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ABSTRACT

Most patients acutely infected with Trypanosoma cruzi undergo short-term structural
and functional cardiac alterations that heal without sequelae. By contrast, in patients
whose disease progresses to chronic infection, irreversible degenerative chronic
Chagas cardiomyopathy (CCC) may develop. To account for the contrast between
cardiac regeneration in high-parasitism acute infection and progressive cardiomyopathy
in low-parasitism CCC, we hypothesized that T. cruzi expresses repair factors that
directly facilitate cardiac regeneration. We investigated the T. cruzi Parasite-Derived
Neurotrophic Factor (PDNF), known to trigger survival of cardiac myocytes and
fibroblasts and upregulate chemokine CCL2, which promotes migration of regenerative
cardiac progenitor cells (CPCs), as one such repair factor. We tested whether T. cruzi
PDNF promotes cardiac repair using in vivo and in vitro models of Chagas disease.
gPCR and flow cytometry of heart tissue revealed that Sca-1" CPCs expand in acute
infection in parallel to parasitism. Recombinant PDNF induced survival and expansion
of ex vivo CPCs, and intravenous administration of PDNF into naive mice upregulated
MRNA of cardiac stem cell marker Sca-1. Furthermore, in CCC mice, a three-week
intravenous administration of PDNF protocol induced CPC expansion and reversed left
ventricular T cell accumulation and cardiac remodeling including fibrosis. Compared to
CCC vehicle-treated mice, which developed severe atrioventricular block, PDNF-treated
mice exhibited reduced frequency and severity of conduction abnormalities. Our
findings are in support of the novel concept that T. cruzi uses PDNF to promote
mutually beneficial cardiac repair in Chagas disease. This could indicate a possible path

to prevention or treatment of CCC.
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Introduction

Trypanosoma cruzi is the causative agent of incurable Chagas disease, which is
endemic in Latin America and estimated by the Centers for Disease Control and
Prevention to afflict more than 8 million people worldwide (www.CDC.gov, 2017). Acute
T. cruzi infection initially induces structural and functional cardiac alterations, such as
cardiomegaly, focal inflammation, and conduction abnormalities, that heal without
sequelae in >95% of patients (Parada et al., 1997). The chronic phase of Chagas
disease, defined by extremely low parasite burden, is classified into two phases:
indeterminate, in which patients do not display pathology or symptoms, and
symptomatic, resulting from tissue degeneration in the heart (chronic Chagas
cardiomyopathy, CCC) and/or gastrointestinal tract abnormalities (megaesophagus and
megacolon) years or decades after the onset of acute infection (Bern, 2015; Dias et al.,
1956; Koberle, 1968; Nunes et al., 2013; Prata, 2001; Rassi Jr et al., 2010).
Approximately 30% of Chagasic patients in the indeterminate phase progress to CCC,
which is also characterized by cardiac remodeling including fibrosis, a robust
inflammatory response, and structural/functional alterations such as atrioventricular
(AV) block (Koberle, 1968; Laranja et al., 1956; Nunes et al., 2013; Pérez-Molina and
Molina, 2018; Rassi Jr et al., 2010). Tissue damage in CCC progresses inexorably,
often leading to heart failure and death. No pharmacologic treatments are currently
available to prevent or treat progression of CCC (Paucar et al., 2016).

Several mechanisms have been proposed to explain the paradox that pathology
in CCC, unlike in acute infection, occurs despite scarcity of parasites (Marin-Neto et al.,

2007). One hypothesis suggests that inflammation results from the autoimmune cross-
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reaction of specific anti-T. cruzi immune responses with host antigens such as cardiac
myosin (Cunha-Neto and Kalil, 1995; Cunha-Neto et al., 1996). However, autoimmune
responses also occur in acute infection and pathology-free indeterminate disease (Lu et
al., 2008, 2010; Prata, 2001; Rassi Jr et al., 2010). Another possible explanation is that
tissue degeneration in CCC represents collateral damage from the strong immune
response to lingering cardiac parasitism (Bellotti et al., 1996; Pérez-Molina and Molina,
2018; Tarleton and Zhang, 1999; Ben Younés-Chennoufi et al., 1988). Parasite load
measurements quantified by real-time PCR, however, did not detect differences in
parasitemia in patients presenting with indeterminate, cardiac, or digestive clinical
manifestations (Melo et al., 2015). In addition, the extent of T. cruzi antigens in human
hearts with CCC did not correlate with the intensity of histopathological lesions
(Palomino et al., 2000). Therefore, while these mechanisms all likely contribute to CCC
pathogenesis (Machado et al., 2012), additional mechanisms of CCC development
remain poorly understood and, if elucidated, may provide novel therapeutic strategies
for this condition.

The current study investigates the alternative hypothesis that cardiac
dysfunction, remodeling, and cardiomyopathy in chronic Chagas disease are linked to
low heart parasitism as opposed to the relatively high parasite burden in acute infection.
This hypothesis would have credence if T. cruzi were to express an agent(s) capable of
mediating cardiac repair. We investigated the potential role of parasite-derived
neurotrophic factor (PDNF) in modulating CCC progression.

