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Improved Biomarker and Imaging Analysis for Characterizing
Progressive Cardiac Fibrosis in a Mouse Model of Chronic
Chagasic Cardiomyopathy

Kristyn A. Hoffman, DVM; Corey Reynolds, PhD; Maria Elena Bottazzi, PhD; Peter Hotez, MD, PhD; Kathryn Jones, DVM, PhD

Background—Chronic chagasic cardiomyopathy (CCC), caused by Trypanosoma cruzi infection, is an important public health
problem attributable to progressive cardiomyopathy in patients, for which there is no cure. Chronic chagasic cardiomyopathy is
characterized by myocarditis and cardiac fibrosis, which leads to life-threatening arrhythmogenic and circulatory abnormalities.
This study aimed to investigate cardiac fibrosis progression in a mouse model of chronic chagasic cardiomyopathy.

Methods and Results—Cardiac cells infected with T cruzi produced significantly higher concentrations of transforming growth
factor-p (TGF-B), connective tissue growth factor, endothelin-1, and platelet-derived growth factor-D than noninfected controls.
Female Balb/c mice infected with T cruzi were compared with naive mice. TGF-3 genes and other TGF-B superfamily genes, as well
as connective tissue growth factor, endothelin-1, and platelet-derived growth factor, were upregulated in infected mouse hearts.
Serum concentrations of TGF-B, connective tissue growth factor, and platelet-derived growth factor-D were higher in infected
mice and correlated with cardiac fibrosis. Strain analysis performed on magnetic resonance images at 111 and 140 days
postinfection and echocardiography images at 212 days postinfection revealed significantly elevated left ventricular strain and
cardiac fibrosis and concomitantly significantly decreased cardiac output in infected mice.

Conclusions—TGF-B, connective tissue growth factor and platelet-derived growth factor-D are potentially useful biomarkers of
cardiac fibrosis, as they correlate with cardiac fibrosis. Strain analysis allows for use of noninvasive methods to measure fibrosis in
the chronic stages of chagasic cardiomyopathy in a mouse model. These findings can be applied as noninvasive tools to study the
effects of interventions and/or therapeutics on cardiac fibrosis development when using a mouse model of chronic chagasic
cardiomyopathy. (/ Am Heart Assoc. 2019;8:e013365. DOI: 10.1161/JAHA.119.013365.)

Key Words: cardiac remodeling * echocardiography ¢ Chagas heart failure

hagas disease is a neglected tropical disease caused by
infection with the parasite Trypanosoma cruzi that
currently affects an estimated 6 to 7 million people.”?
Following T cruzi infection, patients typically enter an
asymptomatic (or indeterminate) phase. Approximately 30%
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of indeterminate patients will eventually progress to the
chronic cardiomyopathy stage of Chagas disease, also known
as chronic chagasic cardiomyopathy (CCC).® Patients with
CCC can experience fatal arrhythmias or develop progressive
heart failure, characterized by heart failure symptoms at a
less-than-ordinary level of physical activity and the presence
of heart failure symptoms at rest, respectively.* The World
Health Organization estimates that >1 million people suffer
from CCC.'

There is a need to improve the diagnosis and treatment of
CCC. Some risk factors for patients with Chagas disease who
develop CCC have been identified. However, there are
currently no reliable biomarkers for predicting its onset.”
Moreover, the current treatment for patients with CCC is
mainly palliative and includes medical management with
angiotensin-converting enzyme inhibitors, B-blockers, digoxin,
antiarrhythmics, pacemaker implantation or heart transplant,
and antiparasitic treatment with benznidazole and nifurtimox.®
Parasite-specific treatment, while reducing parasitemia, does
not have an effect on the progression of cardiomyopathy.”
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Fibrosis Monitoring in Chronic Chagas Disease Hoffman et al

Clinical Perspective

What Is New?

* This study describes transforming growth factor-B, connec-
tive tissue growth factor, and platelet-derived growth factor-
D as potentially useful biomarkers of cardiac fibrosis, which
are induced by chronic infection with Trypanosoma cruzi.

» Cardiac strain analysis with either magnetic resonance
imaging or echocardiography can analyze cardiac fibrosis
in vivo in the chronic stages of chagasic cardiomyopathy
and is a more sensitive tool for measurement of cardiac
dysfunction than traditional cardiac imaging parameters,
including ejection fraction.

What Is the Clinical Perspective?

Transforming growth factor-f, connective tissue growth
factor, and platelet-derived growth factor-D are profibrotic
biomarkers that represent treatment targets to specifically
address cardiac fibrosis in chronic chagasic cardiomyopa-
thy, as well as a means to monitor cardiac fibrosis signaling.
Profibrotic biomarkers have the potential to enhance the
characterization and assessment of cardiomyopathy devel-
opment in chronic chagasic cardiomyopathy, in addition to
traditional cardiac biomarkers, such as troponin and natri-
uretic peptides.

Cardiac strain analysis is a sensitive method to acquire
longitudinal measurements in the same animal, which is not
possible with the traditional method of measuring fibrosis
on histopathology, and will have many applications in
monitoring disease progression and analysis of therapeutic
and preventative treatments.

Cardiac fibrosis is the signature lesion in the hearts of
patients with CCC, so understanding the sequence of events
leading to fibrosis is fundamental to elucidating the patho-
genesis of this condition. Fibrosis is also the most important
predictive variable for the presence of ventricular arrhyth-
mia.® The discovery of specific cytokines or chemical
mediators that lead to cardiac fibrosis might also help to
identify new biomarkers or diagnostic tools for CCC,
especially for resource-poor areas where cardiac imaging is
not readily accessible. Revealing these chemical mediators
might also help to shape a road map toward discovering new
therapeutics for CCC. For example, noninfectious models of
cardiac disease have identified several signaling molecules
integral to the profibrotic pathway in the heart, including
transforming growth factor-f (TGF-B), connective tissue
growth factor (CTGF), endothelin-1 (ET-1), and platelet-
derived growth factor (PDGF). Inhibition of these factors or
treatments that block these factors significantly reduce
fibrosis signaling and development in other models of cardiac
fibrosis. 02

Our overall goal is to develop both in vitro and in vivo
(animal model) approaches to studying the sequence of
events leading to cardiac fibrosis in Chagas disease, with an
aim to identify and develop biomarkers or potential treatment
targets for CCC. The in vitro studies identified the participa-
tion of cardiac-specific cell types and chemical mediators in
fibrotic signaling, while the mouse model determines how
these signaling events lead to the chronic phase of CCC
in vivo. In addition, we correlated cardiac fibrosis with cardiac
strain analysis of noninvasive cardiac imaging, including
magnetic resonance imaging (MRI) and echocardiography.
Visualizing progression of cardiac fibrosis will allow us to
begin pairing imaging with signaling pathways.

