgGHNeurons

Serum IgGH2nd extracellular loop, M2 cholinergic receptor

Serum IgGHM2 muscarinic acethylcoline receptor

Serum IgGHM2 cholinergic receptor

Serum IgGHM2 cholinergic receptor

Serum IgGM2nd extracellular loop, beta1 adrenergic receptor

Serum IgGM2nd extracellular loop, M2 cholinergic receptor

Serum IgGMNervous tissue, heart, skeletal muscle

Serum IgGM43 kDa muscle glycoprotein

T cellsMHeart homogenate

Serum IgGMCardiac myosin, p150

CD4+ T cellsMCardiac myosin

Immune mediatorHost*Cell, molecule or substance

* M, mouse; H, human; Rb, rabbit
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T cellsHCardiac myocytes

T cellsHHeart homogenate

Complement (C5-C9 complex)HCardiac myocytes

Serum IgGHSmall nuclear ribonucleoprotein

Serum IgGHSciatic nerve homogenate

Serum IgGHNeurons

Serum IgGH2nd extracellular loop, M2 cholinergic receptor

Serum IgGHM2 muscarinic acethylcoline receptor

Serum IgGHM2 cholinergic receptor

Serum IgGHM2 cholinergic receptor

Serum IgGM2nd extracellular loop, beta1 adrenergic receptor

Serum IgGM2nd extracellular loop, M2 cholinergic receptor

Serum IgGMNervous tissue, heart, skeletal muscle

Serum IgGM43 kDa muscle glycoprotein

T cellsMHeart homogenate

Serum IgGMCardiac myosin, p150

CD4+ T cellsMCardiac myosin

Immune mediatorHost*Cell, molecule or substance
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recipient (49).  Perhaps the most compelling, yet controversial, finding from Ribiero dos 

Santos was that CD4+ T cells from chronically infected mice mediated the rejection of normal 

syngeneic newborn hearts transplanted into the ear of recipients (119).  In theory, the syngeneic 

hearts should not have been targeted if there were not autoreactive cells specific to 

cardiomyocytes.  However, the main criticism of this finding came later when an analogous 

model system was used for a similar analysis.  In this model, Tarleton’s group showed that T. 

cruzi was systematically present in the heart grafts undergoing rejection (25), raising questions of 

whether the rejection was strictly CD4+ T cell-mediated.  His group claimed that it was the 

infiltration of live parasites, and subsequent immune responses against the pathogen that was 

responsible for the rejection rather than an autoimmune response.  In addition, inconsistent 

results are observed when the parasite-mouse strain combination is changed.  Ribiero dos Santos 

utilizes the considerably more invasive and persistent parasite strains (Y and Colombian) (119) 

while Tarleton employs the less virulent Sylvio X10/4 strain (25).  The conflicting nature of 

these results may be explained by differences in the ability of individual T. cruzi strains to induce 

autoimmunity or differences in the susceptibility of particular mouse strains to develop 

autoimmunity.  In an attempt to provide additional evidence for a role of CD4+ autoreactive T 

cells in Chagas pathogenesis, Pontes de Carvalho and colleagues assessed inflammation and 

fibrosis in the hearts of mice subjected to treatment with both a cardiac myosin-rich antigen 

emulsified in complete Freund’s adjuvant (CFA) and an anti-CD4 cell monoclonal antibody (17) 

prior to infection.  The purpose of the treatment was to induce immunological tolerance to 

cardiac myosin.  Microscopic examination of heart tissue from T. cruzi-infected mice given this 

tolerization regimen displayed less intense inflammation than control mice receiving only anti-
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CD4 treatment without myosin.  However, tolerized mice produced unaltered levels of anti-

cardiac myosin IgG.  Since isotype switching is a T helper (CD4)-dependent event, the efficacy 

of tolerization became a matter of question, making the experimental results inconclusive.  

Finally, transfer of splenic T cells from chronically infected mice to naïve syngeneic recipients 

was found to induce heart lesions similar to those resulting from T. cruzi infection (120).  

Treatment was administered for the depletion of B cells, IgM, IgG and macrophages, but 

appropriate controls indicating an absence of parasitic contamination in the transfer were not 

performed, providing a basis for skepticism of the study.  

 

I.  Proposed mechanisms of T. cruzi-induced cardiac autoimmunity 

Although several mechanisms thought to play a potential role in the induction of autoimmunity 

following T. cruzi infection exist, bystander activation and molecular mimicry are considered the 

most widely investigated and supported (see Figure 3). Bystander activation requires the 

presence of viable parasites that are thought to elicit destruction of heart tissue and cause release 

of host antigens (121).  The induction of autoimmunity in this instance is thought to be 

dependent on both the myocardial cytolysis and subsequent antigen release from infected host 

tissue, in addition to the inflammatory environment resulting from the presence of a pathogen 

(122). Ordinarily maintained, self-tolerance is breached as the excess of host antigen is released 

into a predisposed proinflammatory environment rich in cytokines, chemokines, and nitric oxide 

resulting from infection.  Although not completely characterized, the inflammatory infiltrate in 

Chagas disease is known to consist of a predominance of CD8+ T cells that express granzyme, 

CD4+ T cells to a lesser extent and an elevated macrophage population (123).  As a result of this  
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Figure 3.  Mechanisms of autoimmunity induction in T. cruzi infection.  

During T. cruzi infection, the lysis of cardiac myocytes causes the release of cardiac antigens, 

one of which is known to be myosin. The presence of a live infection induces elevated 

production of inflammatory factors such as chemokines (e.g. MCP-1, CCR2) and cytokines (e.g. 

IFN-γ, TNF-α, IL-10), contributing to the creation of a proinflammatory environment. Bystander 

activation states that live parasite-induced myocytolysis and antigen release into a predisposed 

proinflammatory environment can promote the activation of autoreactive T cells encountering 

self-peptide in the context of MHC.  Molecular mimicry states that T. cruzi derived peptides 

immunologically resemble host peptides and initiate a cross-reactive T cell response leading to 

the activation of autoreactive T cells (regardless of proinflammatory environment or presence of 

live parasite). Although not the only potential mechanisms responsible for the induction of 

autoimmunity following T. cruzi infection, these are the most widely investigated. 
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infiltration, enhanced expression of adhesion molecules (human leukocyte antigen class I and 

II), chemokines and chemokine receptors (membrane cofactor protein (MCP)-1, CCR2 and 

CXCR3) and cytokines (IFN-γ, TNF-α, IL-6 and IL-10) has been reported (124).  In fact, the 

high expression of inflammatory cytokines, particularly IFN-γ and TNF-α, has been closely 

associated with progressively severe cardiac disease (125, 126) and the differential production of 

these cytokines versus the more regulatory-type IL-10 is thought to be responsible for the 

pathogenic or asymptomatic outcomes observed after infection, respectively (124, 127).  In 

support of bystander activation, there are several examples of autoimmunity occuring after 

cardiac damage including cardiac surgery (117), cardiac transplant rejection (128) and infection 

with viruses (129).     

 Molecular mimicry suggests that an infectious agent (parasite, bacteria or virus) displays 

epitopes immunologically resembling host determinants and due to minor antigenic differences 

between the two, the pathogen epitope is able to induce an immune response that breaks 

tolerance to the host epitope, resulting in autoimmunity (130).  Though this mechanism has been 

attributed to a variety of cases of infection-induced autoimmunity, including streptococcus-

induced myocarditis (90, 131) and even T. cruzi-induced Chagas disease (77, 113), the criteria 

set forth for claiming “true” molecular mimicry are rather stringent and often difficult to fulfill 

(76, 132).  The criteria established to distinguish molecular mimicry from bystander activation 

can be summarized as:  (i) a relationship between a specific microbial infection and a specific 

inflammatory state, (ii) the identification of responsible microbial and self-epitope capable of 

eliciting crossreactive T cell responses and (iii) a causal relationship between the existence of T 

cells elicited by the microbe and responsive to both microbe and self-epitopes and the particular  
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autoimmune disease.  A number of crossreactive antigens with both cardiac and non-cardiac 

specificity have been identified, primarily by serologic approaches, in experimental models of 

Chagas disease (Table 2).  In particular, the A/J mice infected with the Brazil T. cruzi strain has  

consistently provided evidence of cardiac myosin-specific autoimmunity in forms of both 

autoantibody production as well as cellular immunity (55, 56).  Infection with live parasites or 

immunization of mice with T. cruzi lysate induced myosin-specific autoantibody production and 

delayed-type hypersensitivity even though this immunization repeatedly failed to induce heart 

inflammation.  Interestingly, however, mice immunized with cardiac myosin develop T. cruzi-

specific DTH and antibodies and myosin tolerization effectively suppresses T. cruzi DTH.  

Conversely, tolerization to T. cruzi (using parasite lysate) suppresses myosin DTH responses 

(133, 134).  This induction of bidirectional, crossreactive immunity between T. cruzi and cardiac 

myosin was shown to be specific since such crossreactivity did not occur in Leishmania protein 

extract or skeletal myosin immunizations.  A number of cases of immunological 

crossreactivity/antigenic mimicry between defined T. cruzi and host self-antigens have been 

described for human Chagas disease (reviewed in (122)).  Regarding the importance of finding 

cardiac myosin-specific autoimmunity in the context of Chagas disease, it is important to 

reiterate that levels of anti-myosin antibodies are also found to be significantly increased in 

patients with heart damage from infectious and non-infectious causes (117, 118).  Antigen 

exposure in a damaged, proinflammatory environment could cause the level of anti-myosin 

immunity to elevate in Chagas disease.  However, the numerous and compelling findings of 

molecular mimicry indicate a potentially vital mechanism by which ongoing autoimmunity could 

propogate and contribute to cardiac pathogenesis.        
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Table 2. Molecular mimicry during T. cruzi infection or after immunization. 

*M, mouse; H, human; Rb, rabbit           § rDNA, recombinant DNA, mAb, monclonal antibody; Ig, immunoglobulin

Ab, T cellMSAPA, 36 kDa TENU2845Cha antigen

AbH?Cardiac muscarinic acetylcholine receptor

IgG1, IgG2MR13 peptide from ribosomal P1, P238 kDa heart antigen

mAbH, M150 kDa proteinBeta1-Adrenoreceptor, M2 cholinergic

rDNA, AbHRibosomal P0 proteinBeta1-Adrenoreceptor, M2 muscarinic

rDNA, AbHRibosomal P proteinRibosomal P protein

AbH23 kDa ribosomal protein23 kDa ribosomal protein

rDNAHFL-16047 kDa neuron protein

mAbH, M55 kDa membrane protein28 kDa lymphocyte membrane protein

Serum IgG, T cellMT. cruzi soluble extractMyelin basic protein

rDNAH, MMAPMAP (Brain)

Serum IgGH, MGlycosphingolipidsGlycosphingolipids

Serum IgGH, M150 kDa proteinSmooth and striated muscle

mAbMT. cruzi cytoskeleton95 kDa myosin tail

AbMT. cruzi lysateCardiac myosin

AbMCruzipainHuman cardiac myosin heavy chain

Ab, T cellHB13 ProteinHuman cardiac myosin heavy chain

mAbHMicrosomal fractionHeart and skeletal muscle

Serum IgGM?Heart tissue

mAbHSulphated glycolipidsNeurons

mAbRb?Neurons

mAbM, Rb?Neurons, liver, kidney, testis

Immune mediator§Host*T. cruzi antigenCell, molecule or substance

*M, mouse; H, human; Rb, rabbit           § rDNA, recombinant DNA, mAb, monclonal antibody; Ig, immunoglobulin

Ab, T cellMSAPA, 36 kDa TENU2845Cha antigen

AbH?Cardiac muscarinic acetylcholine receptor

IgG1, IgG2MR13 peptide from ribosomal P1, P238 kDa heart antigen

mAbH, M150 kDa proteinBeta1-Adrenoreceptor, M2 cholinergic

rDNA, AbHRibosomal P0 proteinBeta1-Adrenoreceptor, M2 muscarinic

rDNA, AbHRibosomal P proteinRibosomal P protein

AbH23 kDa ribosomal protein23 kDa ribosomal protein

rDNAHFL-16047 kDa neuron protein

mAbH, M55 kDa membrane protein28 kDa lymphocyte membrane protein

Serum IgG, T cellMT. cruzi soluble extractMyelin basic protein

rDNAH, MMAPMAP (Brain)

Serum IgGH, MGlycosphingolipidsGlycosphingolipids

Serum IgGH, M150 kDa proteinSmooth and striated muscle

mAbMT. cruzi cytoskeleton95 kDa myosin tail

AbMT. cruzi lysateCardiac myosin

AbMCruzipainHuman cardiac myosin heavy chain

Ab, T cellHB13 ProteinHuman cardiac myosin heavy chain

mAbHMicrosomal fractionHeart and skeletal muscle

Serum IgGM?Heart tissue

mAbHSulphated glycolipidsNeurons

mAbRb?Neurons

mAbM, Rb?Neurons, liver, kidney, testis

Immune mediator§Host*T. cruzi antigenCell, molecule or substance 
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 Other proposed mechanisms have included cryptic epitope and polyclonal activation.  

In the first instance, either parasite-induced damage leads to the release of previously sequestered 

epitopes or the inflammatory environment resulting from infection stimulates the immune 

processing and presentation of novel self epitopes.  Immunity ensues against these novel epitopes 

because the host immune system has not previously established tolerance (135).  In the case of 

polyclonal activation, specific T. cruzi strains stimulate proliferation of both T and B cells, 

regardless of antigen specificity and, in some cases, by interacting with surface molecules other 

than antigen receptors (136).  Importantly, these mechanisms are certainly not mutually 

exclusive and are likely cooperatively functional.  Once autoimmunity is initiated, other models 

of organ-specific inflammation have cited epitope spreading as a mechanism of autoimmunity 

propagation (137-142) which may also play a role in T. cruzi-induced autoimmunity. 

 

J.  Criticisms of the autoimmune hypothesis for Chagas heart disease 

Several reasons have been cited for the skepticism regarding Chagas disease having an 

autoimmune etiology.  Although the obvious presence of autoreactivity cannot be legitimately 

disputed, in light of substantial evidence that has accumulated throughout decades of study, the 

issue of referring to autoreactivity as pathogenic is frequently considered by many investigators 

questionable at best.  In general, some investigators refuse to believe findings largely generated 

from murine models of Chagas disease.  Although certainly a very common means of testing 

hypotheses, experimental murine models are not viewed as reliable recapitulations of 

pathological characteristics of human Chagas patients by those who largely study the human 

disease (143).  In addition to this unavoidable shortcoming, a number of specific criticisms have 
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been cited regarding the interpretation of inconclusive findings.  For example, one typical 

criticism pertaining to the adoptive transfer of autoimmunity to naïve recipients from infected 

donors is that appropriate measures to insure a complete absence of parasite material in the 

transferred population have not been adequately taken (65, 96).  This would suggest that any 

potential parasitic contamination could be responsible for the induction of myocarditis, rather 

than the damage initiated by the autoreactive lymphocytes.  Another common issue encountered 

is the frequent inability to reproduce in vivo what is observed in an in vitro system.  While 

certain anti-cardiomyocyte antibodies have been capable of mediating antibody-dependent 

cellular cytotoxicity in vitro, these antibodies fail to cause in vivo lesions characteristic of 

chronically infected mice (65, 115).  It is these reproducibility issues, insufficient or 

unconvincing data, and conflicts about T cell specificity or whether T. cruzi plays a role in the 

outcomes of transfer-based experiments that continue to contribute to the ongoing debates of the 

relevance of Chagas-related autoimmunity.  