PDNF, a T. cruzi outer membrane, glycophosphatidylinositol-anchored protein,

was originally identified in our lab as a neuraminidase (Pereira, 1983). Subsequently,
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PDNF was found to also transfer sialyl residues from exogenous glycoconjugates to T.
cruzi B-galactosyl acceptors (Previato et al., 1985); this additional enzymatic activity
resulted in a second designation for the neuraminidase as a trans-sialidase (Parodi et
al., 1992; Schenkman et al., 1992; Scudder et al., 1993). Further studies revealed that
PDNF additionally stimulates survival pathways in a number of cell types, independent
of sialic acid-binding activities (Chuenkova and Pereira, 2000), and that it does so by
binding and activating TrkA and TrkC, both neurotrophic receptor tyrosine kinases
(Chuenkova and PereiraPerrin, 2004; Weinkauf et al., 2011). For this reason, we also
call the neuraminidase/trans-sialidase Parasite-Derived Neurotrophic Factor (PDNF) to
designate it has survival-related biological activities (Chuenkova and Pereira, 2003).
The short-form of PDNF (sPDNF) used in this study is a recombinant, bacterially
expressed N-terminal domain of the protein lacking the C-terminal tandem repeat
(Aridgides et al., 2013a; Chuenkova and Pereira, 2000; Chuenkova et al., 1999; de
Melo-Jorge and PereiraPerrin, 2007; Salvador et al., 2014; Weinkauf et al., 2011).

We have previously shown that PDNF promotes survival of cardiac myocytes
and fibroblasts (Aridgides et al., 2013a, 2013b; Salvador et al., 2014), suggesting that
PDNF may have cardiac regenerative effects. Additionally, we have shown that
intravenous (IV) PDNF upregulates the expression of CCL2 (Salvador et al., 2014), also
known as monocyte chemoattractant protein-1 (MCP-1), a cardioprotective chemokine
that modulates the myocardial stress response to reduce damage and facilitate repair in
ischemia/reperfusion (Niu and Kolattukudy, 2009). MCP-1 also induces migration of
cardiac stem cells to injury sites following myocardial infarction, and may contribute to

the regeneration of wounded cardiac tissues (Tamura et al., 2011). Based on the action
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of sSPDNF on cardiac cells and its upregulation of a chemokine that drives cardiac
progenitor cell (CPC) expansion, we propose that this T. cruzi protein is one novel
mechanism that facilitates parasite-mediated cardiac repair.

Accordingly, we observe that sSPDNF stimulates the expansion of CPCs identified
by the stem cell marker stem cell antigen-1 (Sca-1). Furthermore, PDNF drives
attenuation of cardiac remodeling and dysfunction in a mouse model of CCC: mice
injected with IV recombinant PDNF exhibit reduced hypertrophy, a significant
improvement in fibrosis, and substantially reduced severity of AV block. The study
findings raise the possibility that this mechanism could constitute a path to an effective

treatment option for CCC.
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Methods

Ethics Statement. All mouse work was carried out in accordance with the Guide for the
Care and Use of Laboratory Animals as adopted by the National Institutes of Health,
and was approved by the Institutional Animal Care and Use Committee of Tufts

University School of Medicine and Division of Laboratory Animal Medicine.

Parasites. T. cruzi Colombian strain were harvested from Vero cells (ATCC; Manassas,
VA) as previously described (Chuenkova and PereiraPerrin, 2004). Trypomastigotes
were collected from culture supernatant and purified by differential centrifugation, then
resuspended in appropriate media (PBS or respective cell culture medium for in vivo

and in vitro applications, respectively).

Acute T. cruzi infection. 8-week-old female C57BL/6J mice (Jackson Laboratory; Bar
Harbor, ME) were infected with 1,000-3,000 parasites by IV tail vein injection. Mice were
euthanized at the peak of acute infection, 18-20 days post-infection (PI), or at the

indicated timepoint.

Quantitative polymerase chain reaction (QPCR). mRNA was isolated from QlAzol
(Qiagen; Germany) lysates of flash-frozen tissue samples mechanically dissociated
using a Tissue Tearor (Biospec Products, Inc.; Bartlesville, OK) per manufacturer
protocol. cDNA was synthesized using QuantiTect Reverse Transcription Kit (Qiagen)

per manufacturer protocol. Gene transcripts were quantified after amplification using
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specific primers and SYBR green (Qiagen), and normalization to housekeeping gene

hypoxanthine-guanine phosphoribosyltransferase (HPRT).

Flow cytometry. Mouse hearts were digested with collagenase type Il (0.895 mg/ml)
(Worthington Biochemical; Lakewood, NJ) and protease XIV (0.5 mg/ml, except for Sca-
1 experiments) (Sigma Aldrich; St. Louis, MO) and cells were surface stained with the
following monoclonal antibodies: FITC-conjugated a-Sca-1 (D7) (Miltenyi Biotec;
Germany), FITC-conjugated a-CD3e (145-2C11), PE-conjugated a-CD45.2 (104), APC-
Cy7-conjugated a-Ly-6C (HK1.4), PerCP-conjugated a-CD11b (M1/70) (BioLegend;
San Diego, CA) as previously described (Nevers et al., 2017). Antibodies were diluted in
PBS plus 2% FBS and incubated with cells for 20 minutes at room temperature. After 2
washes in PBS plus 2% FBS, cells were run and data acquired on an LSRii (BD

Biosciences; Franklin Lakes, NJ) and analyzed using FlowJo software.

