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ABSTRACT
Trypanosoma cruzi is an obligate intracellular parasite and the causative agent of
Chagas disease. A leading cause of heart failure in the Western Hemisphere, T
cruzi invasion of myocardial cells drives disease progression. Overt disease
occurs only in ~30% of infected individuals, however, and even then it takes
decades before symptoms appear.

T cruzi exploits neurotrophin receptors TrkA and TrkC for invasion via binding of
its parasite derived neurotrophic factor (PDNF), yet these receptors were not
known to be expressed by adult cardiomyocytes until recently. We demonstrate
that in addition to cardiomyocytes, cardiac fibroblasts express TrkA and TrkC.
The TrkA ligand nerve growth factor (NGF) is also expressed by both cell types,
representing a potential paracrine signaling pathway.

The slow progression of Chagas heart disease implies that T cruzi engages
protective signals within its myocardial niche. We demonstrate that T cruzi elicits
NGF expression specifically from cardiac fibroblasts and not cardiomyocytes, in
vitro and in vivo. NGF induction is mediated by surface PDNF, and can be
inhibited by blockade of TrkA by antibodies, chemical inhibition, or shRNA
knockdown. Recombinant PDNF recapitulates the NGF induction and represents
a novel therapeutic option for cardiomyopathy, as NGF from cardiac fibroblasts
rescues cardiomyocytes from lethal oxidative stress.
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In contrast to induction of NGF via TrkA, we find that TrkC preferentially mediates
T cruzi invasion. Invasion of either cardiac fibroblasts or cardiomyocytes can be
inhibited by TrkC- but not TrkA-blocking agents, establishing for the first time that
T cruzi invasion favors TrkC over TrkA. Direct T cruzi or PDNF activation of TrkA
on cardiomyocytes, meanwhile, protects against oxidative stress, highlighting a
dichotomy of Trk receptor utilization.

We also find homology between PDNF and NGF which corresponds to PDNF’s
Asp-boxes, a conserved β-turn of unknown function. By mutating PDNF Aspboxes, we can enhance or reduce its ability to block invasion or induce trophic
signals, creating tailored molecules for specific applications.

T cruzi interacts with myocardial Trk receptors in multiple ways during infection.
Mechanistic and molecular understanding of these interactions should provide
therapeutic opportunities for Chagasic and perhaps other cardiomyopathies as
well.
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CHAPTER 1: INTRODUCTION
1.1

History of Chagas disease

Paleoparasitologists have found evidence of Trypanosoma cruzi infection
including cardiac lesions, megacolon, and positive PCR tests in mummies as old
as 9000 years (Araújo et al., 2009). It is postulated that Chagas disease has
occurred for as long as humans have inhabited the Americas, with cave dwellers
living in prime habitat of the Triatoma brasiliensis vector 26000 years ago, yet its
identification as an infectious disease of humans dates back just over 100 years.

When Oswaldo Cruz dispatched Carlos Chagas (Fig 1A) to the Brazilian state of
Minas Gerais in 1907, it was with the purpose of combating malaria which was
wreaking havoc with the construction of a new railroad (Kropf and Sá, 2009).
Once there, Chagas heard of a common hematophagous beetle which tended to
bite the faces of locals in their sleep (Fig 1B). Keenly aware of the faculty of
blood-sucking insects for transmission of infectious disease, he examined the
bug and found trypanosomes in its feces. Lacking a true laboratory space
where he was working, Chagas resided at the time in a railroad car which
doubled as his mobile laboratory, he sent a few of the insects back to Oswaldo
Cruz for testing. When the insects were allowed to feed on a marmoset, it
became ill and trypanosomes could subsequently be isolated from its blood (Fig
1C). Chagas christened this new species of infectious protozoan Trypanosoma
cruzi in his mentor’s honor (Chagas, 1909a).
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Later that year, Chagas returned to the settlement of Lassance where he had
found the bugs in order to investigate his hypothesis that T cruzi could infect
humans, given that the kissing bug vector lived in human domiciles. He isolated
trypomastigotes from a febrile and anemic two year-old girl, Berenice (Fig 1D),
the first documented human case of T cruzi infection, ever after referred to as
Chagas disease (Chagas, 1909b). Chagas followed up this discovery by defining
the insect vector as an intermediate host for the development of T cruzi and not
simply as a mechanical transmitter of parasites (Chagas, 1909c). Shorty
thereafter Chagas published an early characterization of the clinical stages of the
disease (Chagas, 1910), achieving a tour de force in parasitology by defining the
pathogen, vector, life cycle, and disease characteristics all within the span of
about a year. In light of this achievement, Chagas was nominated for a Nobel
Prize in Physiology or Medicine in 1920, however it was not granted to him for
what are believed to be largely political reasons, and the prize went unawarded
that year (Bestetti and Cardinalli-Neto, 2013).

In contrast to rapid early progress on elucidating the agent and transmission of
Chagas disease, treatment options have proven elusive and remain inadequate
even 100 years later, as Chagas disease remains a scourge of the Americas,
causing enormous disease burden (see section 1.3 – Chagas disease
epidemiology).
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Figure 1. Prominent features in the discovery of Chagas disease
A) Carlos Chagas in his laboratory (Wikipedia)
B) Kissing beetle vectors representative of the three genera capable of
transmitting T cruzi (Gal, 2012)
C) T cruzi trypomastigote in a blood smear (theassassinbug.com)
D) Berenice, the first Chagas disease patient, during the acute phase of the
disease; note the swollen right eyelid (Romaña’s sign) (Tuoto, 2010)

1.2

T cruzi life cycle

T cruzi exists in several different morphological forms all critical to its life cycle.
When triatomine vectors of the Triatoma, Rhodnius, and Panstrongylus genera
(Fig 1B) become infected after feeding on a mammalian host, T cruzi
bloodstream trypomastigotes quickly differentiate into epimastigotes within the
stomach of the beetle (Brener, 1973). These forms multiply inside the digestive
tract of the insect vector before differentiating into metacyclic trypomastigotes in
the rectum. Different species of insect vectors are variable hosts: insects will
become infected with T cruzi at variable efficiencies upon feeding on the same
infected host (Perlowagora-Szumlewicz et al., 1988). In a similar fashion,
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infected insect vectors are able to transmit parasites to mammalian prey at
different rates. Thus, the best vectors at taking up T cruzi are not necessarily the
best at transmitting it to a new subject, for example, Triatoma pseudomaculata
was very highly infected by seven different strains of T cruzi, yet
metacyclogenesis in its digestive tract was less than 10%, which consequently
makes it useful in xenodiagnosis assays despite being a poor vector
(Perlowagora-Szumlewicz et al., 1988).

Once the triatomine has taken a blood meal, metacyclic trypomastigotes from its
feces are deposited on the mammalian host, where they can classically gain
entry via the bite wound or mucous membranes. A localized infection
commences, characterized by parasite replication and a localized immune
response which causes the most easily recognizable sign of infection; when the
portal of entry is the bite wound this produces a local induration termed a
Chagoma (Fig 2) whereas when parasites enter through the eye a unilateral
periorbital edema called Romaña’s sign causes the eyelid to swell shut for weeks
and is pathognomonic of acute Chagas disease (Clayton, 2010).

Following local infection and multiplication at the site of entry, trypomastigotes
then enter the bloodstream from where they can infect almost any nucleated cell
of the body (Lenzi et al., 1996). Differing morphological forms of bloodstream
trypomastigotes have been observed, and have been postulated to specialize in
different functions for the parasite. Based on their kinetics of appearance, Brener
proposed that slender trypomastigotes are more efficient at invasion, yet are
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more susceptible to immune clearance, thus are best equipped to establish a
widespread infection before adaptive immunity can take hold (Brener, 1973).
According to Brener, the broad, stumpy forms which tended to predominate later
in infection were more resistant to immune attack.

Figure 2. T cruzi life cycle
1) An infected Reduviid vector harboring parasites takes a blood meal and 2)
expels metacyclic trypomastigotes in its feces. 3) Local infection commences
producing and inflammatory response at the site of entry (Romaña’s sign in the
eye or a Chagoma in the skin. 4) Local infection spreads to the bloodstream
and 5) systemic invasion of heart and other organs commences. While
parasites replicate and spread throughout the body, bloodstream
trypomastigotes can be taken up by another insect vector for completion of the
life cycle
Modified from Rassi et al. 2010 and CDC.gov
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While studying a different strain of T cruzi, Pereira et al. found that the broad
forms corresponded to a subpopulation of parasites which expressed a transsialidase (TS) enzyme, whereas the slender forms were TS-negative (Pereira et
al., 1996). The role of TS in invasion will be discussed in detail in section 1.8 –
Trans-sialidases as virulence factors, but TS-positive parasites were much more
efficient at invading cells than TS-negative parasites, in opposition to Brener’s
original hypothesis. Interestingly, it is impossible to purify a completely
homogeneous population of either type, as they constantly gain and lose
expression of TS, indicating that the difference is not genomic but rather a
consequence of the timing of expression (Cavallesco and Pereira, 1988). TSnegative trypomastigotes on the other hand appear to be better equipped to
survive in the insect vector (Takano-Lee et al., 2002), providing a rationale as to
why the poorly invasive forms exist. Brener’s characterizations of the roles of
broad and slender trypomastigotes was based only on the kinetics of their
appearance in the bloodstream during natural infection, so it appears that he
mischaracterized their roles, although it is conceivable that strain differences
could also be involved. Nevertheless it is apparent that T cruzi hedges its bets
and simultaneously situates itself opportunely for infection of new mammalian
cells and insect vectors while within the mammalian host.

When T cruzi’s life cycle is completed by the feeding of another insect vector, the
differentiation through epimastigote stages back to metacyclic trypomastigotes is
an essential step for infection of new mammals. Chagas initially made the point
that the insect served for more than simple physical transfer of parasites, defining
7

it as a bona fide intermediate host, a point of contention at the time (Kropf and
Sá, 2009). Vector control initiatives have helped reduce natural transmission to
the point where oral ingestion and person to person transmission via pregnancy
(vertical transmission), blood or organ transfusion is now viewed as a major route
of new infections, demonstrating the adaptability of this parasite. Blood bank
screening of all samples for Chagas disease was instituted in 2006 in the United
States (CDC, 2007).

1.3

Chagas disease epidemiology

T cruzi can infect hundreds of mammalian species and dozens of insect vectors,
and its genetic makeup is as diverse as one might expect given the broad host
range (Araújo et al., 2009). Human infection became an endemic problem
roughly 200-300 years ago when deforestation and displacement of the
Triatomine’s classical host species caused the hematophagous bugs to feed on
humans (Coura, 2007). In 1979 the first concerted effort to characterize Chagas
epidemiology found that in the 18 countries within the endemic regions of South
and Central America, it was estimated that 17 million people were infected, with
~100 million at risk – about a quarter of the population of all Latin America
(Moncayo and Silveira, 2009). Since then, infection has spread and become a
global problem as people from endemic areas migrated from rural to urban areas
and then around the world (Coura and Viñas, 2010). It is currently estimated that
there are >300,000 people infected with T cruzi in the United States (Bern and
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Montgomery, 2009), primarily emigrants from endemic areas, posing the risk of
transmission via blood transfusion or organ transplantation. A recent
computational model of the global economic burden of Chagas disease
estimated medical and disability costs of the disease at $7.2 billion/year, higher
than uterine cancer ($6.7 billion), cervical cancer ($4.7 billion), cholera ($5.4
billion), and rotavirus ($2.0 billion) (Lee et al., 2013). Of the $7.2 billion/year,
$900 million was in the USA and Canada, highlighting the impact of the spread of
Chagas disease on the healthcare systems of non-endemic countries.

As is often the case with infectious disease, the most progress against Chagas
disease has come via public health intervention rather than microbicidal
antibiotics. Insecticidal spraying of domiciles for T infestans has interrupted
vectorial transmission in Uruguay, Chile, and Brazil. Significant progress has
been achieved in other endemic countries as well, with new infections decreasing
from 700,000/year to 41,000/year and overall prevalence from a peak of 30
million in 1990 to ~10 million in 2010 (Clayton, 2010; Moncayo and Silveira,
2009). In spite of these victories however, those living with Chagas disease still
face a lifetime with an incurable disease, oral transmission of T cruzi is becoming
increasingly common (Rodriguez-Morales, 2008), and insecticidal resistance in
vectors is also on the rise (Moncayo and Silveira, 2009).

1.3a

T cruzi genetic diversity

T cruzi has a diploid genome and reproduces by binary fission, leading to a
largely clonal population structure (Sturm and Campbell, 2010). Efforts to
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organize different T cruzi isolates into groups based on lineage have recently
defined six different discrete typing units (DTUs): TcI through TcVI (Zingales et
al., 2009). TcI is the principal infectious DTU north of the equator, whereas TcII,
TcV and TcVI are responsible for the majority of human infections in the
Southern Cone region (Zingales et al., 2012). TcIII and TcIV primarily infect wild
animals and human infections are uncommon, although possible.

While T cruzi reproduction is asexual, uncommonly nuclear fusion of two
parasites can occur in hosts infected with multiple strains, allowing for genetic
exchange in this manner (Sturm and Campbell, 2010). This explains the origin of
TcIII which genetically is a heterozygote of TcI/TcII lineage, and TcV and TcVI
which are the products of two distinct TcII/TcIII hybridizations.

1.4

Chagas disease progression

Berenice, the young patient whom Chagas identified as the first documented
case of Chagas disease, had recently been infected and was thus in the acute
phase of the disease when Chagas found her (Fig 1B) (Kropf and Sá, 2009;
Tuoto, 2010). T cruzi enters the mammalian host via the bite wound of the
kissing beetle, mucus membranes such as the eye, or through ingestion of
contaminated food. After gaining entry to the host, it multiplies and spreads
throughout the body, and parasites can be found in almost every tissue (Brener,
1973; Lenzi et al., 1996). Parasitism will peak in humans around 6-8 weeks after
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infection, in the meantime patients such as Berenice will suffer an acute febrile
illness which has been described as “flu-like,” given the nondescript nature of the
symptoms.

Immune responses consisting primarily of T-cells and macrophages (Coura,
2007) bring parasitism under control and patients then enter the indeterminate
phase of the disease (Fig 3). The indeterminate phase is characterized by low
tissue parasitism with focal inflammation, especially myocarditis, and a lack of
symptoms. This can progress for one to three decades before a subset of
patients, around 30%, will progress to chronic Chagas disease while the other
70% remain in the indeterminate phase for life and go on to die of other causes.
Berenice, in fact, lived until the age of 73 when she finally passed away from
causes unrelated to Chagas disease (Telleria and Tibayrenc, 2010), all the while
harboring T cruzi inside of her as proven by the two laboratory strains isolated
directly from her at ages 55 and 71 (de Lana et al., 1996).
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Figure 3. Schematic of Chagas disease progression
Parasitemia and tissue parasitism peak 6-8 weeks after initial infection,
coinciding with non-descript symptoms. The indeterminate phase follows
for 10 to 30 years with low but detectable parasitism and no pathology.
Finally a subset of patients will progress to chronic disease consisting of
one or more megasyndromes.

Chronic Chagas disease is typically characterized as a disease of
megasyndromes. Principal among these is chronic Chagasic cardiomyopathy
(CCC), a cardiomegaly of dilated and hypertrophic cardiomyopathy, conduction
abnormalities, and microvascular disturbances with a very poor prognosis.
Megaesophagus and megacolon are somewhat less common but still debilitating
forms of chronic Chagas disease, with megasyndromes of other hollow viscera
such as bronchi, stomach, gallbladder, duodenum, jejunum, bladder and ureter
occurring rarely (Koberle, 1968; Tanowitz et al., 1992a).
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1.4a

Gastrointestinal megasyndromes

Megaesophagus and/or megacolon can occur in the chronic stage of Chagas
disease, however they are extremely rare north of the equator, primarily being
associated with TcII, TcV, and TcVI in the Southern Cone (Sturm and Campbell,
2010). These syndromes are characterized by a destruction of the nervous
plexuses with consequent aperistalsis and dilation due to retention of contents; at
least 85% destruction of neurons in the esophagus and 50% destruction in the
colon are required before disease will manifest (Koberle, 1963). These
syndromes will require surgical intervention in the later stages, and
megaesophagus patients are at an increased risk of esophageal cancer due to
dysfunction of the esophageal sphincter and chronic acid reflux (Tanowitz et al.,
1992a).

While it is not known why T cruzi targets these particular nervous plexuses for
destruction, the pathophysiology of gastrointestinal megasyndromes is clearly
neurogenic. Pathophysiology of chronic Chagasic cardiomyopathy on the other
hand remains a controversial topic (Machado et al., 2012).

1.4b

Chronic Chagasic Cardiomyopathy (CCC)

CCC afflicts around a third of Chagas patients during their lifetime, making it the
principal source of morbidity and mortality in Chagas disease (Bonney and
Engman, 2008). Similar to the gastrointestinal megasyndromes, CCC is more
common in the Southern cone region and in general the TcI strains found north
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of the equator are considered less virulent (Zingales et al., 2012). CCC
manifests ten to thirty years after initial infection and is characterized by a
combined dilated and hypertrophic cardiomyopathy which can result in an
enormous heart. Conduction defects can cause arrhythmias leading to sudden
death, destruction of parasympathetic neurons in particular is evident, and a
neurogenic hypothesis for the cardiomegaly has been proposed (Koberle, 1963).
There is a poor correlation between cardiac neuronal destruction and
progression to CCC in Chagas patients, however, so parasympathetic loss is
insufficient to completely explain the disease (Bonney and Engman, 2008).

