CHAPTER 13

Stem Cells in Regenerative
Medicine
S. Bajada* , I. Mazakova, B.A. Ashton, J.B. Richardson and N. Ashammakhi

Summary

S

tem cells have a capacity for self-renewal and capability of proliferation and differentiation to
various cell lineages. They can be classified into embryonic stem cells (ESC) and non-embryonic
stem cells (non-ESC). Mesenchymal stem cells (MSC) show great promise in several animal studies
and clinical trials. ESCs have a great potential but their use is still limited due to ethical and
scientific considerations. The use of amniotic fluid derived cells, umbilical cord cells, fat and skin
tissues and monocytes might be an adequate “ethically pure” alternative in future. Stem cells can
improve healthcare by using and augmenting the body’s own regenerative potential.
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I. INTRODUCTION
Regenerative medicine aims at helping the body to form new functional tissue to replace lost or
defective ones. Hopefully, this will help to provide therapeutic treatment for conditions where
current therapies are inadequate. Human body has an endogenous system of regeneration through
stem cells, where stem cells are found almost in every type of tissue. The idea is that restoration
of function is best accomplished by these cells. Regenerative medicine comprises the use of
tissue engineering and stem cell technology. This review is not meant to be exhaustive, but aims
to highlight present and future applications of stem cells in this exciting new discipline. We will
briefly discuss tissue engineering and stem cell technology including their different sources.

II. BASICS
a) What is tissue engineering?
In the 1970s, Dr WT Green a paediatric orthopaedic surgeon at Boston’s Children’s Hospital
undertook a number of experiments to generate new cartilage by implanting chondrocytes
seeded on bone spicules in nude mice. He was unsuccessful but his experiments were among the
first attempts at what we now describe as tissue engineering. He had positively concluded that
with the advent of biomaterials science it would be possible to regenerate and produce new
tissues by loading viable cells onto “smart” engineered scaffolds (1). The term “tissue
engineering” was first used in 1985, by Y.C. Fung, a pioneer of the field of biomechanics and
bioengineering. Fung's concept drew on the traditional definition of "tissue" as a fundamental
level of analysis of living organisms, between cells and organs. The term was coined at key
workshops held at the Granlibakken Resort, Lake Tahoe, California, in February 1988 and
UCLA symposium in 1992 (2). These forums recommended that tissue engineering be
designated as an emerging engineering technology. The new speciality was then famously
described in an article by Langer and Vacanti in Science. They wrote (3): “Tissue engineering is
an interdisciplinary field that applies the principles of engineering and the life sciences toward
the development of biological substitutes that restore, maintain, or improve tissue function”.
Since then the novel speciality has successfully expanded and excited scientists and clinicians
alike.

Topics in Tissue Engineering, Vol. 4. Eds. N Ashammakhi, R Reis, & F Chiellini © 2008.

2

Bajada et al.

Stem cells for regeneration

b) What are stem cells?
In early 1960s, Ernest A. McCulloch and James E. Till started several experiments leading to the
discovery of stem cells. They injected bone marrow cells into irradiated mice, nodules developed
in the spleens in proportion to the number of bone marrow cells injected. They concluded that
each nodule arose from a single marrow cell. Later on, they obtained evidence that these cells
were capable of infinite self-renewal, a central characteristic of stem cells (4). Thus, stem cells
by definition have two defining properties the capacity of self-renewal giving rise to more stem
cells and to differentiate into different lineages under appropriate conditions. There are two main
types of stem cells, embryonic and non-embryonic. Embryonic stem cells (ESC) are pluripotent
and they can differentiate into all germ layers. Non-embryonic stem cells (non-ESC) are
multipotent. Their potential to differentiate into different cell types seems to be more limited (5)
(Table 1). The capability for potency and the relative ease to isolate and expand these cells are
invaluable properties for regenerative medicine.

