COMPREHENSIVE INVITED REVIEW

Cutaneous Scarring: Basic Science, Current
Treatments, and Future Directions

Clement D. Marshall, Michael S. Hu, Tripp Leavitt,
Leandra A. Barnes, H. Peter Lorenz, and Michael T. Longaker*

Division of Plastic and Reconstructive Surgery, Department of Surgery, Stanford University School of Medicine,
Stanford, California.

Significance: Scarring of the skin from burns, surgery, and injury constitutes
a major burden on the healthcare system. Patients affected by major scars,
particularly children, suffer from long-term functional and psychological
problems.

Recent Advances: Scarring in humans is the end result of the wound healing
process, which has evolved to rapidly repair injuries. Wound healing and scar
formation are well described on the cellular and molecular levels, but truly
effective molecular or cell-based antiscarring treatments still do not exist.
Recent discoveries have clarified the role of skin stem cells and fibroblasts in
the regeneration of injuries and formation of scar.

Critical Issues: It will be important to show that new advances in the stem cell
and fibroblast biology of scarring can be translated into therapies that prevent
and reduce scarring in humans without major side effects.

Future Directions: Novel therapies involving the use of purified human cells as
well as agents that target specific cells and modulate the immune response to
injury are currently undergoing testing. In the basic science realm, re-
searchers continue to refine our understanding of the role that particular cell
types play in the development of scar.

SCOPE AND SIGNIFICANCE

THIS REVIEW BEGINS with an over-
view of how human skin wounds
heal, with an emphasis on the for-
mation of scar as the end result of
wound healing. This is followed by a
review of recent developments in the
cellular biology of wound healing
and scarring, particularly related to
stem cells and fibroblasts. Finally,
traditional and novel treatments
intended to prevent and reduce
scarring are described. This review
will be of interest to clinicians and
basic scientists who wish to better
understand the processes of wound
healing and scarring as well as the
treatment options available.
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TRANSLATIONAL RELEVANCE

A great deal has been learned about
the cellular and molecular pathways
that contribute to scar formation. At
the same time, clinicians have under-
stood for centuries that certain tech-
niques allow wounds to heal faster
with less scarring. Despite the enor-
mity of the clinical problem presented
by scarring, there has been a failure to
translate the basic science of scarring
into improved scarring treatments
that take advantage of specific molec-
ular and cellular targets. However, in
the field, there is optimism that recent
advances will bridge the gap between
the basic science and the clinical
treatment of scarring.
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CLINICAL RELEVANCE

Scarring of the skin affects millions of patients
and in some, particularly children and burn vic-
tims, causes a great deal of suffering. Scar pre-
vention mainly consists of the principles of wound
closure without tension and avoiding infection and
wound breakdown. Various treatments for estab-
lished scars exist, with varying levels of effective-
ness. Burn scars are particularly challenging, and
treatment is largely supportive with the option for
revision surgery to remove scarred skin. A novel
drug-based treatment that makes use of a specific
molecular or cellular target in the scarring path-
way would revolutionize the treatment of scars and
would have the potential to improve the lives of
many patients.

OVERVIEW

Biomedical and societal burden of scars

Scarring of the skin, typically from burns or
surgery, places an enormous burden on individual
patients and on society. Children are particularly
affected and can suffer from long-term physical
dysfunction®? and psychological harm®® from the
scars that result from major burns and surgery. In
the United States, 500,000 patients per year are
treated for burns, many of which leave scars and
painful contractures that require major surgery.5’
Up to $7.5 billion is spent annually on treatment of
burns in the United States,® and much of this cost
is related to treatment of the resulting scar and
contracture. An estimated 100 million patients per
year acquire scars from surgery in the developed
world.? Patients with visible scars, particularly on
the face, suffer from social stigma and psychologi-
cal trauma.>'? As discussed later, there are many
treatments for scarring available, and there is an
estimated $12 billion annual market in the United
States for scar treatment.'!

DISCUSSION

Keloids and hypertrophic scars

There is a spectrum of scar formation, with scar-
less regeneration on one end, “normal” scar forma-
tion in the center, and pathological scar formation,
including hypertrophic and keloid scarring, on the
other end (Fig. 1). Keloid and hypertrophic scarring
contribute to much of the morbidity of scarring after
surgery. Hypertrophic scar can be defined as a scar
forming after injury that is larger or more raised
than usual, or that results in contracture. Hyper-
trophic scar is more likely to occur after infection of
the wound, closure of the wound with excessive
tension, or with position of the wound in areas of skin

with high natural tension (such as the shoulders,
neck, and sternum).'? Keloid scars, on the contrary,
represent an abnormally exuberant scarring re-
sponse that extends beyond the borders of the origi-
nal injury. Keloids cause symptoms of pruritus and
hyperesthesia and tend to recur after excision, as
opposed to hypertrophic scars that may not recur if
the scar if revised appropriately.’® While hypertro-
phic scars often flatten over several years, keloid
scars typically do not regress.'® Histologically, hy-
pertrophic and keloid scars both contain abnormal
amounts of dermal collagen, but hypertrophic scars
consist of mainly type III collagen fibers arranged
parallel with the skin surface, while keloids contain
disorganized type I and III collagen.'* While hyper-
trophic scar contains little elastin, the deep dermal
layer of keloid scar actually contains more elastin
than normal skin.'®

Histological features of keloid that distinguish it
from normal skin and hypertrophic scar include
whorls and nodules of thick, hyalinized collagen
bundles, known as keloidal collagen, and tongue-
like projections of scar tissue that advance under-
neath the surrounding normal epidermis’® (Fig. 2).
Compared with hypertrophic scar, keloid scar has
relatively nonflattened overlying epidermis and
nonfibrotic papillary dermis.!” Keloid scar is seen
in all ethnicities but is more common in dark
skinned individuals and Asians, and there is often
a family history of keloid formation, both of which
suggest a genetic predisposition.'? There are cases
in which it is difficult for the clinician to determine
if a scar represents hypertrophic scar or keloid, and
there is no consensus whether keloid is simply an
extreme form of hypertrophic scarring or whether
it is a distinct clinical entity.

