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ABSTRACT

Stem cells are seen as a possible solution for organ
and tissue regeneration and for the treatment or even
cure of various diseases. There are basically two types
of stem cells: embryonic and adult stem cells. Em-
bryonic stem cells are derived from embryos and ex-
hibit an extensive multiplication and differentiation
potential. On the other hand, adult stem cells, which
are found in bone marrow and other tissues, have a
lower multiplication and differentiation capacity but
are more easily isolated and applied. In adult stem
cell therapies using bone marrow or umbilical cord
blood transplantation, the differentiation of a certain
cell type is induced and its multiplication is stimu-
lated, followed by the implantation of these cells into
damaged tissues. Examples of the application of stem
cells include the treatment of autoimmune diseases
such as type 1 diabetes mellitus and heart diseases.
Stem cells open up new prospects for the treatment of
a series of diseases. In this respect, basic knowledge of
the mechanisms of growth and differentiation of these
cells is of the utmost importance to optimize thera-
peutic results. In this review, we discuss the mecha-
nisms of stem cell differentiation and describe the
clinical results reported in the literature, mainly by
Brazilian research groups.

Keywords: Stem Cells; Cell Differentiation; Cell
Transplantation; Cell Therapy

1. INTRODUCTION

We are currently witnessing the advent of a fascinating
and promising therapeutic modality, the use of stem cells
(SCs) for the regeneration of damaged tissues, once con-
sidered to be irreparable. Promising results from experi-
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mental animal studies have encouraged groups from dif-
ferent centers all over the world to start clinical trials that
investigate the feasibility of SC transplantation for the
treatment of various diseases [1]. SCs possess two im-
portant characteristics: they are not specialized and they
are able to renew themselves for long periods of time
under certain physiological or experimental conditions.
In addition, SCs can be induced to acquire special func-
tions, i.e., they are able to differentiate into other cell
types [2].

The control of this process of differentiation is one of
the major challenges of current research. Some aspects of
this process are already known. For example, studies
using genetic techniques have identified some basic
characteristics responsible for the maintenance of the
undifferentiated state based on the gene expression pat-
tern of these cells. These characteristics include the ca-
pacity to respond to hormones and growth factors, ex-
tracellular matrix, and high resistance to stress through
the increased expression of DNA repair enzymes [1].

The objective of the present review was to describe the
relevant aspects of cell therapy, including basic concepts
of SCs, as well as the main experimental studies and
clinical data, focusing mainly on the results reported by
Brazilian research groups. In addition, we discuss the
uncertainties that surround the behavior and use of SCs.

2. MATERIALS AND METHODS

A review of papers published mainly by Brazilian re-
search groups was performed using the public database
Scientific Electronic Library Online—SciELO
(wwwe.scielo.br). The Medline and Literatura Latino-
Americana e do Caribe em Ciéncias da Saude (LILACS)
systems, both available at the Virtual Health Library of
search. Finally, some papers retrieved from the interna-
tional PubMed database
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(http:/Avww.ncbi.nlm.nih.gov/pubmed) were also analyzed.
The following keywords were used in all searches: stem
cells, cell therapy, orthopedics, cardiology, rheumatology,
and dentistry.

3. RESULTS AND DISCUSSION
3.1. General Characteristics of Stem Cells

The most important characteristics that define SCs are: a)
the capacity of self-renewal, which confers the potential
to live and proliferate indefinitely, and b) the capacity of
differentiation. Embryonic stem cells (ESCs) are derived
directly from the pluripotent tissues of preimplantation
embryos. These cells receive the status pluripotent be-
cause they can be expanded in cell culture, maintaining
their pluripotent characteristics and giving rise to differ-
ent cell types found in the embryo and in the adult or-
ganism. ESCs are often described as totipotent since they
give rise to the embryonic germ layers (endoderm, meso-
derm, and ectoderm). However, ESCs derived from the
blastocyst are unable to generate all cell types. In par-
ticular, these cells do not generate trophectoderm cells.
In addition, these cells cannot regenerate a blastocyst and
can therefore not produce a complete embryo. Thus, the
term totipotent should only be applied to the zygote and
blastomeres during the early stages of cleavage [3].

In adults, SCs persist in some tissues and play a role in
the process of tissue renewal throughout the life of an
individual. Tissue renewal is necessary since many cells
lose the capacity of mitotic division, once they reach
their final differentiation. The cells that are lost during
the life of an individual are replaced with a population,
called adult stem cells (ASCs). ASCs are defined as a
poorly differentiated cell population, i.e., cells with a
high differentiation potential present in an adult organ-
ism. When dividing, these cells produce two distinct
populations: the first remains undifferentiated like its
progenitor and the second differentiates into some spe-
cialized cell [4].