c) What is the stem cell niche?
Several ideas have been put forward to explain stem cell lineage and fate determination. Current
research is focused on the microenvironment or “niche” of stem cells. A niche consists of
signalling molecules, inter-cellular contact, and the interaction between stem cells and their
neighbouring extracellular matrix (ECM). This three-dimensional (3D) microenvironment is
thought to control genes and properties that define “stemness”, i.e. its self-renewal and
development to committed cells (6). Further studies on the niche might give us a better
understanding on the control of stem cell differentiation. Stem cells might be appropriately
differentiated cells with the potential to display diverse cell types depending on the host niche.
Furthermore, stem cells implanted into a totally different niche can potentially differentiate into
cell types of the new environment (7). For example, human neuronal stem cells produced muscle
cells when they were implanted in skeletal muscle (8). Bone marrow cells differentiated into
neuronal cells when they were transplanted into a neural environment (9,10). These finding
show possible niche influence and ASC plasticity, which is the ability to dedifferentiate into
cells from other lineages. This can have clinical implications for example since both liver and
pancreas develop from the same embryological line, specific growth factors and culture
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techniques achieved the “transdifferentiation” of liver cells to islet cells (11). This
controversially blurs further the distinction between ESCs and ASCs.
Table 1. Glossary of stem cell definitions.

Stem cell Definitions
Stem cell
A cell with the ability for self-renewal and differentiation potential.
Self-renewal
Asymmetric cell division which leads to at least one daughter cell which is equal to the
mother cell.
Commitment
Engaging in a defined pathway which leads to differentiation and inability for selfrenewal.
Progenitor cell
A proliferative cell with the capacity to differentiate but with no self-renewal ability.
Totipotency
Ability to form whole organism, e.g. zygote.
Pluripotency
Ability to form all germ layers i.e. ectoderm, mesoderm and endoderm, e.g. embryonic
stem cells.
Multipotency
Ability to form multiple cell lineages which form an entire tissue, usually specific to one
germ layer, e.g. adult stem cells.
Oligopotency
Ability to form two or more cell lineages in a tissue, e.g. neuronal stem cells with ability
to form different neurone types.
Unipotency
Ability to form one cell lineage, e.g. spermatogonial stem cells.
#iche
Cellular microenvironment providing support and stimuli to control stem cell properties.
Plasticity
Controversial possibility for adult stem cells to show higher potency in response to
different microenvironments.
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III. EMBRYONIC STEM CELLS
Alexis Carrel, a Nobel laureate was an innovative surgeon whose experiments with the
transplantation and the repair of body organs led to advances in the field of surgery and the art of
tissue culture. On 17th January 1912 in one of his experiments he placed part of chicken’s
embryo heart in a fresh nutrient medium. Every 48 hours the tissue doubled in size. This
continued for thirty-four years; outliving Carrel himself. Every January 17th, the doctors and
nurses would celebrate with Carrel, singing “Happy Birthday” to the chicken tissue (12). Even
though these cells were unlikely to be embryonic and possibly more related to cord-derived
cells, this experiment showed the future potential of tissue culture.
Pluripotent ESCs can be derived from the inner cell mass (ICM) of a 5-6 day-old
blastocyst. When a blastocyst implants the ICM eventually develops into a foetus (in two months
time). The surrounding trophoblast develops into placenta. In embryogenesis, the ICM develops
into two distinct cell layers, namely the epiblast and the hypoblast. The hypoblast forms yolk sac,
while the epiblast differentiates into three classical layers of the embryo; ectoderm, mesoderm
and endoderm with potential of forming any tissue (Fig. 1). ESCs were first described by Gail
Martin in 1981 (13). Thereafter, it took 17 years before the first human ESC line was established
in 1998 (14) at the University of Wisconsin-Madison. Since then, at least 225 human ESC lines
have been created. An ESC line is defined by cell “immortality” in culture. An ESC line is
created by culturing the ICM on feeder layers consisting of mouse embryonic fibroblasts or
human feeder cells. Recent reports showed that ESCs can be grown without the use of a feeder
layer, thus avoiding the exposure to viruses and exogenous proteins (15). Controlled
differentiation into tissue committed cells is achieved by co-culture of ESCs with basic fibroblast
growth factor or other cell types. Before their clinical use, ethical and scientific questions need to
be resolved, e.g. the risk of teratoma formation and possible transmission of disease (5).
Eventually, these cells might be introduced for treating diabetes. In 1869, Paul Langerhans as a
medical student observed for the first time beta islet cells as microscopic islands of a different
structure in the pancreas (16). These complex mini-organs the pathological site of diabetes have
always fascinated transplant and regenerative scientist not just for their complexity but also for
their important clinical relevance. Soria et al. has been succeeded to introduce the human insulin
gene into mouse ESCs to produce insulin and treat diabetic mice successfully (17,18). The
history of the discovery of insulin is fascinating. The story of islet cell regeneration using ESCs
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is still nascent, but might lead to breakthrough medical advances. Thus, the discovery of stem
cells led us to predict that their use might impact health care more than the discovery of
anaesthesia and antibiotics. However, their availability and derivation opened a Pandora’s box of
ethical dilemmas, including the moral status of the embryo, the sanctity of life and the long
standing accusation to scientists of tampering with the natural process of life.

