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Abstract Integrin receptors mediate the interactions between
cells and the extracellular matrix. They not only provide
anchorage and a physical linkage to the matrix but also par-
ticipate in cell signaling and the regulation of diverse cellular
functions. In the epidermis of the skin, integrins are essential
for tissue structure and integrity, and, under normal homeo-
static conditions, the 31 subunit specifically controls the
balance between proliferation and terminal differentiation.
Integrin expression can also dynamically respond to changes
in the cell’s environment, and integrin-mediated adhesion is
required for keratinocyte migration and re-epithelialization
during wound repair. Importantly, integrins participate in
keratinocyte mechanotransduction and could potentially reg-
ulate cell behavior within the altered mechanical microenvi-
ronment of a wound. While the complete functions of integrin
receptors in cutaneous wound healing have yet to be deter-
mined, recent evidence suggests that cell-matrix interactions
are perturbed in chronic and non-healing wounds. Integrins
may therefore be a potential therapeutic target for improving
wound repair and tissue regeneration.
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Introduction

The skin is the largest organ in the human body and partici-
pates in vital physiologic activities, including vitamin D syn-
thesis and sensory perception, but its most important function
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is to provide a barrier from the external environment and
protect against pathogens, chemicals, mechanical forces,
ultraviolet light, and water loss (Nemes and Steinert 1999).
The skin consists of two main layers: the dermis, which is
responsible for tissue strength and elasticity, and the epider-
mis, which forms the barrier. The epidermis is a stratified,
squamous epithelium that undergoes continuous turnover
under normal homeostatic conditions (Blanpain and Fuchs
2009). Similarly, fibroblasts in the dermis synthesize and
remodel the extracellular matrix (ECM) to maintain tissue
mechanics (Liu and Leask 2013). Upon injury, however, cells
within the skin mount a coordinated response to close the
wound and repair the damaged tissue (Gurtner et al. 2008).
The wound-healing process is therefore critical for restoring
the skin’s protective barrier function after injury.

Cutaneous wound healing is a dynamic process of 4 over-
lapping phases: hemostasis, inflammation, re-epithelializa-
tion, and tissue remodeling (Martin 1997). These phases are
highly organized and involve complex interactions between
cells, signaling molecules and the ECM (Broughton et al.
2006). Within minutes of injury, vasoconstriction occurs, a
fibrin clot is formed, there is a release of growth factors such
as platelet-derived growth factor (PDGF) and epidermal
growth factor (EGF), and inflammatory cells such as mono-
cytes and neutrophils migrate to the wound site (Martin 1997
Gurtner et al. 2008). Over the next 1-3 days, epidermal
keratinocytes at the wound margin migrate collectively over
the wound bed to re-form the epithelial layer. This process is
known as re-epithelialization and is essential for regeneration
of a functional epidermis and protection against infection.
Finally, fibroblasts in the dermis enter the wound and synthe-
size and remodel ECM proteins, such as collagen, fibronectin,
and elastin, over a period of weeks to months. Fibroblast
expression of a-smooth muscle actin (xSMA) also promotes
contraction to aid wound closure (Desmouliére et al. 2005).
Wound repair is tightly regulated by many factors, including
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cell-ECM interactions, growth factors and matrix metallopro-
teinases (MMPs) (Martin 1997; Gurtner et al. 2008). Disrup-
tion of these regulatory mechanisms at any stage can lead to
chronic or non-healing wounds where inflammation persists
and the barrier is compromised (Harding et al. 2002; Brem
and Tomic-Canic 2007; Caskey et al. 2014). Factors such as
oxygenation, infection, age, and disease state can each hinder
the skin’s ability for effective wound repair (Swift et al. 2001;
Edwards and Harding 2004; Brem and Tomic-Canic 2007,
Bishop 2008).

Chronic wounds, including diabetic, pressure, and venous
ulcers, are a major healthcare problem, which affect approx-
imately 6.5 million people and cost over $25 billion per year
in the U.S. alone (Sen et al. 2009). In addition to being an
economic burden, chronic wounds significantly decrease the
quality of life of patients and often lead to infection and further
complications. While the underlying causes are complex and
involve multiple factors, the ultimate consequence of a chron-
ic wound is an open sore that lacks appropriate protective
function and is prone to infection. Defective re-
epithelialization of the epidermal layer (i.e. re-establishing
barrier function) may be an important contributor to the path-
ogenesis of non-healing wounds. In particular, integrin-
mediated adhesion to the ECM, which is essential for
keratinocyte migration (Grose et al. 2002), could be a key
player in re-epithelialization and overall wound healing. In
this article, we will review the roles of integrin receptors in
normal skin homeostasis, mechano-sensing, and repair, as
well as their potential involvement in chronic wounds.

