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ABSTRACT

The skin is the largest organ of the individual, being the interface between the body and the microenvironment. In se-
verely burned patients and other diseases, the physiological processes of wound healing are not sufficient to complete
the closure of their wounds. The in vitro culture of autologous epidermis, which has represented the beginning of Tissue
Engineering, is a vauable tool for the treatment of these patients. Keratinocytes can be cultured and stratified in vitro,
and an entire epidermal sheet can be obtained. The epidermis cells can be amplified in the laboratory from a skin sam-
ple to obtain a surface equivalent to that required for each patient. This technology was first used clinically in 1981 and
in Argentina since 1991. Wound repair is a complex process that involves dermal and epidermal cells, extracellular ma-
trix, soluble factors and the sum of interactions between them, providing physical, biological and chemical keys capable
of guiding cell function. Seeking to improve the results obtained with cultured epidermis, tissue engineering was di-
rected towards the development of substitutes that not only involve epidermis but also the dermal component. The tis-
sue engineered skin and its therapeutic applications reported in this review demonstrate the feasibility and effectiveness
of these approaches. It represents a clear benefit in wound healing. Now, focus must be directed on the development of
new scaffolds, developed by different technologies, such as polymer science, or nanotechnology, able to be used as

templatesto direct the growth of cells, in an attempt to better regenerate the lost skin.
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1. Introduction

The skin is the largest organ of mammals, creating a
protective separation between the body and its environ-
ment. Besides providing a chemical and mechanical bar-
rier, the skin is also responsible for receiving and medi-
ating sensory stimuli and immune reactions. The top
layer of skin, the epidermis, has ectodermal origin, while
the lower layer, the dermis, originates from the meso-
derm and neura crests. The breaking of this barrier can
result in the loss of water, electrolytes and proteins,
metabolic disorders, immunosupression, infections and
other diseases associated or concomitant with skin le-
sions.

There are numerous situations in which the integrity of
the skin is compromised, causing wounds of varying se-
verity, that bring into play the physiological processes of
wound healing.

Wound hedling is a dynamic and sequential process,
arranged in three phases. inflammatory, proliferative and
tissue remodelling. The inflammatory period involves the
participation of the blood cells and factors such as co-
agulation cascade, cytokines and growth factors. After
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this stage is completed, the proliferative and remodelling
stages begin; forming a well orchestrated physiologic
process, in which migration, proliferation and differen-
tiation of a variety of cell types occur, as well as the
synthesis of extracellular matrix components.

In patients who have a large area of the skin affected,
and the depth of the lesion reaches the deepest layer, the
physiologic process of repair is not sufficient to regener-
ate the damaged surface, making it necessary to resort to
full-thickness autograft [1]. Autografts remain the ther-
apy of choicein current protocols for the care of severely
burned patients [2]. However, wound closure with auto-
grafts creates new affected surfaces in the donor aress,
and in many circumstances, the remaining healthy skin is
not enough to cover the burned areas.

Although burn patients are the most common patient
population with extensive skin loss, other conditions
such as surgical resection of scars, or giant nevus, epi-
dermolysis bullosa, trauma and chronic ulcers from
various etiologies, also require replacement therapies.
These wounds are stopped in the inflammatory phase due
to an imbalance between the production of growth fac-

CellBio



18 A. LORENTI

tors, which stimulate the cell proliferation, and proteases,
generally produced by fibroblasts, that stimulate migra-
tion to the wound site. The causes of this imbalance vary
and are associated with the excessive presence of proin-
flammatory cytokines, decreased growth factors, abnor-
mal deposition of collagen and other proteins of the ex-
tracellular matrix, ateration of cell proliferation and pro-
tein synthesis, and also an increased apoptosis [3,4].

2. Wound Coverage

In al patients suffering from severe (extensive and/or
deep) skin loss, the treatment goal is to reach the maxi-
mum functional capacity and the better aesthetic result
that allows the patient to reintegrate into society.