Among postnatal tissues harboring SCs, bone marrow
has been widely studied as a source of both hematopoi-
etic stem cells (HSCs) and mesenchymal stem cells
(MSCs). However, the latter can also be found in other
tissues [5,6]. MSCs derived from human bone marrow
are also called skeletal SCs, bone marrow stromal cells,
or multipotent mesenchymal stromal cells [5]. Despite
the variable nomenclature, MSCs comprise a group of
cells present in the bone marrow stroma that are able to
differentiate into different mesodermal cell lines and,
possibly, other types of non-mesodermal cells. MSCs are
found in the stromal fraction of bone marrow, which
provides a microenvironment that sustains hematopoiesis.
It is believed that these cells provide stromal support for
the growth and differentiation of HSCs and for hemato-
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poiesis itself. In fresh adult marrow, MSCs account for
approximately 0.01% to 0.0001% of all nucleated cells

[5].
3.2. Embryonic Stem Cells

The isolation of human ESCs was reported for the first
time in 1998. Since then, the number of studies on the
improvement of culture conditions, genetic manipulation
and induction of differentiation into different tissues has
grown exponentially [1,7]. ESCs are pluripotent and can
give rise to all types of cells of the organism. At less than
one week after fertilization, the developing embryo con-
tains between 100 and 150 cells and forms a hollow
sphere, the blastocyst. The latter is made up of a single
outer cell layer, which generates the extraembryonic
membrane, and an inner cell mass, which gives rise to
the embryo itself. By the third week, the embryo reaches
the gastrula stage. In this stage, three distinct germ layers
are established, which subsequently form the different
types of cells and tissues [8]. The control of the differen-
tiation of these cells is difficult, but the environmental
conditions, growth factors and other proteins necessary
to guide the differentiation into stable cells are now
starting to be understood [4].

ESCs are isolated by transfer of the inner cells mass to
a culture medium where they multiply on a layer of
feeder layer cells, normally obtained from mouse skin,
which have been treated so that they no longer multiply.
Feeder layer cells permit adhesion to the inner cell mass
by secreting nutrients into the culture medium. The cells
of the inner mass then proliferate for various days. These
cells can be frozen, kept in culture, or used in experi-
ments. The cells can also be maintained undifferentiated
under certain conditions; however, once these cells are
cultured together to form embryoid bodies, i.e., ESC
aggregates, they begin to differentiate spontaneously [9].

The obstacles to SC use that need to be overcome in-
clude: a) the development of more effective techniques
for the isolation of SCs, b) the improvement of methods
for the identification of ESCs and their developmental
potential, ¢) tools to control the differentiation and
growth of SCs in the body, and d) a better understanding
of the advantages of ESCs over ASCs in different appli-
cations [2].

3.3. Adult Stem Cells

ASCs, also known as somatic stem cells, are classically
recognized to differentiate only into cells of their tissue
of origin. The role of ASCs in the organism is to main-
tain and repair the tissues in which they are found [10,
11]. ASCs are found in various tissues, but stem cells
derived from red bone marrow and adipose tissues are
most frequently used in clinical practice [12]. A potential
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advantage of ASCs is that they can be expanded in cul-
ture and then reintroduced into the same patient, thus
preventing rejection by the immune system. ASCs are
believed to remain quiescent in the tissues in which they
are found until they are activated by diseases, tumors, or
injuries. In addition, these cells replace cells of the or-
ganism throughout life by the release of progenitor cells
into the blood circulation, which migrate to the sites
where they are needed [13].

In the 1960s, researchers discovered that the bone mar-
row contains two populations: one population of HSCs that
form blood cells in the organism, and a second mixed
population, called bone marrow stromal cells, that can
generate bone, cartilage, adipose tissue, and connective
tissue. The first findings in this respect are very old and
date back to the observation that patients submitted to
cancer chemotherapy showed significant improvement
after they had received a red bone marrow cell transplant
[12]. ASCs have been identified in many tissues and or-
gans, such as brain, bone marrow, peripheral blood,
blood vessels, skeletal muscle, skin, and liver [4,14]. Ex-
cept for bone marrow, SCs seem to be present in small
quantities in the other tissues [13,15].

There is still no evidence that ASCs can differentiate
into all types of tissues. Although ontogenically more
developed than embryonic cells, ASCs may contain more
DNA anomalies caused by errors in the ontogenic pro-
gram that occur throughout life. However, these risks are
lower than in the case of embryonic cells [13].