Overview of integrin receptors

Integrins are heterodimeric glycoproteins with oc and 3 type |
transmembrane subunits that are not covalently bound (Hynes
2002). Their primary function is cell adhesion to the ECM
through specific binding of 3 dimers to ECM proteins, such
as fibronectin, vitronectin, and collagen. To date, 26 members
of the integrin family have been identified, including 18 «
subunits and 8 3 subunits, and these can form 24 different 3
heterodimers (Hynes 2002). The association of « and f3
subunits defines their recognition and binding affinity for
specific peptide sequences such as the arginine-glycine-
aspartic acid (RGD) motif in fibronectin (Pierschbacher and
Ruoslahti 1984; Ruoslahti and Pierschbacher 1986). Integrins
have a large extracellular domain for ligand binding with a
shorter cytoplasmic tail, which interacts with various scaffold-
ing proteins and signaling molecules. Crucially, the cytoplas-
mic tails are physically linked to cytoskeletal components
including F-actin and intermediate filaments, thereby provid-
ing a mechanical connection between the ECM and the cell.
Integrins mediate fundamental cell-matrix interactions, such
as adhesion, polarity, and migration (Hynes 2002). Moreover,
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they are signaling molecules and transduce both inside out and
outside in signals across the plasma membrane. Integrins
regulate key processes, such as growth, survival, and
differentiation.

Integrin activation, or inside—out signaling, is regulated by
the binding of talin to the (3 subunit. Talin binding causes a
conformational change in the integrin that increases the affin-
ity of the extracellular domain for a particular ligand
(Tadokoro et al. 2003). However, integrins can also bind
ligands without this conformational change (Xiong et al.
2001; Adair et al. 2005). Recently, it has been proposed that
kindlins can also activate integrins and/or co-activate with
talin (Calderwood et al. 2013), and mutations in Kindlin-1
cause the blistering skin disease, Kindler Syndrome (Siegel
et al. 2003). Talin also links integrins to the F-actin cytoskel-
eton and other scaffolding proteins and facilitates the initial
stages of integrin clustering (Hynes 2002). Thus, talin is a
central regulator of integrin function and sensing of extracel-
lular signals.

Outside—in signaling from the ECM to the cell begins with
the binding of ligands to the integrin receptors, which pro-
gressively cluster together and eventually form large signaling
complexes known as focal adhesions. A key first step in this
process is binding of talin to F-actin filaments and recruitment
of vinculin. Vinculin is a scaffolding protein that also links
integrins with F-actin filaments and further promotes integrin
clustering via positive feedback from cytoskeletal tension
(Humphries et al. 2007). Integrin clustering leads to the for-
mation of nascent adhesions, which then mature into larger
focal adhesions through the recruitment of adapter proteins,
like paxilllin, and signaling molecules, such as focal adhesion
kinase (FAK), integrin-linked kinase (ILK), and Src (Hynes
2002).

FAK transmits signals from focal adhesions into down-
stream pathways through phosphorylation at multiple sites,
including auto-phosphorylation at Tyr397 (Mitra et al. 2005).
The mitogen-activated protein kinase (MAPK) signaling cas-
cade is among the most characterized downstream pathways
of integrins and regulates proliferation and differentiation in a
number of cell types (Schlaepfer et al. 1994; Zhao et al. 1998).
Ligation of 31 integrins causes activation of Ras and hence
increases tyrosine phosphorylation for MAPK signaling pro-
teins ERK1/2, while disruption of binding to 31 causes a
reduction in signaling (Schlaepfer et al. 1994; Schlaepfer
and Hunter 1997; Zhu et al. 1999). Integrins can also induce
and amplify the JAK/STAT pathway (Brizzi et al. 1999). It has
also been suggested that FAK plays a role in talin recruitment
(Lawson et al. 2012).

Rho GTPases are another group of downstream effectors of
integrin-mediated adhesion and classic regulators of the actin
cytoskeleton. While RhoA promotes actin polymerisation and
acto-myosin contractility, Cdc42 and Racl control membrane
protrusion and lamellipodia formation (Ridley and Hall 1992;



Cell Tissue Res (2015) 360:571-582

573

Nobes and Hall 1995). During early stages of cell adhesion,
integrin binding transiently inhibits RhoA activation in a Src-
and pl190GAP-dependent manner; however, at later time
points RhoA activity is increased (Arthur et al. 2000). Con-
versely, Cdc42 and Racl are rapidly activated by integrin-
mediated adhesion and are required for cell spreading (Clark
etal. 1998). Rho GTPases reciprocally regulate focal adhesion
assembly. For example, inhibition of RhoA activity blocks
focal adhesion maturation via reduced cytoskeletal tension
(Ridley and Hall 1992; Chrzanowska-Wodnicka and Burridge
1996).

