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Abstract

Chagas cardiomyopathy still remains a challenging
problem that is responsible for high morbidity and
mortality in Central and Latin America. Chagas disease
disrupts blood microcirculation via various autoim-
mune mechanisms, causing loss of cardiomyocytes
and severe impairment of heart function. Different
cell types and delivery approaches in Chagas Disease
have been studied in both preclinical models and
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clinical trials. The main objective of this article is to
clarify the reasons why the benefits that have been
seen with cell therapy in preclinical models fail to
translate to the clinical setting. This can be explained
by crucial differences between the cellular types and
pathophysiological mechanisms of the disease, as well
as the differences between human patients and ani-
mal models. We discuss examples that demonstrate
how the results from preclinical trials might have
overestimated the efficacy of myocardial regeneration
therapies. Future research should focus, not only on
studying the best cell type to use but, very impor-
tantly, understanding the levels of safety and cellular
interaction that can elicit efficient therapeutic effects
in human tissue. Addressing the challenges associated
with future research may ensure the success of stem
cell therapy in improving preclinical models and the
treatment of Chagas disease.

© 2013 Baishideng Publishing Group Co., Limited. All rights
reserved.
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Core tip: The manuscript discusses examples that dem-
onstrate how the results from preclinical trials might
have overestimated the efficacy of myocardial regener-
ation with cell therapies, particularly in Chagas Disease
and addressing the challenges associated with future
research. The failure of cell therapy can be explained
by crucial differences between the cellular types and
pathophysiological mechanisms of the disease, as well
as the differences between human patients and animal
models.
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INTRODUCTION

Chronic Chagas Disease is the most common form of
cardiomyopathy in Central and South America and is
one of the leading causes of death from cardiovascular
disease in endemic areas. To date, there is no effective
treatment for this disease apart from pharmacological
treatment. Patients as described above may detive some
benefits from beta-blockers, inhibitors of angiotensin
conversion enzyme and diuretics'.

The only effective treatment available for individuals
who develop a more severe disease, such as heart failure
due to Chagas Disease, is total organ transplantation,
Z.e., heart transplantation. This procedure is limited due
to its high cost, and the scarcity of donated organs; the
immune suppressor drugs used in this situation can also
reactivate the disease.

On the other hand, regenerative medicine has
emerged with new perspectives on cell-based therapy to
add to the established drug therapy of Chagasic cardio-
myopathy in order to prevent heart failure progressing or
to prolong and improve the quality of life of patients.

However, these possibilities should be viewed with
caution in light of the pathophysiological aspects of cat-
diomyopathy.

There are currently various cell types that can be used
in cell therapy: isolated cells, or in combinations, and
associated (or not) with the arrays. Another important
variable is the manner in which cells are administered:
catheterisation, epicardial or intramyocardial injection. In
this context, preclinical research is fundamental for bet-
ter identification of the type of cell therapy that is func-
tionally effective for translation to humans as well as for
identifying the therapeutic availability and risks involved.
Cell therapy should be both feasible and safe.

The aim of cell therapy in relation to the heart, in-
dependently of ischemic or Chagas Disease, is to obtain
myocardial regeneration and to improve heart function
by cell-replacement therapy, as well as to reverse the geo-
metric remodeling of ventricular cavities.

Consensus on the most appropriate form of cell
therapy should be based on the best functional outcomes
in preclinical studies. Animal models are important tools
in experimental medical science to better understand the
pathogenesis of human disease and to test therapeutic
approaches.

Many reasons have been proposed for the failures
of clinical trials, including the choice of cellular type for
therapy. In this article we discuss the selection of preclin-
ical models because this is one of the main reasons why
clinical translation has been unsuccessful thus far. This
issue has received little attention, but it may have had dra-
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matic implications for the expectations of clinical trials.
We highlight crucial differences between cellular types
and pathophysiological mechanisms of the disease, as
well as the differences between human patients and ani-
mal models, with regards to a better understanding of the
results obtained so far and to reflect on the perspectives
for future research. We use examples to demonstrate why
the results from preclinical trials might have overestimat-
ed the efficacy of the myocardial regeneration therapies
that have been developed to date. We also suggest ways in
which currently available animal models of Chagas could
be translated for human use and also offer advice on how
to work with existing models to avoid overestimating the
efficacy of single bone marrow cell therapies.