Mechanisms of contracture. Much of the func-
tional morbidity of major hypertrophic scars, par-
ticularly burn scars, is due to contracture of the
scar across joints.'®® Myofibroblasts are the
principle cell responsible for scar contraction.?%2!
These cells arise from differentiation of fibroblasts
at around 1-2 weeks after injury and express
smooth muscle actin?*?® (Fig. 3). This transfor-
mation is promoted by platelet-derived growth
factor (PDGF) and transforming growth factor-
beta (TGF-$).21*425 The contractile force exerted
by myofibroblasts allows unsutured wound edges
in a human to move toward each other at up to
0.75 mm per day.?%%7

In normal scar, wound contraction is an im-
portant part of healing, but myofibroblasts apoptose
after epithelialization is complete and contraction
does not continue.?® However, in hypertrophic scar,
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Figure 1. Spectrum of cutaneous scar formation. lllustration of the various possible endpoints of scar formation. Left, a fetal lamb that healed a prior lip wound with
no scar whatsoever. Middle, a normal and well-healed appendectomy scar. Upper right, a keloid scar in the classic ear lobe location. Lower right, hypertrophic scar
resulting from a scald burn. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

myofibroblasts persist in the wound after epitheli- there is evidence that continuous tension across a
alization and cause ongoing contraction, leading to wound promotes continued production and activity
painful and functionally limiting skin contrac- of myofibroblasts.?’ This matches the observation
tures.?® The cause of the persistence of contraction that scar contractures are most common over joints
in hypertrophic scar is not well understood, but and mobile skin®' and may be related to the finding
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-
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Intra-lesion

Figure 2. Dermal biopsy locations from healthy controls and keloid patients with corresponding histology. (A) Transverse view of biopsy locations from
normal dermal scar tissue and adjacent normal dermal (nonwounded) skin from which in vitro primary cell cultures were subsequently established. (B)
Transverse view of marginal perilesional and reticular dermal intralesional biopsy sites from the keloid scar. (C) Cross section of keloid scar indicating depth of
perilesional and intralesional biopsies. (D) Representative H&E staining of tissue section from normal skin indicating organized wavy deposition of collagen
(blue arrows). (E) Representative H&E staining of tissue section from a normal scar. (F) Representative H&E staining of a perilesional keloid tissue section
indicating a thickened EP with increased cell infiltration (yellow arrow) and deposition of hyalinized collagen bundles in the RD (black arrow). (G) Re-
presentative H&E staining of an intralesional keloid tissue section indicating thick compact hyalinized collagen bundle deposition in the RD (black arrow). All
the H&E micrographs (D-G) were taken at 200 magnifications. Reprinted with permission from Ashcroft et al'® EP, epidermis; PD, papillary dermis; H&E,
hematoxylin and eosin; RD, reticular dermis. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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Figure 3. Transformation of the fibroblast to a myofibroblast. PDGF and TGF-f signaling promotes transformation of fibroblasts to myofibroblasts, which
contribute to wound contraction and are characterized by expression of a-smooth muscle actin. The contractile force provided by myofibroblasts can cause
wound edges to move toward each other by 0.75mm per day. PDGF, platelet-derived growth factor; TGF-f, transforming growth factor-beta. To see this
illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

that mechanical stress downregulates proapoptotic
genes in fibroblasts.>?

Normal wound healing

The production of pathological scar takes place
during the process of wound healing, so much of the
research into scarring has focused on understand-
ing the cellular and molecular processes involved in
normal wound healing. Although a great deal has
been learned, there are still important unanswered
questions. In particular, the observation that wounds
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in the early gestation fetus and in the oral mucosa
of mammals heal without scar has prompted the
question of how to achieve regenerative, scarless
wound healing in adult human wounds.

Wound healing in adult humans. The micro-
scopic process of wound healing is classically de-
scribed in three overlapping stages: inflammation,
proliferation, and remodeling®® (Fig. 4). After the
initial injury occurs, a platelet and fibrin clot forms
in the injured space, which provides hemostasis

Remodeling
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Figure 4. Classical stages of wound healing with key cellular players. Platelets are the first agents to arrive and contribute to hemostasis. During the
inflammatory phase, neutrophils clean up the wound by phagocytosing debris and bacteria. Macrophages arrive after neutrophils and reside for longer,
performing phagocytosis as well. During the proliferative phase, keratinocytes migrate onto the wound surface to re-epithelialize the wound, while endothelial
cells reconstruct blood vessels. Beginning in the proliferative phase and extending indefinitely in the remodeling phase, fibroblasts lay down collagen and
contribute to scar formation. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound
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and induces a complex cellular and chemical in-
flammatory response.?* Activated platelets release
several chemical mediators, including PDGF.%®
Severed nerves also provide signals that increase
inflammation in the injured area.®® Thrombin and
complement as well as chemical mediators released
by resident mast cells cause local capillaries to va-
sodilate and increase permeability. This augments
local blood flow and facilitates migration of in-
flammatory cells.>* Neutrophils are typically the
first cells to migrate into the fibrin matrix that
forms the structure of the clot.?® They are attracted
by many cytokines and growth factors, including
PDGF and interleukin 8 (IL-8), generated by the
clot.?’ Neutrophils phagocytose cellular debris and
bacteria, as well as foreign material, and are usually
removed by physical sloughing or by being phago-
cytosed themselves by macrophages.?® Neutrophils
also release a number of factors that further the
inflammatory reaction, including IL-1, IL-6, and
tumor necrosis factor-« (TNF-x).2°

