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Significance: This review highlights the critical role of transforming growth
factor beta (TGF-b)1–3 within different phases of wound healing, in particular,
late-stage wound healing. It is also very important to identify the TGF-b1–
controlling factors involved in slowing down the healing process upon wound
epithelialization.
Recent Advances: TGF-b1, as a growth factor, is a known proponent of dermal
fibrosis. Several strategies to modulate or regulate TGF’s actions have been
thoroughly investigated in an effort to create successful therapies. This study
reviews current discourse regarding the many roles of TGF-b1 in wound
healing by modulating infiltrated immune cells and the extracellular matrix.
Critical Issues: It is well established that TGF-b1 functions as a wound-healing
promoting factor, and thereby if in excess it may lead to overhealing outcomes,
such as hypertrophic scarring and keloid. Thus, the regulation of TGF-b1 in
the later stages of the healing process remains as critical issue of which to
better understand.
Future Directions: One hypothesis is that cell communication is the key to
regulate later stages of wound healing. To elucidate the role of keratinocyte/
fibroblast cross talk in controlling the later stages of wound healing we need
to: (1) identify those keratinocyte-released factors which would function as
wound-healing stop signals, (2) evaluate the functionality of these factors in
controlling the outcome of the healing process, and (3) formulate topical vehicles for these antifibrogenic factors to improve or even prevent the development of hypertrophic scarring and keloids as a result of deep trauma, burn
injuries, and any type of surgical incision.
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Abbreviations
and Acronyms
ECM = extracellular matrix
EGF = epidermal growth factor
FGF = fibroblast growth factor
HSc = hypertrophic scar
IGF = insulin-like growth factor
IL = interleukin
KCM = keratinocyte-conditioned
medium

SCOPE AND SIGNIFICANCE
The main scope of this review is
(1) to clarify the role of transforming
growth factor beta (TGF-b) in the
wound-healing process and (2) to
highlight the recent clinically significant advances in treatment of
non-healing wounds and reduction of
scar formation. We define the different phases of wound healing and
discuss the role of various molecules
and cells in these phases, with a
particular emphasis on TGF-b. The
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main members of TGF-b family, including TGF-b1–3, are discussed in
more detail; especially, their effect on
inflammatory cells and their role in
scar formation is clarified. We discuss clinical applications of therapeutics based on TGF-b, and major
findings of our group in reducing scar
formation are explained. This review
provides a broad view of our recent
knowledge about the role of TGF-b in
wound healing, helping young researchers to understand the existing
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LAP = latency-associated protein
L-TGF-b1 = latent TGF-b1
MMP = matrix metalloproteinase
PDGF = platelet derived growth
factor
TGF-b = transforming growth
factor beta
VEGF = vascular EGF
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pitfalls and equipping them with a comprehensive
vision for their future studies.

TRANSLATIONAL RELEVANCE
The major basic issues with significant translational importance in the wound-healing process are
discussed. In this review, we discuss (1) the effect of
TGF-b on recruitment of inflammatory cells into the
wound area, (2) fibroblast and keratinocyte migration, (3) extracellular matrix (ECM) production and
remodeling phase, and finally (4) the cross-talk between fibroblasts and keratinocytes. Deeper understanding of the wound-healing process and the
specific roles of different cells and molecules such as
TGF-b has enabled scientists to develop more sophisticated therapies for nonhealing wounds and
prevention and treatment of scar formation. In this
regard, by focusing on the cross-talk between keratinocytes and fibroblasts, our group has found the
importance of keratinocyte-secreted stratifin in reducing the fibrogenic effects of TGF-b.
CLINICAL RELEVANCE
Based on the basic knowledge regarding the role
of TGF-b in wound healing, several clinical trials
have been designed for prevention and treatment
of hypertrophic scaring. For instance, antibodies
against TGF-b1 and 2 as well as recombinant
TGF-b3 have been used in clinical trials to prevent
hypertrophic scaring. Furthermore, this knowledge will be used in treating other diseases caused
by fibrosis, such as systemic sclerosis and diabetic
kidney fibrosis.
BACKGROUND
Wound healing process
Wound healing is a complex and dynamic interplay between various cell types, the ECM, cytokines, and growth factors. Hemostasis, inflammation,
cell migration and proliferation, wound contraction,
and remodeling are distinct but overlapping phases of
the wound healing process.
Hemostasis is an essential step for the initiation
and continuation of the healing process. It is well
established that the major factors in hemostasis
are vasoconstriction, platelet degranulation and
aggregation, and fibrin deposition. Together these
events result in the formation of a clot and bleeding
cessation. The first subset of cells that enter the
injury site are platelets. As reviewed by Guo and
Dipietro,1 platelets release many different growth
factors and inflammatory cytokines, such as
platelet-derived growth factor (PDGF), TGF-b1,