The early resection of largely burned areas, called
scarectomy, is front line therapy for patients with exten-
sive and deep burns [5]. This is necessary because the
necrotic tissue releases cytokines, inflammatory media-
tors, and endotoxines, which inhibits the migration of
keratinocytes and fibroblasts to the wound, which delays
healing and promotes bacterial growth. Infections caused
by this process are closely associated with morbidity and
mortality of burn patients.

However, the scarectomy of large areas requires the
resected areas to be immediately covered with materials
that prevent loss of heat, fluids, eectrolytes, and proteins,
and also prevent contamination and infection. This tem-
porary coverage should be maintained or replaced peri-
odically until the wound bed is in optimal conditions to
receive the fina treatment, which is the autologous skin.
Thisis agreat chalenge for patients with a large amount
of the body surface area involved.

Various materials can be used as temporary coverage:
biological matrices such as skin allografts from skin
banks, pig skin xenografts, or human amniotic membrane,
membranes made with extracellular matrix proteins such
as sheets of collagen or hyaluronic acid, or synthetic ma-
terials as nylon mesh, silicones, and others [6-10]. The
materials used are intended to avoid or at least reduce
water, proteins and heat loss, and also to prevent micro-
bial contamination.

3. In Vitro Epidermis Culture

For over three decades, in vitro culture of autologous
epidermis, from a small skin biopsy, began to emerge as
a valuable tool for the treatment of burn patients and
other skin conditions.

Since 1975 autol ogous keratinocyte sheets began to be
cultured in vitro [11-13], and severa years later were
used for grafting in severely burned patients [14-16].

4. Tissue Engineering

Tissue engineering is an emerging discipline in the
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medical practice of the last twentieth century. It is de-
fined as the application of principles and methods of en-
gineering and life sciences for the development of bio-
logical substitutes that restore, maintain or improve the
function of damaged tissues It requires input from vari-
ous scientific disciplines such as medicine, biology,
chemistry, physics, engineering, material science and
others. This interdisciplinary approach will provide the
required knowledge about the close relationship that ex-
ists between the organ/tissue function and structure that
is needed to develop substitutes for damaged tissue and
to restore lost functionality [17,18].

5. Fundamentals of the Tissue Engineering

Tissue Engineering is based on two critical components:
cells and biomaterials. The challenge of tissue repair or
regeneration is the understanding of cell behavior during
two physiological processes, organogenesis and healing.
Under these circumstances, cells are able to create func-
tional structures using pre-programmed information and
signalling [19].

5.1. TheCdlls

The type and origin of cells used in tissue engineering
development must be carefully analyzed to ensure that
the most appropriate cells are selected. Some of the is-
sues that should be considered: the function and capacity
of the cells; the potential adverse effects associated with
these cells (antigenicity, tumorigenicity, etc.); the origin
of the cells (autologous, homologous, heterologous);
methods used for cell isolation; knowledge of microen-
vironment in which the cells will be located, and re-
sponses to the signals generated in this environment; the
degree of differentiation that the cells have or will reach
(differentiated, progenitors or stem); the availability of
these cells to carry out the development; the need for in
vitro amplification and the effects produced for this ma-
nipulation; the use of animal products during cultivation;
the use of biomaterials or bioreactors; mechanical forces
which are subject to the cells, and the responses to these
forces [20-23].

Cells that can be used in tissue engineering are: stem
cells, progenitor cells, or differentiated primary cells. All
these categories of cells, in turn, can be derived from
adult or embryonic tissues.

Stem cells, which are defined by their self-renewing,
undifferentiation, and proliferation capacities, may have
different origins: embryonic stem cells, which are derived
from the blastocyst inner cell mass (stage 4 - 5 days of
gestation in humans), somatic or adult stem cells, located
in the organs or tissues of the adult, or iPS cells, which
are derived from differentiated adult cells, reprogrammed
to embryonic stages.
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Progenitor cells are population of cells derived from
stem cells, with greater differentiation, but not fully dif-
ferentiated, and high proliferation potential, although for
shorter periods of times than stem cells.

Finally, differentiated primary cells are directly de-
rived from adult, differentiated and functional tissues or
organs.

