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Abstract. Cell plasticity and mesenchymal-epithelial
interactions are regarded as a hallmark of embryonic
development and are not believed to occur exten-
sively in the adult. Recently, adult mesenchymal stem
cells were reported to differentiate in culture into a
variety of mature cell types, including epithelial cells.
Progress in stem and progenitor cell biology and
recognition of the unique properties of such cells may
enable intelligent bioengineering design of replace-
ment skin which allows regeneration to occur in vivo.

Ideally, a scaffold-free environment which stimulates
skin stem cells in situ to initiate cell signals that result
in regeneration rather than scar formation is required.
Various skin progenitor cell types are considered
along with the signalling cascades that they affect. We
also discuss a mammalian model of scar-free regener-
ation. Many of these mechanisms, if fully understood,
could be harnessed after injury to perfectly restore the
skin. (Part of a Multi-author Review)
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Engineering new tissues for replacement therapies

Patients with a variety of diseases may be treated with
transplanted tissues or organs. However, there is a
shortage of donor tissues and organs, which worsens
annually due to an aging population [1]. Tissue
engineers aim to apply the principles of cell trans-
plantation, development, materials science and bio-
engineering to construct biological substitutes in
attempt to restore and maintain function in diseased
and injured tissues [2]. The list of tissues with the
potential to be engineered is growing steadily. Trans-
lation of this technology into clinical reality has only
been reached in a few areas, notably where there is a
long-standing insight into stem cell biology [3]. One
such area where there have been relative successes has
been in the development of skin substitutes used to
repair wounds or burn injury. There are, however,
many problems associated with such replacements,

including lack of vascularisation and scarring at the
wound margins to name but two [2]. Here we will
consider another of the problems, namely a source of
relevant cells mobilised during skin repair that could
be utilised in skin regeneration. Most current strat-
egies for engineering tissues depend on a sample of
autologous cells from the damaged host organ [1].
Access to such autologous cells is not always possible,
especially if the damage or disease to an organ or
tissue is extensive. Alternative cell sources are the
focus of debate and scientific interest in the emerging
field of regenerative medicine.
For tissues and organs to maintain a balance between
cell loss and replacement, tissues must possess cells
capable of self-renewal as well as differentiation. It
has long intrigued researchers why some but not all
organisms can regenerate different body parts. At the
heart of this process lie the functional units of
regeneration – stem and progenitor cells. Tissue-
specific stem cells were first described by Lajtha et al.
[4]. They introduced the concept of a multipotent
stem cell capable of both self-renewal and of giving* Corresponding author.
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rise to more differentiated progeny. From this initial
discovery has risen the concept of �cellular hierarchy�
within tissues [5]. At the apex of the hierarchy is a
resident tissue stem or progenitor cell. Such cells are
capable of asymmetric mitosis, producing a replica cell
and a slightly more committed progeny cell. The latter
is destined for differentiation and tissue regeneration.
Such a hierarchy exists in skin cells, specifically in
keratinocyte cell culture, which under clonogenic
conditions form different types of colonies: holo-
clones, meroclones and paraclones [6]. Holoclones are
the product of a true stem cell, as defined by their
ability to self-replicate, whereas meroclones and
paraclones are populations of transient amplifying
cells and senescent or differentiating progenitors,
respectively. Plasticity of adult cells may provide
new insights towards understanding cellular differ-
entiation and has promising therapeutic implications
[7]. Bone marrow is an obvious source of such cells,
but there are various alternative sources for multi-
potent cells, including lipoaspirates, which contain
adipose derived stem cells; peripheral blood, which
contains progenitor-like cells such as fibrocytes; and
various skin-derived precursor cells [8]. This review
aims to focus on some of these cell types, discussing
their role in skin repair and regeneration, with a view
to utilising them in engineering novel skin replace-
ments (Fig. 1).

