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Significance: Both chronic wounds and excessive scar formation after cuta-
neous injury create a formidable clinical problem resulting in considerable
morbidity and healthcare expenditure. The deposition and remodeling of ex-
tracellular matrix (ECM) components are critical processes in cutaneous
healing. Understanding the role of the ECM in directing progenitor and re-
parative cell fate and activities during wound repair is required to improve
wound-care strategies.
Recent Advances: In addition to providing structural integrity, the ECM is
recognized to play critical roles in regulating progenitor and reparative cell
behaviors such as migration, differentiation, proliferation, and survival. The
ECM dictates these activities through its binding of adhesion receptors as well
as its ability to regulate growth factor bioavailability and signaling. More
recently, a key role for mechanical control of cell fate through interaction with
the ECM has emerged.
Critical Issues: Despite significant advances in understanding the patho-
physiology of cutaneous wound repair, problematic wounds remain a signifi-
cant healthcare challenge. Regenerative medical strategies that either target
endogenous stem cells or utilize applications of exogenous stem cell popula-
tions have emerged as promising approaches to pathologic wounds. However,
the identification of smart biomaterials and matrices may allow for further
optimization of such therapies.
Future Directions: An efficient and appropriate healing response in the skin
postinjury is regulated by a fine balance of the quantity and quality of ECM
proteins. A more complete understanding of ECM regulation of the cell fate
and activities during cutaneous wound repair is vital for the development of
novel treatment strategies for improvement of cutaneous healing.

SCOPE AND SIGNIFICANCE
Progenitor cells have been iso-

lated from all layers of the skin and
contribute to its repair upon injury.
In all phases of wound repair, extra-
cellular matrix (ECM) proteins have
been shown to play an integral role
in a dynamic relationship between
stem/progenitor and other reparative

cell populations, growth factors, and
matrix modifying-enzymes. This re-
view provides a current understand-
ing of how the ECM plays a critical
role in healing of both the epidermal
and dermal compartments by direct-
ing the progenitor cell fate after
cutaneous injury and how this
knowledge may be applied to develop
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improved therapies for chronic
wounds and targeted strategies to
prevent excessive scar formation.

TRANSLATIONAL RELEVANCE

The role of progenitor cells in cu-
taneous wound healing and tissue
regeneration is well established. It is
also widely accepted that the ECM
plays a key role in tissue repair be-
yond its ability to provide a struc-
tural framework for cells through its
ability to modulate cell behavior.
Elucidating mechanisms by which
ECM controls the behavior of pro-
genitor cells during the course of
wound repair will provide novel
strategies for the treatment of path-
ologic healing of the skin.

CLINICAL RELEVANCE

Chronic nonhealing wounds, such
as venous leg, diabetic foot, and
pressure ulcers, are a significant
source of morbidity for more than 6
million Americans, resulting in an
annual healthcare cost exceeding
$25 billion.1 Changes in the ECM
associated with pathologic states
may halt progression of the sequence
of events critical for timely wound
healing. On the other end of the
scale, excessive production of a col-
lagenous matrix can be equally
problematic, resulting in cutaneous
scarring that causes functional im-
pairment, discomfort, and esthetic
disfigurement. Through the manip-
ulation of both ECM components and
stem/progenitor cells, regenerative
medicine approaches have shown
promise for the treatment of both
extremes of cutaneous healing.

BACKGROUND

The skin is the largest organ in the
body and acts as the first line of de-
fense against pathogens, toxins, and
trauma. It also plays a critical role in
fluid homeostasis, and provides sen-

sory functions and thermal regula-
tion. Damage or loss of skin integrity
resulting from an injury or disease
can lead to significant morbidity and
even death. After injury, a complex
overlapping process to repair the two
layers of skin, the dermis of meso-
dermal origin and the overlying epi-
dermis of ectodermal origin, is
initiated to restore tissue integrity.
Analogous to repair processes in
many noncutaneous tissues, repair of
the skin can be divided into three
phases: an initial inflammatory
phase, followed by a proliferative/
repair phase, and concluding with
a remodeling phase, which results
in scar formation in postnatal
mammals.