All models have advantages and disadvantages and
the choice of stem cell therapy model should be based
on the specific pathophysiological mechanisms of the
disease; nevertheless, for myocardial regeneration, cell
therapy requires the development of myogenesis, for
contraction as well as angiogenesis, independent of the
disease pathophysiology, because the striated muscle, like
the myocatdial and its cardiomyocytes (CMCs), needs nu-
trition.

PATHOPHYSIOLOGICAL MECHANISMS

For the development of therapeutics based on stem cells
in Chagas Disease, some authors have considered ap-
proaches or tests that are similar to those performed in
ischemic cardiomyopathies, not taking into account the
fundamental differences between the pathophysiologies.
This explains why the results obtained in humans differ
from preclinical results; the intracoronary injection of

autologous mononuclear cells in humans has not im-
proved left ventricular function or the quality of life of
patients with chronic Chagas cardiomyopathy. These re-
sults were different from those obtained in a preclinical
model”.

The death of CMCs may be due to many factors,
such as myocatdial infarction or other causes, like Chagas
cardiomyopathy, which cause fibrosis in the remodeling
of the left ventricle due to the fact that adult CMCs have
only a limited capacity to regenerate and are insufficient
to resolve heart tissue injurym.

In myocardial infarction there is a loss of cardiac vas-
cular supply, accompanied by pro-inflammatory events
with increased production of 6-interleukin and tumor
necrosis factor, leading to cellular necrosis, loss of CMCs
in the heart region and heart dysfunction”.,

The pathophysiology of the chronic form of Chagas
cardiomyopathy is still not very clear. Among the various
mechanisms ate: a parasite-mediated tissue destruction,
denervation plexus infarction, platelet aggregation, and
intravascular lesion tissue mediated autoimmune mecha-
nisms. The disproportion of parasites suggests relation-
ships with autoimmune mechanisms'”.,

In Chagas Disease, infection by Trypanosoma cruzi (T.
crugd) causes a generalised inflammatory vascular disease,
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characterised by the presence of vasospasm, a reduc-
tion in blood flow, focal ischemia, thrombosis, increased
platelet aggregation, and higher levels of thromboxane
A2 and endothelin-1. Endothelial cell infection by the
parasite increases with the synthesis of endothelin-1,
which participates in the vasospasm of the coronary mi-
crocirculation'.

In summary, myocardial Chagas Disease is a diffuse
lesion due to the interrupted microcirculation of blood
vessel supplies mediated by autoimmune mechanisms,
causing the loss of CMCs and remodeling process with
the impairment of heart function.

CELLULAR TYPES

To obtain myocardium regeneration, various cell types

were evaluated; undifferentiated cells such as stem cells,
and differentiated cells like CMCs or myoblasts. How-
ever, not all cellular types have been evaluated in Chagas
Disease.

As regards undifferentiated cells, there are embryonic
stem cells (ESCs) or adult stem cells (ASCs). The ASCs
can be of diverse origin and can include: bone marrow-
derived stem cells; bone marrow mononuclear cells
(known as hematopoietic stem cells) such as CD45"/
CD34’; hematopoietic-derived mesenchymal stem cells
(hMSC, known as bone marrow mesenchymal stem
cells) such as CD45/CD34; adipose-detived stem cells;
mesenchymal fraction such as CD45/CD34"/CD105"/
CDY0"/CD73"; umbilical cord blood-detived stem cells;
mononuclear cells such as CD45"/CD34 and mesenchy-
mal cells CD45/CD34; and induced plutipotent stem
cells such as octamer-binding transcription factor 441101,

There are only three preclinical models that have
been tested for cell therapy in Chagas cardiomyopathy:
(1) bone marrow mononuclear stem cells; (2) co-cultured
cells; myoblasts such as CD56" with bone marrow mes-
enchymal stem cells; and (3) isolated bone marrow mes-
enchymal stem cells®”. The other cellular types are still
only a theoretical approachm].