Materials and Methods

Parasites and Lysate

T cruzi H1 strain, originally isolated from a human patient in
Mexico,23 was used for infection studies. T cruzi Tcl H1 strain
blood-form trypomastigotes were collected from the blood of
infected Balb/c mice at peak parasitemia at 24 to 32 days
postinfection (DPI), washed once with sterile phosphate
buffered saline, then resuspended in appropriate cell culture
media (Complete Cell Culture Media for cardiac cells, Complete
Fibroblast Media for cardiac fibroblasts; Cell Biologics, Chicago,
IL). Parasite lysate was generated from T cruzi Tcl H1 strain
epimastigotes that were grown from trypomastigotes in liver-
infusion tryptose medium at 28°C. The lysate was made using
10 million log phase epimastigotes with the cOmplete Lysis-M
kit (Sigma-Aldrich, St. Louis, MO) according to the manufac-
turer’sinstructions, followed by 3 freeze-thaw cycles. The lysate
was sonicated for 15 seconds at the minimum setting 3 times
to form a more homogenous lysate. The protein concentration
of the lysate was quantified using the BCA protein assay kit
(Thermo Fisher Scientific, Waltham, MA), following the manu-
facturer’s instructions.

Cell and Animal Infections

Adult Balb/c mouse primary cardiac cells and cardiac fibrob-
lasts (Cell Biologics, Chicago, IL) were cultured according to
supplier guidelines and grown for 24 hours before infection.
Cell cultures were washed once with phosphate buffered saline,
then infected with blood-form trypomastigotes suspended in
appropriate medium at a multiplicity of infection of 3 blood-form
trypomastigotes per cell. Control cultures were grown in
identical conditions but were treated with medium alone or
100 pg/mL of parasite lysate. Cell culture medium was
replaced every 24 hours. Supernatant samples were collected
during medium changes, at the following time points: 6 hours,
24 hours, 48 hours, and 72 hours after infection.
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All experimental procedures using animals in this study
were performed in compliance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals,
Eighth Edition, under a protocol reviewed and approved by the
Baylor College of Medicine Institutional Animal Care and Use
Committee (protocol no. AN-5973).%* Two groups of BALB/c
female mice, age 6 to 8 weeks (Taconic Biosciences,
Rensselaer, NY) were injected intraperitoneally with 500
T cruzi H1 blood-form trypomastigotes suspended in 0.1 mL
of sterile saline (n=40) or sterile saline alone (n=10), as
previously described.?®> Mice were evaluated daily for sys-
temic signs of disease, including ruffled coat, lethargy,
hunched posture, dyspnea, and visible weight loss. These
signs were used as end point determinants and mice that
reach end point were humanely euthanized.

Successful infection was assessed by evaluation of para-
sitemia. Briefly, blood was collected via tail puncture at 28 DPI,
total DNA was isolated using DNEasy blood and tissue kit
(Qiagen, Hilden, Germany), and 10 ng DNA was used in
quantitative real-time polymerase chain reaction as previously
described.?® Animal survival was also measured over the course
of the infection. The mice were followed for 111, 140, and 209
DPI, with 1 cohort of mice (n=10—14) euthanized at each of
these time points. Before euthanasia, these animals were
imaged with cardiac MRI (111 and 140 DPI) and echocardio-
graphy (209 DPI). At each end point, hearts were collected and
sections were flash frozen for real-time polymerase chain
reaction analysis and immersed in 10% neutral buffered
formalin for histopathology processing and analysis. Serum
from the mice collected at endpoint was immediately frozen for
ELISA analysis. The infection timeline is illustrated in Figure 1.

Cardiac Imaging
Cardiac MRI

Mice were induced and maintained at a surgical plane of
anesthesia with inhaled isoflurane and positioned in dorsal
recumbency on a temperature-regulated sled. Mice were
monitored with a rectal thermometer, pneumatic pillow, and
Doppler ECG with 2 leads to allow for gating for respiration

and cardiac rhythm, which was controlled for optimum
anesthetic depth at 315 to 350 bpm. A Bruker Advance 9.4
Tesla horizontal 20-cm bore MRI scanner (Bruker Corporation,
Billerica, MA) was used for image acquisition. Short-axis
images were obtained with a Bruker software package, Intra-
grate, of the left ventricle at the level of the papillary muscles
with the following parameters: TE=2.5 ms, TR=8 ms, NEX=6.
Tagged short-axis images of the left ventricle were obtained
with gating for respiration and heart rhythm, with 50
representative images obtained per animal, using the spatial
modulation of magnetization technique. The field of view was
3 cm, the matrix was 256x256 with a slice thickness of
1 mm, resulting in an in-plane spatial resolution of 117
micrometers. Images were analyzed with Myocardial Solutions
(Morrisville, NC) software by harmonic-phase analysis of
tagged images to obtain measurements of circumferential
strain of the left ventricle.

