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Abbreviations
and Acronyms

«SMA = alpha—smooth muscle
actin

ADAM=a disintegrin
and metalloproteinase

BM =hasement membrane
CCN=Cyr61-CTGF-Nov
COL=collagen
CT=connective tissue

CTGF=connective tissue
growth factor

EC=endothelial cell

ECM =extracellular matrix
EDA/B =extra domain A/B
EGF = epidermal growth factor
EGFR=EGF receptor

EMILIN = elastic microfibril
interface—located protein

FAK =focal adhesion kinase
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COMPREHENSIVE INVITED REVIEW

Integrins in Wound Healing

Leeni Koivisto, Jyrki Heino,? Lari Hakkinen, and Hannu Larjava'*

"Laboratory of Periodontal Biology, Department of Oral Biological and Medical Sciences, Faculty of Dentistry, University of
British Columbia, Vancouver, Canada.
?Department of Biochemistry, University of Turku, Turku, Finland.

Significance: Regulation of cell adhesions during tissue repair is fundamen-
tally important for cell migration, proliferation, and protein production. All
cells interact with extracellular matrix proteins with cell surface integrin re-
ceptors that convey signals from the environment into the nucleus, regulating
gene expression and cell behavior. Integrins also interact with a variety of
other proteins, such as growth factors, their receptors, and proteolytic en-
zymes. Re-epithelialization and granulation tissue formation are crucially
dependent on the temporospatial function of multiple integrins. This review
explains how integrins function in wound repair.

Recent Advances: Certain integrins can activate latent transforming growth
factor beta-1 (TGF-f1) that modulates wound inflammation and granulation
tissue formation. Dysregulation of TGF-f1 function is associated with scarring
and fibrotic disorders. Therefore, these integrins represent targets for thera-
peutic intervention in fibrosis.

Critical Issues: Integrins have multifaceted functions and extensive crosstalk
with other cell surface receptors and molecules. Moreover, in aberrant healing,
integrins may assume different functions, further increasing the complexity of
their functionality. Discovering and understanding the role that integrins play
in wound healing provides an opportunity to identify the mechanisms for
medical conditions, such as excessive scarring, chronic wounds, and even
cancer.

Future Directions: Integrin functions in acute and chronic wounds should be
further addressed in models better mimicking human wounds. Application of
any products in acute or chronic wounds will potentially alter integrin func-
tions that need to be carefully considered in the design.
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SCOPE AND SIGNIFICANCE
WouUNDs ARE COMMON in skin and
oral mucosa, and they are caused by
either trauma or surgery. Wound
healing is a coordinated, progressive
process which is used to restore the
barrier function and integrity of the
epithelium that involves blood coag-
ulation, inflammation, re-epithelial-
ization by migrating keratinocytes,
granulation tissue formation, angio-
genesis, and, eventually, tissue re-
modeling. The formation and
regulation of cell adhesions via in-
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tegrin receptors play a fundamental
role during all phases of wound
healing.!? In the present review, our
main focus will be on integrin ex-
pression and functions during re-
epithelialization and granulation
tissue formation.

TRANSLATIONAL RELEVANCE
Oral mucosal wounds heal with
minimal scarring compared with skin
wounds. Integrins are likely to play
a role in regulating this differential

DOI: 10.1089/wound.2013.0436
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healing outcome, although direct evi-
dence is still lacking. Understanding
the pathways that are important for
scarless healing will help in the de-
velopment of therapies for the pre-
vention of scar formation in skin.?
There are no commercial wound
healing products in the market at the
present time that are based on in-
tegrin functions. However, some
therapies targeting o,fg integrin are
being developed that show promise in
reducing fibrosis.* In addition, trans-
ferring oral cells to an extra-oral lo-
cation to improve healing outcomes
has been proposed.®

CLINICAL RELEVANCE

Wound healing problems are very
common, affecting millions of peo-
ple worldwide every year. Some
wounds cause morbidity, because
they over-heal with extensive scar-
ring and others, because they fail
to heal, becoming chronic. At the
molecular level, integrin-mediated
adhesion is likely to participate in
both conditions.

