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Abstract

Chagasic cardiomyopathy, resulting from infection with the parasite Trypanosoma cruz, was
discovered more than a century ago and remains an incurable disease. Due to the unique properties
of mesenchymal stem cells (MSC) we hypothesized that these cells could have therapeutic
potential for chagasic cardiomyopathy. Recently, our group pioneered use of nanoparticle-labeled
MSC to correlate migration with its effect in an acute Chagas disease model. We expanded our
investigation into a chronic model and performed more comprehensive assays. Infected mice were
treated with nanoparticle labeled MSC and their migration was correlated with alterations in heart
morphology, metalloproteinase activity, and expression of several proteins. The vast majority of
labeled MSC migrated to liver, lungs and spleen whereas a small number of cells migrated to
chagasic hearts. Magnetic resonance imaging (MRI) demonstrated that MSC therapy reduced
heart dilatation. Additionally metalloproteinase activity was higher in heart and other organs of
infected mice. Protein expression analyses revealed that connexin 43, laminin y1, IL-10 and INF-y
were affected by the disease and recovered after cell therapy. Interestingly, MSC therapy led to
upregulation of SDF-1 and c-kit in the hearts. The beneficial effect of MSC therapy in Chagas
disease is likely due to an indirect action of the cells of the heart, rather than the incorporation of
large numbers of stem cells into working myocardium.
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1. Introduction

The protozoan parasite that causes Chagas disease, Trypanosoma cruz, is naturally
transmitted by hematophagous triatomine insects and affects approximately 15-16 million
people in Latin American countries [1]. It is a serious public health problem due to the
impact on worker productivity, premature disability and death. The parasite can also be
transmitted by blood transfusion, organ transplantation or congenitally [2, 3]. Thus, although
originally limited to Latin America there is an increased concern about Chagas disease in the
United States and Europe due to the large number of immigrants from endemic areas [3-6].
The acute phase of the disease is difficult to diagnose [7] and the clinical acute
manifestations disappear in weeks to months. The disease then enters the chronic phase,
generally starting with a long period of clinical latency called the indeterminate form.
During the indeterminate form approximately 30% of infected individuals develop a
symptomatic chronic phase, of which 10% display gastrointestinal diseases and 90%
develop heart disease [8]; there is no consensus regarding the efficacy of anti-parasitic drugs
benznidazole and nifurtimox during the chronic phase [9].

Chronic Chagas heart disease is a progressive, fibrotic inflammatory cardiomyopathy that
results in irreversible heart damage [10] which leads to dilation and arrhythmias, and
ultimately to congestive heart failure, the primary cause of death in these patients [11, 12].
As the disease progresses, few therapeutic options are left and they are identical to those for
congestive heart failure of other etiologies and often include B-blockers, diuretics,
angiotensin-enzyme inhibitors angiotensin receptor blockers and amiodarone. These
treatments are often not satisfactory and the last therapeutic option is often heart
transplantation [13]. In that complex scenario, cell therapy appears as an alternative for
Chagas disease therapy.

Mesenchymal stem cells (MSC) are a rare subset of stem cells residing in the bone marrow
where they closely interact with hematopoietic stem cells and support their growth and
differentiation. MSC can differentiate into multiple mesenchymal cell types providing a
promising tool for tissue repair [14]. In addition, MSC suppress many T cell, B cell and
natural killer cell functions and may also affect dendritic cell activities. Therefore, given the
established role of the immune system in the physiopathology of Chagas disease [15] and
the immune modulatory properties of MSC we hypothesized that MSC could be an optimal
cell type for therapy in chagasic cardiomyopathy.

In a previous study that we pioneered, we investigated the migration of transplanted MSC in
an acute model of Chagas disease, and correlated MSC biodistribution with glucose
metabolism and morphology of heart in chagasic mice by small animal positron emission
tomography (microPET). It was observed that a small but significant number of transplanted
labeled MSC migrated to chagasic hearts, whereas the vast majority of labeled MSC
migrated to liver, lungs and spleen. Additionally, using the radioactive tracer [18F] fluoro-2-
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deoxyglucose, it was possible to demonstrate by microPET that therapy with MSC reduced
right ventricular dilation and increased heart glucose metabolism [16].

In the present study, we extend our studies of MSC transplantation to a chronic murine
model. Furthermore, we labeled the cells with two types of nanoparticles to correlate MSC
migration with heart morphology and protein expression and global distribution of
metalloproteinase activity.