As the heart enlarges, congestive heart failure can ensue when the pump
function is compromised. Chagas patients who progress to congestive heart
failure have a very poor prognosis and the only cure is cardiac transplant (Fiorelli
et al., 2011), although cell-based therapy is starting to show some promise (see
section 1.5b – Stem cell therapy).

Also commonly found in CCC is a characteristic ventricular apical aneurysm,
most often in the left ventricle. This thinning of the ventricular wall is thought to
stem from microvascular abnormalities impeding cardiac circulation (see section
1.6d – Microvascular complications). Clinically the aneurysm is a site of
hemostasis in the heart and as such is most often thrombosed. Thromboembolic
phenomena originating in the aneurysm are another major cause of sudden
death in CCC patients (Rassi et al., 2007).
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There is currently no way to determine which patients will progress to CCC and
which will remain in the indeterminate phase. Efforts to predict disease
progression have focused on parasite strains, and indeed there is a higher
chance of developing CCC in infection with TcII strains over TcI, however there
are no absolutes (Sturm and Campbell, 2010). Mixed infections with multiple
strains have also been documented and this is believed to impact disease as
well. Other factors which can come into play are severity of acute disease, route
of infection (oral infections tend to be more severe), number of parasites in initial
inoculum, reinfection, and host genetics (Rassi et al., 2010).

1.5

Treatment of Chagas disease

There are two available trypanocidal drugs for treatment of Chagas disease,
nifurmitox and benznidazole. Neither is currently FDA approved in the United
States due to the severity of their side effects, and they are only available via
special request to the Centers for Disease Control (CDC). The anti-fungal
posaconazole has shown promise as another trypanocidal drug and is currently
undergoing clinical trial however it is not yet approved for Chagas disease
(Molina et al., 2000). It is important to bear in mind, however, that the acute
phase of Chagas disease is the only time where trypanocidal drugs have proven
efficacious, with cure rates of around 80% (Coura and Borges-Pereira, 2012).
Some investigators do recommend treatment in chronic Chagas disease (Bern,
2011), however the cure rate is only around 20%, and use of trypanocidal drugs
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in this setting remains controversial (Bestetti and Cardinalli-Neto, 2011). A large
randomized control trial currently underway aims to test whether benznidazole
can be effective, but for now the best course of action remains uncertain.

1.5a

Cardiologic management

In the absence of a cure, the principal course of action for patients who suffer
symptoms of CCC is a traditional management of cardiovascular factors with a
couple of caveats. Drugs impacting cardiac electrophysiology such as beta
blockers must be used cautiously because of the conduction disturbances
prevalent in Chagas disease (Rassi et al., 2010), and pacemakers may be
needed to combat bradyarrhythmias which are common.

For patients who progress to heart failure, the only cure is cardiac
transplantation. Apart from the scarcity of donor organs, Chagas patients
present unique complications as they still harbor infectious parasites. Patients
who are immunosuppressed must be carefully monitored for signs of parasite
reemergence, as outlined in section 1.5c – Chagas disease in
immunosuppressed patients.

1.5b

Stem cell therapy

In light of the lack of therapies which can halt the progression of CCC and the
scarcity of organs available for transplant, investigators have turned to stem cells
as a promising new avenue of treatment. The stem cell population which has
been most examined in Chagas disease are bone marrow stem cells. In mouse
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models of disease, investigators injected purified bone marrow mononuclear cell
preparations and have achieved remission of inflammation and fibrosis (Soares
et al., 2004) as well as functional recovery in cardiac output (Goldenberg et al.,
2008; Guarita-Souza et al., 2006). While occasional integration of stem cells into
functional myocardium was observed, it was not sufficient to account for the
extent of the functional recovery. Rather, it is postulated that the stem cells
exerted their effects primarily via immunomodulatory and paracrine mechanisms
on resident progenitor cells (Soares and Santos, 2009). Indeed a massive
apoptosis of inflammatory cells in the Chagasic heart was observed, leading to
almost complete reversion of altered cardiac gene expression following therapy
(Soares et al., 2011). Importantly, the decrease in inflammatory infiltrate did not
result in increased parasitism, demonstrating that the cells which underwent
apoptosis were not directly responsible for controlling T cruzi infection.

Based on these promising results, Phase I clinical trials of autologous bone
marrow stem cell therapy in Chagas disease patients were carried out (VilasBoas et al., 2006). These trials demonstrated feasibility and safety of the
treatment, with a modest improvement in cardiac function. Currently a larger
phase II/III clinical trial is underway to determine the efficacy of treatment (Tura
et al., 2007).

1.5c

Chagas disease in immunosuppressed patients

The global spreading of human immunodeficiency virus (HIV) infection has
caused HIV-T cruzi co-infection to be considered as a separate entity (Pinazo et
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al., 2013). Reactivation of parasitism can occur when CD4 T-cell counts decline,
and T cruzi immune activation can in turn instigate increased HIV replication and
viral load (Sartori et al., 2002). T cruzi reactivation due to HIV-co-infection is
more severe than acute disease and while myocarditis can occur, the most
common manifestations are in the central nervous system (CNS) (Cordova et al.,
2008). Mortality is high in these patients (79-100%), with space occupying brain
lesions reminiscent of Toxoplasma gondii infection, meningitis, and
meningoencephalitis occurring due to T cruzi invasion of the CNS (Bern, 2012).
These are similar to what is sometimes seen in severe cases of acute Chagas
disease, particularly in the very young or when T cruzi is transmitted orally (Bern
et al., 2011; Medeiros et al., 2008).

Reactivation of T cruzi infection is also of concern in settings of pharmacologic
immunosuppression such as cancer chemotherapy, transplantation, and
treatment of autoimmune disease. For unknown reasons, CNS involvement
under these circumstances is much less common than with HIV co-infection, and
the most common manifestation is acute myocarditis (Bern, 2012). This can also
be life-threatening however with careful monitoring and prompt initiation of
trypanocidal treatment, it can be managed quite successfully, to the point where
transplant of organs other than the heart from known Chagasic donors is not
entirely contraindicated (Chin-Hong et al., 2011). Heart transplant remains the
only curative treatment for end-stage Chagasic cardiomyopathy, yet reactivation
in these patients is seen as a manageable complication and Chagas heart
transplant patients actually have a better prognosis than those receiving
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transplants for heart failure of other etiologies (Bestetti and Theodoropoulos,
2009).

1.6

CCC pathogenesis

There is no single mechanism which completely explains the development of
CCC. Current consensus is that direct tissue destruction by parasites, tissue
damage from the immune response, parasympathetic denervation, and
microvascular abnormalities combine to drive the disease progression (Calvet et
al., 2012). These effects can be generally conceptualized as immune effects,
direct parasite effects, and indirect effects due to altered homeostasis. What is
clear is that parasite persistence drives all of these mechanisms and that disease
outcome ultimately depends upon T cruzi-host cell interactions (Fig 4).
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Figure 4. T cruzi interaction with cardiac cells and contributions to
pathology
1) Cardiomyocytes are the most commonly infected cells in the heart although
cardiac fibroblasts are also known to be infected. T cruzi will also actively
modulate host signaling to render the environment more favorable for invasion
and persistence. Upon invasion, differentiation to amastigotes and replication,
2) cardiomyocyte architecture is disrupted by the formation of the parasite
pseudocyst. 3) Amastigotes differentiate back into trypomastigotes and
rupture the cardiomyocyte, once infection takes hold in the host 4) the immune
response consisting largely of T-cells and macrophages works to control
parasitism but also causes peripheral damage to cardiomyocytes via
production of reactive oxygen species such as hydrogen peroxide.

1.6a

Inflammation

Acute Chagas disease triggers striking myocarditis both in model systems and in
man (Leon et al., 2003a; Magalhães-Santos et al., 2004; Rassi et al., 2010).
This inflammation largely resolves as heart parasitism is brought under control
but a focal myocarditis can persist, even in the absence of visible parasites,
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leading some investigators to conclude that CCC was primarily an autoimmune
disease. Indeed there is little doubt that autoimmune phenomena arise in
chronic Chagas disease, the main point of contention is whether or not they are
pathologically relevant (Hyland and Engman, 2006).

Many autoantibodies against cardiac and other antigens have been described,
however no clear pathologic role for the antibodies has been discovered
(Kierszenbaum, 2005). Myosin autoantibodies, long thought to be a culprit, were
proven to be dispensable for disease progression (Leon et al., 2003b). Myosin
autoantibodies have also been described in several other settings of myocardial
injury such as coxsackievirus myocarditis and myocardial infarction (Neu et al.,
1987; de Scheerder et al., 1989), raising questions as to why these antibodies
should be detrimental specifically in Chagas disease.

Autoantibodies targeting adrenergic and muscarinic receptors (Borda and SterinBorda, 1996; Goin et al., 1994; Gorelik et al., 1990; Labovsky et al., 2007),
neurotrophic receptors (Lu et al., 2008, 2010) and others have been described,
however to date no pathology has been reproduced by passive transfer of
antibodies. In fact, the antibodies against neurotrophin receptors have been
shown to be potent inhibitors of T cruzi cellular invasion (see section 1.11 – Trk
receptors and Chagas disease). Antibodies against autonomic nervous
receptors are purported to play a causative role in conduction abnormalities seen
in Chagasic hearts, however definitive proof is lacking (Chiale et al., 1995; Costa
et al., 2000).
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Autoreactive T-cell populations with specificity for myosin are also present in
CCC, and were reported to be responsible for rejection of a surgically implanted
syngeneic heart in mice (Santos et al., 1992), however other investigators
recapitulating the experiment attributed this effect to infection of the transplanted
heart by residual parasites (Tarleton et al., 1997). When they repeated the
experiment using a different cardiomyopathic strain which exhibited very low
parasitemia, and was thus less likely to invade the transplanted heart, they found
that the “autoimmune rejection” no longer occurred.

The autoimmunity hypothesis seemed most plausible when it was unclear
whether or not parasites even existed in the chronic phase of the disease. When
scanning heart sections of CCC patients or experimental models, it appeared
that the immune response of the acute phase was able to clear the infection
completely and the residual inflammation was simply the legacy of the eradicated
invader. More sensitive techniques such as immunohistochemistry and PCR,
however, have in fact shown a high correlation between parasite persistence and
pathology (Higuchi et al., 1993; Jones et al., 1993; Palomino S. A. P. et al., 2000;
Younès-Chennoufi et al., 1988). This is not to say that autoimmunity has no
place in the pathophysiological picture of CCC, rather current consensus is
moving towards a unified hypothesis where parasite persistence serves as an in
situ adjuvant for the robust myocarditis (Higuchi et al., 2003).

1.6b

Cardiac fibrosis in CCC
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The consequence of longstanding inflammation in the heart is death of
cardiomyocytes and activation of cardiac fibroblasts to produce extracellular
matrix (ECM) components to plug any gaps and ensure the structural integrity of
the myocardium (Castro-Sesquen et al., 2013; van Nieuwenhoven and Turner,
2012). Striking fibrosis is seen in Chagasic hearts, impairing contractile function
doubly due to cardiomyocyte loss and decreased elasticity of the myocardium in
general (Soares et al., 2010). T cruzi may also directly activate cardiac
fibroblasts via the transforming growth factor β (TGFβ) pathway, which it exploits
to invade cells (Araujo-Jorge et al., 2012; Ming et al., 1995; Waghabi et al.,
2005).

Cardiac fibroblasts are known to participate in robust paracrine signaling with
cardiomyocytes (Gray et al., 1998; Kakkar and Lee, 2010; Souders et al., 2009),
and have been reported to be infected in Chagasic hearts (Tafuri, 1970; Wong et
al., 1992). They are also almost certainly the primary effectors of the prominent
fibrosis seen in the Chagasic heart. In spite of this, investigation of cardiac
responses to T cruzi infection at the cellular level have largely focused on
cardiomyocytes (Araujo-Jorge et al., 2012; Calvet et al., 2012; Garzoni et al.,
2008). Uninfected cardiac fibroblasts display activation and proliferation markers
in the Chagasic heart (Huang et al., 2003; Magalhães-Santos et al., 2004)
however more work is needed to elucidate the role of this critical cell type in
CCC.

1.6c

Oxidative stress in CCC
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The laboratories of Nisha Garg and others have found that oxidative damage to
cardiomyocytes plays a key role in CCC progression. The host is initially able to
cope with the oxidative stress in the acute phase of the disease by inducing
antioxidant defenses, however in the chronic phase, oxidants overwhelm this
response and damage accumulates (Wen et al., 2004a). These findings have
been corroborated in human Chagas patients (Wen et al., 2006a), and
antioxidant therapy is beneficial in both animal (Wen et al., 2006b) and human
disease (Maçao et al., 2007; de Oliveira et al., 2007).

Cardiomyocytes are particularly vulnerable to oxidative stress due to their high
metabolic rates and depleted stores of reducing agents such as NAD(P)H
(Gottlieb, 2011). Thus the longstanding multifocal myocarditis of CCC slowly
depletes the number of viable cardiomyocytes as they die off from oxidative
damage, with fibrous replacement and the long term picture of increasing fibrosis
and cardiomyopathy (Gupta et al., 2009).

1.6d

Microvascular complications

An additional pathophysiological mechanism which has been shown to be
important in CCC progression is disturbances in coronary circulation. As early as
1911, a perivascular inflammation was noted in Chagas patients, both in the
heart and elsewhere (Prado et al., 2011). This inflammation was coincident with
myonecrosis in the perivascular regions, but occurred in the local absence of
parasites, both in human and experimental infection. The perivascular
myocarditis was therefore determined to be “allergic” in origin and postulated to
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contribute to pathology, however a mechanism was lacking (Andrade and
Andrade, 1955).

Infection of endothelial cells which occurs early in disease, leads to NF-κB
activation and increased expression of inflammatory cytokines and vascular
adhesion molecules (Huang et al., 1999; Prado et al., 2011; Tanowitz et al.,
1992b). It was later noted that in addition to the vasculitis, coronary arterial
perfusion in general was disrupted in T cruzi infected mice, with focal
vasospasm, dilation, and microaneurysm formation (Factor et al., 1985). The
calcium channel blocker verapamil can ameliorate these vascular complications
of T cruzi infection while also limiting cardiomyopathy in model disease (Chandra
et al., 2002), implicating coronary circulation as an important player in CCC
pathology.

A possible mechanism for the microvascular compromise, T cruzi induces
endothelin-1 (ET-1) in endothelial cells (Petkova et al., 2001). ET-1 is a peptide
with potent vasoconstrictive and pro-inflammatory effects, and treatment of
infected mice with an inhibitor of ET-1 reduced cardiac remodeling (Tanowitz et
al., 2005). In addition, elevated levels of the eicosanoid thromboxane A2 (TXA2)
have been described in Chagasic mice (Tanowitz et al., 1990), of which the
majority is produced by the parasites themselves (Ashton et al., 2007). TXA2
itself is induced by ET-1 (Zaugg et al., 1996) and contributes to vasoconstriction,
inflammation, and platelet aggregation. Combined activity of ET-1 and TXA2 is
thought to restrict blood flow to distal arterioles, resulting in hypoxic death of
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cardiomyocytes and fibrous replacement. Of note, the watershed region of the
heart which is served by the most distal arterial segments, and therefore will be
the first to suffer from disturbed coronary circulation, is the left ventricular apex, a
common site of wall thinning and aneurysm in Chagasic patients.

It is important to note that the above pathophysiological mechanisms for CCC
development are not mutually exclusive. Rather, it is almost certainly a
combination of the above factors which contributes to the chronic, progressive,
debilitating nature of the cardiac damage, and its intransigence to simple
characterization and treatment (Machado et al., 2012).

1.7

Host-pathogen interactions leading to cellular invasion

T cruzi is an obligate intracellular parasite, only its cytosolic amastigote form can
replicate in mammals. Cellular invasion is a complex process involving egress
from microcirculation, penetration of ECM, binding to host membrane and cell
entry. Once inside, a T cruzi trypomastigote is contained within a
parasitophorous vacuole where it matures before escaping into the cytosol and
differentiating into a replicative amastigote. Several rounds of division ensue,
filling the cytosol with amastigote forms and disrupting normal cellular
architecture when a pseudocyst is formed (Coura and Borges-Pereira, 2010).
After differentiating back into trypomastigotes, the infected cell is lysed and
parasites can spread throughout the host.
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1.7a

Exit from microcirculation

Understanding of how T cruzi is able to travel from the bloodstream to infect its
target cells is incomplete. It has been shown that a recurring sequence from
trans-sialidases termed the FLY motif (after conserved phenylalanine, leucine,
and tyrosine residues) can bind to capillary walls in target tissues, with
preference for cardiac vasculature (Tonelli et al., 2010). T cruzi is also known to
infect endothelial cells directly in vivo (Huang et al., 1999; Prado et al., 2011;
Tanowitz et al., 1992b), potentially providing a foothold from whence to infect
other cells. Once outside of the circulation and within tissue parenchyma, T cruzi
must then navigate through the ECM to reach its target cells. T cruzi binds to
many ECM components including fibronectin, laminin, heparin, heparan sulfate,
and collagen using various ligands (Epting et al., 2010). Such interactions help T
cruzi traverse the parenchyma and bind to its eventual target cell.

1.7b

Cellular adhesion

The binding of T cruzi to cellular membranes prior to invasion has been
described as the formation of a “parasite synapse” (Butler and Tyler, 2012).
Along with the ECM binding properties described above, T cruzi expresses
several protein families which function to bind carbohydrates. Trans-sialidase
(TS) and TS-like proteins bind to sialic acid on host molecules, and TS catalyzes
their transfer to parasite mucins (Pablos and Osuna, 2012). Glycated parasite
molecules of the mucin, dispersed gene family, and mucin-associated surface
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protein families bind to host lectins and allow for tight adhesion to the cell
surface.