OVERVIEW

The process of wound healing has
been recently reviewed and is,
therefore, only briefly covered here
(Fig. 1).5® Wound healing starts
with blood clotting that initially seals
the wound.” Platelet activation dur-
ing the primary hemostasis releases
anumber of important cytokines that
provide chemotactic signals to in-
flammatory and resident cells. Dur-
ing this innate immune response,
inflammatory cells (first neutrophil
granulocytes, later macrophages,
lymphocytes, and mast cells) which
have been recruited to the wound site
release more cytokines and chemo-
kines that activate and recruit the
resident epithelial cells and fibro-
blasts at the wound margins.'®
Within 24 h after wounding, epithe-
lial cells at the wound margins start

to form cellular extensions into the
clot and dissolve their hemi-
desmosomal adhesions to the base-
ment membrane. Keratinocytes
behind the leading edge start prolif-
erating to seed more cells into the
wound site. Keratinocytes migrate
over the wound bed until they con-
tact the front of the leading cells
coming from the other side of the
wound.! The formation of granula-
tion tissue starts simultaneously
with re-epithelialization.® Granula-
tion tissue replaces the provisional
wound matrix and provides a scaffold
for connective tissue formation. In-
jury to the tissue also initiates an-
giogenesis (formation of new blood
vessels from pre-existing blood ves-
sels).’? Wound angiogenesis is tight-
ly associated with granulation tissue
formation and has many similarities
to re-epithelialization. Similarly to
the epithelial cells, the endothelial
cells or their precursor cells in the
pre-existing blood vessels become
activated by cytokines and start to
migrate to the wound provisional
matrix. They create the granulation
tissue along with the activated fi-
broblasts, mesenchymal progenitor
cells (pericytes and other mesenchy-
mal stem cells), and circulating fi-
broblast-like cells (fibrocytes) that
also migrate to the provisional ma-
trix. When a sufficient amount of
collagen is produced into the granu-
lation tissue, wound contraction is
started by myofibroblasts that dif-
ferentiate from local resident fibro-
blasts or other progenitor cells. This
process pulls wound margins closer
together, reducing the wound area
and accelerating the wound closure.
After wound contraction, granula-
tion tissue remodeling takes place.
During this process, myofibroblasts
degrade, remodel, and re-organize
the wound extracellular matrix
(ECM). The maturation to connective
tissue is slow and can continue for
months if not years.

Abbreviations

and Acronyms (continued)
FAP =fibroblast activating
protein

FBL=fibroblast

FC=wound (fibrin) clot
FGF=fibroblast growth factor
FN =fibronectin
GT=granulation tissue
HB-EGF=heparin-binding
EGF-like growth factor

ICAM =intercellular adhesion
molecule

ILK=integrin-linked kinase
KC =keratinocyte

LAP =latency-associated
peptide

LM =Ilaminin

LTBP =latent TGF-1-binding
protein

MMP =matrix metallo-
proteinase

NK=natural killer cell
OPN = osteopontin

PDGF = platelet-derived growth
factor

RGD =arginine-glycine-
aspartic acid
ROS =reactive oxygen species

SPARC =secreted protein
acidic and rich in cysteine

TGF=transforming growth
factor

TN =tenascin
TSP =thrombospondin

uPAR=urokinase-type
plasminogen activator receptor

VCAM =vascular cell adhesion
molecule

VEGF=vascular endothelial
growth factor

VN =vitronectin
VWF=von Willebrand factor
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Granulation tissue remodeling and connective tissue maturation
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Figure 1. Wound healing phases. The approximate timing of coagulation,
inflammation, re-epithelialization, angiogenesis as well as granulation tis-
sue formation and remodeling. Adapted from Hikkinen et al®

Oral soft tissue healing proceeds with the same
principles as in skin. However, in some parts of oral
mucosa (gingiva, palatal mucosa), the result is a
clinically scar-free healing with histological fea-
tures of almost normal connective tissue; while
healing in the skin often ends in a formation of a
connective tissue scar with reduced tensile
strength, disoriented collagen fibers, and other
molecular alterations.® Differences in integrin—
ECM interactions between these two tissues likely
influence the divergent healing outcomes.

DISCUSSION OF FINDINGS
AND RELEVANT LITERATURE
The playing field of wound healing:
specialized ECM molecules in the provisional
wound matrix and granulation tissue

The ECM is a highly dynamic structure that
comprises hundreds of different proteins.'®* The
interactions between cells and their environment
are bidirectional and dynamic—the cells can mod-
ulate the structure and composition of ECM, and
the ECM, in turn, guides cell morphology and be-
havior, including proliferation, differentiation,
survival, and migration in tissue homeostasis and
during wound healing.»? Micro RNAs have been
recently shown to provide one mechanism for the
cells to control the composition of the ECM and the
cell phenotype.*®

