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Abstract
Trypanosoma cruzi is an obligate intracellular parasite that causes incurable
Chagas disease that affects millions of people worldwide. In acute infection, T
cruzi grows abundantly throughout the body, triggering severe inflammatory
responses in most organs, including the nervous system and heart. Infected
hearts display focal inflammatory infiltrates and fibrosis that lead to histological
and functional alterations, such as cardiomyocytolysis, cardiac murmur, pleural
effusion, and conduction abnormalities. Yet, acute myocarditis subsides in most
patients without sequelae. This raises the possibility that T cruzi expresses
agents that stimulate host repair mechanisms to help heal infected tissues.
These putative agents cannot help in chronic Chagasic cardiomyopathy (CCC),
characterized by relentless excessive inflammation and fibrosis that result in
cardiac insufficiency and death in approximately 30% of patients, because tissue
parasitism and, consequently, T cruzi-enabled tissue repair agents in CCC is
extremely scarce. Therefore, administration of beneficial T cruzi-derived repair
agents in CCC could prevent or revert tissue destruction. We have discovered
one such agent, T cruzi’s parasite derived neurotrophic factor (PDNF), which, by
binding neurotrophin receptors TrkA and TrkC, triggers parasite entry into cardiac
host cells while promoting host cell survival, induces secretion of chemokines
that facilitate migration of resident cardiac progenitor/stem cells (CPCs) in the
myocardium, and further expand, induce cell survival, and stimulate the
production of the anti-inflammatory protein TSG-6 (tumor necrosis factor-α
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stimulated gene-6) by CPCs. Equally important, intravenous administration of
recombinant PDNF dramatically ameliorates inflammation and fibrosis, and
reduces pro-inflammatory cytokine expression in the hearts of mice with CCC.
Therefore, our results validate the novel concept of a microbial pathogen
stimulating mutually beneficial repair of infected tissues, and suggest a novel
therapeutic opportunity for CCC.
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Controlling Inflammation: The Neurotrophic Antiinflammatory Pathway in Chagas Heart Disease

CHAPTER 1.

1.1

INTRODUCTION

History of Trypanosoma cruzi and Chagas disease

Phylogenetic analysis of 18S rRNA sequences indicates that salivarian
trypanosomes (the Trypanosoma brucei clade transmitted by insect bites,
associated with African sleeping sickness) diverged from the stercorarian
trypanosomes (the T cruzi clade transmitted by insect fecal contamination)
approximately 100 million years ago (Stevens et al., 1999). Though it was
postulated that continental divide contributed to this divergence, the lack of high
diversity of the T cruzi clade in South American terrestrial mammals suggests no
co-evolution generating host-species-specific genotypes have occurred
(Hamilton et al., 2012). Recent molecular evidence indicates that T cruzi may
have evolved from a bat trypanosome, a scenario known as the ‘bat seeding’
hypothesis (Hamilton et al., 2012).
Based on paintings dating back approximately 26,000 years in cave/rock shelters
that represented a prime habitat for the T cruzi insect vector Triatoma
brasiliensis, it was postulated that Chagas disease existed for as long as humans
have inhabited the Americas (Araújo et al., 2009). Recently, mummified remains
dating back 9,000 years, found in pre-Colombian Andean countries, were
observed to display lesions typical of Chagas disease and tested positive for T
cruzi as assessed by PCR (Araújo et al., 2009). However, T cruzi was identified
2

and characterized as the etiological agent of Chagas disease just over a hundred
years ago.
On April 15, 1909, Carlos Chagas (1878-1934, Figure 1.1a), a young researcher
from the Instituto Oswaldo Cruz (Oswaldo Cruz Institute), proclaimed to the
scientific world of a new tropical disease caused by the protozoan T cruzi that
was transmitted by a hematophagous bug, known locally as ‘barbeiro’ or kissing
bug, that proliferated in the mud walls typically found in houses of poor, rural
areas now known as the Brazilian municipality of Lassance, located north of the
state of Minas Gerais (Kropf and Sá, 2009). Chagas was the first, and to this day
remains the only, scientist in the history of medicine to completely describe an
infectious disease by identifying the insect vector, causative pathogen, and
characterizing the human disease epidemiology and manifestations and phase of
the disease that afflicts millions of people worldwide, indeed a great
breakthrough for which many say Carlos Chagas should have been awarded the
Nobel Prize (Kropf and Sá, 2009).
Carlos Chagas’ discovery started when he was dispatched by his mentor,
Oswaldo Cruz, to Minas Gerais in 1907 with the purpose of combating malaria,
which was impeding the construction of a new railroad (Kropf and Sá, 2009).
Once there, Carlos Chagas learned of a common hematophagous beetle that fed
on locals during their sleep. Aware that blood-sucking insects could serve as
vectors for infectious diseases, he examined the bug and found trypanosomes in
their feces and sent the insects back to Cruz for further analysis. The insects
3

were allowed to feed on a marmoset monkey, which became ill, while
trypanosomes were detected in their blood. Carlos Chagas christened this new
species of infectious protozoan, T cruzi, in honor of his mentor (Chagas, 1909a).
Carlos Chagas then returned to Lassance, where he had initially found the insect
vector. There, he isolated trypomastigotes from a febrile and anemic two year-old
girl, Berenice (Figure 1.1c), the first documented human case of Chagas disease
(Chagas, 1909b). Carlos Chagas continued to characterize the different
developmental stages of T cruzi in both the insect and mammalian host (Chagas,
1909c). Shortly thereafter, Carlos Chagas published an early characterization of
the clinical stages of the disease in humans (Chagas, 1910). Carlos Chagas was
nominated for a Nobel Prize in Physiology or Medicine in 1920, but unscrupulous
political bureaucracy denied him the award, which was left unawarded in 1921
(Bestetti et al., 2013, 2009).
Treatment options for Chagas disease have proven to be elusive and remain
inadequate more than a century after discovery of the disease. Thus, Chagas
disease still remains a menace to the Americas, where the disease is endemic,
and to other parts of the world due to easy travel and migration of populations out
of endemic regions.

4

Figure 1.1. Discovery of Trypanosoma cruzi and the origins of Chagas disease.
(a) Carlos Chagas, discoverer of Chagas’ disease (credit: Wikipedia). (b)
Rhodnium prolixus, an example of a ‘kissing bug’ insect vector, capable of
transmitting T cruzi (credit: WHO). (c) Berenice, the first recorded live patient of
Chagas disease (credit: Tuoto, 2010). (d) Trypomastigote form of T cruzi in a
blood smear (credit: CDC, Dr. Mae Melvin). (e) T cruzi cardiac parasitism of a
mouse 30 days post-infection (Hardison et al., 2006).
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1.2

T cruzi life cycle

Scientific classification: domain - Eukarya; kingdom - Excavata;
phylum - Euglenozoa; class - Kinetoplastida; order Trypanosomatida; genus - Trypanosoma; and species - T. cruzi.

Chagas disease is caused by T cruzi, a protozoan member of the
Trypanosomatidae family, and has a high incidence and negative economic
impact in developing countries in Central and South America (de Souza et al.,
2010). One specific feature of trypanosomatids is that they change their general
shape during their life cycle (de Souza et al., 2010). T cruzi presents a complex
life cycle (Figure 1.2) involving several developmental stages found in its
invertebrate host, as well as in the bloodstream of its vertebrate host (de Souza
et al., 2010; Rassi Jr et al., 2010).
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Figure 1.2. Vector-borne transmission and life cycle of Trypanosoma cruzi.
Reprinted from The Lancet, Vol. 375, Rassi Jr, A., Rassi, A., Marin-Net, J.A.,
Chagas disease, pg. 1388-1402, (2010), with permission from Elsevier. (Figure 1
from Rassi Jr et al., 2010)
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1.2.1 Invertebrate host

The life cycle of T cruzi begins when an insect of the Reduviidae family sucks the
blood of a T cruzi infected vertebrate host (de Souza et al., 2010). Once
ingested, most of the trypomastigotes are lysed in the insect’s stomach and the
surviving trypomastigotes transform into spheromastigotes or epimastigotes (de
Souza et al., 2010). Epimastigotes migrate to the insect’s intestine where they
divide intensely and attach to the perimicrovillar membranes of intestinal cells in
the posterior midgut (Andrade and Andrews, 2005; Brener, 1973; de Souza et al.,
2010). This adhesion step is important to trigger the process of transformation of
the noninfective epimastigotes into highly infective metacyclic trypomastigotes, a
process that involes the participation of surface-exposed glycoconjugates
(Andrade and Andrews, 2005). At the most posterior regions of the intestine and
at the rectum, many epimastigotes detach, transform into metacyclic
trypomastigotes, and are then released, together with feces and urine, when the
insect takes another blood meal of a vertebrate host (de Souza et al., 2010).
1.2.2 Vertebrate host

Usually, infection of mammalian hosts takes place through direct inoculation of
metacyclic trypomastigotes through the ocular mucosa or the lesioned skin
during the insect blood meal (de Souza et al., 2010). Newer forms of
transmission are mediated digestively, congenitally, or through blood transfusion
or organ transplant (Bern et al., 2011; Coura, 2009; Dias et al., 2002; Hotez et
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al., 2012; Ventura-Garcia et al., 2013). Once in the mammalian host, metacyclic
trypomastigotes invade cells at the inoculation site, including fibroblasts,
macrophages, and epithelial cells, through the recognition of parasite and hostcell molecules (de Souza et al., 2010).
These host-pathogen interactions contribute to the adherence, signaling, and
invasion of the parasite into vertebrate host cells. The parasite is engulfed by an
endocytic vacuole known as the parasitophorous vacuole (Rassi Jr et al., 2010).
Phagolysosome fusion is essential for parasite retention inside host cells and
development. The long and thin trypomastigote forms differentiate into rounded
amastigote forms with a short flagellum, while at the same time, parasite
enzymes lyse the parasitophorous vacuole membrane so that the amastigote
forms become in direct contact with host cell organelles in the cytoplasm (de
Souza et al., 2010).
In the cytoplasm, amastigotes replicate by binary fission with a doubling time of
about 12 h over a period of 4-5 days (Bern et al., 2011). At the end of this period,
the amastigotes transform into trypomastigotes, the host cell ruptures, and the
trypomastigotes are released into the circulation. The circulating parasites can
then invade new cells and initiate new replicative cycles, or are taken up by naïve
insect vectors that feed on the host. In the absence of successful
antitrypanosomal treatment, the infection can last for the lifetime of the
mammalian host (Bern et al., 2011).
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1.3

Chagas disease epidemiology

Before widespread vector control was instituted in the early 1990s, it was
common to find that >60% of adults infected with T cruzi in communities that are
endemic for Chagas disease (Bern et al., 2011). In cross-sectional community
surveys, most infected individuals are asymptomatic; an estimated 70 to 80% will
remain asymptomatic throughout their lives (Rassi Jr et al., 2010). Since 1991,
the estimated global prevalence of T cruzi infection has fallen from 18 million to 8
million, due to intensive vector control and blood bank screening initiatives
previously set in place (Dias et al., 2002). The Pan American Health organization
estimates that approximately 60,000 new T cruzi infections occur each year.
Based on the reported number of immigrants from countries in Latin America
where Chagas disease is endemic, there are an estimated 300,000 persons with
T cruzi infection currently living in the United States (Bern and Montgomery,
2009). Patients with clinical manifestations of Chagas disease, especially
cardiomyopathy, are assumed to be present, but go unrecognized in hospitals
and health care facilities in the United States. Because cardiac and
gastrointestinal manifestations usually begin in early adulthood and progress
over a period of years to decades, the prevalence of clinical disease increases
with increasing age (Bern et al., 2011). Factors that contribute to clinical
manifestations of Chagas disease are the insect vector, T cruzi strain, and
mammalian hosts.
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1.3.1 Triatomine vector biology

Triatomines of both sexes must take blood meals to develop through their
nymphal stages to adults, and females require a blood meal to reproduce (Bern
et al., 2011). Sylvatic triatomine species colonize nests of rodent or marsupial
reservoir hosts, but are also capable of adapting to colonize human dwellings,
partly due to pressures of deforestation and human immigration from the Amazon
and Panama. More than 130 triatomine species in the Americas can transmit T
cruzi (Bern et al., 2011; Dias et al., 2002; A. R. Teixeira et al., 2006). These
genotypes are classified based on size polymorphism or sequence analysis of
several gene loci. Eleven species of triatomine bugs have been reported in the
continental United States: Triatoma gerstaeckeri, T incrassata, T indictiva, T
lecticularia, T neotomae, T protracta, T recurva, T rubida, T rubrofasciata, T
sanguisuga, and Paratriatoma hirsuta (Bern et al., 2011). One species, T
rubrofasciata, is found in Hawaii. T gerstaeckeri is one of the most frequently
collected and tested species in the US, and in one study out of 1,800 collected
specimens, 1,038 (57.7%) were shown to be infected with T cruzi (Bern et al.,
2011).
Triatomine feeding and defecation behaviors are important risk factors for vectorborne transmission (Bern et al., 2011). North American vector species in general
exhibit greater post-feeding defecation delays than important Latin American
vector species, and thus, delayed defecation may contribute to lower vector-
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borne transmission efficiency in the US (Bern et al., 2011; Coura, 2009; Dias et
al., 2002).
1.3.2 T cruzi genetic diversity

T cruzi is a genetically heterogenous species that has a wide variability in
biological and biochemical characteristics. Historically, two major groups, TcI and
TcII, existed, wherein TcII was later subdivided to TcIIa-e (Bern et al., 2011).
Recently, consensus was reached to rename them to the six major lineages, TcI
to TcVI. TcI and historic TcII (TcII-V) represent ancestral groups, whereas TcV
and TcVI lineages are products of at least two hybridization events (Zingales et
al., 2009).
TcII, TcV, and TcVI are the lineages most commonly reported in human Chagas
disease in southern South America. These lineages are closely associated with
the domestic transmission cycle and the domestic vector Triatoma infestans
(Bern et al., 2011; Rassi Jr et al., 2010; A. R. Teixeira et al., 2006). TcV and TcVI
have been reported in cardiomyopathy and intestinal megasyndromes in the
Southern Cone (Argentina, Chile, Bolivia, and Brazil) (Coura, 2009; Dias et al.,
2002). In contrast, intestinal Chagas disease is rare in northern South America,
Central America, and Mexico, where TcI is the predominant lineage. In the US,
two genotypes, TcI and TcIV, have been reported (Bern et al., 2011; Dias et al.,
2002).
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1.3.3 Mammalian reservoirs and hosts

All mammals are considered to be susceptible to infection; to date, over 100
mammalian species have been reported as natural hosts for T cruzi (Bern et al.,
2011). As in humans, the majority of infected animals are in the chronic phase of
infection. Primary reservoirs and transmission dynamics of T cruzi differ between
the eastern and western regions of the US; the western US has the greatest
reservoir diversity, where woodrats are most commonly infected. In the eastern
US, raccoons, opossums, armadillos, and skunks are infected (Bern and
Montgomery, 2009; Montgomery et al., 2014). In addition, domesticated animals
such as felines and canines can be infected, with canines developing similar
disease characteristics to humans (Pereira and Navarro, 2013). Older dogs were
more likely to be infected, as studies in both the US and Latin America have
reported increasing seropositivity with increasing age (Bern et al., 2011).
Recently, cases of dogs suddenly dying, likely due to cardiac dysfunction, in
kennels in Texas highlight a growing crisis of canine Chagas in the US
(Tompkins, 2014).
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Figure 1.3. Chagas disease progression.
The acute phase (green box, images from WHO) of Chagas disease is marked
by parasitemia and tissue parasitism which peaks weeks after initial infection,
characterized by strong inflammatory responses and fever-like symptoms. The
indeterminate phase (gray box) follows with undetectable/low parasitemia and
parasitism, and 60-70% of those infected remain in this phase for the remainder
of theirs lives without sequelae. 30-40% of infected individuals eventually
develop the chronic clinical forms of Chagas disease (the most common forms
affect the heart; cardiomegaly and cardiac fibrosis are depicted), with parasite
levels increasing, decades after initial infection (red box, images from CDC).
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1.4

Chagas disease manifestations

1.4.1 Acute phase

The incubation period following vector-borne T cruzi exposure is 1 to 2 weeks,
which subsequently gives rise to the acute phase (Bern et al., 2011). The acute
phase lasts 8 – 12 weeks and is characterized by circulating trypomastigotes
detectable by microscopy of fresh blood smears. Most patients remain
asymptomatic or have mild, nonspecific symptoms, such as fever, and do not
need clinical attention. In some patients (Figure 1.3, green), severe inflammation
and swelling at the site of cutaneous inoculation, known as a chagoma, occurs
(de Souza et al., 2010; Rassi Jr et al., 2010). Inoculation via the conjunctiva
leads to the characteristic unilateral swelling of the upper and lower eyelids
known as the Romaña’s sign.
Severe acute disease occurs in less that 1% of patients, which manifests as
acute myocarditis, pericardial effusion, and/or meningoencephalitis (Boscardin et
al., 2010). Children under the age of 2 years are at higher risk of severe
manifestations than older individuals (Hoff et al., 1978). Orally transmitted T cruzi
infection appears to be associated with more severe acute morbidity and higher
mortality than vector-borne infections; recent findings suggest parasite contact
with host gastric acid renders trypomatigotes more invasive through changes in
parasite surface glycoproteins (Bern et al., 2011).
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1.4.2 Chronic phase

Eight to 12 weeks after infection, parasitemia levels become undetectable by
microscopy, and the infected individual passes into the chronic phase of Chagas
disease (Bern et al., 2011). Persons chronically infected with T cruzi maintain the
potential to transmit the parasite to the vector or directly to other humans through
blood components, organ donation, or congenitally. Diagnosis of chronic infection
relies on serological methods to detect IgG antibodies that recognize T cruzi
antigens, via enzyme-linked immunosorbent assay (ELISA) and
immunofluorescent-antibody assay (IFA). No single assay has sufficient
sensitivity and specificity; thus, two or more different assays are used to increase
accuracy of the diagnosis (Bern et al., 2011).
1.4.3 Indeterminate form

Those chronically infected with T cruzi without signs or symptoms are considered
to have the indeterminate form (Figure 1.3, gray), defined by testing positive for
anti-T cruzi serology, no physical abnormalities, normal 12-lead
electrocardiogram (ECG), and normal radiological examination of the chest,
esophagus, and colon (Bern et al., 2011). However, an estimated 20-30% of
those with chronic Chagas disease progress, after a period of years to decades,
to clinically evident cardiac and/or gastrointestinal disease (Bern et al., 2011).
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1.4.4 Gastrointestinal manifestations

Gastrointestinal involvement is less common than Chagas heart disease, and is
predominantly seen in patients infected in the countries of the Southern Cone
(Argentina, Bolivia, Chile, Paraguay, Southern Peru, Uruguay, and parts of
Brazil), and rare in northern South America, Central America, and Mexico (Bern
et al., 2011; Dias et al., 2002; Rassi Jr et al., 2010). Gastrointestinal Chagas
disease usually affects the esophagus and/or colon, resultant of damage to
intramural neurons. The effects on the esophagus or colon span a spectrum from
asymptomatic motility disorders to severe megasyndromes (Bern et al., 2011).
1.4.5 Chronic Chagasic Cardiomyopathy (CCC)

CCC is the most common chronic form of Chagas disease and is also the leading
cause of heart failure in Latin America, where Chagas disease is endemic
(Rosenbaum, 1964; Soares et al., 2010). CCC develops decades after initial
infection (Figure 1.3, red) and is characterized by a chronic inflammatory process
that involves all heart chambers, damage to the conduction system, and often an
apical aneurysm (Bern et al., 2011). Pathogenesis is hypothesized to involve
parasite persistence in cardiac tissue and immune-mediated myocardial injury.
The earliest manifestations are conduction system abnormalities, most frequently
right-bundle branch block or left anterior fascicular block, and segmental left
ventricular wall motion abnormalities (Bern et al., 2011). Later manifestations
include complex ventricular extrasystoles and nonsustained and sustained
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ventricular tachycardia, sinus node dysfunction that may lead to severe
bradycardia, high-degree heart block, apical aneurysm usually in the left
ventricle, thromboembolic phenomena due to thrombus formation in the dilated
left ventricle, and progressive dilated cardiomyopathy with congestive heart
failure (Bern et al., 2011). These abnormalities lead to palpitations, presyncope,
syncope, and a high risk of sudden death (Bern et al., 2011).
Due to a wide spectrum of CCC severities, there are likely multiple mechanisms
that constitute the development of CCC. Factors that contribute to CCC are
inflammation, oxidative stress, and cardiac fibrosis (Gupta et al., 2009; Lefer and
Granger, 2000; Soares et al., 2010). Acute T cruzi infection triggers myocarditis
in humans and animal models and eventually resolves, for the most part, as
parasitism is controlled, but focal myocarditis persists, even in the absence of
visible parasites (Kroll-Palhares et al., 2008; Marino et al., 2004; Michailowsky et
al., 2001; Paiva et al., 2009). Cardiomyocytes are vulnerable to oxidative stress
due to their high metabolic rates and low stores of reducing agents, such as
NAD(P)H (Gottlieb, R.A., 2011; Lefer and Granger, 2000). Overtime, CCC slowly
destroys viable cardiomyocytes, leading to fibrotic replacement, giving rise to
fibrosis and impaired cardiac function (Gupta et al., 2009; Jacoby et al., 2003;
Soares et al., 2010).
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1.4.6 Progression of Chagas disease pathogenesis

The progression of chronic Chagas disease cannot be explained by one single
mechanism, but rather it may be explained by multiple interacting factors.
Several theories have been proposed, but they remain hotly debated.
The most accepted view is that the progression of chronic Chagas disease is
directly related with the persistence of T cruzi in affected tissue, particularly the
heart (Tarleton, 2003; Tarleton and Zhang, 1999; Vianna, 1911). Some
immunological theories implicate sensitivity of CD4+ and CD8+ lymphocytes to T
cruzi and, inadvertently, to anti-myocardial cells, which contribute to the migration
and activation of macrophages and the release of platelet aggregation factors,
thereby respectively inducing chronic Chagas myocarditis and myocardial
ischemic lesions (Higuchi, 1999; Santos-Buch and Teixeira, 1974; Teixeira et al.,
1975; A. R. L. Teixeira et al., 2006). The autoimmune theory suggests T cruzi
infection contributes to the production of autoantibodies directed against host
proteins, such as adrenergic, muscarinic (Borda and Sterin-Borda, 1996;
Labovsky et al., 2007) , and neurotrophin receptors (Lu et al., 2008), but they
have yet to be directly implicated to pathology. The neurogenic theory suggests
megaesophagus, megacolon, and cardiac conduction disturbances in Chagas
disease are a consequence of the denervation of the parasympathetic
autonomous system (Koberle, 1968). Neuron destruction in innervated organs
may be explained by both direct inflammatory phenomena and by immunological
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mechanisms (Prata, 2001; A. R. Teixeira et al., 2006), suggesting relatedness
between the different theories.

