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Abstract. Wound healing is a very complex process of
interactions between different cells, growth factors, blood
elements and extracellular matrix. Keloids represent one of
the possible complications in the fundamental process of
cutaneous wound repair. Despite all efforts, keloids remain
a therapeutic challenge since no treatment is as yet consid-
ered 100% effective. Growth factors, discovered in the late
1970s, have been shown to influence dermal regeneration.
However, the exogenous application of growth factors to
chronic wounds has not proven to be effective in healing
them. Additionally, genetic analysis has not revealed any
single gene that might cause keloids; as such, classic gene
therapy is not a feasible option for the treatment of keloids.
A new approach is so-called somatic gene therapy. This
review provides an overview of the fundamentals of wound
healing and of keloids, and presents new possibilities that
may improve cutaneous wound repair.
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1. Introduction

The complete restoration of cutaneous skin architecture is the
optimal outcome of skin repair, but only fetal skin can heal
in this way. Scars are the end point of the normal continuum
of tissue repair. If fetal scarless wounds represent one end of
the tissue repair spectrum, keloids represent the other end. In
addition to the considerable functional loss and unwanted cos-
metic result, keloids can cause psychosocial effects including
a loss of self esteem, as well as social stigmatisation leading to
a dimished quality of life (1,2). The prevention and treatment
of keloids are particularly characterised by downright poly-
pragmacy, leading to an elevated rate of recurrence. The last
two decades have seen an expansion in knowledge related to
wound healing. Currently, wound healing is understood to be
a sequence of thousands of individual steps from wound for-
mation to closure, the result of both local cellular interactions
and the regulation of systemic response. Coordination occurs
through communicating molecules, known as cytokines and
growth factors (3,4). Despite recent advances, science is still
only skimming the surface of the processes involved in wound
healing. Currently, it is the comprehension of the fundamental
molecular principles regarding both normal and disturbed
wound healing that provides effective therapeutic options.

This article discusses the fundamentals of wound healing,
the classification of scars, and the incidence and histology
of keloids, as well as the fundamentals of their prevention
and therapy. As a specific topic, the role of growth factors in
wound healing is highlighted. Finally, future prospects in the
treatment of abnormal scarring are surveyed.

2. Wound healing

A wound is the interruption of connected body tissue either
with or without loss of substance. Causes range from various
physical or chemical insults to inflammation and ischaemia.
A cutaneous wound is defined as a cut through the skin. The
terms abrasion or excoriation of skin refer to injury of the
non-vascular epidermis. These forms of wounds heal without
leaving a scar. The most pronounced type of skin wound is
that of complete skin damage. In this latter category of skin
wound, repair results in a mass of fibrotic tissue called a scar.
This appears as a fine line, without function, which is often
aesthetically displeasing. A wide range of problems exist in
wound healing, from chronic wounds without wound closure
to hypertropic scars and keloids. The repair of wounds is one of
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the most complex processes known. It is characterised by the
interaction between a series of factors, including hormones,
blood components and secondary messengers, which occur in
a precise sequence in the different layers of the skin. These
complicated interactions are mediated by interacting molecules,
both mediators and receptors, known as growth factors. Growth
factors are synthesised and secreted by many types of cells
involved in tissue repair, including platelets, inflammatory
cells, fibroblasts, epithelial cells and vascular endothelial cells
(5,6). If the restoration of the injured tissue is succesful and
healing by restoration or even by fibrosis takes place, this
process must be shut down by programmed cell death, called
apoptosis. Wound healing follows a specific time sequence.
Put simply, the very complex repair processes are sub-divided
into three phases. Due to their complexity, the three processes
are described below in simplified form.