Echocardiography

Mice were anesthetized and positioned on a temperature-
regulated plate, as stated above. Fur from the entire ventral
thorax was removed with motor trimmers. Mice were
monitored with a rectal thermometer and Doppler ECG with
4 leads. Heart rate was maintained at 370 to 410 bpm to
achieve appropriate anesthesia as a method of chemical
restraint. Echocardiography was performed with Vevo 2100
imaging system (FUJIFILM VisualSonics, Inc, Toronto, Ontario,
Canada) with a 40-megahertz probe transducer. The sternum
was coated with a layer of ultrasound gel and the left
parasternal window was used to obtain both long- and short-
axis echocardiogram images of the left ventricle in B-mode.
M-mode images were then obtained at the papillary level of
the short-axis view to determine systolic and diastolic
chamber dimensions. The images were analyzed with Vevolab
echocardiogram analysis software (FUJIFILM VisualSonics,
Inc, Toronto, Ontario, Canada). The left ventricle dimensions
were obtained from the M-mode images to determine ejection
fraction (EF), stroke volume, and cardiac output. Each
measurement represents the mean of 15 cardiac cycles of
identical projection, transducer position, and angle of frozen

T. cruzi MRI
500 bt Heart collection

Days 0 111

Heart Collection

% ! | |

MRI Echocardiography
Heart Collection

140 212

Figure 1. Timeline for experimental infection, anatomical real-time cardiac magnetic resonance
imaging (MRI), echocardiography, and cardiac tissue collection in a chronic chagasic mouse

model. bt indicates blood-form trypomastigotes.
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images. The short- and long-axis left ventricle B-mode
images were analyzed using VevoStrain software (FUJIFILM
VisualSonics, Inc, Toronto, Ontario, Canada), with each
measurement representing 3 cardiac cycles per position.
The short-axis images were used to obtain circumferential
strain. The long-axis images were used to obtain longitudinal
strain.

Cardiac Tissue Gene Expression Analysis

Cardiac tissues were processed using the RNeasy Mini kit
(Qiagen, Hilden, Germany) to isolate and purify mRNA. cDNA
synthesis was performed using the RT? First Strand kit
(Qiagen, Hilden, Germany). The cDNA (20 pg) was used in the
RT? Profiler PCR Array Mouse Fibrosis kit (Qiagen, Hilden,
Germany; genes listed in Table S1) with SYBR Green
RoxMastermix (Thermo Fisher Scientific, Waltham, MA). Gene
expression was quantified and normalized against mouse
housekeeping gene expression levels.

Measurement of Secreted Profibrotic Factors

Cell culture supernatants were tested for concentrations of
TGF-B, CTGF, PDGF-D, and ET-1 using ELISA kits (Thermo
Fisher Scientific, Waltham, MA; G-Biosciences, St. Louis, MO;
Abclonal, Woburn, MA) according to manufacturers’ instruc-
tions. Two technical and biological replicates were measured
for each factor analyzed. Serum harvested from infected
mice was used to measure concentrations of TGF-B, CTGF,
PDGF-D, and ET-1 by ELISA (Thermo Fisher Scientific,
Waltham, MA; G-Biosciences, St. Louis, MO; Abclonal,
Woburn, MA) according to manufacturers’ instructions.
Three technical replicates were measured for each factor
analyzed.

Histopathology of Cardiac Inflammation and
Fibrosis

Cardiac tissue was removed from euthanized mice and
immediately fixed in 10% formalin solution for histopatholog-
ical analysis. The samples were dehydrated, embedded in
paraffin, sectioned to 5 mL, fixed, and stained with hema-
toxylin-eosin and Masson’s trichrome for the quantification of
inflammation and fibrosis, respectively.

Analysis of the stained sections was performed on 3
representative images of the left ventricle, at the basal, apical,
and midventricular regions. Images of the sections were
obtained with an AmScope ME580 bright field microscope
(AmScope, Irvine, CA) equipped with LMPLAN40-065 40X
objective using an 18-megapixel camera at fixed upper and
lower light levels. The images were analyzed using Image)
software (National Institutes of Health, Bethesda, MD) to

obtain quantitative measurements of pixels corresponding to
inflammation on the hematoxylin-eosin—stained sections and
fibrosis on the Masson’s trichrome—stained sections. Three
sampling areas per section were analyzed, with 2 sections per
heart per mouse analyzed. Briefly, for total fibrosis and
inflammation, a numerical value of the total myocardium and
the fibrosis or inflammation volume were obtained. The
fraction of total volume of fibrosis or inflammation per area of
the myocardial section analyzed was calculated for each
animal. Total myocardial area was quantified as the area of
inflammation or fibrosis added to the area of myocardium
(white background in the images was subtracted from total
area).

Statistical Analysis

The in vitro profibrotic factor concentration measurements
from cell culture supernatant were compared using 2-way
ANOVA with Tukey’s correction for multiple comparisons. The
Student ¢ test was utilized for the remainder of the data to
determine differences between the means of 2 groups for
variables with normal distribution and homogenous variance.
Correlation and linear regression were measured by using the
least-squares method, including multiple regression analysis.
Analyses were performed using Prism software, version 8.0
(GraphPad Software, La Jolla, CA), with all differences
between treatment groups considered significant if the
P value was <5%.

Results

Infection and Mortality

Successful infection was measured by detecting T cruzi
parasites in the blood at 28 DPI. All infected animals had
positive parasitemia, while none of the control animals were
found to have parasitemia. Infected groups had an overall
mortality of 40% compared with 0% in uninfected age-
matched controls (Table S1). Mortality was higher in the
acute phase of the disease (35%) than in the chronic phase
(5%). Thus, a total of 20 animals (10 at each time point,
with 4 uninfected control animals) underwent cardiac MRI
at 111 and 140 DPI. A total of 14 animals at 209 DPI
underwent echocardiography (10 infected and 4 naive
control mice).