In all phases of wound repair,
ECM proteins play a key role in di-
recting progenitor and reparative
cell fate and activities. Immediately
after injury, the ECM orchestrates
the recruitment of platelets and di-
rects the inflammatory cell response
to initiate the hemostatic and the
cellular debridement phases.2 These
cells, which migrate into the wound
bed on the ECM of the initial hemo-
static plug and then into the provi-
sional matrix, respond to individual
ECM components and growth factors
(which may be bound to this matrix).
These cells, in turn, recruit and di-
rect stem/progenitor and reparative
cells from both distant sites and lo-
cally to mediate the proliferative/
repair phase of healing. Particularly,
in this rebuilding phase of healing,
adult stem cells play a critical role in
replenishing cells damaged or lost
after injury. In addition to their role
post-trauma, adult stem cells partic-
ipate in maintenance of the skin as
well as healing, which occurs as a
consequence of disease. Therefore,
understanding how the ECM directs
stem/progenitor cell fate and activi-
ties in the skin has potentially far-
reaching implications for a variety of
cutaneous pathologies.

Abbreviations
and Acronyms

a-SMA = alpha smooth muscle
actin

BM = basement membrane

Col3 = type III collagen

CTGF = connective tissue
growth factor

EC = endothelial cell

ECM = extracellular matrix

ED-A FN = ED-A splice variant
of fibronectin

EGF-L = epidermal growth
factor–like

EPC = endothelial progenitor

ERK = extracellular signal–
related kinase

FGF = fibroblast growth factor

FN = fibronectin

HA = hyaluronan

IFE = interfollicular epidermis

LN = laminin

MAPK = mitogen-activated
protein kinase

MSC = mesenchymal stem cells

PBMC = peripheral blood
monocytes

TGFb = transforming growth
factor beta

TSP = thrombospondins

VEGF = vascular endothelial
growth factor
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Stem cells reside in a specialized microenvi-
ronment that has been described as the stem cell
niche,3 comprised of a complex milieu of direc-
tional inputs from surrounding cells, signaling
molecules, matrix components, and their modifi-
ers, as well other environmental factors such as
pH and oxygen tension. In both noninjured and
injured skin, quantitative and qualitative differ-
ences in the ECM components provide instructive
cues for stem cells to differentiate or self-renew.
Aberrant ECM expression as well as post-
translational modification of matrix molecules
that occurs secondary to aging, diseases (such as
vascular disease and diabetes), pathogens, or
steroid therapy can contribute to pathologic cel-
lular wound responses.4

The four general categories of ECM proteins
in a healing wound include structural ECM
proteins, adhesive glycoproteins, proteoglycans,
and matricellular proteins (Table 1). These mol-
ecules direct cutaneous stem and reparative
cell fate and activities by direct engagement of
cells via cell–ECM interactions or indirectly
through their modulation of growth factor activ-
ities. These matrix components communicate
with cells of the repair process through integrins
and nonintegrin receptors such as discoidin
domain receptors, cell surface proteoglycans,
syndecans, and hyaluronan receptors. These in-
teractions direct stem and/or other reparative
cells to both sense and respond to biophysical
signals and to maintain a balance between the
forces originating from the ECM and those that

arise from the contractility of the intracellular
cytoskeleton. Further, these mechanotransduc-
tion processes can combine with growth factor-
mediated signaling to determine the stem cell
fate.4 Finally, growth factor signaling can be al-
tered through direct interactions of individual
domains of ECM proteins with growth factor re-
ceptors or by controlling either the bioavailability
or activity of the ligands (Table 2).5–15

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE
Interactions of the ECM and progenitors
via cell surface receptors