Neutrophils peak in number at 24-48 h, and after
this, monocytes become the dominant inflammatory
cell in the wound.?® Monocytes are attracted to the
wound by fragments of extracellular matrix (ECM)
protein, TGF-B, and monocyte chemoattractant
protein-1 (MCP-1) and on arrival transform into
macrophages.®* Macrophages perform further
phagocytosis of dead cells and bacteria, and also
release growth factors such as PDGF and vascular
endothelial growth factor (VEGF), which promote
the process of creating granulation tissue.?®

Surprisingly, there is recent experimental evi-
dence that challenges the classical view that neu-
trophils and macrophages are essential for wound
healing. Martin et al. showed that PU.1 null mice
lacking both neutrophils and macrophages were
able to heal wounds as quickly as wild-type mice
and with less fibrosis.>*® Phagocytic clearance of
debris was slower than in wild-type mice, but
“stand in” fibroblasts were able to perform phago-
cytosis of dead cells and debris.

Other cells that participate in the inflammatory
phase of wound healing are T lymphocytes, fi-
brocytes (circulating fibroblast-like cells), and eo-
sinophils. T cells play a largely regulatory role
through the release of cytokines and growth fac-
tors. Fibrocytes are recently discovered circulating
cells that produce collagen and secrete cytokines
and growth factors. Eosinophils are less well
studied in wound healing but appear to contribute
to epithelialization by secreting TGF-o.3

The inflammatory phase of wound healing
serves mainly to clear bacteria and debris from the
wound and to prepare the wound environment for

repair. At about 72 h after injury, the inflammatory
phase winds down and the wound transitions into
the proliferative phase. The purpose of the prolif-
erative phase, which occurs from 2 to 10 days after
injury, is to construct granulation tissue to fill the
defect caused by the wound.3?

Fibroblasts are the major cellular agent in the
proliferative phase. Their function is to produce
collagen to provide structural integrity to the new
tissue. Fibroblasts derived from different genetic
lineages appear to serve different roles in the for-
mation of normal skin architecture.?” In the healing
wound, they provide contractile force to minimize
the wound surface area.?® Through production of
collagen, fibroblasts are also responsible for scar
formation. As discussed later, recent evidence indi-
cates that fibroblasts derived from different genetic
lineages based on the transcription factor Engrailed-
1 have different roles in scarring.®®

Fibroblasts are stimulated to migrate into the
wound by PDGF, fibroblast growth factor (FGF),
nerve growth factor (NGF), TGF-f, connective tis-
sue growth factor (CTGF), and cysteine-rich 61
(Cyr61).25 PDGF is especially important as it
stimulates fibroblast migration as well as ECM
production and differentiation into myofibroblasts.
Furthermore, exogenous PDGF may be useful to
enhance healing in chronic ulcers. Epidermal
growth factor (EGF) appears to increase wound fi-
broblast activity as well.?® Fibroblasts travel along
connective tissue fibers in the wound, aided by in-
teractions between cell surface integrins and ECM
components such as fibrin, vitronectin, fibronectin,
and hyaluronic acid.>* As fibroblasts and other
cells navigate the wound environment, they se-
crete matrix metalloproteinases (MMPs) to clear
their path of debris.*® In normal wound healing,
most fibroblasts apoptosis after they have laid
down adequate ECM.*° Fibroblasts also express
cytokines, such as Neu differentiation factor
(NDF), which influence other wound healing pro-
cesses, including keratinocyte migration.?®

In addition to production of ECM, the other
critical process in the production of granulation
tissue is angiogenesis. Beginning 2 days after in-
jury, endothelial cells in local uninjured capillaries
temporarily break down their basement mem-
brane, migrate into the wound, and form tubules
that mature into new capillaries.*! MMPs play a
critical role in angiogenesis by providing a clear
path through ECM for the migration of endothelial
cells.*? At the same time, fibrils of ECM protein
provide tracks on which the migrating endothelial
cells move.?* The concentration of blood vessels in
granulation tissue, also called “proud flesh,” may
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be as much as three times higher than that of
normal tissue, accounting for the beefy red ap-
pearance of the tissue. Later on, many of the
capillaries recede through apoptosis of the endo-
thelial cells.*® Signals that promote angiogenesis of
the wound include lactic acid and hypoxia, as well
as VEGF, FGF, angiopoietin, and TGF-4.41:44

The process of epithelialization of the wound
begins just hours after injury and continues during
the inflammatory and proliferative phases. Kera-
tinocytes from the edge of the wound and from local
hair follicles migrate onto the wound surface. They
advance across the wound, leaving a population of
proliferating keratinocytes behind, and continue
until they reach the keratinocytes of the opposite
wound edge. Advancing keratinocytes are also ca-
pable of debriding the wound surface by phagocy-
tosing dead cells and debris.?**°

As discussed earlier, fibroblasts in the wound
transform into myofibroblasts from 1 to 2 weeks after
injury.?® The transcription factor myocardin-related
transcription factor-A appears to be critical for myo-
fibroblast differentiation.*® Expression of smooth
muscle actin allows the myofibroblasts to cause
wound contraction, bringing wound edges closer to-
gether and decreasing wound surface area.?®

By 2-3 weeks after injury, the tissue defect has
been replaced with granulation tissue and has been
covered by new epithelial cells. The wound tissue
now consists of a relatively acellular mass of disor-
ganized collagen and other ECM proteins, contains
no dermal appendages such as hair follicles or sweat
glands, and is covered with the epithelium. The
surface of the wound has contracted, causing the
base of the wound to be wider than the surface.
Many of the fibroblasts, macrophages, and endo-
thelial cells that entered the wound space earlier
now apoptosis or exit the wound.®® At this point, the
process of remodeling begins and can last for months
to over a year. During this time, type III collagen
and proteoglycans are replaced with type I collagen,
and the orientation of collagen fibrils becomes more
organized.?” Corresponding with this rearrange-
ment of collagen, the tensile strength of the wound
increases from 20% at 3 weeks after injury to 70—
80% at 6 weeks, but never reaches the full strength
of uninjured tissue.*” Over time, the rearrangement
of collagen fibers causes the scar to become less thick
and firm. The scar also becomes less red, as many of
the initially formed capillaries regress.?*

Scarless wound healing

There are several natural scenarios in which
animals are able to heal wounds scarlessly. The
differences between these processes and scar-

forming healing are important areas for wound
healing research and may yield insight into strat-
egies to reduce human scarring.