Sustained contact facilitates the signaling events triggered by parasites to
prepare cells for entry. T cruzi activates TGFβ (Araujo-Jorge et al., 2012; Ming et
al., 1995; Waghabi et al., 2007) and bradykinin receptors (Scharfstein et al.,
2000) in order to render cells more permissive to invasion, whereas low-density
lipoprotein receptors (Nagajyothi et al., 2012), mannose receptors (Soeiro Mde et
al., 1999), and neurotrophic tropomyosin-related kinase (Trk) receptors (de MeloJorge and PereiraPerrin, 2007; Weinkauf et al., 2011) are exploited for cell entry.

The only receptor-mediated invasion pathway with a defined parasite ligand is
invasion via TrkA and TrkC where the parasite uses TS as a counter-receptor, as
elaborated below in section 1.8 – Trans-sialidases as virulence factors.

1.7c

Membrane attack pathway of invasion

T cruzi employs at least two distinct pathways of traversing the cell membrane in
non-phagocytic cells (Butler and Tyler, 2012). In what is termed the lysosomal
pathway, T cruzi recruits lysosomes to the site of its adhesion by activating Ca++
signaling in the target cell to simulate damage and activate host membrane
repair pathways (Caler et al., 2001; Rodrıg
́ uez et al., 1999). Once lysosomes
reach the parasite, membrane invagination results in containment of
trypomastigotes in a parasitophorous vacuole inside the cell.
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The endocytic pathway is the second major route of invasion which has been
described. Here the parasites enter through a plasma membrane-derived
vacuole and only later acquire markers of lysosomes (Woolsey et al., 2003).
This pathway is able to reconcile membrane transit with receptor internalization,
in particular binding to the low density lipoprotein receptor (LDLr) is shown to
spur endocytosis and later recruitment of lysosomes for the formation of the
parasitophorous vacuole (Nagajyothi et al., 2012).

1.7d

Intracellular life cycle

Once inside the parasitophorous vacuole, the acidic environment induces
maturation of T cruzi, at which point a hemolysin termed Tc-TOX forms a pore
and allows parasites to escape into the cytoplasm (Andrews, 1990; Andrews et
al., 1990; Ley et al., 1990). This process is also facilitated by desialylation of
vacuolar membrane components by the neuraminidase/trans-sialidase enzyme
(Hall et al., 1992). Simultaneously, the acid environment of the parasitophorous
vacuole induces a phospholipase in parasites which triggers differentiation to
amastigote forms (Okura et al., 2005). Amastigotes replicate intracellularly,
differentiate back into trypomastigotes and escape, completing the life cycle.

1.8

Trans-sialidases as virulence factors

T cruzi is unable to synthesize sialic acid, yet is covered with these negatively
charged molecules due to the activity of its trans-sialidase (TS) (Schenkman et
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al., 1994). This unique enzyme was first characterized by Pereira as T cruzi
neuraminidase (Pereira, 1983) with the ability to liberate α2,3-linked sialic acid
residues from the surface of glycoproteins. Later it was found that in the
presence of a terminal β-galactosyl acceptor, TS catalyzes the transfer of sialic
acid (Schenkman et al., 1992); the TS activity is more efficient than
neuraminidase activity, and is the primary function of the enzyme (Cross and
Takle, 1993). TS and TS-like proteins (which lack enzymatic activity due to a
mutation in a conserved tyrosine residue (Cremona et al., 1995)) constitute a
gene family of over 1400 members, underscoring their importance in parasite
evolution (El-Sayed et al., 2005).

The parasite mucin family is the primary acceptor of sialic acid molecules on the
surface of T cruzi (Buscaglia et al., 2006). Sialylated mucins are implicated in
attachment to host cells as well as evasion of the immune response by masking
parasite epitopes (Pereira-Chioccola et al., 2000). TS is also reported to cause
thymocyte apoptosis as another method of immune evasion (Mucci et al., 2002,
2006). Platelet activation may be involved with clearance of parasites as well,
and TS can induce thrombocytopenia via desialylation of platelet membranes
(Tribulatti et al., 2005), demonstrating the multi-factorial role that TS enzymatic
activity plays in maintaining infection.

TS molecules are also noted for their ability to function independently of
enzymatic activity via direct protein-protein interactions. In addition to the binding
of the conserved FLY motif to cytokeratin (Tonelli et al., 2010), TS can bind the
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neurotrophin receptors TrkA and TrkC. This binding causes internalization into
cells expressing these receptors. Blockade of Trk receptors with soluble ligands,
soluble Trk extracellular domains, inhibitors of Trk signaling both proximal and
downstream, or antibodies against Trk receptors can inhibit infection of cells in
vitro and decrease parasitism in vivo (de Melo-Jorge and PereiraPerrin, 2007;
Weinkauf et al., 2011; Woronowicz et al., 2004). Interestingly, in both the acute
and chronic stages of human Chagas disease, autoantibodies against Trk
receptors arise (Lu et al., 2008, 2010); Trk autoantibodies were found in 15 out of
15 acute Chagasic sera analyzed, however rather than mediating disease as
might be expected, these antibodies were potent inhibitors of T cruzi invasion,
potentially representing a novel method of host resistance to infection.

In addition to invasion, TS also activates TrkA and TrkC with neurotrophic
consequences, thus it is also referred to as parasite-derived neurotrophic factor
(PDNF) (Chuenkova and PereiraPerrin, 2011). Neurotrophic activity of PDNF will
be described in detail in section 1.11 – Trk receptors and Chagas disease.

1.8a

Structure of trans-sialidase

T cruzi TS/PDNF consists of a catalytic β-barrel, a lectin-like domain, and an
immunodominant tandem repeat (also referred to as shed-acute phase antigen
or SAPA). Within the catalytic portion of the TS/PDNF protein are four copies of
an xx-S/t-x-D/n-xxx(x)-W/f/y-xxx motif termed the Asp-box after the conserved
aspartate residue. Asp-boxes are surface exposed β-turns which were
previously known as bacterial neuraminidase repeats due to their ubiquitous
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appearance in bacterial neuraminidases (Copley et al., 2001). Structural
algorithms have revealed the presence of Asp-boxes in many diverse proteins,
however, so the name bacterial neuraminidase repeat is no longer entirely
accurate (Quistgaard and Thirup, 2009). Asp-boxes were initially postulated to
be involved in the catalysis of neuraminidases, but their distal location from the
catalytic site in the crystal structure and presence in many non-neuraminidases
makes this unlikely (Buschiazzo et al., 2002).
As β-turns, Asp-boxes likely serve a structural function via the three conserved
amino acids stabilizing the hairpin, however their presence on the surface of the
protein and their variability in the non-conserved positions makes them prime
candidate motifs for interaction with other molecules. Indeed the only definitive
function which has been identified for Asp-boxes is in binding of the receptor
sortilin to pro-neurotrophins (Serup Andersen et al., 2010), while the function of
Asp-boxes in neuraminidases remains a mystery.

1.9

Neurotrophic phenomena

While a unified neurogenic theory for Chagasic megasyndromes gained early
traction due to its parsimony (Koberle, 1963), it later became evident that CCC
never truly fit into this paradigm. While cardiac neuronal destruction in CCC
patients certainly can occur, particularly of the parasympathetic nerves, there is a
lack of correlation between severity of disease and neuronal loss (Higuchi et al.,
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2003). In addition, a proposed T cruzi neurotoxin was never found, and in fact
several neuroregenerative phenomena have been observed. Striking neuron
loss correlates with gastrointestinal megasyndromes, however in Chagas
patients who do not exhibit megaesophagus or megacolon, there is an increase
in neuron counts in these organs when compared with age-matched controls
(Koberle, 1968).

T cruzi invasion of brain tissue coincides with a marked lack of damage despite
heavy inflammation (Caradonna and PereiraPerrin, 2009), further casting doubt
on the idea of a T cruzi neurotoxin and supporting the concept of a T cruzi
neurotrophin enabling a mutually beneficial environment for host and parasite cell
survival. This idea will be explored further in section 1.11 – Trk receptors and
Chagas disease.

1.10

Neurotrophins and their receptors

Nerve growth factor (NGF) was first discovered by Rita Levi-Montalcini while
studying why a mouse tumor transplanted into a developing chick embryo
caused nerve sprouting in its vicinity (Levi-Montalcini, 1952; Levi-Montalcini and
Hamburger, 1951). Levi-Montalcini sought to isolate the responsible factor which
seemed to be secreted from the mouse tumor, however she needed a proper
tissue culture laboratory which was unavailable where she was working in St.
Louis. To further her research, she accepted an invitation from none other than
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her friend Dr. Carlos Chagas Filho (son of the T cruzi discoverer) to come work in
Rio de Janeiro, where NGF was first purified (Cohen et al., 1954; Levi-Montalcini
et al., 1954). Levi-Montalcini was awarded the Nobel Prize in Physiology or
Mecidine in 1986 for her seminal work.

Despite the early identification of the ligand, the search for an NGF receptor
would last more than three more decades. It was found that NGF could bind to
either high affinity (Kd ~ 10-11 M) or low affinity (Kd ~ 10-9 M) receptors, but the
actual identity of the receptors remained elusive (Ross, 1991). The low affinity
receptor was isolated first; p75NTR, a TNF-receptor superfamily member, was
found not to be the primary effector of NGF activity, however it could synergize
with the high affinity receptor to enhance responsiveness (Hempstead et al.,
1989, 1991).

Meanwhile it was anticipated that the high affinity NGF receptor would be difficult
to clone due to its low copy number in neuronal cells (Ross, 1991), however
simultaneously, unrelated research characterizing tropomyosin-related kinase
(Trk), a proto-oncogene which had fused with non-muscle tropomyosin to
transform a human colon carcinoma (Martin-Zanca et al., 1986), was in progress.
The high affinity NGF receptor was fortuitously found to be none-other than Trk,
later known as TrkA (Kaplan et al., 1991; Klein et al., 1991a)

Two more family members, TrkB and TrkC, were cloned shortly after TrkA based
on sequence homology (Klein et al., 1989; Lamballe et al., 1991), with brainderived neurotrophic factor (BDNF) and neurotrophin-3 (NT-3) as their preferred
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ligands, respectively (Klein et al., 1991b; Lamballe et al., 1991). NT-3 can also
activate TrkA and TrkB with a lower affinity and a fourth neurotrophin family
member, NT-4/5, is TrkB-specific. p75NTR can be activated by any of the Trkbinding neurotrophins, although it has a higher specificity for the pro-forms
(Huang and Reichardt, 2003).

Ligation of Trk receptors by their ligands induces dimerization and
autophosphorylation of tyrosine residues on the intracellular aspect of the
receptors, which in turn activates three downstream signaling pathways:
MAPK/ERK, PI3 kinase/Akt and PLCγ. The outcome of this activation is prosurvival and differentiation signals in the peripheral and central nervous systems
(Reichardt, 2006). While Trk family members are classically thought of as
neural-specific receptors, TrkA is known to play important roles in regulating
mast cell (Levi-Montalcini, 1987) and B-cell function (Coppola et al., 2004).
Endothelial cells have been shown to express all three Trk receptors, where
signaling results in survival, proliferation, and migration, which combine to
promote angiogenesis (Caporali and Emanueli, 2009).

1.10a Cardiovascular functions of neurotrophins

In addition to activity on endothelial cells, recent exciting work has pointed to
roles for Trk receptors in cells of the heart. While TrkA mutations in humans
cause a syndrome of insensitivity to pain (Indo, 2001) and TrkB mutations result
in severe cognitive defects (Yeo et al., 2004), TrkC mutants in humans have not
been described and are likely not viable. In mice and chickens, knocking out
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TrkC results in gross developmental abnormalities in the heart including impaired
cardiomyocyte proliferation (Lin et al., 2000), septal and arterial defects
culminating in embryonic or peri-natal lethality (Donovan et al., 1996; Tessarollo
et al., 1997).

More recently, several groups have demonstrated expression of Trk receptors in
the adult heart. Treatment of hearts with NGF was shown to be protective in a
mouse model of diabetic cardiomyopathy, an effect which was presumed to be
mediated via rescue of sympathetic innervation (Ieda et al., 2006). Shortly
thereafter, TrkA on adult cardiomyocytes was shown to transduce anti-apoptotic
signals (Caporali et al., 2008) and rescue them in experimental myocardial
infarction (Meloni et al., 2010) as well as diabetic cardiomyopathy (Meloni et al.,
2012).

By contrast BDNF and TrkB have been associated with inflammatory injury in the
aging heart (Cai et al., 2006) while TrkC activation by NT-3 induces
cardiomyocyte hypertrophy (Kawaguchi-Manabe et al., 2007).

1.11

Trk receptors and Chagas disease

With regard to Chagas disease, the discovery of Trk expression on adult
cardiomyocytes opens the door to investigations of PDNF activity in the heart,
both for invasion of cardiomyocytes and signaling events.
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PDNF can bind and activate TrkA and TrkC, but not TrkB or p75NTR. Upon
binding, PDNF triggers downstream signaling through MAPK/ERK and Akt. The
outcome of this signaling is enhanced neuron and glial cell survival in response
to oxidative stress, serum deprivation, or neurotoxins (Chuenkova and Pereira,
2000, 2003; Chuenkova and PereiraPerrin, 2004; Chuenkova et al., 2001;
Weinkauf and PereiraPerrin, 2009; Woronowicz et al., 2007a). This is mediated
by modulation of host apoptotic signals such as upregulation of Bcl-2 and
blockage of caspase-3 cleavage (Chuenkova and PereiraPerrin, 2011).

In addition to pro-survival signals, PDNF activation of TrkA or TrkC can cause
sustained activation of ERK which induces neurite sprouting in model PC12 cells
(Chuenkova and Pereira, 2001; Weinkauf and PereiraPerrin, 2009). PDNF also
modulates expression in PC12 cells, causing enhanced expression of cholinergic
(Akpan et al., 2008) and dopaminergic gene expression (Chuenkova and
PereiraPerrin, 2006). While PDNF expression is primarily in trypomastigotes,
amastigotes also express some catalytically inactive family members, and
intracellular trypomastigotes express PDNF just prior to egress from the cell.
Intracellular PDNF is phosphorylated by Akt and in turn enhances Akt
phosphorylation, likely by acting as a scaffold (Chuenkova and PereiraPerrin,
2009). The multifaceted impacts on host kinase signaling demonstrate the
versatility of PDNF, and these activities likely underlie the lack of damage to
moderately parasitized brains (Caradonna and PereiraPerrin, 2009; Hoff et al.,
1978).
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1.12

Summary and goals

The duality of PDNF promoting both cellular invasion and survival may be a bit
perplexing at first glance, but in fact makes a great deal of sense for parasite
persistence. Some of the most successful pathogens in terms of prevalence can
in fact cause the least amount of pathology. By example, Epstein-Barr virus
infects an estimated 95% of the adult human population worldwide but an
overwhelming majority of those will not even notice (Klein et al., 2010), whereas
extremely virulent pathogens such as Ebola virus tend to kill their host before
having a chance to spread, thus ending the transmission cycle (Snowden, 2008).

While T cruzi causes a large disease burden simply because so many people are
infected, it is important to remember that 70% of those will not develop CCC or
any significant pathology. It may be that the low parasitism and pathology of the
chronic phase is something that is actively maintained by T cruzi, maximizing its
potential for retransmission to a new insect vector. PDNF acting to preserve host
tissues presumably underlies the lack of damage to the parastized brain
(Caradonna and PereiraPerrin, 2009), and Trk expression in the heart may also
explain how the intense myocarditis of acute Chagas disease resolves without
short-term consequence in almost all patients and without long-term
consequence in over two-thirds.
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We therefore sought to determine what is the role of PDNF-Trk interaction in the
heart. Cardiomyocytes are known to express all three Trks but nothing is known
about expression of Trks by cardiac fibroblasts. Similarly, the molecular
pathways for T cruzi invasion of cardiac fibroblasts are completely unstudied, as
is any paracrine role they might play in Chagas disease. The goals of this thesis
are therefore to investigate the interactions of PDNF and Trk receptors on
cardiac myocytes and fibroblasts, with particular attention to invasion and prosurvival effects. We also investigate the activation of Trk receptors by PDNF at
the amino acid motif level, specifically, determining which motifs within PDNF are
critical effectors of Trk activation with regards to cellular invasion and trophic
activity.
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CHAPTER 2: MATERIALS AND METHODS
2.1

Mice

All mice were C57BL/6J mice aged 6-8 weeks , purchased from Jackson
Laboratories. Female mice were used for all in vivo experiments and males were
kept for breeding neonatal mice only. All mouse work was approved by the
Institutional Animal Care and Use Committee of Tufts University School of
Medicine and Department of Laboratory Animal Mecidine (Protocol B2010-32).

2.2

Cadiac fibroblast and cardiomyocyte isolation

Neonatal (1-3 day old) mice were sacrificed by decapitation and cardiac cells
were isolated by a procedure modified from Sreejit et al., 2008. Hearts were
dissected, washed twice in PBS, then kept in 20 mM HEPES, 130 mM NaCl, 1
mM NaH2PO4, 4 mM glucose, 3 mM KCl, pH 7.6 for 10 minutes on ice. Hearts
were minced with a scalpel and digested thrice in 0.25% Trypsin-EDTA (Gibco)
at 37oC with mixing, pooled, strained through a 100 μm mesh, centrifuged for 10
minutes at 250 x g, and resuspended in cardiomyocyte medium (DMEM
(Gibco)/F12 Ham’s (Sigma) 50:50, 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 mg/ml bovine insulin (Sigma) with 1x penicillinstreptomycin (Gibco)). Cardiac fibroblasts were allowed to adhere to 1% gelatincoated plates for 3 hours, then non-adherent cells (cardiomyocytes) were
removed and transferred to a new gelatin-coated plate. Cardiac fibroblasts were
then grown in DMEM/10% FCS. Purity of isolated cells was evaluated by
immunofluorescence for myosin heavy chain and vimentin, and was typically
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~90%. Cardiomyocytes were also identified visually by their spontaneous
contraction in culture.