epidermal growth factor (EGF), and fibroblast
growth factor (FGF), all of which promote the inflammatory phase and some of which function as
chemoattractants. Interestingly, soon after the
release of these initiation factors, epithelial cells
migrate under the newly formed granulation tissue. This process is activated by several cytokines
and growth factors; specifically, interleukin (IL)-1a
appears to be expressed within the epidermis and
released upon the dermal injury, which in turn
stimulates more than 90 genes, including adhesion
molecules, chemokines, cytokines, proteolytic enzymes, and matrix proteins in different types of
skin cells.2 In addition, fibroblasts release another
important growth factor called keratinocyte
growth factor, which stimulates proliferation, migration, and differentiation of keratinocytes.
Inflammatory phase
The inflammatory phase is characterized by increased capillary permeability and cell migration
into the wound site. Vasodilation that follows the
early vasoconstriction is the result of capillary
leaks that are mediated by histamine, leukotrienes, and prostaglandins.3 Neutrophils are the
first cells infiltrating the wound site, followed by
monocytes and lymphocytes.4 Neutrophils have
innate antimicrobial functions, in addition to releasing proteases to eliminate the denatured ECM
components. Leukocyte migration into the injured
tissue is mediated by factors such as TGF-b, PDGF,
IL-1, and many other cytokines and growth factors.
Monocytes transform into macrophages as they
enter the wounded area under the influence of
TGF-b, ECM, complement particles, and serum
factors. Macrophages clear the area of debris and
microbes and release many important cytokines
and factors, such as FGF, TGF-b, PDGF, and EGF,
which in turn initiate the formation of granulation
tissue.5 Macrophages also act as antigen-presenting
cells.4 IL-8 functions as a chemoattractant for fibroblasts and neutrophils, promoting mitosis of
keratinocytes.6
Proliferative phase
The proliferative phase begins after the primary
inflammatory responses to the injury. The cells and
cytokines in this phase provide necessary stimulatory factors for further production of functional
skin.7 The main and leading events that happen
during this phase include re-epithelialization, angiogenesis, and fibroplasia. Epidermal restoration
begins with keratinocyte migration and proliferation stimulated by TGF-a, followed by neoepithelium differentiation and basement membrane
restoration. As a ligand for EGF family receptors,
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heparin-binding EGF-like growth factor modulates
keratinocyte migration and skin wound healing.8
Angiogenesis is primarily promoted by macrophagereleased cytokines, such as TGF-b, FGF, and vascular EGF (VEGF). These factors modulate endothelial
cell proliferation and promote angiogenesis.7 During
fibroplasia, fibroblasts migrate, proliferate, and produce ECM components, which result in formation of
granulation tissue within the wound site. Fibroblast
migration is mediated by TGF-b1 and PDGF in this
phase.
Wound contraction phase
Wound contraction starts soon after dermal tissue injury and peaks in the 2 weeks after the initial
insult.7 As an event during granulation tissue formation, fibroblasts begin to transform into myofibroblast phenotypes enriched in alpha–smooth
muscle actin bundles similar to those found in
smooth muscle cells. These cells play the main role
in wound contraction. Wound contraction markedly promotes wound closure. IL-4 induces matrix
synthesis after promoting fibroblast differentiation.9
Tissue remodeling in wound healing
Tissue remodeling is the final phase of wound
healing and continues for 6–24 months after the
initial injury. This involves vascular regression
and granulation tissue remodeling, in addition to
new formation of ECM components. During remodeling, type III collagen is replaced with newly
synthesized type I collagen.10 ECM formation
begins with replacement of granulation tissue collagens and continues with production of newly
synthesized collagens. The production of most of
these key ECM components, such as collagens and
fibronectin, is promoted in part through PDGF and
TGF-b1.11,12 Matrix metalloproteinases (MMPs)
released from fibroblasts, macrophages, and neutrophils cause collagen breakdown. TGF-b1 inhibits the synthesis of MMPs and results in greater
accumulation of collagen fibers. EGF released by
macrophages and platelets stimulates MMP secretion by fibroblasts, mainly during the remodeling phase.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE
Roles of TGF-b in wound healing