ASCS

Bone marrow-derived stem cells

Bone marrow was the first source of stem cells for ap-
plication in various preclinical models for many diseases,
including heart disease. This followed extensive clinical
experience with these cells in their use for the treatment

of onco-hematological diseases. Cells obtained from
bone marrow have many advantages; they are easy to
obtain and they do not require cultivation (reduced risk
of contamination and for transformation), which allows
the possibility of autologous therapy without the need
for immune suppressor drugs and their adverse effects.
These cells can be obtained by puncture of the iliac
crest bone marrow, or from peripheral blood by apher-
esis with the aid of granulocyte stimulating factor, which
mobilises the cells of the bone marrow into peripheral
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blood. In addition to these advantages, there is increased
knowledge about the immune phenotypic characterisa-
tion and the quantification of these cells by flow cyto-
metric analysis, ensuring standardisation of protocols.

To test the efficacy of cellular therapy with stem cells
from bone marrow in the Chagasic cardiomyopathy, the
experimental model of inbred mice chronically infected
with the Colombian strain of T. ¢rugi has been used,
which caused the development of Chagasic cardiomy-
opathy in these animals. Mononuclear cells from bone
marrow were obtained by lavage of the femurs of the
animals and they were injected intravenously into mice
during the chronic infection. The degree of inflammation
and fibrosis in the heart was assessed after euthanasia of
the treated and control animals and the histological sec-
tions of the heart were comparedm.

The results of the aforementioned research demon-
strated that treated mice showed a significant improve-
ment in myocarditis 2 mo after transplantation when
compared to untreated controls. This was explained by
the authors as the result of an increase in apoptosis in
the inflammatory cells, which caused the loss of CMCs.
A decrease in the area of fibrosis was also demonstrated,
suggesting that this is a reversible processm’m.

Another strategy to better understand the action of
mesenchymal stem cells (MSC) from bone marrow (BM)
in myocardium repair was recently carried out by Jasmin
et al™. This study demonstrated the beneficial effects of
MSC therapy in mice model of Chagas Disease, arising
from an indirect action of the cells in the heart, rather
than a direct action due to the incorporation of large
numbers of transplanted bone marrow mesenchymal
stem cells (BMMSC) into working myocardium. The au-
thors used cell tracking, following the labelling of MSCs
with nanoparticles to investigate the migration of trans-
planted BMMSC:s to the heart.

Co-cultured model of BMMSC and myoblasts
Carvalho ¢ al” proposed the autologous transplanta-
tion of the co-cultured BMMSC and myoblasts for
myocardial regeneration in Wistar rats. Their first report
proposed the cultivation of both cellular types in a co-
cultured model to obtain cells capable of promoting
angiogenesis by BMMSC and myogenesis by myoblasts
for ischemic myocardium, and at the same time to re-
duce costs and cultivation time. This co-cultured model
had been tested previously in myocardial infarction and
compared with myoblasts, co-cultured cells and con-
trol. The control was operated animal and injected the
medium (Dulbecco’s Modified Eagle Medium-DMEN)
without cells as sham. The results demonstrated an im-
provement in left ventricular ejection fraction (LVEF)
in both the groups that received cells, with additional
results in histopathological analysis-the presence of
angiogenesis and myogenesis in the group that received
the co-cultured cells™ ",

This model was subsequently transferred for pre-
clinical Chagas cardiomyopathy. In this particular study,
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80 rats were inoculated with a single intraperitoneal
injection of 150000 trypomastigotes of T. cruzi. An
ELISA test for Chagas Disease was performed in a
sample of the animals. After 8 mo of inoculation, they
underwent transthoracic echocardiography for baseline
evaluation of heart function. Of the 15 animals that
developed ventricular dysfunction with LVEF, less
than 35% were randomly submitted to treatment. The
incidence obtained of animals with Chagas cardiomy-
opathy was similar to that which has been described in
humans®'*"*,