2. Material and Methods
2.1. Mice

All experiments were initiated in 8-10 week old adult male mice CD-1 in accordance with
the U.S. NIH Guide for the Care and Use of Laboratory Animals (NIH Publication No.
80-23), approved by the Institutional Animal Care and Use Committee of the Albert Einstein
College of Medicine. The animal protocol numbers are 20130202 and 20110307.

2.2. Obtaining Mesenchymal Cells from Bone Marrow

Bone marrow cells were obtained from mouse tibias and femurs. The bones were isolated,
epiphyses were removed and individually inserted in 1 mL automatic pipette tips inside 15
mL tubes. The bones were centrifuged at 300 x g for 1 min and the pellets suspended in
Dulbecco's modified Eagle's high glucose medium (DMEM,; Invitrogen Inc., Carlsbad,CA),
supplemented with 10% fetal bovine serum (Invitrogen Inc.), 2 mM I-glutamine (Invitrogen
Inc.), 100 U/mL penicillin (Sigma-Aldrich Co., St. Louis, MO), and 100 g/mL streptomycin
(Sigma-Aldrich). The cells were plated in culture dishes with supplemented DMEM and
maintained in 5% CO, atmosphere at 37°C. After 48-72 hrs of culture the medium was
replaced to remove non adherent cells and the adherent cells were grown to confluence
before each passage. Medium was replaced three times a week and all experiments were
performed on second or third passage cells.

2.3. Mesenchymal Cell Labeling

Since each imaging modality has its inherent limitations, we used two different nanoparticle
approaches to label and track MSC. Thus, the cells were labeled with magnetic and
fluorescent nanoparticles which can be visualized by magnetic resonance imaging (MRI)
and in vivo imaging system (IVIS), respectively.

2.3.1. Magnetic Nanoparticles—Feridex IV (Advanced Magnetics Inc., Cambridge) is a
superparamagnetic iron oxide nanoparticle coated with dextran; it and another, dextran-
coated ferumoxide, are clinically used as intravenous MRI contrast agents for analyzing
liver pathology. Although dextran-coated SPION do not show sufficient cellular uptake by
MSC, cationic compounds, such as protamine, facilitate the interaction with the negatively
charged cell surface and subsequent enable endosomal uptake [17, 18]. Feridex was
combined with Protamine chlorhydrate (Valeant Pharmaceuticals International, SP, Brazil)
in culture medium and shaken for 30 minutes. The solution containing Feridex and
protamine was added to MSC cultures at a proportion of 1:1 with supplemented DMEM in
5% CO5 atmosphere at 37°C for 4 hours. The final concentration of protamine was 5 pg/mL
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and of Feridex was 50 pg/mL. The labeled cells were washed three times with phosphate-
buffered saline (PBS), trypsinized and transplanted in infected and not infected animals for
MRI tracking.

2.3.2. Fluorescent Nanoparticles—For fluorescence tracking we used X-Sight761
nanospheres (Carestream Health Inc., Rochester, NY) which are fluorescent nanoparticles
(17 nm in diameter) with a near infrared (NIR) wavelength 761 nm excitation and 789 nm
emission. MSCs were incubated with a solution of 0.3 mg/mL X-Sight with supplemented
DMEM in 5% CO, atmosphere at 37°C for 4 hours. For MSC X-Sight labeling an
incorporation facilitator is not necessary 18, The cells labeled with X-Sight were then
washed with PBS, trypsinized and transplanted in chagasic and control animals for IVIS
tracking. To define the basal autofluorescence we acquired images of control animals not-
treated with cells and of chagasic animals treated with non-labeled cells.

Leakage of particles by exocytosis or cell death can provide misleading information
regarding tissue distribution. Therefore, to determine the pattern of free nanoparticle
distribution and compare with the distribution pattern of labeled cells, we performed
injections of free X-Sight761, by tail vein, in control and chagasic mice 2 months after
infection (2MAI) (0.5 mg/mL X-Sight in 100 L PBS, as recommended by manufacturer).

2.4. Trypanosoma cruzi Infection and Therapy

The Brazil strain of T. cruzi was maintained in our laboratory by serial passage in C3H
strain mice. CD-1 strain mice were infected by intraperitoneal injection of 5 x 10%
trypomastigotes in saline solution. PBS alone (100 uL) or 3 x 106 MSC in PBS (~7.5 x 10/
cells/kg ) were transplanted in a single dose in control or chagasic mice 2MAI via tail vein.

The exact time-point separating the acute and chronic phases of Chagas disease in the
murine model is not well defined. However, because the majority of the animals died 45
days after infection we considered mice that survived this as chronic chagasic animals.