Integrin–ECM interactions. Integrins consti-
tute one of the major families, and arguably the
best characterized, of cell adhesion receptors ca-
pable of mediating the interaction of cells with
their surrounding ECM.16 As in other tissues,
integrins play an important role in maintaining
the cutaneous stem cell niche and also provide
pivotal cues for directing differentiation of stem
cells.17 Integrins are expressed on the cell mem-
brane as transmembrane heterodimers and act as
ECM receptors for proteins such as collagens,
laminins (LNs), and fibronectin (FN). As many as
24 distinct integrin heterodimers can be gener-
ated through the combination of 18 a- and 8 b-
integrin subunits.16 The extracellular domain of
unique integrin heterodimers directly links a
repertoire of the ECM ligands to the cytoskeleton
through intracellular cytoplasmic domains, al-
lowing for bidirectional transduction of bio-
chemical signals and mechanical tension across
the plasma membrane. This outside-in and
inside-out signaling allows integrins to mediate
such key cellular events in wound repair as ad-
hesion, migration, proliferation, apoptosis, and
differentiation (Fig. 1). Both quantitative as well
as qualitative differences in integrin display by
cells within the epidermis and dermis modulate
the affinity for specific ECM components that
further regulates cell responsiveness to the sur-
rounding matrix.

Integrin expression in both injured and unin-
jured skin has been extensively characterized. The
major epidermal integrins are a2b1, a3b1, and a6b4,
although other integrin heterodimers formed by
pairing with either an av- or a b1-subunit have been
described in the nontraumatized epidermis or
when induced during wound repair.17 Within the
interfollicular epidermis (IFE), elevated integrin
expression by epidermal stem cells compared to
adjacent more-differentiated progeny has been

Table 1. Major classes of extracellular matrix proteins that
participate in cutaneous wound repair

Class Examples

Structural Collagens
Elastin
Fibrillins
Fibulin

Multidomain adhesive glycoproteins Fibronectins
Vitronectin
Laminins
Matrilins

Glycosaminoglycans and proteoglycans Hyaluronan
Proteoglycans
Decorin
Biglycan
Perlecan
Syndecans
Versican

Matricellular proteins Thrombospondins
Tenascin C and X
CCN (such as CCN2/CTGF)
SPARC/BM-40/Osteonectin
Osteopontin

ECM AND THE PROGENITOR CELL NICHE IN CUTANEOUS WOUND HEALING 263



suggested to increase adhesion to the underlying
ECM components of the basement membrane
(BM).18 When epidermal stem cells commit to dif-
ferentiate terminally, they downregulate integrin
expression, and migrate away from the BM toward
the skin surface.19 Studies with cultured human
epidermal cells have shown that b1-integrin acti-

vation suppresses stem cell terminal differentia-
tion,20 although studies in transgenic mice lacking
b1-integrin failed to demonstrate an effect on the
terminal differentiation program of epidermal
stem cells in vivo.21 However, subsequent studies
in mice in which epidermal b1 expression is
attenuated, rather than deleted, suggest that

Figure 1. Bidirectional signaling by integrins. The heterodimeric integrins composed of an a- and a b- chain. In an inactivated state, the two chains are closely linked
together at the cytosolic end, while the extracellular heads are found to be in a bent-down position. When activated from inside by attachment of talin to the b- chain, the
two polypeptides move apart, and their heads at the extracellular end form an upright posture. This inside-out signal allows the integrins to interact with the extracellular
matrix (ECM; in this case, we have only shown collagen). This conformational change and subsequent ligand binding activate Src, which binds to focal adhesion kinase
(FAK) and other kinases. This intracellular signaling cascade initiates transcription of key genes that promote cell survival, proliferation, etc. This phenomenon has been
termed the outside-in signaling. To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

Table 2. Select examples of extracellular matrix modulation of growth factor activities

ECM–Growth Factor Interaction Example Consequence

ECM binding to growth factor Binding of FGF-2 and VEGF to heparin sulfate10,11 Binding of growth factor to ECM facilitates/enhances signaling
Binding of TGFb1 to decorin, beta-glycan,

biglycan, collagens, fibrillin5,7,12
Sequestration and inactivation of TGFb

by matrix molecules
Binding of FGF to fibrin and fibrinogen6 Protection of growth factor from degradation

Activation of growth factors from
a latent form

TSP-1 activation of latent TGFb8 ECM component directly activates latent growth factor
Stiffness of matrix activates TGFb9,13 Activation of TGFb mediated by the stiff ECM

through integrin sensing or enhanced stimulation
via the PI3/Akt signaling pathway