Seven animals underwent autologous co-cultured
cell transplantation by direct injection (X 10° co-cultured
product) in the epicardial in open surgery, »s eight ani-
mals in the control group, which was followed a natural
evolution (not sham). At one month after treatment,
all the animals were submitted to transthoracic echo-
cardiography. The product of the co-cultured cells was
identified by immunocytochemistry assay for identifica-
tion; antibody anti-fast-myosin for skeletal muscle cells
demonstrated by FITC immunofluorescence, and anti-
body anti-VII factor for new vessels by demonstrated im-
munoperoxidase[lb’m.

One month after transplantation, in the echocardio-
graphic functional analysis the group of Chagas Dis-
ease that had received co-cultured cells demonstrated
significantly improved LVEEF, 31.10 £ 5.78 to 53.37 £
5.84 »s natural evolution (P < 0.001). There was also
negative remodelling, which was demonstrated by left
ventricular-end diastolic volume (LVEDYV), co-cultured
cells transplant group: 0.83 = 0.08 to 0.64 £ 0.16 (P <
0.005) »s natural evolution, 0.68 £ 0.12 to 0.72 £ 0.16.
Histopathological analysis demonstrated the presence
of skeletal muscle cells, like myotube (immature skeletal
muscle), and new vessels in hosted myocardial*'".

This model demonstrates that negative left ventricu-
lar remodelling, as well as reducing the progression of
heart failure, may stabilise alterations in the biology of
cardiomyocytes, (for example, hypertrophy) and maintain
the contractile performance of myocardium!*"”. On the
other hand, Hagege et al™ in relation to human ischemic
cardiomyopathy, only transplanted myoblasts. In patients
with severe heart failure, the clinical status and Ejection
Fraction of patients improves in a stable manner over
time, with a strikingly low incidence of hospitalisations
for heart failure (0.13/patient-years) and arrhythmic risk
can be controlled by medical therapy and/or on-request
automatic cardiac defibrillator implantation. In this pre-
clinical model, arthythmia was not observed"”.

The co-cultured model seems to offer the promise of
a treatment that adds to adjuvant therapy for Chagasic
cardiomyopathy in patients and the bioprocess of this co-
culture has been translated for use in humans; however,
this model has not yet been evaluated in human Chagas
Disease. Permission has been granted to test in I Phase
Human by the Brazilian Human Research Ethics Com-
mittee, and testing should start soon.
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PERSPECTIVES FOR FUTURE

Human embryonic stem cells for cell therapy

In contrast to ASCs, ESCs have the potential to differen-
tiate between the tissue detivatives of all three embryonic
germ layers and therefore they are termed pluripotent.
CMCs have been obtained from all three types of murine
embryo-derived stem cells: embryonic carcinoma (EC),
embryonic stem (ES), and embryonic germ (EG) cells.
We focus our attention on ESCs due to their potential
clinical application. Human embryonic stem cells (hESC)
lines, isolated from the inner cell mass of embryos, can
be propagated continuously in the undifferentiated state
when grown on top of a mouse embryonic fibroblast
feeder layer. When removed from these conditions and
grown in suspension, they begin to generate three-dimen-
sional differentiating cell aggregates, termed embryoid
bodies"”.

Given the versatility of hESCs, and the possibility of
obtaining beating CMCs from them, they appear to be
the main candidate for cell-based applications for cardiac
repait. In fact, hESCs apparently fulfill most, if not all, of
the properties of an ideal donor cell line™”".