2.5. Magnetic Resonance Imaging of Heart

For labeled MSC visualization and morphological analysis of hearts by MRI, mice were
anesthetized with isoflurane inhalation anesthesia (2-3% in medical air) administered via a
nose cone. A set of Gould ECG leads with thin silver wire contacts were attached under the
skin to the four limbs and the ECG signal was fed to a Gould ECG amplifier linked to the
MRI system and to a PC running Ponemah Physiology software. Heart rate and ECG were
monitored continuously and used as the gating signal triggering the MRI spectrometer
acquisition a Omega 9.4-T vertical bore MR system (Fremont, CA) ) equipped with an S50
shielded gradient microimaging accessory and a 40 mm inner diameter-60 mm long 1H
quadrature birdcage imaging coil (RF Sensors, LLC; NYC, NY). The spectrometer gating
delay was set to acquire data during diastole using the R-wave of the ECG as the trigger
signal. Several multislice spin-echo imaging data sets with an echo time of 18 ms and a
repetition time of approximately 200-300 ms were acquired. A 51-mm field of view with a
128%256 matrix size (interpolated to 256x256) was used. In each mouse the image
representing the midpoint between the base and apex of the heart was chosen for comparison
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of the RV wall thickness and inner chamber diameter. MRI data were processed off-line
with MATLAB-based MRI analysis software.

Images of control animals were acquired at a single time point (2 months). Images from
infected animals were acquired before treatment or 24 hours, 1 week, 2 weeks, 1 and 2
month after transplantation. For all groups n=6, with exception of 2MAI (n=12).

2.6. Tracking X-Sight 761-Labeled Mesenchymal Cells

The X-Sight761 was visualized by IVIS Kodak Image Station 4000MM PRO (Carestream
Health) equipped with a CCD camera. The machine was configured for 760 nm excitation,
830 nm emission, 3 min exposure, 2 x 2 binning and f-stop 2.5. The acquired images were
analyzed with the Carestream MI Application 5.0.2.30 software (Carestream Health).

Whole body images were acquired from the ventral surface of the mice. Due to limited
penetration depth and poor spatial resolution, we isolated organs of interest, including heart,
bladder, lung, liver, spleen and kidney to perform ex vivo imaging. The images were
acquired 2 or 15 days after labeled cell transplantation (MSC761 2d or MSC761 15d) or free
nanoparticle injection (only761 2d and only761 15d) and images of age matched control
animals were acquired for each time point. In Figure 2, the sample number was 3-4, and in
Figure 3 it was 4-5 in each group (the same number of organs exposed in those figures).

2.7. Cell Visualization by Confocal Microscopy

The hearts were fixed overnight in 4% paraformaldehyde and sliced in 5 m frozen sections.
The photomicrographs shown in this study were obtained using a Zeiss LSM 510 Duo
confocal microscope.

2.8. Distribution of Metalloproteinase

We were the first researchers to use a fluorescent probe to detect matrix metalloproteinase
(MMP) by IVIS technique in Chagas disease. The MMPSense 750 FAST (PerkinElmer,
Inc., Boston, MA) is a MMP activatable agent that is optically silent upon injection but
produces fluorescent signal (761 nm excitation and 789 nm emission) after cleavage by
MMP-2, -3, -7, -9, -12 and -13. Control or chagasic animals treated with PBS or MSC
received by tail vein a dose of 2 nM MMPSense in 100 uL of PBS one month after therapy
(the sample number was 4-6 in each group, the same number of organs exposed in Figure 5).
After 48 hours the images from ventral surface and ex vivo tissues (heart, bladder, lung,
liver, spleen, kidney, leg muscle, brown and white fat) were acquired using the VIS Kodak
Image Station configured as described in item 2.6.

2.9. Protein Expression in the Hearts

The hearts were lysed in lysis buffer supplemented with protease inhibitor cocktail (Roche
Laboratories, Basel, Switzerland) and protein concentration was determined by BCA protein
assay kit (Pierce, Rockford, IL). The extracted protein was electrophoresed on 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (Bio-Rad, Hercules, CA) and proteins
were transferred onto nitrocellulose membranes (Whatman Int., Dassel, Germany). After 30-
min incubation with 2% nonfat dry milk in tris buffer saline (TBS) containing 0.05%
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Tween-20 (Sigma-Aldrich), the membranes were incubated overnight with the primary
antibody or mouse GAPDH 36kDa (1:25,000; Fitzgerald Ind. Int., Acton, MA) at 4°C.
Following three washes in TBS-Tween-20, the membranes were incubated with secondary
antibodies goat anti-mouse or anti-rabbit 1gG (1:10,000; Santa Cruz) for 1 h at room
temperature. Detection of bands was performed after incubation with chemiluminescence
reagents (Amersham Pharmacia Biotechnology, Piscataway, NJ). The sample number was
4-6 in each group.

