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INTRODUCTION
Regenerative medicine is the restoration of form or function by
regeneration or repair of tissues or organs. Its repertoire includes
stem cells, tissue engineering, biomaterials, gene therapy and per-
sonalised medicine. Conventionally, replacement and repair is
either by using artificial implants or by transplantation of tissues
(1). Such interventions have been hindered by factors such as
immune rejection, limited supply and donor site morbidity. Both
disease and therapy in rhinology can result in structural and func-
tional defects. Reconstructive surgery has often required autolo-
gous cartilage grafting in order to correct skeletal defects. Trauma
and disease of the musculoskeletal system results in considerable
morbidity, which has also previously been addressed by means of
synthetic prosthetic implant devices. All of these strategies are
failing to deal with the increasing demand for treatments for this
spectrum of clinical problems. There are many reasons for this,
including the shortage of suitable graft material, problems in har-
vesting sufficient material to fill large defects adequately, implant
biocompatibility and implant failure. Alternative approaches are
needed therefore to address this growing problem (2). To ensure
consistency in this rapidly evolving field, all terms used in this
review are based upon the glossary defined by Mason et al. in
Regenerative Medicine (3).

THE GROWING CHALLENGE
One of the chief goals of medicine has always been to overcome
the debilitating effects of organ and tissue loss. For many cen-
turies, removal of the diseased tissue was the only option. Greater
understanding of how organs function led to the realization that, in
some situations, a synthetic replacement might be used to treat

disease. Other advances in areas such as antiseptics, antibiotics
and improved hygiene have all contributed to a dramatic increase
in human longevity, leading to a greater need for replacement of
tissues. Limb prosthetics was the first area to make use of synthet-
ic materials in a way, which substantially advanced patient care (4).
Since then, medical implants have radiated into a staggering vari-
ety of numbers and designs (5). Millions of patients have had their
quality of life markedly enhanced by the development and deploy-
ment in the clinical setting of implants such as total joint prosthe-
ses, cardiovascular stents and artificial heart valves.
The socio-economic costs of treating tissue loss and organ failure
in an increasingly ageing population (predominantly in the
Western world) are vast (6) and, while artificial implants have sig-
nificantly improved the quality of life for many patients, so far it
has not been possible to overcome their major failing, namely lim-
ited lifespan. Implants that do not integrate with the host tissue are
subject to wear and thus eventually fail, implant survivability usu-
ally being no greater than 15 years (7). The basis of this problem
lies in the selection of materials for use in implants. Implants con-
structed from bio-inert materials have proved to be mechanically
durable but often unsatisfactory in terms of their biocompatibility,
sometimes causing inflammatory responses (8). Improving biocom-
patibility has therefore been perhaps the biggest driver of innova-
tion in medical device design in recent years. The number of
“ideal” new materials being proposed for medical devices and
their complexity is continuing to grow each year, as researchers
around the world continue their quest for improvement (9).
However, these modifications can lead to a compromise on the
engineering aspects of the implant to improve its biocompatibility.
Possibly the overarching challenge now facing biomedical science
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is one of its own making - how to address the progressive increase
in patient longevity. The effect of increased patient longevity is
twofold – many more patients now require these treatments and
the treatments themselves are required to have longer lifetimes as
well. A shift in emphasis is therefore needed, from the current
methods for the replacement of tissues to more biological
approaches including the regeneration of tissues (10). One of the
fundamental properties of living tissue in a multi-cellular organ-
ism is its capacity to adapt and remodel to physiological and envi-
ronmental cues. One of the shortcomings observed in the use of
synthetic implants is the inability to perceive the local conditions
and respond in an appropriate fashion, which can be a major factor
in implant failure. The next step in developing clinical implants is
therefore to use more biological, bioactive materials, ones that
provide the appropriate biological signals, which can either elicit a
regenerative response at the site of damage in vivo or be used to
grow tissue in vitro for subsequent implantation. In order to
achieve this, materials must have sophisticated properties that go
beyond the basics of enhancing cell adhesion and minimizing
inflammatory responses. Combining these materials with cells will
allow the fabrication of living tissue implants which have full bio-
logical function, the ability to respond to environmental changes
and which possess a significantly longer lifespan than current
implant devices. In this stem cells are emerging as important part
of the cell armory.