3. First to third day: exudative phase (phase of physiological
inflammation)

Immediately after skin damage, hemostasis is achieved by the
formation of a platelet plug. This is followed by the forma-
tion of a fibrin matrix, which then becomes the scaffold for
infiltrating cells. Only a few hours after injury, lymphocytes,
granulocytes and macrophages move into the affected area in
order to remove dying tissue and to prevent the formation of
infection. This leads to the known local signs of inflamma-
tion, i.e., dolor, rubor, calor and tumor. In addition, platelet
degranulation is responsible for the release and activation
of numerous cytokines, which act as chemotactic agents in
the recruitment of inflammatory cells, epithelial cells and
fibroblasts. Keloid fibroblasts, as compared to normal skin
fibroblasts, have increased expression of many pro-fibrotic
growth factors, including transforming growth factor § (TGF-3)
and platelet-derived growth factor (PDGF). This in turn results
in an increased synthesis of collagen, proteoglycans and other
extracellular matrix components (7,8).

Thromboxane A2, which is released by platelets, causes
vasoconstriction and, consequently, faster hemostasis. Factor X
is activated, which converts prothrombin to thrombin.
Thrombin in turn converts thrombocyte bonded fibrinogen
to fibrin, which closes the wound and forms the above-named
provisional matrix for cellular migration. Local swelling at the
wound site arises from increased vessel capacity, blood flow
to the area and the outflow of fluid, and the leakage of plasma
proteins into the surrounding tissue. Vasodilatation is caused
by prostaglandin E2, a substance released by granulocytes and
macrophages. Local vasodilatation causes a slowing down of
the blood flow in capillary vessels. This favours the passage
of granulocytes through the capillary vessel walls, which
attracts complement and thrombocytic factors. Some of the
factors which increase vessel permeability, such as histamine,
are also responsible for the local production of pain during
the inflammatory process. In the transition to the proliferation
phase, macrophages play a key role, continuously synthetizing
growth factors [fibroblast growth factor (FGF), TGF-a and
-B] and cytokines. Macrophages also produce tissue-reducing
enzymes (metalloproteinase, elastase and glycooxidase) (7).
Proteolysis of the extracelullar matrix is an essential mecha-
nism for angiogenesis as it creates a path for the passage of
proliferating and migrating endothelial cells.

4. Fourth to seventh day: phase of proliferation (i.e., phase
of formation of granulation tissue)

The second phase begins when the invasion of bacteria is
arrested and the cell remnants are phagocytosed. It is charac-
terised by the reconstruction of blood vessels, the proliferation
of fibroblasts and their formation of collagen, and by the
proliferation and migration of keratinocytes, which result in
complete wound closure. Furthermore, it seems that histologi-
cally normal-appearing keratinocytes interact with fibroblasts
to stimulate keloid formation. They achieve this by producing
signals that stimulate the fibroblasts in the underlying dermis
to proliferate and produce high levels of extracellular matrix
(9). Fibrin decomposition products, which are freed during
fibrinolysis, also stimulate fibroblasts. The division and
concentrated formation of collagen by these connective tissue
cells is stimulated by local free PDGF, which is released by
thrombocytes and injured endothelial cells (10-12). Due to the
increased numbers of fibroblasts and the magnified formation
of fibrillar protein, the injured wound begins to heal. However,
without the simultaneous occurrence of angiogenesis, the
reformation of tissue would be self-limiting. A large number of
growth factors have significant angiogenic capabilities. These
include PDGF, FGF2, TGF-f and vascular endothelial growth
factor (VEGF). Currently, ongoing scientific research is identi-
fying the intracellular mediators of angiogenic signals. These
include Smad5, a component of the TGF-f signaling pathway,
and Sox 18, a developmentaly regulated transcription factor.
Embryonic Smad5 null mutants do not develop as a result
of the failure of proper angiogenesis. Some growth factors,
like FGF and PDGF, are connected directly to receptors on
endothelial cells, and in this way stimulate the migration and
mitosis of vascular endothelial cells. In addition, these same
growth factors activate tissue macrophages, thereby releasing
FGF, TGF or PDGEF. These factors again connect to endothelial
tissue and stimulate angiogenesis (13,14). The final phase,
known as the ‘phase of repair’, consists of filling up of the
wound with connective tissue. The remodelling of the scar
occurs during the phase of repair. Keratinocytes proliferate
at the edge of the wound and move into the wounded area.
The newly produced epithelial tissue covers the wounded area
through the production of fibroblasts and factors involved in
angiogenesis in a temporally and spatially coordinated manner.
Keratocyte growth factor (KGF) and epidermal growth factor
(EGF) are growth factors that disburb the attachment of
epidermial keratinocytes to the bottom of the wound, simulta-
neously accelerating their division (15). EGF is believed to be
responsible for the acceleration and maturation of the epithelium,
and is an important modulator of differentiation and the repair of
epidermal structures. Most endothelial cells, macrophages and
fibroblasts undergo apoptosis or exit the wound. It is known
that the regulation of apoptosis and proliferation is altered in
keloids (16,17). Keloid fibroblasts have been shown to have
a lower rate of apoptosis than normal skin fibroblasts (18).
The temporary scar mostly consists of collagen and extracel-
lular matrix. Within one year the acellular matrix is actively
remodelled from a mainly type III collagen backbone to one
predominantly composed of type I collagen (19). This process
is carried out by the above-mentioned matrix metallopro-
teinases, which are secreted by fibroblasts, macrophages and
endothelial cells (20).



