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ABSTRACT: Tissue engineering is an interdisciplinary field that brings
together the principles of the life sciences and medicine with those of
engineering. The increase in its development over the past decade has re-
sulted from a variety of factors; advances in genomics and proteomics, the
advent of new biomaterials as potential templates for tissue growth, im-
provements in bioreactor design, and increased understanding of healing
processes. Possibly the greatest contribution has come from our increased
knowledge and understanding of stem cell biology, which is paving the
way for the generation of unlimited cells of specific phenotypes for in-
corporation into engineered tissue constructs. Thus, tissue engineering
approaches for expanding and engrafting the differentiated progeny of
embryonic, fetal, or adult stem cells have major potential for tissue repair
and will make a major contribution to medicine in the 21st century.
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PAST

Tissue engineering has been broadly defined as the design and construc-
tion in the laboratory of living, functional components that can be used
for the maintenance, regeneration, or replacement of malfunctioning tissues.
Although it is widely assumed to be a relatively new field, the first report of
tissue engineering was published in 1933 when tumor cells were implanted
into a pig wrapped in a polymer membrane to protect them from immune
attack.1 However, the modern era of tissue engineering could be said to have
begun at the start of the 1980s with the development and clinical use of skin
replacements.2,3 The field continues to expand and, although there have been
some hold-ups on the industrial development side, including problems in de-
vising cost-efficient scaleable processes, guaranteeing product viability, and
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satisfying regulators, the basic research is rapidly evolving. Without doubt, a
lot of the momentum that has driven the development of tissue engineering as
a discipline in its own right has come from the quaternary of Vacanti brothers,
Charles, Joseph, Martin, and Frank.

Tissue engineering is highly interdisciplinary and amalgamates the princi-
ples of the life sciences and medicine with those of engineering. The basic
components of tissue engineering are cells, scaffolds, and signals. Tissue en-
gineers have turned to virtually every cell type over the past two decades to
try to define the best cell source for each particular tissue being constructed.
A major advance has been the recognition of the huge advantages offered by
stem cells; these include primarily their ability to self-renew, providing a theo-
retically inexhaustible supply, and to differentiate to any cell type when grown
under the appropriate conditions.

This article provides a resumé of stem cell biology and tissue engineering,
the current status quo, and we will also attempt to predict some of the key areas
where stem cells are likely to be used successfully in future tissue engineering
strategies.

PRESENT

Tissue Engineering

The challenge for tissue engineers is to optimize cell isolation, proliferation
and, in the case of stem cells, differentiation and to design scaffolds and/or
delivery systems that promote the coordinated growth of three-dimensional
tissues. A widely used basic strategy has been to harvest cells from a patient,
expand them in cell culture, and seed them onto a scaffold that provides a
biomechanical environment that drives formation of the required tissue until
the cells produce their own extracellular matrix. The tissue can be grown on a
scaffold that will completely resorb as the new tissue grows, so that only the
new tissue will be implanted; or a biocomposite on a permanent scaffold can
be implanted. After implantation, the tissue engineered construct must then be
able to survive, restore normal function, and integrate with the surrounding
tissues.

Cell Sources

The single most important element to the success of tissue engineering is
the ability to generate sufficient numbers of cells that maintain the appropriate
phenotype and perform the required biological functions. For example, cells
must produce extracellular matrix in the correct organization, secrete cytokines
and other signaling molecules, and interact with neighboring cells/tissues.
Immediately, this raises a number of potential problems, not least of which is
obtaining appropriate cell numbers to promote repair.
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Primary Cells

Primary cells are mature cells specific to tissue type that are harvested
from explant material removed by surgical procedure. An example is primary
human osteoblasts that are harvested from the femoral heads removed during
total hip replacement operations. Primary cells are the most desirable with
regard to immunological compatibility but in general they are differentiated
and post-mitotic. This can also be compounded by the tendency of some cell
types to de-differentiate during ex vivo cultivation and express an inappropriate
phenotype (e.g., articular chondrocytes in culture often produce fibrocartilage
as opposed to hyaline cartilage). Although primary, especially autologous, cells
are still used in tissue engineering, yields and proliferation rates tend to be low
and for some phenotypes, e.g., spinal cord neurons, harvesting from a patient
or donor is not an option. These limitations have stimulated studies to find and
develop alternative cell sources for tissue engineering strategies and stem cells
are already providing solutions to some of the problems encountered using
primary cells released from explanted tissues.