Isolation of Sca-1* CPCs. Sca-1" CPCs were isolated from the hearts of C57BI/6J
mice. Blood was removed from the heart post mortem with a 27 G 1-ml insulin syringe.
The heart was perfused with cold PBS, then excised, cut transversely in half and placed
in ice-cold Hank’s Buffered Salt Solution (Gibco, Thermo Fisher; Waltham, MA) with
10,000 U/ml Collagenase Il (Worthington Biochemical). Tissue was homogenized using
the gentleMACS Dissociator (Miltenyi Biotec) per manufacturer protocol. Red blood
cells were lysed using Red Blood Cell Lysis Buffer (Sigma Aldrich) and remaining cells
were washed in autoMACS Running Buffer (Miltenyi Biotec) to create single cell

suspensions. Sca-1" CPCs were then magnetically labeled and isolated using the Anti-

¥20z ‘8T |udy uo sfeulnor 134SY e Blo'seuuno fiadse ed| wouy papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 22, 2018 as DOI: 10.1124/jpet.118.251900
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#251900

Sca-1-MicroBead Kit (FITC) (Miltenyi Biotec) per manufacturer protocol. Cells were
seeded in a 6-well plate in duplicate in enriched medium and incubated at 37°C/5%

CO..

Differentiation and clonogenicity experiments. Sca-1" cells were plated in either
basal medium (IMDM/10% FBS) or medium containing 20 ng/ml vascular endothelial
growth factor (VEGF) to induce differentiation into an endothelial cell phenotype. After
14 days, cells were fixed and stained with a-von Willebrand factor (a-vWF) (1:100,
Agilent/Dako; Santa Clara, CA) followed by Alexa 594-conjugated a-rabbit IgG
secondary antibody (1:500, Molecular Probes; Eugene, OR). Cells were counterstained
with DAPI. Images were captured using the same exposure times and were processed
similarly. For differentiation into cardiomyocytes, cells were plated in basal media or
media containing 10 mM 5-Azacytidine for 3 days, then basal media for 14 days. Cells
were fixed and stained with a-Myosin Heavy Chain (a-MyHC) (1:100, Millipore;
Burlington, MA) followed by Alexa 568-conjugated a-mouse IgG secondary antibody
(1:500, Molecular Probes). To assess clonogenicity, Sca-1+ cells were cloned into 96-
well plates by limiting dilution (0.5 cells/well, verified by microscopy) and grown in
DMEM/10% FBS. Cell colonies could be detected after two weeks in culture; after four
weeks, colonies were fixed, stained with Diff-Quik or a-Sca-1 followed by fluorescence-

labeled secondary antibody, and imaged.

sPDNF purification. sSPDNF was cloned into BL21 expression bacteria and purified by

Ni-affinity chromatography as previously described (Chuenkova and Pereira, 2003;

10
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Chuenkova et al., 1999; Weinkauf et al., 2011). Protein was buffer-exchanged into PBS
and quantified by BCA assay (Thermo; Waltham, MA) per manufacturer protocol.
sPDNF was stored at 4°C for short term use (<1 month) and at -80°C for long term use

(>1 month).

Cumulative growth curves. CPCs were seeded at known density in basal medium or
medium containing 4 pg/ml sPDNF, then incubated at 37°C/5% CO3 until nearly 100%
confluent. Cell counts were recorded with each passage, and cumulative growth was

calculated by multiplying the number of seeded cells by the multiplicity exhibited during

the growth period (usually 1 week).

Oxidative Stress Test. CPCs were plated in CPC medium overnight, pretreated with
300 ng/ml sPDNF (+sPDNF +H203) or PBS vehicle (+H20-) for 30 min before
incubation with 1.25 mM H,O, or PBS vehicle (Vehicle) for 3.5 hours. Percent cell death
was assessed by propidium iodide/Hoechst as previously described (Chuenkova and

PereiraPerrin, 2004; Chuenkova et al., 2001).

Chronic Chagas Cardiomyopathy (CCC) mouse model. We used the mouse model
of CCC described earlier by the Ribeiro-dos-Santos group (Soares et al., 2004): 8-
week-old female C57BL/6J mice were infected with Colombian T. cruzi (3,000 by
intraperitoneal (IP) injection or 1,000 by intravenous (IV) injection); age-matched
controls (Uninf) were injected with PBS only. 5 months PI, mice were injected with 25 pg

(~3 mg/kg) IV sPDNF (CCC-sPDNF) or 200 pl PBS vehicle (CCC-Veh) at T = 0, 3, and

11
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24h weekly for 3 weeks. Euthanasia and harvest occurred 8 weeks after the final

injection.

Immunohistochemistry. Mouse left ventricles (LVs) were fixed in 4% PFA for 24-48
hours, then submitted to Tufts’ Histology Core for sectioning and staining. LVs were cut
into cross-sections, then stained with a-CD4 or a-CD8 (eBiosciences, now part of
Thermo Fisher) followed by biotinylated secondary antibody, streptavidin HRP, and
DAB visualization. 20x images (9-11 per section) were captured and overlaid with a grid
in ImageJ. Fields positive for CD4/CD8 staining were calculated as a percent of all fields

in the grid.