Histopathological Findings

Analysis of the histopathological sections revealed progres-
sive development of diffuse fibrosis in the cardiac tissue of
the infected mice. Cardiac fibrosis was quantified as a total
percentage of the heart tissue. Infected mice showed
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significant progressive cardiac fibrosis (Figure 2B), with an Cardiac inflammation was quantified as a total percentage of
average of 4.2% at 111 days, increasing to 6.09% at 140 days the heart tissue and found to be increased in the infected mice
and 10% at 212 DPI (Figure 2E). over time as infection progressed (Figure 2F). At 111 DPI, the
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Figure 2. Cardiac tissue histopathology. lllustrative representations of histological sections stained with
Masson’s trichrome obtained from naive control (A) and infected (B) mice at 140 days postinfection (DPI).
Histological sections were stained with Masson’s trichrome, with cardiac muscle appearing in red and
collagen fibers (quantified for fibrosis), appearing in blue. lllustrative representations of histological sections
stained with hematoxylin and eosin stain from naive control (C) and infected (D) mice at 140 DPI.
Histological sections were stained with hematoxylin and eosin (H&E), with cardiac muscle with this staining
appears pink and the nuclei of infiltrating inflammatory cells appears purple. Each point represents the
mean of all animal data (n=10—14). Longitudinal representation of the percentage of relative inflammation
(E) and fibrosis (F) progression over the course of the infection timeline is shown. Data are plotted as
meanzstandard deviation (SD). *P<0.05, **P<0.01, ***P<0.001.
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infected group had significantly more inflammation, at 4.996%,
than the control group, at 2.448%. At 140 DPI, the infected
group was again found to have significantly more inflammation
(Figure 2D), at 3.915%, than the naive uninfected group, at
2.487%. At 212 DPI, the infected group was found to have
significantly higher inflammation, with 4.057% total area, than
the control group, at 2.821% total area. Inflammation in the
infected groups decreased over the course of infection, from
4.996% at 111 DPI to 4.047% at 212 DPI.

Cardiac Tissue Fibrosis Gene Expression

Hearts collected at 140 DPI from infected and control mice
were analyzed for expression of genes known to be associated
with fibrosis in the mouse. Genes in the TGF-f3 superfamily were
found to be highly upregulated in infected cardiac tissue
compared with naive control cardiac tissue, ranging from
139.97- to 3630.62-fold increases (Table 1). Growth factor
genes were also found to be highly upregulated in infected
cardiac tissue compared with naive control cardiac tissue,
including the following: CTGF, ET-1, PDGF, hepatocyte growth
factor, and vascular endothelial growth factor A (Table 1).

Table 1. Cardiac Tissue Expression of Fibrosis Genes

Fold Upregulation Fold Upregulation
Gene Infected/Control Gene Infected/Control
TGF-B Superfamily Growth Factors
Cav1 332.45 Ctgf 822.57
Den 593.46 Edn1 241.69
Grem1 625.56 Pdgfa 453.51
Ltbp1 336.86 Pdgfb 2443.95
Smad2 311.91 Vegfa 1342.77
Smad3 665.36 Hof 766.42
Smad4 535.22
Smad6 482.04
Smad7 473.75
Tafb1 123.13
Tgfb2 1705.52
Tafb3 615.24
Tgfbr1 139.97
Tafbr2 176.31
Tgif1 233.45
Thbs1 3630.62
Thbs2 2076.59

Shown are the fold changes in gene expression for genes belonging to the TGF-B
superfamily and growth factor group. Fibrosis Profile RT? PCR panel was used to analyze
the fold difference in gene expression between hearts from infected and naive control
mice. TGF-B indicates transforming growth factor-f3.

Cardiac Cell Profibrotic Factors

TGF-P was significantly elevated in cardiac cells at 24 hours after
infection (Figure 3A) and at 6 and 24 hours after infection in
cardiac fibroblasts (Figure 3B). CTGF was significantly elevated
in cardiac cells and cardiac fibroblasts at 6 and 24 hours after
infection (Figure 3C and 3D). PDGF-D was significantly elevated
in cardiac cells at 6 and 24 hours after infection (Figure 3E) and
at 6 hours after infection in cardiac fibroblasts (Figure 3F).
Significant elevations of ET-1 were seen only in the supernatant
of T cruzi—-infected cardiac fibroblasts at 24, 48, and 72 hours
postinfection (Figure 3H). Importantly, the only groups with
elevations of any of these profibrotic factors were cells exposed
to whole, live parasites, indicating the necessity of infection for
these factors to be released from these cells in higher amounts.
There were no significant differences in the concentrations of any
of the factors between the cell groups treated with parasite
lysate or medium alone at any time point.

Fibrosis Biomarkers in a Mouse Model of CCC

The profibrotic factors elevated in the supernatant of infected
cardiac cell cultures were measured in the serum of both
chronically infected mice and naive control mice. ET-1 was not
detectable in any of the serum samples collected from either
infected or control mice (data not shown). TGF-f was
significantly elevated in the serum of infected mice at all
time points, with the highest concentration at 140 DPI
(Figure 4A). CTGF was significantly elevated in the serum of
infected mice from 140 to 212 DPI, with the highest
concentration at 212 DPI (Figure 4B). PDGF-D was signifi-
cantly elevated in the serum of infected mice at all time
points, increasing at each time point to the highest concen-
tration at 212 DPI (Figure 4C).

Cardiac Imaging
Analysis of LV Circumferential Strain MR/

Peak circumferential strain at 111 DPI was significantly
greater in the infected group, at —7%, compared with the
control group, at —13% (P=0.0276), illustrated in Figure 5A.
The infected group at 140 DPI had significantly more strain, at
—3.3%, than the control, at —8% (P=0.0001), illustrated in
Figure 5A. No arrhythmias were seen during the MRI in any
group at either time point.