Stem Cells

Stem cells can be defined as undifferentiated cells that can proliferate and
have the capacity both to self-renew and to differentiate to one or more types
of specialized cells. However, there has been some reconsideration of this
definition recently in view of the observation of de-differentiation and trans-
differentiation of certain mature cells.4–6 In view of this, it has been suggested
that it should be made broader and applicable to a biological function that can
be induced in a range of cell types, including differentiated cells, rather than
a single entity.7 Stem cells can be isolated from embryos, fetuses, or from
adult tissue, but the range of cell types to which they can differentiate varies.
For tissue engineering, stem cells can provide a virtually inexhaustible cell
source. Current research is focused on promoting stem cell differentiation to
required lineages, purification of consequent cells, confirmation that there is
no residual carcinogenic potential in the cell population, and implantation in a
form that will replace, or augment the function of, diseased or injured tissues.
An initial step is the selection of the most appropriate stem cell to form the
required tissue.

Embryonic. Embryonic stem cells (ESC) are the most plastic cell source
available to tissue engineers.8–10 They were first described more than two
decades ago, when they were isolated from the inner cell mass of the de-
veloping murine blastocyst and grown in the laboratory.11,12 ESC have since
been shown to be totipotent, differentiating to all lineages, including the germ
line and trophoblast.13–15 In vitro, murine ESC proliferate indefinitely in the
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undifferentiated state and retain the capacity to differentiate to all mature so-
matic phenotypes when they receive the appropriate signals. Maintenance of
their undifferentiated state in culture depends on the presence of leukemia
inhibitory factor (LIF) and serum or murine feeder layer cells. Study of the
control of murine ESC self-renewal has recently shown that overexpression of
the anti-apoptotic protein Bcl-2, acting in concert with LIF, removes the need
for serum or feeders.16

The initial isolation of murine ESC lines gave developmental biologists a
major tool as it provided a simple model system to study the processes of early
embryonic development and cellular differentiation. However, it also paved
the way for tissue engineering applications if similar totipotent cells could be
extracted from human blastocysts. Human ESC were duly derived in 1998,17,18

providing a tremendous boost for tissue engineering.
Human ESC show several distinct differences from murine ESC; they tend

to proliferate more slowly and mostly form flat, rather than spherical, colonies.
They are also generally easier to dissociate into single cells than their murine
counterparts.19 Human ESC are unresponsive to LIF and most lines need to
be grown on feeder layers in order to sustain self-renewal (FIG. 1). Much
recent research has centered on the identification of the pathways controlling

FIGURE 1. A colony of human ESC (H1) growing on a feeder layer of mitotically
inactivated murine embryonic fibroblasts. (Inverted microscope image of living cells.)
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human ESC renewal. For tissue engineers, one of the main reasons for this has
been the need to grow human ESC without any contamination by animal cells
or proteins; a problem highlighted by a report in January 2005 that showed
the expression of a nonhuman protein by human ESC lines grown on animal
feeder layers.20 Various means have been tried, including addition of basic
fibroblast growth factor to the culture medium,19,21 growth on matrigel or
laminin in feeder cell-conditioned medium22 or in the presence of GSK-3-
specific inhibitors such as 6-bromoindirubin-3´-oxime (BIO),23 and growth
on fibroblasts derived from human ESC.24,25 Although the adapted culture
methods remove the need for animal feeder cells, none of the protocols is
entirely free of animal products and so the problem remains.

Different cultures and religious groups have their own ethical stance on
the use of human ESC.9 In the UK, human ESC lines can only be derived
legally under licence from the Human Fertilization and Embryology Authority
and the lines must be placed in the Medical Research Council’s Stem Cell
Bank. At present, the UK is the only country that allows cloning of human
ESC and this is restricted to therapeutic nuclear transfer, to create autologous
cells or to produce diseased cells for in vitro pathogenetic or drug discovery
investigations, with reproductive cloning being illegal.

Fetal. The recent identification of human fetal mesenchymal stem cells
(MSC) has raised the possibility of using autologous cells for in utero treat-
ments.26 The MSC population extracted from fetal blood contains adherent
cells that divide in culture for 20 to 40 passages and can differentiate into
mesenchymal lineages including bone and cartilage, but also have the ability
to form oligodendrocytes and hematopoietic cells. These cells, which can be
found circulating only during the first trimester, are similar to hematopoietic
populations in fetal liver and bone marrow and have been shown in a xeno-
geneic sheep model to engraft into multiple organs and undergo site-specific
tissue differentiation.