There is significant crosstalk between integrins and growth
factor signaling. Integrin receptors control intracellular signal-
ing cascades that intersect with various receptor tyrosine ki-
nases (RTKs). Growth factors such as epidermal growth factor
(EGF), fibroblast growth factor (FGF), and keratinocyte
growth factor (KGF) are ligands for RTKSs that activate similar
downstream targets, such as MAPK and JAK/STAT cascades.
Integrins can also regulate EGF signaling by direct association
with the epidermal growth factor receptor (EGFR) via inter-
actions with Rab-coupled protein during receptor recycling
(Caswell et al. 2008). Integrins cooperate with growth factors
and enhance their secretion. In tumors, av(33 controls vascu-
lar endothelial growth factor (VEGF) production, which
causes neovascularization and increased tumor growth (De
et al. 2005). VEGF has also been shown to enhance adhesion
and increase migration in endothelial cells through integrin
av33 and PI3K signaling (Byzova et al. 2000).

It is important to note that, in addition to focal adhesion
interactions with F-actin, integrins also provide linkage be-
tween the ECM and the keratin cytoskeleton via
hemidesmosomes, which are dense adhesive plaques present
on the basal surface of epithelial cells. They consist of x6(34
integrins, along with BP230, CD151, type XVII collagen, and
plectin, which bind keratin bundles to the large cytoplasmic
tail of the (34 subunit (Borradori and Sonnenberg 1999).
Hemidesmosomes provide stable anchorage of epithelia to
the underlying basement membrane. In addition, recent evi-
dence suggests that they participate in signaling to down-
stream pathways, such as MAPK and protein kinase C
(PKC) (Osmanagic-Myers et al. 2006). An in depth review
of hemidesmosomes can be found in the article by Walko and
colleagues in this issue of Cell and Tissue Research.

Integrin expression and function in the intact epidermis

The epidermis is a stratified epithelium in which cell function
is spatially and temporally defined. Keratinocytes within the
basal layer attach to the basement membrane, a fibrous net-
work consisting predominantly of laminin 332, type IV col-
lagen, and type VII collagen (Timpl 1989), via integrin-
containing hemidesmosomes (Dowling et al. 1996; DiPersio

et al. 2000). The basal keratinocytes are proliferative and
specifically express keratins 5 and 14 (Moll et al. 1982).
Periodically, these cells withdraw from the cell cycle and
undergo a program of terminal differentiation as they detach
from the basement membrane and move upwards through the
suprabasal layers towards the surface of the epidermis (Watt
and Green 1982; Watt 1989). As cells move up through the
suprabasal and granular layers, they downregulate their
integrins and begin to express components of the cornified
envelope, such as involucrin, filaggrin, and loricrin (Watt
1983). When keratinocytes reach the outermost layer, the
stratum corneum, they become flattened and anuclear and
form a cornified envelope of proteins that are highly cross-
linked by transglutaminase I (Rice and Green 1977; Rice and
Green 1978). Keratinocytes are eventually shed from the
surface through desquamination, and the loss of terminally
differentiated cells is balanced by proliferation within the
basal layer in order to maintain homeostasis (Blanpain and
Fuchs 2009).

Integrin expression within the epidermis is normally con-
fined to the basal layer but may be upregulated in the
suprabasal layers in inflammatory conditions, such as psoria-
sis and wound healing (Hertle et al. 1992). The major hetero-
dimers expressed by keratinocytes include o231, 634, and
o3B1 (Peltonen et al. 1989; Hertle et al. 1991; Adams and
Watt 1991; Cavani et al. 1993). The «634 dimer is a
hemisdesmosomal receptor that binds laminin 332 and links
the ECM to the keratin cytoskeleton (Dowling et al. 1996).
The (1-containing integrins, such as the collagen binding
21 and laminin 332 binding 31 receptors, are constitu-
tively expressed and can form focal adhesion complexes that
link to the F-actin cytoskeleton (Carter et al. 1991; Hertle et al.
1991). Also expressed at low levels are the av 35 receptors for
vitronectin (Adams and Watt 1991), and, in wound-healing
conditions, a9 1, 531, and avf36 are all increased (Hertle
etal. 1992; Larjava et al. 1993; Cavani et al. 1993; Singh et al.
2009). The av[36 receptor is also elevated in squamous cell
carcinoma (Thomas et al. 2001). This pattern of integrin
expression varies throughout the skin, and, with increasing
age, there is an overall reduction in the expression of {31
integrins (Giangreco et al. 2010). Integrins are essential for
anchorage of the epidermis to the basement membrane, and
loss or malfunction causes blistering skin diseases such as
Kindler Syndrome (Siegel et al. 2003; White and McLean
2005) and various forms of Epidermolysis Bullosa (Georges-
Labouesse et al. 1996; Pulkkinen et al. 1998; Kiritsi et al.
2013).