Fig. 1. Pluripotent potential of embryonic stem cells.

a) Blastocyst source - therapeutic cloning
Europe’s ethical and legal pluralism means that it is up to each Member State to legislate on
status of the human embryo and on the use of stem cells. Thus, the legislation on ESCs is diverse
in the European Union (EU). There is no legislation on embryo research in Italy, Luxemburg and
Portugal. While currently, Finland, Belgium, the Netherlands, Sweden and the United Kingdom
allow by law under certain conditions, the formation of ESCs lines from supernumerary
embryos. Germany prohibits the latter, however, it allows by law importing of pre-formed ESC
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lines. Austria, Denmark, Poland, Slovakia, Lithuania, Malta, France, Ireland and Spain prohibit
by law the formation and use of ESCs lines (19) (Fig. 2).

Fig. 2. European Union (EU) embryonic stem cells legislation map. Light blue – allow formation of ESCs
under certain conditions. Dark blue – prohibit formation of ESCs but allow importing of pre-formed ESCs.
Black – prohibit formation and use of ESCs. Grey – No legislation present or unclear.

The contiguous point in the ethical debate on ESCs is the source of the blastocyst. These are
currently derived from fertilised eggs in excess of in vitro fertilisation clinics. However, this
source is limited and another option is possible. Nuclear cloning (also known as nuclear transfer)
involves the introduction of a nucleus from donor cell into an enucleated oocyte to generate an
embryo with a genetic makeup 99.5% identical to that of the donor. Nuclear transfer was first
reported by Briggs and King in 1952 (20), the first vertebrate (frog) derived from nuclear
transfer was reported in 1962 by Gurdon with nuclei derived from non-adult sources (21). The
cloning of Dolly in 1997 was remarkable since she was the first mammal derived from an adult
somatic cell (22).
Two types of nuclear cloning are described; this includes the controversial reproductive
cloning where the generation of an infant with an equal genetic makeup to the donor cell is
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possible. Therapeutic cloning, on the other hand is used to generate early stage embryos that are
explanted to produce ESC lines with an equal genetic make-up to the donor cell. Thus, this stem
cell source has an unlimited capability for different immunocompatible tissue transplants.

IV. NON-EMBRYONIC STEM CELLS
Non-ESCs are probably lower in the stem cell hierarchy. They are thought to have lost the
pluripotent capability. However, throughout the organism’s life, they maintain a multipotent
differentiation potential. Non-ESCs can be derived from several sources including amniotic
fluid, umbilical cord tissue and bone marrow.

a) Amniotic fluid derived stem cells
The ethical debate on ESCs fuelled a constant search for an adequate “ethically pure” source.
Amniotic fluid contains several cell types derived from the developing foetus (23). These
include cells with potential for differentiation. Anthony Atala’s group at the Wake Forest
Institute showed the ability to isolate multipotent stem cells from amniotic fluid. In addition,
these undifferentiated cells express some embryonic stem cell markers. Therefore, they
somehow represent an intermediate stage between the two. Amniotic fluid derived cells expand
extensively without a feeder layer, doubling every 36 hours, retaining long telomeres for over
250 population doublings. These cells did not form teratomas in vivo. They showed the ability to
differentiate into functional cells corresponding to each of the three embryonic germ layers
(ectoderm, endoderm and mesoderm) giving rise to adipogenic, osteogenic, myogenic,
endothelial, neuronal and hepatic cells (24). The ability to isolate genetically and phenotypically
stable, pluripotent cells from such a widely and easily available source will positively have an
impact on regenerative medicine.

b) Umbilical cord derived stem cells
Umbilical cord stem cells are non-ESC. However, they are closer to the embryo and they
possibly retain some pluripotent characteristics. Stem cells can be harvested from cord blood and
also from cord lining. When transplanted, these cells show low immunogenicity and can even
have localised immunosuppressive functions. These can be mediated by the release of HLA-G,
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IL-10 and TGF-β (25, 26). This source of stem cells has the advantage of being normally
discarded, with no morbidity to both mother and newborn. This leads to a limitless supply with
the possibility of isolation of huge numbers of cells with no or few ethical considerations. These
properties make them ideal for stem cell banking.