Types of progenitor or stem cells and their possible
uses in skin engineering

It was originally thought that adult mammalian stem
cells were only present in organs such as blood, skin,
gut, testis and the respiratory tract which have high
cell turnover rates. It now appears, however, that
most, if not all, adult organs contain stem cells, or at
least can produce stem cells in culture [9]. Adult
mesenchymal stem cells (MSCs) are believed to be
restricted in their ability to produce a wide range of

replacement cells but function well as a renewable
source of cells for tissue repair and homeostasis. There
are, however, other non-adult sources of stem cells
which we will briefly consider. Embryonic stem (ES)
cells represent an attractive and viable proposition for
cell replacement therapy. They are totipotent and are
able to differentiate into many different cell types. ES
cells are derived from the inner cell mass (ICM) of the
embryonic blastocyst. These cells can be maintained
indefinitely in vitro without loss of differentiation
potential. To date, many of the studies on ES cells have
been limited to mouse models, since human cell lines
have only recently become available [10]. There are,
however, many controversial ethical and technical
problems that need to be overcome before the full
potential of this type of cell can be realised [11 – 13].

Skin – a niche for reparative and regenerative cells

Skin represents an ideal model system in which to
investigate the use of stem cells as a source of cell
replacement therapy because it contains one of the
few well-characterised adult stem cell types: the
keratinocyte. Adult somatic stem cells could resolve
the problems that ES cells potentially have, namely if
adult stem cells are transplanted back into the same
individual, then there should not be any inherent
problems with rejection. Treating patients with their
own cells also avoids ethical and moral objections.
Unless they are responding to trauma, adult stem cells
typically divide infrequently to maintain homeostasis
within their resident tissues [14]. Since they are
responsible for all cell replacement within a tissue,
they are essential for tissue repair, wound healing and
regeneration. Adult stem cells reside in specific
niches, and the niche exposes the stem cells to
different differentiation cues – important in maintain-
ing the stem cell state.

Figure 1. A simple schematic
representation of skin tissue en-
gineering. The different skin
stem and progenitor cells are
mixed with or without a natural
or synthetic matrix to produce a
fully functional skin substitute.
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Keratinocytes

From a bioengineering viewpoint, skin is a good
candidate because keratinocytes can be maintained
and propagated in the laboratory [15, 16]. The cells
that are contained in these primary cultures have a
remarkable ability to proliferate because they are
capable of being passaged for many hundreds of
generations without undergoing senescence [14].
From the work of Morris and Potten [17] it is known
that slowly cycling cells in vivo are more clonogenic
than actively dividing cells when placed into culture,
suggesting that the less proliferative cells may be stem
cells. The ability to maintain and grow such cells has
led to major advances in skin-grafting technologies
such that burn patients routinely have cultured skin
keratinocytes engrafted [18 – 20]. Unfortunately, at
present the skin substitutes that are used are not fully
functional in that they lack differentiated structures as
well as nerve and blood supplies. Whether long-term
keratinocyte cultures contain multipotent stem cells
which could produce hair follicles remains a subject of
debate [14] . Similarly, sweat glands, like other differ-
entiated structures, do not regenerate. The regula-
tory mechanisms involved in regeneration of cuta-
neous appendages is of great interest to tissue
engineers – by mastering this, injured skin could be
perfectly restored. One theory why differentiated
structures do not regenerate after major trauma is
that the epidermis cannot receive the correct induc-
ing signals from the underlying wound dermis [21].
Other theories centre around the fact that the
pluripotent progenitor cells, which migrate down-
ward from embryonic epidermis to replicate and
differentiate into structures like the mature exocrine
sweat gland, do not exist in adult skin [22]. These
theories have been challenged by the hypothesis that
progenitor cell populations like bone marrow stro-
mal cells might be able to differentiate into non-
haematopoietic tissues [23], a theory that will be
further discussed later in this review.
The problem for bioengineers is that although the
existence of skin stem cells is highly likely within
primary cell cultures, their isolation and character-
isation is proving to be challenging. Fractionation by
fluorescence-activated cell sorting (FACS) has pro-
vided some insights. Jones and Watt [24] found that
some cells within the primary keratinocyte culture
showed great proliferative capacity in vitro and are
enriched for b1 integrins, and other studies by Li et al.
[25] and Kaur and Li [26] show that similar cells have
upregulated a6 integrin. Further characterisation of
these cells has shown that they adhere preferentially
to the ECM (extracellular matrix) components fibro-
nectin (a5b1 receptor) and collagen IV (a2b1 recep-

tor), suggesting that the reason stem cells are kept in
their niche is the very strong interaction with and
adherence to basement membrane components [27,
28].