The proteins were analyzed in control (age matched for each time point), chagasic mice
2MAI and chagasic mice 1 and 2 months after therapy, with the exception of c-kit and
iNOS, which were analyzed only 2 months after therapy. The analyzed proteins were:
interleukin (IL)-10; IL-1p; interferon (INF)-y; connexin 43 (cx43); connexin 37 (Cx37);
occludin; laminin y-1; cleaved MMP-2; endothelin-1 (ET-1); stromal cell-derived factor-1
(SDF-1); signal transducer and activator of trascription 1 (Statl); c-Kit; inducible nitric
oxide synthase (iNOS); cardiac troponin T (cTnT); dystrophin and caveolin 3. Densitometric
analysis of the western blots was performed using Image J software (http://rsh.info.nih.gov/

iil).

2.10. Statistical Analysis

3. Results

The statistical significance was evaluated by non-parametric Kruskal-Wallis test with Dunns
post-test using GraphPad Prism 5 (GraphPad Software, San Diego, CA) and p<0.05 was
considered as statistically significant. The data are presented as mean and the error bars
represent the standard error of the mean.

3.1. In Vivo Magnetic Resonance Imaging

By MRI we analyzed heart morphology and visualized Feridex-labeled cells in the heart. We
observed a significant dilation in right ventricle (RV) 2MAI when compared to control
group (Figure 1) that was most apparent 3 months post-infection (2MAI+PBS 1M).
However, cell therapy resulted in a significant reduction of the RV diameter 2 months after
transplantation, showing similar values to the control group. No significant reduction was
observed before 2 months post cell transplantation despite the high tendency observed 1
month after cellular therapy. No difference in heart rate was observed.

We were not able to detect Feridex-labeled cells in the cardiac images obtained by our MRI
at 24 hours, 1 week, 2 weeks, 1 and 2 months after therapy.

3.2. Cell Detection by In Vivo Imaging System

As demonstrated in our previous study, the MSC efficiently incorporate X-Sight
nanoparticles into the cell cytoplasm, without effects on proliferation or viability 18. Since
cells can release the nanoparticles generating nonspecific signals, injection of Sight761
nanoparticles was performed in control and chagasic mice to determine its distribution
pattern and to compare with the pattern of X-Sight-labeled cells. We observed a high
fluorescence signal in the body and organs at 2 days after free X-Sight761 injection (Figure
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2). Of note, a higher concentration of free X-Sight761, approximately 60% of total
fluorescence, was observed in the liver 2 days post-injection. From 2 days to 15 days post-
injection a decrease of approximately 40% in total intensity was observed when we
accounted for fluorescence signals in all organs, indicating that free nanoparticles are rapidly
eliminated. Furthermore we could not see differences in free nanoparticle distribution
between non-infected and infected animals, with the exception of the kidneys, where only
the non-infected animals showed significantly higher fluorescence than the control (not
injected with nanoparticle) group. Comparing the percentages of free nanoparticle
distribution and elimination with the groups treated with X-Sight-labeled MSC we observed
that in the labeled cells approximately 80% of the fluorescence analyzed was localized in the
liver and the mean intensity decreased approximately 60% from 2 to 15 days post-injection,
revealing a different distribution pattern (Figure 3) thus indicating that the pattern observed
with the labeled cells is not the result of cell death and free nanoparticle distribution.

Analysis of cell distribution in infected and non-infected animals reveals interesting
patterns. First and foremost, there is no significant difference in fluorescence in the heart
between the infected and non-infected groups. This indicates that the chronic infection does
not promote a significant homing of the MSC to the heart. Overall, we could not detect
differences in fluorescence in any of the ex-vivo examined organs between the MSC-
injected infected and non-infected animals. The biodistribution of the MSC revealed that
lungs, liver and spleen were the organs that concentrated the majority of the injected cells, 2
days post-injection, in both infected and non-infected animals. Of note, the bladder and the
kidneys did not show increased fluorescence 2 days after cell injection. Furthermore,
fluorescence in the bladder was higher in both infected and non-infected animals 15 days
post-injection, suggesting urinary elimination of cells or more probably of free
nanoparticles.