The isolation of cells by using various isolation meth-
ods, such as enzymatic digestions, selection by specific
antibodies, centrifugations, etc., produces a set of differ-
ent cell types, with different degrees of differentiation,
and even includes both stem and progenitor cells.

Generally, cells derived from embryonic tissues can
survive and proliferate better than those from adults, be-
cause they have a lower level of speciaization and
greater proliferation potential. The adult tissues usually
have a higher proportion of non-proliferating cells, the
initiation and propagation of in vitro culture are more
difficult, and the life span is often shorter.

Embryonic tissues, as well as fetal tissues, have many
practical advantages from the laboratory stand point.
However, it should be taken into account that such cells
will be different from adult cells, and therefore cannot be
assumed that they will mature, in vitro, in the appropriate
o desired cell typesin vitro.

Each particular tissue engineering application will re-
quire the selection of one of the above mentioned cell
types. There are situations in which stem cells will be the
best option, especially when trying to stimulate their dif-
ferentiation into specific cell types. At other times, ma
nipulation of adult differentiated cells will be necessary,
such as the case of the development of a bioartificial or-
gan, where the isolation of cells that already have proper
functionality without need of any previous induction is
necessary [24-27].

The development of cell culture techniques is an im-
portant tool for tissue engineering. The cells to be used
must first be manipulated ex vivo, with different objec-
tives, such as amplifying the number of cells, stimulating
differentiation or undifferentiation, stimulating the pro-
duction of a specific protein, inducing phenotypic changes,
and even incorporating specific genetic material.

It should be noted that whenever the in vitro manipu-
lation of cells is necessary, the cell phenotype in culture
can and usualy is different from cells in vivo. The cell
environment in vitro is not a physiological environment,
and often in these conditions the cells change their phe-
notype, frequently to less differentiated stages. Also their
genotype may become modified, especially after greater
number of subcultures. This concept is extremely impor-
tant to consider and decide what the best working condi-
tionsin vitro are, to ensure that the cell aterations will be
minimal, reversible, and the original genotype will not
atered. It would be expected that these cells will have
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the ability to differentiate and be functional when the
microenvironment in which the cells will be located,
stimulate them, either in the late stages of in vitro ma
nipulation, or in vivo.

5.2. The Biomaterials

As dready mentioned, the second critical component of
tissue engineering, are biomaterials. When considering
which biomaterials to use, it is necessary to choose be-
tween biological, synthetic or hybrid structures, which
will facilitate organized tissue repair, and proper remod-
elling of the implant site, trying to replicate the physio-
logical environment that cells havein vivo.

It also necessary to consider the properties of the bio-
materials that need to be analyzed: chemical structure,
toxicity, immunogenicity, biodegradability, biocompati-
bility, availability, behaviour facing the selected cells,
the pressures or forces, and the responses to the interac-
tions between these biomaterials and the cells [28].

5.3. Inter actions between Cells and Biomaterials

The two critical components, cells and biomaterias, are
not independent items, but they should be considered as a
whole entity. A characteristic microenvironment is cre-
ated between: all cell types, biomaterials, extracellular
matrix components, signals produced by growth factors,
hormones, and cytokines, and the contribution of me-
chanical forces to which the whole set is subjected. The
cells are capable of transforming signals from mechani-
cal forces, in biochemical responses. The path of cells
can vary between proliferation, differentiation, undiffer-
entiation, migration, apoptosis, etc, and this path is de-
cided in response to these interactions [29,30] (Figure 1).
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Figure 1. Diagram showing the interactions between all cell
types, biomaterials, extracellular matrix (EM), soluble factors
(growth factors, hormones, cytokines), mechanical strengths,
and the path of the cellsas aresult of theseinteractions.
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6. History of in Vitro Epidermis Culture

The cultivation of epidermis is the first application of
tissue engineering, even before the discipline was de-
fined as such. The amplification of epidermal cellsin the
laboratory, and their subsequent application on wounds
allows for partial or complete restoration of the first and
fundamental function of the skin—the barrier to the out-
side environment. This often makes the difference be-
tween the life and death for burned patients. Another
large group of patients with ulcers resistant to conven-
tional therapies have been treated using cultured cells,
enabling the wound healing process to restart.

