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Abstract. - Skin tissue engineering has made
significant progress over recent years, but there
are still many factors that hamper its further devel-
opment; these include the critical choice of seed
cells. Many researchers eager to develop new
cell-based skin products have focused on the use
of stem cells, which have demonstrated many
prospects for being put into clinical application. In
this paper, we review the recent studies investigat-
ing the use of different tissue-derived stem cell as
seed cells for skin tissue engineering.
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Introduction

In recent years, different types of tissue-engi-
neered skin substitutes have been developed!, and
these engineered skin substitutes have played a sig-
nificant role in the repair of chronic wounds and in
studies investigating skin cells and skin diseases in
vitro*. However, tissue-engineered skin products
are not yet fully perfected and cannot meet the de-
mands of clinical use. One important limitation to
the production of applicable engineered skin prod-
ucts is that there is no clearly appropriate source of
seed cells. Therefore, research on seed cells for tis-
sue engineering is being actively pursued. Their
pluripotency and capacity for continuous self-re-
newal support the prospect of the broad application
stem cells. In theory, complex skin tissues com-
posed of multiple cellular components could be
cloned from a single stem cell.

The Current State of Seed Cells Used in
Skin Tissue Engineering

Tissue-engineered skin actually developed
from epidermal sheet, i.e. from epidermal substi-
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tute to full-thickness tissue engineered skin con-
taining stem cells. Previously, tissue-engineered
skin constructs have been derived from ker-
atinocytes and fibroblasts seed cells isolated from
the skin. However, culture of these autologous
cells takes time, which limits their usefulness,
and donor site insufficiency is a problem for pa-
tients with large skin defects. Moreover, immune
rejection becomes a major problem when an allo-
geneic source of cells is used. In addition, mature
cells from an autologous or allogeneic source are
mostly terminally differentiated and, thus, have
lost the ability to form new tissues via prolifera-
tion and differentiation. Therefore, these cells are
not the best choice for tissue engineering or re-
generative medicine. As stem cells have the ca-
pacity for self-renewal, demonstrate pluripoten-
cy, are highly proliferative, and have low im-
munogenicity, numerous research endeavors have
focused on the use of stem cells in recent years,
aiming to develop new skin products for clinical
application.

Progress in the Use of Stem Cells for
Skin Tissue Engineering

Embryonic Stem Cells and
Induced Pluripotent Stem Cells

Human embryonic stem cells are derivatives of
the inner cell mass of fertilized embryos and
have two significant features: self-renewal and
pluripotency. In vitro, embryonic stem cells can
differentiate into cells of all three germ layers.
Guenou et al. showed that human embryonic
stem cells growing in induction medium contain-
ing BMP4 (bone morphogenetic protein-4) and
ascorbic acid can differentiate into basal ker-
atinocytes, resulting in a mature epidermis com-
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posed of multiple layers of differentiated cells®.
These tissues were also successfully transplanted
into nude mice to facilitate wound repair. These
studies provide a theoretical basis for the use of
embryonic stem cells as seed cells for tissue-en-
gineered skin. However, embryonic stem cell re-
search is handicapped by moral and ethical re-
straints, and the source of embryonic stem cells
is thus problematic.

In 2006, Yamanaka et al at Kyoto University in
Japan observed when four genes related to the
pluripotency of embryonic stem cells (Oct4,
Sox2, c-Myc, and Klf4) were simultaneously
transfected into cells from the mouse tail that
these cells acquired properties similar to those of
embryonic stem cells after unwanted cells were
removed*>. Skin cells can also be similarly repro-
grammed to become induced pluripotent stem
(iPS) cells, which can be further induced to form
all tissue types®’. These iPS cells have the same
characteristics as those of embryonic stem cells®
and can differentiate into different types of tis-
sues. Because their use avoids moral and ethical
controversies, iPS cells are a promising new
source of seed cells for use in skin tissue engi-
neering. Continuing development of iPS-cell re-
programming technology paves the way for a
readily available source of specific stem cells for
use in tissue substitutes®. iPS cells can be pro-
duced by the reprogramming of keratinocytes
isolated from a single adult hair and then differ-
entiated into a variety of skin and seed-cell types.
Bilousova et al. induced iPS cells in vitro to dif-
ferentiate into a skin-like cell line and to form
multi-differentiated epidermis, hair follicles, and
sebaceous glands’.

Studies have also shown that by introducing
three transcription factors (Ngn3, Pdx1, and
Mafa) into exocrine pancreatic cells of adult
mice that these cells transform into 3 cells, while
avoiding the requirement to first generate an iPS
cell intermediate'®. It can be speculated that ker-
atinocytes isolated from hair can be reprogramed
into various types of skin stem cells without the
need for iPS cells, and by way of composite tis-
sue engineering they can produce complex skin
tissues composed of many cell types.