1.5

Treatment of Chagas disease

Nifurtimox and benznidazole are the only drugs with proven efficacy against
Chagas disease. Nifurtimox (Lampit, Bayer 2502), a nitrofuran, interferes with T
cruzi carbohydrate metabolism by inhibiting pyruvic acid synthesis (Bern et al.,
2011; Coura and Castro, 2002). Benznidazole (Rochagon, Roche 7-1051) is a
nitroimidazole derivative, considered more trypanocidal than nifurtimox (Bern et
al., 2011; Coura and Castro, 2002). Neurological toxicity and side effects are
fairly common for both drugs, with side effects more common in adults than in
children. Despite not being FDA approved, both drugs can be obtained from the
CDC and used under investigational protocols.
In acute Chagas disease, both drugs reduce the severity of symptoms, shorten
the clinical course, and reduce the duration of detectable parasitemia. Treatment
initiated during the acute phase of disease is thought to be most effective as an
anti-parasitic therapy (Bern et al., 2011; Coura and Borges-Pereira, 2011; Garcia
et al., 2005). In one study, serological cure was documented at the 12-month
follow-up in 81% of those treated during the acute phase of disease (Wegner and
Rohwedder, 1972). Other trials of benznidazole treatment in children with chronic
T cruzi infection demonstrated approximately 60% cure, as measured by
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conversion to negative serology 3-4 years after the end of treatment (Estani et
al., 1998; Sgambatti de Andrade et al., 1996). Several follow-up studies suggest
that the earlier patients are treated for Chagas disease, the higher the rate of
reversion to negative serology (Andrade et al., 2004; Streiger et al., 2004). The
average cure rate among treated acute cases is 80%, whereas it is less than
20% among treated chronic cases (Coura, 2009; Coura and Borges-Pereira,
2011; Coura and Castro, 2002).
1.5.1 Chagas disease in immuno-suppressed patients

Reactivation of T cruzi infection in HIV/AIDS patients can cause severe clinical
disease with a high risk of mortality (Bern et al., 2011). The level of parasitemia is
higher among HIV-coinfected than among HIV-negative patients. Symptomatic T
cruzi reactivation in AIDS patients is most commonly reported to cause
meningoencephalitis and/or T cruzi brain abscesses; the presentation may be
confused with CNS toxoplasmosis and should be considered in the differential
diagnosis of mass lesions on imaging of CNS syndromes in AIDS patients
(Coura and Borges-Pereira, 2012; Coura and Dias, 2009; Hotez et al., 2012;
Rassi Jr et al., 2010). The second most commonly reported sign of reactivation is
acute myocarditis, sometimes superimposed on preexisting chronic Chagas
cardiomyopathy. Reactivation in an HIV-coinfected patient should be treated with
standard courses of antitrypanosomal treatment and antiretroviral therapy, which
should be optimized (Bern et al., 2011).
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1.5.2 Cardiac management

Patients with chronic T cruzi infection can be candidates for organ transplants
(Bern et al., 2011). In a large cohort of heart transplant patients, survival of those
who received the transplant because of chronic Chagas cardiomyopathy was
longer than survival among those with idiopathic or ischemic cardiomyopathy,
and T cruzi reactivation was a rare cause of death (Bern et al., 2011).
Immunosuppressed CCC patients must be carefully monitored for signs of
parasite reemergence.
1.5.3 Stem cell therapy

The discovery of the pluripotency of adult bone marrow stem cells has opened
new perspectives for the treatment of patients with chronic regenerative diseases
for which there are no effective treatments available (Krause, 2002). Heart
transplantation for chagasic patients, in addition to its high financial costs and
failure rate, brings about the additional complication of relapse of T cruzi
infection, especially with transplantation-related immunosuppressive treatment
(Soares et al., 2004). Several studies have shown great promise of adult bone
marrow transplants in models of dilated cardiomyopathy of T cruzi origin, with
results showing the efficacy of bone marrow cell (BMC) therapy in chagasic
myocarditis contributing to repairing heart tissue, reducing cardiac inflammation,
and reversing inflammatory gene expression in CCC mouse hearts, suggesting it
may be utilized for treating CCC and similar dilated cardiomyopathies in humans
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(Soares et al., 2011, 2010, 2004). However, BMC therapy has failed in a clinical
trial (Santos et al., 2012), leaving the door open for new ideas on regenerative
therapy in CCC. Such sorely needed regenerative treatment options for chronic
Chagas disease may well be the major contribution of my thesis research project,
as detailed in Chapter 6.

1.6

Host-pathogen interactions leading to cellular invasion

The first steps of the T cruzi-host cell interaction process can be divided into
three stages: adhesion/recognition, signaling, and invasion (de Souza et al.,
2010). The adhesion stage involves recognition of molecules present on the
surface of both parasite and host cells, but may also include molecules secreted
by the parasite (de Souza et al., 2010). For example, gp90, a glycosidase, has
antiphagocytic activity, mediated by the removal of sugar residues necessary for
parasite internalization in macrophages (Nogueira, 1983). Another example is
TC85, an 85 KDa glycoprotein which was identified as a ligand of fibronectin in
different cell types, such as monocytes, neutrophils, and fibroblasts (Alves et al.,
1986; Ouaissi et al., 1986). The Tc85 molecule is part of the gp85/trans-sialidase
family, composed of multi-adhesive glycoproteins, and is capable of binding to
different host receptor molecules either located on the cell surface, like host cell
cytokeratin 18 (Magdesian et al., 2007), or components of the extracellular
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matrix, such as fibronectin (Ouaissi et al., 1986) and laminin (Giordano et al.,
1999).

1.7

The trans-sialidase gene family of T cruzi

Sialic acids and sialidases play important roles in cellular interactions and
modulate the interplay of pathogenic microbes by mammalian host cells (Faillard,
1989; Schenkman et al., 1994). In vertebrates, sialic acids are implicated in a
variety of biological events, including embryogenesis (Fenderson et al., 1990),
cell differentiation (Feizi, 1991), endothelial cell-leukocyte adhesion (Bevilacqua
and Nelson, 1993), and tumor cell invasiveness (Fukuda, 1991). In the context of
host-pathogen interactions, sialic acids have been implicated as important
mediators that contribute to viral entry of host cells (Crowell, 1986) and evasion
of pathogenic bacteria from its host immune system (Troy, 1992). Although T
cruzi lacks the ability to synthesize sialic acid, it harbors a unique mechanism to
incorporate negatively charged sialic acids to its surface.
1.7.1 The trans-sialidase gene family

Trans-sialidase (TS), a unique enzyme expressed by T cruzi, is a surface-bound
protein that can be shed by the parasite into the external milieu. TS, and TS-like
proteins, which lack enzymatic activity due to mutations in the conserved tyrosine
residue, constitute a gene family of over 1,400 members, underscoring their
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importance in parasite evolution and biology (Najib M. El-Sayed et al., 2005; N.
M. El-Sayed et al., 2005). TSs expressed by trypomastigotes are anchored by
glycosylphosphatidylinositol (GPI) anchors on the parasite plasma membrane (de
Souza et al., 2010). They consist of N-terminal catalytic β-barrel region, a lectinlike domain, and a C-terminal immunodominant long-tandem repeat (LTR)
extension, which consist of 12-amino acids repeated in tandem (referred to as
shed-acute phase antigen (SAPA)) (Chuenkova et al., 1999; Pereira, 1983)
(Figure 1.4).
TS was initially identified as a neuraminidase (Pereira, 1983), but later found to
be a modified sialidase (Schenkman et al., 1991). Instead of only releasing sialic
acid, TSs can reversibly transfer α-2,3-linked sialic acid from external βgalactose on host cell surface sialoglycoconjugates to a terminal β-galactose of
an appropriate sialoglycoconjugate acceptor on the parasite surface (Buschiazzo
et al., 2002; Colli, 1993; Previato et al., 1985; Schenkman et al., 1994, 1991).
Within the catalytic portion of TS are four copies of an Asp-box motif (Chuenkova
et al., 1999), previously identified ubiquitously in bacterial neuraminidases
(Copley et al., 2001). These Asp-box motifs are located distally from the catalytic
site and are thought to not be involved in the catalysis of neuraminidase activity
(Buschiazzo et al., 2002). Asp-box motifs form β-turn hairpins on the surface of
TSs (Buschiazzo et al., 2002; Copley et al., 2001), and their variability in nonconserved positions makes them prime candidate motifs for interaction with other
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molecules. However, the function of Asp-boxes in neuraminidases remains
largely unknown.
TSs have various roles in the pathogenicity of T cruzi that can promote
adherence to host cells, as well as help the parasite evade host immune
responses. The C-terminal LTR domain of TS has been characterized as a T
cell-independent B cell mitogen that polyclonally induces B cells to produce and
secrete non-specific immunoglobulin (Gao et al., 2002). Sialylation of the parasite
surface catalyzed by TS is necessary for successful invasion of the host cell
(Colli, 1993). Using trypomastigotes expressing TS (TS+) and trypomastigotes
that did not (TS-), it was found that the TS+ population was highly invasive,
whereas TS- was extremely inefficient to infect nonphagocytic cells (Pereira et
al., 1996). Another function for TS activity is protection from lysis by the
alternative pathway of complement while the parasite is circulating in the acute
phase of the disease (Colli, 1993). Sialylated mucins on the parasite surface are
implicated in attachment to host cells as well as evasion of the immune response
by masking parasite epitopes (Pereira-Chioccola et al., 2000).
1.7.2 Parasite Derived Neurotrophin Factor (PDNF), recombinant shortPDNF (sPDNF)

Our lab studies a particular trans-sialidase of T cruzi we named PDNF (Figure
1.4), for its neurotrophic activity. Work from our lab has characterized several
biological roles of PDNF in T cruzi pathogenesis, host cell adherence/invasion,
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and neurotrophic activities (see section 1.9). TSs and PDNF can function
independently of their enzymatic activity via direct protein-protein interactions
(Chuenkova et al., 1999; Chuenkova and PereiraPerrin, 2005). De Souza et al.
(2010) recently summarized a multitude of surface exposed molecules involved
in T cruzi-host cell interactions, of which TS is mentioned to bind sialic acids as
well as several members of the Trk family of receptors, TrkA and TrkC.
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Figure 1.4. Diagram of PDNF and sPDNF.
TS/PDNF consists of catalytic and lectin-like domains (632 amino acids), an
immunogenic long-tandem repeat (LTR) domain, and is GPI-anchored to the
surface membrane of T cruzi. The four Asp-box motifs are represented by blue
boxes. The 68 kDa recombinant sPDNF lacks the immunodominant LTR, which
is replaced with a histidine-tag (His).
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1.8

Trk receptors and neurotrophins

Several aspects of the neurogenic theory that drives Chagas disease may
coincidently implicate important roles of T cruzi’s interaction with neurotrophic Trk
receptors. T cruzi is known to infect nervous tissue and highly innervated organs
(Koberle, 1968), though a correlation between neuronal loss and severity of
Chagas disease has yet to be determined (Higuchi et al., 2003). Trk receptors
and their neurotrophin ligands have important roles in developmental
neurobiology, essential for cellular interactions in controlling cell survival and
differentiation (Reichardt, 2006). T cruzi invasion of the brain coincides with a
lack of damage despite heavy inflammation (Caradonna and Pereiraperrin,
2009), supporting the concept that T cruzi expresses beneficial factors enabling a
mutually beneficial environment for host and parasite cell survival.
1.8.1 Nerve growth factor (NGF) and TrkA

NGF was first discovered by Rita Levi-Montalcini, who observed nerve sprouting
around a mouse tumor transplanted into a developing chick embryo (LeviMontalcini, 1952; Levi-Montalcini and Hamburger, 1951). With the invitation from
her friend Dr. Carlos Chagas Filho (son of the T cruzi discoverer) to do tissue
culture work in Rio de Janeiro, Dr. Levi-Montalcini was able to purify NGF
(Cohen et al., 1954; Levi-Montalcini et al., 1954). Levi-Montalcini was awarded
the Nobel Prize in Physiology or Medicine in 1986 for her seminal work. The
receptors of NGF were identified to be the low affinity (Kd ~10-9 M) p75NTR and
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high affinity (Kd ~10-11 M) TrkA, which, when stimulated, could synergize to
enhance responsiveness (Hempstead et al., 1991, 1989; Ross, 1991).
1.8.2 Brain derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3),
TrkB, and TrkC

Based on sequence homology to TrkA, two more Trk family members, TrkB and
TrkC, were cloned and identified, with BDNF and NT-3 identified as their
preferred ligands, respectively (Klein et al., 1989; Lamballe et al., 1991). NT-3 is
a more promiscuous neurotrophin, as it can activate TrkA and TrkB, albeit with
lower affinity. P75NTR can also be activated by any of the neurotrophins, but has
greater affinity for their pro-forms (Huang and Reichardt, 2003).
Ligation of neurotrophins to Trk receptors induces the dimerization and
autophosphorylation of intracellular tyrosine residues, which in turn activates
three downstream signaling pathways: MAPK/ERK, PI3 kinase/Akt, and PLCγ
(Huang and Reichardt, 2003). Trk receptor activation induces pro-survival and
differentiation signals in the peripheral and central nervous systems (Reichardt,
2006). Though the Trk family of receptors was classically thought to be neuronalspecific, TrkA has been found to regulate functions in immune cells such as mast
(Levi-Montalcini, 1987) and B cells (Coppola et al., 2004). Endothelial cells have
also been shown to express all three Trk receptors and function in part to
promote angiogenesis (Caporali and Emanueli, 2009).
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1.8.3 Cardiac involvement of Trk receptors and neurotrophins

Trk receptor expression is important for embryonic development. Mutations of
TrkA can lead to insensitivity to pain (Indo, 2001), TrkB mutations in humans lead
to cognitive defects (Yeo et al., 2004), and TrkC mutants have not yet been
identified, likely because they are not viable. In mice and chickens, TrkCknockouts result in gross developmental abnormalities in the heart, including
defective cardiomyocyte proliferation (Lin et al., 2000), as well as septal and
arterial defects that lead to embryonic or peri-natal lethality (Donovan et al.,
1996; Tessarollo et al., 1997).
NGF has been shown to protect hearts in a mouse model of diabetic
cardiomyopathy, presumed to be mediated via rescue of sympathetic innervation
(Ieda et al., 2006). Furthermore, activation of TrkA on adult mouse
cardiomyocytes has been shown to promote anti-apoptotic signals (Caporali et
al., 2007), and to rescue mice from experimental myocardial infarction (Meloni et
al., 2010) and diabetic cardiomyopathy (Meloni et al., 2012). Such work brings
focus to the importance of Trk receptor and neurotrophin expression in the heart,
which so happens to be the organ most associated with the major clinical
manifestation of Chagas disease.
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1.9

Trk receptors and Chagas disease

T cruzi has been noted to have a propensity to infect nervous tissue and highly
innervated organs (Koberle, 1968), although such observations have yet to be
proven causative. In the brain, TrkA expression predominates in younger
animals, and switches, in older animals, to a situation in which p75NTR, a proapoptotic receptor, expression predominates, and constitutes a mechanism for
degenerative neurological disorders, such as Alzheimer’s disease (Costantini et
al., 2006; Fortress et al., 2011; Parikh et al., 2013; Reichardt, 2006). Although
expression of Trk receptors has not been characterized in other organs or
systems, changes in Trk receptor expression as infected individuals age may in
part be related to why only a small percentage of those infected with T cruzi
manifest the clinical forms of Chagas disease, arising years or decades after
initial infection.
1.9.1 Parasite adherence/invasion of host cells

Neuraminidase/TS expression in T cruzi is developmentally regulated; TS/PDNF
is highly expressed in the infective trypomastigote, but not amastigote, form of
the parasite (Pereira, 1983). A short recombinant TS, sPDNF (Figure 1.4), that
lacks the immunodominant C-terminal extension, has been cloned (Chuenkova
et al., 1999) and characterized, and continues to be studied in our laboratory.
sPDNF has been characterized to bind TrkA (Chuenkova and PereiraPerrin,
2004) and TrkC (Weinkauf and Pereiraperrin, 2009). In relation to T cruzi
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pathogenesis, both TrkA (de Melo-Jorge and PereiraPerrin, 2007) and TrkC
(Weinkauf et al., 2011) were shown to act as invasion receptors, as chemical
inhibition, or blockade of either Trk receptor, inhibited T cruzi infection of
neuronal and glial cells. In cardiac cells, T cruzi has a preference for invading
cardiac cells through TrkC than TrkA (Aridgides et al., 2013a).
1.9.2 Host cell survival/differentiation

In line with neurotrophins, sPDNF was shown to trigger downstream signaling
pathways, such as MAPK/ERK and PI3K/Akt, through TrkA (Chuenkova and
PereiraPerrin, 2004) and TrkC (Weinkauf and Pereiraperrin, 2009). Activation of
Trk receptors by sPDNF enhanced neuron and glial cell survival in response to
oxidative stress, serum deprivation, and exposure to neurotoxins (Chuenkova
and Pereira, 2000; Chuenkova and PereiraPerrin, 2004; Weinkauf and
Pereiraperrin, 2009). sPDNF modulates cholinergic (Akpan et al., 2008) and
dopaminergic (Chuenkova and PereiraPerrin, 2006) gene expression in neuronal
PC12 cells. As amastigotes differentiate to intracellular trypomastigotes in the
host cell cytoplasm, study of intracellular PDNF shows that PDNF is
phosphorylated by Akt and, in turn, can enhance Akt phosphorylation as a mode
of inducing pro-survival signals (Chuenkova and PereiraPerrin, 2009). The
diverse impacts of PDNF on pro-survival host kinase signaling demonstrate a
mechanism for T cruzi to cause little damage to moderately parasitized brains
(Caradonna and Pereiraperrin, 2009).

33

sPDNF was also shown to activate TrkC on cardiac fibroblasts to produce NGF,
which contributed to an anti-apoptotic paracrine effect on cardiomyocytes that
were exposed to oxidative stress (Aridgides et al., 2013a, 2013b). Furthermore,
manipulation of paracrine survival signals by T cruzi PDNF may represent a
feature that promotes a balance between invasion and host cell survival actions
that favors chronic infection of mammalian hosts, which befits both the parasite
and host.

1.10

Induction of chemokines monocyte chemotactic protein-1 (MCP-1)
and fractalkine (FKN)

The persistence of T cruzi infection remains a biological quandary; despite the
parasite stimulating a strong host inflammatory response, it is still able to evade
innate immune responses and chronically persist in hosts without causing major
symptoms. MCP-1 (CCL2) has emerged as a critical factor in infectious and
autoimmune myocarditis (Paiva et al., 2009). This chemokine is produced in
great amounts in the hearts of T cruzi-infected mice and is known to enhance
parasite uptake and destruction by macrophages (Paiva et al., 2009). Thus
chemokines may serve as mediators that contribute to strong inflammatory
responses and partake in orchestrating some facets of T cruzi pathogenesis.
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1.10.1 Recruitment of immune cells by chemokines

Upon infection, auxiliary innate host defenses, such as neutrophils,
macrophages, and dendritic cells (DCs) are induced to combat the pathogen
(Serbina et al., 2008). Circulating monocytes are increasingly implicated as
essential players in the defense against a wide range of microbial pathogens. In
humans, circulating monocytes are divided into two subsets that either
specifically traffic into inflamed tissues or, in the absence of overt inflammation,
constitutively maintain tissue macrophage/DC populations, and are based on the
expression of the CD14 and CD16 cell surface markers (Serbina et al., 2008). In
mice, monocytes that express CCR2 (Ly6Chi) are most similar to human CD14+
monocytes, while those that express CX3CR1 (Ly6Clo) are most similar to human
CD16+ monocytes (Serbina et al., 2008). MCP-1/CCR2 signaling also stimulates
surface expression of CX3CL1, facilitating leukocyte adhesion to sites of
inflammation (Green et al., 2006). Thus, the chemokines MCP-1 and fractalkine
(FKN, CX3CL1), whose receptors are CCR2 and CX3CR1, respectively, should
represent important mediators for modulating monocytes and other immune cells
in response to T cruzi infection.
Chemokines, or chemoattractant cytokines, consist of ~50 related proteins that
induce leukocyte chemotaxis in vitro and recruitment in vivo. They possess other
activities, such as integrin activation during leukocyte-endothelium interactions,
activation of leukocyte function (e.g. degranulation and lipid mediator release),
angiogenesis, and angiostasis (Teixeira et al., 2002). Chemokines are low
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molecular weight proteins that contain four cysteine residues subdivided into four
families based on the arrangement of the first two N-terminal cysteine residues:
CC, CXC, CX3C, and C families (Teixeira et al., 2002). MCP-1 and FKN
represent chemokines that are temporally expressed in a healing myocardium
after an inflammatory stress caused by a myocardial infarction; MCP-1 being
induced initially, followed by FKN (Nahrendorf et al., 2007). Regulation of these
chemokines in relation to T cruzi infection would thus provide insight into the
orchestrating inflammatory events during the acute phase of Chagas disease.
1.10.2 Trk receptors as a link between T cruzi/PDNF and chemokines

Inflammation at the site of T cruzi inoculation, Romaña’s sign or chagoma, is
characterized histologically by intense mononuclear infiltration in a local
inflammatory response, which can last up to 40 days (Teixeira et al., 2002). In in
vitro infections of cardiomyocytes and macrophages, T cruzi stimulates iNOS
activation, the secretion of pro-inflammatory cytokines and chemokines
perceived to control parasite growth, and immune cell influx, contributing to the
pathogenesis of chagasic cardiomyopathy (Machado et al., 2000). In vivo
infection of MCP-1-/- mice resulted in higher parasitemia, exhibited more frequent
amastigote nests in the heart, and died earlier than WT mice (Paiva et al., 2009),
suggesting the importance of MCP-1/CCR2 signaling for controlling T cruzi
infection. The impact of T cruzi infection on the expression of FKN has not yet
been described. Thus, continued study on factors that contribute to chemokine
induction should be fruitful for understanding T cruzi pathogenesis.
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TrkA has been identified as a receptor for the matricellular protein connective
tissue growth factor (CTGF, CCN2) that has been implicated as a factor that
promotes tissue fibrosis (Wahab et al., 2005). In cardiomyocytes, activation of
TrkA by CTGF induced extracellular matrix (ECM) formation and degradation
genes, and also induced pro-inflammatory cytokines and chemokines, including
MCP-1 (Wang et al., 2010). Specifically, cardiomyocyte stimulation with NGF led
to the induction of MCP-1, but not TNF-α or IL-6, suggesting specificity for TrkA
activation to induce MCP-1 (Wang et al., 2010). Prolonged exposure to T cruzi in
chronically infected hearts is thought to contribute to cardiac dysfunction and
fibrosis. Thus, it is feasible that T cruzi PDNF induces chemokine expression via
activation of Trk receptors.
1.10.3 Cardioprotective functions of MCP-1

MCP-1 mRNA and protein have been detected at high levels in the lesions of
several non-infectious cardiovascular diseases, such as atherosclerosis (Boring
et al., 1998), ischemic heart disease (Matsumori et al., 1997), dilated
cardiomyopathy (Lehmann et al., 1998), congestive heart failure (Aukrust et al.,
1998), autoimmune myocarditis (Fuse et al., 2001), and myocardial infarction
(MI). In addition to promoting migration of immune cells, MCP-1 has beneficial
effects in settings of cardiac inflammation. Cardiac overexpression of MCP-1
causes chronic infiltration and activation of leukocytes, which in turn elevate
TNF-α secretion and SAPK/JNK1/2 activation, and contribute to a
preconditioning effect that serves as an endogenous mechanism by which the
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myocardium protects itself against infarction (Martire et al., 2003), thus linking
innate immunity to ischemic preconditioning. Cardiac overexpression of MCP-1
induces macrophage infiltration, neovascularization, myocardial IL-6 secretion,
and accumulation of cardiac myofibroblasts, resulting in the prevention of left
ventricular (LV) dysfunction and remodeling after MI (Morimoto et al., 2006). In
ischemia/reperfusion (I/R), cardiac MCP-1 overexpression prevents LV
dysfunction through ROS-dependent and KATP channel-independent pathways
(Morimoto et al., 2008). Thus, it is feasible that T cruzi-PDNF may activate TrkA
and/or TrkC in cardiac cells to induce MCP-1 secretion, which can recruit
immune cells to fight off infection and condition the heart to protect itself. T cruziPDNF may directly or indirectly, via chemokine induction, activate other cell
types, such as stem cells, in the heart to facilitate wound healing and/or tissue
repair.