In 1950 the in vitro culture of epidermal cells began to
be performed, starting from explants of skin placed in
vitro, i.e. small pieces of skin placed directly on culture
surfaces. However, overgrowth of fibroblasts from the
dermis inhibited, rapidly and completely, the develop-
ment of keratinocytes [31].

Some years later, the keratinocytes were separated
from dermal fibroblasts, by enzymatic disaggregation of
the skin sample, and then cultured until an epidermal
sheet was formed [32].

The first transplantation of cultured epidermal sheets,
in an experimental model in rabbits, was performed by
Karasek et al., who reported that these sheets had grafted
perfectly, forming a stratified epithelium, but, for un-
known reasons the graft was lost in a short time [33].

Growing epidermal cells for therapeutic application
was a technique described for the first time in 1975 by
Rheinwald and Green. Thiswas akey point in the history
of epidermis culturing [11-13]. The authors introduced
two main modifications: the use of epiderma growth
factor (EGF), which increases the proliferation capacity
of keratinocytes, and the co-culture with cells from es-
tablished cell line 3T3, derived from Swiss mouse em-
bryos, as a feeder layer. These cells, that are irradiated to
inhibit their proliferation without altering their metabolic
capabilities, produce the inhibition of the growth of der-
mal fibroblasts that normally are present together with
the epidermal sample, and provide growth factors neces-
sary for the development of keratinocytesin vitro.

In 1986 Pittelkow et al. introduced a significant modi-
fication to this method, by developing a defined culture
medium, which allows the culture of keratinocytes with-
out both, feeder layer and fetal bovine serum [34]. These
two modifications are particularly important from the
point of view of biosafety. It is known that diseases such
as bovine spongiform encephal opathy can be transmitted
trough the serum of sick animals to humans. Therefore, it
is essential to use media and supplements free of bovine
components. Furthermore, it is also important to remove
the feeder layer, because it is prepared with genetically
transformed animal cells. Although antigenic or tumori-
genic effects by the use of these cells in patients treated
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with cultured epidermis have not be reported, these risks
should never be completely discarded.

7. How Is Epidermis Grown in Vitro?

The epidermis, from ectodermic origin, contains three
different types of keratinocytes: epidermal stem cells,
capable of infinite rounds of cell division; their immedi-
ate descendants, the transient amplifying cells, capable of
many but finite rounds of division; and finaly, the dif-
ferentiated cells, that are not able to divide [35]. All these
cell types are present in the skin sample to be cultured.

The epidermis culture technique starts by taking a bi-
opsy of skin, containing dermis and epidermis, following
a strict and careful protocol for the antisepsis of the do-
nor site, in order to avoid the contamination of the sam-
ple.

The skin is enzymatically digested in order to separate
dermis from epidermis (Figure 2). The latter is subjected
to another digestion to obtain a suspension of keratino-
cytes that includes cells from all the epidermal layers.
This suspension contains al cells, from the basal to the
most differentiated cells of stratum corneum. Only a
small fraction of the keratinocytes of epidermis (between
1% and 5%) has proliferation capacity. These cells are
those that allow for the in vitro epidermis culture to be
carried forward.

Keratinocytes are seeded on flasks/plates, where only
those basal cells have the ability to adhere, migrate and
proliferate (Figure 3(a)). This is the proliferation phase,
in which cells proliferate to cover the entire the plastic
surface, remaining as undifferentiated cells.

During this stage, the cells are amplified depending on
the amount of surface that needs to be covered.

After the amplification, the cells reach confluence
(Figure 3(b)). At this point, the cell-cell contact, coupled

Dermis

Figure 2. The separation of dermis and epidermis after en-
zymatic digestion.
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Figure 3. Bright field micrographs of in vitro keratinocyte
cultures, taken from Axiovert Carl Zeissinverted microscope.
(@) Seven day-culture (800x); (b) Thirteen day-culture
(450x); (c) Twenty day-culture (450%); (d) Twenty four day-
culture (350%).
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to the stimulation produced by variations in the concen-
trations of ions Ca™ in the culture medium, stimulates
the keratinocytes differentiation (Figure 3(c)) and strati-
fication, finally forming an epidermal stratified sheet
(Figure 3(d)).