A possible strategy for cell-replacement therapy could
be to initially allow the spontaneous differentiation of
ESCs into multiple lineages 77 vitro, followed by selective
putification of the cardiomyogenic lineage isolated from
embryoid bodies. On this issue, Kehat ez a/”"* showed
that transplanted hESC-derived CMCs substituted dam-
aged pacemaker cells in a swine model of atrioventricu-
lar block, and were responsible for eliciting an ectopic
thythm compatible with the animal’s survival. Their re-
sults provide compelling evidence that this type of graft
integrates electromechanically within the recipient tissue,
as discussed by Menasché®',

Nevertheless, the following obstacles still remain
unsolved: (1) The yield of CMC production has to be
dramatically improved. It is fundamental to work on
the “ideal” culture conditions for CMC differentiation.
Unfortunately, the definition of strategies useful for this
aim is not easy. The inherent differences between hESCs
and their murine counterpart necessitate the obligatory
use of hESCs as a2 model; laws and ethical considerations
place strong limitations on what can be done. A further
complication is represented by differences between the
various protocols”™¥; (2) hESC lines and their charac-
terisation which, to date, has been uns§7stematic[25'32]. It
appears that each hESC line possesses a unique expres-
sion signature and a distinct cardiomyogenic potential ™.
Stimuli useful for directing hESCs through the cardiac
lineage are still only being investigatedwz’m. A methodic,
combinatorial approach, using various stimuli (trans-
stimuli, extra-cellular matrices, co-culture, physical stim-
uli) could be the best way of directing the differentiation
of stem cells ix vitro in a cardiac stringent-specific way.
This speculation is supported by the fact that, when in
their natural milieu, cardiomyogenic differentiation of
stem cells probably involves multiple signalling pathways.
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This may be mimicked iz vitro with a combination of
various methods that achieve a synergistic effect. In fact,
in vitro-derived, prevascularised scaffold-free cardiac tis-
sue patches from co-culture of CMCs, endothelial cells
and fibroblasts were found to greatly improve cell viabil-
ity, post—transplantation134j; (3) Culture media. For clinical
applications, it is imperative to develop well-defined and
efficient zn vitro protocols for the cardiomyogenic dif-
ferentiation of stem cells, which use chemically defined
culture media supplemented with recombinant cytokines
and growth factors. The main drawback of the cur-
rent xen support system is the risk of cross-transfer of
animal pathogens that might hamper future clinical ap-
plications. It was recently shown that non-human sialic
acid Neu5Gc (against which many humans have circulat-
ing antibodies) was incorporated into hES cells grown
on mouse feeder layers™. The use of human plasma-
derived serum, and the development of a serum-free
support system and animal-free feeder layer consisting
of human fetal fibroblasts and adult epithelial cells or
foreskin cells, may provide an appropriate solution to
these risks. Nevertheless, iz vitro up-scaling of clinical
grade cell products that are essentially free of xenogenic
products, in compliance with good manufacturing prac-
tice, remains a significant hurdle’ ™ (4) Competency
of derived CMCs in terms of excitation-contraction
coupling. Another important issue is to what extent
these cells can be considered mature CMCs as regards
excitation-contraction coupling. Indeed, heterogenous
electrophysiological properties have been demonstrated
in CMCs derived from separate differentiation methods
within the same group"”. This question cannot be accu-
rately answered at the moment since the differentiation
procedure has not been efficiently or even minimally
standardised. However, some data provide fairly con-
vincing evidence that hESCs can integrate electrically
with the recipient myocardium, suggesting that they are
capable of contributing to the augmentation of pump
function following injury[zol; (5) Immune rejection has to
be blocked. Upon differentiation, ES cells express mol-
ecules of the major histocompatibility complex (MHC),
in particular MHC [, while MHC II expression levels
are low or absent!". Thus, decreasing the expression
of MHC 1 by genetic modification could improve im-
munologic tolerance. Alternatively, minimal but targeted
conditioning of CD4 and CD8 T-cells may be an option
to promote tolerance of embryonic stem cell-derived tis-
sues'™; and (6) Tumorigenicity may be a problem, even
when terminally differentiated CMCs are used for cell
replacement. The implantation of undifferentiated ES
cells leads to the formation of benign teratomas in the
recipientsm’%]. Those risks are also present in all cultured
cells, as demonstrated by Irioda ef a/"".