Confocal microscopy detected a few fluorescent cells in the hearts of chagasic mice treated
with X-Sight-labeled MSC (Figure 4). In control mice not treated with labeled cells
fluorescence was not detectable (Figure 4A). In non-infected mice treated with labeled cells
some red spots could be detected as shown in Figure 4B. But infected animals exhibited a
higher fluorescence than non-infected ones (compare 4B and C).Given the differences in
sensitivity of the two methaods (in vivo imaging versus microscopic imaging) and the trend
shown in Figure 3C our results suggest that, at the most, MSC may have a slight cardiac
tropism in the chagasic mice.

All analyzed organs were weighed and found to be unaffected by the infection, except the
spleen. The spleens of the chagasic animals were heavier than control (93.2+7.3; 165.6+5.2
and 174.5+19.9 mg, for control or chagasic mice treated with PBS or MSC, respectively). In
addition we performed body composition analysis by magnetic nuclear resonance (Echo
MRI 2004; Bruker Corporation, Billerica, MA) to measure the percentage of water, fat and
lean in vivo and no differences were observed among the groups (data not shown).

3.3. Distribution of Metalloproteinase

Using MMPSense750 it was possible to detect MMP in several regions of the mice (Figure
5A-G). In ventral surface images a higher fluorescence intensity, due to MMP presence, was
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observed in chagasic groups than in controls (Figure 5A-B). In heart and white fat we
observed a higher signal in MSC treated animals when compared to controls (Figure 5D and
F), and in spleen and leg muscle we observed a higher signal in PBS treated animals (Figure
E and G). However, there was no difference in MMP activity between PBS or MSC treated
chagasic animals, suggesting that increased metalloproteinase activity in these organs is due
to the infection alone. Other analyzed organs, such as bladder, lung, liver, kidney and brown
fat did not present differences in MMP expression, as can be observed in Figure 5C.

We performed western blots to analyze cleaved MMP-2 in heart samples, and we observed a
significantly higher expression of MMP-2 in all chagasic mice independent of PBS or MSC
treatment. We observed that MMP-2 expression significantly decreased after 4 months post-
infection, when compared with 3 months, despite still being statistically different from the
control group (Figure 5H).

3.4. Protein Expression in the Heart

Expression of specific proteins in the heart was evaluated before, 1 and 2 months after cell
therapy to evaluate long-term effects of MSC transplantation. Among others, gap and tight
junction, extracellular matrix and inflammatory proteins were analyzed.

We analyzed the gap junction proteins Cx43 and Cx37, and the tight junction protein
occludin. Cx43 (the major cardiac connexin) showed lower expression 2 months after
infection when compared to control, a tendency in all chagasic animals treated with PBS.
However, after 2 months of MSC therapy in chagasic mice, the Cx43 expression level was
higher than in the PBS treated group (Figure 6A). No alteration in Cx37 (the major connexin
expressed in endothelial cells of heart) expression was observed among the groups.
Occludin, an important component of tight junctions, was upregulated by Chagas disease in
both PBS and MSC groups (Supplemental Figure).

The extracellular matrix protein laminin y1 showed upregulation in hearts of infected
animals 4 months after infection (2MAI+PBS 2M) when compared to control, but this was
not observed in the cell treated group (Figure 6B).

We investigated the expression of relevant proinflammatory (IL-1p, SDF-1and INF-y) and
anti-inflammatory (IL-10) cytokines in heart samples. Expression of 1L-1f increased in all
infected mice at all time-points (Supplemental Figure). The expression of INF-y and 1L-10
was increased in all chagasic mice with the exception of those treated with MSC for 2
months (Figure 6C and D, respectively). In Figure 6E, it is important to note that SDF-1
expression was upregulated only by MSC therapy. These data suggest that MSC therapy not
only has an immunomodulatory effect in the heart of infected mice, but also promotes the
migration of stem/progenitor cells to the heart by up-regulating the SDF-1 axis.

The c-Kit protein, a transmembrane receptor responsible for chemotaxis, proliferation,
apoptosis and cell adhesion was analyzed 2 months after therapy. It showed a higher
expression in chagasic mice treated with MSC when compared to the control group (Figure
6F). Representative images of western blots for all proteins analyzed are shown in Figure
6G.
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We also analyzed other proteins with diverse functions in the heart, such as ET-1
(vasoconstrictor), Statl (mediates cellular response to interferons, cytokine, and other
cytokines and growth factors), iNOS (responsible for nitric oxide production in
cardiovascular system), cTnT (important in the regulation of cardiac contraction),
dystrophin (connect muscle fiber cytoskeleton with the extracellular matrix) and caveolin 3
(may act as scaffolding proteins within caveolar membranes by compartmentalizing and
concentrating signaling molecules). We observed that ET-1, Statl and iNOS were
upregulated as a result of infection in PBS or MSC treatment. Regarding cTnT, dystrophin
and caveolin 3, no alterations were observed (Supplemental Figure).