At this point the epidermal sheets are harvested by
enzymatic treatment, then are placed on Vaseline gauze
(Figure 4), and are transported to the operating room,
where they are applied on wounds (Figure 5), and pro-
tected with amesh (Figure 6). Pictures 2, 4, 5 and 6 were
taken from burn patients treated by Dr. Fortunato Benaim,
during his clinical practice. Cultured epidermis was per-
formed in the Skin Culture Laboratory belonging to
Fundacion del Quemado Dr. F. Benaim, in Buenos Aires,
Argentina.

Histological analysis of cultured epidermal sheet, im-
mediately after being harvested, show a row of large
cells, spherical in shape, with high nucleus/cytoplasm
ratio, corresponding to the basal layer. Likewise, there
were three to four layers of cells displaying elongated
shapes and small sizes. In the outermost layer, the nuclei
were smaller or absent (Lorenti A, unpublished data).

Figure 4. Harvesting cultured epidermis sheets and placing
on Vaseline gauze.

v L -,
Figure5. Placement of cultured epider mis sheets on wounds.
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Analized by electron microscopy, the epidermal sheet
revealed the presence of desmosome-like junctions, mi-
tochondria and glycogen granules (Figures 7(a) and (b)).

(b)

Figure 7. Electron microscopy of cultured epidermal sheet,
immediately after being harvested. (a) Mitochondria (white
arrow) and glycogen granules (white triangle); (b) Desmo-
some-like junctions (white arrow) (20,000%).
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8. Clinical Use of Cultured Epidermis

The thergpeutic potential of epidermis culturing was started
after the works of Rheinwald and Green. O’ Connors et al.
first used cultured autologous epidermis in two adult
patients with extensive and deep burns [14]. In these pa-
tients, cultured epidermis sheets were placed on wound
beds with granulated tissue. Approximately 50% of these
sheets had grafted properly, but infections were the lead-
ing causes of loss. In areas where the cultured sheets were
successfully grafted, healing was achieved and there was
no evidence of increased wesakness or greater contraction
than those areas treated with traditional autografts. The
cultured autografts were stable even three years after
placement.

Later, the same authors used cultured epidermis for the
treatment of paediatric patients. In this group of patients,
the wounds were excised early to the level of the fascia
or subcutaneous tissue, and temporarily covered with
homograft from skin banks, until the cultured autologous
epidermis was ready to be grafted. Early excision of
burned areas and their immediate coverage reduces the
risk of complications, as mentioned above, and therefore
the risk of infections also decrease. This allowed a better
engraftment of cultured epidermis that reached 70% -
80%. The authors emphasize the importance of a proper
bed preparation, on the outcome [15,36]. From that time,
many burn centres in the world adopted this technology
for the treatment of patients [34,37-47].

The histology of cultured epidermis grafted in patients
with deep burns was analyzed. Samples were taken at 9
days, 6 weeks and 5 to 21 months post-graft. In the sixth
week after transplantation, the cultured epithelium con-
sisted of 10 to 20 cell layers that showed a complete
maturation, with the presence of basal, spinous, granular
and corneal layers. After 5 months, completely normal
structure was showed, with basal cells containing kera-
tohyalin granules, desmosomes and basement membrane
[48].

From the experience that was gained from using cul-
tured epidermisin burn patients, this technology was aso
used as post-resection coverage of giant congenital nevi
[49], for chronic ulcers of various etiologies [50], and
epidermolysis bullosa [51], among others.