In addition to their function as a mechanical linker,
integrins play an import role in signaling and the regulation
of keratinocyte behavior. Ligation of (31 integrins by ECM
proteins maintains keratinocytes in an undifferentiated state
(Adams and Watt 1989; Jones and Watt 1993; Watt et al.
1993), while loss of adhesion, either in suspension culture or
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on micro-patterned surfaces, rapidly induces terminal differ-
entiation (Watt et al. 1988; Adams and Watt 1989; Connelly
et al. 2010). Deletion of 31 integrins in the adult mouse
epidermis similarly causes epidermal thinning and reduced
proliferation (Lopez-Rovira et al. 2005). Furthermore, 31
and «6 are elevated in the epidermal stem cell population
and can be used to isolate stem cells either by flow cytometry
or adhesion to ECM-coated surfaces (Jones and Watt 1993; Li
et al. 1998). Downstream of integrins, MAPK mediates stem
cell proliferation (Zhu et al. 1999), while the actin cytoskele-
ton and AP-1 transcription factors control terminal differenti-
ation (Gandarillas and Watt 1995; Connelly et al. 2010).
Integrin expression can also be tuned by c-Myc, a key up-
stream regulator of epidermal cell fate and adhesion (Frye
et al. 2003). In contrast to the role of the 31 integrins, the
laminin-specific subunits, «3, «6, and (34, have a milder
effect on cell behavior. Loss of these integrins alone or in
combination results in epidermal blistering and apoptosis,
while tissue development, proliferation, and differentiation
are all normal (DiPersio et al. 1997; DiPersio et al. 2000).
Together, these findings indicate that the (31 integrin directly
regulates cell signaling and fate within the epidermis, and that
the laminin-specific receptors are important for tissue mechan-
ics and integrity.

The role of integrins in wound healing
Acute wound healing

Integrin-mediated adhesion to the ECM plays a vital, yet
complex role in cutaneous wound healing. Integrins regulate
the activity of multiple cell types at each stage of healing, but
are particularly important for re-epithelialization of the epi-
dermal layer. During this phase of healing, keratinocytes at the
wound margin migrate over newly deposited granulation tis-
sue and expand in number to repair the damaged epidermis,
and efficient re-epithelialization is necessary to regenerate a
functional barrier and protect the wound from infection. The
expression pattern and function of key integrin receptors is
summarized in Table 1.

The wound bed ECM is distinctly different from the base-
ment membrane on which keratinocytes normally adhere, and
cells adapt their integrin expression profile in response to this
new environment (Fig. 1a, b). While the basement membrane
comprises laminin 332, collagen type IV, and collagen type
VII, the ECM of the wound bed contains high levels of
collagen type I, fibronectin, vitronectin, and fibrinogen
(Grinnell et al. 1981; Clark et al. 1982). Correspondingly,
keratinocytes begin expressing the fibronectin receptor
531 and upregulate the vitronectin receptor ocv35 (Larjava
et al. 1993; Cavani et al. 1993) following wounding. Howev-
er, once re-epithelialization is complete, both basal and
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suprabasal keratinocytes switch from avf35 to av36 expres-
sion (Clark et al. 1996). In addition, the laminin 332 receptor
«3p1 increases during re-epithelialization, while x634-
containing hemisdesmosomes are disassembled (Geuijen and
Sonnenberg 2002). Once the epidermis closes, it remains
hyperproliferative, and the upregulated receptors continue to
be expressed in both the basal and suprabasal layers before
returning to a normal expression pattern when healing is
complete (Hertle et al. 1991; Juhasz et al. 1993). Thus,
keratinocyte integrin expression during wound healing is spa-
tially and temporally controlled and correlates with specific
phases of tissue repair.