5. Classification of scars

Discrimination between different types of scars is possible and
necessary, but can be difficult as scars are constantly changing
their features during maturation. The most commonly noted
features are: mass, texture, outline, pigmentation, structure,
elasticity, toughness, distortion, the scar's bearing to the
relaxed skin tension lines (RSTL), and finally its activity
and the degree to which it matures. For research and therapy
purposes, an ability to discriminate between types of scars is
extremely useful. In light of this, different scaling methods
have been proposed, such as the Vancouver scar scale, the
visual analogic scale, the patient and observer scale and the
Manchester scale. However, these various scales are still
under discussion regarding their accuracy, as each scale has
an element of subjectivity, leading to errors in classification
(21-23) and the inability to reproduce identical data from either
the same individual or between individuals. Some attributes,
like elasticity, can be measured by technical aids, but not all
features of a scar are measurable in this way. In conclusion,
the ideal scaling system has not yet been proposed. For the
purpose of this review, it is important to distinguish between
hypertrophic and keloid scars, as inappropriate management
of either can lead to recurrence and larger scars.

6. Incidence of keloids

Keloids mainly occur upon the sternum, the ear lobe, the
upper back and the neck. Additionally, increased skin tension
in the wound appears to promote keloid formation. Of note
is the regressing of keloids initially located on the sternum
once this skin has been transplanted to another region of the
body. Keloids are more prevalent in highly pigmented skin
and in women, although slightly less so in the latter. There
have also been reported cases of increased keloids growth
during pregnancy (24-26). Such preferences of localisation,
race and gender are not seen in hypertrophic scars. However,
both keloid and hypertrophic scars are found in all age
groups, although both are observed slightly more often in
younger age groups, especially those undergoing puberty
(27). Earrings, piercings and areas where the individual
has been vaccinated all appear to increase the incidence
of keloids (28). Equally, skin diseases like acne or severe
burns are linked with keloid formation, as are areas of insect
bites. However, cases have been reported of the spontaneous
occurrence of keloids. In view of these clinical observations,
several theories regarding the aetiology of keloids have been
developed in reference to skin tension, the influence of the
melanocyte, gender, hormones, and injury to the skin.