Hair follicle stem cells

Multipotent skin stem cells also reside in the hair
follicle bulge [29]. This niche resides at the base of the
permanent epithelial portion of the hair follicle, which
is the deepest, most protected place within the
contiguous epithelial compartment [14]. Kobayashi
and Nishimura [30] dissected dermal papillae cells and
reconstituted them with fragments of hair follicle
containing the hair bulge region. On transplantation
under the kidney capsule of an athymic mouse, viable
hair follicles formed. Other studies have shown that
when the bulge cells of a normal mouse are surgically
replaced with cells from a lac-Z mouse, the new
chimeric hair follicles ubiquitously express lac-Z
within all lineages of the hair follicle [31]. Several
studies suggest that this compartment provides a
source of multipotent stem cells which could be used
for bioengineering hair follicles [29]. When the skin
suffers trauma such as burn injury or wounding, it is
thought that the bulge cells migrate to the surface to
aid re-epithelialization [32]. Thus, the regenerative
role of bulge cells (or dissociated cells) from the skin is
multiple; not only is it thought that they contribute to
the production of sebaceous glands and epidermis, but
they are key to the formation of hair follicles [33].
Probably one of the most remarkable examples of true
organogenesis from adult tissue in culture is described
by these authors. Zheng et al. [33] injected a mixture
of isolated neonatal dermal cells with epidermal
aggregates into the dermis of nude mice. These
aggregates were then able to interact and undergo
relatively normal hair morphogenesis to give rise to
cycling hair follicles within 8 – 12 days. Such ap-
proaches hold great hope for the future of incorporat-
ing differentiated structures in a new generation of
skin substitutes.

Skin pigmentation and the role of melanocytes

Skin wounds often display pigmentation problems and
sometimes suffer from a lack of sensation. Bioengi-
neers are interested in this since currently available
skin substitutes often lack melanocytes and thus skin
pigmentation; they also do not have nerve supplies
and so suffer from a lack of sensation or control of
temperature. Critically, skin substitutes have no
resident Langerhans cells, which play an important
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function in immune regulation in the skin. Novel skin
replacement therapies need to develop strategies to
incorporate or induce not only differentiated struc-
tures but pigmentation in skin constructs. Extensive
studies have been undertaken that incorporate mel-
anocytes and Langerhans cells in skin substitutes for
testing purposes. Melanocytes have also been incor-
porated in therapeutic products for the treatment of
vitiligo. A recent study by Hachiya et al. used mixed
cell slurries containing keratinocytes and fibroblasts
with melanocytes on the backs of severely immuno-
deficient mice to produce a skin substitute with
spontaneously sorted melanocytes [34]. Further de-
velopments to this technology may offer a means of
treating both structural and cosmetic aspects of skin
conditions.

Recruiting circulating stem cells to a wound during
repair and regeneration

Injury to the skin results in the physical disruption of
the normal cellular architecture and triggers wound
healing: a process involving inflammation, cell pro-
liferation and migration, cell recruitment, angiogen-
esis and extracellular matrix deposition. Growth
factors and cytokines released from inflammatory
cells dictate the function of those cells present within
the wound [35, 36]. Wound fibroblasts produce new
extracellular matrix proteins, including collagen types
I and III, fibronectin and proteoglycans, and are
ultimately responsible for tissue remodelling, scar
formation and repair [37]. Hence, fibroblasts recruit-
ed to the site of tissue injury are considered essential
for successful wound healing; yet their precise origin is
uncertain.
Most of what is known about adult mammalian stem
cells has come from studies of hematopoietic stem
cells (HSCs). They were the first stem cells to be
characterized and isolated, and they were the first to
be used clinically [9]. In fact, most adult stem cell
plasticity experiments have used either HSCs or bone
marrow, which contains most of the HSCs in an adult,
but also contains other types of stem cells. The
literature on HSCs is vast and outside the scope of
this review (reviewed in [9]), but bone marrow is a
logical candidate for sourcing cells to seed in a skin
substitute [38]. In some wounds, e.g. chronic ulcers or
non-healing burns, it is thought that the mesenchymal
cells that fill the dermis become phenotypically
altered or senescent [39 – 41]. The plasticity of bone
marrow-derived stem cells means they would have the
inherent capacity to produce new skin cells if the
conditions for growth were correct. Since bone
marrow is key to the process of haematopoiesis, it is