 Proponents of the autoimmunity hypothesis for Chagas disease have traditionally 

garnered support from the observation that T. cruzi is virtually absent in tissue lesions from 

chronically infected individuals.  However, as technology has become more advanced with 

enhanced sensitivity, many investigators have reported findings of both parasite antigen and 

DNA from infected tissues and even specific inflammatory lesions (144-148).  Despite these 

findings, some investigators maintain that no correlation between the intensity of inflammation 

and parasitism has been adequately established (149, 150).  The fact that chronic Chagasic 

patients can have parasites identified in other organs, free from significant inflammation, with 

concurrent myocardial inflammation and fibrosis (151) suggests that other immunological 
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mechanisms (such as organ specific autoreactivity) are likely involved in cardiac pathogenesis.   

Some proponents of the parasite persistence hypothesis will concede that other mechanisms, 

including autoimmunity, are probably contributors but importantly note that the absence of a 

direct correlation between the amount of T. cruzi antigen and the intensity of inflammation does 

not discount the obvious association between the presence of parasite antigen and severe or 

moderate inflammation (24).  This clear association has been established in studies where the 

detection of T. cruzi antigen in 100% of hearts from chronic Chagasic patients that died of heart 

failure was made (24, 150).  Still, other studies have shown that only a fraction of patients with 

progressive Chagas heart lesions displayed signs of detectable parasites (152).  Some 

investigators will combine two theories of pathogenic mechanisms by suggesting that T. cruzi 

might serve as a necessary adjuvant for a persistent immunological crossreaction between 

common parasitic and myocardial antigens (153), in accordance with the molecular mimicry 

hypothesis of infection-induced autoimmunity.  

 

K.  Conclusions and overall significance 

Why is it important to resolve the controversy surrounding autoimmunity as a relevant 

mechanism of pathogenesis in Chagas disease?  If immune responses to T. cruzi antigens cross-

react with epitopes of key host tissues, drugs targeted solely at eliminating the parasite would not 

necessarily suppress initial immune responsiveness to parasite antigen and subsequent host 

antigen.  Alternatively, if autoimmunity proves not to be a root cause of pathogenesis in Chagas 

disease, attempts to develop chemotherapy and vaccines would merit encouragement and 

support.  Although it seems obvious to assume that the presence of the parasite antigen in tissue 
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leads to the development of parasite-specific immunity, consequent tissue inflammation and 

heart failure, this has not been formally proven.  Similarly, although T. cruzi-induced 

autoimmunity is a well established and widely investigated subject matter, its role in disease 

pathogenesis and the mechanism(s) by which it occurs remain obscure issues.  The major 

obstacle of infection-induced models of organ-specific inflammation is the ability to attribute one 

specific mechanism to the overall process.  The array of potential mechanisms responsible for 

myocarditis has brought about controversy regarding appropriate treatment for T. cruzi infection.  

While maintaining an open-minded approach to the investigation of autoimmunity in 

experimental Chagas disease, it is important to consider that pathogenesis likely results from a 

mixture of viable parasite-induced damage, parasite-specific immunity, and autoimmunity.  The 

ultimate goal of any research endeavor should always be to gain further understanding of a 

specific process while ideally being able to apply discoveries to other related scientific questions.  

As such, the following chapters describe research designed to not only supplement the current 

knowledge of Chagas heart disease, but also to hopefully provide gradual insight into 

mechanisms of other similar infection-induced cardiomyopathies. 
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A.   Abstract 

 

Chagas heart disease (CHD), caused by the parasite Trypanosoma cruzi, is the most common 

form of myocarditis in Central and South America. Some humans and experimental animals 

develop both humoral and cell-mediated, cardiac-specific, autoimmunity during infection. 

Benznidazole, a trypanocidal drug, is effective at reducing parasite load and decreasing the 

severity of myocarditis in acutely-infected patients. We hypothesized that the magnitude of 

autoimmunity that develops following T. cruzi infection is directly proportional to the amount of 

damage caused by the parasite. To test this hypothesis, we used benznidazole to reduce the 

number of parasites in an experimental model of CHD and determined whether this treatment 

altered the autoimmune response. Infection of A/J mice with the Brazil strain of T. cruzi leads to 

the development of severe inflammation, fibrosis, necrosis, and parasitosis in the heart 

accompanied by vigorous cardiac myosin-specific delayed-type hypersensitivity (DTH) and 

antibody production twenty one days post-infection. Mice succumb to infection within a month if 

untreated. Treatment of infected mice with benznidazole eliminated mortality and decreased 

disease severity. Treatment also reduced cardiac myosin-specific DTH and antibody production. 

Reinfection of treated mice with a heart-derived, virulent strain of T. cruzi or immunization with 

myosin led to the redevelopment of myosin-specific autoimmune responses and inflammation. 

These results provide a direct link between the levels of T. cruzi and the presence of 

autoimmunity and suggest that elimination of the parasite may result in the reduction or 

elimination of autoimmunity in the chronic phase of infection. 
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B.  Introduction 

 

Chagas disease is one of several diseases, along with Leishmaniasis and African sleeping 

sickness, caused by parasites of the family Trypanosomatidae. Endemic to Central and South 

America, the parasite that causes Chagas disease, Trypanosoma cruzi, is the world’s leading 

cause of myocarditis (1). The World Health Organization estimates that 16–18 million people are 

infected with T. cruzi, with about 100 million people at risk in 21 countries (2, 3). In spite of 

recent advances in the control of the vectorial and transfusional transmission of T. cruzi (154), 

Chagas disease remains a serious infectious disease in Latin America due to its prevalence, 

morbidity and mortality (6). Despite its obvious clinical importance and the efforts of many 

investigators, the pathogenesis of CHD is still incompletely understood. 

 A variety of explanations have been proposed for the damage observed in CHD. Potential 

mechanisms include (i) toxin secretion by the parasite (63), (ii) damage to cardiac 

microvasculature (58), (iii) destruction of heart neuronal tissue (62), (iv) parasite-specific 

immune responses to T. cruzi antigens persistent in the heart tissue (66-68, 70, 155-158), (v) 

antibody-mediated cytotoxicity and nonspecific neutrophil- and eosinophil-induced damage (64, 

65) and (vi) autoimmunity (55, 75, 98-100, 133). Although autoimmunity is defined simply as an 

immune reaction against an organism’s own proteins, the progression from benign to pathogenic 

autoimmunity, resulting in disease, is a distinction often overlooked. It is this distinction which 

has spurred controversy among investigators (65, 71-77, 98-100, 159), about the significance of 

autoimmunity in disease pathogenesis. This mechanism suggests that T. cruzi-induced cardiac 

damage and/or molecular mimicry between parasite and host leads to a breakdown in self-
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tolerance resulting in eventual autoimmune tissue damage. Our overall hypothesis is that the 

combination of viable parasite-induced myocardial damage, parasite antigen-specific immunity 

and autoimmunity contribute to the inflammation and heart failure in CHD. 

 Although T. cruzi-induced autoimmunity has been a matter of considerable investigation 

(55, 75, 103-113, 143), its role in disease pathogenesis and the mechanism(s) by which it 

develops remain unclear. Here, we address the role of viable parasites in the induction and 

persistence of autoimmunity in A/J mice by the administration of benznidazole, a 

nitroheterocyclic drug employed in the chemotherapy of human Chagas disease (160). Although 

the mechanism of drug action is not entirely understood, it is thought that when T. cruzi 

metabolizes benznidazole, its lack of catalase and peroxidase enzymes hinder its ability to 

dispose of newly generated free radicals (161) (Figure 4). The presence of a full repertoire of 

antioxidant enzymes provides mammals the ability to cope with the drug more effectively, 

though not without detrimental side effects including abdominal pain, diarrhea, nausea and 

vomiting. Benznidazole exerts a number of effects on the host immune response to T. cruzi 

infection, including the enhancement of macrophage-associated phagocytosis and 

proinflammatory cytokine production (162), the selective expansion of effector and memory 

CD8+ T lymphocytes (163) and the decrease of both P-selectin and vascular cell adhesion 

molecule-1 levels (164). In addition, host immune factors including interleukin 12 (165) and 

interferon-γ (166) are important for maximum efficacy of benznidazole therapy during infection. 

The proven trypanocidal activity of benznidazole, along with its ease of administration in the 

drinking water, enabled us to efficiently reduce the number of parasites at various times during 

infection.  
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Figure 4.  Mechanism of action for trypanocidal drug, benznidazole.   

As the nitroheterocyclic compound, benznidazole, is metabolized by both the host and parasite, a 

series of oxidation-reduction reactions lead to the production of nitro radical and superoxide 

anions.  Both the host and parasite contain enzymes (superoxide dismutases) capable of 

converting these anions to oxygen and hydrogen peroxide, but while the mammalian host has 

peroxidases and catalases to further process these compounds to tolerable products (not without 

substantial side effects), the parasite lacks these enzymes, ultimately resulting in their death.  
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 Benznidazole treatment administered within the first week of infection reduced the 

magnitude of myosin-specific cellular and humoral immunity compared to untreated controls 21 

days post-infection (d.p.i.) with T. cruzi. Since mice succumb to disease 30 d.p.i. in our 

experimental CHD model, we were unable to include infected-untreated controls for long-term 

experiments. However, by comparing immune responses to baseline uninfected-treated animals 

we could make conclusions pertaining to the change in myosin-specific autoreactivity at later 

time points. Using this basis of comparison we observed that the initiation of treatment within 

the first or second week of infection eliminated myosin-specific cellular autoimmunity at 60 or 

90 days d.p.i., respectively. All stages of disease displayed an overall decrease in inflammation  

and complete absence of parasites in the heart tissue. Finally, after terminating drug treatment, 

reinfection with T. cruzi or immunization with cardiac myosin led to the restoration of strong 

myosin-specific immunity and inflammation in mice, indicating that cardiac autoimmunity can 

be regulated indirectly by modulating the levels of the parasite. 
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C.  Materials and Methods 

 

Experimental animals and T. cruzi infections.   

Four- to six-week old male A/J mice (Jackson Laboratories, Bar Harbor, ME) were housed under 

specific pathogen-free conditions. Mice were infected by intraperitoneal injection of 1 × 104 

Brazil strain T. cruzi trypomastigotes derived from infection of tissue culture H9C2 rat myoblasts 

(American Type Culture Collection, Manassas, VA). A cardiotropic substrain of the Brazil strain 

of T. cruzi was isolated from the heart of an infected mouse and propagated in H9C2 rat 

myoblasts to generate trypomastigotes for use in reinfection experiments. This strain has since 

been maintained and termed “Brazil heart” strain. Parasitemias were measured by 

hemacytometry from tailbleeds. Uninfected controls received intraperitoneal injections of 

Dulbecco’s phosphate buffered saline (GibcoBRL, Grand Island, NY) of equal volume. Mice 

were anesthetized by a single intraperitoneal injection of sodium pentobarbital (60 mg/kg) for 

each experimental manipulation. The use and care of mice were conducted in accordance with 

the guidelines of the Center for Comparative Medicine at Northwestern University. 

 

Preparation of myosin and T. cruzi antigen.   

Cardiac myosin heavy chains and T. cruzi antigen were prepared as described previously (55). 

Briefly, hearts were rinsed in ice cold saline, minced, homogenized and stirred for 90 minutes at 

4oC. Muscle residue was removed by centrifugation for 10 minutes at 12,000 × g. The 

supernatant was then centrifuged at 140,000 × g for 4 hours. This supernatant was added to cold 

water and precipitate was allowed to settle overnight. The cloudy precipitate was centrifuged for 
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15 minutes at 12,000 × g, after which the myosin pellet was homogenized and redissolved. 

Actin contamination was removed by centrifugation for 30 minutes at 43,000 × g and myosin 

was reprecipitated overnight in cold water. This procedure was repeated to remove actomyosin 

and myosin was finally redissolved in a glycerol buffer. The final myosin concentration was 

determined by Bradford assay and SDS-PAGE analysis. 

 

Induction of autoimmune myocarditis.   

Mice were immunized with purified cardiac myosin (300 µg) in an emulsion of complete 

Freund’s adjuvant (CFA, Difco, Detroit, MI) in a total volume of 0.1 ml. Three subcutaneous 

sites in the dorsal flank were injected with equal amounts. Seven days later, mice were boosted 

in an identical manner.  

 

Drug treatment.   

Benznidazole (Roche Chemical and Pharmaceutical Products, South America, Sao Paulo, Brazil) 

was administered in the drinking water of T. cruzi infected, myosin-immunized or saline-injected 

mice at a concentration of 100 mg/kg/day as described (163, 167). Treatment was initiated and 

terminated at various time points post-infection. 

 

Histopathology.   

Hearts were removed, rinsed with saline, and fixed for 24 hours in 10% buffered formalin. Fixed 

hearts were embedded in paraffin, sectioned, stained with hematoxylin and eosin and examined 

by light microscopy. Two sections were taken from each heart, one including both atria and the 



 

 

57

other both ventricles. Each section was examined for evidence of mononuclear and 

polymorphonuclear cell infiltration, necrosis and mineralization, T. cruzi pseudocysts 

(parasitosis), and fibrosis and was assigned a histologic score of between 0 (no involvement 

noted) to 4 (100% involvement), with 1, 2, 3 representing 25, 50, and 75% involvement of the 

histologic section (134). 

 

Serologic analysis.   

Levels of cardiac myosin-specific and T. cruzi-specific IgG were determined by ELISA as 

described (55). Endpoint dilution titers for total IgG were defined as the highest serum dilution 

that resulted in an absorbance value (OD450) of two standard deviations above the mean of a 

negative control sample (pooled sera from uninfected mice) included on every plate. 

 

Delayed-type hypersensitivity (DTH).   

Myosin-specific and T. cruzi-specific (DTH) was quantified using a standard ear swelling assay 

(55). Antigen-induced ear swelling was the result of mononuclear cell infiltration and exhibited 

typical DTH kinetics (i.e., minimal swelling at 4 hours, maximal swelling at 24-48 hours post-

injection).  

 

Statistical analyses.   

DTH values were log10 transformed prior to statistical analyses if they were not normally 

distributed. For comparison of two groups, the significance of DTH values was analyzed by 

Student’s t-test. For comparison of multiple groups to a control, the significance of DTH values 
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was analyzed by a one-way ANOVA followed by adjustment for multiple comparisons by the 

Dunnett test (post-hoc analysis). The control group for comparison is specified in each figure 

legend. Antibody values were not normally distributed and so were analyzed for significance by 

the Mann-Whitney U test. Values of p < 0.05 were considered significant unless otherwise 

specified. 
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D.  Results 

 

Early parasiticidal drug treatment reduces cardiac myosin-specific autoimmunity and 

cardiac inflammation, and reduces tissue parasitosis in acute T. cruzi infection.  

Autoimmunity is only one mechanism of Chagas disease pathogenesis which may develop as a 

result of antigenic molecular mimicry or bystander activation after parasite-induced tissue 

destruction. In either case, levels of the parasite might correlate with the presence of 

autoimmunity. The goal of the present study was to explore this relationship. To test the 

association of autoimmunity and levels of T. cruzi, we employed our experimental model of 

CHD in which A/J mice are infected with the Brazil strain of T. cruzi, leading to the 

development of cardiac inflammation, fibrosis, necrosis, and parasitosis accompanied by 

vigorous cardiac myosin-specific DTH and antibody production 21 d.p.i. and mortality within 30 

d.p.i. (55). We administered the trypanocidal drug benznidazole (100 mg/kg/day) to infected 

mice at different times post-infection to ascertain the association between levels of parasite, 

myocarditis, and autoimmunity. All of the experiments included in this paper are diagrammed in 

Figure 5. Groups of infected/untreated and saline-injected/benznidazole-treated mice were 

included as controls. The results that follow are representative of three separate experiments. 

 Treatment initiated during the first week of infection (i.e., at 0, 2 or 7 d.p.i.) significantly 

reduced myosin-specific DTH and antibody titers (Figures 6A and 7). In general, levels of 

myosin-specific DTH were lower when benznidazole administration was begun earlier. 