Analysis of Left Ventricular Endocardial Strain
Echocardiography

Left ventricular (LV) strain was quantified with the short axis
(circumferential strain) and longitudinal axis (longitudinal
strain) echocardiography and compared between infected
and control groups. Peak LV endocardial circumferential strain
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Figure 3. Profibrotic factor protein concentrations in supernatant of primary Balb/c cardiac cells and cardiac fibroblasts
treated with T. cruzi Tcl H1 blood-form trypomastigotes (H1 infected), parasite lysate, or media alone (control) were
measured with ELISA. Shown are the concentrations of transforming growth factor-p (TGF-f) in cardiac cells (A) and cardiac
fibroblasts (B), connective tissue growth factor (CTGF) in cardiac cells (C) and cardiac fibroblasts (D), platelet-derived
growth factor-D (PDGF-D) in cardiac cells (E) and cardiac fibroblasts (F) and endothelin-1 (ET-1) in cardiac cells (G) and
cardiac fibroblasts (H). Data are plotted as mean+SD. *P<0.05, **P<0.01, ****P<0.0001.
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Figure 4. Profibrotic factor concentrations in mouse serum throughout CCC progression. Mice infected
with T cruzi Tcl H1 strain (infected) were compared with naive control mice (naive). Serum was collected at
111, 140, and 212 days postinfection (DPI) end points. Concentrations of transforming growth factor-8
(TGF-B) (A), connective tissue growth factor (CTGF) (B), and platelet-derived growth factor-D (PDGF-D) (C)
were measured with ELISA. Data are plotted as mean+SD. *P<0.05, **P<0.01, ***P<0.001.

was significantly greater in the infected group, at —11%, than
the control group, at —22% at 209 DPI (Figure 5B). Peak LV
endocardial longitudinal strain (Figure 5C) was also signifi-
cantly greater in the infected group, at —8.9%, than the
control group, at —13.8% at 209 DPI (P=0.0008).

Infected animals exhibited a consistent elevation in
circumferential strain (measured with MRI and echocardiog-
raphy) compared with controls at all time points (Figure 5D),
with a 1.86-fold difference (average difference, 5.45%) at 111
DPI, 2.93-fold difference (average difference, 4.61%) at 140
DPI and 1.87-fold difference (average difference, 9.57%) at
212 DPI. No arrhythmias were seen during echocardiography
in any group.

Analysis of LV Function

Quantitative analysis of short-axis echocardiography was
performed on echocardiography images from infected and
control animals to determine EF and cardiac output. Overall
EF in the infected group was not significantly different than EF
in the naive group, at 209 DPI (Figure 6A). However, 3
animals in the infected group (37.5%) had reduced EF (38.6%,
45.06%, 47.49%), compared with the mean of the control
group (EF=53.01% 4-5.138). Cardiac output was significantly

lower in the infected group (Figure 6B), with an average of
12.66 mL/min, than the control group, with an average of
14.77 mL/min (P=0.0044). Reduction in cardiac output was
not dependent on EF, as there was no significant difference
between infected animals with or without reduced EF.

Correlation Analysis

Serum concentrations of TGF-B, CTGF, and PDGF-D had a
significant positive correlation with cardiac fibrosis measured
with histopathology at all time points (Table 2). Serum
concentrations of TGF-B, CTGF, and PDGF-D had a significant
positive correlation with both circumferential and longitudinal
cardiac strain measured with echocardiography at 212 DPI
(Table 2). Serum concentration of CTGF was found to have a
significant positive correlation with circumferential strain
measured with MRI at 140 DPI (Table 2). Serum concentra-
tions of TGF-B, CTGF, and PDGF-D had a significant negative
correlation with cardiac output measured with echocardiog-
raphy at 212 DPI (Table 2).

Peak LV circumferential strain measured with MRl was
significantly correlated to relative fibrosis measured on
histopathology (Table 2). Correlation between the 2 measure-
ments was stronger at 140 DPI than 111 DPI.
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Table 2. Correlation Analysis of Fibrosis Monitoring Methods

Correlation Coefficient (r) Correlation Correlation Coefficient (r)
Monitoring Method Monitoring Method 111 DPI Coefficient (r) 140 DPI 212 DPI
Serum TGF-B Cardiac fibrosis 0.8303* 0.8156* 0.8400**
Serum TGF-B Circumferential strain 0.433 0.5334 0.7249*
Serum TGF-B Longitudinal strain ND ND 0.7108***
Serum TGF-B Cardiac output ND ND —0.7969*
Serum CTGF Cardiac fibrosis 0.7916* 0.8675* 0.7785*
Serum CTGF Circumferential strain 0.5278 0.4982 0.8688**
Serum CTGF Longitudinal strain ND ND 0.676**
Serum CTGF Cardiac output ND ND —0.6935***
Serum PDGF-D Cardiac fibrosis 0.8940** 0.8710* 0.9114%
Serum PDGF-D Circumferential strain 0.625 0.6236 0.619**
Serum PDGF-D Longitudinal strain ND ND 0.9013**
Serum PDGF-D Cardiac output ND ND —0.6892***
Cardiac fibrosis MRI circumferential strain 0.7635** 0.8273* ND
Cardiac fibrosis Echocardiography circumferential strain ND ND 0.9193****
Cardiac fibrosis Echocardiography longitudinal strain ND ND 0.8721*
Cardiac fibrosis Ejection fraction ND ND —0.6193
Cardiac fibrosis Cardiac output ND ND —0.8215*
Cardiac output Cardiac inflammation ND ND —-0.1912
Cardiac output Echocardiography circumferential strain ND ND —0.8365**
Cardiac output Echocardiography longitudinal strain ND ND —0.8387*

Histopathology images were used to quantify cardiac fibrosis and inflammation. Fibrosis biomarker levels were measured in the serum of mice by ELISA. Cardiac strain was measured from
magnetic resonance and echocardiography imaging. Cardiac output and ejection fraction were measured from echocardiography imaging. Shown are the correlative coefficients and
significance of the correlations. Correlations not performed are labeled ND. CTGF indicates connective tissue growth factor; DPI, days postinfection; PDGF-D, platelet-derived growth

factor-D; TGF-B, transforming growth factor-p.
*P<0.01, **P<0.001, ***P<0.05, ****P<0.0001.

Cardiac output had a significant negative correlative
relationship with cardiac fibrosis. LV endocardial circumferen-
tial strain measured with echocardiography had a significant
positive correlation with fibrosis quantified on histopathology.
LV endocardial longitudinal strain measured with echocardio-
graphy had a strong, significant positive correlation with
fibrosis quantified on histopathology (Table 2).

Because of the findings that cardiac inflammation was
significantly increased in infected mice relative to controls,
the correlative relationship between cardiac inflammation and
cardiac output measured with echocardiography was investi-
gated. Cardiac inflammation measured on histopathology did
not have a correlative relationship with cardiac output decline
(Table 2).