also likely to contain hormones such as granulocyte
monocyte colony- stimulating factor (GMCSF), which
is thought to accelerate wound repair [42, 43]. A
potentially important source of MSCs for skin repair
and regeneration, derived from bone marrow, is found
in the circulating peripheral blood [10, 44]. Bucala
et al. described a distinct population of blood-borne
fibroblast-like cells that rapidly entered sites of tissue
injury in a wound chamber model [45]. The presence
of fibroblasts in wound chambers had mainly been
thought to be attributable to recruitment from sur-
rounding subcutaneous tissue [46]. However, the
presence of such large numbers of fibroblast-like
cells coinciding with the entry of circulating inflam-
matory cells suggested that the cell population was
arising from peripheral blood and not exclusively by
slow migration from adjacent connective tissue [45].
This new cell type was termed a fibrocyte with a
distinct phenotype originally described as collagen+/
vimentin+/CD34+ [45]. More recently, leukocyte-
specific protein-1 (lsp-1) has been added to this profile
as a fibrocyte marker in hypertrophic scars [47].
Fibrocytes are unusual and are possibly unique in that
they are matrix-producing cells of the peripheral
blood [48]. In structural and supportive tissue as well
as when grown in culture, these cells typically have a
stellate or fusiform appearance (Fig. 2). Additionally,
when grown in culture they are characterised initially
by long spindle-like cytoplasmic extensions that
eventually form into a cobblestone phenotype
(Fig. 3a, b). Although these cells only make up 0.5%
of peripheral blood leukocytes, they constitute 10 % of
the cells infiltrating subcutaneously implanted wound
chambers in mice [45]. They are thought to have
diverse roles in the wound-healing process, inducing
angiogenesis in vivo and in vitro [49]; they produce
chemoattractants to recruit CD4+ lymphocytes [50];
and they express the chemokine receptor CCR7,
involved in the process of cell migration into the
wound [51]. They also have the ability to form
tubelike structures in culture [A. D. Metcalfe, H.
Willis and M. W. J. Ferguson, unpublished data]
(Fig. 3c). It has been suggested that with a relatively
minor wound, fibroblasts may be able simply to
migrate in from surrounding undamaged tissues.
With deeper wounds or areas of extensive tissue loss
(e.g. burn injuries), it may be circulating fibrocytes
recruited from the blood which are responsible for
wound remodelling, as the migratory distance from
uninjured tissues would be too great [52, 53]. It has
also been proposed that circulating �progenitor fibro-
cytes� interact with T cells before migrating to the
wound site, where they differentiate into mature
fibrocytes, following exposure to TGF (transforming
growth factor)-b1 [52].
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In cutaneous wounds, especially in the expanding
margins of keloids or inflammatory scars, CD34+
expression decreases with time, whilst expression of
proline-4-hydroxylase, an enzyme required to pro-
duce collagen, increases [54]. These authors also
propose that the reversion of CD34 expression in
scars may represent a decrease in the inflammatory
profile of the wound and that overall CD34 positivity
is inversely correlated to collagen synthesis. Locally
produced interleukin-1 (IL-1), a major inflammatory
cytokine in tissue injury, is thought to regulate the
phenotypic transition in function from an inflamma-
tory to a remodelling phase [55]. IL-1 also promotes
fibrocyte expression of the cytokines TNF (tumour
necrosis factor) a, IL-6, IL-8 and IL-10 and chemo-
kines, and the secretion of matrix metalloproteases
(MMP-9), whilst reducing collagen production [55].
As inflammatory levels of IL-1 decrease, this pheno-
typic transition is enhanced by elevated levels of
TGFb1 present in the lesion, known to be important in