Histopathologic examination of heart sections from these animals revealed reduction of 

inflammation and absence of parasitosis compared to untreated control animals (Figure 6B).  The  
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Figure 5. Schematic of benznidazole experimental regimen.  

Experimental regimens used in this chapter. T. cruzi infected, myosin-immunized, or PBS 

immunized mice were treated with a curative dose of 100 mg/kg/day of benznidazole in the 

drinking water for the course of disease indicated (d21, d60, d90). Times during which 

benznidazole was administered are indicated with a crosshatched line and those when no 

treatment was given are indicated with a simple line. Untreated, control mice (infected or 

immunized) received only water. Days post-infection (d.p.i.) when benznidazole treatment was 

initiated or mice were sacrificed for analysis (black circle containing white A) are indicated. 

Analyses included DTH, antibody assays, and cardiac histology. A large group of infected mice 

treated with benznidazole beginning at 14 d.p.i. was divided into three subgroups at 90 d.p.i. One 

subgroup was reinfected with T. cruzi, another was immunized with PBS, and a third was 

immunized with myosin. Additional control groups were included as indicated. Single dagger 

associated with the infected, untreated group indicates that the mice were sacrificed because they 

do not survive past 30 d.p.i. 

 

 

 

 



 61

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 



 

 

62

 

 

 

 

 

 

Figure 6. Early benznidazole treatment reduces myosin-specific DTH and inflammation 

and eliminates parasitosis in acute T. cruzi infection. 

T. cruzi infected and saline-injected A/J mice were treated with a curative dose of benznidazole 

(at d.p.i. indicated) for the course of disease. Untreated, infected mice were also included 

(Untreated). (A) At 21 d.p.i. myosin-specific and T. cruzi-specific DTH responses were 

measured by a 24-hour ear swelling assay (168). Error bars indicate standard errors of the mean 

for a minimum of three animals. (B) Inflammation and parasitosis were assessed by analyzing 

hematoxylin and eosin stained heart sections. Each dot corresponds to one animal. * p < .05 

relative to untreated control group. See Figure 5 for schematic of experimental design. 
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Figure 7. Early benznidazole treatment reduces anti-myosin and T. cruzi-specific antibody 

production in acute T. cruzi infection.  

T. cruzi infected and saline-injected A/J mice were treated with a curative dose of benznidazole 

(at d.p.i. indicated) for the course of disease. Untreated, infected mice were also included 

(Untreated).  At 21 d.p.i. myosin-specific and T. cruzi-specific IgG antibody titer values were 

determined by ELISA. Each dot corresponds to one animal. * p < .05 relative to untreated 

control group. See Figure 5 for schematic of experimental design. 
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cardiac inflammation in all benznidazole-treated animals, however, was consistent despite 

clear differences in cardiac autoimmunity. As expected, the number of parasites found in the 

blood was also significantly lower in animals in which treatment was begun within the first week 

of infection (data not shown). Interestingly, benznidazole treatment caused a significant 

reduction in parasite-specific antibody production, yet had no significant impact on T. cruzi-

specific cellular immunity (Figures 7 and 6).  

 

Drug treatment administered into the chronic phase of T. cruzi infection (60 or 90 d.p.i.) 

results in the elimination of myosin-specific cellular autoimmunity.   

For the purpose of this study, we use the term “acute” to refer to disease present at 21 d.p.i. of 

A/J mice with the Brazil strain of T. cruzi and “chronic” to refer to disease present after animals 

reach 60 d.p.i. For such long term experiments, infected, untreated controls cannot be used, since 

A/J mice do not survive past 30 d.p.i. with the Brazil strain of T. cruzi. To control for the effects 

of benznidazole on myosin-specific DTH and antibody production, myosin immunized mice 

treated with benznidazole were examined to determine the possible effects of the drug on myosin 

autoimmunity (Figures 8-11). There was no effect, indicating that any effect of the drug on 

autoimmunity in infected mice would be related to its antiparasitic activity and not to an 

immunomodulatory action.  

 Drug treatment in infected mice was initiated at time points indicated (Figure 5) for all 

infected animals and maintained until 60 or 90 d.p.i., at which time DTH and antibody levels 

were ascertained and cardiac histopathology was assessed. Since we were unable to maintain 

viable infected, untreated control animals at 60 and 90 d.p.i. time points we established a 
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baseline (negative control) using uninfected, healthy animals expected to yield negligible, if 

not a complete absence of, autoreactivity. If our experimental group produced autoimmunity not 

significantly different (using appropriate statistical parameters) from negative controls, we 

referred to the autoimmunity associated with this particular group as “eliminated.” We observed 

that the myosin-specific DTH in infected mice at 60 d.p.i. was similar to that observed at 21 

d.p.i. (Figures 8 and 6A). In both cases, earlier initiation of benznidazole treatment led to lower 

myosin-specific DTH than did later benznidazole treatment. However, to our surprise, we found 

that myosin-specific DTH was eliminated in infected/treated mice (Figure 8). In other words, 

myosin-specific DTH levels in mice treated within the first week of infection were not 

significantly different from those in saline controls. At 60 d.p.i., myosin-specific antibodies were 

present at low levels, which did not differ significantly with the timing of benznidazole initiation 

(Figure 9). Interestingly, earlier initiation of benznidazole treatment also led to lower levels of T. 

cruzi-specific DTH than did later initiation. T. cruzi-specific antibody levels were high and did 

not differ among the benznidazole-treated groups. At 60 d.p.i., both cardiac inflammation and 

tissue parasitosis were eliminated in all infected, treated animals (data not shown). We also 

observed T. cruzi-specific DTH in myosin-immunized mice, in agreement with previous findings 

(133).  

 Similar to our findings at 60 d.p.i, we found that myosin-specific DTH was absent at 90 

d.p.i. in mice that had been treated within the first two weeks of infection (Figure 10). Myosin-

specific antibody levels were also low and were absent in some animals in which treatment was 

begun early (Figure 11; d7 and d14). We also observed that T. cruzi-specific DTH levels were 

lower than those seen at 21 d.p.i., although T. cruzi-specific antibody levels were high and did  
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Figure 8. Initiating benznidazole treatment within the first week of infection eliminates 

myosin- and T. cruzi-specific DTH at 60 d.p.i.  

T. cruzi- infected and saline-injected A/J mice were treated with a curative dose of benznidazole 

beginning at the indicated d.p.i.. Mice immunized with myosin/CFA, with or without 

benznidazole treatment, were also included (right). Infected, untreated control animals were not 

included since they expire within 30 d.p.i. At 60 d.p.i., myosin-specific and T. cruzi-specific 

DTH responses were measured by a 24-hour ear swelling assay (168).  Error bars indicate 

standard errors of the mean for a minimum of three animals . * p < .05 relative to saline-injected, 

treated control animals. See Figure 5 for schematic of experimental design. 
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Figure 9. Initiating benznidazole treatment within the first week of infection has no 

significant effect on IgG production at 60 d.p.i.  

T. cruzi- infected and saline-injected A/J mice were treated with a curative dose of benznidazole 

beginning at the indicated d.p.i.. Mice immunized with myosin/CFA, with or without 

benznidazole treatment, were also included (right). Infected, untreated control animals were not 

included since they expire within 30 d.p.i. At 60 d.p.i., T. cruzi-specific and myosin-specific IgG 

titers were determined by ELISA. Each dot corresponds to one animal. * p < .05 relative to 

saline-injected, treated control animals. See Figure 5 for schematic of experimental design. 
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Figure 10.  Initiating benznidazole treatment within 2 weeks of infection results in an 

absence of myosin-specific and a reduction of T. cruzi-specific DTH at 90 d.p.i.  

T. cruzi infected and saline-injected A/J mice were treated with a curative dose of benznidazole 

beginning at the indicated d.p.i.. Mice immunized with myosin/CFA, with or without 

benznidazole treatment, were also included (right). Infected, untreated control animals were not 

included since they expire within 30 d.p.i.  At 90 d.p.i., myosin-specific and T. cruzi-specific 

DTH responses were measured by a 24-hour ear swelling assay.  Error bars indicate standard 

errors of the mean for a minimum of three animals.. * p < .05 relative to saline-injected, treated 

control animals. # no statistical significance since only two mice involved. See Figure 5 for 

schematic of experimental design. 
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Figure 11.  Initiating benznidazole treatment within 2 weeks of infection reduces myosin-

specific, but has no significant effect on T. cruzi-specific IgG production at 90 d.p.i.  

T. cruzi infected and saline-injected A/J mice were treated with a curative dose of benznidazole 

beginning at the indicated d.p.i.. Mice immunized with myosin/CFA, with or without 

benznidazole treatment, were also included (right). Infected, untreated control animals were not 

included since they expire within 30 d.p.i. At 90 d.p.i., T. cruzi-specific and myosin-specific IgG 

titers were determined by ELISA. Each dot corresponds to one animal. * p < .05 relative to 

saline-injected, treated control animals. # no statistical significance since only two mice 

involved. See Figure 5 for schematic of experimental design. 
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not differ among treatment groups. At 90 d.p.i., cardiac inflammation and parasitosis were 

absent from all infected, treated animals (data not shown). In contrast to what was observed at 60 

d.p.i., T. cruzi-specific DTH was eliminated in myosin immunized mice.  

 

Secondary T. cruzi infection or myosin-immunization induces cardiac autoimmunity and 

myocarditis in benznidazole-treated mice.   

Finally, we investigated the ability of a secondary T. cruzi infection or a noninfectious cardiac 

insult to initiate a cardiac autoimmune response and/or myocarditis in animals that had been 

treated with benznidazole and no longer exhibit myosin-specific DTH. Since we observed the 

complete disappearance of inflammation, parasitosis and myosin-specific DTH in T. cruzi-

infected mice that had received long-term treatment with benznidazole, we began with these 

animals for the experiment. After continuous daily treatment of infected mice from 14 d.p.i. to 

90 d.p.i., we terminated drug treatment and either re-infected mice with a virulent, heart-derived 

substrain of the T. cruzi Brazil strain, immunized mice with cardiac myosin, or injected mice 

with saline. As an additional control, we also infected naïve mice that had received benznidazole 

for 90 days. Twenty-five days later (115 d.p.i.) we found that re-infection or myosin-

immunization of these mice resulted in the restoration of both cellular and humoral cardiac 

autoimmunity and mild myocarditis (Figures 12-14). The magnitude of autoimmunity and the 

severity of myocarditis in re-infected animals were not as great as seen in animals infected for 

the first time (Figures 6 and 7). Despite the absence of parasitosis observed after re-infection, 

parasite-specific DTH and antibody levels were induced to high levels (Figures 13 and 14). 

Interestingly, in a separate experiment, treated mice reinfected with the original Brazil T. cruzi  
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Figure 12. T. cruzi reinfection or myosin immunization of infected, benznidazole-treated 

mice restores cardiac inflammation but not parasitosis.  

Mice were infected with T. cruzi or injected with saline and treated with benzinidazole from 14 

days d.p.i. through 90 d.p.i. At 90 d.p.i., treatment was terminated and groups of animals were 

immunized with saline, immunized with myosin, primarily infected with T. cruzi, or re-infected 

with T. cruzi as indicated. (A) Twenty-five days later inflammation and parasitosis were assessed 

by analyzing hematoxylin and eosin stained heart sections.  Each dot corresponds to one animal.  

(B)  Representative cardiac sections from histologic analysis of mice at 115 d.p.i. Mice primarily 

infected with T. cruzi after PBS injection and no drug treatment until day 90 developed 

myocardial inflammation and necrosis with the presence of parasite pseudocysts (right). Mice 

infected with T. cruzi and treated with benznidazole until 90 d.p.i. and then immunized with 

myosin developed severe myocarditis and fibrosis (center). Mice infected with T. cruzi and 

treated with benznidazole until 90 d.p.i. and then immunized with PBS had normal cardiac 

histology (left).  See Figure 5 for schematic of experimental design. 
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Figure 13.  T. cruzi reinfection or myosin immunization of infected, benznidazole-treated 

mice restores myosin-specific cellular autoimmunity.  

Mice were infected with T. cruzi or injected with saline and treated with benzinidazole from 14 

days d.p.i. through 90 d.p.i. At 90 d.p.i., treatment was terminated and groups of animals were 

immunized with saline, immunized with myosin, primarily infected with T. cruzi, or re-infected 

with T. cruzi as indicated. Twenty-five days later (115 days after the initiation of the 

experiment), myosin-specific and T. cruzi-specific DTH responses were measured by a 24-hour 

ear swelling assay. Error bars indicate standard errors of the means for a minimum of three 

animals. Statistics are provided relative to the infected, treated, group immunized with saline at 

90 d.p.i. (* p < .05, ¥ p = .057). See Figure 5 for schematic of experimental design. 
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Figure 14. T. cruzi reinfection or myosin immunization of infected, benznidazole-treated 

mice restores myosin-specific humoral autoimmunity.  

Mice were infected with T. cruzi or injected with saline and treated with benzinidazole from 14 

days d.p.i. through 90 d.p.i. At 90 d.p.i., treatment was terminated and groups of animals were 

immunized with saline, immunized with myosin, primarily infected with T. cruzi, or re-infected 

with T. cruzi as indicated. Twenty-five days later (115 days after the initiation of the 

experiment), myosin-specific and T. cruzi-specific IgG titer values were determined by ELISA. 

Each dot corresponds to one animal. Statistics are provided relative to the infected, treated, group 

immunized with saline at 90 d.p.i. (* p < .05, ¥ p = .057). See Figure 5 for schematic of 

experimental design. 
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strain displayed no signs of myocarditis and maintained the absence of myosin-specific DTH 

(data not shown).  
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E.  Discussion 

 

Autoimmunity develops in some humans and experimental animals as a result of T. cruzi 

infection. However, the role of autoimmunity in disease pathogenesis and the mechanism(s) by 

which it is induced remain obscure issues. In this study, we addressed the importance of live T. 

cruzi-induced damage to the induction and persistence of cardiac autoimmunity by reducing the 

number of parasites in infected animals with the trypanocidal drug, benznidazole. Infection of 

A/J mice with the Brazil strain of T. cruzi typically leads to the development of severe 

inflammation and parasitosis in the heart along with strong cardiac myosin-specific cellular and 

humoral immunity 21 d.p.i. and mortality by 30 d.p.i. The early administration of benznidazole 

decreased the severity of myocarditis, eliminated mortality in infected animals, and permitted us 

to conduct long term experiments (60 and 90 d.p.i.). Unfortunately, the early mortality associated 

with our disease model prevented us from analyzing infected, untreated controls for the duration 

of the experiment (specifically at 60 or 90 d.p.i.). However, because autoimmunity persists 

throughout the course of long-term infection when other strains of parasite and mouse are 

employed (17, 119, 143, 169), it is highly unlikely that autoimmunity in A/J mice infected with 

the Brazil strain would spontaneously resolve within several months of infection. Further, our 

finding that autoimmunity can be “restored” by infection or immunization of treated-cured mice 

at 90 d.p.i. shows that these animals retain their autoimmune potential upon treatment. Finally, it 

should be noted that autoimmunity persists in some humans with chronic T. cruzi infection (77, 

97, 170, 171).  
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 Depending on the time of drug treatment initiation, myosin-specific immunity, 

measured by DTH and antibody production, was significantly reduced or eliminated in both 

acute (21 d.p.i.) and chronic (60 and 90 d.p.i.) phases of experimental CHD. Elimination of both 

cardiac parasitosis and parasitemia (data not shown) illustrated the effective reduction of the 

parasite in all drug-treated, infected animals. Additionally, strong myosin-specific immune 

responses observed in myosin-immunized animals treated with drug clearly showed that 

benznidazole has no inherent impact on the development of autoimmunity.  