Matrikine–growth factor receptor interaction Tenascin-C and laminin bind to EGF receptors14 Matrikine induced signaling through growth factor receptor binding

ECM–integrin interaction-mediated
growth factor signaling

Expression of avb3 is required for TNFa
and VEGF induced angiogenesis15

ECM modulation of integrin expression/activation modulates
growth factor signaling

ECM, extracellular matrix; FGF, fibroblast growth factor; VEGF, vascular endothelial growth factor; TGFb, transforming growth factor beta; TSP,
thrombospondins; EGF, epidermal growth factor; TNF, tumor necrosis factor.
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b1-integrin expression is essential for expansion of
epidermal stem cells.22 In addition to controlling
epidermal stem cell differentiation by regulat-
ing extracellular signal-related kinase/mitogen-
activated protein kinase (ERK/MAPK), b1-integrins
have also been shown to play a role in controlling
asymmetric cell division, which promotes epidermal
stratification and differentiation of mammalian
skin.23 Overexpression of a2b1-integrins leads to
epidermal hyperproliferation as well as enhanced
inflammation associated with production of high
levels of proinflammatory cytokines.24 Indeed, ap-
propriate and balanced integrin expression in the
suprabasal epidermis permits the interaction of epi-
dermal stem cells and a more-differentiated progeny
with the ECM to facilitate physiologic repair in the
proliferative phase of wound healing. Numerous
studies have shown the critical role that multiple
integrin subunits and specific heterodimers play in
re-epithelialization by the differentiated progeny of
epidermal stem cells and have been reviewed else-
where.17,25

Similarly, the integrin–ECM interactions that
direct the restoration of the dermis during wound
repair have been the subject of intense investiga-
tion. Initial migration of cells on provisional matrix
components such as FN and vitronectin is medi-
ated by integrin heterodimers composed of b1-, b3-,
and b5-subunits. Integrins also mediate several
critical inputs in the differentiation of myofibro-
blasts from mesenchymal progenitors in granula-
tion tissue. Compared to their unactivated
fibroblast counterparts, myofibroblasts possess a
contractile phenotype, are characterized by their
expression of alpha smooth muscle actin (a-SMA),
and are hypersecretory with respect to their pro-
duction of collagens.26 Thus, myofibroblasts play a
role in the normal wound repair process through
their ability to augment wound contraction. No-
tably, however, the overabundance and persistence
of myofibroblasts have been implicated in the dis-
orders of scarring and fibrosis. Therefore, the
ability to control myofibroblast differentiation and
survival has important implications for maximiz-
ing a reparative response postinjury with minimal
scarring. The induction of myofibroblast differen-
tiation is dependent upon three factors: the
interaction of fibroblasts with the extra domain-A
(ED-A) splice variant of fibronectin (ED-A FN),27

the sensing of mechanical tension,28 and active
transforming growth factor beta (TGFb) signal-
ing.29 While the engagement of ED-A FN by cells
and the sensing of mechanical forces by expressed
integrins involve direct interaction with the ECM,
the bioactivity of TGFb1 has also been shown to be

indirectly regulated by the ECM through both di-
rect activation of TGFb1 as well as modulating the
intracellular response to TGFb signaling.30 Many
integrins have been implicated in myofibroblast
differentiation, including a3b1, a11b1, avb3, a4b7,
and b1.31–35 In addition, avb6 and avb5 may also
influence this process and the development of
subsequent scarring through their role in mod-
ulating TGFb signaling in epithelial and mesen-
chymal cells, respectively.36,37

Beyond their role in guiding mesenchymal pro-
genitor cell recruitment and differentiation, sev-
eral integrins expressed on both endothelial cell
(EC) and endothelial progenitor cell (EPC) mediate
neovascularization of the granulation tissue bed.
While a4b1 regulates EPC mobilization from the
bone marrow, class switching and expression of
a5b1, a6b1, avb3, and avb5 are critical to EPC hom-
ing, invasion, and differentiation.38 The spatio-
temporal regulation of both integrin heterodimers
allows EPC and ECs to respond to the evolving
ECM during the course of angiogenesis.