7. Histology of keloids

Due to changes occurring during maturation, histological
discrimination between hypertrophic scars and keloids is as
difficult as their clinical differentiation. Bundles of collagen
positioned in thick strings, parallel to the thickened dermis,
are considered the key histological feature of keloids (29).
Keloid scars are noted as having less proteoglycan content
than hypertrophic scars, and do not show the distinctive
feature of collagen type I being replaced by type III, which is
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seen in hypertrophic scars (30). In its center, a keloid has fewer
cells and, in contrast to hypertrophic scars, does not contain
a-actin-positive smooth musculature featuring myofibro-
blasts (31). Furthermore, the keloid epidermic layer contains
increased amounts of hyaluronic acid, which is an essential
part of the epidermis of young scars (32). The presence of
apoptosis in keloids is reduced, and ATP-levels are increased
in comparison to hypertrophic scars (33). Additionally, keloid
fibroblasts express more matrix metalloproteinase than normal
skin fibroblasts (34).

8. Growth factors and cytokines

As growth factors are the main topic of our research, the focus
is on these peptides in the present review. Both cytokines and
growth factors are crucial for the initialisation, the feeding and
the regulation of the body's response to injury (4). Cytokines,
expressed by numerous cell types, are members of a family of
molecules that have autocrine, paracrine and endocrine effects
(4,35). Autocrine communication means that a cell signals to
itself. In paracrine signalling, the cell signals its immediate
neighbours, whereas in endocrine signalling the communication
is between distant cells via the bloodstream. Growth factors are
defined as peptide mediators involved in cell cycling, growth
and proliferation, as well as in intercellular communication and
apoptosis. The terms growth factor and cytokine do not have
biological significance, but rather represent how these molecules
were historically defined. Signalling proteins were traditionally
called cytokines when they are expressed during the inflamma-
tory phase of healing, and were called growth factors when they
are expressed in later phases. Both cytokines and growth factors
are seen in wound healing as well as in abnormal wound healing,
abnormal scarring and chronic skin diseases (6). Growth factors
are polypeptide signalling molecules that attach to specific
membrane-attached receptors and activate them. This in turn
activates an intracellular pathway, which goes on to regulate
gene expression and the cycle of cell progression. Growth
factors are a major component of the process of wound healing
as they are involved in cell infiltration, cell proliferation, matrix
deposition and scar formation. In view of this, it is of no surprise
that their dysregulation has been implicated in the pathogenesis
of fibrosis. There is a need for high levels of growth factors
and cytokines as key regulators during the healing process, but
abnormal growth factor expression may lead to keloids. It is
possible that the timing and pattern of cytokine response may
be more important than the magnitude of their expression (35).
In the last two decades, an increased and accelerated level of
knowledge on growth factors, particularly in wound healing,
has been reached. However, it is beyond the scope of this
article to explore this background knowledge.

Vascular endothelial growth factor. Vascular endothelial
growth factor (VEGF) is secreted by keratinocytes, macro-
phages and fibroblasts (36-38) and is induced by the local
tissue environment, such as hypoxia or nitric oxide production.
The production of VEGF steadily increases post injury. It is
a potent angiogenic factor and is important for the produc-
tion, differentiation and permeability of blood vessels and
lymphatic endothelial cells. VEGF was first described as a
mediator of vascular permeability in the late 1970's (39). It is
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a key factor for the survival of human endothelial cells due to
the anti-apoptotic effect it has on these cells. VEGF acts via
tyrosine kinase receptors located predominantly in endothelial
cells (40).