3.4. Umbilical Cord Stem Cells

SCs are also found in the umbilical cord. The classifica-
tion of these cells is confusing. Some investigators refer
to these cells as ASCs since the umbilical cord is gener-
ally obtained at birth. Others prefer to classify them as a
variant of ESCs due to their origin. Nevertheless, the
differentiation potential of umbilical cord SCs differs
from that of ESCs. From a morphological viewpoint,
cells present in the umbilical cord correspond to Whar-
ton’s jelly. In histology, the tissue present in the umbili-
cal cord is called mucous tissue, a variant of connective
tissue rich in mesenchymal cells [16]. Undifferentiated
cells can also be found inside blood vessels or in the
vessel wall. Human umbilical cord blood cells have spe-
cific application for the newborn itself and can be stored
for future use, if necessary. These cells could eventually
be used in identical twins or in other individuals with
adequate human leukocyte antigen (HLA). Their appli-
cation to incompatible patients simultaneously with im-
muno-suppressors may also be possible [13].

Umbilical cord SCs have been used as an alternative to
bone marrow transplants, although the results are much
more promising in children [2]. In addition, studies using
experimental models have shown a potential of these
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cells to regenerate damaged tissues. The fact that um-
bilical cord cells are more easily obtained from a mate-
rial that is usually discarded makes their use less contro-
versial from an ethical point of view [1]. However, the
extent to which differentiated cells can be obtained is
limited. Two hypotheses have been raised to explain
these findings: a) a lower differentiation potential of
these cells, and b) researchers are still unable to manipu-
late these cells so that they develop their full differentia-
tion potential.

3.5. Bone Marrow Stem Cells

Bone marrow stem cells (BMSCs), a variant of ASCs,
are of special interest in regenerative medicine. There is
substantial evidence indicating that BMSCs circulate to
peripheral blood and back to the bone marrow in a
physiological process that is closely regulated by the
complex interaction of cytokines. The observation of
cardiac chimerism after bone marrow transplantation
may be explained in part by this phenomenon. Evidence
indicates that SCs, possibly derived from bone marrow,
circulate in peripheral blood and travel to damage tis-
sues in hematological and non-hematological diseases.
Furthermore, BMSCs are relatively easy to isolate and
are therefore excellent candidates for regenerative thera-
pies [12].

3.6. Adipose Tissue Stem Cells

Recent studies indicate that ASCs are also found in adi-
pose tissue obtained by lipoaspiration [17]. This would
be an interesting alternative in tissue engineering since
the removal of adipose tissue due to esthetic reasons is
widely accepted within the Brazilian population. Isola-
tion of cells with a therapeutic potential from adipose
tissue by lipoaspiration is a promising process since,
once stimulated by different factors, these cells can dif-
ferentiate into adipose cells, bone, cartilage, and muscle
cells. These cells present advantages over bone marrow-
derived cells since the process of lipoaspiration under
local anesthesia is less invasive and adipose tissue-de-
rived mesenchymal cells are easily and abundantly ob-
tained [18]. Studies comparing bone marrow- and adipose
tissue-derived mesenchymal cells have shown that the
two types of cells present a similar differentiation poten-
tial and similar cell surface markers [12,17,18].

3.7. Stem Cell Differentiation Pathways

SC research is one of the major challenges in biomedical
sciences: what does permit the long-term self-renewal of
SCs and which factors regulate their proliferation and
self-renewal? Differentiation is defined as the transfor-
mation of undifferentiated SCs into cells of adult tissue
with a specific shape and function, whereas transdiffer-
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entiation takes place when a differentiated cell trans-
forms into another type of cell [4]. According to some in-
vestigators, transdifferentiation also occurs when SCs of
an organ or tissue form cells of another organ or tissue.
However, this concept has not been universally accepted.

Studies have tried to identify the signals that cause
SCs to proliferate and remain undifferentiated in the
adult organism until they need to assume a certain func-
tion. In the case of ESCs, cell agglomerates form cell
masses, called embryoid bodies. The spontaneous forma-
tion of cells and their differentiation into muscle and bone
cells is observed in or around these bodies. The signals
involved in this type of differentiation are still unknown
[91.

In the case of ASCs, knowledge of the normal differ-
entiation pathways is important to understand their dif-
ferentiation potential for experimental or therapeutic use.
Analysis of these pathways permits to characterize the
microenvironment of these cells and to identify the fac-
tors to which they are exposed. Once we obtain a better
understanding of the in vivo microenvironment of these
cells, i.e., hormones and growth factors to which the cells
are exposed, possible cell-cell interactions and extracel-
lular matrix components, we may be able to induce the
process of differentiation and direct the differentiation of
cells into a desired type.

The use of SCs for in vitro tissue production processes,
techniques known as tissue engineering, requires a growth
scaffold that provides the necessary structural support
and permits nutrient and oxygen transport. The growth
substrate may consist of natural components such as ex-
tracellular matrix, or of synthetic elements such as lactic
acid. The matrix components activate genes that control
the pathways of differentiation and phenotype specifica-
tion of growing cells. In this approach, the growth scaf-
folds are often bioresorbable, i.e., they are degraded and
replaced with newly formed tissue [19]. Highly promis-
ing results have also been observed in vitro with the use
of calcium phosphate ceramics. These ceramics (pore
size ranging from 100 to 250 um) have been shown to
permit the adhesion, proliferation and differentiation of
MSCs into osteogenic cells, and might be used as a scaf-
fold in bone tissue engineering. In addition, the expres-
sion of bone differentiation markers, such as the BGLA
and SSP1 genes, and alkaline phosphatase activity were
demonstrated within 10 to 15 days of culture [20]. In
vitro pre-differentiation followed by implantation seems
to be a promising alternative in regenerative medicine.