1.11

Involvement of cardiac progenitor cells (CPCs) in T cruzi infection

Advances in medicine have dramatically increased the lifespan of individuals.
With increasing numbers of ageing patients suffering from heart failure (HF)
coupled with the lack of heart donors, initiatives for alternatives to heart
transplant are of utmost importance (Behfar et al., 2014; Bernstein and
Srivastava, 2012). Regeneration trials in patients with cardiovascular disease
have utilized stem cell-based therapy in the period immediately following
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myocardial injury in an attempt to halt progression towards ischemic
cardiomyopathy, or, in the setting of congestive heart failure, to target the
disease process and prevent organ decompensation (Behfar et al., 2014). ‘First
generation’ cell-based therapies comprised of unselected cell mixtures
exemplified by unfractionated bone-marrow-derived mononuclear stem cells.
However, poor definition of cell types used, diversity in cell-handling procedures,
and functional variability intrinsic to autologously-derived cells have been
identified as main factors limiting adoption of cell-based therapies. ‘Nextgeneration’ cell therapy ushers a new era in regenerative medicine by targeting
organ or disease before implantation (Behfar et al., 2014). The main goal of both
therapies are to limit the extent of damage sustained in the myocardium, and
prevent organ failure by altering the innate myocardial injury response (Behfar et
al., 2014). Fortunately, several studies have utilized bone marrow cell (BMC)
therapy to treat CCC, with promising results.
1.11.1 Stem cells as therapeutics for CCC

Intravenous injection of BMCs into CCC mice were shown to migrate to the heart
and significantly reduce the degree of inflammatory infiltrates and interstitial
fibrosis characteristic of CCC (Soares et al., 2004). By using magnetic resonance
imaging to assess changes in cardiac morphology of CCC hearts, serial imaging
revealed BMC therapy contributed to the regression of the right ventricular
dilatation typically observed in the chagasic mouse model (Goldenberg et al.,
2008). Microarray analysis of hearts from CCC mice identified significant
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alterations in the expression of immune-inflammatory and fibrotic genes (Soares
et al., 2010), most of which were restored to normal after BMC therapy (Soares
et al., 2011). Using small animal positron emission tomography (microPET) to
monitor BMC biodistribution and heart morphology, the beneficial effects of BMC
therapy in chagasic mice was shown to arise from an indirect interaction of the
cells in the heart, rather than a direct action due to incorporation of large
numbers of transplanted BMCs into the myocardium (Jelicks et al., 2012).
Recent studies showing cell division, telomerase activity, telomere shortening,
and cardiomyocyte apoptosis in normal hearts have provided evidence of
cardiomyocyte turnover in adult human hearts, which challenged previous beliefs
that the adult heart was a terminally differentiated, post-mitotic organ without the
capacity for cellular regeneration (Bernstein and Srivastava, 2012; Urbanek et
al., 2003). This led to the study of resident cardiac progenitor cells (CPCs)
possibly contributing to tissue healing effects in the heart. CPCs are
characterized by the expression of several stem cell markers, the two main
markers being stem cell antigen-1 (Sca-1) (Chen et al., 2003; Matsuura et al.,
2004; Oh et al., 2003) and c-Kit (CD117) (Saravanakumar and Devaraj, 2013;
Urbanek et al., 2003), which can be further subdivided by Isl-1 (Ye et al., 2012),
CD31 (Pfister et al., 2005), CD34, nestin and/or musashi-1 (Tamura et al., 2011;
Tomita et al., 2005) markers, to name a few. Cardiac side population (Pfister et
al., 2005) and epicardial (Chong et al., 2011) cells have been described to harbor
stem cell-like properties as well. There is a significant reduction in the number of
CPCs in hearts as neonates develop and age to adults (Saravanakumar and
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Devaraj, 2013). CPC distribution varies in different areas of the heart, as there
are more CPCs in the atrium than in the ventricle (Saravanakumar and Devaraj,
2013).
1.11.2 CPCs as immunomodulators

During MI, MCP-1 is expressed at the ischemic border zone area (BZA) of the
infarct, which in turn recruits stem cells (Tamura et al., 2011). Inflammatory
stress caused by endogenous or exogenous mechanisms activate
progenitor/stem cells in tissues, which participate in a negative feedback loop to
attenuate the inflammatory cascade before inflammatory factors accumulate and
exert unwanted adverse systemic effects (Choi et al., 2011; Lee et al., 2009).
Similar to cells used in BMC therapy, resident CPCs may also harbor beneficial
effects in the myocardium.
CPCs are capable of producing substantial quantities of paracrine molecules;
stromal-cell derived factor-1α (SDF-1) was identified as one of many dominant
paracrine factors secreted, which activates CXCR4, mediating acute
cardioprotection through the signal transducer and activator of transcription 3
(Jak2/STAT3) signaling, observed to improve cell growth and inhibit apoptosis
(Huang et al., 2011).
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1.11.3 CPCs secrete anti-inflammatory TNF stimulated gene-6 (TSG-6)

Continued efforts to study factors that CPCs produce to exert immunomodulatory
and tissue repairing mechanisms have identified a novel anti-inflammatory factor,
TSG-6. TSG-6 is a link protein that binds hyaluronan (HA), a glycosaminoglycan
that has a central role in the formation and stability of extracellular matrix (Milner
and Day, 2003; Yoshioka et al., 2000). Distribution of HA in ovarian follicles has
also been studied to play an especially significant role in the expansion of the
cumulus cell-oocyte complex (COC), linking TSG-6 to the ovulation process, in
which it was initially described (Yoshioka et al., 2000). Treatment of leukocytes
with soluble HA-TSG-6 complex inhibits the CD44-mediated adhesion to
immobilized HA in vitro (Lesley et al., 2004). Various cell types secrete TSG-6 in
response to proinflammatory stimuli, and have been detected in large quantities
in the synovial fluids and tissues of inflamed joints of rheumatoid arthritis patients
(Nagyeri et al., 2011; Wisniewski et al., 1994). It was postulated that TSG-6
exerts its anti-inflammatory and chondroprotective effects through inhibition of
the plasmin protease network, a key activator of matrix metalloproteinases
(MMPs), by virtue of binding and enhancing the inter-α-trypsin inhibitor (IαI), a
major serine protease inhibitor in serum (Glant et al., 2002; Nagyeri et al., 2011).
Conjunctivochalasis, defined as a loose, redundant, and nonedematous bulbar
conjunctiva interposed between the globe and the eyelid resultant of excessive
proteolytic degradation by MMPs is inhibited by TSG-6, which inhibits MMP-1
and MMP-3 expression and MMP-1 activation (Guo et al., 2012).
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Stem cells have been implicated as a major source of TSG-6. In cell-based
therapies, upon intravenous injection of mesenchymal stem cells (MSCs), cells
would become embolized in the lungs, where they become activated to express
TSG-6, which is systemically delivered via blood circulation (Lee et al., 2009;
Wang et al., 2012). MSCs intraperitoneally injected are unable to secrete TSG-6,
as they accumulate in the spleen and are phagocytosed by macrophages (Wang
et al., 2012), highlighting the importance of cell delivery in promoting antiinflammatory effects. After MI induction, intravenous MSC infusion which
embolized in the lung and secreted an exuberant amount of TSG-6, or treatment
with recombinant TSG-6 alone, decreased infarct size (Lee et al., 2009). MSCs
with a knockdown of TSG-6 had no effect on echocardiography or heart function
3 weeks after infusion, whereas scrambled TSG-6 siRNA treated MSCs
produced significant improvements in percent left ventricular fractional shortening
and left ventricular ejection fraction in hearts (Lee et al., 2009), suggesting the
long-term beneficial tissue/organ repair effects of MSCs is dependent on TSG-6
expression.
This is in line with the genetic reversion of the inflammatory state in CCC mice
after treatment with BMC therapy (Goldenberg et al., 2008; Soares et al., 2011),
and likely suggests a link between T cruzi PDNF, resident CPCs, and the
induction of TSG-6 activity contributing to long lasting beneficial effects in this
chronic inflammatory state.
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1.12

Summary and goals

To paraphrase the wise words of Friedrich Nietzsche, “that which does not kill us
makes us stronger.” The complex life cycle of T cruzi, reflected by the acute
inflammatory response and subsequent indeterminate chronic phase of Chagas
disease in its mammalian host, implicates T cruzi as a worthy foe to learn from.
Some of the most successful pathogens utilize protective host mechanisms as a
means of immune response evasion, exemplified by Mycobacterium tuberculosis,
which evades host immunity and establishes a persistent infection by recruiting
MCSs to the site of infection and suppressing T-lymphocyte responses
(Raghuvanshi et al., 2010).
It is important to keep in mind that 70% of those infected do not develop the
clinical manifestations of Chagas disease. This is reflective of the need for T
cruzi to continue and perpetuate its life cycle, to chronically infect mammalian
hosts, without sequelae, so that it can retransmit infection to new insect vectors.
T cruzi factors, like PDNF, are thought to preserve host tissues to minimize
damage, best exemplified by the lack of sequelae in highly parasitized brains
(Caradonna and Pereiraperrin, 2009). Patients that do progress to the clinical
forms of Chagas disease tend to develop them decades after initial infection,
suggesting some sort of breakdown in protective host responses over time.
Our central hypothesis is that T cruzi expresses factors that are beneficial for the
host. We sought to determine the role of T cruzi PDNF-Trk interaction in the
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heart, in relation to the acute and chronic phase of Chagas disease. Trk
receptors are expressed by cells in the heart, which include cardiomyocytes,
cardiac fibroblasts, and CPCs. PDNF is known to be implicated in T cruzi
invasion of host cells, promoting host cell survival, and promoting paracrine
crosstalk between cardiac fibroblast and cardiomyocytes, all of which are
mediated, at least in part, by Trk receptor activation (chapter 3). In this thesis, we
investigate the contribution of PDNF-Trk activation that leads to the induction of
the MCP-1 and FKN chemokine response that reflect aspects of the acute phase
of infection (chapter 4), which may contribute to setting up anti-inflammatory and
tissue repairing mechanisms by activating CPCs (chapter 5), subsequently
progressing to the indeterminate chronic phase of infection. To further validate
PDNF as a beneficial factor, and as a proof of concept, we investigated the effect
of recombinant PDNF in the context of CCC, to supplement PDNF levels in the
heart during a stage where T cruzi/PDNF levels are low (chapter 6).
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CHAPTER 2.

2.1

MATERIALS AND METHODS

Mouse strains

C57BL/6 (stock number: 000664), Balb/c (stock number: 000651), CCR2-/- (stock
number: 004999), and CX3CR1-/- (stock number: 008451) mice aged 6-8 weeks,
were purchased from Jackson Laboratories (Bar Harbor, ME). Female mice were
used for all in vivo experiments and males were kept for breeding purposes. All
mouse work was approved by the Institutional Animal Care and Use Committee
(IACUC) and Department of Laboratory Animal Medicine (DLAM) of Tufts
University School of Medicine (protocols B2010-32, B2013-28). MyD88-/- mice
were a generous gift from Dr. Thereza Imanishi-Kari (Tufts Medical School).

2.2

Cell lines

2.2.1 PC12, Schwann, Vero, HL-1, H9c2

PC12 (a rat pheochromocytoma neuronal cell line from Dr. Lloyd Green,
Columbia University), Schwann (a glial cell line), H9c2 (ATCC® CRL-1446, a rat
cardiomyocyte cell line) and HEK 293 (used generate lentiviral particles) cells
were maintained in DMEM/10% FCS. Vero cells (used to maintain T cruzi, in
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vitro) were grown in DMEM/1% FCS. Cells were incubated at 37°C in a
humidified atmosphere containing 5% CO2.

2.3

Primary cell isolations

2.3.1 Astrocytes

Primary cortical astrocytes were isolated from newborn C57BL6 mouse pups, as
described before (Hertz et al., 1998; Weinkauf et al., 2011). In short, pups were
sacrificed by decapitation, and the whole brain was removed from the skull.
Cortices were minced and a dissociated cell suspension was created by
prolonged vortexing in complete astrocyte medium (DMEM supplemented with
20% horse serum (PAA) and 1x penicillin-streptomycin (Gibco)). The cell
suspension was sequentially filtered through 70- and 10-mm meshes and cells
plated on Falcon Primeria dishes in complete astrocyte medium. Cultures were
washed 3 days after isolation, and medium changed every 3 to 4 days thereafter.
Astrocytes were used after at least 2, and at most 6, weeks in culture.
2.3.2 Cardiac fibroblasts (CF) and cardiomyocytes (CM)

Primary cardiac cells were isolated using a modified version of a previously
described procedure (Sreejit et al., 2008). In short, neonatal C57BL/6 mouse
pups (1-3 days old) were sacrificed by decapitation, their hearts excised and
washed twice in PBS, then kept in 20 mM HEPES, 130 mM NaCl, 1mM
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NaH2PO4, 4 mM glucose, 3 mM KCl, pH 7.6 for 10 minutes on ice. Hearts were
minced and digested in 0.25% Trypsin-EDTA (Gibco) 3-4 times at 37°C with
periodic mixing. Dissociated cells were pooled and digestion stopped with the
addition of DMEM/10% FCS to the cell suspension, which is filtered through a
100 µm cell strainer, centrifuged at 500 x g, and plated for 3 h on 1% gelatincoated plates in cardiomyocyte medium (50:50 ratio of DMEM (Gibco)/F12
Ham’s (Sigma), 20% FCS (PAA), 5% horse serum (PAA), 2 mM L-glutamine
(Gibco), 0.1 mM nonessential amino acids (Gibco), 3 mM sodium pyruvate
(Gibco), and 1 µg/ml bovine insulin (Sigma) with 1x penicillin-streptomycin
(Gibco)). Non-adherent cells (cardiomyocytes) were removed and plated onto
new gelatin-coated plates while adherent cells (cardiac fibroblasts) remained in
the initial plate in DMEM/10% FCS until needed. Cardiomyocytes contained <5%
cardiac fibroblasts and vice versa for cardiac fibroblasts, as determined by
immunofluorescence using antibodies against the cardiomyocyte marker myosin
heavy chain (MHC) and cardiac fibroblast marker vimentin, as described earlier.
2.3.3 Cardiac progenitor cells (CPCs)

Primary CPCs were isolated by positive selection based on the expression of the
stem cell antigen-1 (Sca-1) marker. Subsets of Sca-1+ cells have been
designated as progenitor/stem cells in mouse heart (Oh et al., 2003; Pfister et al.,
2005). Single-cell suspensions of mouse hearts were obtained with the use of the
gentleMACS™ Dissociator (Miltenyi Biotec), which allowed for automated tissue
dissociation in a closed system, enabling sterile sample handling. An anti-Sca-1
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microbead kit (#130-092-529, Miltenyi Biotec) was used to isolate murine stem
cells from single-cell cardiac suspensions by positive selection. In short, cells are
immunolabeled with Anti-Sca-1-FITC, after which magnetic labeling of Sca-1+
cells are achieved using Anti-FITC MicroBeads. The labeled cell suspension is
applied to a MACS® Column placed in a magnetic field of a MACS® Separator,
where Sca-1+ cells remain retained within the column. After removal of the
column from the magnetic field, the retained Sca-1+ CPCs are eluted. CPCs were
maintained in CPC medium containing DMEM (66.2%), IMDM (8.1%), Ham’s F12
(16.2%), FCS (5.9%), horse serum (1.25%), B27 supplement (0.5%), 1.75 mM
Glutamax, penicillin/streptomycin (1X), 0.025 mM NEAA, 2.25 mM sodium
pyruvate, basic fibroblast growth factor (FGF, R&D 3139-FB/CF, 20 ng/ml),
epidermal growth factor (EGF, R&D, 2028-EG, 6.25 ng/ml), thrombin (R&D,
2196-SE, 0.25 U/ml), cardiotrophin-1 (R&D, 438-CT/CF, 1 ng/ml), insulin (Sigma,
0.25 µg/ml), and 0.025 mM β-mercaptoethanol.

2.4

T cruzi strains

2.4.1 Silvio, Tulahuén, Colombian

Experiments were performed with T cruzi Silvio, Tulahuén and Colombian
strains, which were all propagated in Vero cells. The Silvio and Tulahuén strains
have been used in in vitro studies of adhesion and cell invasion. The Tulahuén
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and Colombian strains have been used in in vivo studies, for they infect mice that
proceed to develop acute and chronic phase characteristics of Chagas disease.
Free-swimming infective trypomastigotes were harvested from Vero cell
supernatants (3-5 d (Silvio) or 5-7 d (Tulahuén and Colombian) after infection) by
initial low speed centrifugation (500 x g, 5 min) to remove host cells and debris.
Parasites are pelleted by high-speed centrifugation (1,200 x g, 10 min), and
resuspended in DMEM/0.1% FCS to be used in in vitro experiments. For in vivo
experiments, parasites were resuspended in PBS prior to injection into mice.

2.5

sPDNF purification

PDNF was cloned from the T cruzi Silvio X-10/4 strain (GenBank accession
number AJ002174), and a N-terminal short-form of PDNF (sPDNF) that contains
Trk-binding sites and a 6-His-tag was expressed in BL21(DE3) bacteria by IPTG
(isopropyl β-D-1-thiogalactopyranoside) induction, and purified by Ni-affinity
chromatography, as described previously. Buffers were prepared in sterile
endotoxin-free water, and sPDNF preparations screened with the Limulus
amebocyte assay to have undetectable levels of endotoxin. sPDNF migrates as a
68 kDa protein on a SDS-PAGE gel. sPDNF protein was buffer exchanged into
PBS (0.01 M phosphate buffered saline, pH 7.2), filter-sterilized (0.22 µm), and
kept at 4°C. sPDNF was quantified by scanning densitometry (Bio-Rad, GS-800)
of SDS-PAGE gels stained with Coomassie brilliant blue.
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2.6

In vitro and ex vivo

2.6.1 Cell stimulation

(i) T cruzi infection: Primary cardiomyocytes and cardiac fibroblasts were seeded at 68 x 104 cells per well in DMEM/10% FCS and allowed to adhere overnight. Medium
was changed to DMEM/5% FCS and cells were infected with T cruzi at an MOI
(multiplicity of infection) of 10 for at most 24 h, at which time parasites were rinsed
away. At 3, 24, and 72 h post-infection, cell monolayers were collected in Trizol
reagent (Invitrogen) to isolate RNA to generate cDNA for qPCR later discussed in
section 2.8.
(ii) sPDNF stimulation: Primary cardiomyocytes and cardiac fibroblasts, and
H9c2 cardiomyocytes were seeded at 6-8 x 104 cells per well in DMEM/10% FCS
and allowed to adhere overnight, serum starved (DMEM/0.1% FCS overnight),
and treated with sPDNF (0.5 ng/ml - 8 µg/ml, 0-16 h). In some cases, cells were
starved in serum-free DMEM for at least 2 h prior to stimulation. Cell
supernatants were collected and stored at -80°C and cell monolayers rinsed with
PBS and collected in Trizol for qPCR analysis.
2.6.2 Inhibition by α-Trk blocking antibodies

H9c2 cardiomyocytes were pre-treated with 1 µg/ml neutralizing antibodies
against TrkA (α-TrkA, Santa Cruz SC-118), TrkB (α-TrkB, Santa Cruz SC-8316),
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and TrkC (α-TrkC, Santa Cruz SC-14025) for 30 min, and then stimulated with 1
µg/ml sPDNF for 3 h. In some cases, a mixture of α-TrkA and α-TrkC antibodies
was used in combination. Supernatants and/or cell monolayers were collected
and processed as in section 2.6.1.
2.6.3 Inhibition by chemical inhibitors

H9c2 cells were pre-treated with 0.1% DMSO vehicle control or 200 nM K252a for 1 h
prior to addition of sPDNF (1 µg/ml for 3 h). Supernatants and/or cell monolayers were
collected and processed as in section 2.6.1.
2.6.4 Hydrogen peroxide oxidative stress protection assay

CPCs (4,000 cells/well) were plated in 96-well plates overnight in CPC medium.
Cells were washed with PBS and replaced with 0.1% FCS/DMEM (50 µl). Cells
were pre-treated with 50 µl of a 2X stock of sPDNF (600 ng/ml) for 30 minutes
(final concentration of 300 ng/ml). 50 µl of a 3X stock of H2O2 (3.75 mM) were
added to respective wells for a final concentration of 1.25 mM for 3 h. 10 µl of a
16X stock of propidium iodide (PI, 80 µg/ml) and Hoechst (160 µg/ml) were
added per well [final concentrations: 5 µg/ml (PI) and 10 µg/ml (Hoechst)] for 5
minutes, 3 wells at a time. The Hoechst dye stains all cell nuclei blue. Propidium
iodide, a vital stain, stains dead cells red, for they are unable to exclude the dye.
Pictures were taken and dead (red) and total (red and blue) cells were counted.
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At least 200 cells/well were counted. % Cell Death was expressed as (dead cells)
÷ (total cells) × 100%.