2.3

Quantitative reverse-transcriptase polymerase chain reaction

Cells were lysed in Trizol (Invitrogen) and RNA was isolated according to
manufacturer instructions. After quantitation of RNA, cDNA was synthesized with
Quantitect reverse transcription kit (Qiagen) according to manufacturer
instructions. Trk and neurotrophin transcripts were amplified using specific
primers and quantified relative to HPRT using SYBR Green as a detector
(Qiagen). Primer sequences are listed in Table 1.

2.3a Parasite quantitation
DNA was isolated from frozen hearts via Trizol extraction according to
manufacturer instructions. DNA was quantified and heart parasite burden was
measured by qPCR of 50 ng heart DNA for a conserved microsatellite DNA
sequence from T cruzi (TCZ primers), with internal normalization to TNFα
amplicon, based on the procedure of Cummings and Tarleton (Cummings and
Tarleton, 2003). Parasite concentrations in the heart were determined relative to
standards of control heart DNA spiked with known concentrations of parasites.
Primer sequences are listed below in Table 1.
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Table 1. qPCR primer sequences
Gene
HPRT
NGF
NGF(H9c2,
rat)
TrkA
TrkB
TrkC
TCZ
TNFα

2.4

Forward
CAGCGTCGTGATTAGCGATGATG
TTGGCCTGTGGTCGTGCAG

Reverse
CGAGCAAGTCTTTCAGTCCTGTC
GACATTACGCTATGCACCTCAC
GACATTACGCTATGCACCTCAG

CGCTGAGTGCTACAACCTTC
AGCCCTGGTATCAGCTATCG
TACCTGGCTTCCCAGCACTTTG
GCTCTTGCCCACACGGGTGC
TCCCTCTCATCAGTTCTATGGCCCA

GAAAGTCCTGCCGAGCATTC
GGGTGTGGATGCTCTTGATG
GTGTCCTCCCACCCTGTAGTAATC
CCAAGCAGCGGATAGTTCAGG
CAGCAAGCATCTATGCACTTAGACCCC

Immunofluorescence
2.4a Frozen sections

Adult mouse hearts were washed in PBS, fixed in 4% paraformaldehyde
overnight, dehydrated for 24 hours each in 15% and 30% sucrose solutions,
mounted in OCT solution, and 10 μm sections were cut in a cryostat and
mounted on slides. Sections were permeabilized with 0.1% Triton X-100 for five
minutes then blocked overnight in PBST/10% FCS at 4oC. After washing,
sections were incubated with primary antibody in PBST/5% FCS overnight at
4oC, washed again in PBST, and secondary antibodies were added for two hours
at room temperature. Sections were finally washed three times with PBST for 20
minutes each and images were acquired with Nikon Brightroom Elements.
Analysis of fluorescence intensity levels was performed using a custom script in
ImageJ (NIH). Antibodies and concentrations are listed below in Table 2.
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Table 2. Immunofluorescence antibody sources and concentrations
TrkA
TrkC
Vimentin
Myosin heavy chain
NGF
Alexa fluor 488 Goat anti-Rabbit
Alexa fluor 594 Goat anti-Rat
Alexa fluor 350 Donkey anti-Goat
Alexa fluor 350 Donkey anti-Mouse
Alexa fluor 568 Goat anti-Mouse
Alexa fluor 568 Donkey anti-Sheep

Millipore 06-574, 1:100
R&D Systems MAB1404, 1:100
Sigma V4630, 1:100
Upstate 05-716, 1:100
Chemicon AB1528, 1:500
Molecular probes A11008, 1:500
Molecular probes A11007, 1:500
Molecular probes A11008, 1:500
Molecular probes A11035, 1:500
Molecular probes A11004, 1:500
Molecular probes A21099, 1:500

2.4b Primary cultures
Primary cultured cells were fixed in 4% paraformaldehyde, permeabilized and
stained as above. Where indicated cells were stained with 4’6-diamidino-2phenylindole (DAPI) to visualize nuclei and images were acquired with SPOT
imaging system and prepared in Adobe Photoshop CS2. All image exposures
and preparations were identical with a single experiment.

2.5

T cruzi culture in vitro

T cruzi was maintained in infected monolayers of Vero cells. When needed,
swimming trypomastigotes from cell supernatants were harvested, centrifuged at
250 x g for five minutes to clear any contaminating Vero cells, then centrifuged
again at 3000 x g for ten minutes to pellet parasites. T cruzi was counted in a
hemacytometer after resuspension in cell culture medium (in vitro experiments)
or in PBS (in vivo infection experiments).

2.6

Infection of cultured cells
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For measurement of neurotrophin responses, primary cultured CFs or CMs, or
H9c2 CMs, were plated on 24-well plates, serum-starved in DMEM/0.1% FCS
overnight, and T cruzi (Tulahuen) was added at 2 x 105/mL. At the indicated
timepoints, supernatants were collected, cleared by centrifugation for 10 min at
14,000 x g in a tabletop microcentrifuge, and stored at -20oC until needed or
analyzed immediately by ELISA. Cell monolayers were washed and lysed in
Trizol for RNA isolation and qPCR as described above.

For quantification of infection, tissue culture trypomastigotes were added to cells
at various concentrations relative to cell number (multiplicity of infection or MOI)
as indicated in each figure for three hours. Cells were then washed three times
with PBS and left in DMEM/1% FCS to reduce cellular multiplication for two days.
Cells were then fixed in methanol, stained with Diff Quik, and infection was
counted in an inverted microscope. Cells with more than one amastigote
(indicative of a productive infection where multiplication had taken place) were
counted as infected. At least 200 cells/well were counted and percent infection
was calculated for each well (triplicate points). Inhibition of infection was
calculated relative to vehicle-treated wells.

2.6a

Antibody or protein blocking

30 min prior to addition of T cruzi, cells were incubated with 1 μg/mL αTrk
antibody (Abcam), 50 ng/mL neurotrophins (R&D Systems), recombinant sPDNF,
or gp85 at various concentrations as indicated in figure legends. sPDNF and
gp85 were purified by affinity chromatography as described below.
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2.6b

shRNA blocking

Lentiviral particles with specificity for GFP, TrkA, or TrkC (Open Biosystems)
were generated by transfection of HEK293 cells according to manufacturer
instructions, aliquoted, and stored at -80oC until needed. Once thawed lentiviral
particles were kept at 4oC for three days at most. Primary CFs or CMs were pretreated with 8 μg/mL polybrene (Sigma-Aldrich) and then 8 μL lentiviral particles
per well on a 96-well plate were added. Wells were washed 24 hours after
lentiviral addition, then kept in regular medium for 6-7 days thereafter. Optimal
lentiviral particle concentrations and kinetics were ascertained in preliminary
experiments (data not shown) and optimal choice of vectors was based on Fig
14.

2.7

NGF ELISA

NGF capture antibody (Chemicon AB1528, 1:1000) was diluted in coating buffer
(50 mM NaHCO3/Na2CO3, pH 9.6, 0.02% NaN3) and used to coat a 96-well
ELISA plate overnight at 4oC. Wells were washed, blocked with PBST/5% BSA,
incubated with supernatants followed by an NGF detection antibody (Chemicon
AB1526, 1:1000) then alkaline-phosphatase conjugated anti-rabbit antibody
(Sigma A3687, 1:1000). Incubations were for 90 min at room temperature and
wells were washed three times with PBST in between each step. Wells were then
incubated with a colorigenic AP substrate (Sigma N9389, 1 mg/mL in 100 mM
Glycine, 1 mM MgCl2, 1 mM ZnCl2 pH 10.4). Plates were read at OD405 and
NGF concentrations were calculated relative to a standard curve (NGF, Sigma
N0513).
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2.8

PC12 Neurite extension assay

PC12 cells are a pheochromocytoma cell line and were a gift from Dr. Lloyd
Greene, Columbia University (Greene and Tischler, 1976). PC12 cells were
plated overnight on 96-well plates, serum-starved overnight in DMEM/0.1% FCS,
and incubated in supernatants from CFs as indicated in figure legends mixed
50:50 with DMEM/0.1% FCS. After 24 hours, cells were fixed in methanol,
stained with Diff Quik and counted. Cells were considered neurite-bearing if they
possessed at least one neurite of one cell-body length or greater and at least 200
cells/well were counted. For some experiments, conditioned media was preincubated for 30 min at room temperature with neutralizing antiserum against
NGF (Chemicon AB1528, 1:200) or with normal sheep serum (Chemicon NS144nc).

2.9

T cruzi infection of mice

T cruzi from supernatants of infected Vero cell monolayers were isolated as
described above, washed twice by resuspension in PBS and centrifugation, then
counted and diluted in PBS and kept on ice. Mice were anesthetized by
isoflurane inhalation, then injected with 5000 T cruzi diluted in 30 μL into the left
hind footpad. At indicated timepoints, mice were sacrificed by carbon dioxide
asphyxiation and cervical dislocation, perfused with 5 mL PBS via the left
ventricle, and hearts were flash frozen in liquid nitrogen and stored at -80oC or
fixed in 4% paraformaldehyde for frozen sections. Parasitemia was measured
by optical microscopy of blood smears.
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2.10

sPDNF in vivo administration

sPDNF was diluted in PBS and 200 μL was injected via tail vein into mice. 25 μg
sPDNF was administered at 0, 3, and 24 hrs (2 day timepoint) or 0, 3, 24, 48, 72,
and 96 hrs (6 day timepoint). Injection of PBS alone served as a negative control.
Mice were euthanized and dissected 24 hours after last sPDNF injection as
above.
2.11

sPDNF induction of NGF

Primary CFs or CMs were serum-starved overnight in DMEM/0.1% FCS, sPDNF
was added at the indicated concentrations for 3 hours, and supernatants were
collected and analyzed by ELISA or frozen at -20oC. Cell monolayers were lysed
in Trizol for RNA isolation, cDNA synthesis, and qPCR analysis as described
above. For chemical inhibitor experiment, K252a (500 nM) or UO126 (10 μM)
was added for 30 minutes prior to sPDNF administration. NGF induction was
calculated by subtracting treated-untreated cells.

2.12

Cardiomyocyte survival assay

Primary cardiomyocytes were plated on gelatin-coated 96-well plates and
pretreated with conditioned medium from CFs, T cruzi, or sPDNF as indicated in
each experiment. After 30 min, 50 μL 300 μM H2O2 was added to each well (150
μM final concentration) for four hours. Cell death was assessed by the
Hoechst/Propidium iodide method, whereby the blue Hoechst dye stains all cell
nuclei blue, and propidium iodide stains only dead cells which cannot exclude it.
At least 200 cells/well were counted. For some experiments, conditioned media
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was pre-incubated for 30 min at room temperature with neutralizing antiserum
against NGF (Chemicon AB1528, 1:200) or with normal sheep serum (Chemicon
NS144-nc). T cruzi were pre-incubated with soluble extracellular domains of Trk
receptors (R&D Systems) prior to addition to cardiomyocyte cultures. sPDNF
was blocked by pre-incubation of cardiomyocytes with α-Trk antibodies (1 μg/mL,
Santa Cruz). H9c2 survival assay was identical except 500 μM hydrogen
peroxide was used instead of 150 μM.
2.13

sPDNF and gp85 purification

sPDNF cloned from Silvio X-10/4 T cruzi (GenBank accession
number AJ002174), was expressed in BL21(DE3) bacteria and purified by Ni++affinity chromatography according to published procedures (Chuenkova et al.,
1999). sPDNF purity was assessed by SDS-PAGE where it migrates at 68 kDa.
If sPDNF was pure, it was quantified by densitometry after staining with
Coomassie blue, otherwise it was re-purified. sPDNF was filter-sterilized through
0.22μm pores and kept at 4oC in PBS.
gp85 was cloned from CL-Brener genomic DNA by a nested PCR approach
(Aridgides et al., 2013a). The cloned product inside of the pET23b expression
vector (Novagen) was transformed into BL21(DE3) Escherichia coli, protein was
expressed by induction of bacteria at OD600 of 0.7 with 200 μM IPTG for 3 hours.
Bacteria were then pelleted and gp85 was purified similarly to sPDNF.

2.14

PDNF Asp-box alignment

Sequences of NGF and PDNF were searched for short sequences of homology
using Clustal W2 software. After identification of alignment between NGF and
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the first PDNF Asp-box, sequences of all four Asp-boxes and the corresponding
regions from the three neurotrophins were aligned using Clustal W2 with Aspboxes from various other proteins. Results were shown using Jalview software.
2.15

Structural alignment of Asp-boxes

PDNF Asp-box 1 (PDB ID 1MS0) was aligned with NGF, BDNF, and NT-3 (PDB
IDs 2IFG, 1BND, and 1NT3 respectively) loop 4 regions using Coot software.
Figure was prepared using PyMol software.
2.16

Generation of sPDNF Asp-box mutants

Using the wild-type sPDNF vector as a template, we designed PCR primers with
the sequence for PDNF Asp-box 1 or 2. To generate the sPDNF1134 construct,
we first generated PCR fragments of the areas adjoining Asp-box 2, with each
fragment containing six base pairs of overlap with the Asp-box 1 oligonucleotide
at the end where Asp-box 2 is located in the wild-type vector. After gel
purification, we used these two fragments plus the Asp-box 1 oligonucleotide as
templates in an overlapping PCR to generate a DNA product with Asp-box 1
inserted in place of Asp-box 2 plus ~300 bp of surrounding DNA in either
direction. sPDNFWT has ApaI and SphI restriction sites flanking Asp-box 2,
therefore we digested both the wild-type backbone and the PCR product with
these enzymes and ligated them together. After transformation, we selected
colonies and sequenced the plasmids to ensure the proper incorporation of the
altered Asp-box as well as lack of other mutations. sPDNF2234 was constructed
in an analogous manner except that the NdeI and BamHI sites flanking Asp-box
1 were used instead.
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2.17

Purification of sPDNF Asp-box mutants

Purification was identical to that of gp85 except that 4 μM or 20 μM IPTG was
used to induce expression of sPDNF1134 or sPDNF2234, respectively, to lessen the
chance of inclusion body formation in bacteria.
2.18

Functional assays of sPDNF Asp-box mutants

PC12 infection was carried out similarly to that described above with CFs and
CMs, with 12.5, 50, or 200 ng/mL of sPDNFWT, sPDNF1134, or sPDNF2234 added
prior to T cruzi. Inhibition of infection was calculated relative to vehicle-treated
wells.
PC12 rescue from serum-starvation was carried out by culturing cells in
DMEM/0.1% FCS for two days in the presence or absence of sPDNFs (250
ng/mL) or NGF (50 ng/mL). Protection was calculated as percent rescue relative
to vehicle-treated wells.
PC12 neurite extension was performed by culturing PC12 cells with 12.5, 50, or
200 ng/mL of sPDNFs in DMEM/1% FCS for two days. Cells were stained and
counted as above.
PC12 kinase activation was measured by stimulation of PC12 cells with 50
ng/mL of sPDNFs for five minutes. Wells were washed in cold PBS and lysed
using cell lysis buffer (Cell Signaling) with 1 mM phenyl-methyl-sulfonyl fluoride
(Sigma) by rocking for 10 minutes at 4oC. Lysates were cleared by centrifugation
for 10 minutes at 14,000 x g, quantified by Lowry assay, and analyzed by
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Western blotting. 10 μg lysate was run on a 10% polyacrylamide SDS-PAGE
gel, transferred to a nitrocellulose membrane, blocked with TBST/5% BSA, and
blotted for phospho-ERK or phospho-Akt. Membranes were then stripped and
reprobed for total ERK and Akt, all antibodies were from Cell Signaling.
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CHAPTER 3: EXPRESSION OF NEUROTROPHINS AND RECEPTORS BY CARDIAC
CELLS

3.1

Introduction

With the recent discovery of Trk expression by adult cardiomyocytes (Caporali
and Emanueli, 2009), it is important to determine whether cardiac fibroblasts can
also express Trk receptors. This will inform subsequent studies on T cruzi
invasion and activity of PDNF in the heart.