Heart weight. After mice were euthanized, hearts were excised and weighed. Heart
weight was normalized to tibia length measured post mortem to the nearest 0.1 mm with

a digital caliper (Fisher Scientific).

Transthoracic echocardiography with electrocardiogram. Echocardiography was
performed at various intervals over the course of the chronic infection, including prior to
sPDNF treatment, 4 weeks after treatment, and 8 weeks after treatment just prior to
euthanasia. Echocardiography with limb-lead electrocardiogram was performed on a
Vevo 2100 imaging system (VisualSonics; Canada) under light sedation with 2.5%
isoflurane by a blinded investigator. M Mode and 2-dimensional images were obtained

from the short axis view, as described earlier (Blanton et al., 2012). LV end diastolic and

12
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end systolic diameters were measured by averaging values from at least 5 cardiac

cycles.

Cardiomyocyte cross-sectional area. Mouse LVs were fixed in 4% PFA for 24-48
hours, then submitted to Tufts’ Histology Core for sectioning and staining. LVs were cut
into cross-sections, then stained with hematoxylin and eosin. Cardiomyocytes which
were identified as round cells with central nuclei were measured for area using SPOT

Advanced software.

Fibrosis. Mouse LVs were fixed in 4% PFA for 24-48 hours, then submitted to Tufts’
Histology Core for sectioning and staining. LVs were cut into cross-sections, and then
stained with Sirius Red (stains collagens) and Fast Green (stains non-collagenous
proteins) for high-contrast visualization of fibrotic tissue. Whole-section stitched images
at 10x magnification were captured on a Keyence BZ-X and then used to quantify
percent fibrosis with BZ-X Analyzer (Keyence; Japan). All images were captured at the

same time using similar settings and were batch processed for uniform analysis.

Statistics. For comparison between two groups, we used unpaired t tests. For
comparison between three or more groups, we used one-way analysis of variance with
Tukey’s post hoc test. For EF and FS data (Table 2), which were not normally
distributed, we used the non-parametric Kruskal-Wallis test. Data are expressed as the
mean = SD unless otherwise noted, and p values < 0.05 were considered statistically

significant. All data was analyzed in GraphPad Prism (GraphPad; La Jolla, CA).

13
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Results
Sca-1" CPCs expand in the hearts of mice acutely infected with T. cruzi in a tissue
parasitism-dependent manner

To test the effects of T. cruzi infection on progenitor cell expansion in the heart,
we measured transcripts of three known progenitor cell markers (Sca-1, c-kit, and
Musashi-1) in heart tissues of mice over the course of acute infection with the
Colombian strain of T. cruzi. We observed a significant increase in Sca-1 mRNA in
infected mice relative to uninfected controls, with peak expression at 18 days post-
infection (PI) (Fig. 1A,B). The timing of this Sca-1 transcript elevation correlates with the
established peak parasitism as previously observed in this Chagas disease model of
acute infection (Aridgides et al., 2013b), which suggests a causal relation between Sca-
1 mRNA levels and the extent of cardiac tissue parasitism. In contrast, expression of
markers c-kit and Musashi-1 were not affected by T. cruzi infection.

The increase in Sca-1 mRNA in acutely infected hearts reflects an expanded
Sca-1" cell population, as revealed by flow cytometry (Fig. 1C). Subsequent efforts were
thus focused on Sca-1" cardiac progenitor cells (CPCs).

To verify that positive selection using the Sca-1 marker can reliably isolate a
population of cardiac stem/progenitor cells, we isolated Sca-1" cells from naive mouse
hearts by magnetic-activated cell sorting and assessed them for stemness. In
accordance with others’ prior characterization of Sca-1" heart cells (Oh et al., 2003;
Smits et al., 2009; Valente et al., 2014; Ye et al., 2012), this population exhibited the
potential to differentiate into defined phenotypes and the ability to expand from clones.

Specifically, exposure to vascular endothelial growth factor induced expression of

14
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endothelial cell marker von Willebrand factor, and treatment with 5-azacytidine induced
expression of cardiomyocyte lineage marker myosin heavy chain (Fig. 1D). The cells
were also clonogenic, exhibiting the ability to grow into a colony from a single cell (Fig.

1E).

sPDNF stimulates expansion and promotes survival of CPCs in vitro and in vivo

To test the hypothesis that T. cruzi mediates stem cell expansion via PDNF, we
stimulated cardiac Sca-1" CPCs with recombinant PDNF (sPDNF). We observed an
exponential increase in the CPC population following sPDNF stimulation (Fig. 2A), a
result reproduced in four other experiments (data not shown).

Our lab has previously shown that sSPDNF protects cardiac cell populations
(fibroblasts and myocytes) from death induced by oxidative stress (Aridgides et al.,
2013a, 2013b). Therefore, we examined the potential of SPDNF to promote survival of
Sca-1" progenitor cells. As with the other cardiac cell types, SPDNF was able to protect
CPCs from damage induced by oxidative stress (Fig. 2B).