Discussion

We developed an in vitro method and characterized a mouse
model that replicates the progressive fibrosis and cardiac
dysfunction seen in human disease. In our mouse model,

significantly increased cardiac strain and decreased cardiac
output were detectable using 2 noninvasive imaging modal-
ities. At each time point, cardiac strain correlated with
cardiac fibrosis as measured on histopathology. Taken
together, these data demonstrate that strain analysis using
MRI and echocardiography is useful for monitoring progres-
sive cardiac fibrosis. Further, we showed that the serum
biomarkers of fibrosis, PDGF-D, CTGF, and TGF-f, correlate
with tissue fibrosis, cardiac strain, and cardiac output, making
them potentially useful biomarkers for monitoring the pro-
gression of fibrosis in this model of cardiomyopathy. Impor-
tantly, this is the first study to identify CTGF and PDGF-D as
participants in fibrosis signaling in CCC and as candidates for
biomarkers of fibrosis in CCC. This study also confirmed
elevated serum TGF-f in a mouse model of CCC and was the
first to define a correlation between cardiac fibrosis and
TGF-B in this model. To our knowledge, this is the first study
to demonstrate correlations between tissue fibrosis, fibrosis
biomarkers, and progressive cardiac dysfunction in a mouse
model of CCC.
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Cardiac Fibrosis as the Pathognomonic Lesion in
CCC

Existing studies using mouse models of CCC have focused on
the prevention or amelioration of cardiac fibrosis as only 1
component of disease pathology in the heart.'%' 22 |n this
model, cardiac inflammation was identified in chronically
infected mice. However, only fibrosis correlated with decline
in cardiac function. Although cardiac inflammation is clearly
present in our model of CCC, these results suggest that
assessment of cardiac fibrosis is paramount.

Improved Imaging Analysis of Cardiac Structure
and Function

To our knowledge, this is the first study to investigate
longitudinal cardiac fibrosis in a mouse model of CCC using
LV strain quantification. This high-resolution imaging analysis
allows for inspection of fine details of the disease in mice,
even in the absence of electrical or circulatory abnormalities.
In our study, at 111 and 140 DPI, all infected animals showed
significantly elevated global peak circumferential strain mea-
sured with MRI, which significantly correlated with cardiac
fibrosis on histopathology. Evaluating 111 and 140 DPI time
points allowed us to follow the progression of cardiac fibrosis,
whereas previously only pre- and postfibrosis time points
were examined.?’

The progressive cardiac MRI strain results in mice align
with comparable findings in human CCC patients, confirming
that our mouse model successfully replicates myocardial
fibrosis seen in humans.®?282% In the current study, we were
able to measure similar trends in mice without contrast
enhancement, using a simplified method with both circum-
ferential and longitudinal LV endocardial strain from echocar-
diography. The cardiac strain findings also significantly
correlated with the marked increased cardiac fibrosis quan-
tified on histopathology. In humans, longitudinal strain from
MRI is preferred; however, in our animal model, we were able
to see comparable differences with both longitudinal and
circumferential strain from echocardiography. The relative
ease of echocardiography versus MRI when imaging animals
demonstrates that this approach is suitable for characterizing
the progression of physical alterations in the ventricular wall
to monitor heart function in animal models. This finding will be
particularly useful for future preclinical studies designed to
evaluate the impact of novel treatments on infection-induced
myocardial fibrosis. No electrocardiographic abnormalities
were seen with any of the infected animals at any time point,
further suggesting that strain analysis allows for character-
ization of subclinical cardiac dysfunction in this animal model.
Myocardial fibrosis is seen in a significant number of
indeterminate human patients in the absence of overt cardiac

disease, that is, arrhythmias, supporting this conclusion.®®
Taken together, these findings demonstrate the significance
of cardiac fibrosis as a mechanism to increase cardiac strain,
detectable on 2 modalities of cardiac imaging.

The correlation between cardiac output decline, in the face
of preserved EF and relatively low cardiac inflammation and
increased cardiac fibrosis, is an important finding. EF was
significantly reduced in only 37.5% of the infected animals,
suggesting that this parameter alone is not a reliable indicator
of overall cardiac performance in animal models and thus
should be used in conjunction with other echocardiographic
parameters for successful assessment of LV functional
decline in animal models of CCC. The finding of significantly
reduced cardiac output in the face of preserved EF shows that
our mouse model of CCC develops heart failure with either
preserved or reduced EF.

The current study also illustrates the significant link
between cardiac fibrosis development with overall decline in
heart function in animal models. This association has several
components. First, we noted how cardiac fibrosis correlated
with both decreased cardiac output and increased LV strain.
As decreased cardiac output also correlated with increased LV
strain, the value of cardiac strain as a measure of cardiac
function is high in animal models of CCC. Assessment of LV
strain using echocardiography will be a valuable tool in
efficacy testing at the preclinical stage of therapeutic
development.

Yet another aspect of our studies was the use of serial
imaging using either MRI or echocardiography. Previously,
fibrosis was evaluated only with examination of end point
histopathology. While this method is the gold standard for
detecting myocardial fibrosis, it is limited to evaluating only
one time point during disease progression. The use of cardiac
MRI and echocardiography strain analysis to quantify cardiac
fibrosis in a longitudinal fashion will greatly benefit serial
preclinical evaluations of disease interventions and therapeu-
tics aimed at ameliorating pathology caused by chronic T cruzi
infection in individual animals. Using cardiac strain analysis of
cardiac MRI and echocardiography is a method that offers
longitudinal measurements of changes in ventricular wall
composition, which informs on levels of cardiac fibrosis
throughout disease.

Improved Biomarkers for Monitoring CCC

Fibrosis biomarkers represent a valuable diagnostic assess-
ment tool that can be used to longitudinally measure cardiac
fibrosis in a noninvasive manner. Biomarkers of cardiac injury
and dysfunction have been investigated in animal models and
humans with CCC, including cardiac troponin, B-type natri-
uretic protein, galectin-3, and others.? However, none of
these biomarkers can be used to predict onset of disease, as
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they are all elevated after cardiac dysfunction already exists.
Here, we show that the serum biomarkers PDGF-D, CTGF, and
TGF-B are elevated in a mouse model of CCC.