Although the upregulation of fibronectin and vitronectin
receptors suggests that these integrins facilitate keratinocyte
migration over the wound bed, functional studies have yet to
establish a definitive role. In vitro, human keratinocytes ad-
here to fibronectin via the 531 receptor and vitronectin via
the avP5 (Adams and Watt 1991). Similarly, keratinocytes
engage the «531 receptor to migrate on fibronectin (Clark
et al. 1982; Takashima and Grinnell 1985; Kim et al. 1992),
while migration on vitronectin depends on acv35 (Kim et al.
1994). Nevertheless, deletion of either the 35 or 36 subunits
do not affect normal wound closure in mice (Huang et al.
1996; Huang et al. 2000), suggesting functional redundancy
between fibronectin and vitronectin receptors in vivo. Al-
though «5 knockout mice are not viable (Yang et al. 1993),
it is likely that av35 or av36 would similarly compensate for
deficiencies in the «5f31 in keratinocytes. Recently, studies
have further identified the a9f31 receptor, which binds
tenascin-C, osteopontin, and fibronectin, as a novel regulator
of epidermal proliferation following wounding (Singh et al.
2009).

Like the fibronectin and vitronectin integrins, the contribu-
tions of the laminin receptors, 331 and «634, to wound
healing are highly complex. The hemidesmosomal receptor
634 maintains stable adhesion of the epidermis to the base-
ment membrane. While overall expression remains stable
during wound healing (Larjava et al. 1993), disassembly of
these adhesions facilitates keratinocyte migration (Geuijen
and Sonnenberg 2002). The function of the «331 receptor,
however, is less clear. In vitro, laminin 332 and the x3f31
receptor both inhibit keratinocyte motility (O’Toole et al.
1997; deHart et al. 2003; Margadant et al. 2009), while other
reports indicate that «331 regulates polarization and
lamellapodia formation via Racl and focal adhesion kinase
(FAK) activation (Choma et al. 2004, 2007). In addition, o3
directs the deposition and organization of laminin-332 by
keratinocytes (Hamelers et al. 2005). In vivo, however, com-
plete knockout of &3 results in impaired re-epithelialization
via altered TGF-f3 signaling (Reynolds et al. 2008), and
conditional deletion within the epidermis only slightly accel-
erates wound closure (Margadant et al. 2009). The 331
receptor has also recently been shown to regulate angiogenesis



Cell Tissue Res (2015) 360:571-582 575

Table 1  Summary of integrin expression and function in intact skin and during wound healing

Integrin Ligand Expression in Expression in Function

intact skin wound healing

xl1B1 Collagens Dermis Yes Fibroblast adhesion and collagen
synthesis.

o231 Collagens Dermis and Yes Required for keratinocyte

epidermis adhesion and migration on type I
collagen in vitro.

o331 Laminin 332 Epidermis Upregulated Required for maintenance of
basement membrane and
epidermal adhesion. Regulates
keratinocyte motility and
lamellipodia formation.

«5p1 Fibronectin Dermis Upregulated in Mediates fibroblast and

epidermis keratinocyte adhesion and
migration on fibronectin.

avp33 Vitronectin, Dermis Yes Mediates fibroblast adhesion and

fibrin, and migration on diverse ECM
fibronectin proteins.

avp5 Vitronectin Epidermis Upregulated Mediates keratinocyte adhesion

(weak) and migration on vitronectin in
vitro.

avp6 Fibronectin Epidermis Upregulated Mediates keratinocyte adhesion to

and tenascin (weak) fibronectin in vitro and
antagonizes wound closure.
Elevated expression in chronic
wounds, SCC, and psoriasis.
x634 Laminin 332 Epidermis Stable expression, Provides stable cell adhesion to
hemidesmosomes the basement membrane via
disassembled hemidesmosomes.
o931 Tenascin, Epidermis Upregulated Required for proliferation of
osteopontin, (weak) and epidermis after wounding
and fibronectin dermis

through mitogen-regulated protein 3 (MRP3), and could fur-
ther influence the overall healing process by secondary sys-
temic effects (Mitchell et al. 2009). At this point, it is therefore
unclear whether the impact of «331 on cutaneous wound
healing is a direct consequence of altered keratinocyte migra-
tion, growth factor signaling, or both, and additional investi-
gation is needed in this area.

In contrast to other subunits, the importance of the (31
integrin is relatively well established. Conditional deletion of
the 31 subunit in the mouse epidermis prevents re-
epithelialization and inhibits closure of excisional wounds
(Grose et al. 2002). This response is due to impaired
keratinocyte migration, rather than proliferation, and is asso-
ciated with a reduction in laminin 332 in the basement mem-
brane. It is likely that the essential role of the (31 subunit in re-
epithelialization reflects its ability to bind multiple alpha
subunits, including the «2, &3, «5, and &6 dimers. Loss of
the 231 integrin, which binds fibrillar collagens, has no
reported effect on re-epithelialization but increases angiogen-
esis following wounding (Chen et al. 2002; Grenache et al.
2007). These findings are again in contrast to the in vitro

studies, in which the «x2f31 receptor is required for
keratinocyte adhesion and migration on type I collagen
(Grenache et al. 2007), and provide another example of the
discrepancies between in vitro and in vivo studies. It is worth
noting that some of the differences between in vitro experi-
ments with human cells and in vivo wounding studies in mice
may reflect intrinsic differences in wound healing between the
two species (Ansell et al. 2012). In mice, the skin is much
looser and heals mostly by contraction, while in humans re-
epithelialization plays a greater role.