The mechanism of bystander activation posits that viable parasites destroy heart tissue, 

causing release of host antigens (121) and subsequent stimulation of autoreactive cells. 

Bystander activation has also been invoked to explain the presence of myosin-specific T cells in 

patients after myocardial infarction (172). In other words, any cause of cardiac myocyte damage, 

including parasite-induced cytolysis, can cause bystander autoimmunity. Molecular mimicry, on 

the other hand, states that an infectious agent (parasite, bacteria or virus) possesses epitopes that 

are immunologically similar to host determinants and due to minor antigenic differences between 

the two, the pathogen epitope is able to induce an immune response that breaks tolerance to the 

host peptide (130). This mechanism has been attributed to a variety of cases of infection-induced 

autoimmunity, including streptococcus-induced myocarditis (90, 131) and even T. cruzi-induced 

Chagas disease (77, 113).  

 We found that the reduction of infectious parasites drastically lessens or eliminates 

myosin-specific immunity, lending strong support to the bystander activation mechanism. 

However, benznidazole treatment also caused significant reductions in T. cruzi-specific antibody 

titers (Figure 7) as well as parasite-specific DTH (Figure 8). Furthermore, the myosin-
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immunized animals displayed significant parasite-specific immunity (Figures 8 and 9), 

consistent with previous results (55) showing cross-reactive immune responses. These results 

suggest the possibility that reduction of parasite load can eliminate cardiac autoimmunity (i) by 

attenuating the extent of cardiomyocyte damage and (ii) by lowering the number of pathogenic 

mimic epitopes (T. cruzi antigens) to which cross-reactive T cells can respond. The development 

of strong myosin-specific immunity and an absence of detectable cardiac damage observed upon 

immunization with T. cruzi protein extract (133) suggests that molecular mimicry is a likely 

mechanism of autoimmunity during infection, although bystander activation may be required for 

development of myocarditis. Considered together with previous findings, the results of the 

current study pointing to bystander activation as vital to autoimmunity in CHD lead us to 

hypothesize that viable parasites together with parasite specific immunity cooperatively 

contribute to the onset and maintenance of cardiac autoimmunity.  

 We observed that levels of both T. cruzi and myosin-specific antibody levels were higher 

the later benznidazole treatment was initiated (Figure 7). One hypothesis to explain this result is 

that the levels of antigen-specific antibodies may be associated with the severity of myocarditis 

and level of T. cruzi. These, in turn, are related to the day of benznidazole treatment initiation. 

This hypothesis may also explain why myosin-specific DTH levels increases the later the day of 

initial benznidazole treatment. However, it does not explain how T. cruzi-specific DTH is high 

regardless of when benznidazole was administered (Figure 6A).  The maintenance of this 

parasite-specific immunity along with low, residual levels of autoreactivity could account for the 

mild inflammation observed in all drug-treated animals in the acute phase of disease (Figure 6B).  
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The negligible parasitosis observed in the treated animals at this stage also suggests a potential 

role for minor parasite-mediated damage, resulting in mild inflammation. 

 Treatment of infected mice with benznidazole resulted in the elimination of myosin-

specific DTH and a decrease in T. cruzi-specific DTH by 60 and 90 d.p.i. (Figures 8 and 10). The 

decrease in antigen-specific DTH, months after removal of the antigenic stimulus, may suggest 

that levels of antigen-specific memory T cells decrease over time, especially in the absence of 

continuous antigen stimulation, but this remains to be investigated. This theory is controversial; 

some contend that antigen persistence is not required for the maintenance of long-lived memory 

(173) while others have found that antigen persistence is linked to the persistence of T cell 

memory in cases of Plasmodium exposure (174, 175) and coronavirus-induced encephalitis 

(176). This hypothesis may also explain why T. cruzi-specific DTH levels are eliminated in 

myosin immunized mice over time (Figures 8 and 10). We also observed a decrease in myosin-

specific antibodies in treated mice over time, which may support the hypothesis of a decrease in 

the autoimmune memory response over time. We did not observe a similar decrease in T. cruzi-

specific antibody levels over time. The high levels of T. cruzi antibodies, seemingly unaffected 

by benznidazole initiation, may be explained by (i) the insensitivity of our IgG assay in detecting 

differences in T. cruzi-specific IgG at high titers, (ii) persistence of T. cruzi-specific memory B 

cells (177) or (iii) the long half life of T. cruzi-specific IgG (178). 

 The elimination of cardiac autoimmunity observed in the late stage of disease prompted 

us to investigate whether this re-establishment of self-tolerance could be maintained in the 

presence of a secondary infection or general cardiac-specific insult. One potential mechanism to 

explain the elimination of autoimmunity in treated mice is that reduction of parasites caused a 
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reduction of parasite-associated damage and concomitant immune exposure to myosin. The 

absence of immune exposure to myosin and the return to a state of normalcy, free from infection-

induced inflammatory conditions, caused the dampening of the self-directed immune response 

resulting in restoration of myosin tolerance. If this were the case, secondary infection or cardiac 

insult resulting in the presentation of cardiac myosin to autoreactive T cells should not elicit an 

autoimmune response. Reinfection with a virulent, cardiotropic parasite strain caused the 

reappearance of myosin-specific autoimmunity and mild myocarditis. This suggests that, while a 

large number of myosin-specific T cells may become unresponsive after eradication of infection, 

a strong enough secondary stimulus is sufficient to reactivate this population. Histologic analysis 

of the cardiac tissue also revealed reduced parasitosis in the hearts of mice reinfected with the 

hypervirulent strain compared to that seen in either the acute phase of disease or in those mice 

infected primarily. This suggests that the reactivation of the autoreactive cells, together with 

elevated parasite-specific immunity, is largely responsible for the mild, chronic inflammation. 

While not completely protected from T. cruzi, these “immunized” mice may have an enhanced 

ability to clear the parasite. In fact, re-infection with the original Brazil strain did not induce 

myosin-specific DTH (data not shown). This may be due to the strong anti-T. cruzi Brazil 

immunity (high specific DTH and antibody levels), which protected these animals (no 

parasitosis, parasitemia or myocarditis). The absence of myocarditis after reinfection with the 

original Brazil strain could mean no damage, no presentation of myosin, no myosin 

autoimmunity, and therefore no myosin-specific DTH. From the perspective of treating human 

infection in which individuals can be infected or re-infected with varying parasitic strains at any 

time, these results suggest that elimination of the parasite may be the best option to eliminate 



 

 

89

autoimmunity and maintain self-tolerance. Of course, these results also suggest that an 

effective T. cruzi vaccine must prevent T. cruzi associated damage due to exposure to highly 

virulent strains, which may involve autoimmunity. 

 The overall importance of this last suggestion is debatable since it is not at all clear 

whether autoimmunity associated with T. cruzi infection in humans is pathogenic. The 

controversy surrounding autoimmunity as a major mechanism of pathogenesis in Chagas disease 

is currently under investigation by a number of laboratories. This study establishes a direct 

association between the parasite load and the magnitude of cardiac autoimmunity in 

experimental T. cruzi infection. This line of experimentation encourages future exploration of T. 

cruzi infection-induced autoimmunity and the relationship of inflammation and damage to 

autoimmunity in all autoimmune diseases. Areas of current study include the mechanism by 

which autoimmunity resolves upon drug treatment and the functional immunology of parasite-

specific and myosin-specific lymphocytes in this powerful model of infection-induced 

myocarditis. Finally, because treatment with the trypanocidal drugs trifluralin (179) or TAK-187 

also prevents cardiac damage in an experimental model of Chagas disease (180), it will be 

interesting to know whether autoimmunity is reduced in these animals as well.  
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A.   Abstract 

 

Chagas disease, caused by infection with the protozoan parasite Trypanosoma cruzi, is a major 

public health problem in Central and South America.  The pathogenesis of Chagas disease is 

complex and the natural course of infection is not completely understood.  The recent 

development of bioluminescence imaging technology has facilitated studies of a number of 

infectious and noninfectious diseases.  We developed luminescent T. cruzi to facilitate similar 

studies of Chagas disease pathogenesis.  Luminescent T. cruzi trypomastigotes and amastigotes 

were imaged in infections of rat myoblast cultures, which demonstrated a clear correlation of 

photon emission signal strength to number of parasites used.  This was also observed in mice 

infected with different numbers of luminescent parasites, where a stringent correlation of photon 

emission to parasite number was observed early at the site of inoculation, followed by 

dissemination of parasites to different sites over the course of a 25 day infection.  Whole animal 

imaging from ventral, dorsal and lateral perspectives provided clear evidence of parasite 

dissemination.  The tissue distribution of T. cruzi was further determined by imaging heart, 

spleen, skeletal muscle, lungs, kidneys, liver, and intestines ex vivo.  These results illustrate the 

natural dissemination of T. cruzi during infection and unveil a new tool for studying a number of 

aspects of Chagas disease, including rapid in vitro screening of potential therapeutic agents, roles 

of parasite and host factors in the outcome of infection, and analysis of differential tissue tropism 

in various parasite-host strain combinations. 
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B.  Introduction 

 

Trypanosoma cruzi, the causative agent of Chagas disease, is an intracellular, eukaryotic parasite 

of the family Trypanosomatidae.  Endemic to vast regions of Central and South America, Chagas 

disease remains the leading form of infectious heart disease worldwide (1).  While previous 

reports from the World Health Organization estimated that 16-18 million people are infected 

with Chagas (2, 3), a more recent analysis indicates that this number has been reduced to nearly 

8 million, due to progress in the control of vectorial transmission in Latin American countries 

(World Health Organization, www.who.int/mediacentre/news/releases/2007/pr36/en/index.html).  

However, despite the optimistic nature of this statistic, the report also states that cases are now 

being identified outside of the typical endemic regions due to increasing incidences of blood 

transmission (4) and organ transplantation (5). Chagas disease can occur in an acute phase, 

typically characterized by high parasitism, fever and lymphadenopathy, but more commonly 

progresses to a chronic phase where cardiac alterations or gastrointestinal disorders are observed.    

Although the tissue tropism can vary among parasite strains (181), it is generally thought 

that, while capable of invading virtually any cell in the body (182), T. cruzi preferentially targets 

neuronal and muscle cell-types (182) and its associated pathogenicities have typically been found 

to correspond to parasitosis of the myocardium (69, 70, 144, 148, 183) or digestive tract (146).  

These organs are often the focus of Chagas disease research, since these are the well-

characterized disease manifestations.  While other studies have identified trypanosomes in liver, 

spleen, and lung tissue, (181) and, more recently, bone and cartilage (184) these distributions 

generally follow the use of immunosuppressive therapy (185-187) to facilitate robust parasite 

http://www.who.int/mediacentre/news/releases/2007/pr36/en/index.html
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proliferation and expansion.  Regardless of the mode of infection or treatment regimen, the 

sacrifice of animals has typically been required to obtain information on dissemination of 

parasites and detection of parasites in specific tissues following infection.  Furthermore, 

quantification of whole animal and organ-specific parasite burden has been both cumbersome 

and inconsistent, incorporating such techniques as PCR amplification or in situ hybridization of 

parasite-specific genes from tissue (70, 188-190), parasite antigen-specific immunofluoresence 

(183, 191, 192) and the counting of either nests of parasite amastigotes in tissue sections or free-

swimming trypomastigotes in the blood (193-196).  While these approaches have certainly been 

adequate for a variety of studies of experimental Chagas disease pathogenesis, they are also 

accompanied by significant limitations.   

During the past several years, bioluminescence imaging (BLI) techniques have overcome 

these limitations in the analysis of many disease processes, including various models of cancer 

tumorigenesis (197-201) and infections caused by bacteria, viruses, fungi and parasites, nicely 

summarized in a recent review (202).  The incorporation of in vivo BLI has not only provided a 

means by which to evaluate the spatiotemporal progression of disease in real-time, but has 

brought about the opportunity to observe potentially biologically relevant interactions of host and 

pathogen, in the case of infectious disease, that may have otherwise gone unnoticed.  In general, 

BLI detects light resulting from the reaction of luciferase enzymes with a specific substrate.  This 

is made possible by utilizing either bacterial luciferase genes capable of encoding both enzyme 

and substrate that are typically transferred to other species of bacteria, or by using luciferase 

enzymes from higher organisms such as the firefly or sea pansy (202).  While the use of bacterial 

genes precludes the use of exogenous substrate to initiate the luciferase enzymatic reaction, 
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employing genes from the firefly and other such organisms requires that luciferin substrate be 

provided to produce detectable light.   

 In this study, we sought to develop bioluminescent T. cruzi for in vivo BLI analysis of 

infection using our well-established model of experimental Chagas disease.  To do this, we 

engineered the Brazil strain of T. cruzi to express firefly luciferase using standard transfection 

methods.  Following infection of animals with different numbers of luminescent T. cruzi 

trypomastigotes, we observed clear qualitative and quantitative differences in parasite burden up 

to two weeks post infection, after which time a similar burden was achieved and maintained 

throughout the remainder of the acute infection.  In addition to in vivo imaging of parasite 

infection in A/J mice, we were also able to detect luminescence in all three life cycle stages of T. 

cruzi by different methods.  Finally, we illustrate the ability to detect luminescence in several 

harvested organs in a terminal, ex vivo analysis.   
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C.  Materials and Methods 

 

Parasites 

The Brazil, heart-derived strain of T. cruzi (56) was used for the experiments described here.  

Epimastigotes, used for transfection and specific in vitro assays, were maintained in 

supplemented liver digest neutralized tryptose medium (LDNT) as described previously (203).  

Epimastigote transfectant cultures, consisting of differentiated metacyclic trypomastigotes, were 

used to infect monolayers of H9C2 rat myoblasts (American Type Culture Collection, Manassas, 

VA) from which trypomastigotes could be continually passaged and isolated.  These 

trypomastigotes were used for all animal infections described.   

 

Generation of bioluminescent Trypanosoma cruzi 

For stable integration of the firefly luciferase gene into the tubulin locus, we used plasmid 

pBS:THT-x-T (the generous gift of Wesley Van Voorhis (University of Washington)).  In this 

pBluescript (Stratagene, La Jolla, CA)-based plasmid, the HygTK gene is flanked by β-tubulin 

untranslated/intergenic regions (UTR/IR) and the gene of interest is flanked by α-tubulin 

intergenic regions (204). The MluI site in the β-α UTR/IR was converted to a unique SalI site for 

plasmid linearization prior to transfection.  The firefly luciferase gene was amplified by PCR 

from the pGL3 basic vector (Promega, Madison, WI) with forward primer 5’-

GGATCCATGGAAGACGCCAAAAACATAAAG-3’ and reverse primer 5’-

TCTAGATTACACGGCGATCTTTCC-3’ which included the BamHI and XbaI restriction sites 

(underlined), respectively.  The resulting amplicon was ligated into the pCR-blunt vector 
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(Invitrogen, Carlsbad, CA) and was selected for kanamycin resistance.  The luciferase coding 

sequence was then liberated by digestion with BamH1 and Xba1 and the purified insert was 

directionally cloned into pBS:THT-x-T using these sites.  The resulting plasmid, pBS:THT-Luc-

T was linearized with SalI and 10 µg of DNA was transfected into T. cruzi by electroporation 

with a Gene Pulser (Bio-Rad, Hercules, CA) using the following conditions:  500 µF, 450 V, in a 

0.2cm cuvette.  Briefly, mid-log stage (~2 × 107/ml) epimastigotes of T. cruzi Brazil heart strain 

(56) were harvested by centrifugation, washed twice in PBS supplemented with 1 mg/L glucose 

and resuspended at a final concentration of 1 × 108 cells in 0.4 mL of electroporation buffer 

(phosphate buffered saline (PBS) with 0.5 mM MgCl2 and 0.1 mM CaCl2).  Following 

electroporation, the cells were placed on ice for 15 min and were transferred to flasks containing 

5 mL of LDNT.  Forty-eight hours post transfection, cells were selected for resistance to 

hygromycin (Boehringer–Mannheim, Mannheim, Germany) at 0.75 mg/ml.  Drug-resistant 

parasites were analyzed for luciferase activity 6 weeks following transfection. 

