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SUMMARY

Infection by Trypanosoma cruzi, the aetiological agent of Chagas disease, causes an

intense inflammatory reaction in several tissues, including the myocardium. We have

previously shown that transplantation of bone marrow cells (BMC) ameliorates the

myocarditis in a mouse model of chronic Chagas disease. We investigated the partic-

ipation of BMC in lesion repair in the heart and skeletal muscle, caused by T. cruzi

infection in mice. Infection with a myotropic T. cruzi strain induced an increase in

the percentage of stem cells and monocytes in the peripheral blood, as well as in

gene expression of chemokines SDF-1, MCP1, 2, and 3 in the heart and skeletal

muscle. To investigate the fate of BMC within the damaged tissue, chimeric mice

were generated by syngeneic transplantation of green fluorescent protein (GFP+)

BMC into lethally irradiated mice and infected with Trypanosoma cruzi. Migration

of GFP+ BMC to the heart and skeletal muscle was observed during and after the

acute phase of infection. GFP+ cardiomyocytes and endothelial cells were present in

heart sections of chimeric chagasic mice. GFP+ myofibres were observed in the skele-

tal muscle of chimeric mice at different time points following infection. In conclu-

sion, BMC migrate and contribute to the formation of new resident cells in

the heart and skeletal muscle, which can be detected both during the acute and

the chronic phase of infection. These findings reinforce the role of BMC in tissue

regeneration.
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Chagas disease is a zoonosis caused by the flagellate parasite

T. cruzi. The disease is endemic in Latin American countries

and continues to represent a major public health problem

(Schofield et al. 2006). The prevalence of human T. cruzi

infection is estimated at 15–16 million cases, with approxi-

mately 75–90 million people currently at risk of infection

(Coura & Dias 2009).

The acute phase of the disease is transient and character-

ized by the presence of trypomastigote forms in the periph-

eral blood and amastigote proliferation within several host

cell types (Koberle 1968). An intense inflammatory reaction

is triggered by the presence of the parasite within tissues,

resulting in a destruction of unparalleled proportions in the

myocardium (Andrade 1983; Rassi et al. 2010), which, fol-

lowing the parasitaemia control, undergo a regenerative pro-

cess. In humans, the acute phase regresses spontaneously

after approximately 12 months (Andrade 1983; Rassi et al.

2010). About 30% of individuals infected by T. cruzi

develop the symptomatic chronic cardiac form of the dis-

ease, for which there is no effective treatment (Andrade

1983). Thus, a more complete understanding of the cells

and molecules that naturally participate in tissue repair in

Chagas disease may open new avenues for the development

of novel therapies.
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Stem cell-based therapies represent a new frontier for the

treatment of chronic degenerative diseases, including those

affecting muscle and heart tissues. The bone marrow is an

easily accessible source of stem cells, and its potential thera-

peutic applications have been intensely investigated. A num-

ber of studies have shown that bone marrow cells (BMC)

migrate to injured organs, such as skeletal muscle and heart

(Bianco et al. 2001; Goldenberg et al. 2008; Cao et al.

2009), leading to the formation of new specialized cells.

Specifically, we have observed that the transplantation of

BMC obtained from both chagasic and na€ıve mice reduces

the inflammatory infiltrates and fibrosis in the heart of

chronically infected chagasic mice. Interestingly, BMC trans-

plantation not only reduced inflammation and fibrosis, but

also led to the formation of new cardiomyocytes (Soares

et al. 2004, 2007). However, it is still not clear whether

BMC are differentiating into GFP+ cardiomyocytes during

different stages of the cardiomyopathy development and

how BMC are specifically attracted to the sites of damaged

tissue. Here, the mobilization and recruitment of bone mar-

row cells were studied in mice infected with T. cruzi. Sec-

ondly, the migration and fate of BMC during the

development of Chagas disease were studied in infected

BMC chimeras. By performing these experiments, we pres-

ent evidence regarding the contribution of bone marrow-

derived cells, as well as the role of inflammatory mediators,

in lesions affecting the heart and skeletal muscle.

Materials and methods

Animals

Six- to eight-week-old female C57BL/6 mice were used as

recipients for the production of chimeric animals. Four-

week-old male C57BL/6 mice, transgenic for enhanced green

fluorescent protein (GFP), were used as bone marrow cells

donors for reconstitution of irradiated mice. All mice were

raised and maintained in the animal facilities at the Gonc�alo
Moniz Research Center, FIOCRUZ/BA, and provided with

rodent food and water ad libitum.