Adult. An adult (or postnatal somatic) stem cell is an undifferentiated cell
found among differentiated cells in a tissue or organ that can renew itself.
There is an extensive repository of these stem cells located in various tissue
niches throughout the body, including bone marrow, brain, liver, and skin as
well as in the circulation (FIG. 2).27 Their main role is to maintain and repair
the tissue in which they are found. Originally, these cells were considered
to have only very limited differentiation potential but there have been many
reports that they can show a considerable degree of plasticity although there is
some debate about quite how much.28–32 In theory, therefore, these cells could
be removed from a patient, incorporated into a tissue construct, and put back
into the same individual when repair becomes necessary, thereby removing
the need for immunosuppression. Clearly, adult-derived progenitor cells need
to be investigated and their clinical usefulness established. However, as with
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FIGURE 2. A single CD34–human cord blood stem cell fixed and immunostained for
�-feto-protein, a differentiation marker for endodermal cells. (Green: indirect immunoflu-
orescence for �-fetoprotein; red: propdium iodide as nuclear counterstain.)

primary mature cells, for some stem cell types, problems with accessibility,
low frequency (e.g., there is roughly 1 stem cell per 100,000 bone marrow
cells), restricted differentiation potential, and poor growth tends to limit their
usefulness for tissue engineering. For a long time, adult stem cells have been
considered to be a safer option for clinical applications than ESC because
they have not been shown to form teratomas. However, new observations of
the spontaneous transformation of human MSC during prolonged culture (4–5
months) argue for reassessment of the biosafety aspects of these cells.33 The
situation is compounded for human MSC that have been transduced with the
human telomerase reverse transcriptase gene (hTERT) in order to extend their
life span and provide a large number of cells for therapeutic applications.34

These telomerized cells also undergo spontaneous genetic alteration leading to
tumorigenicity in immunodeficient mice.35 Newly identified sources of stem
cells include fat,36 placenta,37 and spleen.38 These sites can be an abundant
source of stem cells; for example, a single gram of human adipose tissue has
been reported to yield more than 70,000 pluripotent adipose-derived adult stem
cells after 1 day in culture.36
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FIGURE 3. Type I pneumocytes, identified by their distinct morphology and im-
munoreactivity for aquaporin 5, differentiated from murine ESC by exposure to an extract
of murine pneumocytes. (Red: indirect immunofluorescence for aquaporin 5.)

Directed differentiation of stem cells. Stem cells can be encouraged to differ-
entiate to the required phenotype by manipulating the culture conditions under
which they are maintained. In this way, it is possible to control or restrict the
available differentiation pathways and to generate selectively cultures enriched
with a particular phenotype. Such manipulations include stimulation of cells
with particular cytokines, growth factors, amino acids, other proteins and active
ions and co-culture with a relevant cell/tissue type (see Microenvironment). A
new approach is to use cell extract-based re-programming, where permeabi-
lized stem cells are exposed to extracts of the target phenotype (FIG. 3).39 Often,
cell sorting techniques such as fluorescence-activated cell sorting (FACS) are
used to purify the target cell type further. Using these approaches, virtually
every cell type in the body has been derived from stem cells in the laboratory.

Stem cells, in particular ESC, are also amenable to genetic manipulation
and have been instrumental in the creation of transgenic and gene knockout
animals that provide the means for more detailed investigation of the genome
and the specific functions of a particular gene. This genetic tractability also
offers the potential to introduce genes to promote lineage-restricted differen-
tiation and provides a basis for gene therapy to introduce therapeutic genes
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and potentially to modulate the immune response allowing implantation of
“non-self” cells/tissues.