REGENERATIVE MEDICINE
Regenerative medicine is a multidisciplinary area of research
aimed at regeneration of tissues and restoration of function of
organs through implantation of cells/tissues grown outside the
body or stimulating cells to grow into an implanted matrix (11). The
general principle of tissue engineering involves combining living
cells with a natural or synthetic support or scaffold to produce a
three-dimensional living tissue construct that is functionally,
structurally and mechanically equivalent to the tissue it has been
designed to replace (11). A major advantage of this approach is that
tissues can be designed to grow in such a way that they more pre-
cisely match the requirements of the individual in terms of size,
shape and immunological compatibility, minimising the need for
further treatment. The steps involved in the engineering of tissues
and organs are cell harvest from the donor site, seeding of cells
onto a scaffold, stimulation of cellular proliferation, maintaining
or stimulating cellular differentiation and, finally, transplant of the
living tissue or organ to the patient.
For all regenerative medicine strategies that involve the engineer-
ing of tissues ex vivo or cell therapy to augment endogenous
regeneration, we must consider the source of cells that can poten-
tially be used in human patients. Current options include: autolo-
gous, tissue-specific stem/progenitor cells isolated from peripheral
blood and various tissues of the body; allogeneic, xenogeneic
(generally encapsulated) or autologous cells derived from bone
marrow; pluripotent human embryonic stem (hES) cells; and
induced pluripotent stem (iPS) cells.

Tissue-derived stem/progenitor cells
Although autologous tissue-specific stem and progenitor cells (i.e.
skeletal muscle, cardiac, neural, skin, etc) would be most ideal for
clinical application due to lack of immune rejection issues, these
cells are usually rare and difficult to propagate ex vivo in numbers
large enough for therapeutic applications. An exception may be
the so-called endothelial progenitor cells that have been derived
from multiple adult human tissues, including blood (12), which is
easily accessible for autologous therapies. However, the exact
phenotype of these cells is controversial, and they may represent
multiple different types of cells with distinct cellular origins and
potential (13).
Thus, we must consider other possible sources such as bone mar-
row, which contains not only hematopoietic stem and progenitor
cells that have been previously used to treat hematopoietic disor-
ders, but also mesenchymal stem cells (MSCs), which exhibit
multi (if more limited) lineage potential. MSC’s actually occur
throughout the body, and are now thought be synonymous with
pericytes (14), a previously enigmatic cell type found adjacent to
blood vessels of all types (and therefore particularly prevalent in
bone marrow and fat). MSC’s also have important immunoregula-
tory activity, particularly in the local reduction of pro-inflammato-
ry stimuli at sites of injury (15). Indeed, this ’anti-inflammatory’
effect forms the basis of a number of ongoing clinical trials
presently for diseases ranging from graft-versus-host disease to
rheumatoid arthritis (16). Whilst bone marrow and fat are the most
well tried sources of MSC’s, new sources continue to open up,
such as amniotic fluid derived stem cells (17) and the recent discov-
ery of stem cells in urine (possibly exfoliated pericytes) (18). The
true potential of these exciting sources is as yet unknown.