Downstream effectors of integrin receptors, such as focal
adhesion signaling molecules and Rho GTPases, have also
been implicated in wound re-epithelialization. For example,
FAK is required for keratinocyte migration in vitro, yet is
dispensable for wound closure in vivo (McLean et al. 2004).
In addition, integrin-linked kinase (ILK) regulates epidermal
morphogenesis and promotes keratinocyte migration in vitro,
and loss of ILK inhibits in vivo wound closure (Lorenz et al.
2007; Serrano et al. 2012). Rho GTPases control cytoskeletal
organization and migration in many cell types, including
keratinocytes. RhoA activation promotes keratinocyte
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Intact Epidermis

K5/K14

Laminin 332

a6p4 a3p1

C Micro-patterned cell migration assay

Micro-patterned POEGMA brushes

Activated brushes

Bare gol RGD

peptide

“Click”
reaction

t=24h

MDCK

Fig. 1 Schematic of integrin expression and mechano-sensing during
wound healing. a a331 and 634 provide stable adhesion to the
basement membrane and physically link with the actin and keratin
cytoskeletons, respectively. b Following wounding, hemidesmosomes
are disassembled, while a331, 531, and av35 are each upregulated

contractility and migration (Jackson et al. 2011), while Racl is
required for stable lamellapodia formation in migrating cells
(Choma et al. 2004; Tscharntke et al. 2007). Furthermore, loss
of Racl in the epidermis significantly inhibits wound closure
via defects in migration and proliferation (Tscharntke et al.
2007).

Looking beyond re-epithelialization of the epidermis,
integrins also regulate the activity of other cells types during
wound repair. Conditional deletion of the 31 subunit in der-
mal fibroblasts significantly inhibits wound closure through
TGF-{ signaling, and involves reduced fibroblast migration,
matrix production, and contractility (Liu et al. 2010). As noted
above, mice lacking o2 subunits have no obvious skin abnor-
malities (Chen et al. 2002); however, loss of the 1 subunit
increases type I collagen expression (Gardner et al. 1999). As
both 131 and x231 bind collagen, these receptors could
potentially compensate for each other, and it would be
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Wounded Epidermis

Leader cell

Increased RhoA activation
Acto-myosin contractility
ECM traction forces

Follower cells
Intercellular tension
Tissue cohesion

while migrating on newly deposited ECM. ¢ Example of micro-patterned
migration assay for studying collective epithelial migration (Costa et al.
2014). d Schematic of mechanical forces involved in collective migration
of epithelia, including high ECM traction forces generated by the leader
cell and intercellular tension between follower cells

interesting to see the consequences of conditionally knocking
out both the &1 and «2 subunits. In vitro, dermal fibroblast
migration on fibronectin requires both the integrin binding
motif and synergy site, specific for «531 (Clark et al. 2003).
These findings suggest that the inhibitory effect of 31 deletion
on fibroblast migration may be attributed to impaired adhesion
to fibronectin and collagen. Fibroblasts can also adhere to
vitronectin and fibrin through av33 receptors (Gailit and
Clark 1996; Gailit et al. 1997), which may support migration
through the complex ECM of the wound environment. Final-
ly, angiogenesis within the healing wound is essential for
tissue regeneration and depends on integrin-mediated adhe-
sion to the ECM (Herouy et al. 2000; Mitchell et al. 2009).
Numerous studies have examined the role of integrins in
angiogenesis, and these findings are reviewed in depth else-
where (Brooks et al. 1994; Stupack and Cheresh 2004;
Ramjaun and Hodivala-Dilke 2009).
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Chronic wounds

Chronic wounds, such as diabetic and venous ulcers, are a
major healthcare problem, which affects approximately 6.5
million people and costs over $25 billion per year in the U.S.
(Sen et al. 2009). While the underlying causes are highly
complex, integrin-mediated adhesion to the ECM may play
an important role. Several studies have demonstrated that both
the plasma and the wound bed of diabetic patients with
chronic wounds have reduced levels of fibronectin compared
to healthy patients (Labat-Robert et al. 1984; Wysocki and
Grinnell 1990; Herrick et al. 1992), and fibronectin molecules
within the wounds of diabetic patients are more degraded
(Grinnell et al. 1992; Wysocki et al. 1993). Similarly, collagen
type I and type III are reduced in diabetic mouse models of
impaired healing (Caskey et al. 2014). Together, these data
suggest that, in chronic wounds, an inability to form a wound
bed with the appropriate ECM composition may inhibit cell
migration and wound closure.