 

In vitro bioluminescent imaging 

To confirm the expression of luciferase in antibiotic resistant transfectants, T. cruzi epimastigotes 

were serially diluted from 1 × 10
6
 to 500 parasites in Dulbecco’s phosphate buffered saline (PBS, 

GibcoBRL, Grand Island, NY) into a black 96-well plate (Costar, Acton, MA).  A 50 µL cell 

suspension was mixed with 50 µL of Steady Glo reagent (Promega, Madison, WI), according to 

the manufacturer’s instructions.  After 5 min, the plate was read using a SpectraMax Gemini XS 

(Molecular Devices, Sunnyvale, CA) and analyzed with SoftmaxPro 4.8 software (Molecular 

Devices).  Wild-type (untransfected) Brazil heart T. cruzi was included as a negative control.  
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For further analysis of luminescence in trypomastigote and amastigotes life stages, active, in 

vitro rat myoblast infections, using a variety of parasite-to-myoblast ratios (as described in Fig. 

1) were also analyzed for bioluminescence.  Infections were given 5 days to become established 

in a clear 6-well plate (BD Biosciences, San Jose, CA), luciferin was added to 150 µg/ml, and 

plates were imaged using the Xenogen IVIS system (see below for a description of the IVIS 

imaging system and analysis software) after a 5 min incubation.   

 

Experimental animals and T. cruzi infections 

4-6 week old male A/J mice (Jackson Laboratories, Bar Harbor, ME) were housed under specific 

pathogen-free conditions. Mice were infected by intraperitoneal injection of either 1 × 10
6
, 1 × 

10
5
, or our standard quantity of 1 × 10

4 Brazil heart strain, luminescent T. cruzi trypomastigotes 

derived from infection of tissue culture H9C2 rat myoblasts. Wild-type Brazil heart 

(untransfected) T. cruzi and uninfected controls that had received an intraperitoneal injection of 

PBS were included for in vivo analysis.  The use and care of mice were conducted in accordance 

with the guidelines of the Center for Comparative Medicine at Northwestern University.   

 

In vivo and ex vivo bioluminescent imaging 

Prior to bioluminescent imaging, mice were anesthetized with 1.5% isofluorane. After anesthesia 

was achieved, 150 mg/kg body weight of substrate luciferin potassium salt dissolved in PBS and 

filtered through a 0.22 µm filter (Molecular Therapeutics, Ann Arbor, MI) was administered by a 

single intraperitoneal injection.  Mice were placed into the camera chamber, where a controlled 

flow of 1.5% isofluorane in air was administered through a nose cone via a gas anesthesia system 
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designed to work in conjunction with the bioluminescent imaging system (IVIS 100; Xenogen, 

Alameda, CA).  This imaging system consists of a cooled charge-coupled device camera 

mounted on a light-tight specimen chamber, a camera controller, and a Windows computer 

system. In order to allow adequate dissemination of the luciferin substrate (205), mice were 

maintained for 10 minutes after injection of the substrate.  Mice were imaged in dorsal, ventral 

and left lateral positions by capturing a grayscale body image overlaid by a pseudocolor image 

representing the spatial distribution of the detected photons.  Images were collected with 0.5 to 2 

min integration times depending on signal intensity.  For the analysis of parasites in specific 

organs, mice were administered the luciferin substrate, as described, maintained for 5 min and 

sacrificed for organ harvest.  Data acquisition and analysis were performed by using the 

LivingImage software (Xenogen) where luminescence could be quantified as the sum of all 

detected photon counts per second within a chosen region of interest. 
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D.  Results 

 

Evaluation of Trypanosoma cruzi bioluminescence 

To examine the live, in vivo dissemination of T. cruzi in a non-invasive manner, we engineered 

bioluminescent epimastigotes by integrating the firefly luciferase coding sequence into the 

tubulin locus.  The luciferase coding sequence from the pGL3 basic vector was directionally 

subcloned into the pBS:THT-x-T tubulin integration vector (204), and integrated into the 

intergenic regions of parasite α- and β-tubulin after electroporation (Figure 15A).  Integration of 

the luciferase gene was initially confirmed using pulsed-field gel electrophoresis and later with 

the appearance of expected band sizes from Southern blot analysis of genomic DNA digested 

with restriction enzymes BglII, SacII and SphI (204) and probed with the entire coding region of 

luciferase (Figure 16).  Eight weeks post transfection, an antibiotic-resistant epimastigote 

polyclonal population displayed notable luminescence measured by a standard plate-reading 

apparatus, indicating successful integration and expression of the luciferase gene (Figure 15B).  

Further analysis of this luminescent population was conducted by allowing the epimastigote 

population to differentiate into metacyclic trypomastigotes.  Once metacyclogenesis occurred, 

trypomastigotes were used to infect myoblasts at variable ratios from which both infectious 

trypomastigotes and intracellular, replicating amastigotes could be imaged for luminescence.  

The imaging of this in vitro infection revealed significant bioluminescence with an expected 

correlation of signal strength to parasite number (Figure 17).   

 

In vivo characterization of luciferase T. cruzi   
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Figure 15. Generation and epimastigote analysis of luminescent T. cruzi.  

(A) Construct and cloning strategy used to generate luminescent T. cruzi.  pBS:THT-x-T 

(obtained from Wesley Van Voorhis, University of Washington), a plasmid with a pBluescript 

backbone and a hygromycin-resistance gene, was modified by insertion of the firefly luciferase 

gene.  After linearization with SalI, the plasmid was transfected into T. cruzi epimastigotes and 

the Hyg and Luc genes integrated into the tubulin locus by homologous recombination.  

(B) Serial dilutions of antibiotic-resistant, T. cruzi epimastigote transfectants and wild-type 

epimastigotes were examined for luciferase activity.  A black, 96-well plate containing 50 µL 

suspensions of parasites, mixed with 50 µL of Steady Glo reagent was read by a SpectraMax 

Gemini XS Microplate Spectrofluorometer and analyzed with SoftmaxPro 4.8 software.  

Abbreviations: RLU, relative light units 
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Figure 16.  Southern blot analysis of luciferase gene integration into T. cruzi genome.  

Southern blot analysis of the pTHT-Luc-T integration into the tubulin locus. Genomic DNA (5 

µg) was digested with restriction enzymes Bgl II (Bg), Sac II (Sc) and Sph I (Sp) and 

fractionated on a 1.0% etBr-agarose gel. Blots were probed with either the entire coding region 

of the Luc or HygTK gene. DNA sizes are marked in kilobase pairs. Expected band sizes for 

each restriction enzyme digest are indicated.  Strategy partially adapted from (204).  

Abbreviations:  Luc, luciferase; HygTK, hygromycin thymidine kinase 
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Figure 17. Bioluminescent imaging of T. cruzi-infected myoblasts in vitro.  

Luminescent trypomastigotes and amastigotes were examined for luciferase activity in active, in 

vitro rat myoblast infections using parasite:myoblast ratios of 40:1, 20:1, 10:1, 5:1, 2:1 or 

uninfected (NI).  Five days post infection, D-luciferin was added to each well and the 6-well 

plate was imaged with the Xenogen IVIS system after a 5-min incubation (see Materials and 

Methods for detailed description).  In the pseudocolor image the luciferase activity or photon 

intensity ranges from the lowest intensity (blue) to highest intensity (red).  Abbreviation: min, 

minimum. 
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Once the myoblast infections were established and propagated by serial passage, it was not 

possible to determine with accuracy the number of parasites responsible for generating the 

luminescent signals shown in Figure 17.  However, based on a comparison of the number of 

trypomastigotes used to initiate the in vitro infection and the numbers of epimastigotes used for 

the experiment of Figure 15B, it appeared that the IVIS instrument was far superior to the 

standard plate-reading apparatus in luminescence sensitivity.  For this reason, and to determine 

the minimal inoculum required to follow the course of infection in our mouse model of Chagas 

disease, we infected mice with 106, 105, or 104 (our normal inoculum) luminescent 

trypomastigotes by intraperitoneal injection.  Imaging of these mice, as soon as one hour post 

infection, revealed the capability of the IVIS system to detect all amounts used, with clear 

differences in signal strength (Figure 18).  The magnitude of light emission was noticeably 

higher in the in vivo infection than in the in vitro infection when comparing the maximum values 

indicated on the scales.  Interestingly, while infection with 104 luminescent trypomastigotes 

produced a signal clearly above that of wild-type parasites in vivo (not shown), nearly 2 × 105 

epimastigotes were required to generate a luminescent signal above that of wild-type cells 

(Figure 15B).  The dissemination of parasites was monitored in infections initiated with the 

different inocula over 25 days, showing the highest parasite burden at 10 days post infection 

when the highest number of trypomastigotes was used, but then a reduced and more dispersed 

burden similar among the three animals by three weeks post infection (Figure 18).  When 

quantified, the signal intensity in all infections indicates a peak of parasite burden at 10 days post 

infection when using either 1 × 106 or 1 × 105 parasites, with a slight lag in peak signal (14 days 

post infection) when using 1 × 104 parasites (Figure 19).  Additionally, at two weeks post  
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Figure 18. Luminescent T. cruzi imaged at various times post infection in A/J mice with an 

IVIS imaging system.  

Trypomastigotes were isolated from in vitro myoblast infections and different amounts, as 

indicated, were injected intraperitoneally into A/J mice.  Mice were imaged ventrally starting 1 

hour after infection and monitored the days post infection as shown.  For all images shown, the 

color scale ranges from blue (just above background with a minimum set to 15,000 

photons/sec/cm2/sr) to red (maximum of 1 × 106 photons/sec/cm2/sr).  Abbreviation:  min, 

minimum. 
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Figure 19. Whole-body parasite burden quantification from infection of A/J mice with 

multiple dosages of luminescent or wild-type T. cruzi trypomastigotes.  

The course of whole-body parasite burden expressed in terms of the photonic signal resulting 

from infection of A/J mice with either 106, 105 or 104 luminescent or 106 wild-type T. cruzi 

trypomastigotes.  The total light emission from the entire mouse body was measured and data 

points were generated from the analysis of at least two mice per infection condition.  Day 0 post 

infection corresponds to measurements acquired 1 hour post infection (see Fig 18).  The signal 

shown for wild-type infection corresponds to background noise of the IVIS instrument. 
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infection, the original number of parasites used for infection becomes irrelevant as photon 

emission, or luminescence, among the groups was indistinguishable (Figure 19) and parasitosis 

appears to become more organ specific at later time-points (Figure 18).  It is noteworthy that the 

10-fold differences of parasite quantity used for the initial infection correlates with 10-fold 

differences in luminescence signal intensity observed one hour post infection (Figure 19). 

 

Course of intraperitoneal infection observed in the A/J-Brazil strain-strain model of 

experimental Chagas disease 

Since our experimental model of acute Chagas disease is normally initiated with the 

intraperitoneal injection of 104 Brazil strain trypomastigotes, we conducted a thorough analysis 

of parasite dissemination from three perspectives.  As expected, the majority of luminescence 

observed early in the infection was in the lower left quadrant, where the parasites are 

administered.  This was consistently observed from ventral, dorsal, and left lateral viewpoints 

(Figure 20).  As the infection progressed, the overall intensity of luminescence decreased and 

specific regions retained parasites, indicative of possible occupancy in specific organs.  For 

instance, at both 21 and 25 days post infection, it appears that parasites are persistent in regions 

corresponding to lung or heart, as might be expected (Figure 20, ventral).  The persistence of 

luminescence emitted from the lower portion of the mouse abdomen suggested a general 

maintenance of parasite proliferation in this intraperitoneal region or specific habitation of 

parasites in the gastrointestinal tract.  To further examine the parasite burden in an organ-specific 

manner, several organs were harvested from animals 25 days post infection and imaged for 

luminescence.  These animals were provided D-luciferin substrate, provided time for adequate  
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Figure 20. Course of parasite dissemination in a mouse model of experimental Chagas 

heart disease.  

A/J mice were injected intraperitoneally with 1 × 104 luminescent T. cruzi trypomastigotes and 

imaged either ventrally, dorsally, or laterally over the course of infection prior to death typically 

observed by 30 days post infection.  For all images shown, the color scale ranges from blue (just 

above background with a minimum set to 50,000 photons/sec/cm2/sr) to red (maximum of 1 × 

106 photons/sec/cm2/sr).  The minimum for this scale was adjusted to avoid signal saturation 

during the peak of signal intensity.  The ventral, dorsal, and lateral perspectives for each 

timepoint were taken from the same animal and all images are representative of at least two 

animals.  Abbreviation:  min, minimum. 
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systemic dissemination, and sacrificed for organ harvest.  As shown in Figure 21, the 

majority of T. cruzi was found in the gastrointestinal system, particularly the large intestine (LI), 

with a notable presence in the small intestine (SI), lungs (L) and kidneys (K).  Smaller amounts 

of luminescence were also observed in the heart (H) and skeletal muscle (Sk) while either a 

completely absent or barely detectable luminescent signal was seen in spleen (Sp) and liver (Lv).  

Whole blood (B) revealed low level signal.   
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Figure 21. Detection of luminescent T. cruzi in the internal organs of infected A/J mice.  

Mice were infected with 104 trypomastigotes and injected with D-luciferin substrate (as 

described in Materials and Methods) prior to sacrifice and organ dissection.  Twenty-five days 

post infection luminescence was analyzed in heart (H), spleen (Sp), skeletal muscle (Sk), lung 

(L), kidney (K), large intestine (LI), liver (Lv), small intestine (SI) and whole blood (B).  For all 

images shown, the color scale ranges from blue (just above background with a minimum set to 

7500 photons/sec/cm2/sr) to red (maximum of 2.5 × 105 photons/sec/cm2/sr).  The minimum and 

maximum for this scale was adjusted to enhance signal detection while avoiding saturation and is 

consistent for all organs imaged.  Abbreviation:  min, minimum. 
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E.  Discussion 

 

To make bioluminescent imaging of Trypanosoma cruzi possible, a method in which the firefly 

luciferase enzyme could be stably expressed within the parasite was required.  The pBS:THT-x-

T plasmid, having been previously employed for the expression of an FL-160-GFP fusion in T. 

cruzi (204), was chosen for its ease of modification, possession of an antibiotic resistance gene 

for positive selection, and design for integration into an essential region of the trypanosome 

genome (tubulin locus) to ensure its maintained expression.  This transfection strategy produced 

transgenic parasites that could be used for animal infections without the need for continuous drug 

selection, unlike those using episomal vectors.  The administration of hygromycin following 

transfection produced a population of epimastigotes that readily display luminescent activity 

using a standard plate-reading luminometer (Figure 15B).  Although the modest sensitivity of 

this instrument precludes assessment of luciferase activity at the single-cell level, there is 

potential of such a tool for the screening of potential parasiticidal compounds.  This high-

throughput, efficient method has been effective for the investigation of anti-Leishmania 

compounds (206, 207) and could similarly be applied to luminescent T. cruzi.   

 We employed the IVIS instrument, typically used for whole animal imaging, to assess 

bioluminescence of trypomastigotes and amastigotes from a live, in vitro infection of rat 

cardiomyocytes.  This method provides a more complete picture of luminescence by providing a 

visualization of light and the ability to quantify emitted photons in a specific region of interest.  

In addition to the utility of luminescent trypanosomes for drug screening, studies of host and 

parasite factors involved in susceptibility and resistance to infection could be accomplished using 
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this technology.  For instance, specific deletion or knockdown of parasite or host cell 

components thought to be required for invasion could be quickly analyzed by determining 

whether infections can be established and maintained in culture before moving to an animal 

model.   