The TGF-b superfamily and signaling pathway.
The TGF-b family consists of TGF-b types 1, 2, and
3; bone morphogenic proteins; activin A, B, and C;
growth differential factors; and anti-Müllerian
hormone. Macrophages, fibroblasts, keratinocytes,
and platelets are the primary sources of synthesis
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and production of these factors.13 TGF-b superfamily ligands bind to a type II TGF-b receptor, a
serine/threonine receptor kinase, and that in turn
phosphorylates a type I TGF-b receptor.14 This
interaction results in activation of the SMAD
pathway through which the R-Smads are phosphorylated, and through binding to a common
Smad mediator (SMAD4), they form R-Smad/coSmad complexes. These complexes are translocated into the nucleus, where it regulates the
expression of a variety of genes.15
Although there is a high affinity of type II receptors for TGF-b, their interaction is controlled by
availability of the active form of TGF-b. There are
several known mechanisms through which TGF-b
becomes activated. One of those is integrin avb6,
which interacts with inactive complexes of TGF-b1
with its latency-associated protein (LAP) and causes the activation of TGF-b1. This integrin can activate TGF-b1 by binding to the RGD motif present
in LAP.16 It has been suggested that integrins activate latent TGF-b1 (L-TGF-b1) through two different mechanisms. One of these mechanisms is
through conformational change to the L-TGF-b1
complex. This causes the release of active TGF-b1,
which becomes available to interact with its receptor. The other mechanism is through a proteasedependent activation. In this case, integrins
simultaneously bind the L-TGF-b1 complex and
proteinases (like MMP-2 and MMP-9), and thereby
the MMPs cleave the active TGF-b from its inactive form (reviewed by Wipff and Hinz).17 On the
other hand, there are some factors, such as CD109,
that function as coreceptors for TGF-b.18 It has
been shown that CD109, which is a 180 kDa
glycosylphosphatidylinositol-anchored protein,
serves as an inhibitor of TGF-b signaling in human
keratinocytes.19
The role of TGF-b1 during the wound healing
process. Numerous studies have underscored
the role of TGF-b1 in cutaneous wound healing.
Denton et al.20 demonstrated that the lack of
TGF-b receptor II in a transgenic mouse resulted in
impairment of wound healing, though epidermal
proliferation was increased. This study concluded
that the functionality of TGF-b1 and its receptors
are critical in the wound healing process. The release of TGF-b1 at an early stage of the healing
process prompts recruitment of inflammatory cells
into the injury site, which are later involved in a
negative feedback via release of superoxide from
macrophages. During this interim stage, granulation tissues are gradually formed and TGF-b1
prompts the expression of key components of ECM
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proteins, such as fibronectin, collagen types I
and III, and VEGF.13 Further, TGF-b1 improves
the angiogenic properties of endothelial progenitor
cells to facilitate blood supply to the injured site21
and stimulates contraction of fibroblasts to enable
wound closure.22 Keratinocyte migration is also
promoted by TGF-b1 via regulation of cell
migration–associated integrins, such as b1, a5, av,
and b5.23 TGF-b1 is one the main collagen-stimulating factors, especially type I in fibroblasts. It also
inhibits different MMPs, which further promotes
the accumulation of collagen fibers.24
The role of TGF-b2 and -b3 during the wound
healing process. Similar to TGF-b1, TGF-b2 is
involved in the recruitment of both fibroblasts and
immune cells from circulation and the wound edges
into the wounded area. These events lead to granular tissue formation, angiogenesis, and collagen
synthesis and production.13 The role of TGF-b2 in
scar formation has been well-investigated. Findings have demonstrated that TGF-b2 is needed for
expression and organization of collagen and other
key ECM components during the healing process.25
In a study conducted by Shah et al., wounds of an
animal model were treated with antibodies against
TGF-b1 and -b2, and this study found a marked
reduction in the numbers of infiltrated immune
cells in general and of monocytes and macrophages
in particular. They also found markedly less deposition of collagen types I and III and fibronectin,
which resulted in an improvement in scar formation. However, further studies showed that a combination of these two antibodies is needed to see this
effect and that neither of these antibodies is independently effective in reducing scar formation.26
Although the third member of the TGF-b superfamily has many different roles in wound
healing, in contrast to TGF-b1 and -b2, this isoform
was shown to have a TGF-b1–antagonistic effect in
scar formation.27 In wounds with minimal or no
scar formation, such as in oral mucosa, the level of
TGF-b1 decreases along with a significant upsurge
in the ratio of TGF-b3 to TGF-b1.28 It has been
shown that exogenous TGF-b3 injection in wounds
reduces collagen type I deposition by restricting
myofibroblast differentiation and promoting collagen degradation by MMP-9. All of these lead to
decreased scar formation.29
The effect of TGF-b1 on inflammatory cells. As
a general rule, TGF-b1 is known for its immunosuppressive features. However, it is wellestablished that TGF-b1 is a double-edged sword.
For example, it activates some elements of the in-