2.7

In vivo

2.7.1 T cruzi infection

Female C57BL/6 mice (6-8 weeks old) were infected subcutaneously in the left hind
footpad with 5,000 trypomastigotes (Tulahuén strain) in 30 µl PBS under isofluorine
anesthesia. Mice were sacrificed at various days post-infection (DPI) by CO2
asphyxiation and cervical dislocation. For in vivo inhibition experiments, parasites were
mixed with bovine serum albumin (BSA) or α-Trk antibodies prior to subcutaneous
injection and mice sacrificed 3 days later. Organs were perfused by intracardiac
injection of 5 ml ice-cold PBS, and the heart (sometimes, atria and ventricle were
collected separately) and other organs were collected and flash frozen in liquid
nitrogen and stored at -80°C. Tissues were processed for gene expression as
described in section 2.8. Tissue parasitism was quantified using a qPCR method
utilizing genomic tissue DNA, previously described (Cummings and Tarleton, 2003).
2.7.2 Single intravenous (IV) sPDNF injections

sPDNF was diluted in sterile endotoxin-free PBS in 200 µl and injected via the tail
vein into 6-8 week old female C57BL/6 mice. Mice receiving single IV injections
of 150 µg sPDNF per mouse were sacrificed at 3, 6, 9, and 12 h post-injection, or
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various doses of sPDNF (100 ng-150 µg) and sacrificed 3-h post-injection. After
sacrifice, mice were perfused with PBS and organs harvested and processed as
described in section 2.7.1.
2.7.3 Multiple IV sPDNF injections

Mice receiving multiple injections of sPDNF or PBS vehicle control (0, 3, and 24
h, 50-100 µg per injection) were sacrificed 24 h after the last injection (i.e., 48 h
after the first injection). Mice were perfused with PBS and organs harvested and
processed as described above in section 2.7.1.
2.7.4 IV sPDNF treatment

Female C57BL/6 and Balb/c mice (6-8 weeks old) were intraperitoneally infected
with 800 or 80 trypomastigotes (Colombian strain), respectively, in a volume of
200 µl PBS. Mice were allowed to progress through the acute phase, when
parasites can be detected in the blood, into the chronic phase of disease, when
parasitemia is low to undetectable. At approximately 4 months post-infection,
mice received placebo (IV PBS) or IV sPDNF treatment. The IV sPDNF
treatment consisted of 25 µg sPDNF IV injections at 0, 3, and 24 h intervals,
weekly for 3 weeks. In some cases, mice were tail bled at various days postinfection or post-treatment, from which serum samples were isolated and kept
frozen and -80°C until used. Approximately 2 months after the initiation of the IV
sPDNF treatment, mice were sacrificed and their organs harvested and
processed as in section 2.7.1.
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2.7.5 Tissue histology

In addition, heart samples were fixed in 4% paraformaldehyde for 48 h and sent
to DLAM for tissue sectioning and staining. In short, tissue samples were
embedded in paraffin wax, sectioned (5 µm thick), and placed on slides for
staining. Tissue sections were subjected to hematoxylin and eosin (H&E) stain to
visualize inflammatory infiltrates/foci and the degree of inflammation. Tissue
sections were subjected to Masson’s trichrome stain, which distinguishes cells
(visually red) from connective tissue or fibrotic areas (visually blue), to visualize
fibrosis. A hallmark of cardiac fibrosis is the deposition of collagen in heart tissue,
where collagen is usually limited. Multiple bright field images (Nikon camera,
SPOT imaging system software) were taken and subjected to analysis by a
custom script using ImageJ (NIH) software. For each image, every pixel was
determined to represent either red (tissue) or blue (collagen); white pixels are
ignored. Percent fibrosis was quantified as fibrotic area (blue pixels) ÷ total area
(red + blue pixels) × 100%.

2.8

qPCR analysis

RNA was isolated from Trizol lysates of cell monolayers or liquid nitrogen snap
frozen tissue samples dissociated by a Tissue-Tearor mechanical homogenizer
(Biospec Products, Inc.). cDNA was synthesized using the Quantitect Reverse
Transcription kit (Qiagen) according to manufacturer’s instructions. Gene
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transcripts were amplified using specific primers and normalized to the
housekeeping gene, hypoxanthine-guanine phosphoribosyltransferase (HPRT),
using SYBR Green (Qiagen), and, if needed, expressed relative to
control/unstimulated samples (Livak and Schmittgen, 2001). The primers used
are summarized in Table 1.
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Table 1. qPCR primer list.

Gene

Forward (5’! 3’)

Reverse (5’! 3’)

INFLAMMATORY
MCP-1/CCL2
FKN/CX3CL1
TNF-α
IFN-γ
IL-6
IL-1β

TCTCTTCCTCCACCACTATGCA
GCCCGCCGAATTCCTGCACT
TGGGAGTAGACAAGGTACAACC
ACAGCAAGGCGAAAAAGGATG
CTGCAAGAGACTTCCATCCAG
TGGAGAGTGTGGATCCCAAGCAAT

GGCTGAGACAGCACGTGGAT
CAATGGCACGCTTGCCGCAG
CATCTTCTCAAAATTCGAGTGACA
TGGTGGACCACTCGGATGA
AGTGGTATAGACAGGTCTGTTGG
TGTCCTGACCACTGTTGTTTCCCA

AAGGACCTGGGTTGGAAGTG
GAGGAAAACATTAAGAAGGGCAAA

TGGTTGTAGAGGGCAAGGAC
CGGCACAGGTCTTGATGA

FIBROTIC
TGF-β
CTGF

ANTI-INFLAMMATORY
TSG-6
IL-1RA
IL-10

CGTCTCGCAACCTACAAGCA
GCTCATTGCTGGGTACTTACAA
GCTCTTACTGACTGGCATGAG

GGTATCCGACTCTACCCTTGG
CCAGACTTGGCACAAGACAGG
CGCAGCTCTAGGAGCATGTG

CELL MARKERS
CD4
CD8
CD11b
CCR2
CX3CR1

CTTCGCAGTTTGATCGTTTTGAT
AAGAAAATGGACGCCGAACTT
GGCTCCGGTAGCATCAACAA
AATGAGAAGAAGAGGCACAGGGCT
CGACATTGTGGCCTTTGGAACCAT

CCGGACTGAAGGTCACTTTGA
AAGCCATATAGACAACGAAGGTG
ATCTTGGGCTAGGGTTTCTCT
ATGGCCTGGTCTAAGTGCTTGTCA
AGATGTCAGTGATGCTCTTGGGCT

STEM CELL MARKERS
Sca-1
c-kit
CD34
Msh1
NESTIN

TCCTGGGTACTAAGGTCAACG
GGCCTCACGAGTTCTATTTACG
ATCCCCATCAGTTCCTACCAAT
TAAAGTGCTGGCGCAATCG
CCCCTTGCCTAATACCCTTGA

CTCCATTGGGAACTGCTACATT
GGGGAGAGATTTCCCATCACAC
TGGTGTGGTCTTACTGCTGTC
TCTTCGTCCGAGTGACCATCT
GCCTCAGACATAGGTGGGATG

T CRUZI QUANTIFICATION
TCZ
TNF

GCTCTTGCCCACA(A/C)GGGTGC
TCCCTCTCATCAGTTCTATGGCCCA

CCAAGCAGCGGATAGTTCAGG
CAGCAAGCATCTATGCACTTAGACCCC

HOUSEKEEPING GENE
HPRT

CAGCGTCGTGATTAGCGATGATG
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CGAGCAAGTCTTTCAGTCCTGTC

2.9

ELISA

2.9.1 MCP-1

96-well Maxisorp plates (Nunc) were coated overnight with relevant supernatants
or MCP-1 standards (R&D Systems, 479-JE/CF) in carbonate-bicarbinate coating
buffer (50 mM NaHCO3/Na2CO3, pH 9.6, 0.02% NaN3), blocked in 5%
BSA/PBST, reacted with a MCP-1 detection antibody (Santa Cruz, SC-28879;
1:200; 2 h), and then alkaline-phosphatase (AP) conjugated secondary antibody
(Sigma A3687; 1:1000; 1 h). Between each step, plates were washed 2-4 times
with PBST. Wells were then incubated with colorigenic AP substrate (Sigma
N9389; 1 mg/ml in 100 mM glycine, 1 mM MgCl2, 1 mM ZnCl2, pH 10.4) and
absorbance read at 405 nm on an Emax precision microplate reader (Molecular
Devices). MCP-1 concentrations were calculated relative to a 4-parametric
standard curve using the SOFTmax Pro program. In some cases, to test
supernatants from neutralizing α-Trk antibody experiments, a MCP-1 ELISA kit
(R&D Systems, DY479) was used according to manufacturer’s protocol.
2.9.2 TSG-6

96-well Maxisorp plates (Nunc) were coated with anti-MsTSG-6 antibody
(Millipore MAPT108; 1:300) overnight in carbonate-bicarbinate coating buffer.
Wells were washed, blocked with PBST/5% BSA (1-2 h), incubated with
standards and supernatants (2 h), followed by biotinylated TSG-6 detection
antibody (R&D Systems, BAF2326, 1:300, 2h) and then streptavidin-conjugated
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alkaline-phosphatase protein (Invitrogen, SA1008, 1:1000, 30 min). All
incubations were at room temperature and wells washed 2-4 times with PBST in
between each step. Wells were incubated with colorigenic AP substrate,
absorbance read, and TSG-6 concentrations calculated in a similar manner to
the MCP-1 ELISA, above.
For serum TSG-6 levels, a TSG-6 (TNFAIP6) ELISA kit (MyBioSource,
MBS919938) was used according to manufacturer’s protocol.
2.9.3 MIP-2α and IL-6

MIP-2α (R&D Systems, DY452) and IL-6 (R&D Systems, DY406) ELISAs were
done according to manufacturer’s protocols.

2.10

shRNA knockdown of Trk receptors

Lentiviral vectors encoding shRNA constructs targeting TrkA (clones 1-4), TrkC
(clones 1-5) or GFP mRNA (Open Biosystems) were generated from transfected
HEK 293 cells following manufacturer’s instructions, and aliquots were kept
frozen at -80°C until use. Lentiviral transduction of H9c2 cells was performed
after pretreatment with 8 µg/ml polybrene (Sigma-Aldrich) in DMEM/10% FCS,
with a dose of 200 µl vector-containing supernatant/2 ml medium in 6-well plates.
Lentiviral particles were removed 24 h after infection and, 7-8 d later, cells were
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serum starved in serum-free DMEM for 2 h and stimulated without or with sPDNF
(4 µg/ml, 3 h).

2.11

Immunofluorescence

2.11.1 Primary cultures

Primary cultured cells or differentiated CPCs were fixed in 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100 for 5 minutes, then blocked overnight in
PBST/10% FCS at 4°C. After washing with PBST, cells were incubated with
primary antibody in PBST/5% FCS overnight at 4°C, washed, and secondary
antibodies were added for two hours at room temperature. Table 2 summarizes
antibodies used for immunofluorescence. Cells were washed three times with
PBST for 20 minutes and counter-stained with 4’6-diamidino-2-phenylindole
(DAPI) to visualize nuclei. Images were acquired with the SPOT imaging system.
All image exposures and preparations were identical within a single experiment.

2.12

Statistical Analyses

Statistics were performed using GraphPad Prism software (version 5.0) using
Student’s t-test (for comparing two samples) or one-way ANOVA with Tukey’s
post-test (for comparing three or more samples).
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Table 2. Antibodies used for Trk blocking, immunofluorescence and ELISA.

Antibody Antigen

Method

Source

TrkA
TrkB
TrkC
TrkA
TrkC
vWf (von Willebrand
factor)
MHC (myosin heavy chain)
Vimentin
Alexa fluor 488 GtαRb-IgG
Alexa fluor 594 GtαRt-IgG
Alexa fluor 350 DkαGt-IgG
Alexa fluor 350 DkαMs-IgG
Alexa fluor 568 GtαMs-IgG
Alexa fluor 568 DkαSh-IgG
MCP-1 (detecting)
TSG-6 (capture)
TSG-6 (detecting)
GtαRb-IgG-AP
Streptavidin-AP

Trk inhibition
Trk inhibition
Trk inhibition
Immunofluorescence
Immunofluorescence
Immunofluorescence

Santa Cruz SC-118, 1 µg/ml
Santa Cruz SC-8316, 1 µg/ml
Santa Cruz SC-14025, 1 µg/ml
Millipore 06-574, 1:100
R&D Systems MAB1404, 1:100
DAKO, A0082, 1:100

Immunofluorescence
Immunofluorescence
Immunofluorescence
Immunofluorescence
Immunofluorescence
Immunofluorescence
Immunofluorescence
Immunofluorescence
ELISA
ELISA
ELISA
ELISA
ELISA

Upstate 05-716, 1:100
Sigma V4630, 1:100
Molecular probes A11008, 1:500
Molecular probes A11007, 1:500
Molecular probes A21081, 1:500
Molecular probes A11035, 1:500
Molecular probes A11004, 1:500
Molecular probes A21099, 1:500
Santa Cruz SC-28879, 1:200
Millipore MAPT108, 1:300
R&D systems BAF2326, 1:300
Sigma A3687, 1:1000
Invitrogen SA1008, 1:1000
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CHAPTER 3.

T CRUZI INTERACTION WITH TRK RECEPTORS

VIA PDNF
This chapter includes excerpts of work from the following publications:
Aridgides, D., Salvador, R., PereiraPerrin, M., 2013a. Trypanosoma cruzi highjacks
TrkC to enter cardiomyocytes and cardiac fibroblasts while exploiting TrkA for
cardioprotection against oxidative stress. Cell. Microbiol. 15, 1357–1366.
Aridgides, D., Salvador, R., PereiraPerrin, M., 2013b. Trypanosoma cruzi Coaxes
Cardiac Fibroblasts into Preventing Cardiomyocyte Death by Activating Nerve
Growth Factor Receptor TrkA. PLoS ONE 8, e57450.
Weinkauf, C., Salvador, R., PereiraPerrin, M., 2011. Neurotrophin Receptor TrkC Is
an Entry Receptor for Trypanosoma cruzi in Neural, Glial, and Epithelial Cells.
Infect. Immun. 79, 4081–4087.

3.1

Introduction

The interaction of T cruzi with its host can be studied at the molecular level.
Studying the interaction of specific T cruzi proteins with host cell receptors may
very well highlight important pathways involved in Chagas disease progression.
Studies focused on the T cruzi protein PDNF have identified the Trk family
receptors as an important pathway that implicates a variety of biological
outcomes most likely important in T cruzi-host interaction. Results presented in
this chapter introduce aspects of T cruzi-PDNF and host Trk receptor interaction
that results in parasite invasion of cells and the promotion of survival of neural
and cardiac cells.
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3.2

TrkC mediates T cruzi invasion of primary astrocytes

T cruzi is an obligate intracellular parasite that can invade a wide range of
nucleated cell types, such as muscle cells, epithelial cells, and macrophages.
Work in our lab has identified TrkA, a member of the Trk receptor family, as an
invasion receptor for T cruzi, mediated through PDNF in neuronal cells (de MeloJorge and PereiraPerrin, 2007). With this finding in mind, we set out to identify
other potential Trk receptors involved in host cell invasion. Within the central
nervous system (CNS), T cruzi preferentially invades astrocytes. Thus, we
utilized this cell type in T cruzi infection inhibition experiments.
Primary astrocytes were isolated from neonatal mouse pups and pre-treated with
various ligands against TrkA (NGF, sPDNF), TrkB (BDNF), and TrkC (NT-3,
sPDNF). Our results show that NT-3, but not the other neurotrophins NGF and
BDNF, dose-dependently inhibited invasion of T cruzi into primary astrocytes.
sPDNF was as effective as NT-3 in inhibiting invasion of astrocytes, in
agreement with the notion that sPDNF binds to the same sites on TrkC as native
TrkC ligand NT-3 (Figure 3.1). Thus, these competitive inhibition experiments
suggest TrkC as an invasion receptor for astrocytes. Though astrocytes express
all three Trk receptors (Wang et al., 1998), the results highlight a preferential use
of Trk receptors in the T cruzi invasion of various cell types; for example, in
neuronal cells, invasion occurs through TrkA, whereas in astrocytes, it is
mediated through TrkC (Weinkauf et al., 2011).

63

Figure 3.1. TrkC blockers inhibit T cruzi infection of primary astrocytes in a dosedependent manner.
Various concentrations of TrkC blockers (sPDNF and NT3) and non-blockers
(NGF and BDNF) were added to cells (in triplicate) 1 hour before infection with T
cruzi (3.5 h), washed (to remove uninvaded parasites), and the infection allowed
to proceed for 3 days. Infection inhibition of pre-treated cells were made relative
to vehicle-controls. Data are representative of two experiments; points represent
mean ± SEM. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.005. Reprinted with permission
from Copyright © American Society for Microbiology, Infection and Immunity, Vol.
79, 2011, p. 4081-4087, doi:10.1128/IAI.05403-11.
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3.3

TrkC and TrkA, but not TrkB, antibodies block T cruzi infection in
vivo

As previous in vitro and ex vivo experiments have identified TrkA and TrkC as
important invasion receptors for distinct cell types, we wanted to determine the in
vivo relevance of the in vitro T cruzi infection results.
T cruzi can be transmitted after an insect vector takes a bloodmeal from a
mammalian host. When the insect vector defecates onto its host, infective
trypomastigotes can invade through the insect bite, cuts or abrasions of the skin,
resulting in the initial cutaneous infection, from which parasites disseminate. We
mimicked the natural transmission of T cruzi with subcutaneous injections into
the hind footpads of mice. To determine the role of Trk receptors in vivo, we
subcutaneously injected mice with T cruzi in combination with blocking antibodies
directed against the different Trk receptors to compete for receptor access. T
cruzi is an obligate intracellular pathogen; it not only invades cells to replicate, it
does so to also evade its host’s immune response. Therefore, if Trk-specific
antibodies block T cruzi access/invasion, the parasites become more susceptible
to host immune responses and are cleared.
We found that antibodies directed against TrkA and TrkC, but not TrkB, are able
to inhibit footpad parasitism (Figure 3.2), thus supporting the concept that T cruzi
uses TrkA and TrkC receptors to invade various cell types in the mammalian host
(Weinkauf et al., 2011).
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Figure 3.2. TrkC and TrkA, but not TrkB, antibodies block T cruzi infection in vivo.
Mice (5/group) were infected subcutaneously in the footpad with 5 × 103 T cruzi
trypomastigotes (Tulahuén strain) mixed with 2 µg BSA or antibodies specific for
TrkA (α-TrkA), TrkB (α-TrkB), TrkC (α-TrkC), and footpad parasitism was
quantified 3 days later by qPCR. Bars represent mean ± SEM footpad parasitism
of three independent experiments (15 mice per group). * and **, P = 0.011 and
0.009, respectively, compared to BSA controls. Reprinted with permission from
Copyright © American Society for Microbiology, Infection and Immunity, Vol. 79,
2011, p. 4081-4087, doi:10.1128/IAI.05403-11.
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3.4

T cruzi hijacks TrkC to enter cardiac cells, and exploits TrkA for
cardioprotection against oxidative stress

For unknown reasons, approximately 30% of Chagas disease patients suffer or
will suffer from chronic chagasic cardiomyopathy (CCC). Continued work
delineating the interaction between T cruzi PDNF with TrkA and TrkC was
studied in the context of the heart. TrkA and TrkC have been identified in cardiac
cells, including cardiomyocytes and cardiac fibroblasts (Aridgides et al., 2013b;
Kawaguchi-Manabe et al., 2007; Meloni et al., 2010). We discovered that T cruzi
preferentially invaded cardiomyocytes and cardiac fibroblasts through TrkC,
compared to TrkA (Aridgides et al., 2013a). Furthermore, activation of TrkA on
cardiac fibroblasts stimulates the expression/secretion of an exuberant amount of
NGF, which, in a paracrine fashion, promotes the cell survival of cardiomyocytes
(Aridgides et al., 2013b).

3.5

Summary

The results summarized above support the concept that T cruzi recognition of Trk
receptors facilitates parasite entry into cells of the nervous system in culture and
in vivo. Given that Trk receptors are expressed by many cell types of non-neural
origin, the results suggest that T cruzi uses Trk receptors to invade non-neural
cells, such as those found in the heart.
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CHAPTER 4.

INDUCTION OF CHEMOKINES BY T CRUZI AND

PDNF
This chapter is representative of the following accepted publication (in press):
Salvador, R., Aridgides, D., PereiraPerrin, M., 2014. Parasite-Derived Neurotrophic
Factor/trans-Sialidase of Trypanosoma cruzi Links Neurotrophic Signaling to
Cardiac Innate Immune Response. Infect. Immun. 82, 3687–3696.

4.1

Introduction

T cruzi elicits a potent inflammatory response in acutely infected hearts. The
inflammatory response keeps tissue parasitism in check, and at the same time,
may contribute to cardiac abnormalities due to several factors, including oxidative
stress. The inflammatory response wanes in most (>95%) infected patients with
acute Chagas disease, who progress to symptomless and pathology-free
indeterminate phase that can last years or a lifetime. However, less than 5% of
patients progress and succumb to widespread and fulminating myocarditis.
Here, we show that T cruzi strongly upregulates the chemokines monocyte
chemoattractant protein-1 (MCP-1)/CCL2 and fractalkine (FKN)/CX3CL1 in the
context of cellular and mouse models of heart inflammation (Salvador et al.,
2014). Given that MCP-1 and FKN are innate immunity mediators, they are
essential for the recruitment of immune cells to combat inflammation triggers and
enhance tissue repair (Green et al., 2006; Morimoto et al., 2008; Paiva et al.,
2009; Serbina et al., 2008), our findings uncover a new mechanism in innate
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immunity of T cruzi infection mediated by Trk signaling. Thus, PDNF may serve
as a link between T cruzi and Trk receptors on the host for the parasite to
actively modulate acute inflammatory and subsequent wound healing responses.