Measurement of these factors was done at both the
protein and gene expression levels. In the serum, the levels
of PDGF-D, CTGF, and TGF-B were elevated in mice with
fibrotic hearts. We also saw increased secretion of PDGF-D,
CTGF, and TGF-B from both cardiac cells and cardiac
fibroblasts upon infection with T cruzi in vitro. In addition,
the gene expression of these markers was significantly
elevated in the hearts of infected mice. Thus, it is highly
likely that all these factors are participatory in the signaling
that promotes development of cardiac fibrosis in response to
chronic T cruzi infection. The ability to measure circulating
levels in the blood throughout disease potentially provides
a powerful noninvasive monitoring tool in these animal
models.

In late chronic infection, we were able to find a correlative
relationship among all 3 biomarkers and both cardiac strain
and cardiac output. PDGF-D serum levels showed an increas-
ing trend over time, similar to the increased trend of
myocardial fibrosis over time and correlating with cardiac
strain measured with echocardiography. The correlative
relationship between serum PDGF-D and cardiac fibrosis
was strongest of the 3 fibrosis biomarkers. Thus, we propose
that PDGF-D is a particularly useful serum biomarker to
monitor progression of myocardial fibrosis and cardiac
dysfunction in a mouse model of CCC. We confirmed that
TGF-B is upregulated because of T cruzi infection, and we were
the first to directly correlate serum levels with cardiac fibrosis
in CCC. We were also the first to investigate and correlate
CTGF and PDGF-D serum concentrations to cardiac fibrosis.
Measuring these biomarkers allows for characterization and
detection of cardiac fibrosis before development of clinical
signs attributable to cardiac dysfunction.

Potential Mechanism of Progressive Fibrosis in
CCC

We observed that T cruzi infection of cardiac cell culture
significantly increases cell supernatant concentrations of the
following profibrotic factors: TGF-B, CTGF, ET-1, and PDGF-D.
These findings demonstrate that the functional cells of the heart
participate in creating a profibrotic environment. As these
factors have been implicated in development of cardiac fibrosis,
the finding that they are produced in higher quantities by
cardiac cells, including cardiac fibroblasts, suggests that
inhibiting the pathway to which these factors contribute may
lessen the amount of fibrosis that develops throughout disease.
All the genes for these factors were upregulated in the infected
mouse heart, compared with naive controls, suggesting their
importance in the fibrotic cardiac response to infection.

Future studies are needed to uncover the essential signaling
relationship that promotes the worsening fibrosis. Previous
work shows that TGF-3, CTGF, and PDGF are all involved in a
profibrotic feedback loop, which may be essential to the
propagation of cardiac fibrosis in patients and animals with
CCC.%? Extensive research on fibrosis suggests TGF-B to be a
master regulator of fibrosis development, and has been
previously reported to activate signal transducer and activator
of transcription 3 (STAT3) through SMAD2 /SMAD3-dependent
signaling.®**” As shown in Figure 7A, we propose a possible
mechanism for TGF-f, PDGF-D, CTGF, and ET-1 upregulation
and release by cardiac cells upon T cruzi infection, leading to
fibroblast recruitment and/or differentiation, followed by
deposition of collagen. Fibrosis and collagen deposition, when
it occurs in the conduction system leads to arrhythmias, or CCC
when it occurs in the heart muscle tissue. It is likely that these
effects are most potent locally, within the heart tissue, but also
contribute to the circulating profibrotic factors described as
biomarkers of fibrosis in this study.

Limitations of This Model

Cardiac imaging of mice presents the limitation that the animals
must be under general anesthesia. An additional limitation of
this model is the increased complexity of imaging by MRI when
compared with echocardiography. Cardiac MRI was used at the
first 2 chronic time points to measure peak LV strain, but
echocardiography was used for the final time point for multiple
reasons. First, the period of anesthesia required to obtain the
cardiac magnetic resonance images was extensive, at 4 to 6
times longer than echocardiography, which raised concerns
about the effects of prolonged anesthesia on the strain results.
Echocardiography partially resolved this concern, as the
animals were only briefly anesthetized for imaging (10—
15 minutes), which allowed for heart rates to be maintained
closer to waking physiologic range, compared with MRI. Despite
the reduced heart rates under anesthesia compared with
waking physiologic range, the strain results from the infected
animals remained significantly different from the naive animals,
so we are confident that the findings using MRI are attributable
to infection status. Second, the prolonged anesthesia pre-
cluded the acquisition of imaging of multiple axes with MRI, as
obtaining tagged images in the longitudinal plane would have
doubled the imaging and anesthesia time. However, images in
both longitudinal and short-axis images were obtained within
the brief anesthesia period with echocardiography. This allowed
for strain analysis of 2 axes instead of 1, which provided a much
more detailed perspective of the LV walls.

Another limitation of this study is that both imaging
modalities were not performed at all time points, allowing
direct comparison of the strain analysis results. Because of the
length of anesthesia and technical expertise required for both
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Figure 7. Pathophysiologic events leading to cardiac fibrosis and chronic chagasic cardiomyopathy (CCC)
in patients with T cruzi infection. T cruzi in cardiac tissue causes damage to cardiomyocytes and
inflammatory response to infection. Immune cells, cardiomyocytes, and fibroblasts produce transforming
growth factor-B (TGF-B), connective tissue growth factor (CTGF), endothelin-1 (ET-1), and platelet-derived
growth factor-D (PDGF-D). These profibrotic factors act to stimulate recruitment of fibroblasts,
differentiation into myofibroblasts, and secretion of fibrotic tissue components, including collagen. This
process continues throughout the chronic stage of infection, leading to pathologic consequences, including
cardiac fibrosis, arrhythmias and heart failure. Image created with assistance of Biorender.

modalities, we elected to focus on 1 modality for each time
point. We were able to acquire MRI cines in only 1 plane, thus
only circumferential strain analysis was measured. Despite this,
we were able to detect significant differences in LV wall strain at
both time points. Because we showed that echocardiographic
examination with strain analysis provides enough resolution to
detect significant differences in LV longitudinal and circumfer-
ential strain, we will use this modality for future studies of
fibrosis in mouse models of CCC.