3.2

Similar Trk mRNA transcripts in primary cardiac fibroblasts and

cardiomyocytes

To investigate Trk expression in cardiac cells we first isolated primary cultures of
cardiac fibroblasts (CFs) and cardiomyocytes (CMs) from mouse hearts. We
used a modified procedure based on the differential adhesion method to
separate primary cardiac cells where CFs attach more quickly to gelatin-coated
plates, and CMs can then be removed and transferred to a clean plate (Sreejit et
al., 2008). Neonatal mice are a common source of primary CMs due to ease of
isolation and culture, however given the prominent role of TrkC in cardiac
development, it is possible that neonatal cells express different levels of Trk
receptors from adults, so we compared these two sets of CFs and CMs.
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We found that in both adult and neonatal CMs, transcripts of TrkA and TrkC
receptors could be detected while TrkB transcript was not. However, TrkA
mRNA expression was much higher than TrkC (Fig 5). Comparing these CM
transcripts to transcript levels in CFs, we see a similar pattern of expression.
While the transcripts were present at relatively low levels (on the order of 1000fold less than HPRT), Trk protein is quite stable, remaining in the cell with a halflife of ~12 hours in the presence of cycloheximide (Geetha et al., 2008), so high
levels of mRNA would not be required to sustain protein levels. Thus it appears
that CFs express mRNA for both PDNF receptors TrkA and TrkC, the first time
this has been described.
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Figure 5. Primary cultures of cardiac fibroblasts express TrkA mRNA at
levels higher than TrkC mRNA, comparable to the expression in
cardiomyocytes.
Cardiac fibroblasts and cardiomyocytes were isolated from female adult or
neonatal C57BL/6 mice and their Trk transcripts quantified by qPCR.
Transcript levels were calculated using HPRT as an internal control using 2-dCt
for each sample. Data are combined from three to four separate experiments,
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3.3

Neurotrophin expression by cardiac fibroblasts and cardiomyocytes

As CFs and CMs express multiple Trk receptors, we next investigated which
neurotrophins they might express. Paracrine signaling between CMs and CFs is
increasingly appreciated to underlie many aspects of cardiac cellular function, so
it is possible that neurotrophin production constitutes a method of cross-talk
between these two cell types. Again we looked at both adult and neonatal CFs
and CMs, finding that NGF expression was highest in all cases (Fig 6). CFs and
CMs displayed similar patterns of neurotrophin expression, however unlike Trk
expression there were noticeable differences between adult and neonatal cells.
NT-3 expression was barely detectable in neonatal cells and increased into
adulthood, whereas BDNF displayed the opposite trend.
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Figure 6. Expression of neurotrophin mRNAs in primary cultures of
cardiac fibroblasts and myocytes.
NGF, BDNF and NT-3 mRNAs were assessed by qPCR in primary cultures of
adult or neonatal cardiac fibroblasts and myocytes that had been grown on 12well plates for two days in 10% FCS (steady-state growth). Two technical
replicates each on triplicate samples were normalized to HPRT and graphed as
mean + s.d.
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3.4

Trk protein expression in vivo

To confirm the mRNA data at the protein level, we performed Western blots for
Trk expression on protein extracts of primary cultures of cardiac cells, however
we were unable to find a working antibody. Instead we turned to
immunofluorescence of heart sections. After staining for vimentin to mark CFs
and myosin heavy chain (MHC) to mark CMs, we stained for TrkA in a third color
and plotted MHC and vimentin fluorescence as a function of TrkA intensity. This
allowed us to see that there was indeed a correlation between fluorescence
levels, confirming that TrkA is expressed on both CFs and CMs (Fig 7A, left). At
strongest TrkA fluorescence levels however there was a preferential association
of TrkA with MHC, implying that CMs express higher levels of TrkA protein than
CFs. Looking at only pixels where TrkA fluorescence >200 (out of 8-bit intensity
levels with 255 being maximal), we see a strong statistically significant
preference for MHC staining (Fig 7A, right). These results are confirmed visually
with notable costaining of TrkA with both vimentin and MHC (Fig 7B).

Analyzing TrkC by analogous techniques we find that TrkC protein expression is
found on both CFs and CMs as expected, however in contrast to TrkA, TrkC
expression is higher on CFs than CMs (Fig 8A). Visualization of fluorescence
confirms these analyses, with the CFs showing strong TrkC staining as they
surround muscle fiber bundles (Fig 8B, inset) and CMs showing slightly weaker
TrkC staining.
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Figure 7. TrkA expression by cardiac cells in vivo reveals higher expression on
cardiomyocytes than cardiac fibroblasts
A) TrkA levels are significantly higher in cardiomyocytes than in cardiac fibroblasts in
tissue sections of the heart. Left panel shows the quantification of TrkA, vimentin
(cardiac fibroblast marker), and myosin heavy chain (MHC, cardiomyocyte marker)
identified by immunofluorescence on sections of C57BL/6 mouse hearts. Vimentin and
MHC staining is plotted as function of TrkA fluorescence showing that TrkA is
expressed by both cardiac fibroblasts and myocytes and that expression is higher in
the myocytes. Right panel is a plot of vimentin and MHC mean fluorescence on pixels
where TrkA is >200 (n=3); ****, p<0.0001 by Student’s t-test.
B) Visualization of the preferential expression of TrkA on cardiomyocytes in the heart.
Representative images from the results presented in (A) above. Note preferential
merge of TrkA and cardiomyocyte staining, scale bar = 100 μm.
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Figure 8. TrkC expression in vivo reveals higher expression on cardiac
fibroblasts than cardiomyocytes
A) TrkC levels are significantly higher in cardiac fibroblasts than on cardiomyocytes in
tissue sections of the heart. Left panel shows the quantification of TrkC, vimentin, and
MHC identified by immunofluorescence on sections of C57BL/6 mouse hearts,
showing a preferential association of TrkC with cardiac fibroblasts. Right panel is a plot
of vimentin and MHC mean fluorescence on pixels where TrkC is >200 (n=3);****,
p<0.0001 by Student’s t-test.
B) Visualization of the preferential expression of TrkC in cardiac fibroblasts in the
heart. Representative images from the results presented in (A) above. Of note, TrkC
staining merges preferentially in vimentin-stained cardiac fibroblasts, typically
surrounding cardiomyocyte bundles, scale bar = 100 μm.
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3.5

Summary

These results demonstrate that in addition to CMs, adult CFs express
neurotrophic Trk receptors at mRNA and protein levels. This raises the
possibility that T cruzi, using its PDNF, interacts with both of CMs and CFs for
proper invasion of the heart.
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CHAPTER 4: T CRUZI PARASITE DERIVED NEUROTROPHIC FACTOR ACTIVATES
TRK A ON CARDIAC FIBROBLASTS AND TRIGGERS PRODUCTION OF
CARDIOMYOCYTE-PROTECTIVE NERVE GROWTH FACTOR

4.1

Introduction

The resolution of myocarditis in acute Chagas disease without proximal sequelae
raises the possibility that T cruzi modulates host paracrine signaling in order to
enhance cell survival. Neurotrophins are known to regulate the expression of
other neurotrophins (Apfel et al., 1996; Leingartner et al., 1994), therefore we
hypothesized that T cruzi could induce expression of endogenous neurotrophins
via PDNF for protection of its host niche.

4.2

T cruzi selectively upregulates NGF in cardiac fibroblasts

To test our hypothesis we first infected primary cultures of CFs and CMs with T
cruzi and measured neurotrophin transcripts. As early as three hours after
infection and extending out to 72 hours, there was a time-dependent increase in
NGF transcript levels in CFs, as high as 9-fold over baseline (Fig 9). By contrast,
primary CMs displayed only a small increase in NGF transcript levels and only at
72 hours. There was no significant change in BDNF or NT-3 transcript levels
upon infection (data not shown). To confirm the specificity of NGF induction to
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CFs versus CMs, we also infected the rat ventricular cardiomyocyte cell line,
H9c2, and found no detectable NGF transcript either before or after infection (Fig
9).

Concurrently, we measured NGF protein levels by ELISA and found a timedependent induction of NGF in CFs as high as 80-fold (Fig 10). Both primary
and H9c2 CMs displayed no appreciable induction in NGF protein levels upon
infection. Co-cultured CFs and CMs can behave differently than isolated cultures
as they interact with each other; therefore we infected combined cultures with T
cruzi and measured their NGF response by immunofluorescence. Co-cultures
displayed a marked increase in NGF staining following infection (Fig 11),
however the NGF induction was heterogeneous within the culture. When we
stained for CF and CM markers, we found that the cells which induced NGF
costained for vimentin but not MHC (Fig 11, rightmost panels), confirming that
CFs are the responder cells.
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Figure 9. T cruzi selectively upregulates NGF mRNA in cardiac fibroblasts
Primary cardiac fibroblasts (CFs) and cardiomyocytes (1o-CMs), and the
cardiomyocyte cell line H9c2 were infected with T cruzi trypomastigotes (2 x 105 per
ml), and, at the indicated time points, their NGF mRNA was measured by qPCR,
Data are representative of three identical experiments; **, p<0.01 vs. time-0 by
ANOVA with Dunnett post-test.
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Figure 10. T cruzi selectively upregulates NGF protein in cardiac fibroblasts
Primary cardiac fibroblasts (CFs) and cardiomyocytes (1o-CMs), and the
cardiomyocyte cell line H9c2 were infected with T cruzi trypomastigotes (2 x 105 per
ml), and, at the indicated time points culture supernatants were harvested and their
NGF protein levels quantified by ELISA. Data are representative of three identical
experiments; **, p<0.01, ***, p<0.001 vs. time-0 by ANOVA with Dunnett post-test.
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Figure 11. Co-cultured primary cardiac cells induce NGF protein selectively in
cardiac fibroblasts upon T cruzi infection
Primary co-cultures were infected or not with 2 x 105 T cruzi/mL for 24 h, then fixed.
Leftmost panels: cells stained for NGF (red), and nuclei counterstained with DAPI
(blue), scale bars=100 μm. Right panels: high magnification of cells stained for NGF
(red), vimentin (green), and MHC (blue), revealing upregulated NGF preferentially
localized on cardiac fibroblasts in the T cruzi-infected co-cultures; scale bars=10μm.
Images were acquired using SPOT software and prepared in Adobe Photoshop. All
image exposures and manipulations were identical for a given color.
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4.3

NGF produced upon T cruzi infection of cardiac fibroblasts is

bioactive

Neurotrophins require post-translational proteolytic processing to be fully active.
Pro-neurotrophins preferentially activate the sortilin and p75NTR receptors and
initiate pro-death signaling rather than protective Trk signaling (Arnett et al.,
2007). Therefore we used the well characterized PC12 cell line which extends
neurites upon TrkA activation by NGF to assay bioactivity of NGF produced by
CFs (Greene and Tischler, 1976). Conditioned medium from infected CFs
induced a robust neurite extension in PC12 cells (Fig 12A), whereas uninfected
CFs had no effect. The neurite extension property of the conditioned medium
was NGF-dependent as pre-incubation with a neutralizing α-NGF serum
abolished the effect but control serum did not (Fig 12B).

4.4

TrkA on cardiac fibroblasts mediates NGF induction in response to T

cruzi

We had originally hypothesized that activation of Trk receptors would spur NGF
production in cardiac cells. As we demonstrated that CFs express TrkA and
TrkC we next investigated whether one or both of these receptors was
responsible for the induction of NGF. We preincubated CFs with antibodies
against one of the three Trk receptors or p75NTR before infecting with T cruzi.
Only antibodies against TrkA abrogated the NGF increase, as TrkC antibodies
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caused a smaller non-statistically significant decrease in NGF and TrkB or
p75NTR antibodies were ineffective (Fig 13).

To confirm these results we utilized shRNA-mediated knockdown of Trk
receptors. We first ascertained which of a set of four or five vectors achieved the
best knockdown (Fig 14). Next we knocked down Trk expression with two
vectors against TrkA and one against TrkC, while an shGFP vector served as a
negative control. The two TrkA-targeting vectors abrogated NGF induction upon
infection and the TrkC or GFP-targeting vectors did not (Fig 15), corroborating
the results of the antibody-blocking experiment (Fig 13) in demonstrating that
NGF induction in CFs is mediated by T cruzi activation of TrkA.
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Figure 12. NGF secreted by cardiac fibroblasts upon T cruzi infection is
bioactive
A) Primary cardiac fibroblasts were infected with T cruzi for 0 to 72 h and their
conditioned media (CoM) were added to PC12 cell monolayers (left and center left
panels). Note a robust neurite outgrowth produced by the 72-h CoM which was
abolished by preincubating with a sheep antiserum against NGF (α-NGF) but not
with normal sheep serum (NSS) (B). Statistical significance is demonstrated in the
bar-graphs, which represent the mean ± sd of >200 cells/well of triplicate wells,
representative of three experiments; **, p<0.01; ***, p<0.001 versus 0-h (A) or 72h (B) CoM respectively by ANOVA with Dunnett post-test
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Figure 13. Antibodies against TrkA, but not against TrkB, TrkC or panneurotrophin receptor p75 significantly abrogate T cruzi-induced
upregulation of NGF on cardiac fibroblasts
Primary cardiac fibroblasts were preincubated with the indicated antibodies (1
μg/ml), infected with T cruzi for 24 h, and the concentration of NGF in the culture
overlays determined by ELISA. The results are the mean ± sd of triplicate points
and represent the difference between NGF secreted by infected and uninfected
cardiac fibroblasts; ***, p<0.001 by ANOVA with Dunnett post-test.
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Figure 14.

shRNA knockdown of Trk receptors

Primary cardiac fibroblasts were plated on 96-well plates, pre-treated with polybrene, and lentivirus encoding shGFP (one construct), shTrkA (four constructs), or
shTrkC (five constructs) were added for 24 hours. Media was changed every
three days thereafter and on day seven following lentiviral infection, cells were
washed with PBS and fixed in 4% paraformaldehyde, blocked with PBST/10%
FCS, and stained for TrkA or TrkC. Three images per well were captured using
SPOT software of four wells per construct and fluorescence intensity was
quantified in ImageJ. Percent knockdown was calculated relative to uninfected
cells. Based upon these immunofluorescence results, the second and third
shTrkA constructs and first and fifth shTrkC constructs were chosen for use in
subsequent experiments.
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Figure 15.
shRNA against TrkA abrogates T cruzi-induced upregulation of
NGF on cardiac fibroblasts
Cardiac fibroblasts were transfected with lentivirus encoding shRNA constructs
against GFP, TrkA (two distinct vectors), or TrkC (one vector). Seven days later,
fibroblasts were infected with T cruzi for 24 h, and NGF content in the culture
overlays determined by ELISA. Results are the mean ± SEM of five separate
experiments with similar results, and represent the difference between NGF
secreted by infected and uninfected cardiac fibroblasts; *, p<0.05, **, p<0.01
versus shGFP by ANOVA with Dunnett post-test.
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4.5

NGF is induced in the hearts of T cruzi-infected mice on cardiac

fibroblasts

In order for our model where NGF protects cardiomyocytes from damage
subsequent to infection to be valid, NGF must be induced in vivo during the acute
phase of the infection. To test this premise, we infected mice subcutaneously to
mimic natural transmission of T cruzi and monitored infection over time.
Parasitemia peaked early in infection (day 11) and heart parasite burden, as
measured by qPCR for parasite kinetoplast DNA (Cummings and Tarleton,
2003), peaked shortly after at day 20 (Fig 16). Parasitism was then brought
under control, as in human disease, but was still detectable at low levels up to 60
days.

NGF mRNA levels followed the heart parasitism curve, with induction up to 5-fold
at day 25 post-infection, and then decreased after parasites were cleared (Fig
16). The shape of the curve suggests that the presence of parasites is what
drives the NGF induction, in agreement with our in vitro data.

To evaluate NGF protein levels we stained frozen sections of uninfected or
infected mouse hearts by immunofluorescence. Day 20 infected mouse hearts
displayed a marked increase in NGF protein levels (Fig 17A). We confirmed the
specificity of the NGF staining by preincubation of the NGF antiserum with
soluble NGF (200 ng/mL), which almost completely blocked the signal (Fig 17B,
compare bottom row, two leftmost panels). Next we costained for vimentin and
MHC, demonstrating a preferential merge of the NGF signal with vimentin,
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suggesting that the NGF induction is mediated by CFs in vivo as it is in vitro (Fig
17B).
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Figure 16. Upregulation of NGF in the myocardium trails parasitemia and
heart parasitism
C57BL/6 mice (2 or 3/ point) were infected with T cruzi and their parasitemia,
cardiac parasite burden and NGF levels determined at the indicated times postinfection (PI). Cardiac parasite burden trails parasitemia and NGF transcript
induction trails cardiac parasite burden. Data are a composite of three separate
experiments.
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Figure 17. NGF is preferentially localized in cardiac fibroblasts of T cruziinfected hearts
A) Cardiac NGF protein levels from 20-d PI and vehicle-injected uninfected
mice. The results are combined from three independent experiments (n=22)
and show a significant increase in NGF in infected hearts, **** P<0.0001 by
Student’s t-test.
B) NGF is preferentially localized in cardiac fibroblasts of T cruzi-infected
hearts. The images are representative from the results presented in (A). Note
the specificity of NGF visualization, as it is nearly completely blocked by
preincubating the NGF antiserum with purified soluble NGF (200 ng/ml)
(compare first and second bottom panels, from the left); and the preferential colocalization of NGF on cardiac fibroblasts (yellow color in the α-NGF/ α-vimentin
merge); scale bars= 100 μm.
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4.6

NGF induction is mediated by PDNF

As we found that the induction of NGF on CFs by T cruzi is via TrkA, we
determined whether PDNF is the responsible ligand. We purified recombinant
short PDNF (sPDNF) which lacked the terminal tandem repeat and administered
it to CFs in culture. sPDNF induced NGF transcript at 5 μg/mL (Fig 18), only in
CFs. sPDNF stimulated statistically significant NGF protein production by CFs at
concentrations as low as 50 ng/mL (Fig 19), implying that NGF secretion is more
readily triggered than mRNA induction in CFs; sPDNF had no effect on NGF
production by CMs. These results show how sPDNF can replicate the effects of
the whole parasite in spurring NGF production by CFs.

To determine whether TrkA signaling was required for the effect, we utilized two
chemical inhibitors of TrkA autophosphorylation and downstream MAPK/ERK
activation: K252a (Tapley et al., 1992) and UO126 (Favata et al., 1998). When
we pretreated CFs with either of these inhibitors, the NGF induction in response
to sPDNF was completely eliminated (Fig 20).