4.2

T cruzi and sPDNF augment MCP-1 and FKN expression in primary
cultures of cardiomyocytes and cardiac fibroblasts

In line with an earlier study (Machado et al., 2000), we found that T cruzi infection
of primary cardiomyocytes and cardiac fibroblasts upregulates MCP-1 and FKN
transcripts in a time-dependent manner (Figure 4.1). In addition, the stimulatory
activity of T cruzi is mimicked by sPDNF, as it stimulates an increase in MCP-1
and FKN transcripts in both primary cardiomyocytes and cardiac fibroblasts in a
dose-dependent manner (Figure 4.2). Differences in the responses of cardiac
cells to T cruzi or sPDNF may be attributed to the conditions in which cells are
stimulated (serum-containing or serum-starved, respectively), timing, or the
plethora of molecules present on the surface of live parasites.

69

mRNA

(Fold change relative to uninfected cells)

a

Cardiomyocytes
(Primary)
***

125
100

MCP-1

75
50
25
0
0

**

FKN
**

24

48

(6-fold)

72

Time (h)

Figure 4.1. T cruzi infection stimulates monocyte chemotactic protein-1 (MCP-1)
and fractalkine (FKN) in primary cultures of cardiomyocytes and cardiac
fibroblasts over time.
Primary cultures of mouse (a) cardiomyocytes and (b) cardiac fibroblasts were
plated in 6-well plates, infected with T cruzi (Tulahuen strain; MOI = 10) for 3, 24,
and 72 h, and MCP-1 and FKN transcripts were quantified by qPCR. Chemokine
gene expression was normalized to HPRT and fold change calculated relative to
uninfected cells. Points represent mean ± SD fold change expression of triplicate
samples. *P < 0.05, **P < 0.01, and ***P < 0.005, compared to uninfected cells.
Graph is representative of two experiments, with similar results.
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Figure 4.2. sPDNF stimulates MCP-1 and FKN expression in primary cultures of
cardiomyocytes and cardiac fibroblasts in a dose-dependent manner.
Primary (a) cardiomyocytes and (b) cardiac fibroblasts were plated in 6-well
plates, serum starved overnight, then stimulated with indicated concentrations of
sPDNF (3 h), and MCP-1 and FKN transcripts were quantified by qPCR.
Chemokine gene expression was normalized to HPRT and fold change
calculated relative to vehicle (Veh)-treated cells. Points represent mean ± SEM
fold change expression of triplicate samples from two independent experiments;
*P < 0.05, **P < 0.01, and ***P < 0.005, compared to Veh-treated cells.
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4.3

sPDNF upregulates MCP-1 and FKN expression in H9c2
cardiomyocytes dose-dependently, in a pulse-like manner

In the cardiomyocyte cell line H9c2, TrkA activation by CTGF and NGF leads to
the induction of MCP-1 (Wahab et al., 2005). Therefore, we set out to determine
whether T cruzi PDNF recognition of TrkA would also stimulate MCP-1
expression.
Here, we show that sPDNF dramatically increased secretion of MCP-1 dosedependently and specifically, as sPDNF does not alter secretion of another
chemokine, macrophage inflammatory protein-2α/MIP-2α/CXCL2, or the cytokine
IL-6 (Figure 4.3a). Similar to results obtained from sPDNF stimulated primary
cardiomyocytes, the increase of MCP-1 and FKN mRNA in H9c2 cardiomyocytes
is dose-dependent (Figure 4.3b). Furthermore, time-course analysis reveals that
MCP-1 transcript induction peaks 3 h after sPDNF stimulation, in a typical pulselike manner, whereas FKN continues to be induced 5 h after stimulation (Figure
4.3c). It is interesting to note that, though similar, FKN expression is induced at
higher sPDNF concentrations and lasts longer than MCP-1 (Figure 4.3b and c),
suggesting they are differentially regulated in response to sPDNF.
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Figure 4.3. sPDNF upregulates MCP-1 and FKN expression in H9c2
cardiomyocytes in a dose- and time-dependent manner.
(a) H9c2 cardiomyocytes were plated in 6-well plates grown in low serum (0.1%
FCS) overnight, and stimulated with the indicated doses of sPDNF for 3 h.
Supernatants were collected and secretion of MCP-1, MIP-2α and IL-6 was
determined by ELISA (samples run in triplicate). Points represent mean ± SEM
protein secretion of triplicate samples.
(b) H9c2 cardiomyocytes were prepared as in Figure 4.3a and chemokine
transcripts quantified by qPCR. Chemokine expression was normalized to HPRT
and fold change calculated relative to vehicle-treated cells. Points represent
mean ± SEM fold change expression of triplicate samples from 3 independent
experiments.
(c) H9c2 cardiomyocytes were plated in 6-well plates, grown in low serum (0.1%
FCS) overnight, stimulated with sPDNF (1 µg/ml) for the indicated times, and
chemokine expression quantified by qPCR. Points represent mean ± SEM fold
change expression of triplicate samples from 2 independent experiments. For all
graphs, *P < 0.05, **P < 0.01, and ***P < 0.005, compared to vehicle-treated
cells.

73

4.4

Neurotrophic receptors TrkA and TrkC are targeted by sPDNF for
upregulation of MCP-1 and FKN in cardiomyocytes

We used three distinct criteria to determine whether T cruzi PDNF exploits TrkA
or TrkC to increase MCP-1 and FKN production in cardiac cells.
First, we pre-incubated H9c2 cardiomyocytes with control DMSO or the Trk
antagonist K252a, which blocks Trk signaling by inhibiting Trk
autophosphorylation, followed by stimulation with sPDNF or vehicle, and
quantified MCP-1 and FKN transcripts by qPCR. We found that K252a
completely abrogates the stimulatory effect of sPDNF (Figure 4.4), indicating that
the agonistic induction of MCP-1 and FKN by sPDNF requires Trk signaling.
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Figure 4.4. Trk-signaling inhibition by K252a abrogates sPDNF-mediated
induction of MCP-1 and FKN mRNA in H9c2 cardiomyocytes.
H9c2 cardiomyocytes were stimulated with sPDNF (1 µg/ml, 3 h) without pretreatment (sPDNF) or after pre-treatment with K252a (200 nM, 1 h) (K252a +
sPDNF), and transcripts of (a) MCP-1 and (b) FKN were quantified by qPCR.
Chemokine gene expression was normalized to HPRT and fold change
calculated relative to vehicle-treated cells. Bars represent mean ± SD fold
change expression of duplicate samples. Graphs are representative of three
experiments, with similar trends; *P < 0.05 and **P < 0.01, compared to Vehicletreated cells.
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Second, we pre-incubated cardiomyocytes with neutralizing antibodies against
neurotrophin receptors prior to stimulation with sPDNF. If sPDNF utilizes Trk
receptors to augment chemokine expression, then neutralizing these receptors
with non-stimulatory antibodies against their extracellular domain would prevent
receptor access and block sPDNF-mediated induction of MCP-1 and FKN
expression. We found that antibodies against TrkA significantly inhibited sPDNFinduced upregulation of MCP-1 (20.0% inhibition) and FKN (32.8% inhibition), as
do antibodies against TrkC (MCP-1 inhibition, 44.5%; FKN inhibition, 55.0%)
(Figure 4.5). In contrast, neutralizing antibodies against TrkB are ineffective in
preventing sPDNF upregulation of both MCP-1 and FKN (Figure 4.5), consistent
with findings that TrkB is not recognized by sPDNF (Weinkauf et al., 2011), thus
serving as a negative control in this neutralizing Trk-antibody experiment/assay.
A combination of α-TrkA and α-TrkC neutralizing antibodies inhibited sPDNFinduced secretion of MCP-1 in H9c2 cells, whereas the individual antibodies
alone did not (Figure 4.5c).
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Figure 4.5. Blockade, by neutralizing antibodies, of TrkA and TrkC, but not TrkB,
dampens induction of (a) MCP-1 and (b) FKN mRNA in H9c2 cells.
H9c2 cardiomyocytes were stimulated with sPDNF (1 µg/ml, 3 h) without pretreatment (+ sPDNF) or after pre-treatment with neutralizing antibodies (1 µg/ml,
30 min) against TrkA (α-TrkA + sPDNF), TrkB (α-TrkB + sPDNF), and TrkC (αTrkC + sPDNF). Bars represent mean ± SD fold change expression of triplicate
samples. Graphs are representative of two experiments, with similar trends; *P <
0.05 and **P < 0.01, ns = not significant. (c) For α-TrkA and α-TrkC combination
pre-treatment (α-TrkA&C), 2 µg/ml of each antibody were used. Secreted MCP-1
was measured from cell supernatants by ELISA (R&D systems), and expressed
as the difference of stimulated cells normalized to unstimulated. **P < 0.01
compared to vehicle pre-treatment, by one-way ANOVA; representative of two
experiments.
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Third, we designed experiments to reduce Trk expression with short hairpin
mRNA (shRNA) to further validate that enhanced expression of MCP-1 and FKN
results from the binding of sPDNF to TrkA and TrkC. For this purpose, we
transfected H9c2 cardiomyocytes with lentivirus encoding shRNA for control
green fluorescence protein (shGFP), TrkA (four distinct vectors), or TrkC (five
distinct vectors). After 7 days post-transduction, we stimulated untransfected and
transfected cardiomyocytes with sPDNF, and assessed the inhibitory effect of
gene silencing by comparing secreted MCP-1 levels in sPDNF-stimulated cells
normalized to their unstimulated/vehicle-treated counterparts. Compared to
shGFP-transfected and/or untransfected cardiomyocytes, cardiomyocytes
transfected with shTrkA- or shTrkC-containing lentiviral particles significantly
reduced MCP-1 secretion in response to sPDNF stimulation (Figure 4.6).
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Figure 4.6. Knockdown of TrkA and TrkC, by lentiviral shRNA gene silencing,
abrogates secretion of MCP-1 by sPDNF-stimulated H9c2 cells.
H9c2 cardiomyocytes were transfected with lentiviral particles containing
shRNAs targeting GFP (control), TrkA (clones 1-4) and TrkC (clones 1-5). After 7
d, cells were serum starved (2 h) and stimulated with vehicle or sPDNF (1 µg/ml,
3 h), and cell supernatants analyzed for secreted MCP-1 by ELISA (samples ran
in duplicate). Bars represent mean ± SD secreted MCP-1 (normalized to vehicletreated cells) of triplicate samples. Graph is representative of three experiments,
with similar trends; ns = not significant, *P < 0.05, **P < 0.01, and ***P < 0.005,
compared to shGFP transfected cells.
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Therefore, on the basis of these three distinct criteria, we conclude that sPDNF
uses both TrkA and TrkC to upregulate MCP-1 and FKN expression, akin to the
utilization of TrkA by the matricellular protein CTGF/CCN2 to induce MCP-1 in
cardiomyocytes (Wahab et al., 2005; Wang et al., 2010).
Dual usage of TrkA and TrkC to upregulate MCP-1 and FKN is analogous to T
cruzi invasion of neuronal cells, which depend on both TrkA (de Melo-Jorge and
PereiraPerrin, 2007) and TrkC (Weinkauf et al., 2011). However, preferential
utilization of TrkC for parasite entry into cardiac fibroblasts or cardiomyocytes
(Aridgides et al., 2013a) and selective usage of TrkA for NGF secretion by
cardiac fibroblasts (Aridgides et al., 2013b) suggest specialized roles for Trk
receptors within a chagasic heart that may contribute to a complex autocrine and
paracrine signaling network.

4.5

MCP-1 and FKN expression correlate with parasite burden in acute
chagasic hearts

Mice were infected with T cruzi (Tulahuen strain), sacrificed at various days postinfection, and cardiac MCP-1 and FKN expression and parasite burden levels
were determined by qPCR. In line with a previous study (Paiva et al., 2009), our
results show that MCP-1 expression parallels the degree of heart parasite burden
(Figure 4.7a). However, unlike MCP-1, expression of FKN remains elevated for
at least 20 days after cardiac parasitism becomes barely detectable (Figure
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4.7b), in agreement with the view that FKN plays an important role in recruiting
blood monocytes that promote cardiac healing after myocardial injury
(Nahrendorf et al., 2007).
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Figure 4.7. MCP-1 and FKN expression correlate with T cruzi heart parasitism, in
vivo.
(a) and (b) show the expression of cardiac MCP-1 and FKN mRNAs,
respectively, in relation to heart parasite burden over the course of acute T cruzi
infection. C57BL/6 mice (3 per group) were subcutaneously infected with T cruzi,
and sacrificed at indicated time points. Hearts were harvested and flash frozen
until processed for total RNA and genomic DNA. Cardiac MCP-1 and FKN
expression (RNA) and parasite burden (DNA) were quantified by qPCR methods.
Points represent the mean ± SEM chemokine expression or parasite burden of 35 mice per group from two independent experiments.
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4.6

Intravenous sPDNF upregulates MCP-1 and FKN in the heart and
liver of C57BL/6 and MyD88-/- mice

The robust MCP-1 increase in acutely infected hearts (Figure 4.7) is likely due to
the stimulation of TLRs and other canonical pro-inflammatory pathways by T
cruzi molecules, exemplified by glycosylphosphatidylinositol-anchored mucin-like
glycoproteins, which increase MCP-1 and mediate leukocyte recruitment in the
pleural cavity of IFN-γ-primed mice (Coelho et al., 2002). If T cruzi-PDNF is also
a mechanism responsible for triggering MCP-1 expression in T cruzi-infected
hearts, then intravenous (IV) administration of sPDNF should upregulate
chemokine expression in the heart of uninfected, naïve mice.
A previous pharmacokinetic study showed that IV sPDNF administered to naïve
mice has a half-life of ~15 min in the blood and peaks in the myocardium ~15 min
post-injection, triggering cardiac responses such as NGF upregulation hours after
injection (Aridgides et al., 2013).
To determine the effect of sPDNF on the heart, we injected naïve C57BL/6 mice
with vehicle (PBS) or a single dose of IV sPDNF, sacrificed the mice at various
time points post-injection, and measured cardiac chemokine expression by
qPCR. IV sPDNF significantly upregulates cardiac MCP-1 and FKN transcripts
with transient-, pulse-like kinetics, as both chemokines peak shortly after
administration (3 h post-injection) and return to baseline levels of vehicle-injected
mice, thereafter (Figure 4.8). We then screened the agonistic effect of IV sPDNF
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in various organs at the peak response time (3 h post-injection) using the same
dose as in Figure 4.8. We found that sPDNF upregulated MCP-1 in the heart,
liver (where the response was most robust) and spleen, but not in the bone
marrow, aorta, esophagus, colon and skin (Figure 4.9). FKN induction in
response to IV sPDNF in the same organs was also similar to that observed for
MCP-1. Furthermore, IV sPDNF-triggered MCP-1 and FKN upregulation is dosedependent in the heart and liver (Figure 4.10), akin to results obtained from
sPDNF-stimulated cultured cardiac cells (Figures 4.2 & 4.3). FKN induction was
more notable in the heart than the liver, which may be attributed to the capacity
of the liver to regenerate via other mechanisms involving hepatocytes and
Kupffer cells (Fujiyoshi and Ozaki, 2011). The selective increase of MCP-1 and
FKN in various organs likely reflects the differential expression of TrkA and TrkC
receptors in neural and non-neural tissues, as well as the amount of circulating
sPDNF that reaches the organs.
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Figure 4.8. Single intravenous (IV) injection of sPDNF in C57BL/6 mice
transiently induces MCP-1 and FKN expression in the heart, peaking at 3 h.
Groups of mice (3 per group) were injected with vehicle (Veh) or sPDNF (150
µg/mouse) and sacrificed at 3, 6, 9, and 12 h post-injection. Cardiac MCP-1 and
FKN transcripts were quantified by qPCR. Points represent fold change of the
mean ± SD expression, normalized to HPRT and made relative to vehicleinjected mice. *P < 0.05 and **P < 0.01 compared to vehicle-injected mice.
Graph is representative of three experiments, with similar trends. Chemokine
expression in the liver also responded with pulse-like kinetics (data not shown).
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the aorta, esophagus, colon, skin, or bone marrow, 3 h after single IV sPDNF in
C57BL/6 mice.
Experimental design is analogous to that summarized in Figure 4.8. At 3 h postinjection, mice were sacrificed and the indicated organs were harvested and flash
frozen until processed for qPCR. Organ-specific MCP-1 expression was
normalized to HPRT and made relative to respective organs from vehicle-injected
mice, depicted as the dotted line (1). Bars represent the mean ± SD MCP-1
expression of each organ. *P < 0.05 and **P < 0.01, compared to respective
organs of vehicle-injected mice. Graph is representative of two experiments.
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Figure 4.10. Single IV sPDNF induces MCP-1 and FKN expression in the heart
and liver in a dose-dependent manner.
Groups of three mice were injected with vehicle or various doses of sPDNF, and
(a) heart and (b) liver harvested 3 h post-injection to quantify MCP-1 and FKN by
qPCR. The results are plotted as a composite of three distinct experiments.
Points represent mean ± SEM chemokine expression; *P < 0.05, **P < 0.01, and
***P < 0.005, compared to vehicle-injected mice.
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Although our sPDNF preparations do not have detectable levels of endotoxin (as
assessed by Limulus amebocyte assay), and are non-toxic in recombinaseactivating gene-2 (RAG2-/-)-deficient mice, which are highly susceptible to
endotoxin shock (Reid et al., 1997), we sought to further ensure the response
observed in wild-type mice was not due to TLR activation by assessing MCP-1
and FKN response to IV sPDNF in MyD88-/- mice (Kawai and Akira, 2007).
Accordingly, our results show that IV sPDNF gives rise to a sharp increase in the
expression of both MCP-1 and FKN in the heart and liver of MyD88-/- mice
(Figure 4.11a-d), further supporting the concept that sPDNF acts through Trk
receptors, independent of MyD88 signaling.
Recombinant sPDNF mutants, in which several Asp-boxes are swapped, result in
proteins that preferentially function in blocking invasion or promoting survival,
compared to wild-type sPDNF. Also, preliminary data on synthetic peptides,
modeled after the different PDNF Asp-boxes, mimic several aspects of sPDNF
compared to scrambled control peptides, in vitro, supporting the idea that the
effects of PDNF are mediated through binding Trk receptors.
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Figure 4.11. Single IV sPDNF induces MCP-1 and FKN in the heart and liver of
-/MyD88 mice.
-/-

MyD88 mice (two per group) were IV injected with vehicle (PBS) or sPDNF (100
µg per mouse), sacrificed 3 h post-injection, and MCP-1 and FKN mRNA was
quantified in the heart (a and b) and liver (c and d) by qPCR. Bars represent
mean ± SEM expression from two independent experiments. **P < 0.01 and ***P
< 0.005, compared to vehicle-injected counterparts.
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4.7

Multiple intravenous injections of sPDNF increase transcripts of
respective MCP-1 and FKN receptors, CCR2 and CX3CR1, in the
heart and liver

A major function for chemokines such as MCP-1 and FKN is to attract cells
expressing their receptors (CCR2 and CX3CR1, respectively) to sites of tissue
inflammation (Green et al., 2006; Serbina et al., 2008). Thus, if sPDNF induces
chemokine expression in the heart and liver, CCR2 and CX3CR1 expressing
cells would be recruited to these organs. Here, we used chemokine receptor
transcript levels in the heart and liver as readout for recruitment of CCR2- and
CX3CR1-expressing cells. We found that after a single IV sPDNF dose, CCR2
and CX3CR1 transcript levels did not increase in cardiac or hepatic tissues
(Figure 4.12), contrary to the transient and pulse-like induction of MCP-1 and
FKN (Figure 4.10).
We reasoned that 3 h was not sufficient time for the recruitment of CCR2 and
CX3CR1 expressing cells into the heart or liver. Therefore, we implemented
sustained tissue exposure of sPDNF by multiple, closely spaced IV sPDNF
injections into naïve mice at times 0, 3 and 24 h, and measuring chemokine
receptor transcripts 24 h after the last injection. Multiple IV sPDNF injections
resulted in a significant increase in CCR2 and CX3CR1 transcript levels in the
liver and heart (Figure 4.13). Thus, these findings support sPDNF-induced MCP1 and FKN promotes migration of cells expressing CCR2 and CX3CR1 receptors
to organs such as the heart and liver.
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Figure 4.12. Single IV sPDNF does not increase MCP-1 and FKN receptor
transcripts, CCR2 and CX3CR1, respectively, in the heart or liver.
Experimental design was the same as in Figure 4.10. Transcript levels of MCP-1
receptor, (a) CCR2, and FKN receptor, (b) CX3CR1, were quantified by qPCR in
the heart and liver. Chemokine receptor transcripts did not increase following
single doses of IV sPDNF, 3 h post-injection.
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Figure 4.13. Multiple IV sPDNF injections (0, 3, and 24 h) increases CCR2 and
CX3CR1 transcript levels in the liver and heart.
C57BL/6 mice (3 per group) were injected with vehicle (Veh) or IV sPDNF (25 µg
per injection) at 0, 3, and 24 h, and sacrificed 24 h after the last injection (48-h).
(a) CCR2 and (b) CX3CR1 mRNA transcript levels in the liver, colon and heart
(ventricles and atria) were quantified by qPCR. Bars represent mean ± SEM
receptor transcript levels from two independent experiments; *P < 0.05 and **P <
0.01, compared to respective organ of vehicle-injected mice (dotted line).
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4.8

Summary

We demonstrated that T cruzi infection stimulates MCP-1 and FKN expression in
cardiac cells and the heart. Chemokine induction in cardiac cells or the heart was
mimicked by in vitro stimulation or intravenous administration of sPDNF, which
featured pulse-like kinetics. Sustained exposure to PDNF in vivo via multiple
intravenous injections of sPDNF increased the levels of CCR2 and CX3CR1
transcripts over time in organs such as the heart and liver, suggesting
recruitment of chemokine receptor expressing cells to these organs. The notion
that MCP-1 is cardioprotective and FKN contributes to tissue repair following
myocardial injury highlights a conceivable beneficial link between T cruzi,
chemokines, and the heart. PDNF-mediated modulation of chemokines, over the
course of T cruzi infection, may affect other resident cardiac cells, such as tissue
resident stem cells, that also contribute to promoting reparative and antiinflammatory responses.
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CHAPTER 5.