Human embryonic stem cells
The use of human ES cells has been investigated as an alternative
to stem and progenitor cells derived from adult tissues. Human ES
cells were first isolated by James Thomson from the inner cell
mass of human blastocysts (19), and provide a potentially unlimited
supply of all cell types of the body. Researchers have taken advan-
tage of pre-implantation genetic diagnosis and have utilized
embryos containing genetic disorders to generate disease-specific
human ES cell lines (20) to study the underlying mechanism(s) of
disease progression. However, for the clinical potential of hES
cells to be realized, a number of obstacles must be overcome,
including the need for: improved culture conditions for hES cells
to allow large-scale expansion under GMP conditions; efficient
differentiation of hES cells to specific lineages in vitro; integration
of transplanted cells in a physiologically useful form; and, critical-
ly, prevention of immune rejection. Since one of the main goals of
regenerative medicine is to reduce the need for conventional trans-
plantation with all its side-effects and other issues, the latter is an
important consideration. However, this may not be insurmount-
able, particularly when applied to ‘immunologically privileged
sites’ such as the CNS, eye and joint spaces. Nevertheless, ethical
and regulatory issues to one side, much work is needed to opti-
mize their clinical use.
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Human induced pluripotent stem cells
Thus, the stem cell field pushed to identify a non-embryonic
source of pluripotent stem cells. In 2007, a major breakthrough
occurred with the generation of human induced pluripotent stem
cells (21). This was achieved by retrovirally transducing somatic
cells (fibroblasts) with transcription regulators associated with
hES cell pluripotency, Oct3/4, Klf4, Sox2 and c-myc. The result-
ing cells were similar to hES cells in their phenotype, promoter
methylation status, and ability to give rise to all three germ layers
in vivo. The drawbacks of this initial method of “reprogramming”
somatic cells were the utilization of oncogenes and viral transduc-
tion, both of which pose health issues for human subjects. Since
the initial derivation of iPS cells, there have been many reports
demonstrating successful reprogramming without the use of onco-
genes (22) and using alternate delivery methods for reprogramming
factors such as the transposon system and episomal factors (23,24).
In addition, while fibroblasts were the first cell type repro-
grammed, there have since been other cell populations to be suc-
cessfully reprogrammed such as hair keratinocytes and blood cells
(25,26), demonstrating that this reprogramming ability is not unique
to fibroblasts.

While human iPS cell derivation has revolutionized the pluripotent
stem cell field, their differentiation potential has to be fully tested
and compared to hES cells, to ensure that they could be a suitable
equivalent. Thus far, human iPS cells have been reported to give
rise to many cell types including adipocytes, cardiomyocytes,
endothelial cells, hematopoietic cells, neural cells and pancreatic
insulin-producing cells (27-31). However, there is significant vari-
ability among human iPS cell lines in their ability to differentiate
into various lineages, which may be dependent upon their cell type
of origin and reprogramming strategy. Thus, many additional
studies are needed to determine whether human iPS cells can serve
as a suitable alternative to hES cells for the generation of all cell
types for clinical applications (for review see Vats et al., 2005) (32).

OLFACTION AND OLFACTORY ENSHEATHING CELLS
There are many potential therapeutic use of cells engineered to
support regeneration. Of special interest to rhinologists are olfac-
tory ensheathing cells. These are a class of glial cells that support
regeneration of olfactory receptor neurons in the olfactory epithe-
lium. When transplanted to other regions of the brain they may
support regeneration of other classes of neurons (33). They also
support axon regeneration and have been successfully employed in
rat models of spinal cord regeneration (34,35). Periosteal stem cells
and muscle stem cells have been engineered to express BMP, Shh
or VEGF and then used in animal models of bone repair (36,37).
Expression of the growth factors improved the quality of repair.
The mammalian olfactory system has the distinction of being the
only part of the central nervous system undergoing continuous
renewal. Olfactory receptor neurons have half-lives of a few
weeks and are renewed by division of stem cells in the olfactory
epithelium which give rise both to neurons and to supporting cells
(38,39). Their number is self-regulated by secretion of inhibitory fac-
tors including GDF-11 (40), and FGFs and BMPs (41) from the

olfactory neurons. Newly generated receptor neurons extend axons
through the cribriform plate to accurately reinnervate particular
olfactory glomeruli specific for each odour receptor type (c. 400 in
humans, c. 900 in rodents). Their regeneration is promoted by
growth factors secreted by olfactory ensheathing cells (OEC)
located beneath the olfactory epithelium (33). OEC are a form of
glia, and there is much interest in their possible therapeutic use to
stimulate axon regeneration in other regions of the brain (33-35,42).
Not only are olfactory receptor neurons continuously renewed, but
also their target neurons in the olfactory bulb. These form from
neural stem cells in the sub-ventricular zones of the lateral ventri-
cles (43), and then migrate as a chain of neural precursor cells (44,45)

to form neurons in the olfactory bulb.