flammatory response, while inhibiting others. It
has been reported that a lack of TGF-b1 signaling
in Smad3 knockout mice leads to a significant reduction in monocyte infiltration into the wound
site.30 On the other hand, it has long been demonstrated that there is an increase in inflammation in
multiple organs of TGF-b1 knockout mice. Knockout mice not only exhibited an increase in peripheral lymphocytes and immature neutrophils, but
also in proliferating cells within the spleen and the
lymph nodes. It is evident from these studies that
TGF-b1 is an intricate player in modulating inflammation and immunity.31 Nonetheless, organspecific TGF-b1 may not play an anti-inflammatory
role in the skin. This is because TGF-b1 knockout
mice did not develop any inflammatory response in
skin.31 Surprisingly, overexpression of TGF-b1 in
keratinocytes causes chronic inflammation in the
wound, which leads to delayed healing.32 The inconsistent effect of TGF-b1 on inflammation between tissues may be due in part to a variance in its
concentration in particular tissues. For instance, it
has been shown that fibroblasts infiltrating the
wound site produce much more TGF-b1 on day 7
compared to day 1 post–dermal insult. This finding
indicates that the amount of TGF-b1 may determine the transition from an inflammatory to an
immunoregulatory phase during the course of the
healing process.33 It has been reported that TGF-b
inhibits the production of IL-2, an essential cytokine for thymocyte proliferation. In addition,
TGF-b1 reduces the capability of naı̈ve T cells to
become effector T cells.34 This immunosuppressive
effect of TGF-b1 is one of the main mechanisms by
which the tumor cells escape from immune attack.
Crowe et al. examined the importance of TGF-b1
and lymphocytes in wound healing in transgenic
mouse models lacking B and T lymphocytes
(Scid - / - ) and also in TGF-b1 (Tgfb - / - ) knockout
mice. These investigations found that neither the
absence of just TGF-b1 (Tgfb - / - ), nor the absence
of lymphocytes alone (Scid - / - ), led to an initial
delay in wound healing. However, the wound
healing was markedly delayed in a mouse model
lacking both lymphocytes and TGF-b1 (Tgfb - / Scid - / - ). Crowe et al. then suggested that TGF-b1
and lymphocytes have compensatory effects on
different cells in the wound repair process.35
The role of TGF-b1 in development of fibrosis
It is well established that TGF-b1 contributes to
the development of scar formation through its
stimulatory effects on expression of the key ECM
components and its inhibitory effects on expression
of MMPs in fibroblasts. For example, TGF-b1 is a
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potent collagen (types I/III)–stimulating factor in
fibroblasts. On the other hand, it inhibits the expression of MMPs, resulting in the accumulation of
collagen fibers within the wound sites.24
Our research group previously showed that
TGF-b1 accelerates wound closure in partialthickness wounds, while delaying this process in
full-thickness wounds. Based on our results, the
scar-forming effect of TGF-b1 in partial-thickness
wounds can be attributed to its stimulatory effect
on fibroblast chemotaxis and ECM deposition rather than to its inhibitory effect on keratinocyte
migration. However, in full-thickness wounds,
TGF-b1 delays wound closure by its inhibitory effect on keratinocyte migration, which in turn prolongs the inflammatory phase of wound healing.
This mechanism emphasizes the potential role of
TGF-b1 in hypertrophic scar (HSc) formation in
full thickness wounds.36
The role of TGF-b1 in the later stages
of wound healing
As stated before, TGF-b1 is one the main growth
factor involved in all aspects of the healing process.
In particular, it has a profound contribution to
dermal fibrosis in patients after thermal injury,
surgical incision, and deep trauma. Naturally,
TGF-b is not the only key growth factor responsible
for regulating wound healing. For example, it has
been shown that insulin-like growth factor (IGF-1)
is another factor whose fibrogenic effect on dermal
fibroblasts is similar to that of TGF-b1.37 Similar to
TGF-b1, IGF-1 is expressed locally in response to
tissue injury and its expression increases in parallel to the formation of granulation tissue.38 In
fact, we found a greater expression of TGF-b1 and
IGF-1 in post-burn HSc tissues as compared with
those of normal dermis from the same patients.39
Similar results have also been reported in other
fibrotic conditions, including scleroderma and hepatic, intraocular, and pulmonary fibrosis (reviewed by Border and Noble).40
Although the role of these two wound-healing
promoting factors during the course of the healing
process has extensively been studied, the mechanism through which the expression of these two
fibrogenic factors is slowed down and/or abrogated
in the later stages of the healing process is not
known. To explore this mechanism, we have hypothesized that upon wound epithelialization,
keratinocyte-released factors counteract the fibrogenic role of both IGF-1 and TGF-b1 in fibroblasts.
To test this hypothesis, Gharary et al. evaluated
the levels of collagenase (MMP-1), as an index for
ECM degradation, in dermal fibroblasts in re-
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sponse to either keratinocyte-conditioned medium
(KCM) or the recently-identified keratinocytereleased stratifin in the presence and absence of
IGF-1, TGF-b1, or both. The results demonstrated
that KCM contains high levels of stratifin, also
known as 14-3-3 sigma, and that the recombinant
stratifin increases the expression of MMP-1 in fibroblasts.41 The 14-3-3 proteins are a ubiquitous
family of acidic eukaryotic proteins that function as
a class of highly conserved molecular chaperones.
Since the discovery of the first 14-3-3 protein, the
members of this protein family are routinely found
to be associated with numerous biological activities
(primarily in signal transduction pathways), such
as interaction with protein kinase C and RAF
family members.42 In fact, 14-3-3 sigma is known to
serve as a p53-regulated inhibitor of G2/M progression.43 Although certain isoforms of these
proteins are found in extracellular environments,
both in vivo (the cerebrospinal fluid of patients
with Creutzfeldt–Jakob disease)44 and in vitro
(KCM),45 no physiological function for extracellular stratifin had been reported before our findings.
For this reason, the MMP-1–stimulating activity of
keratinocyte-released stratifin on fibroblasts was
surprising, given that members of the protein 14-33 family are known solely for their intracellular
activities.