4.7

sPDNF induces NGF expression by cardiac fibroblasts in vivo

NGF in the heart has therapeutic implications for treatment of cardiomyopathy
(Meloni et al., 2010, 2011), however intravenous administration of NGF to treat
cardiomyopathy is complicated by the pleiotropic activity of NGF elsewhere in the
body such as induction of pain in skin nociceptive neuron terminals and potential
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for pro-apoptotic signaling through p75NTR. So to avoid exogenous NGF we
determined whether purified recombinant sPDNF was sufficient to increase NGF
expression in the heart. Upon intravenous injection of sPDNF, we saw a dosedependent increase in NGF transcript in the atria of mice (Fig 21). This increase
in mRNA was accompanied by an increase in protein on CFs as seen by
immunofluorescence (Fig 22).

77

NGF mRNA
(Relative to vehicle-control)

***

6

CFs
4
CMs

2

0
0 0.5

5

50 500 5000

sPDNF (ng/ml)

Figure 18. The T cruzi Trk ligand sPDNF upregulates NGF transcripts in
cardiac fibroblasts
Primary cultures of cardiac fibroblasts (CFs) and cardiomyocytes (CMs) were
stimulated with the indicated concentrations of recombinant sPDNF for 3 h and
their NGF transcript measured by qPCR. Data are a composite of three
separate experiments, *** p<0.001 by ANOVA with Dunnett post-test.
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Figure 19. sPDNF upregulates NGF protein in cardiac fibroblasts
sPDNF upregulates NGF protein in cardiac fibroblasts. Cultures of CFs and
CMs were stimulated with the indicated concentrations of sPDNF for 3 h and
their culture overlays assessed for NGF by ELISA. Data are combined from
three independent experiments; * P<0.05, *** P<0.001 by ANOVA with Dunnett
post-test.
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Figure 20. An inhibitor of TrkA autophosphorylation and another of TrkA
downstream signaling block sPDNF-induced NGF upregulation in cardiac
fibroblasts
Primary cardiac fibroblasts (triplicate wells) were pretreated for 30 min with
vehicle or with TrkA autophosphorylation inhibitor K252a (500 nmol/L), or with
the Erk kinase signaling inhibitor UO126 (10 μmol/L) (+ K252a and U0126,
respectively) and then with vehicle or sPDNF (500 ng/mL) for 24 h; NGF was
measured in culture supernatants by ELISA, results are mean + s.d. and
represent the difference between sPDNF and vehicle treated cardiac fibroblasts
; * p<0.05, ** p<0.01 by ANOVA with Dunnett post-test
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Figure 21. Intravenous sPDNF upregulates NGF transcript in the heart of
C57BL/6 mice
Mice (2-3/column) were injected with vehicle (PBS) or sPDNF intravenously (IV)
(25 µg per mouse) daily for 2 or 6 days, sacrificed one day after the last
injection, and their cardiac (atria) NGF transcript levels measured in duplicate
by qPCR and compared to mice injected with IV PBS for 6 d. *p< 0.05, **
p<0.01, by ANOVA with Dunnett post-test.
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Figure 22. Intravenous sPDNF upregulates NGF protein in the heart of
C57BL/6 mice
A) Mice (2-3/point) were injected with sPDNF intravenously (25 µg per mouse)
or vehicle for 6 d, sacrificed one day after the last injection, and their cardiac
(atria) NGF protein levels ascertained by immunofluorescence using NIH
ImageJ software, n=3-7, composite of two distinct experiments. **p<0.01 by
Student’s t-test
B) Representative images of heart (atria) tissue sections. Note that iv sPDNF
robustly increase NGF (leftmost panels) that co-localizes primarily with the
cardiac fibroblasts (α-NGF/ α-vimentin merge).
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4.8

NGF produced by cardiac fibroblasts is a paracrine protector of

cardiomyocytes under oxidative stress

NGF can initiate pro-survival signaling in CMs to rescue them from serumstarvation (Caporali et al., 2008) and oxidative stress is a major contributor to
Chagas disease pathology (Gupta et al., 2009). We therefore investigated
whether NGF induction in CFs could protect CMs against oxidative stress, in line
with our hypothesis that T cruzi actively mitigates damage to the infected host.
We took medium from control (Un-CoM) and infected (CoM) CFs, filter sterilized
it to remove any parasites or cells, and added it to cultured CMs prior to addition
of 150 μM hydrogen peroxide in simulation of oxidative stress in vivo. Four hours
later we measured cell death by the Hoechst/propidium iodide (PI) method where
the Hoechst DNA dye stains all nucleated cells blue but live cells exclude the red
propidium iodide (Fig 23, right panels). In medium from control CFs, ~16% of
CMs died in four hours yet T cruzi infection of CFs rendered their medium
protective, restoring CM viability to the level of cells not subjected to hydrogen
peroxide (Fig 23, first two columns).

To ascertain whether NGF was the relevant factor in the conditioned medium, we
first tested purified NGF for protective function and found that in our system it
also rescued CMs from oxidative death (Fig 23, middle two columns). Finally, we
pre-incubated CoM with neutralizing α-NGF serum or non-specific serum and
found that the NGF-specific serum eliminated the protective effect of the CoM
whereas the non-specific serum was irrelevant (Fig 23, last two columns).
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sPDNF also spurred NGF production in CFs so we tested conditioned medium
from those experiments for CM-protection. sPDNF stimulation rendered CF-CoM
protective in an NGF-dependent manner (Fig 24), demonstrating that we can
reproduce the effects of whole parasites with regards to NGF induction and
cardioprotection by administration of a single parasite molecule (Figs 18-22, 24).
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Figure 23. Conditioned media produced by T cruzi infection of cardiac
fibroblasts confer protection of cardiomyocytes against H2O2-induced
death in an NGF-dependent manner
Primary cultures of cardiomyocytes were exposed to 150 μM H2O2 for 4 h
following preincubation with unconditioned medium from control fibroblast
cultures (Un-CoM) or conditioned medium obtained by infecting cardiac
fibroblasts with T cruzi (2 x 105/mL, 24 h) (CoM). Cardiomyocytes were also
placed in medium unexposed to cells, with or without 50 ng/mL NGF. Lastly,
CoM was mixed with an α-NGF-blocking sheep antiserum (α-NGF) or normal
sheep serum (NSS). Panel on the right shows representative staining from each
condition. Data are combined from three independent experiments. *p<0.05,
***p<0.001 by ANOVA with Tukey post-test
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Figure 24. Conditioned media produced by the specific stimulation of
cardiac fibroblast by sPDNF confer protection of cardiomyocytes against
H2O2-induced death in an NGF-dependent manner
Cardiomyocytes were exposed to 150 μM H2O2 for 4 h following preincubation
with unconditioned medium (Un-CoM) or conditioned media obtained by
stimulating cardiac fibroblasts with sPDNF (50 ng/ml, 3 h) (CoM).
Cardiomyocytes were also exposed in parallel to CoM preincubated with an αNGF-blocking sheep antiserum (α-NGF) or normal sheep serum (NSS). Data
are combined from three independent experiments; * p<0.05, **p<0.01 by
ANOVA with Dunnett post-test.
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4.9

Summary

We demonstrated that T cruzi infection stimulates NGF expression by cardiac
fibroblasts, while cardiomyocytes were rather the beneficiaries of protective
paracrine signaling. This could help explain the relative lack of damage to the
heavily parasitized and inflamed heart in acute Chagas disease. Induction of
NGF came via TrkA activation of cardiac fibroblasts, a receptor which was not
previously known to be expressed on this cell type. Identification of the receptor
allowed us to utilize the parasite ligand of that receptor, PDNF, to recapitulate the
effect of whole parasites both in vitro and in vivo, allowing for the possibility of
exploiting this pathway therapeutically.
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CHAPTER 5: TRYPANOSOMA CRUZI PREFERENTIALLY EXPLOITS TRKC FOR
INVASION OF CARDIAC FIBROBLASTS AND CARDIOMYOCYTES

5.1

Introduction

T cruzi is known to utilize TrkA (de Melo-Jorge and PereiraPerrin, 2007;
Woronowicz et al., 2007b) and TrkC (Weinkauf et al., 2011) for invasion of a
variety of neuronal and immune cell types. In light of the role cardiac parasitism
plays in CCC and the newly described Trk expression on cardiac cells, it is
important to determine if T cruzi also invades cardiac cells via these pathways.
Infection of cells expressing both TrkA and TrkC simultaneously has never been
investigated.

5.2

Cardiomyocyte invasion by different strains of T cruzi

We first investigated CM invasion in vitro by three strains of T cruzi with different
tissue tropisms. The Colombian strain is a cardiomyotropic clone which is a
preferred model strain for CCC, while the myotropic CL-Brener and reticulotropic
Tulahuen strains are other classical laboratory strains. All three invaded primary
CMs efficiently in a dose-dependent manner, however the Colombian strain was
slightly more invasive into CMs than the other two, in line with its tissue tropism
(Fig 25).
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5.3

T cruzi cardiomyocyte invasion requires binding and signaling

through TrkC

We next assayed whether TrkA and/or TrkC might be utilized in invasion by
preincubating CMs with antibodies against each of the three Trk receptors prior
to invasion with T cruzi’s Colombian strain (antibodies against non-invasion
receptor TrkB served as negative controls). TrkC-specific antibodies inhibited
infection by 58% but TrkA and TrkB antibodies did not impact infection (Fig 26).
This was unexpected as we originally hypothesized that T cruzi would utilize both
TrkA and TrkC for invasion, so we tested this in another manner by using the
endogenous Trk ligands as competitive inhibitors of invasion. In this experiment,
the TrkC ligand NT-3 blocked infection by 83%, NGF by a smaller but statistically
significant 25%, and BDNF had no effect (Fig 27). Together, these results
suggest that T cruzi preferentially exploits TrkC for invasion of CMs over TrkA,
without ruling out entirely a contribution from TrkA. NT-3 can bind to all three Trk
receptors, potentially explaining its strong inhibition of infection, and NGF did
exert a lesser inhibitory effect.

We next took a lentiviral knockdown approach to see if we could tease out the
TrkA vs. TrkC preference for invasion. We infected primary CMs with two shTrkA
and two shTrkC vectors for six days, with shGFP as a negative control. We then
infected with T cruzi and measured infection levels. The two shTrkC vectors
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significantly inhibited invasion but the shTrkA or shGFP did not (Fig 28),
confirming the biochemical data.

To determine if Trk signaling is required for CM invasion via TrkC, we pretreated
CMs with a chemical inhibitor of Trk autophosphorylation (Ohmichi et al., 1993)
or of downstream MAPK/ERK signaling (UO126) prior to T cruzi invasion. Both
of these inhibitors blocked invasion by over 70% while an inhibitor of the insulinlike growth factor receptor, a different tyrosine kinase, had no effect (Fig 29).

Given that TrkC is used as an invasion receptor into CMs, it is likely that T cruzi
PDNF is the molecule which mediates invasion. We tested whether recombinant
sPDNF could block invasion of the Colombian, CL-Brener, and Tulahuen strains
of T cruzi and found a potent inhibitory effect with all three strains at a variety of
parasite numbers (Fig 30). This was independent of the neuraminidase activity
of sPDNF, as equivalent enzymatic units of Vibrio cholera neuraminidase (VCN)
failed to inhibit invasion. The inhibitory effect of sPDNF on invasion was also
specific among T cruzi proteins, as the trans-sialidase family member gp85 was
unable to block infection (Fig 31). gp85 is known to impact parasite homing in
the vasculature via its FLY motif which PDNF also contains (Alves and Colli,
2008), however it appears that PDNF possesses unique qualities for Trk binding
and subsequent invasion.
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Figure 25. The cardiotropic Colombian strain of T cruzi is more efficient at
invasion of cardiomyocytes than CL-Brener and Tulahuen strains
Primary cultures of mouse cardiomyocytes were plated in 96-well plates, and
infected in triplicate with T cruzi Colombian, CL-Brener and Tulahuen strains at
various multiplicity of infection (MOI). After 2-3 h, parasites that did not invade
were washed away and the ones that invaded were allowed to differentiate and
multiply for 3 days. Infected cells were counted after Diff-Quik staining (mean ±
SEM of two experiments; *p<0.05, **p<0.01 vs Colombian by two-way ANOVA).
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Figure 26. Antibodies against TrkC preferentially inhibit cardiomyocyte
invasion by T cruzi Colombian strain
Primary cardiomyocytes were plated in 96-well plates, pretreated with
antibodies (1 µg/ml) against TrkC (a-TrkC), (TrkA (a-TrkA) or TrkB (a-TrkB)
followed by T. cruzi Colombian strain; Mean + SEM of two independent
experiments are graphed; **p<0.01 vs. vehicle by ANOVA with Dunnett posttest, ns, not significant.
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Figure 27. TrkC ligand NT-3 preferentially inhibits cardiomyocyte invasion
by T cruzi
Primary cardiomyocytes were pre-treated with the neurotrophins NT-3 (TrkC
ligand), NGF (TrkA ligand) and BDNF (TrkB ligand) (10 ng/ml, 30 min), infected
with T. cruzi and the infection quantitated as in figure 24. Mean + SEM of two
independent experiments are graphed; **p<0.01, ***p<0.001 vs. vehicle by
ANOVA with Dunnett post-test, ns, not significant.
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Figure 28. TrkC knockdown preferentially inhibits T cruzi invasion of
primary cardiomyocytes
Primary cardiomyocytes (3 or 4 wells per point) were plated on 96-well plates,
and after one day, were infected with lentivirus expressing small hairpin
knockdown plasmids for GFP (shGFP), TrkA (shTrkA, four distinct constructs),
or TrkC (shTrkC, five distinct constructs). Six days after lentiviral infection, cells
were infected with T cruzi Tulahuen strain (2 x 105 /mL) for three hours, washed
to remove unattached parasites, the infection allowed to proceed for two days at
37oC, fixed in 4% paraformaldehyde, and stained with DAPI to visualize host
and parasite nuclei. Infected cells (>two parasites/cell) were counted in >200
cells/well, and inhibition of infection was calculated relative to control infected
cells; mean + SEM of two independent experiments; *p<0.05 relative to control
infected cells by ANOVA with Dunnett post-test.
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Figure 29 Proximal and downstream Trk signaling is required for efficient
T cruzi invasion of cardiomyocytes
Primary cardiomyocytes were pre-treated (30 min) with AG879 (Trk antagonist),
U0126 (Erk signaling antagonist) or IGF1-R (insulin-like growth factor-1 receptor
antagonist) followed by T cruzi Tulahuen; mean + SEM of two independent
experiments; ***p<0.001 vs vehicle by ANOVA with Dunnett post-test.
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Figure 30 sPDNF blocks cardiomyocyte infection independently of
enzymatic activity
Primary cardiomyocytes (triplicate) were pre-treated with sPDNF (250 ng/ml, 30
min) or Vibrio cholera neuraminidase (VCN, same number of units as PDNF)
followed by Colombian, CL-Brener and Tulahuen strains of T cruzi at 4, 16 and
32 MOI for 3 h, washed to remove unattached parasites, and allowed infection
to proceed for 2 days. Infection was quantified by light microscopy after DiffQuik staining, mean ± SEM of two experiments, ***p<0.001 vs vehicle by twoway ANOVA.
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Figure 31 sPDNF inhibition of infection is specific as trans-sialidase family
member gp85 fails to block entry
Primary cardiomyocytes were pre-treated with various doses of sPDNF or gp85
(30 min) followed by T cruzi Tulahuen, mean ± SEM of two experiments,
***p<0.001 vs vehicle by ANOVA with Dunnett post-test.

97

5.4

T cruzi invasion of cardiac fibroblasts is preferentially mediated by

TrkC

CFs have recently been shown to have significant roles in cardiac physiology
(Ottaviano and Yee, 2011) and are known to be parasitized in Chagasic hearts
(Tafuri, 1970; Wong et al., 1992) yet garner much less attention than
cardiomyocytes from T cruzi investigators. Certainly infected CMs are much
easier to find in Chagasic hearts, however CFs may represent a reservoir of
infection and nothing is known about molecular mechanisms of CF invasion.

To test whether Trks are involved in CF invasion we took a similar approach to
what we used with CMs. Only antibodies against TrkC were able to inhibit
invasion of CFs in vitro, blocking invasion by ~50% (Fig 32). When we tested
endogenous neurotrophins, NT-3 blocked infection by 40% and neither NGF nor
BDNF had any effect (Fig 33). This is in contrast to CM infection where NGF had
a small but statistically significant inhibitory effect and NT-3 blocked invasion
more than 80% (Fig 27), hinting that non-Trk invasion pathways may be more
utilized in CFs versus CMs.