Fetal wound healing. Burrington reported in
1971 that surgical incisions placed on a fetal lamb
healed rapidly with little to no scar formation.*® The
same phenomenon has been demonstrated experi-
mentally in many animal models, including rab-
bit,*® rat,’® and mouse.’’ Later, an experimental
model for human fetal tissue healing developed by
Lorenz et al. also demonstrated scarless healing.’”
Healed fetal skin is nearly identical to uninjured
tissue, with normal-appearing collagen, epidermis,
and epidermal appendages, while healed adult skin
contains disorganized collagen bundles, flattened
epidermis, and no epidermal appendages (hair fol-
licles, sebaceous glands, and sweat glands)®® (Fig. 5).

Initially, it was presumed that the intrauterine
environment was responsible for the absence of
scarring, but subsequent experiments showed that
the scarless phenotype is intrinsic to the tissue,
regardless of the external environment in which
the healing takes place.’>5* Generally, the transi-
tion from scarless to scarring healing occurs in
humans at 24 weeks of gestation and in mice on
gestational day 18.5 (where birth is day 22).%°
However, the size of the wound also plays a role,
with larger wounds healing with scar earlier in
gestation and smaller wounds able to heal scar-
lessly later.?®

There are several differences between the fetal
and adult wound that may contribute to the ability
to heal without scar (Fig. 6). The early stage of adult
healing is characterized by an inflammatory reac-
tion with migration of neutrophils and macro-
phages, while the early healing fetal wound contains
few of these cells. Several cytokines, including IL-6
and IL-8, are elevated in adult healing and low in
fetal healing, while IL-10 is higher in fetal healing.
TGF-f1 and TGF-$2 concentrations are higher in
the adult wound, while TGF-f3 is higher in the fetal
wound. Fibroblasts produce ECM at a higher rate in
the fetal wound, and the ratio of type III to type I
collagen is higher in the fetal wound than in the
adult. The amount of hyaluronic acid in the ECM is
high in the fetal wound and low in the adult wound.
Myofibroblasts, which are found in the adult wound
and are upregulated by mechanical tension,®® are
absent in the fetal wound.?”?®

Oral mucosa. Even in the adult human, the
oral mucosa is able to heal after injury with little
scar, resembling the regenerative healing of fe-
tal skin.’® Even though the oral mucosal wound
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Figure 5. Histology of the scarless fetal wound. E16 fetal wounds (hematoxylin and eosin stain). Black arrows indicate India ink tattoo made at the time of
wounding to demonstrate scarless wound location. Healed wounds (above, left and below, leff) at 72h (100x). The epidermal appendage (developing hair
follicles) pattern shows numerous appendages directly in the healed wound. Magnified views of the same wounds (above, right and below, right) showing

epidermal appendages (open arrows) within the wound site (200x). No inflammatory infiltrate is present. Reprinted with permission from Beanes et a

153 To see

this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

progresses through the same stages of wound
healing as a skin wound, there is less inflammatory
response at the beginning, and the overall rate of
healing is higher.®° The presence of saliva acceler-
ates wound healing in mouse skin,®' and sialecto-
mized mice that were allowed to lick their wound
healed more slowly than controls, suggesting that

Scarless healing Scarring healing

o Myofibroblasts apoptose persist
S| Inflammatory cells l |
Cytokines TGF-p3 TGF-p1
= Collagen Type Il > Type | Type | >Typelll
& Elastin | l
Mechanical strain l 1

Figure 6. Differences between scarless and scarring wound healing
processes. At a cellular and molecular level, there are several differences
between fetal and adult wound healing that may contribute to the scarless
versus scarring phenotype. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound

the absence of normal saliva inhibited healing.®?
Extraoral tissue transplanted into the oral cavity
remains histologically distinct from mucosal tis-
sue®® and produces scar tissue.®* In addition, recent
experiments showed that dermal fibroblasts pos-
sessing a “scarring phenotype” transplanted into the
oral mucosa produce more scar-like connective tis-
sue compared with oral mucosal fibroblasts trans-
planted into the dermis.®® Together, these results
strongly suggest that factors intrinsic to cells re-
siding in the oral mucosa account for much of the
reduced scarring seen in that tissue.

Stem cells in human wound healing

Recently, it has become clear that stem cells
from many sources may contribute to skin regen-
eration (Fig. 7). This is a promising avenue of re-
search because effective stem cell-based therapies
for wound healing could also be extended to the
regeneration of injured tissue in other organ sys-
tems, such as the heart, lungs, and liver.