Clinical Experiencein Argentina

Epidermis cultured has aso been used in Argentina, for
the treatment of burn patients. This practice began in
1991, when an epidermis culturing laboratory was cre-
ated at Fundacion del Quemado Dr. Fortunato Benaim
[52-54]. Many patients, both adults and paediatrics, were
treated, with similar results to other international work-
ing groups.
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9. Tissue Engineering and Cutaneous
Substitutes

Although, as already mentioned, a considerable number
of patients were successfully treated with in vitro cul-
tured epidermis, in many other patients, success was only
partial. This is mainly due to the weakness of cultured
epidermis sheet, which is very susceptible to infections,
as well as to the frictions generated by the actions asso-
ciated with the routine treatments of these patients. The
fundamental cause is, undoubtedly, the absence of der-
mal support for the epidermal sheet.

That iswhy the evolution of techniques began to move
towards the search for tools which would improve the
substitute. This can be addressed in two ways: either the
bed is prepared with a dermal equivalent that can vascu-
larise, and provide a basis for the cultured epidermal
sheet, or creating substitutes, in vitro, containing both
layers of the skin [55].

In any case, the dermal substitute should allow correct
and permanent adhesion of epidermal cells, and the for-
mation of a new vasculature, to reach efficient wound
healing [38].

Will be discussed below these two options: first, the
preparation of the wound bed with a dermal equivalent,
allowing vascularisation, and then placement of cultured
epidermal sheet on it; or second, the creation of bilayer
substitutes, dermal-epidermal, all in vitro.

9.1. Dermal Equivalents Used as Base for
Cultured Epidermal Sheets

The chemical composition, and the structure of the substi-
tute, significantly impacts the biologic response of epithet-
lial cells after grafting, and also modulate the processes
involved in epidermal differentiation and wound healing,
trying to restore the normal structure and function of the
skin [56]. In many cases, excessive wound contraction
and scar formation may create severe functional and
cosmetic defects.

Progress in understanding molecular biology and tis-
sue engineering has produced significant advances in the
development of skin substitutes, particularly in relation
to the dynamics of cell-extracellular matrix interactions
that, as mentioned above, is critical to the successful
graft of the substitute [57].

Biomaterials developed with matrix proteins, used as
dermal substitutes, favours cell repopulation and revas-
cularisation [58]. Some of them are capable of sustaining
the growth of both, keratinocytes and fibroblasts, resulting
in a dermal-epidermal composite structure, and achieving
a complete and functional regeneration of damaged skin
[55].

One of the first attempts to develop a biologic substi-
tute was made by Burke et al., who developed the so-
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called artificial skin (Integra®), made with atype | colla-
gen sponge plus glycosaminglycanes, and covered with a
silicone sheet (Sylastic) acting as temporary barrier. This
structure is placed on the wound bed and, after vascu-
larisation, the silicone sheet could be replaced with a
partial-thickness autograft or with a sheet of cultured
autol ogous keratinocyte sheet [59-62].

Cadaver skin obtained from multiorgan donors, and
processed in skin banks, has been used for many years as
temporary coverage of patients with extensive and deep
burns. Several cadavers skin banks exist in Argentina
[63].

Cuono and colleagues have expanded the possible uses
of homologous skin, by using this not as temporary cov-
ering, but as a permanent dermal substitute [38,39]. For
this purpose, the burned tissue is excised early, and the
wound bed is covered immediately with homologous
skin from skin banks, and after 7 - 10 days the homoepi-
dermis is removed. The homologous dermis, that does
not undergo immune rejection, can vascularise and then
serve as a bed for placing thereon the sheets of cultured
autologous keratinocytes. This technique has also been
used in Argentina [64].

9.2. Development of in Vitro Der mal-Epider mal
Bilayer Substitutes

In order to avoid the laborious process of harvesting epi-
dermal sheets, it is possible to seed the keratinocytes on
biologic membranes in vitro, allowing cell adhesion to
this membrane, and for the implantation of this assembly
on the wounds. The final stage of differentiation and
stratification will occurs in vivo, shortening the cultiva
tion time.