Matrikine ligand presentation. In addition to
binding to integrins and other adhesion receptors,
the subdomains of ECM proteins are capable of
binding cell surface receptors belonging to the
growth factor, cytokine, chemokine, or ion channel
families.39 These ligands, termed matrikines, reg-
ulate gene expression, as well as cell differentia-
tion, mitogenesis, apoptosis, and migration.
Cryptic matrikines or matricryptins refer to the
ligands that are exposed after structural or con-
formational alterations. Through their ability to
direct cellular activities and fate, matrikines have
been shown to regulate inflammation, angiogene-
sis, fibroblast activities, and matrix remodeling
within the granulation tissue, while enhancing
migration of overlying keratinocytes to cover the
wound bed.40–43

During wound healing, tenascin-C (TN-C) and
LN-332/LN-5 are expressed at the leading edge of
the epithelial tongue.39,42 Epidermal growth
factor-like (EGF-L) repeats found within TN-C and
similar matrix metalloproteinase 2–released re-
peats from LN-332 at this epidermal–dermal
junction are thought to provide migratory signals
to keratinocytes by binding to EGF receptors.39,44

EGF-L repeats have been shown to provide pro-
mitotic and migratory signals to fibroblasts as well.
Fibroblast proliferation and migration have also
been shown to increase in response to binding of
fibrillar collagens to the discoidin domain tyrosine
kinase receptor 2.45 Although several matrikines
have been shown to modulate the activity of the
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cellular mediators of cutaneous wound repair
(Table 3), less is currently known about their spe-
cific roles in regulating progenitor/stem cell activ-
ity and fate during this process.

ECM regulation of growth factor bioavailability
and activity

ECM proteins may also modulate growth factor
signaling through their ability to bind ligands di-
rectly. By doing so, the ECM may increase growth
factor signaling by activation of latent forms, pre-
sentation of growth factors to their cognizant re-
ceptor, release of sequestered growth factors from
the matrix, and protection from proteolytic degra-
dation.5,6,30 Sequestration may also serve to
quench bioavailability or localize its activity based
upon expression of individual ECM components
spatially and temporally.7,30 Qualitative and
quantitative changes to the ECM throughout the
phases of healing can therefore enhance or dimin-
ish the effects of individual growth factors on both
progenitor and reparative cells. The ability to fine-
tune growth factor signaling is particularly ad-
vantageous in the process of wound repair when
processes such as inflammation, angiogenesis, and
fibroplasia must resolve to achieve timely wound
healing without excessive scar formation. For ex-
ample, ECM proteins such as fibrillin, collagens,
and small leucine-rich proteoglycans (such as dec-
orin, biglycan, and aspirin) may bind to TGFb or its
associated latent TGFb-binding protein, resulting
in quenching of activity.5,7,12,30,46 The ECM may
also be critical for integrin-dependent activation of
TGFb, as occurs with FN, or by direct activation of
latent TGFb by induction of the conformational
change such as that occurs with thrombospondin-1
(TSP1).8 Matrix stiffening may also increase acti-
vation of latent TGFb and alter the response of cells
to TGFb stimulation via the phophatidylinositol-3-
phosphate/Akt signaling pathway.9 Finally, ECM
proteins may confer stability to growth factors and/
or their receptors, as occurs with two fibroblast
growth factor (FGF) molecules and receptors as a

tetrameric complex with either the proteoglycan
heparin or heparin sulfate.47

Regulation of epidermal homeostasis
and re-epithelialization by the ECM

Epidermal maintenance and repair postinjury
require controlled proliferation and differentiation
of stem cells. Epidermal stem cells reside and are
maintained in the basal layer of the IFE, the se-
baceous gland, as well as the permanent portion of
the hair follicle (bulge region).48 The basal layer of
the IFE is separated from the dermis by the BM, a
thin network of proteoglycans, and other ECM
proteins, including LNs and collagen IV. Enrich-
ment for epidermal stem cells is possible by
their propensity for adhesion to the BM ECM
components.18,49