c) Bone-marrow derived stromal stem cells
Bone marrow derived stromal stem cells are also known as adult stem cells (BMSC). The word
“stroma” is derived from Greek and the Oxford dictionary defines it as “anything spread or laid
out for sitting on” (27). The bone marrow stroma supports haemopoiesis and is made up of a
network of fibroblast like cells. Among these stromal cells there is a subpopulation of
multipotent cells able to generate the mesenchyme – the mass of tissue that develops mainly
from the mesoderm of the embryo. This subpopulation of cell is known as mesenchymal stem
cells (MSCs) (28, 29).
Bone marrow derived stem cells were isolated for the first time by Friedenstein and
colleagues. They took bone marrow and incubated it in plastic culture dishes and after 4 hours
they removed non-adherent cells. A heterogonous population of cell was retrieved with some
adherent cells being spindle-shaped and forming foci of cells that then began to multiply rapidly.
Thereafter, the group managed to differentiate the cells into colonies resembling deposits of
bone or cartilage (30-35). Friedenstein’s culture method was extensively studied finding that
MSCs are capable of differentiating into several connective tissue cell types, including
osteoblasts, chondrocytes, adipocytes, tenocytes and myocytes (36). Haematopoietic stem cells
(HSCs) and MSCs are the two main types of multipotent ASCs present in the bone marrow.
HSCs are committed to differentiate into blood cell lineages. These ASCs are characterised by
different cell surface markers (Table 2). These markers are used to select and enrich MSCs from
populations of adherent bone marrow stromal cells.
Expanded MSCs also express HLA class-I but not HLA class-II antigens. However, none
of these markers are specific for MSCs complicating the isolation of a pure MSC population.
HSC and MSC reside in close contact in the postnatal bone marrow cavity from where they can
be isolated. HSC in this cavity are functionally and structurally supported in haemopoeisis by the
stroma including MSCs (37, 38). Thus, this complex of heterogenous cells constitutes the
“niche” of HSCs, the latter possibly also supporting MSCs, thus forming a “double niche”. It is
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still speculative to quantify the exact numbers of stem cells since not all the cell surface markers
have been identified. Risbud et al. reports that the possible bone-marrow MSCs number is
between 1x104 and 1x106 (39). Including bone marrow different tissues harbour and showed the
possibility to isolate MSC. These include synovia (40), tendons (41), skeletal muscles (42) and
adipose tissue, including the fat pad of the knee joint (43).

Table 2. Different cell markers for MSC. These markers are used to select and enrich
MSCs from populations of adherent bone marrow stromal cells.
Selected cells:
STRO-1 antibodypos
CD34neg/low, CD45neg, CD14neg
glycophorin-Aneg
Thy-1pos (CD90)
CD106pos (VCAM),
β-1 integrin CD29/CD49pos
CD10pos, CD13pos
Receptorspos for PDGF, EGF, NGF and IGF1
Expanded cells:
SH2pos (CD105)
SH3pos (CD71)
SH4pos (CD73)

The clinical application of these cells is varied. Soon these will be introduced in several fields
which are currently experimental such as tendon and ligament injury. Despite improved
procedures the recovery of these injuries is variable, especially in complex clinical situations.
This leads to low quality tissue with a risk of rupture at the repair site or formation of fibrous
adhesions. Several studies were conducted to study the possibility of cell-based regeneration.
Cao et al. seeded with good results tenocytes onto polyglycolic acid scaffolds and then
subcutaneously implanted into mice (44). These constructs were also used to regenerate flexor
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tendons in hens (45). However, tenocytes have limited donor site availability and require long
in-vitro culture. Thus, a possible alternative is the use MSCs. Young et al. seeded MSCs onto
rabbit 1 cm Achilles tendon defects, these showed good cross-sectional collagen fibre formation
(46). Also MSCs delivered onto a collagen carrier into rabbit patellar tendon defects showed
marked improved stress levels (47). Clinical regeneration of a whole tendon/ligament construct
might still have a long way to go, a more practical option is to augment and accelerate tendon
healing following surgical repair. MSCs implanted within rabbit Achilles tendon repair sites
were shown to contribute to early healing (48). MSCs can be also used clinically to augment
healing at the bone-tendon interface after ACL reconstructions (49).