Ethical approval

Animals were handled according to the NIH guidelines for

animal experimentation. All procedures described had prior

approval from the local animal ethics committee.

Generation of chimeric mice

C57BL/6 female mice were irradiated with 6 Gy for bone

marrow cell depletion in a 137Caesium source irradiator

(CisBio International, Codolet, France). Bone marrow cells

were obtained from femurs and tibiae from male GFP-trans-

genic mice and used to reconstitute irradiated mice. The

mononuclear cells were purified by centrifugation in Ficoll

gradient at 1000 g for 15 min (Histopaque 1119 and 1077,

1:1; Sigma-Aldrich, St. Louis, MO, USA). After two wash-

ings in DMEM medium (Sigma-Aldrich), the cells were fil-

tered over nylon wool and resuspended in saline, and 200 ll
was injected intravenously at 1 9 107 cells per mouse in all

irradiated mice.

Parasites and infection

Trypomastigotes of the myotropic Colombian T. cruzi strain

(Federici et al. 1964) were obtained from culture superna-

tants of infected LLC-MK2 cells. Infection of normal and

chimeric mice was performed by intraperitoneal injection of

100 or 1000 T. cruzi trypomastigotes in saline respectively.

Chimeric mice were infected 30 days after bone marrow

transplantation. Parasitaemia of infected mice was evaluated

at various time points following infection by counting the

number of trypomastigotes in peripheral blood aliquots.

Twenty-eight days after infection, chimeric animals were

treated daily for 1 week with 40 mg/kg of benznidazole

(Lafepe, Recife, Brazil) diluted in saline to control the

parasitaemia.

Morphometric analysis

Groups of animals were euthanized 33, 66 and 192 days

after infection, and different organs were removed and

fixed in 10% buffered formalin. Tissue sections were anal-

ysed by light microscopy following paraffin embedding and

then stained using a standard haematoxylin/eosin protocol.

Inflammatory cells infiltrating heart and skeletal tissues

were counted using a digital morphometric evaluation sys-

tem. Images were digitalized using a colour digital video

camera adapted to a microscope. The images were analy-

sed using the Image Pro Plus Program (Media Cybernetics,

San Diego, CA, USA), where inflammatory cells were

counted and integrated with respect to area. Ten fields

(100 lm2) per section were counted in one section per

heart.

Sample preparation and real-time RT-PCR

The RNA was harvested from hearts and skeletal muscle

and isolated with TRIzol reagent (Invitrogen, Carlsbad,

CA, USA) using concentration determined by photometric

measurement. The RNA quality was analysed in 1.2%

agarose gel. High-Capacity cDNA Reverse Transcription

Kit (Applied Biosystems, Foster City, CA, USA) was used

to synthesize cDNA from 2 lg of RNA following the

manufacturer’s recommendations. Real-time RT-PCR

assays were performed to detect the expression levels of

different genes, using commercial probes, as follows: Sdf-

1/CxCl12 (Mm 00443552_m1), Ccl2/MCP-1 (Mm

00441242_m1), Ccl8/MCP-2 (Mm 01297183_m1), Ccl7/

MCP-3 (Mm 00443113_m1), IGF-1 (Mm00439561_m1)

and VEGF (Mm00437304_m1). Amplification of qRT-

PCR mixtures was performed with Universal Master Mix

(Applied Biosystems) and the 7500 Real-Time PCR System

(Applied Biosystems), under standard thermal cycling con-
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ditions, comprised of 10 min polymerase activation at

95 °C, 40 cycles at 95 °C for 15 s and 60 °C for 60 s.

Experiments with coefficients of variation >5% were

excluded. A no-template control and no-reverse transcrip-

tion control (No-RT) were also included. The results are

presented as the fold increase of expression from the indi-

vidual mRNAs, with the target internal control GADPH,

using the cycle threshold method.