4. Discussion

Recently, our group described the biodistribution and effect of MSC therapy in acute T.
cruz infection [16]. We have now extended studies of cell therapy in this incurable disease
by treating chronically infected mice with MSC. In addition to our previous study with
MSC, only two types of cell therapy approaches have been applied to animal models of
Chagas disease: Bone marrow mononuclear cells in mice [19-21] and co-cultured skeletal
myoblasts with MSC in rats [22]. In addition, bone marrow mononuclear cells were
transplanted in patients with end-stage heart failure due to Chagas disease but significant
improvement in cardiac function was not observed [23]. It has been suggested that MSC is a
more appropriate cell type for cardiac cell therapy than other cell types, such as skeletal
myoblasts, due to their capacity to electrically couple to host cardiac myocytes [24] which
does not occur with skeletal myoblasts [25].

Although our Chagas mouse model has several similarities with the human form of the
disease, we did not observe functional abnormalities in the left ventricle (LV) by
echocardiogram (data not shown) and MRI up to 3 months after infection. However other
studies from our group using the same mouse and parasite strains did report left ventricular
dysfunction 150 [26] and 200 days post-infection [27]. In addition our group has considered
right ventricular (RV) remodeling as a hallmark of chagasic heart disease in the murine
model [18, 21, 28-30] because the RV diameter increases in the acute phase and this persists
into the chronic phase [18, 29]. Validating these observations in these mouse studies, it was
demonstrated that RV dysfunction can be used to predict mortality in chagasic patients [31].
Here we observed RV dilation in chagasic animals and after MSC therapy reduction of the
ventricular dimensions to control levels after MSC therapy, but we were not able to visualize
Feridex-labeled cells in the heart. Our inability to detect intravenously transplanted MSC in
the heart is consistent with other reports[32]. However, cells can be detected following
intracoronary or intramuscular injection [33-35]. We previously showed that Feridex-labeled
MSC can be visualized after direct injection into leg muscle [16, 17] or into striatum [36].

In accordance with not being able to detect the tail vein injected cells by MRI, it was also
not possible to detect cells labeled with the fluorescent nanoparticle through 1VIS. The
majority of X-Sight-labeled MSC migrated to liver, lung and spleen, which is consistent
with studies in the canine model of infarction [32] and in patients with cirrhosis [37]. Close
inspection of cell migration by confocal microscopy revealed a higher migration of labeled
MSC to chagasic hearts 2 days after injection. The preferential migration of MSC to the
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injured tissue has been reported in other models, such arthritic joints [38] and stroke [39]. Of
note, in chagasic patients treated with intracoronary injection of mononuclear cells labeled
with technetium 99m a very low intensity of radioactivity was found in the hearts compared
with other organs such as liver and spleen [40].

The fluorescence intensity 15 days after transplantation was greatly reduced, which is likely
due to nanoparticle exocytosis, cellular proliferation and/or cell death. Based on the
possibility that nanoparticles might be released and secondarily label other cells, such as
macrophages, we injected free X-Sight in the mice to compare the distribution pattern. In
contrast to the distribution of labeled cells, free X-Sight was distributed more widely in
whole body. In addition, in the heart there was no difference in the intensity of free
nanoparticles between chagasic and control. Thus, the distribution of free nanoparticles was
different from that of labeled cells, and we believe that the majority of observed
fluorescence 2 days after therapy reflects cell distribution and not that of released
nanoparticles.

The exact mechanisms and molecules involved in MSC migration to injured areas are
unknown. It is assumed that the MSC migration process is similar to that of leukocytes,
where various molecules are involved, including chemokines and their receptors, adhesion
molecules and proteases [41]. The extracellular matrix degradation by enzymes, such as the
MMP, allows migration of leukocytes [41] attracted by the cytokine gradient in the injured
tissue. Here we found, using western blot to cleaved MMP-2, that its expression was
upregulated in chagasic heart, implying that MSC migration to infected heart could be
facilitated, in part, by MMP-2. Although MMPs are essential for migration process of
inflammatory cells, their uncontrolled activity contributes to chronic inflammation and
tissue damage. In addition, it has been shown that MMP-2 and MMP-9 can cleave and
modulate the activity of several cytokines [42, 43]. Recently, the presence of MMP-9-like
molecules in T. cruz has been reported, which could possibly promote parasite
dissemination [44]. Here, we applied a novel method to analyze the expression of MMP in
chagasic animals using a fluorescent probe, with which we observed that not only the heart
but other tissues were affected by the infection, including spleen, leg muscle and white fat.
The MMPSense750 technique is less sensitive to detect these proteins than western blotting;
however, it is a very useful method to obtain a global visualization of MMP activity.