collagen synthesis, scarring and the expression of a-
smooth muscle actin (a-SMA) [51]. When added to
cultured fibrocytes, TGFb1 decreases the expression
of cell surface CD34 and increases a-SMA production
[55]. This increase in a-SMA is considered to be a
differentiating characteristic of contractile myofibro-
blasts. Quan et al. [48] suggest that transition of
fibrocytes to a myofibroblast phenotype may contrib-
ute importantly to the progression of many types of
pathologic fibroses. Scleroderma and nephrogenic
fibrosing dermopathy (NFD) are two such examples
thought to be associated with enhanced fibrocyte
activation and recruitment to the skin [48]. The
intercellular signals that modulate fibrocyte traffick-
ing, proliferation and differentiation are only partially
defined, but a better understanding of these signals is
likely to enable new therapies to prevent pathologic
fibrosis or to improve tissue repair response [48].
Additionally, the precise role of fibrocytes in antigen
presentation, adaptive immunity and their capacity to

Figure 2. Peripheral blood-derived green fluorescent protein-labelled fibrocyte structure grown for 7 days in culture. (a) Note the
elongated cell type with vacuoles and cytoplasmic extensions. (b) Note the close intercellular contact when fibrocytes are in proximity to
one another, and the variation in cell shape. Scale bar, 5 mm.

Figure 3. Peripheral blood-derived fibrocytes. (a) 3 days in vitro culture; note the appearance of both round and spindle-like cells. (b)
10 days in vitro culture; a distinctive cobblestone cell phenotype was observed. (c) 18 –25 days in vitro culture; cells aggregate to form
tubelike projections. Scale bar, 100 mm.
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support angiogenesis are also important parameters
for skin bioengineers to research further and under-
stand.

Understanding regenerative mechanisms: a key to
developing novel skin substitutes

Medical interest in regeneration has often focussed on
the repair of damaged adult tissues. The challenge
faced here would be to incorporate molecules asso-
ciated with the regeneration process into a smart
matrix [2]. Only a few examples exist in vertebrate
species of tissues where the initial phase of repair is
followed by perfect functional and structural restora-
tion of the organ. Classically, when we consider
regeneration in mammals, we think of liver regener-
ation [56], rabbit ear regeneration [57], regeneration
of the digit tip in a child [58, 59], axolotl and Xenopus
limb regeneration [60, 61], antler regeneration [62]
and interdental papilla regeneration [63].
Important links between regeneration and develop-
ment may exist where undifferentiated stem cells are
the source from which differentiated cell types arise in
order to create (or recreate) functionally organised
adult tissues. A murine model for mammalian wound
repair and regeneration was discovered by Clark et al.
[64]. Two mm through-and-through punch wounds
made into the ears of MRL/MpJ mice closed with
regeneration after 30 days, whereas they did not close
in the control strain C57BL/6 mice. A further study in
our laboratory by Rajnoch et al. detailed more
specifically how the MRL/MpJ mouse ear wound
closed in response to different traumas [65]. Here, the
effects of two different types of punches were
compared (a crude thumb punch and a clinical biopsy
punch) on three strains of mice. MRL/MpJ ear wounds
healed faster than either C57BL/6 or Balb/c mice. The
MRL/MpJ mouse ears healed with enhanced blaste-
ma formation and markedly thickened tip epithelium.
Rajnoch et al. postulated that the speed by which a
punched ear hole closes might be an important factor
before the onset of differentiation [65]. The histolog-
ical organization of the regenerating MRL/MpJ ear
edges closely resembles the blastema of a regenerat-
ing limb.
Furthermore, the regenerative ability of this strain
may be restricted to the ear because of its structure: a
thin tissue covered on both sides by epithelium [65].
The small dimensions of the ear were thought to allow
for the diffusion of growth factors and the establish-
ment of appropriate gradients similar to embryonic
development, whereas in large thick tissues, e.g. skin,
this may not be possible [65]. This was confirmed in
studies involving wounding both the ear and the back