Studies on the direct role of integrins in chronic wounds,
however, are still in their early stages. Loss of integrin «3
results in wound-induced disruption of laminin-332 in the
basement membrane and blistering in mice (Longmate et al.
2014), while o3 mutations are associated with mild blistering
in human patients (Has et al. 2012). However, there is clear
evidence that 36 integrins influence chronic wound develop-
ment. Targeted overexpression of 36 in the mouse epidermis
causes a subset of animals to develop spontaneous, non-
healing wounds, consistent with elevated av[36 expression
in human chronic wounds (Héakkinen et al. 2004). In both
instances, upregulation of (36 is associated with enhanced
TGF-3 signaling (Hékkinen et al. 2004). Conversely, 36
deficiency further inhibits wound closure when challenged
with aging or steroid treatment (AlDahlawi et al. 2006). To-
gether, these findings suggest a multi-functional role for the
(36 subunit in wound healing in which it may regulate several
processes or elicit distinct cellular responses, depending on the
context and level of expression. While these results provide
preliminary evidence of defects in cell-ECM and integrin-
mediated adhesion in chronic, non-healing wounds, additional
studies are needed to understand how other integrin receptors
may be involved in the pathogenesis of chronic wounds and
the mechanisms involved.

Mechano-sensing and wound repair

As integrins are adhesion molecules linked to the cytoskele-
ton, they play a central role in sensing the physical properties
of the extracellular environment. For example, the stiffness of
the matrix influences cell migration, with decreasing migra-
tion speed and enhanced focal adhesion signaling observed on

stiffer substrates (Pelham and Wang 1997). Elevated focal
adhesion phosphorylation on stiff substrates also depends on
myosin II contractility, indicating that cells mechanically
sense their environment through integrins (Pelham and Wang
1997), and matrix elasticity specifically regulates the size and
strength of focal adhesions (Choquet et al. 1997; Riveline
et al. 2001). Furthermore, matrix mechanics can have a pro-
found impact on cell function. For example, mesenchymal
stem cells (MSCs) express tissue-specific markers for bone,
muscle and brain according to the elasticity of the underlying
matrix (Engler et al. 2006). Increased matrix cross-linking and
tissue stiffening is also associated with tumor formation and
progression (Levental et al. 2009), and matrix stiffness regu-
lates the invasive behavior of cancer cells via Rho and ERK
signaling (Paszek et al. 2005). Thus, integrin-mediated adhe-
sion is a central component of cellular mechanotransduction.

During wound healing, the composition and structure of
the ECM changes dramatically from fibrin clot formation to
granulation tissue deposition and eventually to tissue remod-
eling. Such alterations in the ECM likely impact the biophys-
ical and mechanical properties of the tissue and could poten-
tially affect cell behavior. Findings from our laboratory and
others indicate that keratinocytes indeed sense and respond to
changes in their physical environment. Cell rounding induced
by limited adhesion to the ECM promotes terminal differen-
tiation of human keratinocytes via changes in cytoskeletal
organization and activation of AP-1 transcription factors (Watt
et al. 1988; Connelly et al. 2010). The degree of tethering of
ECM proteins similarly affects integrin clustering, which in
turn regulates keratinocyte shape and differentiation
(Trappmann et al. 2011). In addition, dynamic stresses im-
posed by stretching activate calcium signaling in human
keratinocytes (Tsutsumi et al. 2009). Recent studies also indi-
cate that the keratin cytoskeleton has a significant influence on
keratinocyte mechanics and mechanotransduction (Ramms
et al. 2013; Seltmann et al. 2013; Gregor et al. 2014), sug-
gesting that both focal adhesions and hemidesmosomes sense
mechanical forces within the epidermis.