SUPPORT MATERIALS

The prime requirements for any scaffold in tissue engineering are biocom-
patibility, the capacity to sustain and/or promote the growth of the relevant
cells/tissue, and provision of a template for tissue growth in three dimensions.
Biological materials have frequently been used in tissue engineering; for ex-
ample, the submucosa of the small bowel has been used in the engineering
of blood vessels for 40 years.40,41 The tissues are decellularized and not only
allogeneic but also xenogeneic sources have been used. Naturally occurring
collagen has also been used in a variety of forms. There are obvious limitations
associated with biological materials, including lack of consistency and struc-
ture malleability. The developments in materials science that have occurred
in recent years, particularly in the generation of bioactive materials, have pro-
vided a major advance in tissue engineering.42–44 The new materials offer
many advantages as they can be designed to meet specific spatial and strength
requirements and their rate of degradation can be precisely controlled. Biocom-
patible, nonbiological materials fall into three classes: bioinert, resorbable, and
bioactive. No material can be said to be totally inert when implanted but the
group known as bioinert materials only provoke formation of scar tissue. The
stainless steel used in artificial hips is an example of a widely used bioinert
material. The resorbable materials eventually dissolve when implanted with
the generation of harmless dissolution products. There is a wide range of such
material already in clinical use such as the polymers (polyglycolic, PGA; poly-
lactic acids, PLLA) used for suturing. These polymers have proved popular
with tissue engineers as, in addition to already being used in the clinic, they are
easy to shape and are tough with high tensile properties. Bioactive materials
are those that stimulate a biological response from the body and are classified
for bone tissue engineering as osteoconductive and osteoproductive. Osteocon-
ductive materials (e.g., synthetic hydroxyapatite ceramics) bond to bone and
stimulate growth at the edge of the graft while osteoproductive materials (e.g.,
bioactive glasses) stimulate the growth of new bone within the material.45

MICROENVIRONMENT

To maximize the chances of success, tissue engineers try to replicate as
far as possible the natural microenvironment in which the cell/tissue would
normally grow and function within the body. This comprises a range physical
and chemical factors, broadly divided into physical (insoluble macromolecules,
e.g., collagen), chemical (soluble macromolecules, e.g., cytokines), and cell–
cell interactions (proteins on adjacent cells).46 Thus, tissue engineers have
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provided extracellular matrix and soluble proteins to cells in constructs and,
for load-bearing musculoskeletal tissues, mechanical stimulation may also be
required. This approach is being refined by investigation of the specific cues
cells receive in their local tissue milieu so that the crucial cells can be created
in the tissue construct.47 For stem cells, co-culture with mature cells or tissues
is also being used increasingly as a means to drive their differentiation toward
required lineages.48–54

Among the latest developments in this area is the use of synthetic bioma-
terials to create microenvironments that mimic natural extracellular matrix,
with the particular aim of directing stem cell differentiation and morphogen-
esis of the target tissue.46,55 This approach has been employed, for example,
to construct a scaffold that enhances differentiation of neural stem cells while
inhibiting the development of glial cells.56

STEM CELL APPLICATIONS IN TISSUE ENGINEERING

In aiming to get engineered tissues into the clinic, there is a variety of
considerations in addition to identifying appropriate cell sources. Key among
these are:

• Complex tissues: The final construct for implantation needs to replicate
the architecture and complex cellular interdependence found in the cor-
responding normal tissue. Most current constructs involve only one or
two cell types grown and their clinical viability is, therefore, limited.

• Vascularization: Rapid angiogenic stimulus is needed on implantation to
ensure maintenance of the nutrient supply to the tissue construct as it
integrates in situ.

• Interface stability: The host tissue–graft interface must permit/promote
integration of the construct with the native tissue.

• Function: It must be possible to demonstrate that constructs will have the
required level of normal activity in vivo.

• Storage: The viability of cell-based products needs to be maintained dur-
ing storage and transport.

• Sterility: Sterility must be maintained during the production of each con-
struct until implantation is complete. GMP compliance is essential.

• Cost: The manufacturing costs have limited the translation of many tissue
engineering strategies to clinical applications. The background technol-
ogy in tissue engineering continues to grow but there remains an urgent
need to develop cost-efficient, scaleable processes, and rapid quality con-
trol tools.

At present, four main therapeutic approaches using stem cells have been
defined: direct administration of adult stem cells, regeneration mediated by
stimulation of endogenous stem cells, implantation of differentiated stem cells,
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and tissue engineering. Thus, stem cells are being used in the clinic, but most
applications are based on the application of adult or fetal stem cells and involve
cell delivery rather than tissue engineering per se. However, broader tissue
engineering strategies, including those using ESC are being developed and
tested. For example, engineered skin has been used for some time to treat burns
and ulcers and most techniques expand basal keratinocytes, comprising stem,
transient amplifying and committed cells, and fibroblasts from biopsies and
grow them on structural or matrix proteins or on a polymer scaffold.57 For the
skeleton, interoperative orthopedic procedures using adult stem cells are being
developed, particularly for the treatment of patients with nonunion fractures. In
these procedures adult osteogenic precursor cells, harvested from bone marrow,
are grown on a scaffold and have the advantage over adult cells of laying
down new extracellular matrix without the need for removal of old matrix, as
happens with adult bone autografts.58,59 The first clinical application of bone
engineered from stem cells was the successful grafting of the distal phalanx of
the thumb comprising osteogenic cells from the distal radius periosteum.60 The
recent demonstration that human ESC can be encouraged to form osteoblasts
in vitro and in vivo provides a source for bone tissue engineering as well as
a model system for studying bone formation.61 The fact that cartilage has no
blood supply means that it has relatively little capacity for repair, although a
progenitor cell population has recently been demonstrated within the surface of
articular cartilage.62 Until now, tissue engineering of cartilage has been based
mainly on the harvesting and expansion in vitro of autologous chondrocytes
from articular surfaces on resorbable scaffolds, such as PGA.63–65 Human
MSC66 and ESC67 yield chondrocytes in vitro and recent work growing rat
MSC on a polyethylene glycol-based hydrogel has shown the formation of an
entire chondryle, with chondral and osseous components, which suggests the
potential of engineering total joints for replacement.68