skin of the MRL/MpJ mouse where the ear wounds
completely regenerate, whereas the back skin wounds
heal with a scar [66– 69]. In keeping with studies of
scar-free embryonic skin wound healing [70– 74] and
the therapeutic manipulation of adult dermal healing
to reduce scarring [75], the reduced inflammatory
infiltrate seen with the biopsy as opposed to the crude
thumb punch correlated with a faster, more regener-
ative repair process with reduced scarring. Other
studies on athymic Nude-nu mice have also shown that
wound healing of the ear resembles regeneration [76].
In this instance, it is thought that the absence of T
lymphocytes in wounded ears provides a microenvir-
onment conducive to regeneration of mesenchymal
tissues [76, 77].
The process of regeneration involves the complex
tissue remodelling brought about by the formation of
a blastema during healing, after which time cartilage,
sebaceous glands, hair follicles and blood networks
reform. Thus, scarless healing accompanies blastema
formation and regrowth of various tissues such as
cartilage and other differentiated structures [64 – 66].
The tissue restoration process in MRL/MpJand Nude-
nu mice resembles foetal-like healing and is a rare
example of regeneration amongst adult mammals. As
a consequence of an altered inflammatory response
and skin morphogenesis, the growth factor profile of a
healing embryonic wound is very different qualita-
tively, quantitatively and temporally from an adult -
wound [35, 36, 70, 74]. Embryonic wounds express
very high levels of TGFb3, and very low levels of
TGFb1 and TGFb2. By contrast, adult wounds con-
tain predominantly TGFb1 (and TGFb2), which is
derived initially from degranulating platelets and sub-
sequently from inflammatory cells such as monocytes
and macrophages. Application of neutralizing anti-
bodies to TGFb1 and or TGFb2 (preferably both) to
healing adult rodent wounds results in markedly
improved scarring [75, 78]. Interestingly, pan-neutra-
lization of all three TGFb isoforms (TGFb1, TGFb2
and TGFb3) does not improve scarring, suggesting
that neutralization of TGFb3 may be detrimental
[75,78]. By contrast, exogenous addition of TGFb3 to
healing adult wounds (to elevate levels similar to those
seen in scar-free embryonic wounds) results in mark-
edly improved or absent scarring during adult wound
healing [75]. From these studies it can be seen that
subtle alterations of the TGFb isoform profile result in
either scarring repair or scar-free healing. This is an
important consideration in tissue-engineering skin,
and the role of various growth factors would be a key
consideration in intelligent design [2].
In summary, regeneration is characterised by a con-
stantly changing environment in which cells are
exposed to a complex pattern of molecular cues and
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signals which impart positional information necessary
for correct development. These cell signals trigger a
series of events that in combination control cell
proliferation, differentiation and cell death, such
that a specific tissue can be delineated and its edges
specifically defined. Since these molecules are often
major components of early developmental pathways
for cell specification, incorporating them into a tissue-
engineered product could produce major advances in
regenerating adult structures such as skin.

Future developments

Cell plasticity is a hallmark of embryonic develop-
ment, characterised by epithelial-mesenchymal tran-
sitions and ultimately the formation of new tissues and
organs. Although such transitions are not thought to
occur extensively in the adult, the fact that MSCs can
differentiate in culture into a variety of mature cell
types holds promise for the bioengineer. The question
remains whether MSCs transdifferentiate in vivo, and
this must be the focus of attention for bioscientists.
Tissue damage itself may create a special extra-
haematopoietic tissue milieu where apoptosis or
other forms of cell death lead to the initiation of
cytokine cascades and changes to the ECM [79, 80].
Many of the studies documenting progenitor cell
plasticity have used models of tissue injury to induce
homing and differentiation of progenitor cells in
damaged tissues such as skin. This has led to spec-
ulation about several possible candidate cell types that
are recruited during tissue injury, some of which we
have considered here. From studies of the rare
examples of mammalian regeneration that also exist,
these may yield some additionally important insights
for future regenerative approaches. During regener-
ation, as seen during foetal wound repair mechanisms,
changes brought about by cell-signalling cascades
allow progenitor cells access for efficient engraftment
and subsequent differentiation. Perhaps the greatest
challenge in stem cell biology is to uncover the
extracellular and intracellular mechanisms that deter-
mine whether a daughter cell of a stem cell division
self-renews or commits to a particular pathway of
differentiation [9]. Biomedical scientists need to
understand the subtleties involved in these processes
to create an environment that will permit successful
engineering of a new generation of skin substitute.
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