The mechanisms underlying SC differentiation are still
not completely understood. However, it is believed that
substances secreted by neighboring cells and components
of the microenvironment present in soluble form or
bound to the extracellular matrix, such as growth factors,
are involved in this process. Among these growth factors,

Copyright © 2013 SciRes.

five families seem to play a key role in the process of
cell differentiation: bone morphogenetic proteins (BMPs),
fibroblast growth factor (FGF), Hedgehog proteins (Hhs),
wingless and int-related proteins (Wnts), and tumor ne-
crosis factor (TNF) [6,7,9,10,12].

3.8. Therapeutic Applications of Adult Stem
Cells

The discovery that adult tissues contain pluripotent SCs
gave rise to a series of studies since no ethical-religious
or immunological issues are involved. The use of SC
therapies for the repair of damaged tissues or organs in
patients with chronic degenerative diseases is promising.
In 1998, using an experimental model of muscle injury
chemically induced in mice, demonstrated that BMSCs
of adult animals, in this case, myogenic precursors, could
migrate to the damaged region and differentiate into
skeletal muscle [6]. This finding raised the interest in the
therapeutic application of SCs. Even the field of plastic
surgery has recently become interested in the topic and
started to participate in SC research after adipose tissue
and skin have become sources for the isolation and dif-
ferentiation of SCs, opening new prospects for the re-
parative or esthetic treatment of congenital and acquired
deformities [21].

These studies described above indicate a change in the
paradigm in which precursor cells derived from bone
marrow can repair post-mitotic tissues, i.e., tissues with-
out regenerative capacity. Since the use of ASCs does
not involve the same philosophical, ethical or religious
issues as does the use of ESCs, the application of bone
marrow-derived ASCs has opened new horizons in re-
generative medicine. In this respect, since the cells are
autologous, immune system rejection is unlikely and
there is no need to store cells in tissue banks. Among the
chronic degenerative diseases that could be treated with
SCs, cardiovascular diseases have so far been the most
extensively studied [1].

SCs directed to differentiate into specific cell types
offer the possibility of a renewable source of replace-
ment cells and tissues to treat various diseases. For cell-
based therapy designed to treat degenerative and debili-
tating diseases, researcher need to be able to manipulate
the cells easily and to reproduce them in such a way that
they acquire the characteristics necessary for the suc-
cessful transformation of transplants and grafts. Such
cells should possess the following characteristics: a) to
proliferate extensively and to generate sufficient amounts
of tissue; b) to differentiate into the desired cell type; c)
to survive in the recipient after transplantation; d) to in-
tegrate into the surrounding tissue after transplantation; €)
to function appropriately throughout the recipient’s life,
and f) to avoid damage to the recipient in any way.
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3.9. Cell Therapy in Orthopedics

Progenitor cells produced by ASCs ameliorate endothe-
lial injuries by promoting endothelial remodeling and
thus preventing fibromuscular hyperplasia. A beneficial
effect of progenitor cells on lipid metabolism balance has
been reported. In addition, the number of these cells has
been shown to increase with physical activity and the use
of statins, but decreases in the presence of diabetes and
chronic ischemic disease. With respect to tumors, the
need for vascular proliferation to irrigate the rapidly
growing tumor tissues results in the release of factors
that mobilize bone marrow-derived ASCs. In this respect,
antiangiogenic mechanisms would impair tumor growth
[13].

For the mobilization of ASCs, stimuli are generated by
substances secreted in the ischemic zone, such as VEGF,
FGF, cytokines, angiopoietins, and others. Another pos-
sibility is that ASCs themselves produce these triggers
that contribute to the formation of new vessels, also
stimulating resident progenitor cells in the ischemic re-
gion (paracrine activity). In addition, these triggers im-
prove endothelial function in remnant vessels and pro-
mote vasodilatation [22]. Important results have been
provided by studies using experimental animals. Iba et al.
[23] showed that circulating or bone marrow-derived
mononuclear progenitor cells improved capillary density
in models of limb ischemia. The authors observed that
SCs promoted the formation of a collateral circulation by
supplying angiogenic factors. Araujo et al. [13] detected
higher expression of VEGF and increased endothelial
differentiation in bone marrow cells pre-stimulated by
extracorporeal hypoxia when compared to cells processed
under normoxic conditions. Also in that study, implanta-
tion of bone marrow mononuclear cells into ischemic
limbs induced the formation of new vessels, with the
incorporation of progenitor cells into capillaries. Fur-
thermore, the concentrations of FGF, VEGF and cyto-
kines were increased in tissues of the implanted limb. In
athymic rats, injection of heterologous progenitor cells
incubated with VEGF increased the circulation more
than in control animals (injection of progenitor cells and
antibody against VEGF) [13].