Under normal circumstances, cells in the basal
layer of the interfollicular epidermis proliferate
to provide new cells to populate the epidermal
surface. The nature of the cells involved in this
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Figure 7. Sources of stem cells for skin regeneration. Stem cells from several locations may contribute to the regeneration of skin after injury. Epidermal stem
cells residing in the basal layer of the interfollicular dermis repopulate the epidermis under normal condition and after injury.55%® Cells of the dermal papilla can
direct the formation of new hair follicles in uninjured skin.?-®° Cells from the hair follicle bulge region repopulate the hair follicle itself normally and can help to
repopulate the epidermis after injury.”® The hair follicle junctional zone contains cells with distinct lineages that contribute to hair follicle and epidermal
regeneration.%®”'72 Cells of the sebaceous gland primarily regenerate the gland itself,”* while cells of the eccrine sweat gland duct may contribute to epidermal
repair after injury.”® Finally, mesenchymal stem cells arising from the bone marrow and circulating in blood may migrate into injured skin and assist in
regeneration.”®® To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

proliferation is incompletely understood. Accord-
ing to the traditional Epidermal Proliferating Unit
(EPU) model, a single multipotent stem cell infre-
quently divides to produce shorter lived transiently
amplifying cells. These undergo several rounds of

/

proliferation before terminally differentiating and
migrating to the epidermal surface directly above
the stem cell. This vertical unit comprises the
EPU.%%%6 Recently, the validity of the EPU model
has been challenged, and a more complex committed
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Basketweave orientation
of collagen fibers
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Collagen fibers arranged
parallel to surface

Figure 8. lllustration of normal versus scarred skin. Collagen in normal skin is arranged in a basket-weave pattern, whereas scar collagen is arranged in
parallel fibers. This, in addition to the lack of elastic fibers, contributes to the stiffness of scar tissue. Also, there is a notable absence of dermal appendages,
including hair follicles, sebaceous glands, and sweat glands, in scarred skin. Finally, the basement membrane separating epidermis from dermis is flatter in
scarred skin and does not contain rete pegs that normally extend down into the dermis. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/wound
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progenitor model has been proposed. In this sto-
chastic model, a proliferating basal stem cell divi-
des to give rise to two more basal stem cells,
two differentiated progeny, or one of each.®>%° The
differentiated cells then migrate to the epidermal
surface, while the basal stem cells remain in place
and continue to undergo division.

Stem cells expressing CD133 residing in the
dermal papilla (DP) are necessary for the formation
of hair follicles in the developing embryo. Different
populations of DP stem cells characterized by pos-
itivity or negativity for Sox2 influence the type of
hair follicle that develops.®” In normal postnatal
skin, DP stem cells can interact with epidermal
cells to form new hair follicles.5”%® Higgins et al.
recently showed that DP cells cultured into mi-
crospheroids using the hanging drop culture tech-
nique are able to form hair follicles de novo.%® These
findings raise the possibility of using cultured DP
cells to restore hair growth in alopecia.

Within the hair follicle, there are several popu-
lations of stem cells that occupy distinct regions of
the hair follicle and display unique cell surface
markers. The first to be discovered were those re-
siding in the bulge region of the hair follicle. These
bulge stem cells divide infrequently and produce
differentiated cells to populate the hair follicle it-
self, and after injury can contribute cells to epi-
dermal repair.”®

The junctional zone of the hair follicle contains
multiple populations of multipotent stem cells with
different roles.®> Those expressing the protein
Lrigl contribute to infundibulum and sebaceous
gland cell turnover and occasionally to inter-
follicular epidermis repair.” Those expressing
Lgr6 and Glil contribute to epidermal and seba-
ceous gland cell replacement.”® There is evidence
that the identity of these hair follicle stem cells is
not fixed and that they may switch surface markers
as they travel through the hair follicle.”® Lgr5- and
Lrt15-expressing stem cells from the secondary
hair germ at the base of the hair follicle contribute
to hair follicle repair but apparently not to epider-
mal repair.%®

Within the sebaceous gland, there are unipotent
progenitor cells identified by the protein Blimpl,
which produce differentiated sebocytes.” Also, the
eccrine sweat gland duct region contains a popu-
lation of unipotent progenitor cells that primarily
not only maintain the cellular population of the
sweat gland duct but can also participate in epi-
dermal wound repair.”®

A recent exciting finding is that circulating bone
marrow cells may contribute to skin wound heal-
ing. Several groups have shown that bone marrow-

derived mesenchymal stem cells can differentiate
into epidermal cells and participate in skin wound
healing.”®~"®

Scarring

Scar formation is the natural consequence of
large or deep wounds in adult mammals. As dis-
cussed earlier, the burden of pathological scarring
on patients and the healthcare system is enormous,
and as a result, a great deal of research has been
conducted to improve treatments for scarring. De-
spite this work, a truly effective cellular or molec-
ular treatment for scarring remains elusive.

Characteristics of scar. A mature cutaneous
scar consists of a large amount of collagen, 80-90%
of it type I collagen and the rest type IIL.27 In fact,
50% of the protein in scar tissue is collagen.” Col-
lagen in scar tissue is arranged in bundles parallel
to the skin surface, while the collagen in normal
skin is arranged in a nonparallel “basket-weave”
orientation®® (Fig. 8). The basement membrane of
the epidermis that develops over scar tissue is flat-
ter than normal because it does not contains the rete
pegs that normally penetrate the dermis.?’ In ad-
dition, cutaneous scar does not contain dermal ap-
pendages such as hair follicles and sebaceous
glands, and the stem cells that typically inhabit
these structures are also absent®*%” (Fig. 9).

After the scar matures, fibroblasts decrease in
number, which, along with the absence of dermal
appendages, results in a dermal layer containing
few cells.?* The ECM of scar tissue contains less
elastin than normal skin, contributing to the lack
of elasticity seen in scar tissue.'® Scar tissue tends
to be raised above the skin surface and hyperpig-
mented, although these traits may improve over
time as the scar matures.®* Finally, the activity of
fibroblasts and myofibroblasts can result in con-
tractures that cause pain and restrict movement,
particularly when the scar is located over a joint.Z°

Basic science research

Insights into the cellular and molecular mecha-
nisms of wound healing will hopefully lead to more
effective treatment for pathological scars, as well
as for other forms of fibrosis.®! In this study, we
review several recent developments in the science
of wound healing that may provide meaningful
targets for new wound healing therapies.