In wounds, keratinocytes and fibroblasts en-
counter a multifaceted environment of ECM
molecules, matrix-degrading enzymes, growth
factors, and cytokines that are not present in
their normal surroundings.®!! The initial plasma-
derived proteins, including fibrinogen, fibronec-
tin, and vitronectin form the provisional wound
matrix of the blood clot and act as a scaffold for

further ECM accumulation.'®'® In addition, the
developing granulation tissue contains ECM pro-
teins that are released or synthesized by the
wound cells at the injury site, such as osteopontin,
thrombospondins, secreted protein acidic and rich
in cysteine (SPARC), tenascins, collagens, and
alternatively spliced forms of fibronectin.®%2!
These proteins are only transitionally present in
wounds, although their expression may continue
long after the wound has clinically and histologi-
cally healed. The provisional basement membrane
that supports keratinocyte migration during re-
epithelialization contains extra domain A (EDA)
fibronectin, tenascin-C, and laminin-332.11?2 Stud-
ies in knockout mice have provided considerable
insight into the roles that ECM molecules play
during various phases of wound healing in vivo
(Table 1).232*

In this section, we briefly focus on ECM mole-
cules that have an important role in the regulation
of fibroblast and keratinocyte behavior and func-
tions during wound healing, namely fibronectin,
tenascin-C, collagens, and laminin-332.

Fibronectin. Fibronectins are ECM proteins
that have a multidomain structure, in which the
various domains serve different functions, such as
binding to specific integrins and ECM molecules
(Fig. 2A).18:226 Plagma fibronectin is produced by
hepatocytes and circulates in blood. It becomes
incorporated into the fibrin clot during blood clot-
ting process either noncovalently or through cova-
lent crosslinking by transglutaminase (activated
factor XIII).

Wound fibroblasts and keratinocytes produce
cellular fibronectins that contain variable amounts
of alternatively spliced extra domains A and B
(EDA and EDB, respectively; Fig. 2A), which are
not present in plasma fibronectin.'® Interestingly,
fetal wounds in skin and airway mucosa that heal
without scars show no induction of EDA fibro-
nectin expression.?’ Similarly, its expression is
induced more transiently in porcine oral mucosal
wounds that show minimal scarring than in scar
forming skin wounds in the same animals.?® In
addition, EDA fibronectin expression is associated
with many fibrotic conditions, suggesting its im-
portant involvement in the regulation of fibroblast
differentiation into myofibroblasts and matrix
production.®

Tenascin-C. Tenascins belong to the family of
matricellular proteins that regulate cell adhesion
and cytokine activation. Other members of this
group include thrombospondins and SPARCs.
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Table 1. Effect of deficiency or overexpression of certain extracellular matrix molecules on wound healing in mice

ECM Molecule Animal Model

Wound Healing Phenotypes

Fibrinogen Knockout

Wound closure not affected but somewhat increased initial bleeding, defects in granulation

tissue formation and reduced wound tensile strength, altered pattern of epithelial cell migration,
and increased epithelial hyperplasia

Fibronectin Knockout
Plasma fibronectin

Fibronectin EDA

Hepatocyte-targeted knockout
Exclusion of EDA domain

Embryonic lethal phenotype
Normal fibrinogenesis, hemostasis, and wound healing

Keratinocyte migration normal; blurred border between the new epidermis and granulation tissue;

ulceration in the newly formed epidermis; influx of inflammatory cells to ulcerated area

Fibronectin EDA Constitutive inclusion of EDA domain

Normal wound healing but a striking decrease in the levels of fibronectin in most of the organs

No wound healing data due to neonatal lethal phenotype; the animals exhibit epidermal/dermal blistering

Skin wound re-epithelialization normal; defects in corneal wound re-epithelialization; reduced

Laminin-332 Knockout of o3 or p, subunit
of laminin-332
Tenascin-C Knockout
fibronectin expression in wounds
Vitronectin Knockout

Re-epithelialization normal but slightly delayed dermal wound healing, decreased angiogenesis,

and formation of larger blood vessels

Thrombospondin-1 Overexpression (K14-promoter)

Healing of full-thickness skin wounds was greatly delayed with reduced granulation tissue formation

and highly diminished wound angiogenesis

Accelerated wound healing with reduced inflammation and scarring but with irregularly organized

and highly vascularized granulation tissue and thickened epithelium, possibly due to elevated
levels of MMP-2 and MMP-9

Significantly decreased level of debridement, greater disorganization of matrix, and altered collagen

fibrillogenesis with small-diameter collagen fibrils

Accelerated wound closure potentially due to decreased granulation tissue collagen content resulting

in enhanced granulation tissue contractibility

Thrombospondin-2 Knockout
Osteopontin Knockout
Osteonectin/SPARC  Knockout
EMILINT Knockout

Accelerated wound closure due to fibroblast and keratinocyte hyperproliferation

The table is adapted from Koivisto et al,'" with the following additional articles cited: Maclauchlan et a/?® and Danussi et al?*
ECM, extracellular matrix; EMILIN, elastic microfibril interface—located protein; MMP, matrix metalloproteinase; SPARC, secreted protein acidic and rich in cysteine.