d) In vitro MSC differentiation
Human MSCs are usually isolated from the mononuclear layer of bone marrow after separation
by density gradient centrifugation. These mononuclear cells are cultured in medium with 10%
fetal calf serum, and the MSCs adhere to the tissue culture plastic, leaving small adherent
fibroblast like cells. Thereafter, the cells divide and proliferate rapidly. As stated to some degree
these cells can be induced to differentiate to any connective tissue cell type (multipotency). For
example incubating a monolayer of MSCs with asorbic acid, beta-glycerophosphate and
dexamethasone for 2-3 weeks induces osteogenic differentiation (50). Several other methods are
used to differentiate MSCs into condrocytes, adipocytes, myocytes and tenocytes in vitro (Fig.
3).

e) Fat tissue derived stem cells
In 2002, Zuk et al. showed that human adipose “fat” tissue can be a source of multipotent stem
cells (51). These cells can be differentiated in vitro into various cell lines including osteogenic
(52), chondrogenic (53,54) and neurogenic lineages (55-57). Myocytes and cardiomyocytes were
also successfully obtained from fat tissue derived stem cells (58,59). Haematopoietic cells were
derived using mouse adipose tissue derived stroma vascular fraction (60,61). These experiments
showed a possible alternative source for cellular transplants and gave evidence of adipocyte
cellular plasticity.
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Fat tissue derived stem cells can be maintained in vitro for extended periods of time with
stable population doublings and low senescence levels (55). Fat tissue is abundant, contains a
large number of cells, and can easily be obtained with low morbidity at the harvest site (55).
However, further work needs to be done to elucidate all the potential differences between
marrow and fat derived stem cells. Still, the use of fat cells opens numerous and promising
perspectives in regenerative medicine – “fat is beautiful once again”.

Fig. 3. In vitro differentiation of adult stem cells.
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f) Monocytes
Blood monocytes have been shown to de-differentiate under specific culture conditions, into
cells which can proliferate and then differentiate into different cells including endothelial,
epithelial, neuronal, liver like cells producing albumin, islet like cells producing insulin and fat
cells or return back to monocytes (62,63). It might be that a “side population” of stem cells exists
within a monocyte population. The ability to obtain and differentiate these pluripotent cells from
autologous peripheral blood makes them valuable candidates for regenerative medicine.

g) Endothelial cells and vascularisation
Vascularisation is vital for tissue engineering (64). During the early stages of implantation, stem
cells depend on oxygen and nutrient supply by diffusion. However, this is only effective within
100µm – 200 µm from the vascular supply (65). At least some progenitors in bone and marrow
have a high capacity to survive in hypoxic conditions. It was shown that MSCs exhibit a
remarkable tolerance to and are even stimulated by hypoxia, not unlike endothelial cells (66,67).
However, cell labelling showed that a considerable loss of cells occurs within one week
following implantation in porous cancellous bone matrices (64). Several methods are currently
being studied to aid neo-vascularisation during tissue engineering. These include, adding
angiogenic factors such as VEGF and FGF during implantation, co-transplanting with EC and, or
modified implantation techniques (68). VEGF is a potent angiogenic factor (69) and it was
shown to aid vascularisation of TE constructs in several studies (70,71). Smith et al. showed that
adding VEGF to cell seeded (hepatocytes) polymer scaffolds, showed improved vascularisation
and significantly greater cell survival in vivo (72). Kaigler et al. showed that implantation of
human MSCs and co-transplant of EC and MSCs on poly(lactide-co-glycolide) (PLGA) scaffold,
led to significant increase of vascularisation when compared with scaffold alone (73). However,
EC did not have a significant effect on vascularisation. These findings could be due to the release
of VEGF from implanted MSCs (74,75).
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V. CLINICAL APPLICATIONS
a) Bone
Bone defects due to congenital and acquired causes such as trauma, surgery and tumors may lead
to extensive bone loss and defects which require transplantation of bone tissue or substitutes to
restore structural integrity and function. Furthermore, the treatment of post-traumatic skeletal
complications such as delayed unions, non-unions and malunions are challenging. The current
“gold standard” is the use of autologous cancellous bone grafting. However, the supply of
suitable bone is limited especially in osteoporotic, paediatric and oncological patients and its
harvest results in additional morbidity to the donor site, leading to pain, haematoma, or infection
(76). Allogenic bone has been used but this has minimal osteoinductive capacity, is possibly
immunogenic, has a potential for disease transmission and is minimally replaced by new bone
(77). Bone grafting is not effective in all cases. These patients are the ones who urgently need an
improved alternative therapy. Most of the experimental and clinical evidence to date is
supportive of the efficacy of MSCs in enhancing bone formation and healing of bone defects.
This was proven by subcutaneous implantation in small animal models in mice (78, 79) and in
small experimental osseous defects (80, 81). Large animal models showed that the treatment of
large bone defects with the application of MSCs on an osteoconductive carrier can be used
successfully (82-86). Thus, experimental data in the field are strong enough to envisage
translation to the clinic.