 The ability to image T. cruzi with IVIS instrumentation on a whole animal level will 

enable investigators to conduct important studies of virulence from both host and parasite 

perspectives as well.  We initially had to determine the threshold of detection as it relates to our 

standard mouse infection regimen.  We previously established an experimental model of Chagas 

disease in which A/J mice are infected with 104 trypomastigotes and analyzed in the acute phase 

(21 days post infection) at which time severe inflammation, fibrosis and parasitosis of the heart is 

typically observed.  To assess the sensitivity of the IVIS instrument for imaging our luciferase 

parasites we found that, while luminescence detection was minimal 1 hour post infection, the 

proliferation and dissemination over a 25 day period was sufficient to produce a maintained 

signal throughout the course of infection (Figure 18).  Interestingly, when infecting with either 

10- or 100-fold more trypomastigotes, an initial correlation of luminescence to parasite number 

was observed (Figure 19, one hour post infection), followed by a gradual equilibration of parasite 

burden by 14 days post infection.  One possible explanation for this could be a combination of 

enhanced immunity against T. cruzi coupled with an impaired capacity for immune evasion 

typically associated with the parasite.  A number of reports have described different ways in 

which T. cruzi is capable of evading host immune responses during the acute phase of infection, 

allowing the persistence to gradually contribute to chronic pathology (208-211).  With the 

extreme nature of infecting with 105 or 106 trypomastigotes, an inoculum far surpassing any used 



 

 

120

for a variety of T. cruzi-based experimental animal systems, the ability of the parasite to 

avoid the robust adaptive immune response mounted could be reduced.  By 10 days post 

infection, we observed a peak of parasite burden in these animals followed by a decrease that 

approaches that seen in animals infected with our normal quantity of parasites.  The timing of 

this event likely corresponds to the peak of the adaptive immune response, which appears to 

control the infection once the parasite burden reaches a certain point.  Interestingly, animals 

infected with the lowest number of parasites show increased parasite burden until 14 days post 

infection, at which point the animals appear to have the same burden as those receiving higher 

inocula.  In all cases, once the adaptive immune response presumably initiated full control of 

parasitism, we observed a sharp decline in burden by 21 days post infection, at which point 

parasites appeared to have taken up residence in specific organs, rather than being globally 

dispersed throughout the animal.  As the animals progress to 25 days post infection, the 

luminescent signal plateaued, suggestive of a scenario in which host immunity has controlled the 

infection and parasite persistence has been achieved.  In this particular experimental disease 

model, using the Brazil parasite strain with A/J mice, animals succumb to disease by 30 days 

post infection, prohibiting the examination of luminescence into the chronic phase of disease.  

The development of luminescent T. cruzi in other parasite strains, and performing infections in 

different strains of mice will facilitate the investigation of parasite dissemination in other, long-

term chronic animal models of Chagas disease.   

 Further analysis of our standard experimental model, using 104 luminescent 

trypanosomes, provided a clearer picture of parasite dissemination by imaging from three 

perspectives (Figure 20; ventral, dorsal and lateral).  The site of injection, in the lower left 
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quadrant, displayed the most prominent photon emission early after infection, suggesting that 

parasites immediately invade and initiate replication in surrounding tissue.  The infection spread 

over the next two weeks, at which point the peak of parasite load was observed, followed by the 

sharp decrease in luminescent signal.  By three weeks post infection, the intensity in the lower 

abdominal region was decreased, but maintained, and luminescence was observed in areas of the 

thoracic region from the ventral perspective, suggestive of parasitosis of heart or lung.  In 

addition, the dorsal view suggested potential parasitism of either the spleen or kidney at both 21 

and 25 days post infection.  While the signal observed in the abdominal region diminished over 

time, it remained strong enough to potentially mask the parasite burden associated with nearby 

tissue (e.g. skeletal muscle, liver).   

 In order to overcome this issue, we analyzed specific organs from infected mice 25 days 

post infection.  After allowing adequate dissemination of the injected luciferin substrate, mice 

were sacrificed and organs (heart, skeletal muscle, spleen, lungs, kidneys, liver, blood, large and 

small intestine) were imaged using IVIS (Figure 21).  As anticipated, due to the typical 

anatomical sites associated with Chagas disease, we observed luminescent signal from heart and 

skeletal muscle as well as gastrointestinal organs.  Surprisingly, substantial photon emission was 

observed in both lung and kidney tissue while nearly a complete absence of signal was observed 

in spleen and liver.  This was surprising, given the significant roles of these organs in the 

reticuloendothelial system.  While the blood appears to have high parasitemia based on visual 

appearance, the overall signal is actually quite low with respect to the scale of intensity (Figure 

21; B).  This low-level parasitemia is in agreement with previous findings at the acute timepoint 

used for analysis.  While others have reported parasite distribution to lung, spleen and liver in 
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cases when animals have been immunosuppressed (186) and even parasitism of bone and 

cartilage (184), it has become increasingly clear from a number of studies that the genetics of the 

parasite and host play a defining role in the tissue distribution of T. cruzi (54, 181, 183, 212-

214).  Although the pathogenesis of Chagas disease is multivariate, the persistence of T. cruzi 

has been suggested as playing a fundamental role in disease progression (68-70).  Despite the 

continued debate and variability of the mechanism of pathogenesis, the development of 

luminescent T. cruzi provides the ability to quickly screen organs and tissue samples for the 

presence of parasites.  Further correlation of whole body and harvested organ luminescence 

should permit the analysis of tissue-specific parasitization in a noninvasive manner using this 

powerful technology. In instances where parasite persistence is thought to be maintained at 

extremely low levels, such as in some chronic models of disease, it is likely that methods of 

parasite detection proven to be far more sensitive (i.e. PCR of parasite genes) will remain 

essential for specific analyses.  The observation of low-level parasitemia indicated by ex vivo 

luminescence of blood, in conjunction with the apparent absence of parasites in blood-filtering 

organs, implies clear limitations on the sensitivity of luminescence detection.  This limitation 

does not come unexpectedly, since the detection of a minimal presence of trypanosomes has 

been challenging with a number of attempted methods, as described in the introduction.  

Although the development of luminescent trypanosomes certainly does not provide a solution to 

the obstacles frequently encountered in this field of research, it will undoubtedly provide an 

alternative for a number of studies that may have otherwise required an invasive, more costly 

approach.    
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 During the past several years several groups have employed IVIS technology to a 

variety of parasitic infections (202, 215).  Recent applications to Toxoplasma gondii virulence 

have determined the importance of IFN-γ and Toll-like receptor signaling to parasite 

dissemination to the central nervous system following immunosuppression (216) or to overall 

host resistance (217), respectively.  These studies were made possible using transgenic, knockout 

mice coupled with multiple strains of luminescent Toxoplasma.  Others have used multiple 

strains to determine differences in replication capacity over time and to examine the reactivation 

of parasites during a chronic infection (218).  Dissemination patterns resulting from different 

routes of Toxoplasma infection have also been analyzed (219).  In addition to in vitro drug 

screening, bioluminescent Leishmania amazonensis has also been used in vivo and ex vivo to 

examine the response to various therapeutics on both living mice and extracted, parasitized 

organs (206).  Results of our study confirm the applicability of IVIS technology for the study of 

Chagas disease pathogenesis.  In addition to the experiments conducted in other parasitic disease 

models, such as routine in vitro drug screening (Figure 22), we will now able to address 

questions pertaining to the relevance of parasite burden to the magnitude of organ-specific 

autoimmunity (55, 56), conduct rapid screening of new potential parasiticidal drugs and test 

strategies for vaccine development against this parasite.   
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Figure 22. Imaging of luminescent T. cruzi subjected to benznidazole in vitro.  

Luminescent trypomastigotes were used to infect rat myoblasts at a ratio of 5:1.  Wild-type 

trypomastigotes and uninfected myoblasts were used as controls.  (A) Four days post infection, 

D-luciferin was added to each well and the plate was imaged with the Xenogen IVIS system after 

a 5-min incubation (see Materials and Methods for detailed description).  (B) Various 

concentrations of benznidazole were added to the top row of the plate for a period of 3 days.  D-

luciferin was again added and the plate was imaged as previously described.  (C) After thorough 

washing and elimination of drug, the plate was imaged 14 days post original infection, 7 days 

after termination of treatment, where the reappearance of live parasites is observed in the sample 

treated with the lowest concentration of benznidazole.  (Those wells not receiving drug for the 

duration of the study (row 2) display no signal at 14 days post infection due to parasite-mediated 

destruction of myoblasts leading to inactive infection.)  In the pseudocolor images the luciferase 

activity or photon intensity ranges from the lowest intensity (blue) to highest intensity (red). 
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4.  CONCLUSION 

 

 

A. Discussion of selected unpublished studies 

 

i. Fluorescent parasite-based adoptive transfer strategy 

Perhaps the most important and controversial question surrounding autoimmunity and Chagas 

heart disease is whether or not the cardiac autoreactivity is pathogenic or merely benign artifact.  

Although a variety of experiments performed in the past have presented results of successful 

adoptive transfer of autoimmunity from Chagasic animal donors to naïve recipients, appropriate 

measures to insure that transferred T cells are void of parasitic contamination have been largely 

overlooked.  Inducing pathogenesis upon transfer of autoreactive T cells from infected mice, in 

the absence of parasites, would serve as direct evidence for autoimmunity as a contributing 

factor to Chagas disease.  In order to adequately control for potential parasitic contamination of 

transferred T cells, I generated a transgenic line of parasites engineered to express red 

fluorescent protein (RFP).  Initially the dsRed monomer gene was cloned into a tubulin-based 

expression plasmid, containing the Hyg fusion for hygromycin resistance selection.  While RFP 

expression was initially verified with fluorescence microscopy of live parasites, more detailed 

analyses illustrated that 100% of parasites were not expressing detectable levels of RFP, 

suggesting that either the gene had not been properly integrated into the parasite genome 

(suggested by Southern blot; not shown) or that the levels of RFP were below the limit of 

detection by the measures being used.  The adoptive transfer strategy, illustrated schematically in 
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Figure 23, for the RFP+ trypanosomes was to employ them in a standard infection where the 

red fluorescence could be used as a means of exclusion of parasite-positive cells from the T cell 

suspension to be used for eventual transfer.  To improve the quality of our transgenic parasites, a 

new red fluorophore (mCherry), cited for its superior brightness and photostability (220) was 

used to replace dsRed monomer in the fluorescent trypanosomes.  Notably, 100% of mCherry 

parasites appeared to express detectable levels of this protein microscopically (Figure 24) but 

significant variability of expression was observed when using flow cytometry (Figure 25).  When 

using untransfected T. cruzi to establish background fluorescence levels, a large fraction of 

transfectants displayed fluorescence indistinguishable from wild-type trypomastigotes. To 

circumvent this issue, single-cell clones were derived from the highest expressors, purified from 

flow cytometric sorting.  Much to our surprise, the expansion of this highly fluorescent single-

cell clone resulted in a complete redistribution of fluorescence intensity (Figure 26).  

Interestingly, single-cell clones derived from low-expressing cells also displayed this pattern of 

intensity distribution following expansion. This phenomenon was also recently reported by other 

investigators using fluorescent trypanosomes (221) where the authors speculated that additional 

recombination events could be occuring after drug selection or cloning procedures.  Another 

possibility is the linkage of the transfected gene to the differential expression of tubulin that has 

been observed throughout the distinct life cycle stages of T. cruzi (222). 

 Using FITC-conjugated, anti-CD3 antibody, intial trials were performed to isolate 

purified T cells from infected animals, gating out and excluding mCherry+ cells.  As expected, 

the differential expression of mCherry precluded the successful acquisition of parasite-free  
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Figure 23. Schematic of proposed adoptive transfer strategy using fluorescent T. cruzi.  

Donor mice will be infected with red-fluorescent trypanosomes for a period of 21 days.  At that 

time, spleens and lymph nodes will be isolated and single cell suspensions prepared by 

conventional methods.  In order to prevent parasite contamination of cell preparations, FITC-

conjugated anti-CD3 antibody will be used to label all T cells.  Using flow cytometry, all FITC+ 

cells will be purified while excluding any red cells (representative of fluorescent T. cruzi).  The 

isolated T cells, representing the autoreactive population, can then be transferred to a naïve 

recipient that can then eventually be analyzed for autoimmunity and/or myocarditis.   
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Figure 24.  Fluorescence microscopy of mCherry T. cruzi. 

Fluorescence/phase contrast microscopy of pTHT-RFP (mCherry)-T transfected Brazil T. cruzi 

epimastigotes.  High magnification images (100x) of mCherry (ex-587nm, em-610nm)-

transfectants illustrate 100% fluorescence among the drug-resistant population, of variable 

intensity.  Blue fluorescence represents DAPI staining of nuclear and kinetoplast parasite DNA.  

mCherry is generally preferred over DsRed for its superior photostability, brightness and 

capabilities of detecting low-level expression (220). 
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Figure 25. Flow cytometric analysis of mCherry T. cruzi fluorescence distribution.  

Fluorescence-activated cell sorting of mCherry-expressing T. cruzi epimastigotes.  Transfectants 

were maintained under hygromycin drug selection in liver digest neutralized medium (LDNT) 

for a period of 4 weeks.  Based on intensity of fluorescence, both wild-type Brazil strain and 

RFP+ parasites were sorted using a DakoCytomation MoFlo cell sorter.  Gates R4 (high) and R3 

(intermediate) were based on background fluorescence of wild-type, non-transfected 

epimastigotes.  Parasites from R4 gate (high expressors) were obtained for subsequent single-cell 

cloning and expansion.  The Y-axis represents fluorescence intensity, X-axis forward scatter 

profile.   
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Figure 26.  Re-distribution of fluorescence intensity from single cell clone isolated from 

“high-expressing” gated population.  

Purified epimastigotes expressing high levels of mCherry were obtained flow cytometrically 

with a DakoCytomation MoFlo cell sorter.  Serial dilution of this population in a 96-well plate 

using conditioned liver digest neutralized medium (LDNT) with hygromycin was performed for 

a period of 3 weeks, at which time a clonal population was expanded for further analysis.  Using 

wild-type Brazil strain epimastigotes as a basis for background, the “high-expressing” clonal 

population was analyzed for fluorescence intensity via flow cytometry.  Although cloned from a 

high-expressing population (R1 gate), the clonal population displayed a complete redistribution 

of fluorescence observed in the original polyclonal population (see Figure 25).  The Y-axis 

represents fluorescence intensity, X-axis side scatter profile.   
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lymphocytes, since many parasites fell outside of the excluded population.  Although these 

results were certainly unfortunate for the completion of a novel adoptive transfer strategy, these 

transfectants have since been useful in in vitro invasion studies where 100% fluorescence is not 

essential.  From the standpoint of adoptive transfer, current studies exploring the ability to 

transfer autoimmunity using our purely autoimmune model of myocarditis are being performed, 

which will serve as a critical positive control for eventual Chagas disease transfer.  The inability 

to use fluorescence-based exclusion will encourage alternative means of avoiding parasitic 

contamination.  Despite its general toxicity or potential interference with normal lymphocyte 

activation properties, the optimization of benznidazole administration to T cells prior to transfer 

may be the best option to eliminate live parasites and move forward with this line of 

investigation.    