T CRUZI PDNF INTERACTS WITH CARDIAC

PROGENITOR CELLS (CPCs)

5.1

Introduction

In chapter 4, we discovered that T cruzi PDNF modulates the expression of the
chemokines MCP-1 and FKN in the heart, liver, and spleen. It has been
established that MCP-1 plays an important role in models of acute Chagas
disease by attracting immune cells to keep parasitism in check (Hardison et al.,
2006; Paiva et al., 2009). On the other hand, FKN is an anti-inflammatory
chemokine implicated in myocardial infarction (Green et al., 2006) and other
conditions (Sheridan and Murphy, 2013) and, thus, may play a similar role in T
cruzi-infected hearts. Although FKN has not been previously studied in Chagas
heart disease, our results are consistent with the notion of FKN playing a role in
tissue repair, as, contrary to MCP-1, it remains expressed in the heart despite
low heart parasitism (Figure 4.7).
However, MCP-1 has biological activities additional to promoting recruitment of
inflammatory cells, like, for example, inducing cardioprotection by directly
interacting with cardiomyocytes (Morimoto et al., 2008; Niu and Kolattukudy,
2009; Wahab et al., 2005; Wang et al., 2010). Moreover, MCP-1/CCR2 signaling
was shown to contribute to the activation and recruitment of neural crest-derived
stem cells (NCSCs) to sites of inflammation (Tamura et al., 2011). In a model of
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cardiac ischemia/reperfusion, NCSCs were found to accumulate at the ischemic
border zone area (BZA), where MCP-1 is expressed (Tamura et al., 2011).
Thus, it is reasonable to hypothesize that T cruzi PDNF-mediated induction of
MCP-1 promotes stem cell migration to sites of parasite-driven inflammatory
response. If so, studying the mechanism of action of T cruzi/PDNF on cardiac
stem cell expansion may not only start the understanding of a novel mechanism
of T cruzi/host interaction in the heart, but also unveil a therapeutic opportunity in
Chagas disease, in accordance with the emerging concept in regenerative
medicine:
“Stem cell therapy represents the first realistic strategy for reversing
the effects of what has until now been considered terminal heart
damage.” (Bernstein and Srivastava, 2012)
In this chapter, we characterize several properties of a novel subset of host
stem/progenitor cells that have not been previously associated with T cruzi
infection.

5.2

Upregulation of stem cell marker expression in hearts infected with T
cruzi is recapitulated by sPDNF

Stem cell antigen-1 (Sca-1) is a marker for stem/progenitor cells, and many
studies have focused on tissue resident Sca-1+ cell populations in the heart.
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Here, we focus on a population of Sca-1+ cells in the heart, and the effects that T
cruzi and PDNF have on those cells. As shown in Figure 4.13, we used the
transcript levels of chemokine receptors, CCR2 and CX3CR1, as an indication of
monocyte or immune cell recruitment to the heart. Using the same strategy, we
measured transcript levels of Sca-1 and other stem cell markers as an indication
of cardiac expansion of progenitor cells. Upregulation of Sca-1 transcript by T
cruzi or sPDNF would suggest that infection and recombinant PDNF expand
cardiac stem cells. Given that Sca-1 is not the only marker of cardiac stem cells,
we tested whether systemic administration of sPDNF upregulates other markers
of cardiac stem/progenitor cells, such as c-kit and Musashi-1 (Msh-1) (Leri,
2009).
Thus, to determine whether T cruzi infection has an effect on stem cell
populations, we looked at the levels of several stem cell transcripts in infected
hearts over time. At peak heart parasitism, or 18 days post-infection, Sca-1, as
opposed to c-kit or Msh-1, transcript levels are elevated in infected hearts (Figure
5.1). In cardiac tissue sections of acutely infected mice, the number of Sca-1+
cells is elevated, compared to uninfected mice, shown by immunofluorescence
(Figure 5.2). This suggests T cruzi is stimulating the Sca-1+ cell population in the
heart.
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Figure 5.1. Sca-1 transcript is elevated in the heart during acute T cruzi infection.
C57BL/6 mice were subcutaneously infected with T cruzi (Tulahuén strain, 5×103
parasites per mouse) and sacrificed at indicated time points. Hearts were
harvested and flash frozen until processed for total RNA. Stem cell marker
transcript levels were measured by qPCR methods. Points represent the mean ±
SEM stem cell marker expression of 3-5 mice from 2 independent experiments.
**P < 0.01, compared to uninfected mice (0 dpi).
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+

Figure 5.2. The number of Sca-1 cells is elevated in the heart during acute T
cruzi infection.
C57BL/6 mice were infected subcutaneously with T cruzi Tulahuén strain, sacrificed
at 22-d post-infection, and atria tissue sections were stained with Sca-1 antibodies
followed by fluorescence-labeled secondary antibodies. Fluorescently labeled cells
were visualized by fluorescence microscopy (white spots, a) and quantified using NIH
ImageJ software (b) in three distinct fields. Fluorescence in atria sections of infected
mice was relative to the fluorescence of uninfected mice arbitrarily assigned 0.1.
Similar results were seen in distinct tissue sections of ventricles and atria of two other
mice.
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In C57BL/6 mice injected with multiple doses of IV sPDNF, we observed an
increase in Sca-1 transcript levels in the heart, suggesting recruitment and/or
expansion of stem cells (Figure 5.3). Because MCP-1/CCR2 signaling
contributes to recruitment of stem cells (Tamura et al., 2011), we tested whether
sPDNF-mediated increase in Sca-1 transcript levels occurred in CCR2 (CCR2-/-)
or CX3CR1 (CX3CR1-/-) knockout mice. After multiple doses of IV sPDNF,
CX3CR1-/-, but not CCR2-/-, mice exhibited an increase in Sca-1 transcript levels
(Figure 5.3), suggesting sPDNF is promoting the recruitment and/or expansion of
Sca-1 expressing cells through a MCP-1/CCR2-signaling-dependent manner.
After single IV sPDNF administration, Sca-1 transcript levels are also increased
in the heart (Figure 5.4). The increase in Sca-1 in the liver may also reflect an
increase in stem cells and contribute to liver regeneration. Furthermore, Sca-1+
cells in hearts are increased after multiple IV sPDNF administrations based on
immunofluorescence (Figure 5.5), in agreement with the conclusion that Sca-1
mRNA increase resulting from IV sPDNF administration reflects Sca-1+ cell
expansion.
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Figure 5.3. Intravenous administration of sPDNF increases transcript of cardiac
stem cell marker Sca-1 in the hearts of mice, and depends on the expression of
MCP-1 receptor, CCR2.
-/-

Wild type (WT) and mice genetically deficient in MCP-1 receptor (CCR2 ) and
-/fractalkine receptor (CX3CR1 ) (all in C56BL/6 background) were injected
intravenously with PBS or sPDNF at 0, 3, and 24 h and sacrificed at 48 h, as
described in Figure 4.13. Hearts were harvested and processed for qPCR. All
genes were normalized to HPRT and related to respective vehicle-treated
controls. Bars represent the mean (±SEM) fold change transcript levels of 2-3
mice per group from 2 independent experiments. *P < 0.05 and ***P < 0.005, by
one-way ANOVA.
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Figure 5.4. IV sPDNF upregulates Sca-1 expression in the heart of naïve mice.
Intravenous (IV) administration of sPDNF into naïve mice ups Sca-1 in the heart
and other organs. (a) C57BL/6 mice (3 per group) were injected IV with PBS
(vehicle) or sPDNF (3 mg/kg body), and sacrificed 0, 1, 3 and 7 h. Stem cell
markers Sca-1 and Msh-1 mRNAs in the myocardium were quantified by qPCR;
average of three experiments. (b) C57BL/6 mice (3 per group) were injected IV
with sPDNF (4 mg/kg) or PBS, sacrificed 3-h later, and Sca-1 mRNA quantified
by qPCR in various organs (BM, bone marrow); dotted line represents Sca-1
mRNA of vehicle-treated mice set to 1.0, data are representative of 2
experiments.
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+

Figure 5.5. IV sPDNF expands Sca-1 cells in the heart of naïve mice.
C57BL/6 mice were intravenously injected at 0, 3, and 24 h with PBS or 50 µg
sPDNF, and sacrificed at 48 h. (a) Heart tissues were fixed in paraformaldehyde,
embedded in OCT from which frozen sections were made, and tissue sections
stained for Sca-1 (red) using specific antibodies and counterstained with DAPI
+
(blue). White bar, 50 µm. (b) The percentage of Sca-1 cells was determined by
+
dividing the number of Sca-1 cells by the number of total DAPI nuclei signals per
+
field. Bars represent the mean percentage Sca-1 cells per field. Graph is
representative of 3 mice per group from two independent experiments; a total of
12-14 fields (4-5 fields per mouse) per group were analyzed. ***P < 0.001 by
student’s t-test.
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5.3

Isolation and characterization of Sca-1+ cells from the heart

Because Sca-1 transcript and Sca-1+ cells in the heart are increased by T cruzi
infection and sPDNF administration, and because Sca-1 marks cardiac
stem/progenitor cells, we hypothesized this reflected an expansion of Sca-1+
cardiac stem/progenitor cells. To test this hypothesis, we isolated Sca-1+ cardiac
cells using an anti-Sca-1 magnetic microbead kit that positively selects for Sca-1+
cells from single cell suspensions (Miltenyi Biotech) (Chen et al., 2003; Matsuura
et al., 2004). Preliminary results showed that virtually all cells isolated by the
magnetic beads are Sca-1+ as assessed by fluorescence microscopy. Cardiac
Sca-1+ cells were then tested for intrinsic characteristic features of
stem/progenitor cells: proliferation, clonal expansion, and differentiation (Wiese
et al., 2004).
In contrast to primary cultures of non-stem/progenitor cells, such as primary
cardiac fibroblasts, which senesce after 5-8 passages, stem/progenitor cells
survive in culture for many months, with a doubling time of 45-68 h (Li et al.,
2008). We observed that positively selected Sca-1+ cardiac cells continuously
grow and expand for months with a doubling time of about 30-50 h; Figure 5.6
displays the continuous growth of cardiac Sca-1+ stem cells for 15 passages
(each passage after 3 to 4 days in culture). Similar growth curves have been
performed in nine other cardiac Sca-1+ cell isolates. Thus, by this criterion, the
cardiac Sca-1+ cells purified by magnetic beads expand similarly to
stem/progenitor cells.
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Another characteristic feature of stem/progenitor cells is clonogenicity, or the
ability of a single cell to grow into a colony. Most terminally differentiated cell
types cannot withstand single cell culture (Smits et al., 2009). To determine
whether the magnetic bead-purified cardiac Sca-1+ cells are clonogenic, we
plated Sca-1+ cells by limiting dilution into 96-well plates (0.5 cells per well) to
determine whether single cells would form a colony. After approximately a month
in culture, wells containing a single cell grew into colonies; furthermore, colonies
preserved Sca-1 expression, as assessed by immunofluorescence (Figure 5.7).
Thus, this finding further establishes that the magnetic bead-isolated cardiac
Sca-1+ cells are clonogenic.
Yet another criterion is lineage differentiation. Cardiac stem/progenitor cells have
been shown to differentiate to cardiomyocytes after brief exposure to 5azacytidine, or to endothelial cells when cultured with vascular endothelial growth
factor (VEGF) (Oh et al., 2003; Ye et al., 2012). To determine whether cardiac
Sca-1+ cells differentiated into cardiomyocytes or endothelial cells, we grew them
separately in differentiation media containing either 5-azacytidine or VEGF,
respectively, or without the differentiating component as control. After two weeks
in culture, we observed that Sca-1+ cells differentiated to cardiomyocytes and
endothelial cells, based on their expression of myosin heavy chain (MyHC) and
von Willebrand factor (vWF), respectively (Figure 5.8). Cells receiving neither 5azacytidine nor VEGF did not differentiate.
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Therefore, based on the characteristics of expansion, clonogenicity, and
differentiation, we conclude that the Sca-1+ cardiac cells we isolate using the
magnetic bead technology are cardiac progenitor cells (CPCs).
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+

Figure 5.6. Sca-1 cardiac cells expand in vitro.
+

Magnetic bead-isolated Sca-1 cardiac cells were grown in CPC medium and
replated every 4-5 days (passage). Points represent the mean ± SD of duplicate
wells. Graph is representative of 3 growth curves.
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Clonogenicity
70 µm

+

Figure 5.7. Sca-1 cardiac cells are clonogenic
+

Magnetic bead-isolated Sca-1 cardiac cells were cloned into 96-well plates by
limiting dilution (0.5 cells per well) and allowed to grow in 10% FCS/DMEM.
Microscopic observation confirmed that cells were plated at 0.5 cell per well in
approximately 50% of the wells. Media was changed every 3-5 days. Cell
colonies were observed after culturing for two weeks. After about one month in
culture, colonies were fixed and stained with Diff-Quick and visualized by
microscopy (left panel) and with Sca-1 antibodies followed by fluorescencelabeled secondary antibodies (right panel). The figure is representative of many
other colonies.
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+

Figure 5.8. Sca-1 cardiac cells differentiate into cardiomyocytes and endothelial
cells.
+

Sca-1 cardiac cells were isolated via gentleMACS combined with an anti-Sca-1
positive selection magnetic bead kit (Miltenyi Biotech). (a) Cardiomyocyte
+
differentiation. Sca-1 cardiac cells were plated and left undifferentiated in
DMEM/10% FCS (Media) or induced to differentiate into cardiomyocytes (5azacytidine) (DMEM/10% FCS + 10 mM 5-azacytidine initially for 3 days, then
DMEM/10% FCS for 14 days). Cells were fixed and stained with α-MyHC
(myosin heavy chain; Millipore) and corresponding Alexa-568 labeled secondary
+
antibody. (b) Endothelial cell differentiation. Sca-1 cardiac cells were plated and
left undifferentiated in IMDM/10% FCS (Media) or induced to differentiate into
endothelial cells (VEGF) (IMDM/10% FCS + 20 ng/ml VEGF for 14 days). Cells
were fixed and stained with α-vWf (von Willebrand factor; Dako) and
corresponding Alexa-594 labeled secondary antibody. Both groups were
countertained with DAPI (blue). Images were taken using the same exposure
times and processed similarly. White bar, 20 µm.
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5.4

sPDNF enhances CPC expansion, and survival

It was unknown whether CPCs express Trk receptors. Thus, before assessing
the potential effect of T cruzi PDNF on CPC growth and survival, we verified
whether CPCs express TrkA and TrkC receptors, for this would provide the
molecular basis of T cruzi PDNF/CPC interaction. Previous studies from our lab
showed that TrkA and TrkC are exploited by T cruzi PDNF to promote neuronal
cell survival and parasite entry (Caradonna and Pereiraperrin, 2009; Chuenkova
and PereiraPerrin, 2004; de Melo-Jorge and PereiraPerrin, 2007; Weinkauf et al.,
2011), and cardiomyocyte protection against oxidative stress and infection of
cardiac cells (Aridgides et al., 2013a, 2013b).
We find that CPCs express TrkA and TrkC, but not TrkB (Figure 5.9), precisely
the receptors recognized by T cruzi. The expression of TrkA and TrkC is similar
to the expression of Trks on other cardiac cell types, as determined by us and
others (Aridgides et al., 2013a, 2013b; Meloni et al., 2010).
To test whether PDNF affects expansion of CPCs ex vivo, we measured
cumulative CPC growth without and with sPDNF for many passages. Our results
show that sPDNF enhances CPC growth (Figure 5.10).
To resolve whether sPDNF-enhanced CPC growth is mediated by sPDNF/Trk
activation, we inhibited Trk signaling in the CPC cultures with K252b, which
inhibits Trk autophosphorylation and blocks Trk signaling (Knüsel et al., 1992;
Ross et al., 1995). We found that K252b inhibits sPDNF-mediated enhanced
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growth of CPCs (Figure 5.11), consistent with the notion that sPDNF promotes
CPC expansion via TrkA and/or TrkC receptors.
To observe whether sPDNF triggers CPC survival, we grew CPCs for many
passages in the presence and absence of sPDNF. By passage 18, CPCs grown
in medium devoid of sPDNF senesced, a defect blocked by growing the cells in
medium containing sPDNF and without changing the medium (Figure 5.12a).
This result indicates that sPDNF not only promotes CPC growth, but also CPC
survival.
This conclusion is reinforced by a different approach, in which CPCs were grown
for up to 17 days without replacing spent media with fresh media containing
sPDNF, or not. CPC viability was examined by phase-contrast microscopy and
fluorescence microscopy following staining with propidium iodide (PI)/Hoechst
dye, which identifies apoptotic cells stained in pink (Aridgides et al., 2013b;
Weinkauf and Pereiraperrin, 2009). Strikingly, we found that CPCs grown in
spent medium containing sPDNF remained mostly viable up to the 17 days of
observation, whereas counterpart cultures of CPCs grown in the absence of
sPDNF (Vehicle) displayed significant cell death as early as 6 days (Figure
5.12b, c).
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+

Figure 5.9. Sca-1 CPCs express TrkA, TrkC, but not TrkB.
CPCs were isolated from hearts of C57BL/6 mice and propagated in CPC
4
growing media. Cells were plated at 5×10 cells/well on gelatin-coated 6-well
plates. Triplicate samples were collected in Trizol and processed for qPCR. Bars
represent the mean ±!SD absolute gene expression relative to HPRT. n.d. = not
detected. Graph is representative of 3 experiments.
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Figure 5.10. sPDNF promotes CPC expansion.
CPCs were isolated from naïve mice and were grown in CPC medium in the
presence (sPDNF, 4 µg/ml) or absence (Vehicle) of sPDNF. Points represent the
mean of duplicate samples per condition. Graph is representative of 3 growth
curves from different CPC isolates.
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Figure 5.11. sPDNF-enhanced growth of CPCs is inhibited by K252b.
(a) CPCs were pretreated with DMSO or K252b in a 1:100 dilution of CPC media
for 1 hour. Cells were then plated as in Figure 5.10 into respective wells
containing CPC medium ± sPDNF. Points represent the mean ± SD of duplicate
wells per condition. Graph is representative of 2 independent experiments. (b)
Cumulative cell number at passage 5 of (a) is shown.
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Figure 5.12. sPDNF promotes long-term growth survival of mouse CPCs.
(a) CPCs were grown in the absence (upper panel) or presence (lower panel) of
sPDNF (1 µg/ml) for 18 passages. Cells are stained with DAPI to highlight
cellularity through nuclei density. Of note, while CPCs grown in the absence of
sPDNF dramatically slow down growth (senescence), sPDNF counters CPC
senescence. (b) sPDNF prevents starvation/toxicity-induced CPC death. CPCs
(passage 14) were kept for 17 days at 37°C in growth medium (DMEM/Iscove
mixture containing 5% FCS plus FGF, EGF, VEGF, insulin, thrombin and
cardiotrophin) to which PBS (vehicle) or sPDNF (1 µg/ml) was added. Upper
panels represent phase-contrast and lower panels represent propidium
iodide/Hoechst stained cells (pink dots = dead cells; blue dots = viable cells) of
o
CPCs kept at 37 C for 17 d without changing the medium. (c) Graph depicts
mean ± SD % cell death of triplicate wells, representative of two distinct
experiments using CPCs at different passages.
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5.5

sPDNF stimulates secretion of anti-inflammatory TNF-α-stimulated
gene 6 (TSG-6) in CPCs

As pointed out by Singer and Caplan (2011), “although [MSCs] were initially
hypothesized to be the panacea for regenerating tissues, MSCs appear to be
more important… to regulate the immune response invoked in settings such as
tissue injury, transplantation, and autoimmunity.” We therefore reasoned the antiinflammatory activity of MSCs applies to CPCs. TSG-6 is a most studied stem
cell-elicited immunomodulatory factor (Choi et al., 2011; Lee et al., 2009; Nagyeri
et al., 2011; Prockop and Youn Oh, 2012). TSG-6 is induced by inflammatory
cytokines TNF-α and IL-1β (Mirotsou et al., 2011; Prockop and Youn Oh, 2012;
van den Akker et al., 2013). In addition to inflammatory cytokines, TSG-6 can be
upregulated in MSCs by growth factors and hormones such as epidermal growth
factor (EGF) and gonadotropin (Feng and Liau, 1993; Yoshioka et al., 2000).
Therefore, given that sPDNF is a mimic of growth factor NGF and NT-3 and
promotes CPC expansion and survival, we surmised that T cruzi-elicited
expansion and survival of CPCs is accompanied by upregulation of TSG-6.
To find out whether sPDNF upregulates TSG-6 in CPCs, we stimulated the cells
with various doses of sPDNF and measured, by ELISA, secreted TSG-6 levels in
the CPC-conditioned medium. We found that CPCs secrete TSG-6 in a dosedependent manner in response to sPDNF stimulation (Figure 5.13).
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To determine whether TSG-6 induction is Trk-dependent, we performed lentiviral
knockdown of TrkA or TrkC in CPCs and measured their ability to induce TSG-6
secretion in response to sPDNF. Unstimulated CPCs after knockdown with the
different lentiviral constructs secrete similar basal levels of TSG-6. Knockdown of
TrkA and TrkC inhibited sPDNF-stimulated TSG-6 secretion in CPCs (Figure
5.14), in agreement with the concept that Trk receptor activation by sPDNF is a
mechanism responsible for TSG-6 secretion.
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Figure 5.13. sPDNF stimulates CPCs to secrete anti-inflammatory TSG-6 in a
dose-dependent manner.
CPCs were plated overnight, serum starved in 0.1% FCS/DMEM for 2 h, then
stimulated with 2, 4, or 6 µg/ml sPDNF for 24 h. Supernatants were collected,
cleared by centrifugation, and secreted TSG-6 was analyzed by ELISA. Total
secreted TSG-6 is shown. Points represent mean ± SEM secreted TSG-6 of 2-3
samples per stimulation ran in duplicate (ELISA); graph is representative of 3
experiments. ***P < 0.005 compared to unstimulated, by one-way ANOVA.
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Figure 5.14. TrkA and TrkC knockdown inhibits sPDNF-mediated TSG-6
secretion in CPCs.
CPCs were infected with lentiviral particles harboring shRNAs targeted against
GFP (shGFP), TrkA (shTrkA1-4), and TrkC (shTrkC1-5), or left uninfected. Seven
days post-lentiviral infection, CPCs were serum starved in 0.1% FCS/DMEM for
2 h, then stimulated with 2 µg/ml sPDNF for 24 h. Supernatants were collected,
cleared by centrifugation, and secreted TSG-6 was analyzed by ELISA. Secreted
TSG-6 is shown as stimulated cells normalized to unstimulated. Bars represent
mean ± SD of duplicate samples ran in duplicate (ELISA); graph representative
of 3 independent experiments that showed similar results. ns = not significant
and ***P < 0.005 compared to shGFP, by one-way ANOVA.
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5.6

Summary

We identified and characterized a novel interaction between T cruzi, PDNF and
the Sca-1+ CPC population. Sca-1+ cells are activated and induced by T cruzi
infection or IV sPDNF treatment in the heart, which may be partially dependent
on MCP-1/CCR2-signaling. Ex vivo studies of CPCs revealed that they grow and
expand in culture over long periods of time, are clonogenic, and are able to
differentiate to cardiomyocytes and endothelial cells. Since CPCs express TrkA
and TrkC, they presumably respond to T cruzi PDNF. In fact, sPDNF treatment of
CPCs, ex vivo, enhances growth/expansion in a Trk receptor-dependent manner,
and promotes cell survival. CPCs were identified to be a source of antiinflammatory TSG-6. We found that sPDNF stimulates the secretion of TSG-6 by
CPCs, which is dependent on either TrkA and/or TrkC activation.
Characterization of CPCs isolated from T cruzi-infected mice would provide
insight into anti-inflammatory mechanisms in Chagas disease and reveal
opportunities for therapeutic intervention.
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CHAPTER 6.