As discussed by the aforementioned authors, an ES-
derived teratoma is not essentially malignant, but its nat-
ural propensity to grow makes it potentially dangerous
when implanted into an individual and, as such, a crip-

pling obstacle on the path to ES cell therapeuticsm’wl.
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Recent experiments suggest that the formation of a tera-
toma may be dependent upon experimental conditions.
For instance, Bjorklund ez al”have shown that teratoma
formation could be prevented in a majority of cases,
when pre-differentiated mouse ES cells were implanted
into the brains of rats at a very low density. Asano ez al"
showed that ES cells implanted allogenically into a non-
human primate fetus in utero formed a teratoma when
developed in a natural cavity, but conversely integrated
normally in tissues when implanted within various or-
gans. Therefore, teratoma formation does not appear to
be an unavoidable consequence of ES cell implantation
but rather as a phenomenon, the mechanisms of which
require further investigation in order to identify the saf-
est procedures for clinical application. Tumorigenicity
demands the use of an extensively characterised, pure,
differentiated cell population as well as rigorous cell
screening;

The negative selection of Oct4 (undifferentiated cell
marker) expressing cells might be a solution. New strate-
gies and methodologies need to be developed to isolate
the terminally differentiated cells. ES cell implants can
be tagged with some kind of death signal in such a way
that when they start to form tumors, or cause severe
complications, they can be cleared from the body, leav-
ing the host unaffected. Other safeguards proposed to
purify CMCs, such as flow cytometry, cell sorting using
cardiomyocyte-specific fluorescent dye or cardiac plasma
membrane surface marker, and other strategies reviewed
elsewhere, would further enhance the safety profile of
these exogenously detived CMCs. As yet, there is no vali-
dated solution to this problernm5 1,

Hence, it is probably unrealistic to assume that an ap-
proach designed to improve cardiac differentiation would
be applicable to all hESC lines. Clearly, systematic charac-
terisation is necessary in order to identify sub-categories
of hESC lines. According to Stojkovic ez al™ one pos-
sible solution to this problem is the establishment of
national or international hESC banks, which would allow
comparable and detailed characterisation of deposited
cells and provide scientists with all the necessary infor-
mation to choose the most suitable hESC line for their
own research”™.

SOMATIC CELL NUCLEAR TRANSFER

Recently, high-profile reports of the derivation of human
embryonic stem cells from human blastocysts produced
by somatic cell nuclear transfer (SCNT) have highlighted
the possibility of making autologous cell lines specific to

individual patients™. Given the range of immunophe-
notypes of hESC lines currently available, rejection of
the differentiated cells by the host is a potentially setious
problem. SCNT offers a means of circumventing this by
producing embryonic stem cells of the same genotype as
the donor. However, this technique is not without prob-
lems since it requires the resetting of the gene expression
programme of a somatic cell to a state consistent with
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embryonic developmentf43’56’57].

The use of SCNT is currently under investigation
from several points of view (ethical, scientific, technical/
technological) and it has promising potential for the treat-
ment of a variety of degenerative diseases. Furthermore,
with the advent of other techniques such as xenofree,
and direct differentiation of resident cells to CMCs, this
may offer additional and exciting avenues for autologous
cell therapy in the future®™ ",

ESC and SCNT have excellent perspectives for future
study in preclinical models of cardiomyopathy, such as
Chagasic or ischemic, but there are still many questions
to be answered and those cells have not yet been evalu-
ated in this preclinical model.

CONCLUSION

The success of stem cell therapy in a preclinical model

for treating Chagas Disease is unsuccessful in human
translation. Solutions are needed to provide acceptable
levels of safety and strict quality control that would
make possible the clinical applications of conducting
therapy with stem cells in Chagas cardiomyopathy. Ad-
dressing the challenges associated with future research
may ensure the success of stem cell therapy in the im-
provement of preclinical models and the treatment of
Chagas Disease.
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