To determine the in vivo relevance of the above in vitro observations, we next
examined the effects of SPDNF on cardiac Sca-1 levels, as this would be relevant to the
CPC growth we had observed with T. cruzi infection (Fig 1A,B). To determine whether
intravenous (1V) sPDNF would upregulate Sca-1 mRNA, we injected naive mice with
sPDNF or PBS vehicle. sPDNF indeed induced a significant, selective, and dose-
dependent increase in cardiac Sca-1 transcript, peaking at 3h post-injection (Fig. 2C,D).
Transcripts of other stem cell markers at the same time point were not affected by IV

sPDNF (Fig. 2D), consistent with the results in acutely infected hearts (Fig. 1A).

15
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Intravenous administration of sPDNF stimulates CPC proliferation in a mouse
model of chronic Chagas cardiomyopathy

In chronic Chagas cardiomyopathy (CCC), T. cruzi burden is so low that it is
difficult to detect by optical microscopy (Fig. 3A). This implies that, in contrast to the
acute infection period, tissue levels of PDNF in chronic infection may be,
correspondingly, very low. We therefore tested whether augmentation of PDNF in
chronic infection could alter the CCC phenotype. We specifically tested the effect of IV
sPDNF administration in a mouse model of CCC. Five months after infecting C57BL/6J
mice with T. cruzi, we administered IV sPDNF (3 mg/kg) weekly for three weeks, with
doses given at T = 0, 3, and 24h.

Eight weeks after sPDNF injection, both Sca-1 mRNA and the proportion of Sca-
1" cells increased significantly in the hearts of CCC mice treated with sSPDNF (CCC-
sPDNF) relative to CCC mice injected only with vehicle PBS (CCC-Veh), or to age-
matched uninfected controls (Uninf) (Fig. 3B,C). This increase in cardiac Sca-1 mRNA
in CCC-sPDNF mice correlates with the pattern of Sca-1 mRNA elevation observed in

mice acutely infected with T. cruzi (Fig. 1B).

IV sPDNF decreases cardiac T lymphocyte infiltration in a mouse model of CCC
With evidence showing that sSPDNF promotes survival and expansion of several
different types of cardiac cells (Aridgides et al., 2013a, 2013b), we investigated whether
PDNF would affect cardiac pathology in chronically infected mice.
We first examined mononuclear cell infiltration, which is associated with cardiac

damage and myocyte death (Milei et al., 1992; Morris et al., 1990; Reis et al., 1993).
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Immunohistochemistry (IHC) and flow cytometry identified a reduction in the levels of
both CD4" and CD8" T cells in CCC-sPDNF hearts relative to the significantly increased
infiltration observed in CCC-Veh (Fig. 4A). Flow cytometry corroborated the results of
IHC, showing a reduction in T lymphocytes in the hearts of SPDNF-injected mice
relative to control (Fig. 4B), though the difference was not statistically significant.

The infiltration of other inflammatory cell populations, CD11b™ macrophages and
Gr-1" neutrophils, was not significantly affected by either chronic T. cruzi infection or

sPDNF injection (data not shown).

IV sPDNF reduces cardiac remodeling in a mouse model of CCC

An increased cardiac Sca-1" population is known to attenuate hypertrophy and
fibrosis in a pressure-overload model of heart failure (Valente et al., 2014). We
hypothesized that we would observe a similar amelioration of cardiac remodeling,
including hypertrophy and chamber dilation, which are hallmark features of chronic
Chagas disease (Morris et al., 1990; Rossi and Ramos, 1996).

We evaluated heart structure and function in CCC and age-matched uninfected
mice by echocardiography. Compared to uninfected mice, CCC-Veh mice developed
increased left ventricular (LV) end diastolic and systolic diameters, indicating chamber
dilation. In contrast, CCC mice treated with sSPDNF did not display a significant increase
in LV diameter. Rather, chamber size in sSPDNF-injected mice did not differ from Uninf
controls (Fig. 5A,B). Anterior and posterior wall thickness of the LV was not affected
(Table 1). Gross examination of excised whole hearts from CCC mice revealed reduced

size in sSPDNF-treated CCC hearts compared with vehicle-treated CCC hearts (Fig. 5C),
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corresponding to the echocardiographic chamber measurements. sPDNF effects on
cardiac hypertrophy were also evident upon measurement of heart weight normalized to
tibia length (HW/TL). Whereas CCC-Veh hearts had a significantly greater HW/TL ratio
compared with Uninf, there was no difference between CCC-sPDNF and Uninf (Fig.
5D). Likewise, the average cross-sectional area of cardiomyocytes from CCC mice

injected with sPDNF was significantly smaller than that of CCC-Veh mice (Fig. 5E).

IV sPDNF reduces cardiac fibrosis and progression of atrioventricular block in a
mouse model of CCC

Development of pathologic cardiac fibrosis represents an important feature of
cardiac remodeling (Milei et al., 1992; Morris et al., 1990; Reis et al., 1993) and can be
caused by myocardial T cell infiltration (Hanif et al., 2017; Ye et al., 2012). Because IV
sPDNF decreased lymphocyte infiltration and reversed LV hypertrophy and dilation in
the CCC mice, we investigated whether corresponding collagen buildup and fibrotic
scarring would also be reduced. As opposed to the significantly elevated fibrosis seen in
CCC-Veh, hearts from CCC mice injected with sPDNF showed no more fibrosis than
those from Uninf (Fig. 6A).