The migration process of MSC can be induced by various proteins such as SDF-1, platelet-
derived growth factor, insulin-like growth factor 1 and IL-6 [45]. It has been suggested that
IL-1B can activate adherence properties in MSC [46]. The migration of hematopoietic [47]
and cardiac stem cells [48] has been related to SDF-1 expression as well. In the present
study we observed that SDF-1 was upregulated by MSC treatment, which supports the
premise that these cells release factors, in a paracrine mode, thereby recruiting circulating
stem cells and tissue stem cells. In addition SDF-1 can induce proliferation, adhesion and
secretion of MMP and angiogenic factors [49].

T. cruz infection modulates the production of several cytokines by macrophages, T and B
cells and in a small number of natural killer cells [15]. Here we analyzed the cytokines
IL-1B, IL-10 and INF-vy, and observed that each was upregulated by the disease. However,
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after 2 months of MSC therapy, reduction of IL-10 and INF-y expression was notable,
indicating the immunomodulatory effect of MSC. It is important to emphasize that most
MSC die within days or weeks of transplantation, yet their beneficial effects can be seen
over a much longer term, suggesting a critical time window for MSC action [50].

As in other arrhythmogenic heart diseases, chagasic cardiomyopathy is associated with a
decrease in expression of the gap junction protein Cx43 [51]. Consistent with previous
studies [51], we observed the downregulation of Cx43 in chagasic animals which was
reestablished by MSC treatment. Although we did not observe arrhythmias in our model, the
altered expression is itself a very interesting result. In addition, MSC therapy slightly
reversed the upregulation of laminin y1 observed in chagasic animals indicating a reduction
in extracellular matrix that is also important to reduce possible arrhythmias. We also
analyzed c-kit, which was upregulated by MSC treatment while showing just a tendency to
increase in PBS treated chagasic animals. It has been reported that c-kit is expressed in
cardiac and hematopoietic stem cells, thus, it is possible that T. cruz infection results in the
attraction of these cells to the injured tissue, but importantly MSC therapy significantly
increases c-kit in the heart. An increase in the number of cardiac stem cells in the heart of a
myocardial infarction model has also been reported [52]. Taken together, the upregulation of
c-kit and SDF-1 by MSC suggests that MSC can attract more stem cells to the injured tissue,
which is likely important for tissue regeneration. Other upregulated proteins resulting from
infection were ET-1, Stat-1 and iNOS but MSC treatment did not restore those proteins to
control levels.

To summarize, in the present study we have extended our investigations of MSC therapy to
the chronic stage of murine Chagas disease, demonstrating a beneficial effect of the cell
therapy in restoring heart morphology and protein expression. Our observations suggest that
the homing of the cells to heart is limited. Further, the similar biodistribution of the cells in
the non-infected and infected animals, with a predominance of cell migration to lungs, liver
and spleen, suggests that the benefits of this cell therapy are the result of systemic actions
rather than to the incorporation of the cells into working myocardium.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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2MAI+PBS 24h

2MAI¥MSC 24h

Figure 1. Heart morphology analyzed by MRI
Control and chagasic mice treated 2 months post- infection with PBS or MSC were analyzed

by MRI to determine heart morphology and the presence of Feridex-labeled MSC . (A-B)
Representative MRI showing a transversal image of the hearts in (A) CTRL. (B) 2MAl
+PBS 24h. (C) 2MAI+MSC 24h. (D) 2MAI+MSC 1M groups. Labeled MSC are not
detected in the heart tissue. (E) Graph showing the diameter of the right ventricle in
different experimental groups. In this graph the animals from the groups 2MAI+PBS 24h
and 2MAI+MSC 24h were combined in the group 2MAI. Improvement in RV diameter was
observed at 1 month after treatment and was significant at 2 months. Group abbreviations:
CTRL-control mice; 2MAI-2 months after infection; +PBS 24h or 1M-plus 24 hours or 1
month after PBS treatment, respectively; +MSC 24h or 1M or 2M-plus 24 hours or 1 or 2
months after MSC therapy, respectively. *P<0.05 and **P<0.01.
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Figure 2. Distribution of free X-Sight761 nanoparticles
A PBS solution containing only nanoparticles was injected in the tail vein and tracked 2 or