Promising results are being obtained for the cardiovascular system. In the
clinic, there has been success in the treatment of myocardial infarct by stem cell
delivery using autologous bone marrow, although the clinical trials at present
are mostly small and without satisfactory controls.69 ESC differentiated to
cardiomyocytes were first tested as a means to repair the heart in an animal
model in 1996.70 Although sufficient cardiomyocytes were generated, they did
not become fully incorporated into the cardiac muscle in situ. More recently,
implantation of undifferentiated murine ESC contained in a liquid matrix (Ma-
trigel) into infarcted heart significantly improved contractility.71 Human ESC
have been differentiated into endothelial cells that were isolated with antibodies
to platelet endothelial cell adhesion molecule-1.72 When cultured in matrigel
in vitro, the cells formed tube-like structures and, when implanted into severe
combined immune-deficient (SCID) mice on biodegradable polymer scaffolds,
the cells appeared to form microvessels containing mouse blood cells. Tissue
constructs, except for cartilage, need a microvascular network and attempts
have been made to encourage vasculogenesis on scaffolds, for example, by
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seeding with endothelial progenitor cells (EPC) isolated from human cord
blood.73 Interestingly, the EPC maintained their phenotype on PGA-PLLA
scaffolds but only formed distinct capillary-like structures when they were
seeded in combination with smooth muscle cells.74

FUTURE

The major medical challenges of the 21st century are likely to be of a very
different variety from those of today. Whereas fighting infectious disease has
long been a preoccupation of medicine, in the future, dealing with the conse-
quences of a predominantly aging population is likely to take priority. There
is much to do if the full promise of stem cells and tissue engineering is to be
realized. Our understanding of stem cell biology continues to increase but we
must be able to not only control but also optimize the differentiation of stem
cells. This includes determination of the signals that trigger differentiation,
including chemical stimuli, matrix/substrate-associated cues, and the role of
physical factors, with the latter being particularly unexplored.

Beyond the science, as stem cell biology is translated into clinical appli-
cation, there are other issues and challenges that will need to be faced. The
use of ESC remains contentious for some governments and religious groups
and this position is unlikely to alter in the short term. However, governments
change and, once clear clinical benefits are demonstrated, some current, op-
posing stances may become reconciled to the use of ESC. A pragmatic issue
is the move from small-scale laboratory experiments to large-scale produc-
tion of cells in GMP facilities. Clearly, innovative bioreactor technology will
be needed. Standardization of the type and level of process quality controls
will also be required to meet the conditions of the appropriate regulatory
bodies.

If any kind of off-the-shelf availability of tissue and organs is to be achieved
for a particular clinical application, then allogeneic cells will need to be em-
ployed. This raises the issue of the immunogencity of the cells. Everything that
we now know suggests that a differentiated cell, one derived from a stem cell,
will exhibit the normal immunogenic characteristics of that particular type of
differentiated cell. If immune acceptance is an issue, there will then need to be a
strategy for overcoming this. One means could be tissue typing, as is currently
done for donor organs; and a recent publication suggests that as few as 150
ESC lines deposited in a bank may be sufficient to alllow a satisfactory rate
of matching.75 A possibility is therapeutic nuclear transfer and licences have
been granted in the UK by the Human Embryology and Fertilization Authority
for the cloning of human stem cells in order to make them immunocompatible.

In closing, finding the most effective ways of using stem cells, from adult,
fetal, and embryonic sources, and triggering their differentiation in a controlled
manner will provide cell banks for the in vitro growth of tissue and for cell
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replacement therapy. Developing these concepts from bench to bedside will
be crucial in meeting healthcare needs in the new century.
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