Atrioventricular (AV) block, particularly right bundle branch block, is a classic
manifestation of Chagasic cardiomyopathy (Elizari and Chiale, 1993).
Electrocardiogram (ECG) revealed AV block in nearly all infected mice, ranging from
mild PR interval prolongation to complete AV dissociation. Approximately eight months
Pl — two months after the end of the injection period — ECG demonstrated second- or

third-degree AV block and corresponding bradycardia in all CCC mice injected only with
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vehicle (Table 2, Fig. 6B). However, the CCC mice that had received sPDNF were
largely spared from severe conduction disturbances: most exhibited only first-degree
block, and some had completely normal ECG tracings (Fig. 6C). Heart rates were
partially restored, as well, in CCC-sPDNF compared with CCC-Veh (Fig. 6B). This result
was repeated in two cohorts of CCC mice, the combined results of which are given in

Table 2.
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Discussion

In the current study, we provide evidence that T. cruzi-derived, membrane-bound
and shed protein, PDNF, promotes cardiac cell survival and expansion and ameliorates
pathologic features of chronic Chagas disease. We observed: 1) increased myocardial
proliferation of Sca-1" CPCs in acute T. cruzi infection, but not in chronic infection; 2)
sPDNF stimulation of the expansion of Sca-1" CPCs both in vitro and in vivo; 3)
reduction of myocardial leukocyte accumulation, cardiac hypertrophy, and chamber
dilation in CCC mice treated with sPDNF; and 4) sPDNF-induced improvement in
characteristic Chagasic fibrosis and conduction abnormalities. We interpret our findings
to indicate that sSPDNF opposes the pathophysiologic features of CCC.

Our observation that Sca-1" CPCs expand in acute T. cruzi infection may be
relevant to the high survival rate, without sequelae, of acutely infected Chagasic
patients (Marin-Neto et al., 2007; Rassi Jr et al., 2010). As noted in other heart failure
models, stem cell proliferation contributes to cardiac repair (Valente et al., 2014) and
may do so in several ways, either by differentiation and direct replacement of damaged
tissue, or via activation by and of neighboring cells by paracrine signaling (Gnecchi et
al., 2008). Conditioned medium from cultured stem cells, which contains growth and
angiogenic factors, enable reverse remodeling and promotes cardiac regeneration. We
thus interpret the stem cell expansion within the broader context of cardiac repair after
acute T. cruzi infection subsides. Further studies should provide more clarity on the role
of CPCs, if any, in sSPDNF-mediated cardiac repair.

Similarly, data showing that sSPDNF is capable of stimulating CPC expansion to a

similar extent as T. cruzi suggests that this protein may be at least one of the factors
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responsible for mediating cardiac stem cell growth, and that it may therefore be a factor
influencing cardiac repair.

In reducing T cell infiltration and pathological ventricular remodeling, including
hypertrophy and LV dilation, in CCC mice, sPDNF improves biomarkers that are
predictors of prognosis in human Chagas disease (Bocchi et al., 2017). T lymphocyte
infiltration into Chagasic myocardium has been well documented and shown to lead to
destructive inflammatory conditions (Milei et al., 1996; Reis et al., 1993; Sanoja et al.,
2013), which result in a worse prognosis for patients with CCC compared to patients
with noninflammatory cardiomyopathies (Bocchi et al., 2017). Patients with Chagasic
dilated cardiomyopathy also have a lower survival rate than those with idiopathic dilated
cardiomyopathy (Pereira Nunes et al., 2010). That sSPDNF improves these prognostic
indicators suggests to us that it may merit further investigation as an eventual
therapeutic strategy for CCC.

Hence, our findings support the idea that T. cruzi PDNF stimulates survival of
cardiac stem cells, in addition to promoting survival of cardiac fibroblasts and myocytes
(Aridgides et al., 2013a, 2013b). It stands to reason that these PDNF actions on cardiac
cells may help repair myocardial damage caused by parasite invasion during and after
acute infection in a mutually beneficial manner. A corollary is that inexorable chronic
cardiomyopathy, which develops despite low tissue parasitism, could be rescued with
systemic administration of PDNF. The results presented here (Figs. 3-6) give credence
to this new concept in T. cruzi invasion of the heart.

Aside from mechanistic considerations, our results could lead, in recombinant

PDNF, to novel custom-made biological therapeutics, with defined targets and effector
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functions, to enhance host-specific repair functions and selectively reduce T. cruzi
burden in the heart, thereby rescuing deteriorated cardiac pathology and function in
chronic Chagas heart disease. Additionally, exogenous PDNF administration might also
be of therapeutic value in other types of degenerative cardiomyopathies unrelated to
Chagas disease, highlighting the translational value of understanding pathogenesis

mechanisms.
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Legends for Figures

Figure 1. Sca-1+ CPCs expand in the hearts of mice acutely infected with T. cruzi

in a tissue parasitism-dependent manner.