THERAPEUTIC INTERVENTION IN A MOUSE

MODEL OF CHRONIC CHAGASIC CARDIOMYOPATHY (CCC)

6.1

Introduction

Our central hypothesis is that T cruzi facilitates mutually beneficial tissue repair in
acutely infected hearts through its surface molecule PDNF. Within a reasonable
range, robust cardiac parasitism should produce enough PDNF to enhance host
physiological repair mechanisms, one of which is expansion and activation of
CPCs. PDNF could act both from the surface of parasites infecting cardiac tissue
or after it is shed into the extracellular environment (Aridgides et al., 2013a,
2013b). However, this hypothesis cannot be tested in acutely infected hearts
because PDNF cannot be knocked-out of the parasite, as there are more than
one thousand copies of TS/PDNF in the T cruzi genome (Najib M. El-Sayed et
al., 2005; N. M. El-Sayed et al., 2005).
However, an alternate hypothesis can be tested in vivo in a model of CCC. CCC
is the major cause of death in chagasic patients (Davila et al., 2004; Koberle,
1968; Soares et al., 2010). In this condition, tissue-destroying inflammation and
fibrosis abounds in the heart, despite parasitism being, paradoxically, extremely
rare (Koberle, 1968; Soares et al., 2010). Under conditions of stress,
progenitor/stem cells have been shown to play an active role in a negative
feedback loop, wherein inflammation triggers them to secrete anti-inflammatory
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factors to attenuate the inflammatory cascade before high levels of proinflammatory factors accumulate and exert adverse systemic effects (Choi et al.,
2011; Lee et al., 2009). Therefore, we wanted to evaluate the properties of CPCs
isolated from stressed (mice with CCC) and non-stressed (age-matched, naïve
mice) conditions. Furthermore, in accord with our hypothesis, increasing PDNF
levels in the heart of mice with CCC should recapitulate the beneficial action of
PDNF in acutely infected hearts, where parasite burden is high. We tested this
possibility by increasing PDNF levels in cardiac tissues by administering
intravenous sPDNF into mice harboring CCC.

6.2

CPCs from CCC mice are growth-defective, produce less antiinflammatory TSG-6, and are more susceptible to oxidative stress
compared to CPCs from naïve mice, and these defects are rescued
by sPDNF

Thus far, we have characterized CPCs from naïve mice. We showed that T cruzi
infection increases the number of Sca-1+ CPCs in the hearts of acutely infected
mice (Figures 5.1 & 5.2). This may reflect a compensatory response to quell
innate inflammatory immune responses that fight off T cruzi infection, and
prevent excessive inflammation that could lead to tissue destruction. Following
acute infection, parasitemia drops (Figure 6.1a), and for unknown reasons, T
cruzi is able to persist to the chronic phase of infection, where cardiac parasitism
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is focal and barely detectable. Therefore, in the context of CCC mice, T cruzi
and/or PDNF, due to extremely low abundance, have limited, if any, effects on
CPCs. To verify this possibility, we set out to characterize CPCs from CCC mice.
Although certain mouse strains (Balb/c) are more susceptible to T cruzi infection
than others (C57BL/6), the inoculating dose of parasites may be modified to
ensure the survival of mice through the acute phase of infection (Caradonna and
Pereiraperrin, 2009). Surviving mice infected with T cruzi proceed to the chronic
phase of infection, where low levels of T cruzi/PDNF in the myocardium may
affect CPCs. When we isolated (as in section 5.3) and cultured CPCs from naïve
(naïve-CPCs) and CCC (CCC-CPCs) mice, we observed that CCC-CPCs grow
less than naïve-CPCs (Figure 6.1b & c). Strikingly, sPDNF rescues defective
growth of CCC-CPCs to levels similar to or above that of CPCs from naïve mice
(Figure 6.1b & c). In addition, CCC-CPCs secreted lower basal amounts of TSG6 compared to naïve-CPCs (Figure 6.2), and this deficit was also rescued by
sPDNF stimulation (Figure 6.2). Furthermore, when comparing CCC-CPCs
isolated from hearts 90- and 146-days post-infection, we find that basal TSG-6
secretion levels are decreased in CPCs isolated from later-stage (146-dpi) CCC
hearts, compared to early-stage (90-dpi) (Figure 6.3), suggesting that CPC
deficits increase over time with chronic cardiac infection.
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Figure 6.1. sPDNF rescues growth potential of CPCs isolated from CCC mice.
(a) Mice were infected and parasitemia monitored for infection progression.
CPCs were isolated from naïve or chronically (CCC) infected mice. (b) Naïveand CCC-CPCs were plated as in Figure 5.10, in the absence or presence of
sPDNF. Points represent the mean ± SD of duplicate samples per condition. (c)
Cumulative cell number from passage 4 of (b) is shown. Graph representative of
2 experiments.
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Figure 6.2. sPDNF promotes secretion of anti-inflammatory TSG-6 by CPCs
isolated from naïve and CCC mice.
CPCs from naïve or CCC mice were plated overnight, serum starved in DMEM
for 2 h, and stimulated with 4 µg/ml sPDNF for 48 h. Cell supernatants were
collected, cleared, and tested for secreted TSG-6 by ELISA. Bars represent the
mean ± SD of triplicate samples per condition. *P < 0.05 and **P < 0.01 by oneway ANOVA. Graph is representative of 2 experiments with similar results.
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Figure 6.3. Basal TSG-6 secretion is decreased in CPCs isolated from later stage
CCC mice.
Cell supernatants were collected from serum starved, unstimulated early
passage CPCs isolated from CCC mice at 90- and 146-dpi, and basal TSG-6
levels were measured. Bars represent the mean ± SD of triplicate samples per
condition. **P < 0.01 by student’s t-test.
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Oxidative stress contributes to depressed cardiac function and myocardial
damage in cardiac tissues bearing excessive inflammation (Ishiyama et al.,
1997), raising the possibility that CPCs are damaged by oxidative stress in hearts
chronically infected with T cruzi. We therefore set out to determine whether
CPCs from CCC mice are more susceptible to oxidative stress than CPCs from
naïve mice.
CCC-CPCs exposed to H2O2 (1.25 mM, 3 h), an oxidative stress stimulant, were
more prone to cell death than naïve CPCs subjected to the same oxidative stress
(Figure 6.4a). Most important, H2O2-mediated cell death of CPCs from both CCC
and naïve mouse hearts were rescued by sPDNF (Figure 6.4b, c), a protection
consistent with sPDNF-mediated increase in CPC growth (Figure 5.12) and antiinflammatory secretion (Figure 5.13). Thus, sPDNF rescues the defects in
growth/expansion, TSG-6 secretion, and resistance to oxidative stress of CPCs
isolated from CCC mice, ex vivo.
Thus, these results give strong credence to our central hypothesis that T cruzi
expresses beneficial factors, such as PDNF, and promotes tissue healing in
acutely infected hearts, but cannot do so in chronically infected hearts due to the
paucity of PDNF levels, which could be overcome by systemic administration of
said factor, sPDNF, in mice with CCC.
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Figure 6.4. sPDNF protects CPCs from H2O2-induced cell death.
CPCs (5,000 cells/well) were plated in 96-well plates overnight in CPC medium.
Cells were washed with PBS and replaced with 0.1% FCS/DMEM. Cells were
pre-treated with 300 ng/ml sPDNF for 30 minutes. 1.25 mM H2O2 was added to
respective wells for 3 h. PI (5 µg/ml) and Hoechst (10 µg/ml) stain was added per
well for 5 minutes, 3 wells at a time. Pictures were taken and dead (pink) and
total (pink and blue) cells counted. % Cell Death was calculated as
(dead÷total)×100%. Bars represent the mean ± SEM of 3 wells per CPC group of
two independent experiments. (a) Susceptibility of naïve and CCC CPCs to H2O2.
Protection of naïve (b) and CCC (c) CPCs by sPDNF. ns = not significant, *P <
0.05 by student’s t-test (a) and **P < 0.01, and ***P < 0.005 by one-way ANOVA
(b and c).
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6.3

IV sPDNF administration rescues defective TSG-6 secretion in CPCs
isolated from CCC mice and increases TSG-6 in the sera of mice with
CCC

Since T cruzi infection can vary depending on the parasite strain/isolate, infection
dose, route of infection, and mouse stain infected (Costa, 1999; de Carvalho et
al., 2013; Garcia et al., 2005; Zaidenberg et al., 2006), we monitored the
progression of T cruzi infection in mice by quantifying parasitemia over time.
Parasitemia peaks 11 days post-infection during the acute phase, and subsides
thereafter to barely detectable levels, subsequently proceeding into the chronic
phase of infection. Though the beginning of the indeterminate phase of T cruzi
infection in mice is approximately 40 days post-infection (Garcia et al., 2005), we
waited 3-4 months post-infection, when parasitemia is barely detectable, before
we started administering IV sPDNF. IV sPDNF administration consisted of
injecting sPDNF IV (1 µg sPDNF per g body weight of mouse) at 0, 3, and 24 h
intervals weekly for 3 weeks. Multiple IV sPDNF injections were chosen because
we have previously shown that this method increased CCR2, CX3CR1, and Sca1 transcript and/or cells in the heart (Figures 4.13, 5.3, & 5.5). At 50-60 days after
IV sPDNF administration was initiated, mice were sacrificed and organs were
harvested for qPCR analysis and tissue histology (Figure 6.5). Other studies that
used bone-marrow cell (BMC) therapy to treat CCC in mice have analyzed hearts
within a similar timeframe after treatment (Goldenberg et al., 2008; Soares et al.,
2011, 2004).
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To determine whether IV sPDNF administration had an effect on CPCs, we
isolated CPCs from naïve and CCC mice treated with sPDNF (CCC-sPDNF) or
PBS (CCC-Placebo) and determined the amount of TSG-6 they secreted. In line
with previous findings, CPCs isolated from CCC-Placebo mice secreted less
TSG-6 than those isolated from naïve mice (Figure 6.2). Interestingly, CPCs
isolated from CCC-sPDNF mice secreted more TSG-6 than those from CCCPlacebo mice (Figure 6.6), suggesting IV sPDNF rescues the potency of CPCs to
secrete TSG-6, as observed ex vivo. Serum levels of TSG-6 from naïve, CCCPlacebo, and CCC-sPDNF mice revealed that although naïve and CCC-Placebo
mice have similar serum levels of TSG-6, CCC-sPDNF mice display elevated
levels of TSG-6 (Figure 6.7), suggesting IV sPDNF induces long-lasting secretion
of systemic TSG-6.
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Figure 6.5. Experimental design of IV sPDNF treatment of mice bearing chronic
chagasic cardiomyopathy (CCC).
C57BL/6 mice were infected intraperitoneally with T cruzi Colombian strain
2
(8x10 per mouse). Four months later, or 60-d after parasitemia subsides, mice
were intravenously injected with Placebo (PBS) or sPDNF (1 µg/g body weight)
at 0, 3, and 24 h, weekly for 3 weeks. Mice were sacrificed 50-60 days after IV
sPDNF treatment was initiated.
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Figure 6.6. IV sPDNF treatment rescues TSG-6 secretion in CPCs isolated from
CCC mice.
Experimental protocol is identical to that described in Figure 6.5 except for the
use of Balb/c, instead of C57BL/6, mice. Animals were infected by intraperitoneal
injection of 80 T cruzi per mouse and allowed to progress to the chronic stage of
infection. At 3 months post-infection, mice were treated with IV Placebo (PBS) or
IV sPDNF (25 µg) at 0, 3, and 24 h, weekly for 3 weeks. Mice were sacrificed 56
days after the first IV injection, and CPCs were isolated. Basal TSG-6 secretion
levels were determined similar to that described in Figure 6.3. Bars represent the
mean ± SD of triplicate samples per condition. ns = not significant, **P < 0.01
and ***P < 0.005 by one-way ANOVA.
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Figure 6.7. IV sPDNF increases anti-inflammatory TSG-6 in the sera of mice with
CCC.
C57BL/6 mice were infected with 800 T cruzi intraperitoneally and allowed to
progress to the chronic stage of infection, when they develop CCC. Mice were
treated with IV sPDNF as described in Figure 6.5. Serum was collected 72 d after
sPDNF treatment and assayed for TSG-6 by ELISA. Bars represent 4-9 mice per
group, combined from 3 independent experiments. *P < 0.05 by one-way
ANOVA.
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6.4

IV sPDNF administration inhibits inflammation in the hearts of CCC
mice

Long-lasting anti-inflammatory effects of IV sPDNF administration are perfectly
consistent with our central hypothesis that PDNF promotes tissue healing by
reducing excessive cardiac inflammation and, at the same time, serves as a
promising therapeutic opportunity for CCC. BMC therapy has been shown to
decrease inflammation in hearts of C57BL/6 mice chronically infected with T cruzi
(Goldenberg et al., 2008; Soares et al., 2011, 2004). Thus, we wanted to
determine the degree of inflammation in hearts based on histology and qPCR
analysis after IV sPDNF administration. Hematoxylin and Eosin (H&E) staining of
naïve, CCC-Placebo, and CCC-sPDNF mouse heart sections showed the
presence of focal inflammatory foci in CCC-Placebo mice (Figure 6.8), a
characteristic of CCC. Remarkably, cardiac sections from CCC-sPDNF mice
were devoid of inflammatory foci, and looked similar to age-matched, naïve
controls (Figure 6.8). Furthermore, we observed a decrease in the expression of
several inflammatory cell markers and pro-inflammatory factors in the heart by
qPCR (Figure 6.9), supporting IV sPDNF contributes to long-lasting inhibition of
inflammation.

133

Figure 6.8. IV sPDNF treatment reduces inflammation in the heart of mice with
CCC.
Experimental protocol described in Figure 6.5 was performed. Myocardium
(ventricles) were paraffin-embedded, sectioned, and stained with H&E. Arrows
indicate foci of inflammatory infiltrates, which are abundant in Placebo-treated (IV
PBS) CCC mice and rare in IV sPDNF-treated CCC mice. Similar histology was
found in 3 other tissue sections in the same set of 3 mice per group from one
experiment, and in 4 sections of 5 similarly treated mice per group from a
separate experiment.
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Figure 6.9. IV sPDNF decreases the expression of inflammatory cell markers and
cytokines in the heart of CCC mice.
Hearts of CCC mice were assessed by qPCR for the indicated mRNAs
normalized to HPRT and made relative to uninfected vehicle-treated mice. **P <
0.01 and ***P < 0.001 by student’s t-test. Bars representative of 3-5 mice per
group; graph representative of 2 independent experiments.
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6.5

IV sPDNF administration prevents the progression of cardiac fibrosis
in mice with CCC

Cardiac fibrosis, or the deposition of collagen and other extracellular matrix
components in heart tissues, is a hallmark of CCC, a deleterious process that
can decrease heart function over time (Goldenberg et al., 2008; Soares et al.,
2011, 2004; Unnikrishnan and Burleigh, 2004; Wahab et al., 2005; Wang et al.,
2010). Therefore, to determine whether IV sPDNF administration affects cardiac
fibrosis, we subjected heart tissue sections to Masson’s Trichrome staining,
which stain muscle red and collagen blue. Digitized images of Trichrome-stained
heart sections from CCC-Placebo and CCC-sPDNF mice were analyzed by
ImageJ (NIH) to distinguish blue and red pixels, which was then expressed as a
percent cardiac fibrosis. We found that IV sPDNF treatment reduced the %
cardiac fibrosis in CCC mice, compared to placebo-treated mice (Figure 6.10).
Lastly, when we determined the degree of cardiac fibrosis in hearts before and
after IV sPDNF treatment and found that IV sPDNF treatment prevents the
progression of cardiac fibrosis in the hearts of CCC mice (Figure 6.11).
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Figure 6.10. IV sPDNF treatment reduces cardiac fibrosis in mice with CCC.
Animals and experimental protocol are described in Figure 6.5. Heart sections
were paraffin-embedded, stained with Masson-Trichrome to visualize collagen in
fibrotic areas (blue) and viable muscle fibers (red). Panels display sections of
atria of mice with CCC administered IV Placebo (a) or IV sPDNF (b). (c) Bar
graph shows the quantification of cardiac fibrosis performed with ImageJ
software (NIH) in four distinct sections of atria and ventricles and represents the
mean ± SEM cardiac fibrosis of three mice per group. % cardiac fibrosis is
defined as the ratio of blue pixels to total pixels (blue + red) × 100%; ns = not
significant, **P < 0.01 and ***P < 0.005. Data is representative of 2 independent
experiments.
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Figure 6.11. IV sPDNF prevents the progression of fibrosis in the heart of CCC
mice.
Experimental protocol is identical to that described in Figure 6.5 except for the
use of Balb/c (Figure 6.6), instead of C57BL/6, mice. Animals were infected by
intraperitoneal injection of 80 T cruzi per mouse and allowed to progress to the
chronic stage of infection. At 3 months post-infection, mice were treated with IV
Placebo (PBS) or IV sPDNF (25 µg) at 0, 3, and 24 h, weekly for 3 weeks. Mice
were sacrificed before the IV sPDNF treatment was initiated or 56 days after the
first IV injection, and hearts were collected for Masson Trichrome staining to
visualize fibrosis. Percent fibrosis is calculated as the fibrotic area (blue) ÷ total
area (blue+red) ×100%. Points represent 3 mice per group. **P < 0.01 and ***P <
0.005 by student’s t-test, comparing CCC-Placebo and CCC-sPDNF 56 days
after treatment).
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6.6

Summary

We show that CPCs isolated from naïve mice are biologically distinct from CPCs
purified from CCC mice; specifically, CCC-CPCs grow to a lesser extent, secrete
less anti-inflammatory TSG-6, and are more susceptible to oxidative stress than
counterpart naïve-CPCs. Most important, defects in CPCs from CCC hearts are
rescued by sPDNF stimulation (Figures 6.1 – 6.4), supporting our view that
PDNF is critical to tissue healing in acutely infected hearts and, equally
important, suggests a potential therapeutic use for sPDNF in CCC, for which
there is no cure.
Thus, to increase PDNF levels in the hearts of CCC mice, we administered IV
sPDNF treatment in CCC mice, which revealed beneficial anti-inflammatory
responses. CPCs from CCC-sPDNF mice secreted higher levels of TSG-6 than
those from CCC-Placebo mice (Figure 6.6), which were also supported by
elevated TSG-6 serum levels in CCC-sPDNF mice (Figure 6.7). Furthermore, we
found that IV sPDNF treatment decreased inflammation in the heart (Figures 6.8
– 6.9) and prevented the progression of cardiac fibrosis (Figures 6.10 – 6.11) in
C57BL/6 and Balb/c strains of mice. Whether CPCs from various strains of mice
differ remains to be determined. Nevertheless, findings presented thus far
suggest IV sPDNF activates tissue resident CPCs in the heart, which may
contribute to long-lasting, tissue-repairing, anti-inflammatory responses that
subdue inflammation and prevent the progression of cardiac fibrosis, a harmful
mechanism in chronic cardiac disorders.
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CHAPTER 7.