Transforming growth factor (3. Transforming growth factor 3
(TGF-p) is released by platelets, macrophages and fibroblasts.
This factor, like VEGF, is a key component in wound healing.
TGF-} is a member of a large family of structurally-related
factors with varying activities and is found in three isomers,
1-3, whose most important activities include fibroblast migra-
tion, maturation and the synthesis of extracellular matrix (41).
Specifically, TGF-f31 appears to play an important role in the
metabolism of collagen (42). TGF is potentially an inhibitor
of epithelial cell proliferation as it blocks the Gl-phase in
the eukaryotic cell cycle (43,44) and promotes angiogenesis
(45,46). TGF exists in most cell types, especially in thrombo-
cytes. Isoforms 1-3 have varying effects depending on the cell
type in which they are found. Antidromic effects are possible
in cell proliferation and differentiation (47). It is reported that
TGF-B1 and -f32 are pro-fibrotic and that TGF-f3 is anti-fibrotic
(48). As such, the influence of TGF-f3 on scarring is related to
its overexpression, in the case of TGF-B1 or -f32, and to the
proportion of TGF isomers involved. In experiments with rats,
the neutralisation of TGF-f1 and -32 by antibodies combined
with the activation of TGF-f33 has prevented the formation of
scar tissue (50). By transforming fibroblasts, the fibroblasts
lose their cellular mounting and then proliferate uninhibited.
TGF-1 stimulates VEGF (51), decreases matrix metallo-
proteinase activity and increases the activity of endogenous
inhibitors of matrix metalloproteinase expression, which may
favour collagen accumulation and scarring (45). TGF-3 also
induces connective tissue growth factor, which leads to cuta-
neous fibrosis in pathological conditions. Connective tissue
growth factor (CTGF) is diffusely active within keloids and
other skin fibroses, such as scleroderma, systemic sclerosis
and Dupuytren's contracture (52). Comparing wound healing
in adult skin with fetal skin, Ferguson er al showed that levels
of TGF-B1 and -f2 and PDGF are decreased in fetal skin,
while the level of TGF-3 is increased (53).

Epidermal growth factor. Epidermal growth factor (EGF) is
secreted by keratinocytes and belongs to a group of growth
factors including TGF-a and hepatocyte growth factor/scatter
factor (HGF/SF). TGF-a and EGF compete for the EGF
receptor, which is found on adult cells, with the exception of
haematopoietic cells. EGF stimulates epithelial proliferation,
increases fibroblast collagenase secretion and inhibits fetal
wound contraction (15,16). TGF-a stimulates epithelial cell
proliferation, but is also capable of inhibiting epithelial
proliferation, depending on the specific target cell (41). Its
most important function is its role in developing anti-tumor
monoclonal antibodies (54).

Platelet-derived growth factor. Platelet-derived growth factor
(PDGF) is produced by platelets, macrophages, vascular
endothelium, fibroblasts and keratinocytes, all of which
are cells involved in early wound healing (9,12). PDGF is
released by platelets soon after injury, and recruits fibroblasts
and macrophages. It is also secreted by macrophages and

stimulates collagen and proteoglycan synthesis. PDGF
is involved in all stages of wound healing. It is a dimer
consisting of two polypeptides, chains A and B, and occurs as
three isomers, AA, AB and BB, with two receptors, a and f3.
These receptors act antagonistically (55,56); for example, the
activation of a-receptor inhibits the chemotaxis of fibroblasts
while the activation of (-receptor increases the chemotaxis
of fibroblasts. PDGF influences the growth and function of
various mesenchymal cells. It is found in high concentrations
in thrombocytes and within the serum, and is mitogenous and
chemotactic for connective tissue cells and smooth muscle
cells within blood vessels. Furthermore, PDGF stimulates
the production of collagenase and the components of the
extracellular matrix, fibronectin and hyaluronic acid (57).
Pierce et al reported that all three PDGF isomers are found
in extremely low levels in normal skin and in chronic non-
healing ulcers (58). In contrast to VEGF, PDGF has a prolonged
expression during scar formation, but disappears quickly
in fetal wounds (59). VEGF expression increases 2-fold in
scarless wounds, while its expression remains unchanged in
fetal wounds (60).