A)

Sca-1 transcript is preferentially elevated in the heart during acute T. cruzi
infection in parallel with blood parasitemia. Mice were infected with T. cruzi by
intraperitoneal injection and euthanized at the time points indicated. Left axis:
Cardiac transcripts of stem cell markers Sca-1, c-Kit, and Musashi-1 were
quantified by gPCR. Results are the mean + SEM of fold change expression
relative to control mice (n=3-5 mice; 2 independent experiments). **, p<0.01.
Right axis: Blood parasitemia over the course of acute T. cruzi infection was
measured by optical microscopy.

Elevated Sca-1 transcript at the peak of acute T. cruzi infection indicates an
expansion of the progenitor cell population. Mice infected with T. cruzi (Acute,
n=4) express more cardiac Sca-1 mRNA than uninfected mice (Uninf, n=5). Mice
were infected with 1,000 parasites and euthanized 18 days later. Cardiac mRNA
was quantified by gPCR and plotted after normalization to HPRT. Results are the

mean + SD; *** p<0.001.

C) An increased cardiac Sca-1" progenitor cell population in acute T. cruzi infection

mirrors the elevation in Sca-1 transcript. Mice were infected with 3,000 parasites
and euthanized 20 days later. Sca-1" cells were quantified by flow cytometry.

Results are the mean + SD; **, p<0.01.

D) Isolated Sca-1" cells can be reliably characterized as CPCs. Sca-1" cells

(passage 2) isolated from murine hearts were induced to differentiate into
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endothelial cells expressing von Willebrand factor (vWF) upon treatment with 20
ng/ml VEGF, or into cardiomyocytes expressing Myosin Heavy Chain (MyHC)
upon treatment with 10 mM 5-azacytidine.

Sca-1" cells also exhibit clonogenicity, the ability to grow from a single cell into a
colony. Representative image of a Sca-1" colony expanded from a single cell

plated by limiting dilution.

Figure 2. sPDNF stimulates proliferation and survival of CPCs in vitro and in vivo

A)

D)

sPDNF functions as a growth factor for CPCs in vitro. Cells were cultured in the
presence or absence of 4 ug/ml sPDNF. Cell counts were recorded at each
passage and summed for a cumulative cell number.

sPDNF preserves CPC viability in the presence of H,O,. CPCs were treated with
300 ng/ml sPDNF (+sPDNF +H»03) or PBS vehicle (+H20-) for 30 min prior to
incubation with H,O, or PBS vehicle (Vehicle) for 3.5 hours. Cell viability was
assessed by quantitating percentage of cells not propidium iodide/Hoechst
positive. Results are the mean + SD; **, p<0.01; ***; p<0.001.

IV sPDNF increases expression of cardiac Sca-1 mRNA. sPDNF (3 mg/kg)
administered to naive mice (n=3) resulted in higher levels of Sca-1 mRNA
compared with vehicle-injected controls (n=3). Results are the mean * SD of fold
change expression relative to control mice. **, p<0.01; ***, <0.001.

Sca-1 mRNA is preferentially upregulated in a dose-dependent manner in the left
ventricles of mice intravenously injected with SPDNF. Mice were injected with

various doses of IV sPDNF (n=2) or vehicle control (n=2) and euthanized 3 hours

36

20z ‘ST |1MdV uo speuinor 134SY e Bio'sfeuinofiedse ed[ wiol) papeojumoq


http://jpet.aspetjournals.org/

JPET Fast Forward. Published on October 22, 2018 as DOI: 10.1124/jpet.118.251900
This article has not been copyedited and formatted. The final version may differ from this version.

JPET#251900

post-injection. results are the mean + SD of fold change expression relative to

control mice. ***, p<0.001.

Figure 3. Intravenous administration of sSPDNF stimulates CPC proliferation in a

mouse model of chronic Chagas cardiomyopathy

A)

Experimental protocol to test the effect of IV sPDNF in a mouse model of CCC.
Female C57BL/6J mice were injected with Colombian T. cruzi (varying doses and
routes of inoculation); age-matched controls (Uninf) were injected with PBS only.
At 5 months post injection, on days 150, 157, and 164, mice were injected with
25 ug IV sPDNF (3 mg/kg) (CCC-sPDNF) or 200 pl PBS vehicle (CCC-Veh).
Injections were performed at T = 0, 3, and 24h. Two months after final injection,
on day 220, mice underwent echocardiography (echo) prior to euthanasia and
harvest.

IV sPDNF augments Sca-1 transcript in the hearts of mice with experimental
CCC. Sca-1 mRNA is significantly increased in CCC-sPDNF hearts compared to

CCC-Veh or Uninf age-matched controls **, p<0.01; ***, p<0.001.