The use of scaffolds allows the development of dermal-
epidermal substitutes, which not only contains keratino-
cytes, but aso fibroblasts. The latter are mesenchymal
cells that can be grown in the laboratory, and play sig-
nificant role in epithelial-mesenchymal interactions, by
secreting various growth factors and cytokines. This has
direct effects on the proliferation of epidermal cells and
the synthesis of extracellular matrix [65]. The addition of
fibroblasts has been a key factor in the development of
substitutes dermal-epidermal, through tissue engineering
techniques.

Lindberg et al. observed a growth pattern of human
epidermal cells, cultured on an extracellular matrix de-
rived from intestinal submucosa. The authors observed
differentiation markers such as keratins 10, 14 and 16,
fibronectine, laminine, and collagens type VII and IV.
The authors also have co-cultured both keratinocytes and
dermal fibroblasts, seeded on the opposite sides of the
matrix, observing the coexistence of the two cell types,
as well as cell migration, proliferation and differentiation,
indicating their potential application as dermal-epidermal
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substitutes [66].

A similar scaffold is a matrix derived from porcine
bladder submucose, described by Badylak et al. The au-
thors describe the capacity of adhesion, migration, pro-
liferation, and differentiation of epidermal and dermal
cells and also the release of basal membrane components.
This emphasizes the usefulness of this model to study
cell-matrix interactions for the development of dermo-
epidermal substitutes [67].

Boyce and colleagues noted a rapid and effective clo-
sure of deep wounds in 40 burn patients, using autolo-
gous cultures of keratinocytes and fibroblasts, placed on
a collagen sponge, and compared with wounds treated
with traditional autografts. They demonstrated that the
use of cultured grafts significantly reduces the require-
ments of donor areas, reducing the healing time, morbid-
ity and mortality in these patients [68].

The usefulness of skin processed in skin banks can not
only be used as a base upon which to place the cultured
epidermal sheet, but also as scaffold for the in vitro cul-
ture of both autologous fibroblasts and keratinocytes.
This scaffold, which contains epidermal and derma na-
tive structures, allows the development of a total skin
replacement [69].

10. Homologous Cellsfor the Development
of Skin Substitutes

Until now, the cultivation of epithelial cells has been
discussed only for autologous use. However, cultured
keratinocytes and fibroblasts can also be used for aloge-
neic transplantation. Homologous (allogeneic) cells are
generally derived from neonatal foreskin from circumci-
sion. The primary functions of these cells are to provide
growth factors that stimulate the healing of wounds in the
recipient patient [70]. In a multicenter study, intermedi-
ate burns were treated with cultured homologous epider-
mis. The results showed that the cells found in the healed
wounds were cells of the recipient, and not of the donor
[47].

Dermagraft® is one example of this. It is a membrane
of polyglycolic acid on a three-dimensional mesh of ny-
lon, containing homol ogous fibroblasts [71,72].

Another example is Apligraft®, which is a bilayer
structure, with a bottom layer of type | collagen containing
homologous cultured fibroblasts. Homologous keratino-
cytes are seeded and cultivated, and placed on this struc-
ture until the formation of stratum corneum, and then
placed on the wounds [73].

The treatment of intermediate [74-77] and deep burns
[78] is one example of the clinical application of cultured,
homologous epidermis. When it was applied on patients
with ulcers of various agtiologies in a clinical tria by
Phillips T. et al., patients experienced less pain and faster
epithelisation when applied on venous ulcers, and poorer
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results in deep ulcers and those derived from connective
tissue diseases [79].

The possibility of using cultured, homologous epider-
mis is particularly attractive from the practical point of
view, because the cultured cells are prepared in vitro and
then cryopreserved and stored, and are available for use
when needed, omitting the time required for autologous
culturing.

11. Epidermal Stem Céllsfor the
Development of Skin Substitutes

As dready mentioned, dermis and epidermis have dif-
ferent origins. They are adjacent and interdependent but
differ significantly in their organization and cellular
components. In the epidermis, as in other adult organs
with high renewal rate, there are specific mechanisms to
allow for cell replacement during the processes of ho-
meostasis and healing. Stem cells regulate these proc-
esses in adult tissues because they have high self-renewal
capacity, the ability to produce undifferentiated proge-
nies throughout the whole lifetime of the individual, and
the ability to differentiate into different functional cell
types. Thus, the integrity of the epidermis is maintained
by the presence of stem cells, which carry out the tissue
homeostasis and regeneration. These cdlls, that are nor-
mally quiescent, are activated in particular situations,
such as the entry of hair follicles in the last period of
their cycle (catagen), or in the process of re-epithelisation
during wound hedling events after epithelial injury [80-
83].