Amniotic Fluid Stem Cells

Another more primitive source of stem cells is
the amniotic fluid and placenta. These isolated
cells are called amniotic fluid placenta stem cells
(AFPSCs), express markers of embryonic and
adult stem cells, and fully meet the requirements

of pluripotent stem cells. AFPSCs also circumvent
the ethical problems preventing the use of embry-
onic stem cells as well as the restrictions of repro-
gramming and low production efficiency of iPS
cells. Studies have shown that AFPSCs can differ-
entiate into adipocytes, osteocytes, myocytes, en-
dothelial cells, cells of the nervous system, liver
cells, and all germ layers'!. This pluripotency
makes AFPSCs the ideal source for tissue engi-
neering and regenerative medicine. However, there
has been no report on the use of AFPSCs as seed
cells for tissue engineering of skin.

Epidermal Stem Cells

Epidermal stem cells are mainly located in the
basal cell layer and the outer root sheath of the
hair follicle bulge. As specific stem cells of the
skin, they are the key cells involved in epidermo-
genesis and wound repair'>!3. Epidermal stem
cells are monopotent and are theoretically an ide-
al choice for tissue-engineered skin. However,
due to the lack of specific surface antigens on
epidermal stem cells, their purification is in-
volved and there is no effective system for their
culture or amplification. As a consequence, they
are still not widely applied in skin tissue engi-
neering.

Recent studies have also shown that hair folli-
cle stem cells have the ability to form skin ap-
pendages. The dermal papilla isolated from the
adult hair follicle near the epidermis can induce
the formation of new hair follicles'*. Thus, hair
follicle stem cells could be used for constructing
tissue-engineered skin containing hair follicles.

Mesenchymal Stem Cells

Mesenchymal stem cells (MSCs) are involved
in early mesoderm development and are a class
of cells capable of remarkable self-renewal and
multilineage differentiation. These cells can be
induced to differentiate into osteocytes, chondro-
cytes, adipocytes, myocytes, and cells of the ner-
vous system in vitro and in vivo. As such, these
cells have the prospect of broad clinical applica-
tion. MSCs are abundant and present in various
tissues, such as the bone marrow, periosteum,
thymus, skin, adipose tissue, muscle, umbilical
cord, and cord blood'*>!¢, and as seed cells they
are commonly used in tissue engineering. Perng
et al'” inoculated Green Fluorescent Protein
(GFP)-labeled human bone marrow MSCs in a
pNIPAAm [poly(N-isopropylacrylamide)] poly-
mer for repair of skin defects in nude mice and
found that the expression of human pan-keratin
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and cadherin, which are indicators of epithelial
regeneration, was significantly increased after re-
plantation. These observations indicated that
bone marrow MSCs can differentiate into epider-
mal cells and repair skin defects. In addition,
bone marrow- and umbilical cord-derived MSCs
can be induced to differentiate in vitro into skin
fibroblast cells'®1°. Progress has also been made
in the culture and differentiation of hair follicle,
sweat gland, and sebaceous gland appendage
cells from MSCs. Sheng et al®® successfully in-
duced the phenotypic transformation to sweat
gland cells from bone marrow MSCs by direct
coculturing of bone marrow MSCs with normal
sweat gland cells. Dufty et al. showed that MSCs
growing in scaffolds can be induced to differenti-
ate into vascular endothelial cells in vitro*'.

Adipose-derived MSCs (AMSCs) can be iso-
lated from liposuction aspirates and have a simi-
lar pluripotent differentiation capacity as bone
marrow MSCs. Moreover, the adipose tissues
from which AMSCs are derived are widely avail-
able and abundant in cells. Compared with the
number of stem cells in 100 ml of bone marrow,
300 times as many AMSCs can be obtained from
100 g of fat tissue*>*. Brzoska et al** found that
all-trans retinoic acid can induce AMSCs to dif-
ferentiate into epithelioid cells, and immunofluo-
rescent microscopy showed that these differenti-
ated AMSCs were positive for keratin K18.
Therefore, AMSCs may be ideal seed cells for
future skin tissue engineering. However, the mol-
ecular events that takes place in seed cells during
repair of bone and cartilage, have not yet been
fully characterized. Additionally, AMSCs can be
easily induced in vitro to differentiate into
adipocytes, and the mechanical properties of the
bone and cartilage tissues derived from AMSCs
are poor and these tissues readily degenerate. In
addition, there are differences in the pluripotency
of AMSCs from different species and/or different
tissue sources. As such, it remains to be deter-
mined from which tissue site AMSCs are most
effective.