Immunofluorescence analysis

Ten-micrometre frozen sections or 5-lm paraffin-embedded

sections of hearts, livers, spleen and skeletal muscle were

obtained and used for detection of GFP+ cells. The follow-

ing primary antibodies were used: chicken anti-GFP (1:500;

Aves Labs, Tigard, OR, USA), rabbit anti-myosin (1:200,

Sigma-Aldrich), rabbit anti-von Willebrand Factor (1:50;

Zymed Laboratories, San Francisco, CA, USA), mouse anti-

PCNA (1:200; Dako Denmark A/S, Glostrup, Denmark)

biotinylated with Dako Ark kit and mouse anti-Pax-7

(1:200; DSHB, Iowa city, IA, USA) stained using M.O.M.

kit (Vector Labs, Burlingame, CA, USA). Secondary anti-

bodies, anti-chicken Alexa Fluor 488 conjugated (1:200;

Molecular Probes, Carlsbad, CA, USA) and anti-rabbit

Alexa Fluor 568 conjugated (1:200; Molecular Probes),

were used. For biotinylated antibodies stained sections, we

used streptavidin Alexa Fluor 568 conjugated (1:200;

Molecular Probes). Some heart sections were stained with

phalloidin Alexa fluor 633 conjugated (1:100; Molecular

Probes). Nuclei were counterstained with 4,6-diamidino-2-

phenylindole (DAPI) (Vector Labs). Images were collected

using the confocal microscope, FluoView 1000 (Olympus,

Tokyo, Japan).

Flow cytometry analysis

Quantification of GFP+ cells was performed in blood sam-

ples obtained from na€ıve, bone marrow chimeric mice (one

month after reconstitution) and GFP-transgenic control

mice. Quantitative analysis of Sca-1+ and monocytes cells

was performed in the blood of non-infected and acute

chagasic mice, by flow cytometry. Cells were stained with

labelled anti-mouse CD45 PE-Cy5.5, CD11b APC, CD34

PE, CD90 APC, SCA-1 FITC, F4/80 PerCP-Cy5 and Ly-6C/

6G APC-Cy7 antibodies (BD Biosciences, San Diego, CA,

USA) for 20 min, at room temperature. Red blood cells

were lysed with lysis solution for 10 min at room tempera-

ture. Cells were washed twice with phosphate buffered sal-

ine (PBS), resuspended in 500 ll of PBS and then analysed

using the cell analyser, LSRFortessa with FACSDiva soft-

ware version 6.1.3 (BD Biosciences). To confirm the pres-

ence of GFP+ cells in chimeric mice, blood samples from

irradiated and reconstituted mice were evaluated after

30 days of transplantation. Blood samples obtained from

wild-type and GFP-transgenic C57BL/6 mice were used as

negative and positive controls respectively. Acquisition and

analysis were performed using a FACScalibur cytometer

with the CELLQUEST software (BD Biosciences). At least

10,000 events were collected.

Statistical analyses

Statistical comparisons between groups were performed by

Student’s t-test when comparing two groups and analysis of

variance (ANOVA) followed by Tukey’s test for multiple com-

parisons, using GRAPHPAD PRISM program (Software Inc., San

Diego, CA, USA) version 5.0. Results were considered sig-

nificant when P < 0.05.

Results

Infection with T. cruzi increases percentage of circulating
stem cells and monocytes as well as chemokines
expression in the heart and skeletal muscle

The mobilization of different cell subpopulations from the

bone marrow was evaluated in the peripheral blood taken

from C57BL/6 mice infected with Colombian T. cruzi strain.

At the peak of infection (30 days after infection), a signifi-

cant increase in the number of Sca-1+ cells and monocytes

was observed in infected mice, when compared to na€ıve con-

trols (Table 1). The Sca-1+ cells expressed either mesenchy-

mal stem cell markers (CD90+ CD45�) or hematopoietic

progenitor cell phenotype (CD34+ CD45+). Two monocyte

subpopulations, expressing LY6Chi and LY6Clo, were also

observed (Table 1).

The expression of chemokines participating in the recruit-

ment of macrophages and stem cells was investigated at the

transcriptional level by qRT-PCR in the heart and skeletal

muscle. Gene expression of SDF-1 (CXCL12) in the heart

was found to be similar between na€ıve and T. cruzi-infected

mice. In contrast, SDF-1 expression in skeletal muscles

increased in T. cruzi-infected mice in comparison with na€ıve

mice (Figure 1). The expression of MCP1, 2 and 3 genes

was significantly increased in both heart and muscle tissues

of infected mice when compared to na€ıve mice (Figure 1).