Previously, epidermal stem cells of the IFE were
identified as a superior source of epidermal cells for
the use in tissue-engineered skin substitutes com-
pared to their more-differentiated progeny by their
ability to support epidermal maintenance.50

Therefore, there is a considerable interest in better
understanding the epidermal stem cell niche com-
ponents that would support the ability to isolate
and cultivate epidermal stem cells in vitro for
tissue-engineering strategies. In addition to the
BM ECM components on which epidermal stem
cells and their differentiated progeny reside in the
uninjured state, the provisional matrix and ECM
components of the newly formed granulation tissue
in a wound also provide epidermal stem and re-
parative cells with key contextual cues to mediate
cell fate. The importance of fibroblasts and their
elaborated matrix in stem cell survival, prolifera-
tion, and differentiation is highlighted by the im-
portance of using lethally irradiated 3T3 feeder
cells in the cultivation of epidermal stem cells.
Recently, Takagi et al. identified six ECM mole-
cules with significantly altered expression in 3T3
cells compared to the cells incapable of supporting
epidermal stem cell growth.51 Of those, microfi-
brillar type VI collagen was uniquely capable of

Table 3. Select examples of matrikines involved in wound repair

Matrikine Receptor Target Cell Type(s) Effect

EGF-L of TN-C and LN-332 EGFR Fibroblasts; keratinocytes (?) Fibroblast migration and proliferation; proposed to promote
re-epithelialization through its promigratory properties

Leucine-rich domain of decorin EGFR Fibroblasts; endothelial cells Sustained EGFR activation downregulates EGFR function
and results in quiescent effect

Triple-helical domain of collagens DDR1/DDR2 Endothelial cells, epithelial cells
(mainly DDR1) and fibroblasts (DDR2)

Regulates migration, proliferation, and MMP production

XGXXPG-containing peptides
of elastin

Elastin-binding
protein

Fibroblasts; endothelial cells Chemotaxis, proliferation, and protease release

TN-C, tenascin-C; LN, laminin; DDR, discoidin domain tyrosine kinase receptor; MMP, matrix metalloproteinase.
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promoting colony formation of epithelial cells
in vitro. Moreover, a comparative analysis of ECM
protein expression by stem cells in the bulge region
of the hair follicle relative to other epidermal cells
revealed significant differences in the ECM niche
of epidermal stem cells.25 However, further inves-
tigation is required to assess the role for individual
components in maintaining this niche.

While it is clear that specific ECM components
may direct epidermal stem cell fate decisions such
as survival, growth, and activation of terminal
differentiation programs, it is also becoming ap-
parent that the micropatterning of matrix mole-
cules in the extracellular environment also plays a
role in directing such activities.52 In addition,
studies examining the effect of substrates of in-
creasing stiffness reveal that a low elastic modulus
(0.5 kPa) led to differentiation of epidermal stem
cells secondary to decreased activation of ERK/
MAPK signaling.53 Further, ECM components
may also indirectly influence epidermal stem cell
and more-differentiated reparative cell fate
through their effects on growth factor and/or ma-
trix metalloproteinase activities.

While not much is known about the role of specific
ECM components play in driving epithelial stem cell
differentiation during re-epithelialization, their
importance is highlighted by their role in directing
keratinocyte proliferation and migration. The role of
the ECM in modulating the keratinocyte activity
and fate has been the subject of several reviews.2,54

With injury beneath the BM, epithelial cells migrate
as a sheet from the edge of the damaged BM (or from
epidermal appendages in partial-thickness injury).
To do so, basal keratinocytes must dissolve hemi-
desmosomes and disengage from the BM ECM
components such as LNs and type IV collagen. As

they begin to migrate over the newly forming neo-
dermis, epidermal cells express new integrin het-
erodimers and relocate integrins from the lateral to
the basal membrane surface to interact with FN,
vitronectin, TN-C, and type I and III collagens of the
exposed wound bed.55,56