Fibroblast growth factor. Fibroblast growth factors (FGF) are
a family of approximately 20 heparin-binding growth factors.
FGFs are produced by fibroblasts, endothelial cells, smooth
muscle cells, chondrocytes and mast cells, and are secreted
by macrophages and endothelial cells in wounds (61). FGF
induces angiogenesis and epithelialisation through the induc-
tion of fibroblast and keratinocyte proliferation and migration,
endothelial cell growth and migration, and collagen remodel-
ling. FGF additionally prevents wound contraction (62). FGF7,
also called keratocyte growth factor (KGF), is the best known
member of the group, responsible for keratinocyte regulation
and maturation. Other members include acidic FGF (aFGF)
and basic FGF (bFGF). One member shares a receptor with
heparin. Heparin prevents aFGF from deactivating. FGF
family members enhance the duplication and differentiation
of many mesenchymal cells, including fibroblasts, muscle cells
and chondrocytes. PDGF decreases the ability of the receptor
to bond bFGF.

Hepatocyte growth factor/scatter factor. Hepatocyte growth
factor/scatter factor (HGF/SF) is secreted by vascular smooth
muscle cells and fibroblasts. HGF was originally identified
in 1984 as a mitogen of primary cultured hepatocytes (63).
SF was identified in 1985 as a fibroblast-derived epithelial
motility factor. Subsequent characterisation revealed SF to be
identical to HGF, with C-Met as the receptor (64,65). HGF/SF
induces the expression and synthesis of matrix metalloprotei-
nases. It enhances endothelial cell survival and renders vascular
endothelial cells resistant to apoptosis. By increasing the
expression of VEGF, angiogenesis is also increased. Sengupta
et al showed that angiogenesis was possible without VEGF
by means of the direct activation of the extracellular recep-
tors Akt and Erk (66). Abounder et al demonstrated C-Met's
decisive role in the growth of brain tumors due to its influence
on angiogenesis (67). HGF/SF is produced by activated fibro-
blasts and increases the expression of VEGF in keratinocytes.
As such, it has an important role in wound healing. Zhu et al
induced the overexpression of HGF in vascular smooth muscle
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cells. This led to the increased migration and proliferation of
endothelial cells, thus demonstrating the crucial role of HGF
in the re-epithelialisation of injured blood vessels (68). We can
now demonstrate the presence of modified HGF/SF expres-
sion in normal and radiated skin and in keloids. The strongest
expression was found in keloids, whereas the lowest expression
was found in radiated skin. Naim et al showed that TGF-f1
and HGF/SF increase the expression of VEGF. Therefore,
HGF/SF and TGF-f31 have opposite functions.

9. Fundamentals of prevention and therapy

Despite numerous studies, the pathogenesis of keloids remains
unclear.

Prevention techniques. The suturing technique one should
adopt involves as little trauma to the skin as possible, with
everted wound edges and infection prophylaxis. Marginal
skin tension in the wound, for example by bringing the suture
along the RSTL or by infiltration of botulinum toxin intra or
post-operatively in the adjacent musculature, is important (69)
and undoubtedly results in a better cosmetic result. Often, the
application of this suturing technique leads to a scar resembling
a fine line with normal pigmentation and without anomalies of
the outline, distorsions or contractures. However, to completely
prevent keloid formation using this method is impossible.

Therapy. Depending on the point of therapeutic procedure
within the scar, several therapy modalities have been suggested
(70): 1) application techniques, such as compression bandages
and silicon sheets (71);ii) injection techniques with, forexample,
corticosteroid, or with substances such as 5-fluorouracil, inter-
ferons, bleomycin, verapamil, penicillamine and colchicines
(72-74); iii) partial resection techniques, such as cryotherapy,
or resection by carbon dioxide laser (CO,) or Nd:Yag-laser
(75-77); iv) resection techniques, such as WZ- and V Y-plastic
surgery; v) radiation of keloids, which is also quite common,
with a reported cumulative dose of 2-30 Gy (78-80).

The relapse frequency after surgery is noted as being
between 45 and 100%. An improved chance of avoiding recur-
rence is occasionally observed following the combination
of resection techniques with any of the other techniques, in
particular radiation, post-operatively. However, a 100% rate
of avoiding relapse is not achievable by any of the techniques.
In summary, the current schemes of prevention and therapy of
keloids are empirical, with few being reliable. Additionally,
the therapy is associated with a high rate of relapse.