Ideal seed cells should have the following char-
acteristics: First, they must be highly proliferative
and pluripotent. Second, they should be readily
obtainable using less invasive methods. Finally,
they must be expandable in large quantities ex
vivo. Compared with other tissue sources of
MSCs, umbilical cords have the advantages in that
they are readily obtainable non-invasively, without
ethical and moral constraints, and can be used ex-
tensively for research. Many studies have demon-
strated that MSCs derived from the umbilical cord
are similar to bone marrow MSCs in biological
characteristics and that these cells can be further
differentiated into myocardiocytes, adipocytes,
and nerve cells®?’. Some investigators have com-
pared the proliferative and pluripotent potentials
between human MSCs derived from the umbilical
cord and bone marrow and found that human um-
bilical cord MSCs (HUCMSCs) are more applica-
ble for research and development®. In view of
this, HUCMSCs are an ideal cell choice for skin
tissue engineering, as they are a class of self-re-
newable, proliferating, and pluripotent stem cells
and have clear advantages over MSCs from other
sources, as shown in Table I. In the future, umbili-
cal cord banks can be established, from which an
individual’s own HUCMSCs can be provided to
him or her when needed. Therefore, HUCMSCs
are an important source of stem cells for tissue re-
generation and repair.

Recent studies on the plasticity of stem cells
have made the reconstruction of skin ap-
pendages, including the sweat glands, possible.
Our preliminary work shows that MSCs differen-
tiation into sweat gland cells by simulating the
genesis and development of the sweat glands,
which may be one of the pathways for the recon-
struction of the sweat glands, and it is expected
that tissue-engineered full-thickness skin con-
taining sweat gland structures can be generated.
Therefore, ex vivo culture of epithelial cells of
the sweat glands has potentially important bio-
logical and clinical significance, as this not only
provides an excellent experimental system for

Table I. Comparison of the biological characteristics of mesenchymal stem cells from different sources.

Proliferation and Ethical
Source Acquisition Cell content differentiation Immunogenicity dispute
Marrow Invasive, painful Low Low, affected by age High Exist
Adipose Invasive Low Low, affected by age High Exist
Cord blood Non-invasive Extremely low High Low No
Cord tissue Non-invasive Abundant High Low No
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further study of pathology and pathogenesis of
sweat gland diseases, it also provides guidance
for the development of tissue-engineered skin
with appendages®. In short, HUCMSCs are like-
ly to become an important source of stem cells
for cellular transplantation and tissue engineering
of skin in the future®.

Problems Associated with the Use of
Stem Cells

Research and development into the use of stem
cells has made great progress over recent years,
but there are still some problems associated with
their application. First, a universally accepted
and reliable stem cell surface marker has not yet
been identified, which renders the screening and
isolation of stem cells difficult. Second, the
process of ex vivo culture of autologous stem
cells is complex and expensive, and it takes con-
siderable time to generate stem cells using cur-
rent ex vivo culture systems for the repair of large
acute skin defects (such as extensive burns). Fi-
nally, the precise induction mechanisms under
different conditions are not fully characterized.
Therefore, the regulation of stem cell differentia-
tion still requires further study.

The ultimate goal of skin tissue engineering is
the construction of skin substitutes for the rapid
and complete reconstruction of skin function. This
tissue-engineered skin should have all of the skin
appendages (hair follicles, sebaceous glands,
sweat glands, and receptors), good layering, rapid
revascularization and reconstruction of nerve func-
tion, and scar-free healing with the adjacent tissue.
Although many mature tissue-engineered skin
products are being used clinically and many types
of artificial skin have been developed, most of
these products are only structurally similar to hu-
man skin, providing only a barrier function. Due
to their lack of skin appendages, these tissues do
not have the full function of the skin and do not
represent true reconstructions of the skin.

At present, some researchers are attempting to
reconstruct hair follicles ex vivo’'2, but there has
been no reports on the ex vivo reconstruction of
sweat glands. Tissue-engineered skin products
currently lack skin appendages and vascular
structures, and there is also the problem of im-
mune rejection of allogeneic seed cells. There-
fore, these products suffer from a short period of
viability and poor clinical function.

Mature skin cells such as fibroblasts can be re-
programmed genetically in vitro to be induced to
form pluripotent iPS cells. Currently, this tech-

nology is in its infancy, but it is certain that this
will be a new direction for future study of seed
cells®.

Outlook for the Engineering of
Skin Tissues

Progress in tissue engineering for reconstruction
of large skin defects is of great importance, but how
to choose the best seed cells still requires further ex-
ploration. Stem cells, in this regard, show the most
substantial promise. Stem cells can be induced to
differentiate into various types of skin cells, and tis-
sue engineered skin from such stem cells, in combi-
nation with proper scaffolds, can match the true
structure of human skin and achieve excellent
wound healing. We believe that with the develop-
ment and technological progress of stem cell biolo-
gy, engineering and materials science, and other
disciplines, multi-functional full-thickness compos-
ite skin tissues containing normal blood vessels,
sweat glands, sebaceous glands, nerves, and hair
follicles can be generated. Through combined ef-
forts and developments in these aspects, someday
we will be able to fully realize tissue-engineered
skin for proper wound repair.
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