 

ii. The pathogenic potential of T. cruzi protein lysate immunization 

While investigating a potential mechanism by which autoimmunity and pathogenesis is induced 

in infected mice, it was previously shown that T. cruzi epimastigote lysate (completely void of 

viable parasites)-immunized mice develop cardiac myosin-specific DTH and autoantibodies 

(133).  This autoreactivity was shown to be T. cruzi specific since immunization with lysates of 

Leishmania amazonensis, a related protozoan, did not induce myosin-specific DTH.  Despite the 

reproducibility of this result, clearly illustrating crossreactive immunity (shown to be 

bidirectional with parasite-specific DTH responses observed in myosin-immunized animals and 

tolerization with parasite or myosin “cross-tolerizing” the other antigen), these mice have never 

developed significant myocarditis typically seen following either infection with live T. cruzi or 
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immunization with cardiac myosin.  While the establishment of consistent autoreactivity 

resulting from parasite lysate immunization provides clear evidence of molecular mimicry in this 

experimental system, this mechanism has not appeared sufficient to drive myocardial 

pathogenesis. 

 The obvious presence of autoreactivity in the absence of disease pathogenesis prompted 

me to more appropriately examine the disease-inducing capability of parasite antigen by using 

the mammalian, infectious parasite life cycle form, trypomastigote, as a primary immunogen.  

Other models of infection-induced myocarditis require optimal Toll-like receptor (TLR) 

stimulation to attain an effective innate, and subsequent adaptive, immune response.  Since 

TLR2 (223-227), TLR4 (228, 229) and TLR9 (227, 230) have been cited as critical modulators 

of T. cruzi induced disease, I administered the corresponding ligands, peptidoglycan, 

lipopolysaccharide (LPS) and unmethylated CpG DNA to trypomastigote lysate-immunized 

mice.  The ability of these agonists to boost innate immune responses, ultimately contributing to 

efficient and robust adaptive immunity are critical in both the clearance of a live pathogen but 

can contribute to overall inflammation responsible for the cardiac damage typically observed in 

models of acute Chagas disease.  As expected, I observed significant cellular (DTH) and humoral 

myosin autoimmunity in all groups, some of which was enhanced with TLR stimulation.  

Although moderate in vitro T cell proliferation was seen in response to parasite lysate 

stimulation, I detected negligible host-specific responses to recombinant fragments of cardiac 

myosin.  Most importantly, I did not observe myocarditis in the immunized animals, suggesting 

that either (i) other proinflammatory immune components (perhaps more related to the specific 



 

 

139

adaptive immune response) are required for pathogenesis or (ii) non-viable parasites are not a 

sufficient immunogen to induce pathogenesis.   

 I addressed the first possibility by investigating which cytokines were predominantly 

observed in the context of a live T. cruzi infection.  Other experimental models of acute Chagasic 

cardiomyopathy indicate that high levels of proinflammatory cytokines IL-12 (22), IL-1β (122), 

TNF-α (231), IL-6 (232) and IL-17 are observed in the myocardium of infected animals which 

may further exacerbate the pathology and myocardial function.  In the absence of an infectious 

agent (live parasite) the induction of proinflammatory conditions, perhaps essential to the 

development of myocardial pathology, may be absent as well.  To account for this deficiency, I 

administered each of the indicated cytokines either individually or together to skew toward either 

a T-helper 1 (Th1) (IL-12/TNF-α) or Th17 (IL-17/IL-6) profile along with the trypomastigote 

lysate immunization.  Although these mice displayed myosin-specific DTH responses and 

notable in vitro T cell activation to both parasite and host proteins, there appeared to be no 

enhancement of responses due to cytokine supplementation nor gross or histological signs of 

myocarditis.   

 The immune response generated following parasite protein immunization is clearly very 

different from that expected during a live infection.  As such, the final strategy I used in testing 

the hypothesis that parasite antigen immunity and the subsequent evolution of host immunity are 

sufficient to induce myocarditis was to employ infectious agents as “adjuvants” in our 

immunization regimen.  Recapitulating every factor – whether it be innate immune stimulant, 

cytokine or any mixture of inflammatory mediators, at physiologically relevant concentrations – 

associated with a live infection is unrealistic.  By administering live pathogens that could either 
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be cleared or maintained in such a way as to not elicit any myocardial damage independently, 

natural immune responses, consisting of inflammatory components, could supplement the 

environment typically created during a live T. cruzi infection.  I chose to use pathogens that were 

readily available and were closely related to our working disease model.  Since I had already 

shown benznidazole to be effective at reducing parasite load and preventing myocarditis, but not 

directly interfering with host immune responses (Chapter 2), I used this treatment along with 

virulent Brazil strain trypomastigote infection in one experimental group.  Other groups included 

infections with a previously identified, non-virulent clone of T. cruzi, the insect, epimastigote 

form of T. cruzi (which is known to be effectively cleared in mammals) and Leishmania major 

promastigotes (a related protozoan).  The intraperitoneal administration of these infectious agents 

was provided concurrently with the subcutaneous parasite lysate immunization.  Since 

experimental models of Chagas and autoimmune myocarditis are used routinely in our lab, I used 

both of these models to serve as positive controls for the development of heart-specific 

pathology.  Not surprisingly, all animals immunized with T. cruzi lysate produced myosin-

specific DTH and antibodies, as previously observed.  However, as also previously observed, 

none of the experimental groups displayed signs of cardiac inflammation.  Although all control 

animals infected with virulent T. cruzi displayed typical signs of gross and histological disease, 

mice immunized with Myo4 or cardiac myosin (our purely autoimmune immunization controls 

for myocarditis) unexplicably failed to produce any cardiomyopathy. Therefore, despite the lack 

of evident myocarditis resulting from this experimental procedure, the lack of myocarditis in our 

immunization control animals make it difficult to establish firm conclusions from this 

preliminary study at this point. 
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 This final strategy was designed to test the possibility that the absence of myocarditis 

following immunization with parasite proteins is simply a result of missing inflammatory 

conditions typically present during infection.  It is certainly possible for this not to be the case.  

As stated, no firm conclusion can be made at this point in the absence of valid controls, but after 

conducting numerous experiments geared toward this hypothesis, several complications of such a 

line of investigation can be addressed.  First, it is very possible that live, virulent trypanosomes 

are essential for the induction of myocarditis.  How?  One possibility is that it is the infectious 

process of cardiomyocytes and subsequent destruction of tissue that causes the massive 

inflammatory infiltrate to the organ.  The actual damage incurred through rounds of parasite 

replication and release could be vital to the initiation of disease that could then be exacerbated by 

the proceeding immune response, parasite- or host-specific or a combination thereof.  Another 

possibility is the type of immunity resulting from infection with an intracellular organism.  

Recreating the immune environment resulting from T. cruzi infection, where CD8+ T cells 

outnumber the CD4+ subset 3:1in the cardiac infiltrate, with a protein immunization that elicits a 

predominant CD4+ type response is challenging, if not unattainable.  The cytolytic activity of 

CD8+ T cells in the myocardium, rather than crossreactive CD4+ lymphocytes, could certainly 

be largely responsible for the damage observed in Chagas disease.  Even though the addition of 

non-cardiac pathogens could invoke CD8+ responses for clearance, the absence of cardiac tissue-

specific infiltrate could preclude the evolution of myocarditis regardless of the simultaneous 

circulation of parasite immunity resulting from immunization.   

 Another complication arises when considering the overall proportion of crossreactive 

antigen being used as an immunogen.  It is clear that molecular mimicry occurs in the context of 
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T. cruzi infection.  However, immunizing with an unfractionated mixture of bulk parasite 

proteins provides a limited quantity of relevant crossreactive antigen.  Assuming there are only a 

handful of proteins, or even specific epitopes, responsible for the induction of crossreactive 

autoimmunity, the immune system is essentially searching for a needle in a haystack for its 

crossreactive antigen.  Autoimmunity is truly capable of inducing myocarditis (evidenced by our 

purely autoimmune model), but as with any disease model, the immune system requires a 

sufficient depot of antigen to which it recognizes and maintains activity against.  It is unlikely 

that this sufficient quantity will ever be attained by bulk protein immunization.  Rather, if the 

molecular mimcry mechanism of autoimmunty induction is going to be shown to be pathogenic, 

the specific parasite protein, or ideally the refined peptide responsible for the crossreactivity, 

would need to be used as an immunogen in an adequate concentration.  Despite the lack of 

cardiomyopathy observed with parasite lysate immunization thus far, it is important to remember 

that molecular mimicry does indeed occur and although not necessarily independently 

pathogenic, certainly capable of contributing to an established and ongoing inflammatory 

response initiated through other mechanisms.   

 

iii. Impact of benznidazole therapy on T. cruzi infection-induced autoimmunity   

Many investigators performing benznidazole-related studies acknowledge the autoimmune 

component associated with Chagas disease, yet none have examined the impact of drug treatment 

on the antigen-specific autoreactive response.  We clearly illustrated that treatment with 

benznidazole is capable of eliminating autoimmunity in the chronic phase of disease but that this 

response can be recalled following a particular stimulus (Chapter 2). To provide a more thorough 
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understanding of how the immune system is modulated to reduce the overall severity of 

disease, a more detailed examination of how benznidazole affects subsets of responders 

(parasite- or host-specific) was pursued.  Specifically, I sought to (i) examine how the phenotype 

(activation and cytokine profiles) of T. cruzi infection-induced autoreactive T cells is altered with 

benznidazole treatment during infection and (ii) establish a mechanism for the reappearance of 

cellular autoimmunity upon secondary infection or immunization (i.e. evaluating whether 

memory T cell population is present). 

 The treatment of Chagas disease with benznidazole is known to reduce tissue parasitism, 

eliminate acute-phase symptoms, and curtail the course of infection.  This drug has been reported 

to enhance macrophage-associated phagocytosis, induce the selective expansion of effector and 

central memory CD8+ T cells, and promote resistance to reinfection (163) in some instances.  

Benznidazole therapy has typically been associated with an overall increase in proinflammatory 

cytokine production, yet some investigators claim preferential upregulation of IFN-γ from 

parasite-specific NK and CD8+ cells only, coupled with a more regulatory, IL-10-producing 

CD4+ cell phenotype (233).  In most cases, IL-12 and IFN-γ have been regarded as important 

components for maximum drug efficacy (165).   

 In order to adequately evaluate the impact of benznidazole on the myosin-specific 

autoreactive cell population in experimental Chagas, a number of cell surface markers of 

activation and memory phenotypes, along with intracellular cytokine antibodies were used.  

Since Myo4, a recombinant fragment of cardiac myosin, has been shown by our lab to induce 

myocarditis comparable to immunization with whole cardiac myosin, this slightly more refined, 

purified antigen was used as my in vitro stimulus for the analysis of the autoreactive population.  
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In addition, T. cruzi protein lysate was used to examine parasite-specific immunity.  Cells 

cultured without antigen or with anti-CD3 (a non-specific stimulant to all T cells) were included 

as negative and positive controls, respectively.  Splenocytes were harvested at either 13 or 21 

days post infection to correspond to both peaks of adaptive immunity and pathogenesis, 

respectively.  Finally, cells were stimulated with antigen in vitro for either 24 or 72 hours prior to 

analysis in order to provide time for the expansion of antigen-specific populations.   

 The existing discrepancies regarding the activation of T cells in benznidazole-treated 

mice or humans, in addition to other issues specific to our disease model, were repeatedly 

encountered in this line of investigation.  For instance, at 13 or 21 days post infection, 

autoreactive T cells from benznidazole-treated animals appeared to have a diminished activation 

phenotype, with downregulation of CD44, lower production of IFN-γ and elevated CD62L 

expression compared to untreated animals.  However, CD69 appeared to be upregulated 

following either Myo4 or parasite lysate stimulation.  After a 72 hour incubation of these cells 

with antigen, CD44 and CD62L displayed similar patterns of expression whereas IFN-γ 

production was higher and CD69 expression was reduced in drug-treated versus untreated 

animals (results that were opposite of those seen after 24-hour stimulation).  Since the expression 

of CD69 is involved with early activation events and is often transient in nature, it was not 

entirely surprising to observe changes in this marker with long incubation times.  Interestingly, in 

comparing anti-CD3 stimulated cells across groups, CD69 was most highly expressed in naïve 

animals, suggesting some overall inhibition of activation capacity in infected animals, regardless 

of treatment.  The ability of T. cruzi to dampen immunity in order to evade clearance by the host 

(208-211) could possibly account for this observation.  However, the overall incongruity of the 
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results made it difficult to form any definitive conclusions regarding the impact of 

benznidazole on antigen-specific T cells during T. cruzi infection.   

 These inconsistencies, in addition to the overall lack of clear antigen-specificity, were 

addressed in subsequent experiments.  While the cytokines being analyzed (IFN-γ, IL-4 and IL-

17) are common indicators of activation, I shifted to using more typical and less ambiguous 

extracellular markers of activation (CD25 and ICOS).   In order to enhance antigen-specificity, I 

utilized magnetic cell sorting in order to isolate purified CD4+ and CD8+ T cell populations.  It 

seemed very unlikely that an antigen-specific population (which may account for a very minor 

percentage of overall cells) could be extracted from an environment where a live infection is 

active.  In order to remove T cells from the infection-induced, hyperactivated environment where 

the observed results were most likely due to in vivo activity, rather than response to antigen in 

culture, purified CD4+ or CD8+ T cells were cultured with antigen in the presence of irradiated 

splenocytes from naïve animals as a source of antigen presenting cells.  This would, in theory, 

eliminate all possible sources of non-specific activity and potentially the discrepancy of 

activation marker expression previously observed. 

 After many attempts with this strategy, this did not entirely prove to be the case.  Despite 

the extraction of purified subsets of T cells, the extremely low percentage of antigen-specific, 

autoreactive cells often failed to yield results detectable above unstimulated cells and for the 

most part no differences between treated and untreated groups could be identified.  In terms of 

parasite-specific immunity (analyzed by stimulation with T. cruzi protein lysate), there appeared 

to be enhanced activation of CD4+ T cells, with upregulation of CD25 and IFN-γ, early after 

infection (13 days post infection) that was diminished by 21 days post infection.  One possible 
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explanation is that the administration of benznidazole contributed to a more efficient 

clearance of pathogen early after infection, indicated with elevated proinflammatory cytokine 

production, but this response waned in the eventual absence of parasites.  In untreated animals, 

the proinflammatory environment becomes established as the parasite infects and persists in 

tissue, resulting in the continued production of IFN-γ, even during the peak of disease.  

Nevertheless, it was the autoreactive response, not the parasite-specific response that was being 

primarily investigated.  The lack of differences observed between treated and untreated groups 

and the often equivalent levels of CD25 expression and IFN-γ production between stimulated 

and unstimulated cells suggests that either (i) benznidazole truly exerts no direct effect on the 

activation of autoreactive cells in this disease model or (ii) antigen-specific responses are not 

truly being generated in vitro.  The first possibility would not be surprising since we observed no 

impact of benznidazole on the generation of both humoral and cellular autoimmune responses in 

a purely autoimmune disease model (Chapter 2; Figures 8-11).  However, our ability to detect 

autoreactive antigen-specific proliferation of T cells from in vitro stimulation, using a variety of 

methods, has also been continually challenging.  With limited proliferation observed using 

traditional tritiated thymidine uptake assays from in vitro-stimulated T cells, it was not surprising 

to encounter difficulty in detecting markers of activation via flow cytometry.  Although the 

presence of myosin-specific autoimmunity is clear after parasite infection, the proportion of cells 

responding to host antigen is likely minimal in comparison to the pathogen-specific response.  

Furthermore, the specific epitope(s) responsible for the autoreactivity in our disease model are 

unknown, forcing us to administer a large protein fragment consisting of many irrelevant 

epitopes.  Without a more refined system of peptide specificity, administering an adequate 
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concentration of antigen in culture is a concern.  Whether or not benznidazole plays a direct 

role in the ability to alter an autoimmune response has been adequately addressed with our model 

of experimental autoimmune myocarditis (Chapter 2).  The limitations of investigating the 

infection-induced, cardiac autoimmune response, as described, will continue to make more in-

depth analyses of this response challenging until a more detailed understanding of its specificity 

is established.   