While it is clear that physical and mechanical cues regulate
basic keratinocyte functions (Reichelt 2007; Evans et al.
2013), a direct effect on cell behavior during wound healing
has yet to be determined. A significant challenge for these
types of studies is the complexity of the wound environment
and de-coupling mechanical and structural properties from
other factors such as nutrient diffusion and growth factor
signaling. Moreover, the dynamic nature of the wound-
healing process creates an additional layer of complexity.
One approach to overcoming these challenges is to engineer
model in vitro systems in which the physical environment can
be controlled and studied in a systematic manner. In recent
years, many groups have employed micro-patterned ECM
surfaces (Chen et al. 1997; McBeath et al. 2004; Thery et al.
2005; Connelly et al. 2010) or hydrogels with tuneable
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mechanics (Pelham and Wang 1997; Engler et al. 2006;
Trappmann et al. 2011; Yang et al. 2014) to study cell-matrix
interactions. This approach has recently been extended to
studying wound healing and epithelial migration (Vedula
et al. 2014), and several investigators have taken advantage
of advances in biomaterial science to create dynamically
adhesive or stimuli-responsive substrates. Examples of these
strategies include selective removal of non-adhesive materials
using light or electric potentials (Raghavan et al. 2010;
Vignaud et al. 2012), host—guest chemistry (Boekhoven
et al. 2013), light-activated de-protection of adhesive ligands
(Weis et al. 2013), and click chemistry coupling reactions,
such as azide-alkyne addition (Van Dongen et al. 2013). Our
group has also developed a novel dynamically adhesive
micro-patterned system using photo-activated, thiol-yne reac-
tions (Costa et al. 2014). This strategy can be used to introduce
new ECM-mimetic ligands in the presence of cells and acti-
vate cell migration into previously non-adhesive regions
(Fig. 1c). We believe that these types of systems will be
powerful research tools for studying cell migration and wound
healing as they allow dynamic control over the cell’s adhesive
microenvironment.

Collective cell migration is a fundamental process in which
groups of cells migrate together in a coordinated fashion and
which occurs in wound healing (Theveneau and Mayor 2013),
development (Uriu et al. 2014) and cancer invasion (Gaggioli
et al. 2007). Several recent studies have leveraged engineered
in vitro systems to study the migration of simple epithelia and
gain insight into the regulatory mechanisms governing collec-
tive migration. For example, following the release of MDCK
cells from micro-stencils, a leader cell initiates migration and
generates strong, RhoA-mediated traction forces in the direc-
tion of migration (Reffay et al. 2014). Intercellular tension at
adherens junctions simultaneously maintains tissue cohesion
and pulls follower cells along (Fig. 1d). Interestingly, substrate
stiffness reciprocally regulates epithelial migration via myosin
I contractility (Ng et al. 2012). Moreover, the response to
substrate rigidity depends on the specific integrins involved.
In myoepithelial cells, for instance, differences in binding
kinetics between 531 and av(36 determine the level of
traction force a cell can generate for a given substrate stiffness
(Elosegui-Artola et al. 2014). As these receptors are upregu-
lated in cutaneous wound healing, it is interesting to speculate
whether they also play a role in mechano-sensing within
normal and chronic wounds.

One study specifically examining collective migration in
human keratinocytes found that keratinocytes generate partic-
ularly high levels of intercellular tension compared to other
epithelia, and that this tension maintains the integrity of the
epithelial sheet when migrating over sparse ECM substrates
(Vedula et al. 2014). The authors propose that epithelial bridg-
ing may aid re-epithelialization in a wound environment with
limited or variable ECM adhesion. This phenomenon may
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also facilitate wound closure in the absence of specific
integrins, and potentially explain why so few knockout
models display a wound-healing phenotype. While it is clear
that the physical and mechanical environment plays an impor-
tant role in keratinocyte migration, more research is needed to
understand the precise mechanisms involved and the impact
on overall wound repair. Key areas for future investigation
include defining the roles of specific integrin receptors, cyto-
skeletal components, and the downstream targets of
mechanotransduction, as well as detailed analysis of the me-
chanical environment within the wound.

Conclusions

Integrin receptors in the epidermis of the skin perform com-
plex functions required for tissue integrity, homeostasis, and
repair. In the intact epidermis, the laminin 332 receptors
provide anchorage to the basement membrane, while signal-
ing through the 31 subunit controls stem cell proliferation and
terminal differentiation. Integrin expression changes markedly
during re-epithelialization, with upregulation of fibronectin
and vitronectin receptors. The 31 integrin is essential for
keratinocyte migration and overall wound closure; however,
the significant redundancy between other receptors has made
it difficult to determine their specific functions in vivo. Nev-
ertheless, recent evidence suggests that integrin dysfunction,
either through altered ECM composition or regulation of
integrin expression, may contribute to impaired re-
epithelialization in chronic wounds. Integrin receptors also
play an important role in keratinocyte mechano-sensing, and
the application of engineered model systems could provide
new insights into how they mediate cell function within the
dynamic wound-healing environment. Therapeutic interven-
tions targeting integrin-mediated adhesion or downstream
mechanotransduction pathways may therefore be a potential
strategy for improving tissue repair in patients with chronic
wounds.
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