In addition to the ECM components of the ex-
posed wound bed, type IV collagen and LNs of the
BM have also been shown to modulate keratinocyte
migration and stratification of the neoepidermis.
LNs belong to a large family of conserved
membrane-bound glycoproteins that are major
constituents of the BM separating epidermal cells
from the underlying dermis, as well as that of blood
vessels.55 The isoform LN-332/LN-5 is a major
component of the BM and can either promote or
inhibit migration of keratinocytes during wound
healing in in-vitro and in-vivo studies, depending
on its proteolytic processing.57 These findings
highlight the importance of understanding not only
the role of specific ECM molecules on the cells
during wound repair but also the effects of post-
translational modification and proteolytic proces-
sing of native matrices that occur during the course
of wound repair. As re-epithelialization progresses,
keratinocytes are able to reform the BM to re-
establish the normal barrier between the epider-
mis and dermis. Reformation of the BM, with
reappearance of its components such as LN-111/
LN-1, is thought to provide keratinocytes with the
proper signals to inhibit keratinocyte migration
and remodel the neoepidermis.54

The role of the ECM in granulation
tissue formation

The source of mesenchymal progenitors that pop-
ulate the developing granulation tissue and possess

Figure 2. ECM regulation of myofibroblast differentiation. Several cell types may serve as myofibroblast progenitors that are directed to transform into fully
differentiated myofibroblasts by several factors. The ECM has been shown to directly promote this process by cell–ECM interactions, mediating tissue
stiffness, and regulating the bioavailability and activity of the profibrogenic growth factor TGFb1. 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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the capacity for differentiation to myofibroblasts
during cutaneous wound healing may include resi-
dent fibroblasts, smooth muscle cells, pericytes,
fibrocytes, mesenchymal stem cells (MSCs), and
epithelial or ECs undergoing epithelial- or
endothelial-to-mesenchymal transition (Fig. 2).31,58

Myofibroblasts both respond to the ECM as well as
play a critical role in the elaboration and remodeling
of the ECM in physiologic and pathologic wound
healing in a process referred to as dynamic reciproc-
ity.2 Given the role of the myofibroblast in physiologic
wound repair and its role as the key effector cell in
pathologic scar formation and fibrosis, understand-
ing how the ECM regulates myofibroblast differenti-
ation and fate is key to optimize wound healing.

In addition to ED-A FN, several ECM components
regulate myofibroblast differentiation (Fig. 2).
Production of endogenous hyaluronan (HA) is es-
sential for TGFb1-dependent myofibroblast acti-
vation and persistence;59 however, exogenously
applied HA attenuates myofibroblast differentia-
tion. Further control of this process may also occur
earlier in the differentiation process, as low-
molecular-weight HA has been shown to inhibit
differentiation of fibrocytes derived from periph-
eral blood monocytes, whereas high-molecular-
weight HA promotes their differentiation.60 Our
data support a role for type III collagen (Col3) in
the early healing phase to limit myofibroblast dif-
ferentiation.61 Diminished Col3 promotes myofi-
broblast differentiation, which then paradoxically
leads to increased collagen production and scar
formation at later stages of wound repair. Several
matricellular proteins, including connective tissue
growth factor,62 periostin,63 osteopontin,64 and
TN-C,65 have also been shown to regulate myofi-
broblast recruitment and/or differentiation. Fi-
nally, the post-translational modification of the
ECM components provides additional regulation of
the cellular response to the ECM, which can drive
fibrotic response to injury. Cross-linking of ECM
proteins through the activities of lysyl oxidases and
transglutaminases, or via glycation, increases tis-
sue stiffness and may render the resulting ECM
resistant to degradation and remodeling.31 Fibro-
blasts and myofibroblasts sense and modulate
stiffness within the ECM through the development
of focal adhesions. In fact, mechanical stiffness has
been shown to drive myofibroblast activation in a
TGFb-independent manner, thus promoting and
amplifying progressive fibrosis.32

Beyond their role in guiding mesenchymal pro-
genitor cell recruitment and differentiation during
wound repair, several ECM components direct EC
and EPC neovascularization of the wound bed.