15 days after injection by VIS to determine the pattern of free nanoparticle distribution in
control and chagasic mice. (A) Representative images showing the distribution of X-
Sight761 viewed from the ventral surface of the body. (B) Images of ex vivo organs
showing the nanoparticle distribution. (C-H) Quantification of fluorescence intensity of ex
vivo organs shown in images in B. The evaluated organs were (C) heart, (D) bladder, (E)
lung, (F) liver, (G) spleen and (H) kidney. Group abbreviations: CTRL-control mice;
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2MAI-2 months after infection; +761 2d or 15d-plus free X-Sight 761 nanoparticles after 2
or 15 days of the administration, respectively. *P<0.05 and **P<0.01.
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Figure 3. Tracking of X-Sight-labeled MSCs at 2 or 15 days after cell transplantation
The cells were intravenously injected in control and chagasic animals 2 months after

infection and then tracked by IVIS 2 or 15 days after cell injection. (A) Representative
images showing the distribution of transplanted MSCs viewed from the ventral surface of
the body. (B) Images of ex vivo organs showing the distribution of labeled MSCs. (C-H)
Quantification of fluorescence intensity of ex vivo organs shown in images in B. The
evaluated organs were (C) heart, (D) bladder, (E) lung, (F) liver, (G) spleen and (H) kidney.
Group abbreviations: CTRL-control mice; 2MAI-2 months after infection; +MSC761 2d or
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15d-plus X-Sight 761-labeled MSC after 2 or 15 days of the transplantation, respectively.
*P<0.05 and **P<0.01.
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CTRL+MSC761 2d

C’ C”
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Figure 4. X-Sight-labeled MSCs tracking in the hearts by confocal microscopy
Hearts of control or chagasic mice treated with labeled MSC were sliced for confocal

analysis (A-C’”) Representative confocal images showing X-Sight-labeled cells (red) in
heart slices 2 days after therapy. (A-A”) CTRL. (B-B”) CTRL+MSC761 2d. (C-C”) 2MAl
+MSC761 2d: (A, B and C) DAPI, (A’, B' and C*) X-Sight nanoparticles, and (A, B” and
C”’) Merged images. (C”’’) Two times magnified image of the white square on (C”). It is
possible to note a higher concentration of MSCs in C, which is likely due to extravasation of
inflammatory cells or attraction of other cells in the infected heart treated with MSC. Groups
abbreviations: CTRL-control mice; 2MAI-2 months after infection; +MSC761 2d-plus X-
Sight 761-labeled MSC after 2 days of the transplantation, respectively. Scale bar = 20 um.
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Figure 5. Quantification of global MMP activity
The mice received a tail vein injection of MMPSense750 48 hours before the imaging to

detect MMP activity. Whole body and organ images from control and chagasic mice treated
or not with MSCs were obtained by IVIS 1 month after PBS or cell treatment. (A)
Representative images showing the distribution of MMPSense750 viewed from in the
ventral surface of the body. (B) Quantification of whole body fluorescence intensity. (C)
Representative images showing MMP activity in selected ex vivo organs. (D-G)
Quantification of fluorescence intensity of ex vivo organs. The analyzed organs were heart,
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bladder, lung, liver, spleen, kidney, leg muscle, brown fat and white fat. However only the
graphs that present significant statistical differences are shown, which were (D) heart, (E)
spleen, (F) white fat and (G) leg muscle. (H) Western blot of heart sample for cleaved
MMP-2 protein. Group abbreviations: CTRL-control mice; 2MAI-2 months after infection;
+PBS 1M or 2M-plus 1 or 2 months after PBS treatment; +MSC 1M or 2M-plus 1 or 2
months after MSC therapy.
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Figure 6. Western blot analysis of selected proteins in the heart of T. cruz infected mice
The evaluated proteins included IL-10; IL-1f3; INF-y; Cx43; Cx37; occludin; laminin v-1;

ET-1; SDF-1; Stat-1; c-Kit; iNOS; cTnT; dystrophin and caveolin 3 but only the graphs

which present statistical differences after MSC therapy are shown, including (A) Cx43

(although total Cx43 is shown, similar changes were observed in the phospho- and

dephosphorylated isoforms, not illustrated), (B) laminin y1, (C) INF-y, (D) IL-10, (E)
SDF-1 and (F) c-kit. (G) Representative images of the western blot assays. Each analyzed
protein was statistically compared with its respectively control but protein levels were not
compared among each other. Group abbreviations: CTRL-control mice; 2MAI-2 months
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after infection; +PBS 1M or 2M-plus 1 or 2 months after PBS treatment; +MSC 1M or 2M-
plus 1 or 2 months after MSC therapy.
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