There are also studies reporting the clinical experience
with ASCs. In a pilot randomized trial conducted by
Tateishi-Yuyama et al. [24], 47 patients were divided
into two groups: group A consisted of 25 patients with
unilateral critical leg ischemia and group B consisted of
22 patients with bilateral leg ischemia. In group A, bone
marrow mononuclear cells were injected into the leg
with critical ischemia and saline was injected into the
contralateral leg. In group B, bone marrow mononuclear
cells were injected into one leg and peripheral blood
mononuclear cells into the other leg. Most patients of the
two groups injected with bone marrow mononuclear cells
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reported pain relief. Transcutaneous oxygen pressure
improved significantly. At 6 months, angiography showed
marked improvement of the collateral circulation in 15
patients of group A and in 12 of group B. In one patient
who died of myocardial infarction 3 months after im-
plantation, histological analysis revealed a substantial
increase of vascularization (muscle/capillary ratio) when
compared to the limb injected with saline. Pain disap-
peared in 12 patients of group A and in 10 of group B,
and improvement of rest pain was observed in 9 patients
of group A and in 6 of group B. Amputation of the toes
was avoided in 15 of 20 patients and ischemic ulcers
improved in 6 of 10 patients. Less significant results
were obtained for legs injected with peripheral blood
mononuclear cells [24]. The authors suggested that the
implanted cells secrete angiogenic factors and cytokines.
However, the fact that blood levels of these factors do
not increase after cell injection supports the suggestion
of simultaneous administration of a combination of fac-
tors, i.e., VEGF to stimulate the formation of endothelial
tubes and FGF to produce myoblasts for the maturation
of newly formed vessels [13,22].

Despite these promising results, there are a series of
important questions that need to be addressed to better
understand and optimize the results obtained. First, the
technique of SC isolation needs to be optimized. Com-
parison of the collection of rabbit bone marrow SCs from
different regions revealed that a larger number of mono-
nuclear cells can be harvested from the femoral epiphysis
(11.79 x 10° cells/ml), accompanied by a lower death
rate of the animals, than from the iliac crest (3.6 x 10°
cells/ml) [25]. Another study compared the effects of bone
marrow-derived MSCs and human immature dental pulp
SCs on osteonecrosis induced in the femoral head of
sheep. The findings showed that MSCs injected into the
femoral head were viable after transplantation and pro-
liferated within a short period of time. The histological
results suggested faster bone regeneration in animals
transplanted with immature dental pulp compared to the
control group (submitted only to central decompression)
[26].

3.10. Cell Therapy in Cardiology

There are a considerable number of experimental studies
investigating the use of SCs for myocardial regeneration.
In a pioneering study in animals, Orlic et al. [27] sug-
gested the differentiation of BMSCs into cardiomyocytes.
Cells obtained from the bone marrow of male mice were
injected directly into the myocardium of female mice
through a transepicardial approach 3 to 5 h after occlu-
sion of the coronary artery. Significant improvement of
ventricular function parameters and ventricular wall
thickness was observed in infarcted treated animals when
compared to animals not treated with SCs, suggesting the
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formation of muscle fibers as a result of the procedure.
The methods for implantation of SCs into the myocardium
include intracoronary injection, transepicardial injection
under direct visualization during open heart surgery, and
transendocardial injection guided by electromechanical
mapping of the heart.

In preliminary Brazilian studies, cells were collected
from bone marrow of patients with chronic ischemic
heart disease refractory to optimized clinical therapy in a
study conducted in Rio de Janeiro. Another investigation
conducted in Bahia used a model of chagasic cardiopathy,
in which mice with chronic Chagas disease received in-
travenous injections of bone marrow mononuclear cells
obtained from consanguineous mice. The results showed
a significant reduction in the number of inflammatory
cells and in the degree of myocardial fibrosis in treated
animals compared to controls [1].

On the basis of these studies, a Phase 1 investigation
involving patients with chronic idiopathic cardiomyopathy
resulting from chagasic cardiopathy was started. Mono-
nuclear cells were aspirated from various sites of the two
iliac crests of the patients and directly injected into the
coronary circulation through a catheter system after ex-
clusion of coronary artery disease. The results obtained 6
months after treatment indicated significant improvement
both in cardiac function and in the quality of life of the
patient. Despite these promising results using bone mar-
row-derived cell therapies in cardiopathies, it remains
unknown what types of cells are important for tissue re-
pair. Similarly, it is still unknown how and which soluble
factors participate in the recruitment and induction of
differentiation of these cells after their implantation into
the tissues that need to be repaired. Furthermore, the
mechanism whereby SCs regenerate damaged tissues is
still unclear [1].