EXPERIMENTAL ANALYSIS
These findings encouraged our research group
to conduct a series of experiments whose result
showed that differentiated keratinocytes express
and release a higher level of stratifin relative to
that of basal keratinocytes.46 We then asked the
question of whether keratinocyte-released stratifin
influences the expression of IGF-1 and TGF-b1 in
fibroblasts. The statistical significance of differences in MMP-1 mRNA or protein expression between treated and untreated dermal fibroblasts
was tested by using a Wilcoxon’s test. p-Values
< 0.05 were considered to be significant.
As shown in Fig. 1, the results of Northern
analysis revealed a significant increase in the levels of MMP-1 mRNA expression in three different
dermal primary cell strains isolated from three
individuals treated with stratifin, and that was
markedly reduced in response to IGF-1 but not
TGF-b1 treatment. Addition of both IGF-1 and
TGF-b1 to these stratifin-treated cells had a significant ( p < 0.05) inhibitory effect on the expression of MMP-1 mRNA. These findings were also
confirmed by the result obtained from Western blot
analysis. As shown in Fig. 2, the level of MMP-1
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Figure 1. Quantitative analysis of the stratifin-stimulated matrix metalloproteinase (MMP)–1 mRNA in fibroblasts in the presence and absence of
insulin-like growth factor (IGF)–1 and transforming growth factor (TGF)–b1.
Three different strains of primary dermal fibroblasts isolated from 3 different individuals were either left untreated or treated for 24 h with stratifin—alone, or in the presence of IGF-1 (100 ng/mL), TGF-b1 (100 pg/mL), or
both. Cells were then harvested, total RNA was extracted, and the expression of MMP-1 mRNA was evaluated by Northern blot analysis. (A) The
representative pattern of MMP-1 mRNA, as well as that of 18S ribosomal
RNA, which was used as loading control. (B) The expression of MMP-1
mRNA was then quantified by densitometry, and the mean – SD obtained
from three separate experiments was then expressed as percentage of
their corresponding controls. Significant difference was found in comparing
*between untreated and stratifin-treated samples (data on lane 1 vs. 2) and
**between the stratifin-treated and stratifin + TGF-b1 + IGF-1–treated cells
(data on lane 2 vs. 5).