Nasal Cartilage
Although articular cartilage has a low capacity for repair, mes-
enchymal stem cells with the capacity to form cartilage, bone or
adipose tissue can be extracted from it (46). Autologous transplan-
tation of amplified stem cells to repair damaged cartilage is report-
ed to have good outcomes (47,48) which may in future be enhanced
by engineering them to express growth factors (36), and by trans-
planting them embedded in a matrix rather than in suspension
(49,50). Human nasal septum is a good source of chondrogenic cells
with the potential to be used to engineer transplants for restorative
surgery in otolaryngology (51). Furthermore, for reasons which
remain unclear, cranial and bronchial cartilage has the capacity to
heal, a phenomenon absent, but highly desirable, in adult articular
cartilage. Current treatment methods have focussed on autologous
cell transplantation (MSC or chondrocytes) with or without sup-
porting scaffolds. Autologous chondrocyte transplantation was
first used in humans in 1987 and showed stable long term results
in patients with single condyle lesions particularly. It was felt that
a better understanding of the repair mechanism induced by cul-
tured chondrocytes and the regulatory mechanisms controlling dif-
ferentiation would be of benefit in developing new cartilage treat-
ments (47,52) introduced a new cell technology, in which cultured
chondrocytes were transplanted into defects, raising the expecta-
tion of repairing damaged articular cartilage and highlighting the
importance of the micro-environment. Concerns over the mainte-
nance of the chondrocyte phenotype in monolayer culture in situ,
the leaking of chondrocytes from the primary site and uneven dis-
tribution in the three dimensional space were raised and have led
to alternative methods of cartilage regeneration being investigated.
In 2008, MSC-derived chondrocytes were used successfully to
seed the external surface decellularized human donor trachea
which formed the world’s first stem cell based organ transplant in
a 30 year old woman with end-stage tracheobronchial stenosis (53).
This important first step in the clinical application of stem cells for
airway reconstruction shows clearly what should be possible for
the generation of nasal cartilage, for example in patients with
rhinectomy, large septal defects or, theoretically, for cosmetic pur-
poses.
Differentiation of embryonic stem (ES) cells has been directed
towards specific phenotypes, including chondrocytes, by modifi-
cation of culture conditions, in vitro, previously. Co-culture sys-
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tems have been shown to drive and promote the differentiation of
cells towards the mature phenotype, highlighting the potential
influence of the micro-environment. Chondrogenic differentiation
has now been demonstrated in vitro and in vivo with human ES
cells (54). A deeper understanding of the mechanisms of stem cell
activation may generate technologies for controlled regeneration
of particular tissues, using their intrinsic stem cell populations.
The demonstration that bone marrow MSC can be activated to dif-
ferentiate into specific cell types and to home to particular tissues
offers the possibility of stimulating tissue regeneration by intra-
venous infusion of appropriate cell populations. Cultured stem
cells may be surgically grafted into sites where regeneration is
required. One can only speculate on the speed with which these
speculations can become clinical reality.

Nasal epithelium
Nasal epithelial tissue was used as a source of respiratory epithe-
lial cells to seed a human tracheal graft (53). Although cultured
bronchial cells were ultimately employed, the nasal cells prolifer-
ated well for several weeks, suggesting the existence of progenitor
or ‘stem-cell like’ cells in this tissue. Such cells are known to exist
in the trachea and bronchi (55), and if their presence in the nose can
be confirmed, then the potential exists to engineer single cells of
whole sheets of functional epithelium for therapeutic purposes.