i) Bone Defects.
Clinically, Vacanti et al. reported with success tissue engineering of distal phalanx to replace
this bone in a patient who suffered partial avulsion of the thumb (87), while Warnke et al.
reconstructed the mandible of a patient after surgical removal using a titanium construct with
incorporated bone morphogentic protein (BMP), bone blocks and MSCs. They “endocultivated”
the whole construct in the latissimus dorsi of the patient before transfer to the defect area (88).
Quarto et al. used a graft of hydroxyappatite and MSCs stabilized by external fixation in three
patients to reconstruct 4 to 7 cm long bone defects with satisfactory incorporation and bone
formation (89). These reports were successful since the constructs encompassed the fundamental
principles of bone regeneration; osteogenesis, osteoinduction and osteoconduction (5) along with
final functional bonding between the host bone and substitute material which is called
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osteointegration. In future more complex constructs should incorporate effective mechanical
stimulation and better orchestration of neovascularisation.

ii) Fracture non-union.
It is estimated that 10% of the fractures lead to non-union (90). Even though this is a well known
condition the pathogenesis is still a “mystery”. A possible effective therapy is the use of MSCs
to reactivate the fracture healing mechanism. Several techniques are in practice:

Un-selected un-expanded MSCs
Percutaneously injected autologous bone marrow without tissue culture has been tested in the
clinical setting for the treatment of tibial non-union with mixed results (91-93). These
inconclusive results are due to the low quantity (<0.01%) of MSCs in proportion to the total
number of cells obtained by bone marrow aspiration. This is since most of the cells are HSCs and
only one cell in 23,000 (94) to one in 300,000 have the potential to form bone. Also, a substantial
number of MSCs might be lost by apoptosis due to inadequate cellular attachment. This method
might still have some benefit since growth factors and supporting “niche” cells are harvested and
transferred with the bone marrow aspirate which could support the stem cells in their function.

Selected expanded MSCs
Petite et al. showed in an animal model that tissue engineered bone using coral scaffold and
culture expanded MSCs performed better than autologous bone marrow injection or scaffold
alone (85). Similarly, other authors found better results following culture expansion (95-97). This
is a better option since we are able to derive known selected cells and expand them to millions of
cells by tissue culture from the original low number of cells. These stem cells can then be loaded
on osteoconductive biodegradable matrices allowing for immediate “functional” cellular
attachment. This leads to cellular mitogenesis with proliferation, differentiation, inhibition of
apoptosis and ECM production in the required area (98). Hopefully, this reactivates the fracture
healing mechanism by recruitment of the endogenous stem cells to osteoproduction and
osteoinduction (97). The first prospective randomised controlled trial is currently underway at
the Robert Jones & Agnes Hunt Orthopaedic Hospital in Oswestry to validate this treatment
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method in the clinical setting. A pilot study was already conducted on twelve patients with good
evidence of callus formation and union (99).

iii) Osteogenesis imperfecta
Bone marrow derived MSCs might be effective for genetic disorders when injected systemically.
This is due to the homing capability of these cells. These not only engraft to the host bone
marrow but also to other multiple sites such as bone, cartilage, lung and spleen (100-102). This
novel therapy can be used for osteogenesis imperfecta (OI), currently an untreatable genetic
disorder caused by defects in the major bone extracellular matrix structural protein, type I
collagen. There are six types of OI, though the symptoms range from person to person. Type I is
the most common and mildest form, followed by Type II, Type III and Type IV. Types V and VI
have been more recently classified, and they share the same clinical features of IV, but each have
unique histological findings. Horwitz et al. used allogenic bone marrow transplantation in three
children suffering from the disorder. After three months the total bone mineral content increased,
fracture rate decreased and trabecular bone showed new dense bone formation. The authors
concluded that this improvement is possibly due to engraftment of transplant bone marrow
derived MSCs, which generate osteoblast capable of secreting normal extracellular proteins
(103,104). This study showed encouraging results, however it remains to be determined to what
extent the cells contribute to the overall results.