Lentiviral shRNA Trk knockdown corroborated the protein blocking experiments:
TrkA knockdown had no effect on invasion while TrkC knockdown with two
different vectors significantly impeded T cruzi infection (Fig 34). The TrkC
invasion pathway into CFs could also be blocked by soluble sPDNF (Fig 35) and
chemical inhibition of Trk autophosphorylation (Fig 36).
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Figure 32 TrkC blocking antibodies specifically block T cruzi invasion of
cardiac fibroblasts
Primary cultures of cardiac fibroblasts (in triplicate) were preincubated for 30
min with antibodies against TrkA (α-TrkA), TrkB (α-TrkB), or TrkC (α-TrkC) (1
μg/ml), infected with T cruzi(Tulahuen) for 4 h, washed to remove unattached
parasites, allowed to grow for 2 days, and stained with Diff-Quik. Infected cells
(more than two parasites per cell) were counted for each well (>200 cells/well);
inhibition of infection was computed relative to cells preincubated with medium
vehicle; mean + SEM from three experiments; ***p<0.001 vs. vehicle-treated
cells by ANOVA with Dunnett post-test, ns, not significant.
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Figure 33 TrkC ligand NT-3 specifically blocks T cruzi invasion of cardiac
fibroblasts
Primary cardiac fibroblasts were preincubated (30 min, 37oC) with NGF, BDNF,
or NT-3 (50 ng/ml ) prior to T cruzi infection and quantification of infection
ascertained as in Fig 31; mean + SEM from three experiments; *p<0.05 vs.
vehicle-treated cells by ANOVA with Dunnett post-test, ns, not significant.
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Figure 34 shRNA constructs targeting TrkC specifically inhibit T cruzi
cardiac fibroblast invasion
Cardiac fibroblasts were infected with lentiviral knockdown vectors against GFP
(shGFP), TrkA (shTrkA, two distinct vectors), or TrkC (shTrkC, two distinct
vectors) for 7 d before infection with T cruzi; mean + SEM from four
experiments; *p<0.05; **p<0.01 vs. vehicle-treated cells by ANOVA with
Dunnett post-test.
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Figure 35 sPDNF blocks T cruzi cardiac fibroblast invasion dosedependently
Primary cultures of cardiac fibroblasts (in triplicate) were preincubated or not
with the indicated concentrations of recombinant sPDNF for 30 min prior to T
cruzi infection (Tulahuen) for four h. Inhibition of infection was computed relative
to cells preincubated with vehicle; mean ± SEM from three experiments;
**p<0.01; ***p<0.001 vs vehicle-treated cells by ANOVA with Dunnett post-test.
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Figure 36 Trk autophosphorylation inhibitor K252a blocks T cruzi cardiac
fibroblast invasion
Primary cardiac fibroblasts were preincubated (30 min, room temperature) with
250 nM K252a prior to infection; inhibition of infection was calculated relative to
infection of fibroblasts pre-incubated with vehicle (DMSO); mean + SEM from
four experiments **p<0.01 vs. DMSO-treated cells by Student’s t-test
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5.5

T cruzi or sPDNF activation of TrkA on cardiomyocytes confers

protection from oxidative death

We demonstrated earlier a T cruzi-mediated protective paracrine loop of
enhanced NGF secretion by CFs which protected CMs from oxidative damage
(see section 4.8). This effect was mediated via TrkA activation on CFs, however
it stands to reason that direct activation of TrkA on CMs by PDNF would also be
protective. We incubated primary CMs with hydrogen peroxide in the presence
of T cruzi and measured cell viability by the Hoechst/PI method, and T cruzi
rendered CMs resistant to the oxidative insult (Fig 37). The protection was
mediated by surface PDNF because incubation with soluble extracellular
domains of the two PDNF receptors (TrkAECD or TrkCECD) eliminated the
protective effect (Fig 37, 3rd and 4th columns). Non-receptor TrkBECD failed to
abrogate CM protection by T cruzi. It is important to note that TrkA and TrkC
bind overlapping sites on PDNF and can competitively inhibit each others’
binding (Weinkauf and PereiraPerrin, 2009), so this does not differentiate which
receptor on the CMs mediated the effect.

To address this question, we first ascertained whether sPDNF could reproduce
the protective effects of whole parasites. Adding sPDNF to cultured CMs prior to
hydrogen peroxide administration rescued viability almost to the same level of
cells without added hydrogen peroxide (Fig 38, first through third columns) while
gp85 had no protective effect. The sPDNF protection was annulled by the
addition of antibodies against TrkA, whereas α-TrkC antibodies had a non-
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significant intermediate effect (Fig 38, last two columns). This suggests that in
contrast to invasion, T cruzi PDNF-mediated protection of CMs is via TrkA. To
confirm this observation we lentivirally transfected CMs with shTrk vectors (two
each). TrkA-targeting vectors abrogated sPDNF protection unlike the TrkCtargeting constructs (Fig 39). Thus, the invasive and protective properties of T
cruzi PDNF on CMs and CFs segregate to TrkC and TrkA, respectively.

Finally we confirmed these results on a pure population of CMs using the H9c2
cell line. sPDNF protected against oxidative death in these cells similarly to
primary CMs (Fig 40).

5.6

Summary

We showed that in addition to its effects on paracrine function of cardiac
fibroblasts and cardiomyocytes (see section 4), PDNF exerts direct effects on
cardiac cells critical to its life cycle. T cruzi needs to invade cells to replicate, yet
its very presence results in a robust immune response with potential to destroy
not only the parasitized cells but also cause peripheral damage and threaten the
life of its host. PDNF allows T cruzi to efficiently invade cardiac cells via TrkC,
while simultaneously protecting the host environment through TrkA, an elegant
solution to the problem of initiating and maintaining infection in a hostile
environment.
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Figure 37 T cruzi directly protects cardiomyocytes from oxidative death via
PDNF
Primary cultures of cardiomyocytes were exposed to 150 μM H2O2 for 4 h following
preincubation with vehicle media (H2O2) or with T cruzi (2 x 105/mL) pretreated with
vehicle (T cruzi) or with the extracellular domains (ECDs) of TrkA (TrkAECD), TrkC
(TrkCECD) or TrkB (TrkBECD) (200 ng/mL, 30 min) to block (TrkAECD and TrkCECD) or
not (TrkBECD) GPI-anchored PDNF. Cell death was assessed by counting >200
cells stained with the propidium iodide (PI)/ Hoechst 33342 mixture. Scatter plot
displays means of five separate experiments, each performed in triplicate. Panel
on the right shows representative staining from each condition; dead
cardiomyocytes are seen a pink dots (the result of the merge of PI and Hoechst
staining), while viable cardiomyocytes are stained blue by the vital dye Hoechst
33342 and no PI staining; *p<0.05 by ANOVA with Dunnett post-test.
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Figure 38 sPDNF protects cardiomyocytes from oxidative death in a TrkAdependent manner
Primary cardiomyocytes were unexposed (Vehicle) or exposed to 150 μM H2O2 for
4 h without (+ H2O2). Prior to H2O2 exposure, cardiomyocytes were preincubated
(30 min, room temperature) with sPDNF or with the PDNF/trans-sialidase family
member gp85 (150 ng/ml). Prior to H2O2 exposure and sPDNF treatment,
cardiomyocytes were additionally preincubated with antibodies against TrkA (αTrkA IgG) or TrkC (α-TrkC IgG) (1 μg/ mL); . Scatter plot displays means of two
identical experiments, each performed in triplicate *p<0.05 by ANOVA with Tukey
post-test; ns, not significant statistically.
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Figure 39 sPDNF cardiomyocyte protection is abrogated by TrkA knockdown
Primary cardiomyocytes were lentivirally transfected with shRNA and after one
week, clones were exposed to 150 ng/mL sPDNF and 500 μM H2O2 for four hours
in DMEM/0.1% FCS, and cell death quantified by PI/ Hoechst 33342; mean + SEM
from three experiments; *p<0.05 by ANOVA with Dunnett post-test.
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Figure 40 sPDNF protects H9c2 cardiomyocytes from oxidative death
H9c2 cardiomyocytes were exposed to 500 μM H2O2 for 4 h with or without
preincubation with sPDNF (150 ng/mL); Scatter plot displays means of three
identical experiments; p<0.05;**p<0.01 by ANOVA with Tukey post-test
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CHAPTER 6: MOLECULAR MOTIFS OF PDNF-TRK INTERACTION

6.1

Introduction

It is difficult to imagine how a trypanosomal trans-sialidase and mammalian
neurotrophins are able to bind and activate the same receptors when there is no
obvious homology between them and clearly no evolutionary relationship. PDNF
activity can be replicated by a short peptide termed Y21 (Chuenkova and
PereiraPerrin, 2005) yet this peptide does not align with neurotrophins either.
Using the Clustal W2 algorithm (European Bioinformatics Institute) to seek short
regions of homology, however, we were able to locate four stretches within
PDNF which align to a specificity-determining region of the mammalian
neurotrophins. Surprisingly, these sequences from PDNF correspond to its Aspboxes, a highly conserved sialidase motif with a sequence of xx-S/t-x-D/n-xxx(x)W/y/f-xx without known function. We surmised that the Asp-boxes may represent
Trk-interacting motifs within PDNF and investigated this with a mutagenesis
approach.

6.2

PDNF Asp-boxes align with mammalian neurotrophin Loop 4

sequences

A function for sialidase Asp-boxes has eluded biologists thus far, although in the
Sortilin death receptor they have been shown to bind pro-neurotrophins (Serup
Andersen et al., 2010). PDNF contains four Asp-boxes, three in the catalytic
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domain and a fourth in the lectin-like domain. These Asp-boxes align at the
primary sequence level with Loop 4 of NGF, BDNF, and NT-3 (Fig 41) which is a
critical region of the neurotrophins for determining receptor specificity (Urfer et
al., 1997). Alignment with Asp-boxes from other sialidases and from Sortilin is
shown for comparison, note the conserved triad.
Asp-boxes are β-turns with the three conserved residues stabilizing the hairpin.
The Loop 4 region of neurotrophins also represents a β-turn, so we performed an
alignment of secondary structures (Fig 42A). Locations of the aligned regions
within the crystal structures of the NGF and PDNF molecules are shown in Fig
42B.

6.3

Asp-boxes possess variable inhibition of invasion and neurotrophic

activities

Another member of our lab demonstrated in preliminary experiments that
synthetic peptides containing the sequences of the four PDNF or NGF Asp-boxes
were able to inhibit TrkA-mediated T cruzi invasion of PC12 cells or initiate
trophic signaling. In addition, the Asp-boxes had variable inherent efficiencies in
these assays, with Asp-box 1 of PDNF primarily acting to block invasion while
Asp-box 2 had strong trophic activity but blocked infection poorly. PDNF Aspboxes 3 and 4 as well as the NGF Asp-box had intermediate activity in both types
of assays. These results suggested that Asp-boxes are important determinants
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of Trk activation by PDNF, however short synthetic peptides possess little
secondary structure and may not act similarly within the whole molecule.

We followed up this work by creating PDNF Asp-box swap mutants to test the
properties of the Asp-boxes within the more natural structural constraints
imposed by the rest of the molecule. We duplicated Asp-box 1 in place of Aspbox 2 and vice versa, creating sPDNF1134 and sPDNF2234 for comparison with the
native molecule (sPDNFWT) (Fig 43).

Once these molecules were in hand, we assayed their ability to block T cruzi
TrkA-mediated invasion of PC12 cells and found that sPDNF1134 was more potent
than sPDNFWT at blocking infection and sPDNF2234 blocked poorly (Fig 44). This
was in agreement with data from synthetic peptides where Asp-box 1 was the
most effective at inhibition of invasion.

We next measured the trophic activity of the sPDNF mutants by serum-starving
PC12 cells and measuring survival in the presence of each protein. sPDNFWT
and sPDNF2234 both rescued cells from serum-starvation similarly to purified
NGF, while sPDNF1134 caused no increase in cell survival (Fig 45). Another
outcome of TrkA activation in PC12 cells is extension of neurites, and in this
system sPDNF2234 showed the highest activity, sPDNFWT was intermediate, and
sPDNF1134 was ineffective (Fig 46). Trophic activities of TrkA are mediated
downstream by activation of Akt and ERK kinases (in addition to PLCγ, see
section 1.10 – Neurotrophins and their receptors); we measured Akt and ERK
phosphorylation by Western blot following administration of sPDNFs and found
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activation levels which agreed with the biological outcomes: sPDNF2234 activated
them most strongly, sPDNFWT also induced phosphorylation and sPDNF1134 had
minimal effect (Fig 47).

6.4

Swapping sPDNF Asp-boxes impacts inhibition of invasion of

cardiac cells

PC12 cells are a useful model system for studying TrkA function, but much more
relevant is whether these effects would carry over into cardiac cells. We
performed inhibition of invasion assays in CFs and found that sPDNF1134 also
exerted more potent effects (Fig 48). When we investigated CMs the results
were even more dramatic: sPDNF1134 blocked infection as much as 80%,
sPDNFWT around 40% and sPDNF2234 less than 20% (Fig 49).

6.5

Summary

sPDNF Asp-boxes were found to be determinants of Trk activation. Surprisingly
we found that while the four Asp-boxes each possessed some trophic and
infection-blocking activity, they were not equivalent. Moreover, the two aspects
of PDNF-Trk interaction, invasion and trophic activity, segregated to individual
Asp-boxes; Asp-box 1 was the most effective at blocking invasion both in model
PC12 cells and primary cardiac cells and Asp-box 2 was better for trophic

113

activation of TrkA. Swapping these Asp-boxes for each other within the
framework of the sPDNF backbone altered the activity of the whole protein and
created molecules tailored towards infection inhibition or trophism. Further
investigation of the sPDNF mutants in the cardiotrophic assays outlined in
sections 4 and 5 should prove informative and will hopefully provide enhanced
sPDNF molecules for cardioprotection.
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Figure 41. PDNF Asp-boxes align with a specificity-determining region from
mammalian neurotrophins at primary structural level
Multiple alignment of the primary structures of 15 Asp-boxes from diverse proteins
with those of PDNF and three mammalian neurotrophins (modified from Quistgaard
and Thirup, BMC Struct. Biol. 2009 using ClustalW2 and JalView software). Loop 4
(L4) specificity-determining sequences of the mammalian neurotrophins is boxed.
The sequence of unrelated TR (PDNF tandem repeat or SAPA unit) is shown for
comparison.
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Figure 42. Secondary structural alignment of PDNF Asp-boxes with NGF loop
4
(A) Alignment of the secondary structures of PDNF-1, NGF, NT-3 and BDNF
(made with Coot and PyMol software).
(B) 3D structures of NGF dimer showing, in yellow, the L4-containing Asp-box,
one per monomer, and of sPDNF monomer, which contains thee Asp-boxes in the
catalytic domain and a fourth in the lectin-like domain.

116

Figure 43. Diagram of PDNF Asp-box mutants
Recombinant mutants of sPDNF were created with duplicate copies of Asp-box 1
or 2 swapped in place of the other.
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Figure 44. Mutating sPDNF Asp-boxes alters ability to inhibit infection of
TrkA-expressing PC12 cells
PC12 cells were infected without or in the presence of sPDNF proteins at indicated
concentrations. Mean + s.d. are graphed, representative of three independent
experiments; ***p<0.001 vs sPDNFWT by two-way ANOVA.
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Figure 45. sPDNF mutations modify pro-survival activity
PC12WT cells were serum-starved for 2 days in serum-free media with 250 ng/mL
of sPDNF proteins or 50 ng/mL NGF. Cell death was measured by propidium
iodide exclusion and protection was calculated as percent cells rescued vs
negative control. Points were performed in quadruplicate. *p<0.05, **p<0.01,
***p<0.001 vs control by ANOVA with Dunnett post-test.
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Figure 46. Neurotrophic activity of sPDNF in promoting PC12 neurite
extension is altered by Asp-box mutations
PC12 cells were treated with sPDNF proteins at various concentrations for two
days, fixed, and percent cells with at least one neurite of one cell-body length or
greater were counted. Vehicle alone was subtracted from each point. Experiment
was performed three times each in triplicate and data were combined. Mean and
SEM are plotted.
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Figure 47. Alterations in downstream kinase activation by Asp-box mutants
PC12 cells were stimulated in serum-free medium with 50 ng/mL sPDNF proteins,
lysed, and Western Blotted for both phosphorylated and total Akt and ERK on
separate gels. Experiment was performed five times and a representative blot is
shown.
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Figure 48. Cardiac fibroblast invasion is more potently inhibited by sPDNF1134
while sPDNF2234 is less effective
Primary cardiac fibroblasts were pre-treated with different doses of sPDNFs then
infected with T cruzi at an MOI of 10. Non-invaded parasites were washed away
after 3 hours and infection was counted two days later. Inhibition of infection was
calculated relative to cells without sPDNF pre-treatment. Points were performed in
triplicate and >200 cells/well were counted. **p<0.01, *** p<0.001 vs sPDNFWT by
two-way ANOVA. Data are representative of two independent experiments.
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Figure 49. sPDNF1134 is more effective at blocking cardiomyocyte invasion by
T cruzi while sPDNF2234 is less effective
Primary cardiomyocytes were pre-treated with 250 ng/mL sPDNFs then infected
with varying doses of T cruzi. Non-invaded parasites were washed away after 3
hours and infection was counted two days later. Inhibition of infection was
calculated relative to cells without sPDNF pre-treatment. Points were performed in
triplicate and >200 cells/well were counted. *** p<0.001 vs sPDNFWT by two-way
ANOVA. Data are representative of two independent experiments
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CHAPTER 7: DISCUSSION

7.1

T cruzi interaction with host cells

It remains a mystery why some patients with Chagas disease develop pathology
while most others remain asymptomatic for life. Although it is the most common
complication of Chagas disease and has received the most attention from
researchers, CCC is the least understood of the megasyndromes in terms of
pathophysiology. The neurogenic hypothesis gained much traction early on
because of its simplicity; it was evident that denervation of the muscular layers of
the esophagus and colon caused aperistalsis, retention of contents and
enlargement, so why should the heart be any different? A single mechanism with
a single cause (a proposed T cruzi neurotoxin) was very satisfying on an
intellectual level, however this hypothesis did not withstand closer scrutiny. The
supposed neurotoxin was never found, and in fact rather the contrary was
observed (see section 1.9 – Neurotrophic phenomena). In addition, destruction
of neurons in the heart failed to correlate with cardiomegaly in the same way as it
did in the gastrointestinal tract.