One promising application of SCs is the treatment of
chronic chagasic cardiopathy, a disease for which there is
still no effective treatment. The disease is characterized
by an inflammatory response that leads to the progress-
sive destruction of the myocardium, causing cardio-
megaly and congestive heart failure and consequent
death of the patient. For the study of bone marrow-de-
rived SC therapy in chagasic cardiopathy, isogenic mice
were infected with a Colombian Trypanosoma cruzi
strain. Bone marrow cells were obtained from normal
mice and intravenously injected into animals with chronic
chagasic cardiopathy. Transplanted mice presented sig-
nificant improvement of myocarditis 2 months after
transplantation as a result of an increase in the apoptosis
rate of inflammatory cells. Fibrosis decreased signifi-
cantly and is therefore a reversible process. The causes
of the improvement of inflammation and fibrosis after
transplantation are still unclear and little is known about
the mechanisms of regeneration mediated by SCs; for
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example, which type of cell in the bone marrow popula-
tion is responsible for the therapeutic effect seen in cha-
gasic cardiopathy [28]. The identification of the cell po-
pulation responsible for the improvement of myocarditis
is important for the understanding of the regeneration
mechanisms and for the development of more refined
intervention strategies using purified cells and/or specific
factors. However, bone marrow cell therapy does not cure
Chagas disease.

Two Brazilian studies also evaluated for the first time
the safety and efficacy of cell transplantation into the
myocardium of patients with heart failure due to Chagas
disease. Twenty-eight patients received a bone marrow-
derived mononuclear cell transplant by coronary injec-
tion. The effects on left ventricular ejection fraction, func-
tional capacity, quality of life, arrhythmias, and biochemical,
immunological and neurohormonal factors were evalu-
ated. There were no complications directly related to the
procedure. During the same period, significant improve-
ment was observed in functional class, quality of life, and
6-min walk test. There were no alterations in markers of
immune activation or neurohormonal markers. These
data suggest that intracoronary injection of bone marrow-
derived cells is safe in patients with heart failure due to
Chagas disease. However, the extent of the benefit seems
to be discrete and needs to be confirmed in larger clinical
trials [29,30].

In a study on the treatment of refractory angina in nine
patients who did not response to conventional therapies,
Dallan et al. [31] combined transmyocardial laser revas-
cularization with bone marrow-derived HSCs. The au-
thors of the study expected a synergistic effect of the
combination of the two therapies, with a consequent in-
crease in tissue perfusion. Approximately 11 laser shots
were applied over the lateral, inferior and posterior por-
tions of the heart. SCs were obtained by bone marrow
aspiration from the iliac crest and injected through the
channels opened by the laser beam. Patients submitted to
the procedure presented a lower angina score as well as a
reduction of ischemic areas in the left ventricle. The ven-
tricular ejection function was unchanged. There was no
case of death due to complications related to the proce-
dure. One important aspect of that study is the hypothesis
raised by the authors that the combination of SCs and
transmyocardial laser revascularization exerts a synergistic
effect. One explanation for this probable synergism sug-
gested by the study is that the laser mediates the recruit-
ment of cytokines to the site of inflammation [31]. The
procedure was considered safe for patients.

Since few studies have evaluated bone marrow mononu-
clear cell transplantation in dilated non-ischemic cardio-
myopathy, Kalil et al. [32] investigated the intramyocar-
dial implantation of these cells by minithoracotomy and
reported the one-year follow-up results. Nine patients with

OPEN ACCESS



L. Machado, A. R. Santos / J. Biomedical Science and Engineering 6 (2013) 683-692 689

dilated cardiomyopathy (functional class I1I/1V) and a
left ventricular ejection fraction <35% received bone
marrow mononuclear cells into 20 sites of the left ven-
tricular free wall. An echocardiogram and nuclear mag-
netic resonance imaging were performed. The latter
method demonstrated discrete nonsignificant differences.
Intramyocardial implantation of SCs into dilated cardio-
myopathy is feasible and safe. There was early improve-
ment of symptoms. Medium-term follow-up showed re-
gression of left ventricular function, but continued im-
provement of quality of life and functional class [32].

SC implantation has also been combined with cardiac
resynchronization therapy in patients with heart failure
and dilated cardiomyopathy who presented areas of fibro-
sis. Twenty-five patients were studied. Epicardial resyn-
chronization was performed and cell therapy consisted of
the endocardial injection of CD34- and CD133-positive
cells. After 24 months, 84.8% of the patients were still
alive and mortality (15.2%) was not related to the pro-
cedure. Less satisfactory results were obtained for pa-
tients submitted only to resynchronization therapy. The
conclusion of that study was that combined SC therapy is
a safe and adequate alternative for patients with heart
failure and dilated cardiomyopathy [33].