10. Prospects

It is becoming increasingly obvious, due to the failure of
the above-mentioned treatment options, that the crux of the
problem confronting keloids is the lack of scientific under-
standing regarding their aetiology. It is important to recognise
the likelihood that a number of growth factors and cytokines
involved in keloid formation have not yet been identified. It is
assumed that the timing and pattern of the growth factor and
cytokine response may be more important than the magnitude
of their expression (35). However, little research has been
conducted in this area. Furthermore, it is understood that not
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all interactions between growth factors and cytokines are
fully understood. However, the above-mentioned experiments
involving opposing and antagonistic growth factors and anti-
bodies suggest that this might be an area worth investigating in
regards to the treatment and prevention of keloids.

To date, though, the clinical success of topical growth factor
protein application has been limited. There are several reasons
why growth factors are limited in clinical use: the application
of a single growth factor might have only a transient effect.
Proteolytic enzymes in the wound exudates tend to lyse topi-
cally applied growth factors. Furthermore, the final diffusion
into the wound tissue of the active protein, which remains
on the wound bed after these interactions, is predictably low.
On the other hand, systemic administration may cause severe
systemic reactions. For this reason, gene therapy appears
increasingly promising.

Gene therapy is normally defined as the treatment of heredi-
tary genetic failures and the resulting defects in metabolic key
functions. It requires the exact knowledge and localisation
of relevant genes involved in the metabolic process. To date,
genetic analysis research has not led to the identification of any
single gene that might be the causative agent in the formation
of keloids (81). Therefore, in wound healing, with its many
different interlinked cell types and mediators working together
simultaneously and within different layers of the skin, gene
analysis is unlikely to be a solution in the immediate future.

Another possibility for gene therapy of the skin is so-called
somatic gene therapy. This implies the direct introduction of
DNA into tissue (82). The skin is an ideal candidate for such
genetic manipulations; it is easily accessible, and is therefore
easy to transfect with genetic material and to monitor for
adverse reactions. The epidermis has a high turnover rate,
which is an ideal environment for most gene transfer methods.
The predominant cells of the skin, fibroblasts and keratinocytes,
are readily harvested and cultured (83). The gene delivery
system is called a vector. A distinction is drawn between virus-
dependent (transduction) and virus-independent (transfection)
gene transfer. Both can be carried out in vivo, whereby genes are
delivered directly to target cells, or in vitro, in which cells are
removed from the tissue, genetically modified, and implanted
back into the donor tissue. Transduction techniques are per-
formed using recombinant adenoviruses, adeno-associated
viruses, retroviruses and the recombinant herpes simplex
viruses. However, viral infection-associated toxicity, immuno-
logical compromise and possible mutagenetic or carcinogenic
effects make this approach potentially dangerous. The transfec-
tion techniques employed are direct injection, transfection with
liposomes (lipofection), electroporation, particle bombardement
(gene-gun) and antisense oligonuleotide delivery. The key
benefits of these techniques are the ability to package relatively
large amounts of genetic material and introduce it with low
immunogenicity. Their disadvantages are non-specific targeting
and low efficiency, which necessitates repeated treatments.
However, this last disadvantage is a welcome attribute in wound
treatment, since the termination of the gene effect is desirable
after the completion of the healing process. Non-viral gene
delivery is easy, simple, direct, inexpensive and does not require
in vitro manipulation. Nevertheless, among these techniques,
the optimal delivery system has not yet been identified (84).
Most current research involving gene therapy and wound
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healing is specific to chronic non-healing wounds, and is rarely
related to keloid formation. However, there is an increasing
understanding of dysregulation in growth factor and cytokine
expression and their link to keloid formation. Based on these
findings, modern targeted gene therapy is the most promising
treatment approach for cutaneous wound healing.
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