Table 1 Acute infection with T. cruzi induces the mobilization

of Sca-1+ and monocytes to the peripheral blood

Cell subpopulation Uninfected Infected P value

MSC
(Sca1+ CD90+ CD45�)

0.23 � 0.03 1.26 � 0.18 <0.01

HSC

(Sca1+ CD34+ CD45+)

0.30 � 0.06 1.71 � 0.32 <0.05

MNC F4/80+

CD11b� LY6Clo
2.17 � 0.20 42.70 � 1.96 <0.0001

MNC F4/80+

CD11b+ LY6Chi
10.90 � 0.95 54.95 � 1.93 <0.0001

Data represent the cell subpopulation% of na€ıve (n = 3) and
infected (n = 8) mice and were expressed as means � SEM. Statis-

tical analysis was performed using Student’s t-test. MSC, mesen-

chymal stem cells; HSC, hematopoietic stem cells; MNC,

monocytes.
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Presence of GFP+ cells in the heart and skeletal muscle
of T. cruzi-infected chimeric mice

To investigate the fate of mobilized bone marrow cells fol-

lowing T. cruzi infection, we generated bone marrow chime-

ric mice by transplanting GFP+ bone marrow cells into

lethally irradiated C57BL/6 recipients (Figure 2). Bone mar-

row reconstitution was confirmed by quantification of GFP+

cells by flow cytometry analysis (Figure 3 a–c). One month

after reconstitution, chimeric mice were infected with 100

T. cruzi trypomastigotes and treated for 1 week with ben-

znidazole, 28 days postinfection, to reduce mortality rate

associated with the infection in chimeric mice. A decrease of

parasitaemia levels in these animals was observed 30 days

postinfection (Figure 3d). The numbers of inflammatory

cells in the heart and skeletal muscle were quantified. As

shown in Figure 3e, the number of inflammatory cells in the

heart tissue was higher during the peak of parasitaemia

(33 days after infection), decreasing after 192 days of infec-

tion. In contrast, the number of inflammatory cells remained

elevated in skeletal muscle at all analysed time points

(Figure 3f).

Each time point analysed revealed the presence of GFP+

cardiomyofibres. The GFP+ cardiomyocytes were positively

stained with an anti-myosin antibody or phalloidin (Fig-

ure 4a–c) and were visualized as a group of adjacent cells

or individual cells within the myocardium. In contrast, heart

sections of uninfected chimeric mice had sparse or no GFP+

cells present (Figure 4d). The GFP+ cells found in the hearts

of uninfected chimeric mice did not present characteristic

cardiomyocyte morphology, as well as a lack myosin

expression.

A significant number of GFP+ myofibres were found at all

analysed time points (Figure 5a–c). The number of GFP+/

myosin+ myofibres in skeletal muscle did not correlate with

the severity of tissue inflammation. However, GFP+ myofi-

bres were not observed in skeletal muscle sections obtained

from uninfected chimeric mice, which included mice eutha-

nized on day 192 (Figure 5d).

In addition to myofibres, GFP+ cells were found within

endothelial cells of chagasic heart blood vessels

(Figure 6a), but were not observed in uninfected chimeric

mice (Figure 6b). A subpopulation of these GFP+ cells was

positive for von Willebrand factor, an endothelial

cell marker. However, GFP+ satellites cells were not found

in skeletal muscle of chimeric mice at any of the

time points analysed, as shown by Pax7 stain (Figure 6c

and d). GFP+ cells were also observed in other organs of

chimeric chagasic mice, such as liver and spleen (data not

shown).

Presence of proliferating GFP+ cells in inflammatory
foci

Heart and skeletal muscle sections from chimeric mice

euthanized at different time points following infection pre-

sented a massive influx of GFP+ inflammatory cells. Some

GFP+ cells observed in inflammatory infiltrates of cardiac

and skeletal muscle displayed positive nuclear staining for

PCNA, a marker of cell proliferation (Figure 6e and f).
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Figure 1 Gene expression of chemokines in the heart and skeletal muscle. Heart and skeletal muscle samples of uninfected or
chagasic mice (33 days postinfection) were removed and analysed by qRT-PCR for the expression of SDF-1 and MCP 1, 2 and 3.
Data represent the mean � SEM of 5–8 mice per group. *P < 0.05; **P < 0.01; ***P < 0.001.