protein was significantly ( p < 0.05) increased in
stratifin-treated fibroblasts relative to untreated
controls and that was markedly reduced by treating cells with IGF-1. This effect was more pronounced when a mixture of IGF-1 and TGF-b1 was
used. As shown in Fig. 2, at the concentration used,
even though TGF-b1 did not reduce the increased
level of MMP-1 mRNA after stratifin treatment, it
had an additive effect when it was used in the
presence of IGF-1.
These findings collectively suggest that the
wound-healing promoting effect of both TGF-b1
and IGF-1, at least on one key collagen-degrading
enzyme, MMP-1, would be counteracted by
keratinocyte-released factors such as stratifin. Interestingly, as shown in Fig. 3, we found that the
expression of TGF-b1 is inversely related to keratinocyte differentiation, and the level of stratifin
proportionately increases with keratinocyte dif-

Figure 2. Quantitative analysis of the stratifin-stimulated MMP-1 protein
in fibroblasts in the presence and absence of IGF-1 and TGF-b1. As in
Figure 1, three different strains of primary dermal fibroblasts isolated from 3
different individuals were left untreated or treated for 48 h with stratifin—
alone, or in the presence of IGF-1 (100 ng/mL), TGF-b1 (100 pg/mL), or both.
Total cellular protein was then extracted and lysate (40 lg/lane) from each
treatment was subjected to SDS-PAGE analysis. (A) The levels of MMP-1
protein were then evaluated by Western blot analysis. The blot represents
three separate experiments. (B) The levels of MMP-1 protein were then
quantified by densitometry, and the mean – SD obtained from three separate experiments were then expressed as percentage of their corresponding controls. Significant difference was found in comparing *between
untreated and stratifin-treated samples (data on lane 1 vs. 2) and **between the stratifin-treated and stratifin + TGF-b1 + IGF-1–treated cells (data
on lane 2 vs. 5). SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel
electrophoresis.

ferentiation. This inverse regulation between
TGF-b1 and stratifin with keratinocyte differentiation might be a strong mechanism by which the
wound-healing promoting factors, such as TGF-b1
and IGF-1, regulate the transition from epithelialization through to remodeling in the final stage of
wound healing.

CLINICAL APPLICATION OF TGF-bS
AND THEIR ANTIBODIES IN WOUND HEALING
The well-characterized role of TGF-b1 and -b2 on
promoting wound healing has provided the basis
for the use of TGF-b1 or -b2 as potential therapeutic agents to treat chronic wounds, such as ulcers in diabetic patients. Topical application of
TGF-b improved the rate of healing and wound
strength in animal models.47 A clinical trial was
performed using TGF-b2 for treatment of venous
stasis, and the findings revealed an improvement
in healing.48 Similarly, in phase I/II and II clinical
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February 2011, as it had not reached its primary or
secondary efficacy end points.

Figure 3. Differentiation of keratinocytes is associated with an increase in
the mRNA expression of stratifin while decreasing the expression TGF-b1
mRNA. Keratinocytes were cultured in test medium consisting of 49%
keratinocytes serum free medium, 49% Dulbecco’s modified Eagle’s medium, and 2% fetal bovine serum for different durations. Keratinocytes were
then harvested and evaluated for the mRNA expression for (A) involucrin
as an index for keratinocyte differentiation, (B) stratifin, and (C) TGF-b1.
Each blot was then evaluated for the expression of 18S RNA, which was
used as a loading control.