Fibrosis. Our group has shown that in dorsal
mouse skin, fibroblasts of a lineage defined by the
gene Engrailed 1 and expressing the cell surface
marker CD26 are responsible for the vast majority
of scar collagen production. Furthermore, inhibition
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Figure 9. Histology of normal and scarred skin. Trichrome stain of uninjured (a) and scarred (b) adult mouse skin. Hair follicles are plentiful in normal skin but
absent in scarred skin. The scarred dermis is a relatively acellular expanse of collagen. Scale bar, 100 um. To see this illustration in color, the reader is referred

to the web version of this article at www.liebertpub.com/wound

of the activity of these fibroblasts in vivo allowed
wound healing with less scar, and remarkably,
slowed melanoma growth.?®®? These findings raise
the exciting possibility of reducing scarring by
targeting the specific cells responsible for the pro-
duction of scar collagen (Fig. 10).

Another recent breakthrough in the field of fi-
brosis relates to mechanotransduction, the process
by which mechanical strain on a wound contributes
to the formation of fibrosis. Wong et al. showed
that the production of skin fibrosis in response to

*Not to scale
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Figure 10. Scar potential. A specific fibroblast lineage in dorsal skin in-
creasingly populates skin with age and is responsible for extracellular
matrix production in multiple developmental and pathophysiological sce-
narios. Reprinted with permission from Sennett and Rendl.8 To see this
illustration in color, the reader is referred to the web version of this article
at www.liebertpub.com/wound

mechanical strain is mediated, in part, by a path-
way consisting of focal adhesion kinase (FAK),
extracellular-related kinase (ERK), and MCP-1.%3
Small molecule inhibition of FAK allowed for
attenuated scar formation through decreased
MCP-1 signaling and diminished migration of in-
flammatory cells.

Stem cells. In 2009, Biernaskie et al. deter-
mined that a population of Sox2-expressing cells
isolated from the hair follicle are able to migrate
into a hair follicle niche and induce hair follicle
morphogenesis, can go on to reconstitute dermal
cells, and can maintain these abilities after several
cycles of division. These attributes suggest that
these cells may represent dermal stem cells, which
had previously gone unidentified.®* This finding
suggests that it may be possible to use dermal stem
cells to encourage regeneration by repopulating the
dermal appendages that are absent in scar tissue.

Mesenchymal stem cells, which are produced in
organs other than the skin, are a potential source of
cell-based therapy for wounds. Several groups have
shown that mesenchymal stem cells migrate to
injured skin and participate in wound repair.”®"®
For example, Tamai et al. showed in 2011 that epi-
thelial cells bearing PDGF receptor-o and originat-
ing in bone marrow migrated to skin graft sites and
contributed to epidermal repair for up to 5 months.””
This work may contribute to the development of
therapies in which the patient’s own stem cells are
isolated for use in regenerating injured tissue.

Lin et al. showed that mouse wounds treated
with a combination of the CXCR4 blocking agent
AMD3100 and the calcineurin inhibitor tacrolimus
experienced greater CD133 progenitor cell migra-
tion as well as increased wound epithelialization,
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hair follicle regeneration, and decreased scar for-
mation. Based on these findings, the authors argue
that the combination of AMD3100 and tacrolimus
recruited CD133 stem cells to the wound, which
were then able to participate in regeneration of the
wound.® These findings raise the possibility of a
strategy in which endogenous stem cells are re-
cruited to a wound pharmacologically, rather than
by physical transplantation.

Hair follicles. Gay et al. showed that over-
expression of FGF9, normally secreted by yo T
cells, increased the generation of hair follicles af-
ter wounding. This effect depended, in part, on
increased Wnt expression by local fibroblasts.®¢
This suggests that FGF9 could have therapeutic
value in human wound healing, in which the ab-
sence of hair follicles in scar tissue is an obstacle
for regenerative healing.

Driskell et al. made an important advance in our
understanding of wound healing with the discovery
that two separate lineages of fibroblasts are re-
sponsible for formation of the upper and lower layers
of the dermis, respectively. The upper population is
required for the formation of hair follicles but is not
recruited to the healing wound until later in the
healing process, after epithelialization is complete.
Activation of f-catenin caused accelerated expan-
sion of the upper dermal lineage with a resulting
increase in the formation of hair follicles.?” Based on
this result, it is possible that f-catenin signaling
could be exploited to accelerate upper dermis de-
velopment and promote hair follicle generation in
human wounds, which could reduce scar formation
and allow for more regenerative healing.

Transforming growth factor-beta. TGF-f is a
family of growth factors and its three isoforms,
TGF-f1, 2, and 3, are involved in many steps
in wound healing.®” The TGF-§ pathway is a
promising target for the modulation of the
scarring response. Fibroblasts isolated from hy-
pertrophic scar express higher levels of TGF-f$1
and TFG-f receptor, suggesting that an exag-
gerated TGF-f feedback loop may contribute to
the hypertrophic scar phenotype.®®®° Building
on these results, Wang et al. inhibited expres-
sion of the fibroblast TGF-f receptor and found
that this decreased fibroblast production of ECM
as well as scar tissue formation in vivo.”® Nu-
merous other studies have shown that inhibition
of the TGF-f pathway alters the scaring process
in vitro or in animal models,’™®* but it remains
to be seen whether these results can be trans-
lated into clinical practice.