Figure 2 Generation of GFP+ bone marrow chimeric mice.
Lethally irradiated wild-type C57BL/6 mice were transplanted
with bone marrow obtained from C57BL/6 GFP transgenic
mice.
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Cardiomyocytes expressing PCNA were found in chimeric

chagasic mice (Figure 6e’). However, myofibres expressing

GFP and PCNA were not found in any heart or skeletal

muscle sections analysed.

Acute T. cruzi infection upregulates the gene expression
of IGF-1 and VEGF

The mRNA expression of IGF-1 and VEGF was investi-

gated in the skeletal muscle and hearts of T. cruzi-infected

mice by qRT-PCR. A significant increase in IGF-1 mRNA

levels was observed in both heart and skeletal muscle sam-

ples of infected mice, when compared to normal mice

(Figure 7). In contrast, VEGF mRNA levels were signifi-

cantly increased in the skeletal muscle, but not in the

hearts of infected mice, when compared to normal mice

(Figure 7).

Discussion

In the present study, we demonstrated that infection with

T. cruzi can induce chemokine expression in inflamed tis-

sues that continuously recruit bone marrow-derived cells to

the peripheral blood and their contribution to the

formation of resident cells in the heart and skeletal muscle

tissues.

Chemokines MCP-1, -2, and -3 were also previously

described to be highly expressed in the hearts of chagasic

mice (Soares et al. 2010) and may induce the recruitment of

monocytes and lymphocytes. It has been recently shown that

some monocyte subpopulations can differentiate into spe-

cialized cell types, including endothelial cells and myocytes

(Kodama et al. 2005; Kuwana et al. 2006), and may con-

tribute to the GFP+ myocytes and endothelial cells observed

in our study.

While MCPs play a role in the recruitment of immune

cells, it is well known that SDF-1/CXCR4 is a major axis of

stem cell chemotaxis. A recent study utilizing an alternative

mouse model of Chagas disease also failed to detect a raise

in the expression of SDF-1 in the heart and showed that

hematopoietic stem cells (i.e. CD34+) were not recruited to

the heart during infection (Gonz�alez et al. 2013). In our

study, we observed an increased SDF-1 expression in the

skeletal muscles and detected increased numbers of CD34+

cells in the peripheral blood, suggesting that CD34+ cells

could be recruited to different inflamed tissues, as evidenced

by the presence of GFP+ resident cells in the tissues

analysed.

Post-natal cardiomyogenesis has been reported to occur in

mice and humans, at a low frequency (about 1% per year),

a process that declines considerably with age (Garbern &

Lee 2013). New cardiomyocytes can be generated from stem
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Figure 3 Infection of bone marrow chimeric mice with T. cruzi. Reconstitution of bone marrow chimeric mice was confirmed by
flow cytometry analysis of GFP+ cells in the blood. (a), na€ıve mouse. (b), GFP-transgenic mouse. (c), chimeric mouse (one month
after transplantation). One month after transplantation, chimeric mice were infected with 100 Colombian strain T. cruzi and treated
with benznidazole (bdz) 28 days later. (d) Blood parasitaemia of T. cruzi-infected chimeric mice. Quantification of inflammation in
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per group. ***P < 0.001.
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(a) (b)

(c) (d)

Figure 4 Presence of GFP+ cells in the
hearts of chagasic chimeric mice.
Hearts of chimeric mice euthanized at
different time points after infection
with T. cruzi were analysed by confocal
microscopy. GFP+ (green) myosin+ (a)
or F actin+ (b–d) (red) cardiomyocytes
were found in heart sections of mice
after 33 (a), 60 (b) and 192 (c) days of
infection. (d) Heart section of an
uninfected chimeric mouse. Nuclei were
stained with DAPI (blue).

(a) (b)

(c) (d)

Figure 5 Presence of GFP+ cells in
skeletal muscle of chagasic chimeric
mice. Skeletal muscle of chimeric mice
euthanized at different time points after
infection with T. cruzi was analysed by
immunofluorescence microscopy. (a)
Parasite nest within a GFP+ myofibre
(arrow) after 33 days of infection. (b
and c) GFP+ (green) myosin+ (red)
myofibres were found in skeletal muscle
sections obtained from mice after 60
(B) and 192 (c) days of infection. (d)
Skeletal muscle section obtained from
an uninfected chimeric mouse. Sections
were stained with anti-myosin antibody
(red) and DAPI (blue).
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cells (Laflamme et al. 2002; Agbulut et al. 2003; Deb et al.