Cardiology is probably the medical area in which SC
therapy has yielded the most encouraging results. Al-
though much still needs to be known about the use and
safety of SC therapy, patients already benefit from this
technology which has significantly improved the quality
of life of affected individuals.

3.11. Cell Therapy in Dentistry

The regeneration of a dental organ is not simple since its
development is determined by complex interactions and
numerous growth factors. In addition, cell differentiation
is related to morphological changes that occur during
formation of the tooth germ. SCs derived from the dental
pulp can be classified according to their origin into em-
bryonic/fetal or adult/postnatal cells [34]. Evidence indi-
cates that SCs derived from deciduous teeth are similar
to those found in the umbilical cord. Using techniques
involving the digestion of pulp tissue by an enzymatic
process, populations of pulp SCs were first identified in
the dental pulp of permanent teeth (dental pulp stem cells,
DPSCs) [35] and later in the pulp of deciduous teeth
(stem cells from human exfoliated deciduous teeth)[36].
Analysis of the behavior of these cells revealed the basic
characteristics of other postnatal SC populations, includ-
ing self-renewal and high proliferation and differentia-
tion capacities [37].

In phenotypic characterization studies, BMSCs and
DPSCs presented characteristics similar to those of fi-
broblasts, endothelial cells, smooth muscle cells, and os-
teoblasts. These cells expressed bone markers such as
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sialoprotein, alkaline phosphatase, type | collagen, and
osteocalcin [35]. According to Liu et al. [38], DPSCs
display a fibroblastic phenotype in terms of the pattern of
proliferation and mineralizing activity. In support of this
concept, both tissues are classified as mucous tissue in
histology. DPSCs require an appropriate induction me-
dium and a scaffold for cell growth.

Studies have demonstrated the formation of autolo-
gous bone tissue from DPSCs obtained from individuals
older than 30 years, as well as the differentiation of these
cells into odontoblasts. Markers are used for the identifi-
cation of DPSCs since these cells reside at different sites
within the tissue. Further studies are needed to investi-
gate specific markers that could identify SC niches pre-
sent in dental pulp in situ and to determine how these
niches develop. SCs from human pulp and from the
periodontal ligament might be associated with the micro-
vasculature [39].

Calcium hydroxide-induced pulp regeneration has
been shown to be mediated by Notch cell-cell signaling.
The results were consistent to confirm that this signaling
pathway controls the destination of pulp-derived SCs
during pulp regeneration. Porcine dental pulp cells cul-
tured and treated with a growth factor (BMP-2) were
transplanted into canine pulpless teeth for the observa-
tion of odontoblast differentiation and dentin formation.
The result was satisfactory since it confirmed the differ-
entiation of pulp cells into odontoblasts for the formation
of dentin [40,41].

In an in vitro study, Soares et al. [39] isolated MSCs
from rat bone marrow and induced their differentiation
into chondrogenic and osteogenic cells. The MSCs were
encapsulated in two layers of synthetic matrix, shaped
into a human condyle, and implanted into the back of
immunodeficient rats. The formation of a condylar struc-
ture was observed 8 weeks after implantation. In another
study, porcine MSCs were isolated and incubated for 10
days in culture medium with osteogenic supplement. The
cells were then transplanted into surgically induced man-
dibular bone defects. After 6 weeks, the defects were
found to be filled with tissue resembling trabecular bone.
Further analysis showed that SCs derived from the pe-
riodontal ligament expressed various cementoblast and
osteoblast markers. When transplanted into immunocom-
promised rats, these cells formed a structure resembling
cementum/periodontal ligament [39].

Experiments on rats used primordial dental lamina in-
stead of isolated SC populations in an attempt to generate
a dental organ. The use of dental cells in the bud stage
obtained from newborn rats, cultured for 6 days and
transplanted into the back of immunodeficient rats, re-
sulted in the formation of mature dental crowns. In a
similar experiment determining whether dental rudiments
in the bell stage also generate a dental organ, these rudi-
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ments were transplanted into a maxillary tooth-less re-
gion of adult rats. The formation of an ectopic tooth was
observed after 26 days. This tooth was histologically nor-
mal as indicated by the presence of dentin, enamel, and
periodontal ligament-like tissue [39].

Comparison of the proliferation and differentiation
potential of BMSCs and DPSCs demonstrated a higher in
vitro colony-forming efficiency for pulp-derived SCs
[35,41]. Taken together, the results reported above high-
light the difficulty in manipulating the factors involved
in the development of a dental organ. In addition, the
insertion and function of the organ formed need to be
guaranteed.