Similarly to the neurogenic hypothesis, the autoimmune hypothesis proposed a
single mechanism for the development of CCC. The seeming paradox of the
vanishingly low heart parasitism along with serious inflammation and disease
progression could be explained by an over-exuberant immune response that
remained after the parasite had been eliminated from the host. Investigators
tried for years to prove this hypothesis and supporting evidence was discovered
124

such as self-reactive B- and T-cell populations, however no one was ever able to
show a causative link between autoimmunity alone and cardiac dysfunction
(Kierszenbaum, 2005). Autoantibodies against cardiac antigens can be found in
many settings of myocardial injury in fact (Neu et al., 1987; de Scheerder et al.,
1989), and it is not clear whether or not they are pathogenic.

Both the autoimmune and neurogenic hypotheses were attempts to explain why
disease should progress when it appeared that parasites were no longer present
in the heart during the chronic phase of disease. When immunocytochemical
and PCR techniques definitively showed that parasitism in fact persists and
correlates with disease severity (Reis et al., 1997; Zhang and Tarleton, 1999), a
more comprehensive view of CCC pathogenesis began to emerge. This is not to
say that destruction of nervous tissue and autoimmunity does not contribute to
pathology, only that they are not mono-factorial causes of CCC. While this
complicates investigation of disease pathogenesis, it should not be surprising
that something as complex as a host-pathogen relationship dating back tens of
thousands of years would resist being neatly packaged into a single concept.

Given that parasite persistence is required for the disease to progress, it can be
inferred that the ultimate outcome of infection will arise from the sum of
interactions between T cruzi and host cells over time. As an obligate intracellular
parasite it must efficiently invade to survive in the mammalian host, yet if it is too
successful it will overwhelm and destroy the host and die out itself, bereft of
opportunity for retransmission. The chronic nature of Chagas disease

125

exemplifies how well-adapted T cruzi is to the parasitic life cycle and exactly why
it is so prevalent in endemic populations. The progressive nature of CCC implies
that pathology slowly accumulates over decades and each interaction of T cruzi
with the host cells contributes a small amount to the final outcome.

T cruzi co-opts many host signaling pathways to its own advantage including
TGFβ, bradykinin, and Trk pathways (Araujo-Jorge et al., 2012; Chuenkova and
PereiraPerrin, 2011; Scharfstein et al., 2000). In understanding how these
pathways are exploited to affect the host-parasite interplay, we uncover
opportunities to modify T cruzi-host cell interactions and therefore progression of
disease.

7.2

Identification of Trk expression by cardiac cells

The discovery of Trk expression on cardiomyocytes (Cai et al., 2006; Caporali et
al., 2008; Kawaguchi-Manabe et al., 2007) and cardiac fibroblasts (this work),
opens new doors of investigation not only into Chagas disease but into cardiac
physiology and pathophysiology as well. While a few effects of neurotrophins in
the heart have been described thus far, it is difficult to imagine that those are the
only functions which exist. The expression of Trks and neurotrophins by cardiac
fibroblasts in particular, raises the possibility that cardiac fibroblasts and
cardiomyocytes utilize these pathways to communicate via paracrine signaling.
We show one example of this whereby NGF from cardiac fibroblasts is protective
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for cardiomyocytes (Fig 22, 23), and it is likely that other paracrine loops remain
to be discovered.

7.3

T cruzi invasion

As part of its life cycle, T cruzi necessarily destroys cells in which it establishes a
successful invasion, yet the number of infected cells in the chronic host is low
enough that direct cytolysis is not thought to constitute a major source of
damage. The dearth of parasites in the bloodstream in the chronic phase implies
that the trypanocidal immune response can rapidly eliminate extracellular
parasites, and that once parasites emerge from a previously infected cell they
must quickly invade a new cell or be taken up by an insect vector, otherwise they
would be cleared. These observations point to an efficient invasion process
which is exemplified by the TrkC pathway.

T cruzi can utilize several different invasion pathways to invade cells such as
TrkA, TrkC, LDLr, and the mannose receptor (Aridgides et al., 2013a; de MeloJorge and PereiraPerrin, 2007; Nagajyothi et al., 2012; Soeiro Mde et al., 1999;
Weinkauf et al., 2011; Woronowicz et al., 2007b). Coupled with activation of
TGFβ and bradykinin receptors to render cells more permissive to invasion (Ming
et al., 1995; Scharfstein et al., 2000; Waghabi et al., 2005) and binding to
glycoproteins of the extracellular matrix for tight adhesion (Nde et al., 2012), T
cruzi exerts a multifaceted attack on the host cell. These pathways represent
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potential points of intervention for interruption of T cruzi infection in the
mammalian host, and now that it is accepted that parasite persistence is the
driving factor behind CCC, eradication of parasite reservoirs is an important goal
for treatment of Chagas disease. Trials with trypanocidal drugs have shown only
modest benefit at best in chronic Chagas disease (Guedes et al., 2011), and
inhibitors of invasion could prove useful as they have in HIV with the success of
the fusion inhibitor Maraviroc. Trk-mediated invasion in particular results in an
intracellular growth advantage for the parasite (Weinkauf et al., 2011), so
blocking it could be beneficial even if T cruzi were to then exploit an alternate
entry pathway.

Autoantibodies against Trk receptors arise spontaneously in human Chagas
disease and are potent inhibitors of invasion (Lu et al., 2008, 2010); α-TrkA or TrkC antibodies administered with T cruzi significantly attenuate infection and
disease course (Weinkauf et al., 2011), highlighting the importance of this
pathway in T cruzi infection. Inhibitors of TGFβ signaling have also shown
promise in model systems (Araujo-Jorge et al., 2012), and while chronic Chagas
disease has thus far resisted cure by trypanocidal treatment alone, it is possible
that a combination of therapeutics will be more effective than any single
treatment, in line with experiences from other stubborn diseases such as HIV and
cancer.

7.4

Trophic activity of PDNF
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Low parasitism appears to be only part of the story when it comes to explaining
the long-term persistence of T cruzi and the comparatively low pathology of
chronic Chagas disease. An abundance of evidence now exists from our lab and
others that T cruzi manipulates host signaling to enhance survival of cells with
which it interacts in the nervous system (Chuenkova and PereiraPerrin, 2011).

The extension of this phenomenon to cardiac tissue is of particular interest, for
while regeneration of functional myocardium from stem cells is being furiously
investigated (Elnakish et al., 2012), and a recent study demonstrating a limited
ability of adult cardiomyocytes to proliferate caused great excitement (Bergmann
et al., 2009), the fact remains that whatever endogenous repair capabilities exist
in the heart, they are insufficient to repair any serious insult. It is therefore critical
for T cruzi to not cause undue damage to the myocardium, a principal target of
infection and vital organ of its host.

The exciting discovery of Trk expression in the adult myocardium allowed us to
investigate the role of PDNF in this regard. Our results show two pathways
which could act synergistically to prevent excessive cardiomyocyte damage,
induction of NGF in cardiac fibroblasts by PDNF and direct activity of PDNF on
cardiomyocytes (Fig 50). The activation of TrkA on cardiac fibroblasts causing
production of its own ligand uncovers a potential positive feedback loop,
multiplying the production of NGF. This could help explain how in preliminary
dose-response experiments, we found evidence of NGF induction after
intravenous administration of as little as 50 ng sPDNF (data not shown).
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Both the direct protection of cardiomyocytes and indirect protection via paracrine
activation of cardiac fibroblasts were dependent upon TrkA activation. In a
separate protective pathway, T cruzi can prevent apoptosis in cultured
cardiomyocytes under conditions of serum deprivation and TNFα treatment
(Petersen et al., 2006), a phenomenon which must be distinct from the protection
we demonstrate here as it occurred via activation of NF-κB, a signaling pathway
which is not activated downstream of TrkA (Huang and Reichardt, 2003). The
responsible parasite effector was not isolated, however protection was shown to
correlate with intracellular parasites thus likely stems from direct manipulation of
intracellular signaling in the host cell. The TrkA dependent pathway, in contrast,
would have the added benefit of protecting uninfected cardiomyocytes via soluble
PDNF and NGF from cardiac fibroblasts. These neighboring cardiomyocytes
might otherwise be damaged from oxidative stress during the immune response
to parasitism (Wen et al., 2006a, 2004b, 2006b).

These mechanisms not only provide insight into T cruzi persistence in the heart,
they represent additional therapeutic possibilities beyond trying to eliminate
parasites. PDNF levels in chronic disease would be low along with heart
parasitism, so boosting them by exogenous administration could help shift the
balance of protective and destructive forces, an intriguing possibility which is
currently being investigated in our lab in a mouse model of CCC. In addition, the
ability to purify large quantities of recombinant sPDNF opens the door to utilizing
it for other cardiomyopathies as well where new treatments are sorely needed.
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Figure 50. Model of Chagas disease pathology and protective effects of
parasites
TrkC is preferentially used as an invasion receptor into both cardiac fibroblasts and
cardiomyocytes. TrkA activation by parasites or PDNF enhances oxidative stress
resistance of cardiomyocytes both directly (via cardiomyocyte TrkA) and indirectly
(via cardiac fibroblast TrkA and subsequent NGF release)
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7.5

Contributions of cardiac fibroblasts to Chagas disease

Cardiac fibroblasts constitute 40-70% of the total cells in the heart, depending on
the species (Ottaviano and Yee, 2011), and contribute important structural and
paracrine functions. The striking histological feature of CCC is massive fibrosis,
with increased extracellular matrix production by cardiac fibroblasts. In spite of
this, almost all of the studies on CCC focus exclusively on cardiomyocytes, even
measuring ECM production by isolated cardiomyocytes (Calvet et al., 2009) while
neglecting the principal producers of ECM. Given the intimate association of
cardiac fibroblasts with cardiomyocytes, it is inconceivable that T cruzi fails to
contact cardiac fibroblasts in the heart and more studies are needed to elucidate
their role in CCC. We presented the first molecular mechanism for invasion of
cardiac fibroblasts via TrkC, however other pathways certainly exist as exhibited
by the incomplete inhibition of infection after blocking TrkC (Fig 31-35).

Perhaps more importantly we discovered a paracrine protective role for cardiac
fibroblasts, allowing for survival of cardiomyocytes under oxidative stress. The
induction of NGF and subsequent protection of cardiomyocytes was independent
of invasion, occurring via an alternate receptor (TrkA); this is an important point
since invasion of cardiac fibroblasts can happen but is less commonly observed
than cardiomyocyte infection. Rather, all that is required is PDNF activation of
TrkA on cardiac fibroblasts, which could occur on parasites themselves as they
traverse the interstitium, or could occur when PDNF is liberated from the surface
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of the parasite by cleavage of its GPI anchor (Chuenkova and PereiraPerrin,
2011).

7.6

Segregation of invasion and protection to TrkC and TrkA

It is unclear why PDNF interaction with TrkC leads preferentially to invasion of
cardiac fibroblasts and cardiomyocytes while TrkA induces protective responses.
This is the first time where responses to PDNF have been studied on cells
expressing both receptors simultaneously. In other cell types, either TrkA or
TrkC activation could result in invasion or trophism (Chuenkova and
PereiraPerrin, 2004; de Melo-Jorge and PereiraPerrin, 2007; Weinkauf and
PereiraPerrin, 2009; Weinkauf et al., 2011). It may be that this preference
existed all along but in the absence of either TrkA or TrkC, the pathway of lower
preference is activated. The distinction carries important therapeutic implications
however; it would be most beneficial to block TrkC to inhibit invasion, and
blocking TrkA may actually exacerbate disease by eliminating the protective
effects of PDNF on cardiomyocytes.

7.7

Asp-boxes as Trk-activating motifs

The β-hairpin of Asp-boxes makes them likely to serve a structural function
(Copley et al., 2001), however as they are located on the surface of the protein,
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they are in poised to interact with other molecules. The number of variable
amino acids outside of the functional triad could allow for differences in those
interactions between Asp-boxes. Our work is to our knowledge the second case
where an Asp-box has been ascribed a function (Serup Andersen et al., 2010),
and the first in a neuraminidase or trans-sialidase.

Our ability to specifically modify the activity profile of sPDNF by swapping Aspboxes provides us an important tool for development of sPDNF as a therapeutic.
One can imagine many more combinations beyond the two we created which
could prove even more utile. T cruzi has ~1400 TS family proteins (Pablos and
Osuna, 2012), all of which contain between two and four Asp-boxes of varying
nature; our recombinant sPDNF represents only one clone. Many of the TS
family members likely do not interact with Trk receptors at all, as we saw when
we assayed gp85, however the publication of the T cruzi genome from two
strains (El-Sayed et al., 2005; Franzen et al., 2011) and the property of short
peptides to recapitulate some of the PDNF effects, should allow for a peptide
screening approach to determine the best candidates for rationally modified
PDNF molecules.

7.8

Therapeutic possibilities

Despite much early excitement regarding the possibly therapeutic properties of
neurotrophins, clinical applications of neurotrophins have been disappointing
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thus far. Some of the reasons for this are that 1) neurotrophins have a short half
life (1~5 min depending on the particular neurotrophin) in the bloodstream
(Poduslo and Curran, 1996; Tria et al., 1994), and 2) NGF injection can cause
extreme pain due to activation of nociceptive neurons (Indo, 2010), and 3)
neutralizing antibody responses against any large molecule therapeutics are a
concern, blocking their effects and potentially interfering with physiological
neurotrophin signaling as well.

PDNF has some advantages over endogenous neurotrophins in these regards.
1) sPDNF injected in mice has a half life around 30 min (Aridgides et al., 2013b),
extending its therapeutic window. PDNF also induces endogenous NGF in the
heart as we demonstrated in this work, creating a positive feedback loop to
further boost its activity. Model systems where NGF was shown to be
cardioprotective utilized viral vectors for delivery of NGF into the heart, which is
still not feasible in human patients due to concerns of immune response and/or
malignant transformation. 2) sPDNF may or may not cause injection site pain,
mice do not appear to suffer any more than from an injection of PBS, however
this would certainly need to be tested in human patients. 3) sPDNF is very
poorly immunogenic; several attempts to raise antibodies against it in mice for
research purposes have failed in our laboratory. The tandem repeat region is an
immunodominant epitope eliciting a strong antibody response (Schenkman et al.,
1994), however without it, sPDNF does not seem to provoke much in the way of
an immune response. Even if an antibody response were to occur, sPDNF is not
an endogenous molecule and could simply be withdrawn with minimal risk of
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blocking physiological Trk signaling. sPDNF also activates both TrkA and TrkC
in contrast to NGF, which may have further pro-survival benefits, as well as
acting intracellularly to activate Akt kinase (Chuenkova and PereiraPerrin, 2009).

In addition to direct protection of cardiomyocytes, sPDNF activation of Trk
receptors could work in other ways to help heal the myocardium. As previously
described (see section 1.10 – Neurotrophins and their receptors), endothelial
cells express all three Trk receptors, and neurotrophins have been noted to
promoted endothelial cell migration and neovascularization in ischemia models
(Caporali and Emanueli, 2009). As there is a high degree of microvascular
compromise in CCC which contributes to disease progression and is likely
responsible for apical aneurysm (see section 1.6d – Microvascular
complications), maintaining of adequate blood flow to the myocardium would be
of clear benefit. The calcium-channel blocker verapamil, which inhibits smooth
muscle cell contraction with vasodilatory consequences, decreases pathology in
experimental Chagas disease in just such a manner (Chandra et al., 2002)

Cardiac stem cells are another exciting field with promise not only of
maintenance, but of actual myocardial regeneration (Steinhauser and Lee, 2011).
Stem cell therapy has had modest success in treatment of Chagas disease (see
section 1.5b – Stem cell therapy), largely through immunomodulatory activity it
would appear, however only bone marrow-derived stem cells were tried, and
there are several different populations of cardiac stem cells with potential for
repair. Neurotrophins are important survival factors for stem cells (Pyle et al.,
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2006), and NGF delivery to the infarcted heart increased the expression of stem
cell factor (c-kit ligand) and the number of c-kit+ cells in the damaged area
(Meloni et al., 2010). Thus sPDNF could act in pleiotropic ways to help protect or
heal the damaged myocardium via cardioprotection, angiogenesis, and/or stem
cell effects, and we will investigate each of these possibilities in cardiomyopathy.

Our discovery of the specific activites of PDNF Asp-boxes will assist us in these
investigations; should we discover protective or restorative effects of sPDNF for
cardiomyopathy, we can then test sPDNF2234 or novel mutants to see if they
could be even more effective. Likewise for inhibition of T cruzi invasion, we could
use sPDNF1134 and compare it with wild-type in terms of therapeutic benefit.

7.9

Summary

Study of the complex interactions of T cruzi PDNF and Trk receptors in the heart
has provided some explanation as to how this parasite is able to persist and
thrive in human populations by residing for a protracted time in individuals while
minimizing host damage. Our results provide opportunities to interrupt the
mammalian life cycle of T cruzi by blocking reinfection of host cells, and to
enhance protective effects of T cruzi in order to mitigate disease.

In describing her isolation of NGF after working in Brazil with Carlos Chagas
Filho, Rita Levi-Montalcini stated:

“The tumor had given the first hint of its (NGF’s) existence in St.
Louis but it was in Rio de Janeiro that it revealed itself, and it did so
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in a theatrical and grand way, as if spurred by the bright atmosphere
of that explosive and exuberant manifestation of life that is the
Carnival in Rio” (Levi-Montalcini, 1987).

It is fitting then that a pathogen also discovered in Brazil by Carlos Chagas
Senior, maintains such an elaborate interaction with the NGF-Trk pathway, using
it to dictate life and death of host cells. Moreover, it is that very pathogen which
has revealed novel aspects of NGF activity in the heart, and has opened doors
for its therapeutic exploitation in cardiomyopathy.
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