b) Cartilage
Articular cartilage is vulnerable to injury with a poor potential for regeneration leading to early
degeneration and later arthritic changes. Even though joint arthroplasties have improved
considerably over the last decade, cell based therapy to repair cartilage defects at an earlier stage
is needed.
Procedures using stem cells are available; ‘Microfracture’ introduced by Steadman et al.
(105,106) leads to penetration of subchondral bone. When the tourniquet is released, possible
recruitment of stem cells from the underlying bone marrow leads to the formation of a “super
clot”. A report shows 11% of biopsies being predominantly hyaline cartilage and 17% a mixture
of fibrocartilage and hyaline (107). However, this technique is not adequate for large lesions and
results are not always consistent (108). Another available therapy is autologous chondrocyte
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implantation (ACI) was first performed in 1987 by Peterson in Gothenburg. This leads to an
alternative cell based therapy for the treatment of chondral and osteochondral defects. In this
technique differentiated chondrocytes are isolated from autologous non-weight bearing cartilage
and expanded to millions of cells by tissue culture. The cells are then re-implanted into the defect
under a periosteal (109) or more recently under a biodegradable membrane (110). Even though,
chondrocytes in two-dimensional cell cultures are known to alter their phenotype and
dedifferentiate to fibroblast cells losing the ability for collagen II and proteoglycan formation
(111) clinical results at 11 years follow-up are rated as good or excellent in 84% of patients
(112). Autologous matrix induced chondrogenesis (AMIC) is a novel therapy which uses a
porcine collagen I/III matrix patch over a defect which has been microfractured. This patch is
supposed to keep the “super clot” contents i.e. stem cells, protected in the early post-operative
stage and thus accommodate chondrogenic differentiation (113, 114). When compared to ACI,
AMIC avoids the need for time consuming and costly tissue culture while exploiting the stem
cell potential from the subchondral bone.
The main criticism for ACI is that it requires an invasive procedure to harvest
chondrocytes from adjacent intact areas. MSCs are an alternative source of cells. These can be
derived from several sources such as the bone marrow and fat. Utilising MSCs and directing
them into chondrogenic differentiation might lead to the formation of higher quality cartilage,
that is a larger composition of hyaline, adequate structural reorganization and thus better
biomechanical properties. Wakitani et al. used successfully MSCs in a type I collagen gel to
repair carpine chondral defects (115). This was translated successfully to clinical practice.
Autologous bone marrow derived MSCs transplantation was used for the repair of full-thickness
articular cartilage defects in the patellae of two patients (116). Wakitani et al. also reported on
twelve patients suffering from knee osteoarthritis (OA) who received MSCs injected into
cartilage defects of the medial femoral condyle at the time of high tibial osteotomy. These were
then covered by periosteum. The control group underwent the same procedure but received no
cells. Although the clinical improvement was not significantly different, MSCs treated patients
had better arthroscopic and histological grading scores (117).
In the near future a novel approach for OA could be the use of MSCs to inhibit
progression of the disease. In OA, it was found that stem cells are depleted and have reduced
proliferation and differentiation capabilities (118). Thus, the systemic or local delivery of stem
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cells, thus, might augment the regenerative cell population and possibly induce repair or inhibit
progression of the condition. Murphy et al. percutaneously injected MSCs suspended in sodium
hyaluronan into a carpine OA model. It was shown that the MSCs stimulated regeneration of
meniscal tissue with implanted MSCs detected in the regenerate. Degenerated cartilage,
osteophytic remodelling, and subchondral sclerosis were reduced in the cell treated joints
compared with the control (119). These experiments implicate that MSCs hold exciting promise
for regenerating meniscus and preventing OA. There is a group in Singapore that uses this
procedure clinically with success.