Three-dimensional lattices. While most in vitro
studies are conducted in traditional two-
dimensional cell cultures, the development of
three-dimensional environments has allowed for a
closer simulation of the in vivo environment. For
example, the fibroblast-populated collagen lattice
was developed in 1979 as a skin substitute®® but
more recently has been used to study wound con-
traction, cell-ECM interactions, and the effects of
stretch on cells.?68

Traditional and current treatments

Dressings. Strategies traditionally used by
surgeons to reduce scar formation include place-
ment of incisions along Langer’s lines, placement of
deep sutures to bring skin edges closer together,
and placement of dressings that offload tension
from the wound.*’

Simple paper tape, when applied to healing ce-
sarean section wounds for 12 weeks after surgery,
reduced scar formation and decreased the proba-
bility of developing hypertrophic scar.'%°

Silicone gel sheets (SGS) have been used for the
treatment of scarring. A commonly proposed
mechanism of action is improved hydration of the
stratum corneum.'°* SGS have been evaluated for
treatment of prevention of hypertrophic and ke-
loid scar in up to fifteen controlled trials, which
were analyzed in a Cochrane review. Four studies
compared SGS with no treatment, and the other
eleven compared SGS with alternate treatments,
including nonsilicone sheets, laser therapy, and
steroid injection. After pooling results, the Co-
chrane group found no evidence that SGS are su-
perior to alternate treatments or to no treatment
in preventing or treating hypertrophic and keloid
scars. %%

The embrace device (Neodyne Biosciences, Inc.,
Menlo Park, CA) is a novel adhesive silicone sheet
that is applied to a healing wound and continu-
ously offloads tension. In a recent randomized
controlled trial, patients undergoing elective ab-
dominoplasty received the embrace device on one
side of the scar, and the other side of the scar was
allowed to receive any postoperative and anti-
scarring care of the surgeon’s choice. The embrace
device significantly improved the appearance of the
treated side compared with the control side after 12
months.!% In a later study in patients undergoing
scar revision surgery, the embrace device was ap-
plied to one side of the revision wound several days
after the surgery and was left for up to 12 weeks.
The other side of the incision was treated according
to the surgeon’s preference. After 6 months of
follow-up, the side of the wound treated with the
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embrace device had a better significant appearance
than the control side.'®*

Topical treatments. Various topical treatments
have been tested for their ability to reduce scar
formation. MEBO (moist exposed burn ointment,
Julphar, Gulf Pharmaceutical Industries, United
Arab Emirates), a commercial formula containing
herbal extracts, was applied to facial wounds closed
primarily with suture and was compared to an
antibiotic solution and no topical treatment. The
wounds treated with MEBO had better appearance
than the other groups at 6 months.'*®

The popular over-the-counter product Mederma
Skin Care gel (Merz Pharmaceuticals, Greensboro,
NC, USA), whose active ingredient is an onion ex-
tract, provided no clinical benefit in scarring in a
rabbit ear wound model.’®® There was also no
benefit seen with Mederma in a trial involving
human patients following Mohs microsurgery.'®?

The drug imiquimod modulates the inflamma-
tory response in wound healing and stimulates
interferon activity.'®! Several noncontrolled stud-
ies evaluated the use of imiquimod cream after
surgical excision of keloids and reported a wide
range of recurrence rates (0-100%).1°%1! In one
study, all keloids recurred within 4 weeks of stop-
ping imiquimod therapy, suggesting that its effect
may be only temporary.*!

Surgical revision. Hypertrophic scars or nor-
mal scars in sensitive locations can often be surgi-
cally excised with improved healing of the resulting
wound. Careful planning of the surgery is key to
prevent reformation of a scar of similar or greater
severity. It is also critical to identify keloid scars, as
these will often recur after simple surgical exci-
sion.'® Surgeons often prefer to wait from several
months to over a year for the existing scar to ma-
ture before considering surgical revision.'°* The
most straightforward technique is excision of the
scarred skin with linear closure of the wound. This
technique is successful only if the surgeon can
prevent the condition, such as excessive tension
across the wound or infection, that caused the scar
to form originally. Z-plasty is a technique that
may be useful if the wound is not aligned with
Langer’s tension lines, because it changes the ori-
entation of the wound. This technique has the ad-
ded benefit of adding length to the wound, so it is
particularly useful for revising contracted scars
caused by burns. W-plasty and geometric broken-
line closure are similar techniques that change the
orientation of the incision, but do not add length to
the wound. 10112

Injection  treatments. Corticosteroid injection
has been the mainstay therapy for keloid scar and
can be considered for hypertrophic scars as a second-
line treatment. The mechanism of action is thought
to relate to reduced fibroblast collagen production as
well as inhibition of inflammation.'®* Several non-
controlled studies have shown that the majority of
patients experience improvement of the keloid
without recurrence after steroid injection.!'*11¢ In
one controlled study, patients with keloid scars un-
derwent surgical excision and were then randomized
to corticosteroid injection (16 mg triamcinolone on
postoperative days 0, 7, 21, and 35) or radiation
therapy (single dose of 700 or 1,000 cGy). After 30
months of follow-up, no significant difference was
found between the treatment arms, and only 22% of
patients experienced recurrence.'!’

Botulinum toxin (Botox, Allergan, Irvine, CA) was
associated with improved scar appearance compared
with placebo after injection adjacent to excisional
wounds on the foreheads of macaque monkeys.!®
However, in a trial in which humans presenting to
an emergency department with forehead wounds
received either botulinum toxin or placebo at the
time of suture repair, botulinum toxin was not as-
sociated with improved scar appearance in three out
of four visual scales.'*®

Intralesional injection treatments with interfer-
on'?%"12% and fluorouracil'®#'?5 have been reported
with varying levels of efficacy. Injected bleomycin
was effective at causing flattening of keloid scars in
two noncontrolled studies.'?¢127

Pressure therapy. Pressure garments are a
commonly used conservative therapeutic option for
scars and are particularly popular for large burn
scars. A proposed mechanism of action involves
mild hypoxia of the scar tissue caused by com-
pression of local blood vessels.!®! Unfortunately,
the evidence for the effectiveness of pressure gar-
ments is limited. A recent meta-analysis analyzed
six high-quality randomized trials examining the
use of pressure garments in patients with large
burn scars. Three studies randomized individual
patients to either wear the pressure garments or
not, two used garments applied to only one of two
burned extremities, and the last applied the gar-
ment to only part of a burn scar. In the individual
studies as well as in the pooled analysis, there was
no significant difference between pressure gar-
ments and no treatment.'?® In addition, the gar-
ments can be uncomfortable and expensive, and
patient compliance is often poor.'?® These results
call into question the routine use of pressure gar-
ments for burn scars.
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Table 1. Emerging and investigational pharmaceutical scarring treatments