Stem cells are located in specific niches characteristic
to each organ. These cells are intimately associated with
their niche for maintenance and function. A niche con-
sists of a microenvironment capable of housing and
maintaining one or more stem cells. It is not merely a
place of residence for stem cells, but a fundamental con-
cept that involves not only stem cells, but also the
neighbouring progenitor cells and all the interactions
between them. The niche represents a defined anatomical
compartment that provides signals to stem cells in the
form of secreted and cell surface-adhered molecules to
control the fate of stem cells. This fate could be prolif-
eration, self-renewal, differentiation, apoptosis, adhesion,
or migration [84].

The niche concept is fundamental in the biology of
stem cells. A cell is considered a stem cell only when it is
interacting in its niche. This has led to conclude that the
stemness is a condition rather a cellular entity, and that
the stem cell can go in and out of the stem cell condition,
depending on the signals they are receiving [85].

In the epidermis, the niche of stem cellsislocated in a
reservoir (bulge) in the hair follicle. These are the cells
that respond to the process of degeneration of the hair
follicle (catagen), interacting with the dermal papilla,
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producing a new follicle. On the other hand, when an
epithelial damage occurs, the same stem cells receive
different signals than the aforementioned, and they re-
spond to those signals by promoting the migration of
stem cells from the reservoir towards the basal lamina to
repair the damage. This is a clear example of a popula-
tion of stem cells located in its niche, which respond dif-
ferently depending on the stimulus they receive. The mi-
croenvironment surrounding the epidermal stem cells is
responsible of generating the stimuli that regulate cellular
proliferation and differentiation [86,87].

To start growing the epidermis in vitro, the entire
population of cells from the epidermis sample is used.
This sample contains only a few epidermal stem cells.
The hair follicle contains a greater number of stem cells
and therefore is considered an attractive source of those
cellsfor tissue engineering [88].

Tausche A. et al. developed an epidermal autologous
equivalent, for patients with vascular ulcers, by using
tissue engineering. Keratinocytes were isolated from the
root of hair follicles, and grown organotypically in vitro.
The epidermal equivalent was used in a multicenter
phase Il clinicd trial, showing an effective stimulation of
healing of the partia thickness areas, and completes clo-
sure of the ulcers [88-91].

12. Conclusions

Wound hedling is a complex process involving dermal
and epidermal cells, extracellular matrix components,
and a sum of signals emanating from the wound and the
healthy tissue around it. Therefore, the ideal replacement
would be one that is able to establish itself and to survive,
as well as to promote the migration of the resident cells
toward the wound, collaborate and accelerate the healing
process. The extracellular matrix plays an essential role
in the healing process, providing the physical, biological
and chemical keys guiding cell function.

A critical aspect to consider is the trandlation of skin
replacement from bench to bedside while maintaining the
ultimate goal of meeting patient needs through these de-
veloping technologies.

Tissue engineering is moving ahead thanks to the un-
derstanding of the dynamic relationship between cells,
extracellular matrix, and bioactive factors. As an emerg-
ing technology, tissue engineering holds the promise of
new approaches for repair of damaged tissues, combining
the advances in cell culture techniques with progressesin
the development of biomaterials.

The tissue engineered skin and its therapeutic applica-
tions reported in this review demonstrate the feasibility
and effectiveness of these approaches. It represents a
clear benefit in wound healing, particularly for extensive
and deep burns and long-standing ulcers. Now, focus
must be directed on the development of new scaffolds,

Copyright © 2012 SciRes.

developed by different technologies, such as polymer
science, or nanotechnology, able to be used as templates
to direct the growth of cells, in an attempt to better re-
generate the lost skin [92,93].
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