7.1

DISCUSSION

T cruzi interaction with host cells

The interaction between T cruzi-PDNF with receptors TrkA and TrkC has been
shown to trigger parasite invasion in neuronal cells, cardiomyocytes and other
cell types and promote pro-survival signals in host cells (Aridgides et al., 2013a,
2013b; Chuenkova and Pereira, 2000; Chuenkova and PereiraPerrin, 2005,
2004; de Melo-Jorge and PereiraPerrin, 2007; Weinkauf et al., 2011). Trks are
important receptors for the development and maintenance of the nervous system
(Huang and Reichardt, 2003), but the role Trk receptors play in other biological
systems, as well as microbial infections, T cruzi infection in particular, may be
underappreciated. Previous work demonstrated T cruzi PDNF as a ligand for
NGF and NT-3 receptors, TrkA and TrkC, that leads to parasite entry of host cells
and activation of prosurvival and protective events (Aridgides et al., 2013a,
2013b; Chuenkova and PereiraPerrin, 2005, 2004; de Melo-Jorge and
PereiraPerrin, 2007; Weinkauf et al., 2011; Weinkauf and Pereiraperrin, 2009). In
this thesis, we demonstrate that T cruzi PDNF-Trk interaction in the heart
promotes tissue repair events, highlighting the therapeutic potential of PDNF to
treat CCC, for which there is no effective treatment.
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7.2

T cruzi/PDNF induction of chemokines

We demonstrated a novel mechanism underlying an innate immune response to
T cruzi, which, via its outer membrane-bound PDNF, upregulates expression of
chemokines MCP-1 and FKN by activating neurotrophic receptors TrkA and
TrkC. In this vein, T cruzi exploits the pathway used by CTGF/CCN2, an
inflammatory/fibrotic matricellular growth factor, which promotes chemokines and
inflammatory cytokine expression through the activation of TrkA (Wahab et al.,
2005; Wang et al., 2010). Interestingly, other studies identified a relationship
between T cruzi infection of cultured cells and the expression of CTGF/CCN2
(Unnikrishnan and Burleigh, 2004). However, it remains to be determined
whether alteration in CTGF/CCN2 expression by T cruzi relates to the results
reported here.
Alteration of MCP-1 expression in inflamed, infected tissues is traditionally
studied in the context of recruiting pro-inflammatory immune cells for microbicidal
purposes, including T cruzi infection (Coelho et al., 2002; Machado et al., 2000;
Paiva et al., 2009). A first wave of immune cells recruited to infected tissues is
composed of Ly-6Chigh monocytes, a major monocyte subset in the bloodstream
that are attracted by MCP-1/CCR2 signaling (Serbina et al., 2008). Ly-6Chigh
monocytes exhibit phagocytic, proteolytic, and inflammatory activities and are
thought to control the digestion of damaged tissue (Serbina et al., 2008). It
should be noted that recruitment of microbicidal cells by MCP-1 is a mutually
beneficial action, as it keeps infection in check, preventing parasite overgrowth,
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which would kill the host and subsequently terminate the likelihood of further T
cruzi transmission (Paiva et al., 2009; Serbina et al., 2008).
However, MCP-1 also attracts anti-inflammatory immune cells and reparative
progenitor cells, exemplified by regulatory T cells (Sebastiani et al., 2001) and
neural crest-derived cardiac stem/progenitor cells (Tamura et al., 2011). It may
be that T cruzi PDNF-induced MCP-1 and FKN expression in cardiomyocytes,
cardiac fibroblasts, or myocardium reflects an attempt to promote mechanisms of
cardioprotection and cardiac repair in acutely infected hearts.
The hypothesis for an anti-inflammatory and repair function of MCP-1 induced in
response to PDNF is consistent with other studies that demonstrate
cardioprotective effects for MCP-1. Indeed, it has been shown that
overexpression of MCP-1 in the heart, under the control of an α-cardiac myosin
heavy chain promoter, gives rise to transgenic mice that are significantly
protected against cardiac dysfunction and remodeling after myocardial infarction
(Morimoto et al., 2006) and severe heart injury caused by ischemia/reperfusion
(Morimoto et al., 2008).
Similarly, an anti-inflammatory/repair function of MCP-1 may also apply to the
reparative role of FKN, whose expression is also increased by sPDNF. FKN, in
contrast to MCP-1, has been rarely studied in the context of T cruzi infection. Yet,
FKN/CX3CR1 signaling is widely recognized as an important mechanism for
tissue repair, especially in the context of wound healing in the myocardium
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(Nahrendorf et al., 2007), or in the brains of animal models of Parkinson’s and
other neurodegenerative disorders (Sheridan and Murphy, 2013). FKN is
involved in tissue repair, as it attracts reparative Ly-6Clow monocytes through
CX3CR1 recognition in the second phase of inflammation, following the initial Ly6Chigh monocyte wave (Serbina et al., 2008). Ly-6Clow monocytes dampen
inflammatory responses to limit tissue damage, and promote angiogenesis
through secretion of vascular-endothelial growth factor (VEGF) (Nahrendorf et
al., 2007). Thus, increased FKN expression in ex vivo cardiomyocytes and
cardiac fibroblasts (Figures 4.1 – 4.3), acutely infected hearts (Figure 4.7), or in
the myocardium following IV sPDNF (Figure 4.8) may reflect a tissue healing
effect as a result of PDNF-Trk receptor activation. The concept that FKN controls
tissue repair following myocardial injury is also consistent with the observed
sustained expression of FKN, but not of MCP-1, in the absence of overt cardiac
parasite burden following the acute phase of infection (Figure 4.7).
The notion that T cruzi-PDNF promotes protective chemokine expression in the
heart is consistent with recently published work indicating that sPDNF is
cardioprotective via paracrine (NGF secretion via TrkC activation) and autocrine
(direct TrkA activation) mechanisms (Aridgides et al., 2013a, 2013b). Unlike
broad-like kinetics, pulse-like expression of growth factors administered directly
into tissues is a sought-after therapeutic property. This is exemplified by
intracardiac injection of chemically modified VEGF-A mRNA, which is translated
in a pulse-like fashion and, as such, is more effective in directing the fate of
CPCs and promoting vascular regeneration after myocardial infarction, than
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intracardiac injection of VEGF-A DNA, which generates broad and sustained
VEGF-A expression (Zangi et al., 2013). Therefore, like modified VEGF-A
mRNA, IV sPDNF induced pulse-like upregulation of cardioprotective growth
factors, such as NGF (Aridgides et al., 2013b), MCP-1, and FKN (Figure 4.8),
highlighting its use as a therapeutic for injured myocardium, as seen in chronic
Chagasic cardiomyopathy, and other tissues where IV sPDNF may trigger repair
mechanisms. Furthermore, it is possible that PDNF-mediated modulation of
chemokines over the course of T cruzi infection may affect other resident cardiac
cells, such as stem/progenitor cells, that contribute to promoting reparative and
anti-inflammatory responses.

7.3

T cruzi/PDNF activation of cardiac progenitor cells (CPCs)

Stem cells are widely studied in great part because of their therapeutic and/or
regeneration potential in a wide range of diseases, particularly in the heart
(Behfar et al., 2014; Bernstein and Srivastava, 2012; Frangogiannis, 2014; Oh et
al., 2003; Pfister et al., 2005; Ptaszek et al., 2012; Tamura et al., 2011; Van
Linthout et al., 2011; Ye et al., 2012). One great promise of stem cell therapy is
that it may serve as an alternative to whole organ transplant (Behfar et al., 2014;
Bernstein and Srivastava, 2012; Van Linthout et al., 2011). Conveniently, bone
marrow cell therapy in mouse models of Chagas disease have already been
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shown to ameliorate and reverse chronic chagasic cardiomyopathy (Goldenberg
et al., 2008; Soares et al., 2011, 2004).
Not surprisingly, stem cells have also been linked to interaction with other
microbes. For example, Mycobacterium tuberculosis was shown to recruit
mesenchymal stem cells to sites of infection to suppress T-cell responses and
facilitate persistent infection (Raghuvanshi et al., 2010). Another microbe of the
same genus, Mycobacterium leprae, was shown to hijack the genomic plasticity
of Schwann cells and reprogram them to a stage of progenitor/stem cells (Masaki
et al., 2013). Whether T cruzi PDNF contributes to the recruitment and/or
expansion of stem progenitor cells and their roles in regeneration and/or
immunomodulation were discussed in chapters 5 and 6.
We previously showed that Sca-1 transcripts in the heart are increased by
multiple IV sPDNF injections, and that this effect is, at least in part, dependent on
MCP-1/CCR2 signaling (Figure 5.3). Though not much is known about
FKN/CX3CR1 signaling in regards to stem cell recruitment, other studies suggest
MCP-1 and FKN chemokines work in concert. Indeed, the contribution of
FKN/CX3CR1-signaling is reflected by the lower fold-increase in Sca-1 transcript
levels observed in the CX3CR1-/- mice treated with sPDNF, compared to wildtype (Figure 5.3). The increase in Sca-1 transcript levels after either single
(Figure 5.4) and multiple IV sPDNF injections (Figure 5.3) differs from the
response observed for chemokine receptor transcript levels, where only multiple
IV sPDNF injections (Figure 4.13), and not single IV sPDNF injections (Figure
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4.12), increased CCR2 or CX3CR1 transcripts in the heart. These data suggest
that the increase in Sca-1 transcript reflects the activation and/or expansion of
tissue resident cardiac progenitor cells, whereas the increase of chemokine
receptor transcripts reflects recruitment of immune cells into the heart after
infusion with sPDNF. Cell-fate and flow cytometry analyses of cell populations in
the heart at various times after IV sPDNF injections should help to further
distinguish cell expansion versus recruitment.
Previous work has shown that TrkA and TrkC are expressed on cardiomyocytes
(Cantarella et al., 2002; Caporali et al., 2007; Ieda et al., 2006; Meloni et al.,
2010; Zhou et al., 2004) and we were the first to demonstrate expression of TrkA
and TrkC on cardiac fibroblasts (Aridgides et al., 2013a, 2013b). In addition, we
have shown that T cruzi-Trk interaction on cardiac cells promotes survival and
invasion (Aridgides et al., 2013a, 2013b). Coupling these findings with advances
in stem cell biology, that link activation of Trk receptors to the promotion of stem
cell survival (Nguyen et al., 2009), led us to explore the effects of sPDNF on Sca1+ cardiac progenitor/stem cells (CPCs).
We show that, similar to cardiomyocytes and cardiac fibroblasts, CPCs express
TrkA and TrkC, but not TrkB (Figure 5.9). CPC growth is enhanced when grown
in the presence of sPDNF (Figure 5.10), and was inhibited by the Trk inhibitor,
K252b (Figure 5.11). These findings are in accordance with studies showing
NGF promoting angiogenesis, cardiomyocyte survival, and increasing the
number of progenitor cells in a post-MI heart (Meloni et al., 2010). Thus, resident
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CPCs may serve as a novel cardiac cell subset target that interacts with T cruzi
over the course of Chagas disease.

7.4

T cruzi/PDNF promotes immunomodulatory mechanisms of CPCs

Initially, stem cell therapy was assumed to contribute to repairing tissues by
engrafting and differentiating to replace injured cells (Choi et al., 2011). Repair
with functional improvements was observed without evidence of long-term cell
engraftment; this was eventually explained by paracrine secretions that had
multiple effects, including modulation of inflammatory or immune reactions (Choi
et al., 2011). In many experimental models and clinical trials, cells are
intravenously infused and yielded surprising functional improvements, despite
cells being rapidly trapped in the lung as microemboli (Gao et al., 2001). It was
later found that IV infused mesenchymal stromal cells (MSCs) produced
functional improvement in mice with MI, at least in part, because the cells
trapped as emboli in the lung were activated to express the anti-inflammatory
factor TSG-6 (Lee et al., 2009).
TSG-6 has been characterized in many inflammatory models, such as peritonitis
(Choi et al., 2011), arthritis (Nagyeri et al., 2011), conjunctivochalasis (Guo et al.,
2012), and myocardial infarction (Lee et al., 2009), and is thought to play a role in
a negative feedback loop, wherein inflammation triggers MSCs to secrete TSG-6
to attenuate the inflammatory cascade early, before high levels of pro147

inflammatory factors accumulate and begin to exert adverse systemic effects
(Choi et al., 2011; Lee et al., 2009). Therefore, TSG-6 should represent an antiinflammatory biomarker expressed by CPCs. We found that sPDNF stimulated
CPCs to secrete TSG-6 in a dose-dependent manner (Figure 5.13), and this
stimulation was inhibited by knockdown of TrkA and TrkC (Figure 5.14),
suggesting a neurotrophic link between PDNF and CPCs, and subsequent
activation of TSG-6 secretion. Thus, T cruzi PDNF may harbor similar activities
as NGF on CPCs, and actively modulate TSG-6 levels in chronically infected
tissue.

7.5

CPCs from CCC mice are deficient in growth, TSG-6 secretion,
survival

The stem cell therapy field has shifted from ‘first-generation’ cell-based therapies
to ‘next-generation’ stem-cell-based therapies targeting cardiovascular disease,
which entails the purification of lineage specific cardiac progenitor cells, as
opposed to unfractionated bone-marrow-derived mononuclear stem cells (Behfar
et al., 2014).
Patient characteristics affect the number of isolated human cardiac progenitor
cells (Itzhaki-Alfia et al., 2009). In humans, it has been observed that patients
with aortic stenosis, acute and chronic ischemia, and other cardiomyopathies
correlate with increased numbers of cardiac progenitor cells, suggesting local
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signals stimulate this response to injury (Itzhaki-Alfia et al., 2009). This idea was
tested using “middle aged” mice as cardiac cell donors; it was found that acute
myocardial infarction (MI) induced a dramatic increase in the number of cardiac
progenitor cells in mice (Ye et al., 2012). This study also demonstrated that
cloned Sca-1+ cells derived from infarcted “middle aged” hearts gave rise to both
myocardial and vascular tissues, and suggests it is a more appropriate source of
progenitor cells for autologous cell-therapy post-MI than unfractionated bonemarrow stem cells (Ye et al., 2012). This led us to study differences between
CPCs isolated from naïve (naïve-CPCs) and CCC (CCC-CPCs) mice. More
CPCs were isolated from CCC hearts than uninfected hearts, in line with studies
that reported more progenitor cells in inflammatory settings (Meloni et al., 2010).
Upon further characterization, we also found that CCC-CPCs grow less efficiently
(Figure 6.1) and secrete less TSG-6 (Figure 6.2) than naïve-CPCs over time
(Figure 6.3).
Recently, our lab has shown that T cruzi infection and/or sPDNF stimulation
confers protection of cardiomyocytes from oxidative stress (Aridgides et al.,
2013b). Cardiomyocytes are vulnerable to reactive oxygen species due to their
high metabolic rate (Machado et al., 2000). Thus, we tested the susceptibility of
CPCs to oxidative stress, and whether this sensitivity can also be rescued by
sPDNF. Though cardiomyocytes were susceptible to 150 µM H2O2 exposure for
4 hours (Aridgides et al., 2013b), exposing CPCs to these conditions did not kill
them. Rather, exposure to 1.25 mM H2O2 led to quantifiable levels of CPC death,
suggesting CPCs are more resistant to oxidative stress than cardiomyocytes. In
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addition, we found that CCC-CPCs were more susceptible to oxidative stress
than naïve-CPCs (Figure 6.4).
It may be that T cruzi infection elicits an inflammatory response to stimulate
CPCs in the myocardium to proliferate and initiate anti-inflammatory responses to
counteract inflammation that could otherwise be detrimental to the heart. Antiinflammatory responses may benefit T cruzi by impeding immune responses
responsible for clearing the parasites, and contribute to the establishment of
focal, chronic infection of the myocardium. Although overall heart parasitism
levels in the chronic phase are low, focal infection of the myocardium may
represent areas where levels of PDNF are localized and contained. Chronic
exposure of CPCs to inflammation, not within the vicinity of T cruzi or PDNF, may
exhaust their anti-inflammatory capacity and/or ability to secrete TSG-6 over
time. Remarkably, ex vivo sPDNF stimulation rescued CCC-CPC deficits in cell
growth, TSG-6 secretion, and resistance to oxidative stress (Figures 6.1 – 6.4),
strongly suggesting potential beneficial anti-inflammatory effects of PDNF on
CPCs in inflammatory settings, such as CCC.
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7.6

Proof-of-concept: administration of sPDNF in CCC mice ameliorates
cardiac inflammation and fibrosis, implying a therapeutic opportunity
to treat chronic Chagas heart disease

Parasite burden and, presumably, the amount of PDNF in the hearts of mice
chronically infected are low compared to levels in acutely infected hearts. Given
that we showed that sPDNF can rescue growth of, TSG-6 secretion by, and
promote survival of CPCs, we hypothesized that this novel effect of PDNF on
CPCs aids in cardiac repair in T cruzi acute infection, when cardiac T cruzi/PDNF
levels are high. However, it is not practical to demonstrate this hypothesis in
acute infection, as it is impossible to generate PDNF knockouts in T cruzi, given
that there are more than one thousand copies of PDNF in the trypanosome
genome (de Souza et al., 2010; Najib M. El-Sayed et al., 2005). However, this
hypothesis can be tested in chronically infected mice because parasite load and,
consequently, PDNF tissue concentration is very low. Hence, artificially elevating
tissue levels of cardioprotective PDNF by systemic administration would be
tantamount to the T cruzi/PDNF levels in the acute phase of infection, without
overt heart parasitism. Indeed, PDNF plays a role in cardiac repair, as
exogenous addition of sPDNF to CCC mice ameliorates characteristics of chronic
disease, in which IV sPDNF dramatically reduces inflammatory infiltrates, fibrosis
and inflammatory markers (chapters 5 & 6). The beneficial effect of intravenous
sPDNF in CCC mice may be related to ex vivo enhancement by sPDNF on CPC

151

expansion, survival and secretion of the anti-inflammatory TSG-6 (Figures 6.6 –
6.11).
It remains to be determined whether the histological and biochemical benefit of
intravenous sPDNF in CCC mice translates to improved cardiac structure and
function, which can be determined by noninvasive procedures such as
echocardiography. Furthermore, systemic administration of sPDNF could be
beneficial in congestive heart failure akin to, but distinct from, CCC, such as
chronic pathologic cardiac remodeling responses caused by a variety of
pathologic stimuli, including left ventricle (LV) pressure overload and
hypertension, or resultant of inherited valvular or ischaemic diseases (Aukrust et
al., 1998; Lefer and Granger, 2000). LV pressure overload is a major cause of
cardiomyopathies and gives rise to pathological hallmarks such as excessive
inflammation and fibrosis (Braunwald, 2013), in which IV sPDNF may be of
preventative therapeutic value.
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7.7

Conclusion

“In the moment when I truly understand my enemy, understand him
well enough to defeat him, then in that very moment I also love
him.”

- a quote from Ender’s Game by Orson Scott Card

The interaction of T cruzi PDNF and Trk receptors in the heart provides insight
into the pathogenesis of the parasite. In the acute phase, T cruzi disseminates
throughout its host, activating innate inflammatory responses that help control
infection. Somehow, though, T cruzi is able to establish a low, chronic infection in
its mammalian host, a majority in which remains asymptomatic for the remainder
of their life. This led us to hypothesize that T cruzi expresses factors that
contribute to wound healing and tissue repair in its host.
If we depict the pathogenesis of Chagas disease as a level of T cruzi/PDNF in
the heart over time, we can infer beneficial aspects of T cruzi/PDNF, as shown in
our pathogenesis model depicted in Figure 7.1. In the acute phase, T cruzi/PDNF
levels are high and activate innate immune responses. PDNF activates TrkA and
TrkC on cardiac cells to express chemokines, which recruit immune cells to the
heart (blue box, Figure 7.1). Subsequently, chemokines and T cruzi PDNF also
function to activate anti-inflammatory responses that subdue the initiating
inflammatory response, which, if left uncontrolled, could lead to excessive tissue
damage and destruction. Promoting anti-inflammatory responses may also
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contribute to T cruzi evasion of host immune responses, allowing the parasite to
persist into the chronic phase of infection.
In the chronic phase, tissue parasitism drops to barely detectable levels. T cruzi
infection in the heart is low and focal, and is thought to contribute to chronic
cardiac inflammation that can eventually lead to cardiac fibrosis. Low T
cruzi/PDNF levels in the chronic phase of infection would not be sufficient to
promote beneficial anti-inflammatory responses, which might explain why CPCs
isolated from CCC hearts are defunct in growth/expansion, TSG-6 secretion, and
resistance to oxidative stress (red box, Figure 7.1). Reconstituting PDNF levels in
the CCC heart by IV sPDNF injections promotes long-lasting beneficial,
reparative, and wound healing actions by virtue of rescued CPC TSG-6
secretion, and increased serum levels of TSG-6, which correlated with decreased
cardiac inflammation and fibrosis (purple box, Figure 7.1). This highlights the Trk
pathway as a novel therapeutic target in CCC, and support T cruzi PDNF as a
beneficial and potential therapeutic factor.
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Figure 7.1. A model of the effects of T cruzi/PDNF over the course of Chagas
disease progression, and the amelioration of CCC with IV sPDNF.
Cardiac tissue parasitism correlates to the level of PDNF present in tissues. High
tissue parasitism in the acute phase contributes to the induction of chemokines
MCP-1 and FKN (blue box). T cruzi infection is controlled, but not eliminated, and
progress to the indeterminate chronic phase of the disease. While cardiac
inflammation and fibrotic processes occur while tissue parasitism persists at low
levels during the chronic phase of the disease, a majority of infected individuals
do not present with sequelae (red box). Boosting PDNF levels, by IV sPDNF, in
the heart ameliorates cardiac inflammation and fibrosis in CCC mice (purple
box), supporting T cruzi PDNF as a beneficial factor.
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Findings presented in this thesis not only provide insight into the pathogenesis of
T cruzi, but also highlight a point of intervention in chronic Chagas disease. CCC
mice treated with T cruzi’s own beneficial factor, PDNF, circumvents the need for
cell therapy by directly activating or “jumpstarting” resident cardiac
stem/progenitor cells. IV sPDNF bypasses the main hurdles to achieving benefit
from stem cell therapy, which include poorly defined cell populations, quality
control in cell processing, and limited efficiency in cell delivery (Behfar et al.,
2014).
T cruzi/PDNF activates the expression of MCP-1 and FKN chemokines through
activation of TrkA and TrkC during the acute phase. T cruzi/PDNF and
chemokines contribute to the activation of resident CPCs that secrete antiinflammatory TSG-6, which subdues inflammation (blue box, Figure 7.2). In the
chronic phase, the increased amount of CPCs previously activated in the acute
phase persist in the heart, but, because of the lack of T cruzi/PDNF in the heart
during this phase, are less likely to activate anti-inflammatory responses. Defunct
CPCs are exemplified by characteristics of decreased cell growth and TSG-6
secretion, and increased susceptibility to oxidative stress (red box, Figure 7.2).
Chronic cardiac inflammation and oxidative stress would contribute to hearts
becoming fibrotic. Replenishing the heart with IV sPDNF rescues CPC deficits,
and activates them to produce TSG-6, which in turn have long-lasting effects on
decreasing cardiac inflammation and preventing the progression of cardiac
fibrosis (purple box, Figure 7.2). Further physiological and functional studies on
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the condition of the CCC heart during IV sPDNF treatment in real-time would
provide further insight into tissue repair mechanisms.
Therefore, the results presented in this thesis demonstrate PDNF activation of
TrkA and TrkC links novel neurotrophic interactions between T cruzi and CPCs,
which can be exploited to activate anti-inflammatory responses that contribute to
tissue repair mechanisms in chronic Chagas disease. It is not surprising that T
cruzi harbors such a beneficial factor, which likely contributes to making it a
successful pathogen in establishing chronic infection in its host. Indeed, growing
evidence of the interplay between neural reflexes with controlling inflammation,
and vice versa (Andersson and Tracey, 2012), highlights intriguing links between
the nervous and immune systems. The potential therapeutic use of PDNF
parallels therapies targeting the neurotrophic Trk pathway to treat
neurodegenerative disorders like Alzheimer’s and Huntington’s disease, but also
has the potential to be applied to inflammatory disorders in which a neurotrophic
component has not been previously linked or described.
We sometimes forget that the qualities that make pathogens pathogenic are not
always negative. By trying to understand the host-pathogen interactions of T
cruzi, we learned of mutually beneficial effects of the PDNF-Trk interaction during
various phases of Chagas disease, enough so, that we were able to implement
this knowledge to ameliorate features of disease. Throughout my time here at
Tufts, T cruzi has found a place in my own heart, metaphorically speaking of
course.
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Figure 7.2. A model of T cruzi/PDNF interaction with CPCs in the myocardium.
During the acute phase, T cruzi/PDNF is readily available and contributes to the
induction of chemokines such as MCP-1 and FKN. Chemokine signaling recruits
immune cells to the heart and helps control cardiac parasitism. Concomitantly,
chemokines as well as PDNF can help to activate tissue resident CPCs that help
to subdue inflammatory responses through the secretion of anti-inflammatory
TSG-6 (blue box). During the chronic phase, T cruzi/PDNF levels are low in the
heart and chronic exposure to inflammation likely contributes to subsequent
fibrotic processes. CPCs present during the chronic phase of infection are
deficient in growth/expansion, TSG-6 secretion, and resistance to oxidative
stress (red box). To circumvent these deficits, administration of IV sPDNF would
rescue basal TSG-6 secretion of CPCs, and contribute to long-lasting increased
systemic TSG-6 serum levels, contributing to decreased cardiac inflammation
and fibrosis (purple box).
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