trials, exogenous application of TGF-b2 demonstrated the safety and improvement in wound closure in diabetic foot ulcers.49 However, the
information on whether these drugs have passed a
phase III clinical trial is not available.
As the role of TGF-b1 and -b2 in stimulating fibroblast proliferation and ECM modulation has
been suggested, several TGF-b inhibiting peptides
and antibodies have been developed to be used as
antiscarring factors in the clinical setting. A peptide called P144, an antagonist for TGF-b type III
receptor, has been used to treat dermal fibrosis in
systemic sclerosis. The findings showed its safety
and efficacy in a phase II clinical trial.50 In another
study, several humanized antibodies were raised
against either TGF-b2 and -b1, and their use in
both phase I/II or phase III clinical trials showed
them to be safe, but ineffective in reducing scarring
or fibrosis.51,52 In another study, a humanized antibody against TGF-b1 was raised and used to treat
diabetic kidney fibrosis; the results of an ongoing
phase II clinical trial showed safety and efficacy in
protecting kidney function in these patients. Furthermore, a recombinant TGF-b3 protein as an
antiscarring factor has also been developed by the
Renova company and used to treat scar formation.
However, the phase II clinical trial was stopped in

SUMMARY AND FUTURE DIRECTIONS
From the TGF-b superfamily, TGF-b types 1, 2,
and 3 are involved in almost every stage of wound
healing. The presence and concentration of these
factors as well as other wound-healing promoting
factors, such as IGF-1, EGF, PDGF, ILs, and their
ratios determine to a great extent the outcome of
the wound healing process. This study discussed,
the critical roles of each of these factors in the
context of the healing process, as well as their interactions with one another, immune cells, and
nonimmune cells such as keratinocytes and fibroblasts present in the wound environment. Although TGF-b1 is considered to be one of the main
wound-healing promoting factors,53 the important
roles of other wound-healing–related factors in
wound healing, such as IGF-1, EGF, PDGF, and
FGF, has to be appreciated.
There is now supporting evidence that IGF-1
also functions as a fibrogenic factor as it stimulates
collagen production in human lung fibroblasts37
and human dermal fibroblasts.54 It is present in
many tissues and coexpressed by many different
cell types. However, it is not clear how IGF-1
functions in a system in which other growth factors
are present. For this reason, we have conducted a
keratinocyte/fibroblast coculture study and, as
shown in Figs. 1 and 2, we found that KCM remarkably stimulates the expression of MMP-1
mRNA in fibroblasts and could not be counteracted
by either IGF-1, TGF-b1, or a combination of both.
Nonetheless, these growth factors reduced the expression of MMP-1 in both KCM-treated and untreated cells. This finding raised another question:
how much of the KCM-derived MMP-1 stimulatory
effect is actually due to the presence of stratifin in
this conditioned medium? We have previously
demonstrated that keratinocytes not only have the
capacity to express stratifin at levels of mRNA and
protein, but they also release a large amount of this
protein into conditioned medium.55 To address this
question, we immunodepleted stratifin from KCM
and used it to treat cells. The finding demonstrated
that, at least in part, the presence of stratifin is
responsible for the MMP-1 stimulatory effects of
KCM. This is mainly because the levels of MMP-1
expression in stratifin immunodepleted cells was
reduced to 40%–50% of that of KCM-treated cells in
three different repeated experiments.55 This was
not surprising, as KCM also contains some other
MMP-1 stimulatory factors such as IL-1.56 These
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studies need to be further investigated by conducting the following series of projects:
(1) Identify the other potential keratinocyte
released factors which may function as
wound healing stop signals by contracting
the wound healing promoting factors, such
as TGF-b1, PDGF, and IGF-1.
(2) Evaluate the functionality of these factors in
controlling the outcome of healing process.
(3) Formulate topical applications of these antifibrogenic factors to improve or even prevent
the development of hypertrophic scarring and
keloids frequently seen post–deep trauma,
burn injuries, and any type of surgical incision.

CONCLUSION
Although the aforementioned studies indicate that
the expression of wound-healing promoting factors,
such as immune-cell releasable TGF-b1, PDGF, and
IGF-1, is the key player in initiation and continuation of healing process, there is a need to investigate
how these factors are regulated at later stages of the
healing process. Our works presented here indicate
that the expression of these factors seems to be slowed down as keratinocytes become differentiated
and at the same time the release of antifibrogenic
factors such as stratifin is progressively increased.
The release of stratifin then may, in part, be one of
the mechanisms whereby the epidermal cells signal
to the dermis to slow down matrix production by fibroblasts in healing wounds. Expanding upon the
evidence depicted herein, further studies examining
the cross-talk orchestrating cell–cell interplay in
wound healing will identify other factors which
may function as stop signals for the healing process and thereby reduce formation of fibrosis.
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