2003; Fogt et al. 2003; Thiele et al. 2004) or by dividing

mature cardiomyocytes (Senyo et al. 2013). Here, we

detected the presence of bone marrow-derived cardiomyo-

cytes, as well as the proliferation of pre-existing cardiomyo-

cytes (GFP� PCNA+). Similarly, Arnaiz et al. (2002)

observed proliferating cardiomyocytes (PCNA+) after differ-

ent periods of infection by T. cruzi in rats (Arnaiz et al.

2002).

Previous studies have reported a low-frequency presence

of bone marrow-derived skeletal myocytes following acute

myotoxic injury (Corbel et al. 2003; Rudnick 2003). It has

been suggested that these cells result from fusion between

damaged myofibres and bone marrow-derived cells (Rud-

nick 2003). The frequency of bone marrow-derived myo-

cytes was found to be higher in a Duchenne muscular

dystrophy experimental model, which may result from a

selective advantage (Dezawa et al. 2005). In the present

(a) (b)

(c) (d)

(e) (f)(e’)

Figure 6 Characterization of GFP+ cells in different organs of T. cruzi-infected chimeric mice. GFP+ cells (green) were observed to be
associated with blood vessels in the hearts of mice 33 days after infection (a), but not in uninfected chimeric mice (b). In red,
staining for von Willebrand factor. Satellite cells Pax7+ in skeletal muscle sections of na€ıve (c) and T. cruzi-infected mice (d) 33 days
after infection. Presence of GFP+ (green) proliferating PCNA+ cells (red) in the inflammatory infiltrates of the heart (e) and
PCNA+GFP� cardiomyocytes stained with phalloidin (green; e’) and skeletal muscle (f) tissue, 33 days postinfection. Nuclei were
stained with DAPI (blue).
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study, we showed that persistent inflammation leads to an

increased number of bone marrow-derived cells compared

with those previously reported in acute injury experimental

models.

Skeletal muscle regeneration is a dynamic process that

occurs with the contribution of different stem cells sources,

including skeletal muscle side population cells, bone mar-

row-derived cells, mesoangioblasts and pericytes (Otto et al.

2009). These cells can contribute to the satellite cell niche

or to the generation of myofibres through other pathways

(Xynos et al., 2010).

The fusion process is a physiological mechanism by which

myoblasts form multinucleated muscle fibres, becoming a

syncytium. A previous study demonstrated that macrophages

play an important role in muscle regeneration (Arnold et al.

2007) by producing growth factors for myogenic progenitors

that can also undergo fusion with myofibres (Camargo et al.

2003). Thus, as there is a potent mobilization of two

different monocyte populations (Ly6Clo e Ly6Chi) and the

presence of macrophages in the inflammatory foci, our data

suggest that these cells are fusing with myocytes in our

model of T. cruzi infection. Additionally, we found an

increase in IGF-1 and VEGF gene expression upon T. cruzi

infection. These factors have been implicated in the promo-

tion of tissue repair by angiogenesis induction and promote

muscle regeneration, two processes in which macrophages

have been shown to play key roles (Lu et al. 2011; Santini

& Rosenthal 2012).

Bone marrow-derived cells expressing satellite cell mark-

ers have been observed following bone marrow transplants

in association with myofibres (Labarge & Blau 2002;

Dreyfus et al. 2004). Camargo et al. (2003) also made this

observation, although at a low frequency, following hemato-

poietic stem cell transplantation in a cardiotoxin-induced

injury model (Camargo et al. 2003). In our study, we did

not observe any bone marrow-derived cells (GFP+) express-

ing the satellite cell marker pax7, which seems to favour a

fusion process rather than a transdifferentiation mechanism,

in this model of T. cruzi infection.

In conclusion, we have demonstrated that bone marrow

cells actively participate in the pathogenesis and regenera-

tion process that occurs naturally in damaged skeletal mus-

cles and hearts of an experimental model of Chagas disease.

These observations support the potential benefits of bone

marrow cell therapy during the chronic phase of Chagas dis-

ease, to increase a regeneration process that naturally

occurs.
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