EPCs and ECs respond to an evolving ECM during
the course of angiogenesis. In addition to the pro-
visional matrix components (fibrin, FN, vi-
tronectin, and von Willebrand factor) that mediate
adhesion and migration of ECs via its avb3-integrin
receptor, other ECM components (particularly LN)
that are released by proteolytic degradation of the
EC BM can enhance the proliferation of ECs.66

Members of the thrombospondin family of ma-
tricellular proteins have also been identified as
potent regulators of angiogenesis, primarily
through their ability to bind CD36 on ECs and in-
duce apoptosis in both liganded and surrounding
ECs.67 While TSP-1 is expressed early in wound
healing, TSP-2 is expressed at a later stage. 67

Absence of TSP-1 delays wound healing due to its
effect on macrophage recruitment and TGFb sig-
naling, whereas its overexpression limits healing
through the effects on angiogenesis and granula-
tion tissue formation.67 In contrast, TSP-2 defi-
ciency is associated with accelerated wound
healing with exaggerated neovascularization and
irregular collagen fibrillogenesis. Beyond its role in
directly interacting with ECs, TSP-1 may also ex-
ert its antiangiogenic effects by direct binding and
clearance of vascular endothelial growth factor
through receptor-mediated endocytosis. While
TSP-1 inhibits angiogenesis through direct protein
binding, FGF interaction with heparin-like moie-
ties in the ECM and subsequent mobilization by
heparinase enhance the angiogenic response dur-
ing healing.68

The use of the ECM in advanced
wound therapies

Tissue engineering and regenerative medicine
have shown significant promise in treatment of
problematic wounds. Initial proof-of-principle
studies investigating the use of exogenously ap-
plied adult stem cells for the treatment of chronic
wounds provided support for their vulnerary
effects.69,70 MSCs have been shown to improve
wound healing through their ability to directly
contribute cells and ECM components to the repair
process, as well as their ability to direct other cells
participating in the repair process through their
production of paracrine mediators. Although initial
attempts showed improvement in healing with in-
jection of cells alone, it is clear that delivery strat-
egies that recapitulate complex stem cell niches
will be required to maximize their potential. Given
the ability of the ECM to influence many key
aspects of that niche such as signaling events,
regulation of growth factor bioavailability, and
mechanosensation, the identification of specific
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ECM components that most accurately
recreate a functional stem cell niche
for incorporation into therapeutic bio-
materials remains a focus of intense
investigation.

The use of acellular and cell-based
tissue-engineered dermal substitutes has
become increasingly routine.71 Dermal
matrices and other biomimetic scaffolds
for delivery of adult stem cells have been
shown to augment MSC regenerative
potential and enhance wound healing
through their presumptive ability to rec-
reate the aspects of a regenerative
niche.72–74 Despite their ability to im-
prove the efficiency and quality of cuta-
neous wound healing, existing products
have yet to be able to promote repair to
that which approximates uninjured skin.
The evolution of superior biomaterials
will depend upon a greater understand-
ing of the role of individual components
play in the regenerative niches of unin-
jured and injured skin, particularly the
ECM constituents. Further, the develop-
ment of successful biomimetic and bior-
esponsive substrates will incorporate the
knowledge of not only how cells interact with these
substrates but also how these cells will then re-
model and deposit their own ECM in response.

SUMMARY

Complications of inadequate wound closure or
excessive scar formation result in significant mor-
bidity and healthcare expenditure. Scar formation
after cutaneous injury in the postnatal organism is
thought to be a consequence of events facilitating
rapid closure to re-establish the protective barrier
of the skin. The ability of the mid-gestational fe-
tuses to heal cutaneous wounds in a scarless
manner with restitution of epidermal adnexal
structures75 suggests that an improved under-
standing of the progenitor cell niche, including
contribution by ECM components, will be critical to
improving healing in the postnatal patient. Dy-
namic interactions of the ECM components with
each other, with progenitor and other reparative
cells, as well as growth factors and matrix modifi-
ers are all essential for wound repair. Therefore,
understanding the role of individual ECM proteins
in directing cutaneous healing is essential for
harnessing the potential of regenerative medicine
and tissue-engineering strategies to improve or
prevent pathologic healing.
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