Tissue engineered scaffolds for rhinologic application
Despite the relative successes in the use of biomaterials in ORL,
there remain significant challenges where the desired parameters
cannot be met using current materials. Other areas of the field can
be said to be still in their infancy. For example, considering ossic-
ular prostheses, whilst biocompatibility parameters are being
established, little attention has been addressed to optimizing the
acoustic properties of the material used. Significant improvements
in implant performance are associated with a corresponding devel-
opment in materials, but for each new application of a biomaterial,
testing to ensure safety and efficacy must be done.
The most difficult and costly development for a new medical
implant involves materials that have no history as biomaterials,
because of the costly and lengthy process of the preclinical
process required for clinical trial accreditation by the American
Food and Drug Association and equivalent organizations else-
where. The development of new implants for use in rhinology
requires pro-active engagement by clinicians with bioengineers to
highlight potential clinical applications. Areas of ORL which have
been problematic for biomaterials include repair of stenotic tra-
chea, replacement of the larynx, total tympanic membrane replace-
ment, accelerated mucosal healing after sinus surgery and reduc-
ing fibrous tissue formation after middle ear surgery.
Biodegradable implants that promote tissue regeneration would
obviate the concern about long-term implant failure due to
mechanical mismatch at the implant-tissue interface and show
great promise for some of the above applications. For permanent
implants, seeding with cells, such as those described above, is
increasingly recognized as essential if excessive scarring and
stenosis are not to occur.

THE FUTURE
With all the potential that exists in employing stem cells in tissue
engineering and regenerative medicine, there still is much to do if
the promise of stem cells is to be realized. In spite of all the
progress that has been made in understanding the biology of stem
cells, there is so much that still needs to be done if we are to be
able to not only control, but optimize the differentiation and
growth of stem cells. This includes achieving a better understand-
ing of the signals that trigger differentiation, including chemical
stimuli, matrix/substrate associated cues, supplying adequate oxy-
genation and vascularity, and the role of physical factors.
Beyond the science, as one translates stem cell biology into clini-
cal application there are other issues and challenges. First, since
there may be a need for a relatively large number of cells, how can
stem cells be optimally expanded? What types of innovative biore-
actor technology will be needed (56)? What kind of process quality
control and release criteria (easy for mass produced products, but
problematic for individualized treatments typical of first genera-
tion RegenMed) will be required if one is to obtain approval from
the appropriate regulatory bodies? Secondly, how best to deliver
stem cells, to target these cells for therapeutic purposes? For some
cases it may be that pure cell implantation will be the best strate-
gy? Even in this case there may be a question as to whether one
implants stem cells or differentiated cells?
In many cases, the optimal approach will be to incorporate the
cells into a scaffold (see Figure 1), such as that used for the suc-
cessful tracheal graft (53). Such a scaffold could be synthetic mater-
ial, e.g. a polymer, or it could be a natural biological matrix. Just
as it is now recognized that cells in a three-dimensional architec-
ture behave differently from cells in monolayer culture, one
should expect similar differences for stem cells. As part of this,
there are a variety of questions still to be answered. Examples
include if a synthetic material, should it be biodegradable? If so,
over what time period should it be designed to degrade? For appli-
cations not requiring the persistence of high biomechanical
strength, the answer will be yes. Should the material incorporate
cytokines or growth factors, for example to stimulate angiogenesis
or direct in situ differentiation of stem cells? The answer to these

Figure 1. SEM micrograph of a chondrocyte, cultured from nasal cartilage,
on a scaffold showing rounded morphology and undergoing mitosis after
24 hours. Reproduced by permission from A. Vats.
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questions very much depends on the application; however, here
again these issues are relatively unexplored. Finally, if off-the-
shelf availability is desired for a particular clinical application,
then allogeneic or xenogenic cells will need to be employed. This
raises the issue of the immunogenicity of the cells for those con-
texts not involving an immunologically-priveleged site.
Everything that we now know suggests that a differentiated cell,
one derived from a stem cell, will exhibit the normal immuno-
genic characteristics of that particular type of differentiated cell. If
immune acceptance is an issue, there will then need to be a strate-
gy for overcoming this. Finding the most effective ways of utiliz-
ing stem cells, from adult, fetal, and embryonic sources, and trig-
gering their differentiation in a controlled manner will provide cell
banks for the in vitro growth of tissue and for cell replacement
therapy. Developing these concepts from bench to bedside will be
crucial in meeting healthcare needs in the coming century.
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