c) Cardiac Muscle
The discovery of an endogenous repair system questions the old paradigm that describes the
heart as a post-mitotic organ and introduces the notion that cardiac regeneration can be regulated
by stem cells. In fact dividing cells with large mitotic figures were found in cardiac muscle.
However, their proportion is very low (0.015-0.08%). The origin of these cells is uncertain. They
can be endogenous, derived from the epicardium or even be extracardiac. The latter is suggested
by investigations in sex-matched heart transplant patients were male patients who received
female hearts showed cardiomyocyte biopsies carrying the Y chromosome (120). This leads us
to hypothesise that circulating stem cells are homing for regeneration.
Regenerating ischaemic heart disease can be achieved by delivering culture expanded
MSCs into the coronary arteries or directly into the myocardium to expand the endogenous
regenerative pool. Janssens et al. (121) reported the first randomised controlled trial of
autologous bone marrow MSCs implantation for patients with ST-elevation myocardial
infarction. Stem cell therapy provided significant reductions in myocardial infarct size and better
recovery rates of regional systolic function after four months follow up. However, there was no
significant benefit in terms of left ventricular ejection fraction, myocardial perfusion and cardiac
metabolism. In addition, there is no evidence to date that MSCs produce contractile structures in
the cardiac muscle following implantation. Despite these mixed results the use of stem cells is a
promising option for treating patients with acute myocardial infarction.
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d) Urinary Tissues - Bladder
Urologists have always been faced with the problem of bladder replacement. Traditionally, this
has been undertaken with intestinal segments. However, this involves complicated bowel
resection and possible complications such as adhesions, mucus secretion, metabolic
derangements and malignant transformation (122-124). Thus, an adequate alternative is needed.
Cell based regeneration of bioengineered bladder has been reported in several animal models
(125-128). Atala et al. reported the first clinical trial of engineered bladders in seven patients
with myelomeningocele suffering from high-pressure or poorly compliant bladders. Autologous
urothelial and smooth muscle cells were cultured for six weeks, and then seeded on
biodegradable 3D matrices made of collagen or a composite of collagen and polyglycolic acid
(PGA). Thereafter, augmentation cystoplasty utilising the engineered construct was undertaken.
Over a mean follow-up of almost four years all patients showed improved overall bladder
function with no complications. The patients who had an omentum wrapped around the
construct showed the best results (129). Most probably, the omentum was a source of
neovascularisation; a vital element in regenerative medicine.
Bladder tissue engineering using MSCs might show better results than differentiate cells.
MSCs were shown to migrate to the bladder grafts and differentiate into smooth muscle (130).
These achieved fast repopulation of the grafts, exhibited appropriate neural function and showed
less fibrosis (131). Utilising autologous bladder cells might be inadequate if bladder cancer is
present (132). Clinical application of bladder tissue engineering made important steps. However,
more needs to be done for achieving the target of whole organ regeneration and transplantation
in urology.

e) Spinal Cord
Pluripotent cells have the ability to differentiate into neural tissue including neurons, astrocytes
and oligodendrocytes. The presence of endogenous stem cells in the mammalian spinal cord,
suggest an inherent capacity for regeneration (133). Animal models showed axonal regeneration
and functional recovery after spinal cord injury. Akiyama et al. found that MSCs can
remyelinate spinal cord axons after direct injection into the lesion (134). Traumatic spinal cord
injury (SCI) can lead to severe neurological damage. Even though endogenous stem cells are
present, recovery from this injury is difficult. A strategy to increase axonal regeneration could
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involve transplantation of stem cells into the injured spinal cord. Park et al. (135) conducted a
clinical study on five patients with acute SCI, these were treated by bone marrow derived cells
and granulocyte-macrophage colony stimulating factor (GM-CSF). GM-CSF is a signalling
molecule that induces proliferation and differentiation of bone marrow cells. Also, it possibly
leads to proliferation of endogenous neural stem cells, inhibits apoptosis and activates
macrophages which remove the myelin debris inhibiting regeneration. The patients showed
sensory and motor function improvements with no complications. These are encouraging results.
However, the extent of regeneration and to what level are the stem cell contribution is unknown.
The translation of animal models to human trials is difficult and the repair of the spinal cord still
very complex. Randomised controlled clinical trials are needed to understand the full picture of
stem cell therapy in spinal cord injuries.

VI. CONCLUSIONS
At present more trials are needed to determine the exact role of stem cells in regenerative
medicine. MSCs showed great promise in several animal studies and clinical trials. ESCs have a
great potential due to their characteristics but their use is limited by ethical considerations. The
use of amniotic fluid cells, umbilical cord cells, fat and skin tissue and monocytes might be an
adequate alternative. Current laboratory and animal trials are studying the possibility of
introducing stem cell therapy to clinical practice for regeneration in muscular dystrophy,
intervertebral disc degeneration, cerebral infarcts and transplantation medicine. These studies
show encouraging results to enable us to harness and augment under controlled conditions, the
body’s own regenerative potential.
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