3.12. Cell Therapy in Rheumatology

One of the first studies investigating the transplantation
of HSCs for the treatment of autoimmune diseases was
conducted in Brasil in 1996 on a patient with cryoglobu-
linemia. In another study carried out in 1999, HSCs
transplantation was used for treatment of the same dis-
ease. Both studies reported favorable outcomes. Also in
1999, in preliminary studies, HSCs were transplanted
into a patient with systemic sclerosis presenting cutane-
ous, pulmonary and digestive involvement, who received
low-dose conditioning. Transient improvement of intes-
tinal symptoms was observed; however, 3 months after
transplantation the patient presented a hypertensive epi-
sode and resurgence of the intestinal symptoms, and the
immunosuppressive conditioning regimen was repeated
[42].

Most patients with rheumatic diseases receive autolo-
gous transplants of HSCs, which are mobilized from the
bone marrow to peripheral blood with cyclophosphamide
and granulocyte growth factor and obtained by positive
selection on affinity columns, or unmanipulated cryo-
preserved cells. The conditioning regimens (pre-trans-
plant immunosuppression) vary according to the type of
disease [43]. One Brazilian project started in 2001 pri-
marily used autologous unmanipulated HSCs and in vivo
depletion of T cells for the treatment of severe forms of
systemic lupus erythematosus and multiple sclerosis re-
fractory to conventional therapy. Forty patients with
multiple sclerosis, nine with type | diabetes mellitus, one
with amyotrophic lateral sclerosis, two with pemphigus,
and 18 patients with rheumatic diseases received HSC
transplants [42]. The results obtained for systemic lupus
erythematosus showed that eight patients included in the
HSC protocol had glomerulonephritis refractory to im-
munosuppression. Reactivation of lupus nephritis was
observed after several mobilization attempts and immu-
nosuppression was reintroduced. Five of the six patients
submitted to HSC transplantation presented acute renal
failure concomitantly to the conditioning regimen. Two
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of these patients died as a consequence of conditioning
associated with septicemia. Two of the four survivors
achieved remission of nephritis 48 months after trans-
plantation without the use of any immunosuppression.
One patient had nephrotic syndrome secondary to diffuse
proliferative lupus nephritis and achieved clinical and
laboratory remission after transplantation. The other pa-
tient remained in remission for 2 years, but then suffered
acute myocardial infarction followed by worsening of
renal function, and immunosuppression had to be rein-
troduced [42,43].

Still in the studies described above, most high-risk pa-
tients and patients refractory to the best immunosuppres-
sive therapy available presented significant improvement
and progression of the disease could be interrupted
without the use of immunosuppression after transplanta-
tion or mobilization. However, some questions about the
therapeutic effects of SCs are important and need to be
answered. The results are promising but there are major
challenges. Importantly, many of the treatments are still
experimental and are not available to the general popula-
tion [44].

The current treatment of autoimmune diseases consists
of the administration of anti-inflammatory drugs, immu-
nosuppressors, and immunomodulatory drugs. In most
cases, the outcomes of this treatment are favorable. How-
ever, some patients are resistant to treatment and admini-
stration of high doses of the drugs in these cases leads to
destruction of the bone marrow. This fact has encouraged
the use of HSCs for this type of diseases [45].

Most of the HSC transplantations performed today for
the treatment of autoimmune diseases use autogenic SCs,
which are mobilized from bone marrow to peripheral
blood by growth factors administered to the patient. The
patient’s blood is collected and processed and mature
cells are eliminated until a sufficient number of SCs are
obtained. The patient is then submitted to radiotherapy
and chemotherapy in order to destroy dividing cells, in-
cluding immune cells. The treated blood is then admin-
istered to the patient through transfusion so that the SCs
migrate to the bone marrow and start the process of dif-
ferentiation into mature and functional cells [45]. In the
case of autoimmune diseases, the transplanted HSCs
destroy the autoimmune cells, create a new functional
immune system, and reconstitute tissues damaged during
the course of the disease. Two examples of autoimmune
diseases that are the subject of HSC research are sys-
temic lupus erythematosus and amyotrophic lateral scle-
rosis [45].

4. CONCLUSION

SCs offer good prospects for the treatment of a variety of
diseases for which no cure exists so far, such as multiple
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sclerosis, muscle and brain injuries, heart diseases, Park-
inson’s disease, and rheumatic disorders. SC therapy is
already applied in some fields with encouraging results,
for example, for the treatment of cardiovascular diseases.
Although the results obtained are promising, many
doubts and uncertainties exist regarding the mechanisms
of action of SCs, the importance of different cell popula-
tions, and the factors necessary for the recruitment and
function of these cells in vitro and in vivo. A better un-
derstanding of these phenomena will surely contribute to
the development of more effective and less invasive
therapeutic strategies.
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