Implications Regarding Model Translation to
Human Disease

In this model of CCC, we found that infection using a
human patient isolate of T cruzi Tcl was successful in
recapitulating cardiac pathology in mice, similar to that most
commonly found in human patients with CCC. In South
America, extensive cardiac fibrosis in 72.2% of subclinical
patients, including those without previously detected

systolic dysfunction, was visualized with late gadolinium
enhancement by cardiac MRI.2? Here, we describe a similar
manifestation of cardiac fibrosis in a mouse model of CCC.
In the current study, we defined 3 profibrotic biomarkers
that represent viable treatment targets to specifically
address cardiac fibrosis in CCC. Future studies should
include investigations into whether inhibition of 1 or all of
these biomarkers or their downstream effectors, particularly
SMAD and STAT phosphorylation, can ameliorate develop-
ment of cardiac fibrosis in CCC. Previous studies show that
STAT inhibition with a small-molecule inhibitor, C188-9, is
effective at reducing lung fibrosis in an animal model.*®
Using a similar approach in our model of CCC may illustrate
similar reduction of cardiac fibrosis development. Develop-
ment of improved treatments for CCC should include
investigation into antifibrotic treatments to improve overall
cardiac health.

We also describe the longitudinal alterations in cardiac
strain detected with cardiac MRI and echocardiography in a
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mouse model of Chagas disease and correlate these
findings to cardiac pathology and changes on histopathol-
ogy. This mouse model of CCC can be used to assess
efficacy of treatments for CCC. These findings have the
potential to translate to human patients with CCC. In
addition to the current monitoring of cardiac function
through imaging and levels of biomarkers like troponin and
others, PDGF-level monitoring may provide additional insight
into treatment efficacy, particularly regarding cardiac fibro-
sis development.

Conclusions

Cardiac fibrosis development in an experimental mouse
model of CCC using the H1 strain of T cruzi is quantifiable
with profibrotic biomarkers and noninvasive cardiac imaging
with strain analysis closely correlates to decline in cardiac
output. The profibrotic biomarkers TGF-f3, CTGF, and PDGF-D
correlate to levels of cardiac fibrosis throughout T cruzi
infection. Monitoring levels of these biomarkers over the
course of chronic infection is a time- and cost-effective way
to assess disease progression and the effects that treat-
ment strategies have on development of cardiac fibrosis in
CCC. Longitudinal monitoring of cardiac strain with cardiac
MRI or echocardiography will be a valuable tool in the
approach to preclinical research and development of
treatment plans specific to cardiac fibrosis in patients with
CCC. These findings are consistent with the hypothesis that
cardiac fibrosis in CCC is an important pathological
development, which can be monitored via LV wall strain
as a prognostic indicator of total cardiac health throughout
CCC disease.
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SUPPLEMENTAL MATERIAL



Table S1. List of fibrosis-associate genes measured in heart tissue from infected and naive mice with
reverse transcriptase polymerase chain reaction.

GenBank Symbol Description

NM 007392 Acta? Actin, alpha 2, smooth muscle, aorta
NM 007428 Agt Angiotensinogen (serpin peptidase inhibitor, clade A, member 8)
NM 009652 Aktl Thymoma viral proto-oncogene 1
NM_ 009741 Bcl2 B-cell leukemia/lymphoma 2
NM_007557 Bmp7 Bone morphogenetic protein 7
NM 007616 Cavl Caveolin 1, caveolae protein
NM 011330 Cdll Chemokine (C-C motif) igand 11
NM 011331 Ccll?2 Chemokine (C-C motif) igand 12
NM 011337 Ccl3 Chemokine (C-C motif) ligand 3
NM 009915 Cer? Chemokine (C-C motif) receptor 2
NM_009883 Cebpb CCAAT/enhancer binding protein (C/EBP), beta
NM 007743 Colla2 Collagen, type |, alpha 2
NM_009930 Col3al Collagen, type lll, alpha 1
NM_ 010217 Cigf Connective tissue growth factor
NM 009911 Cxcrd Chemokine (C-X-C motif) receptor 4
Nm 007833 Dcn Decorin
NmM 010104 Ednl Endothelin 1
NM 010113 Egf Epidermal growth factor
NM_007932 Eng Endoglin
Nm 010177 Fasl Fas ligand (TNF superfamily, member 6)
NM 011824 Grem| Gremlin 1
NM 010427 Hgf Hepatocyte growth factor
Nm_008337 Ifng Interferon gamma
NM 010548 1o Interleukin 10
NM 008355 113 Interleukin 13
NM_008356 1113ra2 Interleukin 13 receptor, alpha 2
NM 010554 MNa Interleukin 1 alpha
NM_ 008361 b Inferleukin 1 beta
NM 021283 14 Interleukin 4
NmM 010558 115 Interleukin 5
NM 010562 Ik Integrin linked kinase
NM 008382 Inhbe Inhibin beta E

Nm 001033228 ligal Integrin alpha 1
NM_ 008326 liga? Integrin alpha 2
NM_ 013565 liga3 Integrin alpha 3
NM_008402 ligav Integrin alpha V
Nm 010578 ligbl Integrin beta 1 (fibronectin receptor beta)
NM 016780 ltgh3 Integrin beta 3
NM_ 010580 ligbh5 Integrin beta 5
NM 021359 ligh6 Integrin beta 6
NM 177290 ligh8 Integrin beta 8
NM 010591 Jun Jun oncogene
NM 010728 Lox Lysyl oxidase
NmM 019919 Libp1 Latent transforming growth factor beta binding protein 1
NM 008607 Mmp13 Matrix metallopeptidase 13
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