Agent Setting

Mechanism Preliminary results

Metelimumab'®

Imatinib mesylate
Human recombinant TGF-g 3'%®

Systemic sclerosis
Scleroderma
Skin scarring after breast reduction

137

Monoclonal antibody against TGF-/31
Inhibitor of PDGF and TGF-p
Modulation of dermal and epidermal

No improvement compared with placebo
No improvement compared with placebo
Failed to meet endpoint in phase Il trial

surgery cell migration

Dermal fibroblasts'®

EXC 001™0
RX| 109141,142

Skin scarring after abdominoplasty
Scar revision surgery

Burn scars Unclear
Antisense RNA inhibitor of CTGF
RNAI inhibition of CTGF

Phase /1l trial terminated early, results unknown
Promising phase Il results, no current ongoing trials
In phase Il trial

CTGF, connective tissue growth factor; PDGF, platelet-derived growth factor; TGF-f, transforming growth factor-beta.

Laser. Many different types of lasers have been
used to improve scar appearance, with varying
rates of success. It appears that different wave-
lengths of light may act via different mechanisms.'**
For example, the 585 nm pulsed dye laser improved
scar appearance in a study where only part of the
scar was treated with laser and the other part re-
mained untreated and served as a control.'3° Pro-
posed mechanisms of action of the 585nm laser
include reduction of TGF-p expression,'?! thermo-
lysis of small vessels,'®® and rearrangement of
collagen fibers.'®3 1,064 nm Nd-YAG and 1,550 nm
Fraxel lasers have also shown some efficacy in
improving scar appearance.'®?

Dermabrasion. Dermabrasion utilizes a me-
chanical rotating diamond-surface fraise or wire
brush that is used to sand off the epidermis and
superficial dermal layer of a scar. The bare surface
then undergoes reepithelialization and ideally the
resulting healed skin is improved in appearance
compared with the original scar.'®! One trial used
dermabrasion to treat only one side of fifteen scars,
using the untreated side as a control. At 6 months,
the treated side had a superior appearance to the
untreated side in 80% of patients. In the remaining
20%, though, the treated side appeared worse than
the untreated side at 6 months, raising concern that
the procedure could be harmful in some patients.'3*

Radiation. Radiation is occasionally used for
treatment of keloid scars but is ineffective when
used alone.'®! Instead, radiation is often used fol-
lowing surgical excision of the scar, with reported
recurrence rates under 20%.17135

Cryotherapy. Cryotherapy involves the appli-
cation of a cold source to the scar, typically liquid
nitrogen. The mechanism of action likely involves
occlusion of the microcirculation.'®® One trial ran-
domized patients with keloid to treatment with
cryotherapy or triamcinolone injection and found
that most lesions responded minimally to either
treatment, and that there was minimal difference

between the two treatments.'®® A semicontrolled
study showed that combined treatment with cor-
ticosteroid injection and cryotherapy was superior
to either treatment alone.'”

Emerging and novel treatments for scar

Several novel agents have been tested for effi-
cacy in treating scarring and other fibrotic condi-
tions in humans, but the results have largely been
disappointing (Table 1). Metelimumab, a mono-
clonal antibody against TGF-f$1, showed no effi-
cacy compared with placebo in the treatment of
systemic sclerosis.'®® Imatinib mesylate, an in-
hibitor of PDGF and TGF-f, was similarly inef-
fective in the treatment of scleroderma.®® Human
recombinant TGF-f3 failed to meet endpoints in a
phase III trial on human scarring, and the results
of this study were not published.'*® Similarly, a
trial evaluating the use of dermal fibroblasts for
burn scars was terminated early, and results have
not been made available.!*! EXC 001, an anti-
sense nucleotide that inhibits CTGF, showed
promise in several phase II trials.’*? The current
status of this drug has not been publicly an-
nounced, and there are no ongoing clinical trials
registered with clinicaltrials.gov. RXI 109, an
RNAi-based inhibitor of CTGF, has completed two
phase I trials and is currently undergoing two
phase II trials. 143144

SUMMARY

Cutaneous scarring can be a significant source
of morbidity for patients and places a tremendous
burden on the healthcare system. We have made
important advances in our understanding in the
processes of wound healing and scarring. Many
surgical and pharmaceutical options exist for
treating and preventing scarring, but none is
completely effective at preventing scarring, par-
ticularly in patients with the most severe injuries.
Dressings that offload mechanical tension, in-
cluding the embrace device, have been shown to
reduce the severity of scar formation. However,
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there is a dire need for new therapies
that can bring relief to patients with
debilitating large burn scars, symptom-
atic keloid and hypertrophic scars, and
for those with conspicuous scars in
aesthetically sensitive locations. Novel
therapeutics based on precise inhibition
of elements of the wound healing path-
way have been a disappointment in hu-
man clinical trials thus far, but there is
hope that continued work in this field
will yield new insights into wound heal-
ing and will allow for the development of
more effective treatments.
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Abbreviations and Acronyms

CTGF = connective tissue growth factor
Cyr-61 = cysteine-rich 61
DP = dermal papilla
ECM = extracellular matrix
EGF = epidermal growth factor
EPU = epidermal proliferating unit
ERK = extracellular-related kinase
FAK = focal adhesion kinase
FGF = fibroblast growth factor
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MCP-1 = monocyte chemoattractant
protein-1

MEBO = moist exposed burn ointment
MMP = matrix metalloproteinase
NDF = Neu differentiation factor
NGF = nerve growth factor
PDGF = platelet-derived growth factor
SGS = silicone gel sheet
TGF-p = transforming growth factor-beta
TNF-oc = tumor necrosis factor-alpha
VEGF = vascular endothelial growth factor