C) An increased cardiac Sca-1" progenitor cell population in CCC mice receiving IV

sPDNF reflects the elevation in Sca-1 transcript. CCC-sPDNF mice (n=3) have a
larger cardiac Sca-1" cell population than uninfected mice (n=2) or CCC-Veh
(n=3). Sca-1" cells were quantified by flow cytometry. Results are the mean +

SD.
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Figure 4. Intravenous sPDNF decreases T lymphocyte infiltration into the
myocardium in a mouse model of chronic Chagas cardiomyopathy
A) IV sPDNF markedly reduces CD4" and CD8" T cell infiltration into the
myocardium. sSPDNF injection (n=3) significantly reduced the number of
infiltrating T cells relative to the focal inflammation seen in CCC-Veh (n=2).
Hearts were stained for CD4" and CD8" cells by immunohistochemistry.
Quantification was performed using a grid overlay in ImageJ; positive squares
(fields) within the grid were calculated as a percentage of all fields and averaged.
*** p<0.001. Results were repeated in a second mouse cohort.
B) CD45"/CD3" leukocytes are reduced in the hearts of in sPDNF-injected mice
relative to vehicle controls. Whole heart lysates were analyzed by flow cytometry.

n=2 mice per group.

Figure 5. Intravenous sPDNF reduces cardiac remodeling in a mouse model of
chronic Chagas cardiomyopathy

Female C57BL/6J mice were infected with 1,000 Colombian T. cruzi by IV injection and
treated with sSPDNF or vehicle control 5 months post-infection.

A) Representative m-mode echocardiograms from uninfected mice, mice with CCC
receiving vehicle treatment (CCC-Veh), and CCC mice treated as in Figure 3 with
sPDNF (CCC-sPDNF).

B) LV chamber size/dilation was assessed by echocardiography. Uninf, n=9, CCC-
Veh, n=8, CCC-sPDNF, n=10. *, p<0.05; **, p<0.01. Combined data from 2

independent experiments.
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C) CCC mice receiving sPDNF treatment do not exhibit cardiac hypertrophy.
Representative images of hearts excised from uninfected mice, CCC mice 8
weeks post-injection of SPDNF, and CCC mice 8 weeks post-injection of vehicle
(CCC-Veh).

D) sPDNF injection reverses cardiac hypertrophy to levels of baseline Uninf.
Hypertrophy was quantified by weighing the whole heart (heart weight, HW) and
normalizing to tibia length (TL). **, p<0.01; ***, p<0.001.

E) IV sPDNF reduces cardiomyocyte cross-sectional area (CSA). Cardiac cross-
sections were stained with hematoxylin and eosin, and cardiomyocyte area was
measured using SPOT Advanced software. Uninf, n=3, CCC-Veh, n=2, CCC-

sPDNF, n=3. ***, p<0.001.

Figure 6. sSPDNF reduces cardiac fibrosis and progression of atrioventricular
block in a mouse model of chronic Chagas cardiomyopathy
A) IV sPDNF substantially reduces fibrosis in CCC-sPDNF hearts relative to CCC-
Veh. Mouse LVs were stained with Sirius Red (stains collagens) and Fast Green
(stains non-collagenous proteins) for high-contrast visualization of fibrotic tissue.
Whole section stitched images were used to quantify percent fibrosis (percent
red) using Keyence BZ-X Analyzer. Uninf, n=3, CCC-Veh, n=2, CCC-sPDNF,
n=3. ***, p<0.001.
B) sPDNF partially restores LV contractility rate. Mice receiving sPDNF exhibited

less severe LV bradycardia than mice injected only with vehicle. LV heart rate
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was captured by echocardiography 8 weeks post-treatment. Uninf, n=9, CCC-
Veh, n=8, CCC-sPDNF, n=10. **, p<0.01.

C) IV sPDNF mitigates progression of AV block. Mice treated with sSPDNF exhibited
less severe AV block relative to CCC-Veh mice. Representative
electrocardiograms 8 weeks post-treatment show normal tracing in Uninf,

complete heart block in CCC-Veh, and first-degree block in CCC-sPDNF.
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Tables

Table 1. Echocardiography for CCC mice.
Uninf CCC-Veh CCC-sPDNF

End Diastolic Diameter (mm) 3.637 = 0.30 4629 + 1.03° 3.489 = 0.49°
End Systolic Diameter (mm) 2620 +* 043 3.233 = 1.06 2142 + 0.55°
'(“r;‘:ﬁ)”orwa"ThiCk”ess 0780 + 013 0771 + 019 0776 % 0.10
'(Drgfr:;e”orwa”ThiCk”ess 0.879 + 020 0864 + 027 0872 + 0.25
Heart Rate (bpm) 4389 + 524 2263 + 124.2° 3478 + 131.0
Ejection Fraction (%) 5458 + 12.26 5859 * 11.05 6869 * 15.06
Fractional Shortening (%) 2824 + 8.35 31.20 = 6.72 39.13 = 12.27
LV Mass (mg) 10623 + 22.57 164.98 + 89.04 97.96 + 22.54¢

bpm, beats per minute

Uninf, n=9; CCC-Veh, n=8; CCC-sPDNF, n=10. Mean + SD is indicated for each parameter.
a, p<0.05, Uninf vs. CCC-Veh; b, p<0.01, CCC-Veh vs. CCC-sPDNF;
¢, p<0.01, Uninf vs. CCC-Veh; d, p<0.05, CCC-Veh vs. CCC-sPDNF
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Table 2. sPDNF mitigates progression of atrioventricular block.
No Block 1° Block 2° Block 3° Block
CCC-Veh 0% 0% 29% 71%
CCC-sPDNF 20% 40% 10% 30%

CCC-Veh, n=7; CCC-sPDNF, n=10.
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