 

B.  Summary and Future directions 

 

After the establishment of a murine model of Chagas heart disease in which mice display severe 

cardiac inflammation and fibrosis, parasite-specific immunity and strong cardiac immunity, a 

number of important questions followed. In part, my thesis research was focused on answering 

the basic question of the relationship between T. cruzi levels and the magnitude of autoimmunity.  

Since infection with various dosages of T. cruzi appeared to have no impact on the magnitude of 

cardiac myosin autoimmunity observed, I took a different approach to examine a potential 

correlation between parasite burden and autoreactivity.  To do so, the trypanocidal drug, 

benzndizole, was administered to infected mice at various times post infection (Figure 5).  The 

impact of this drug was evaluated in terms of not only autoimmunity, but also parasite-specific 

immunity and overall myocardial pathogenesis (Chapter 2).  This drug is currently used for the 

treatment of Chagasic patients and was already known to reduce or eliminate T. cruzi and 

decrease disease in the acute phase.  This was also seen in our disease model of A/J mice 

infected with the Brazil strain of T. cruzi where anti-T. cruzi immunity, parasitosis of heart 
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tissue, and disease were reduced or eliminated (Figures 6 and 7).  Since we had previously 

observed the capability of parasite protein immunization to induce myosin-specific 

autoimmunity, it was not entirely obvious what to expect in this line of investigation.  Defining a 

correlation between levels of parasite and the magnitude of autoimmunity would suggest an 

important role for live parasites in the induction and/or maintenance of the autoreactive response.  

However, no correlation would suggest that either brief or prolonged exposure to T. cruzi is 

sufficient to induce similar magnitudes of myosin autoimmunity.  While we had already seen 

that molecular mimicry was a valid mechanism for the induction of autoimmunity, this line of 

research was designed to evaluate the importance of bystander activation, not only for a 

mechanism of autoimmunity induction, but also for its role in disease pathogenesis.  The 

consistent absence of myocarditis following immunization with parasite antigen led me to 

hypothesize that the magnitude of autoimmunity would be directly proportional to the amount of 

damage caused by the parasite, since live parasites appeared to be crucial for the inflammation 

(likely consisting of parasite- and host-specific cells) observed in Chagas disease.   

 As detailed in Chapter 2, the hypothesis was validated when we observed reduced or 

eliminated myosin autoimmune responses in both acute and chronic phases, along with complete 

eradication of or limited disease severity.  Evidence of a correlation of the waning autoimmune 

response to the presence of parasites was illustrated by the fact that, when given time to establish 

infection and expand (i.e. treatment not initiated until two weeks post infection), parasites 

elicited normal autoimmune responses not significantly different than those observed in 

untreated animals (Figure 6).  In other words, as long as the parasite levels were controlled with 

drug within the first week of infection, the development of cardiac autoimmunity was limited.  
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Therefore, a brief exposure to T. cruzi is insufficient to induce magnitudes of autoimmunity 

typically observed following longer exposure, whether it be from persistent infection or 

immunization with parasite antigen.  This suggests that although molecular mimicry is a valid 

mechanism of T. cruzi infection-induced autoimmunity, it is likely that live parasite-induced 

bystander activation is responsible for the potentially pathogenic autoimmunity that ensues in the 

heart tissue.   

 Myosin autoimmunity failed to persist in the absence of T. cruzi, indicating that tolerance 

had been effectively reestablished after drug treatment and parasite clearance.  We then sought to 

determine whether there would then be permanent protection from either secondary infection or 

another form of cardiac insult.  The restoration of both myosin-specific autoimmunity and 

moderate disease showed that although the majority of myosin-specific T cells became 

unresponsive after the pathogen was cleared, a significant secondary stimulus could not only 

reactivate this population, but could also elicit recruitment and subsequent damage to cardiac 

tissue.  The persistence of a dormant population of autoreactive memory T cells was likely 

responsible for such a recall response, but it is possible that after the return to a state of 

homestasis, free from inflammatory conditions, the immune system responded to the secondary 

insult as if it were its first encounter (i.e. the restored autoimmune response was simply a newly 

generated action against cardiac injury).  Interestingly, only reinfection with a heart-derived, 

more virulent strain of T. cruzi or immunization with cardiac myosin resulted in the restored 

autoreactivity and myocarditis.  The fact that reinfection with the original Brazil strain, from 

which the mice were adequately protected, did not result in myocarditis or autoimmunity 

strongly suggests and further supports the notion that, in the context of Chagas disease, live 
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parasites are necessary for inducing myocyte damage and releasing abundant amounts of 

cardiac antigen required to break self-tolerance, invoke an autoimmune response and ultimately 

cause inflammatory heart disease.  If it were only the presence of T. cruzi-specific immunity 

required for autoimmunity and subsequent pathogenesis, we would have expected to observe the 

restoration of anti-myosin immunity, even in the animals capable of clearing the secondary 

infection.    

 The reduction of live parasites drastically lessens or eliminates myosin autoimmunity 

most likely by either attenuating the overall extent of cardiomyocyte damage and/or lowering the 

number of immunologically similar pathogenic epitopes (parasite antigens) to which 

crossreactive T cells can react.  While these two possibilities correspond to bystander activation 

and molecular mimicry, respectively, the reported findings tend to favor bystander activation as a 

particularly important mechanism by which autoimmunity occurs during T. cruzi infection.  

Whether or not the autoimmune response is vital to the pathogenic process is still not entirely 

clear from this study.  However, perhaps the most important implication derived from this study 

is the notion that elimination of the parasite is clearly the best strategy to eliminate 

autoimmunity, uphold self-tolerance and prevent disease.  Despite the mechanism responsible for 

the induction of autoimmunity or the certainty of its benign or pathogenic nature, an effective T. 

cruzi vaccine could theoretically prevent parasite associated damage and autoimmunity.  This is 

particularly important in the field of Chagas disease research, since several investigators have 

claimed that the autoimmunity hypothesis has strongly discouraged the exploration of vaccine 

development.  Being able to potentially discontinue usage of a fairly non-specific drug like 

benznidazole, that has significant collateral effects on patients, for the treatment of infection 
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would be a substantial clinical advance for the millions affected by Chagas.  Knowing that 

autoimmunity can be controlled, regardless of its potential contribution to inflammation, by 

controlling the infection should strongly promote the further engineering of prophylactic 

treatment for this dreadful disease. 

 Since the hesitation associated with vaccine development stems from the potential 

autoreactivity that might result from immunization with a crossreactive T. cruzi antigen, it would 

be interesting to examine the autoimmunity-inducing potential of already identified vaccine 

candidates in animal models of disease (234-238).  Many of these studies have overlooked the 

very aspect of vaccine development that is hindering the progression of this strategy to a more 

clinically focused trial.  Investigating the ability of established vaccines to induce autoreactivity 

in an animal disease model known to be autoimmune-susceptible would be the most appropriate 

way in which to confirm that elimination of the parasite, even via prophylaxis, is capable of 

preventing the onset of autoimmunity and subsequent pathogenesis.  Even if immunization with 

a particular parasite antigen were shown to induce an autoreactive response, the enhanced 

immunity against the live pathogen may prove to supercede the onset of autoimmunity.  Our 

studies, thus far, have not shown the presence of parasite- and host-specific immunity to be 

sufficient for disease induction, making the targeting of live parasites the obvious primary 

objective for treatment.      

  

 Another aspect of my thesis research was centered on investigating the natural course of 

T. cruzi infection.  In general, the cardiac abnormalities and gastrointestinal disorders are often 

the focus of Chagas research, since the majority of symptomatic patients display alterations of 
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these organs in the chronic phase of disease.  The tissue tropism of T. cruzi is known to vary 

among strains, but it has been established that neuronal and muscle cell types are often targeted.  

However, the occasional finding of T. cruzi in other organ systems, either in experimental 

models or human patients makes the understanding of the spatiotemporal distribution of the 

parasite a matter of interest.  As such, I set out to adapt a bioluminescence imaging strategy to 

analyze the natural course of infection in our experimental Chagas model in a non-invasive 

manner (Chapter 3).  The transfection of Brazil strain T. cruzi with the gene encoding the firefly 

luciferase enzyme, capable of producing light upon interaction with its luciferin substrate, 

successfully enabled the non-invasive monitoring of parasite dissemination over the course of 

time.  In addition to the in vivo utility, the development of this tool was also found to be useful 

for in vitro processes as well (Figures 17 and 22).  Although preliminary studies illustrated the 

ability to simply image in vitro infections and test the trypanocidal activity of drugs, more in 

depth studies of the invasion process could be greatly facilitated with this novel parasite line.  

The ability to visualize and quickly quantify parasite burden in animals or culture is an exciting 

advancement for numerous future studies.  

 Following the confirmation of luminescence in my transfectants (Figures 15 and 17), 

some studies were needed to determine the sensitivity of the imaging instrument for luminescent 

trypanosomes in mice.  While these experiments, using different infection dosages in A/J mice, 

were intended to provide an idea of limitations of the imaging technology, the results of the 

timecourse analysis between groups proved to be very interesting.  Although some animals were 

infected with 10- or even 100-fold more trypomastigotes, all groups displayed equivalent 

magnitudes of peak parasite burden at the same timepoint (d14 post infection), despite significant 
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differences early after infection (Figures 18 and 19).  This observation corresponded well 

with previous findings where, regardless of infection dosage, animals displayed equal 

magnitudes of cardiac autoimmunity.  In future experiments, it would be interesting to determine 

whether the magnitude of parasite-specific immunity changes over time to directly correlate with 

the differential parasite burdens observed within the first two weeks of infection.  Also, since we 

have previously observed cardiac autoimmune responses as early as 7 days post infection (55), 

the analysis of this autoreactive response over time would be very informative as well.   Based 

on earlier findings, one would expect the magnitude of cardiac autoimmunity to increase as 

parasite burden increases, followed by a sharp decline and plateau as parasite levels are 

controlled.  However, in this instance, parasites are not being eliminated as was the case with 

drug treatment, but rather just being controlled.  It is likely that myosin-specific immunity would 

be present early after infection and increase as the parasites took up residence in and began 

eliciting damage of heart tissue.  Whatever the timecourse of autoimmunity may be, this 

experiment suggested that regardless of the infection dose used, levels of parasitism are 

gradually equilibrated, likely accounting for the equivalent magnitudes of autoimmunity 

observed at the peak of disease in other experiments.    

 The thorough analysis of dissemination in our standard experimental model illustrated the 

spreading from the site of infection, to what appeared to be a large part of the body, to gradual 

specific sites of organ habitation (Figure 20).  The subsequent analysis of organs provided 

expected (parasites in heart, skeletal muscle and intestines) and surprising (parasites in kidneys 

and lungs but absent in reticuloendothelial organs) results (Figure 21).  As is the case with any 

novel approach, the nature of these experiments produced a plethora of new questions and 
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applications.  First and foremost, the sensitivity of this method of quantification must be 

thoroughly addressed in order to provide a reliable basis for comparison.  As previously stated, 

methods of detection such as PCR that have proven to have superior sensitivity will likely 

continue to be needed for analyses when very small numbers of organisms are involved.  

However, by carefully analyzing the limit of detection of luminescence from T. cruzi, the 

quantity of parasite burden (measured in emitted photons) could be used as a correlative to such 

established methods.  Specifically, determining what number of parasites corresponds to a 

particular photons/sec/cm2 output will be very useful for future studies.  Such studies will consist 

of an examination of the impact of the route of infection on parasite dissemination, an analysis of 

the course of infection in disease-susceptible and resistant mouse strains as well as with disease-

inducing and benign strains of parasite (which will need to be engineered to express luciferase).  

The finding of intense parasitism in the intestines was not surprising when considering the 

relevance of this organ to Chagas disease, yet being so close to the site of intraperitoneal 

infection, it will be interesting to determine whether other sites of administration (subcutaneous, 

intravenous, oral) still produce similar patterns of dissemination.  Also, those mice that are 

capable of clearing infection without signs of pathogenesis will be imaged to determine if 

parasites proliferate and expand throughout the body or are immediately cleared by the immune 

response.   

 Other areas of interest are to investigate the organs that appeared to display parasitosis in 

our ex vivo imaging (Figure 21).  Although it is accepted that T. cruzi can infect virtually any cell 

type, the preference for muscle and nervous tissue has placed a focus on the corresponding 

organs.  Since we observed parasites in lung, kidney, and intestines in our model that has been 
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designed for analysis of heart disease, it will be interesting to determine whether these organs 

are merely harboring parasites or if the infection of these tissues is causing damage and 

inflammation.  Since we have determined that harvesting and expanding parasites from the hearts 

of mice results in a more virulent, cardiotropic population (56), the ability to force tropism to 

specific organs by repetitive rounds of harvesting and infection will be investigated.  Finally, the 

importance of immune factors (Toll-like receptor signaling, specific cytokine environment) to T. 

cruzi dissemination and/or resistance will be examined by incorporating various conditional 

knockout animals into our studies; much like what has been completed for other infectious 

systems (216, 217).    

 

C. Final remarks 

 

A disease in which multiple pathogenic mechanisms are integrated and operative to different 

extents depending on the immunogenetics of the host, the virulence of the parasites, and a 

number of other physiological factors is a considerable challenge to research.  Attempting to 

break down these mechanisms into individual entities would be considered by some to be futile.  

After all, a pathogenic process, such as Chagas disease, consists of intracellular parasites that not 

only elicit major damage by rupturing any cell they inhabit, but also cause the evolution of a 

massive immune response as the host desperately strives to clear the infection, as it would any 

other foreign pathogen.  As the immune system accelerates by calling on all essential cytokines, 

chemokines and other inflammatory mediators, droves of macrophages, neutrophils, eosinophils, 

and likely an array of other subsets, are set into motion.  With the sole intention of clearing the 
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foreign pathogen before too much damage is done, the immune system cannot avoid the 

destruction of some innocent bystanders and perhaps becomes confused in some instances about 

what is foreign and what only looks to be foreign but is, in actuality, part of its own body.  

Autoimmunity ensues, throwing yet another curveball into an already confounded scenario of 

parasite proliferation, persistence and damage and the considerable effort being made to 

eradicate the foreign body entirely.  Amidst all of the activity, how important can the 

autoimmune factor really be?  One would be tempted to merely brush it aside as an insignificant 

process that was just an unfortunate accident – a brief lapse in judgment by a hyperactive 

immune system.  However, the fact that this very autoimmune response is capable of driving 

myocardial pathogenesis on its own in the right conditions begs for reconsideration of its 

potential importance.  It is, after all, part of the pathogenic process – perhaps not the most 

important part, but a part nonetheless.  

 It is for this reason that we embrace the challenge of Chagas disease research and strive 

to understand just how important autoimmunity is and whether it truly should be a major 

concern.  The complex nature of the disease undoubtedly makes it difficult to come to any 

concrete answers, but discoveries are built on incremental progress.  Despite the apparent 

failures and unproven hypotheses encountered during my thesis research, I have successfully 

provided an encouraging basis for the continued exploration of vaccine development for Chagas 

disease by showing that clearance of the parasite, by whatever means, will likely remove 

autoimmunity and all other confounding mechanisms of pathogenesis from the equation.   In 

addition, I have taken advantage of new and exciting technology by applying the ability to 

temporally monitor a live process within the same animal to T. cruzi infection.  This tool will 
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open doors not only for our own lab to pursue but for many others already interested in 

exploring biological and physiological processes of T. cruzi in a non-invasive, visual manner.  

Chagas disease research will continue to present numerous challenges, regardless of my 

individual, incremental progress.  Nevertheless, the scientific community owes it to the millions 

of people currently infected with T. cruzi or suffering from chronic Chagas disease to continue to 

make these incremental strides.  Single significant discoveries are simply not possible without a 

multitude of incremental findings.   
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