Collectively, these proteins appear to have their
main function in reducing fibroblasts migration in
the healing wounds, as evidenced by accelerated
wound closure in the respective knockout mice
(Table 1).2! Tenascin-C is a large, multi-domain
hexameric glycoprotein that is capable of binding
a multitude of matrix proteins and receptors (Fig.
2B).%2° In normal oral mucosa (gingiva), it is
strongly and constitutively expressed in the sub-
epithelial connective tissue, whereas it is weakly
expressed in or absent from healthy skin.?83%:31
During wound healing, its expression is strongly
upregulated in both tissues. Tenascin-C has both
adhesive and anti-adhesive functions depending
on the cellular context. During wound healing, it
can interact with EDA fibronectin and reduce fi-
broblast and keratinocyte adhesion to it, thus al-
lowing faster cell migration.?? Tenascin-C can also
promote fibroblast migration into fibrin-fibronec-
tin matrix via its fibronectin type III repeats.??
Low tenascin-C expression may contribute to
scarring. Oral mucosal and fetal skin wounds that
heal with minimal scarring exhibit early and
continuing expression of tenascin-C even after the
tissue morphology is normalized, whereas skin
wounds that form scars show transient expres-
sion, and tenascin-C is, thus, effectively down-

regulated before remodeling is complete.?®3*

However, its aberrant expression may also be in-
volved in fibrosis, as tenascin-C is highly expressed
in scars, keloids, and lung fibrosis; whereas mice
lacking its expression are protected from bleomycin-
induced lung fibrosis.?>® This protection is attrib-
uted to reduced accumulation myofibroblasts and
impaired transforming growth factor (TGF)-f re-
sponsiveness of the tenascin-C null cells.

Collagens

During the active granulation tissue formation
in the scarlessly healing human oral mucosal
wounds, a number of collagen genes (collagen types
I, III, IV, V, VI, and XV) are significantly upregu-
lated as compared with the unwounded tissue.*
Almost identical sets of genes continue to be ele-
vated in human and pig hypertrophic scars in the
skin,?®37 suggesting that the expression of these
genes relates to both scarless and scar-forming
wounds but that they may be ineffectively down-
regulated in scars. Early wounds contain mainly
fibrillar types III and I collagen produced and
then organized into fibrils by myofibroblasts that

*Larjava H and Hékkinen L, unpublished gene expression profil-
ing of pig wounds performed in 2006, University of British Columbia.
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Figure 2. Structural and functional domains in fibronectin (FN), tenascin-C, and laminin-332, including major ECM and keratinocyte and fibroblast integrin
binding sites. (A) FN consists of two similar subunits that are linked in an antiparallel orientation by two disulphide bridges at their C-termini. It is formed by
repeating homologous type |, Il, and Il units, and it binds to a number of biologically important molecules, including heparin (and heparan sulfate proteo-
glycans), denatured collagen, fibrin, and tenascin-C (TN-C). FN has three sites of alternative splicing: type Il repeats A and B as well as the CSlII segment. The
binding site for asfy, o f1, o8P, and o, fs integrins is located in module Ill;o. In addition, asf3; integrin interacts with a second site, located in module Illg.
Integrins a4f37 and 037 bind to module I1IA. FN is present in blood plasma in a soluble, globular form, and its cell-binding sites are unexposed. The cell-binding
sites become exposed when it is absorbed to fibrin and polymerizes into insoluble fibrils. (B) Three tenascin-C monomers are joined together via their
N-terminal tenascin-C assembly (TA) domains to form a trimer. Two trimers are further linked together to form a hexamer. Each arm of mammalian tenascin-C
consists of EGF-like repeats (EGFL) that are recognized by EGFR, FN type lll-like repeats that contain binding sites for FN and heparin, and a C-terminal
fibrinogen globe (FBG), also interacting with heparin. Nine additional type Ill repeats can be included or excluded by alternative RNA splicing (light green).
Binding sites for integrins are located in module Ill;. (C) Laminin (LM) 332 is a T-shaped molecule consisting of three genetically distinct polypeptide chains, s,
f3, and y,. The oz chain contains five C-terminal globular domains (LG), the f3 chain an N-terminal globular domain (LN), and the y, chain an interrupting
globular domain (L4) in the short arm. Proteolytic cleavage between LG3 and LG4 domains of the o3 chain results in a functional conversion of laminin-332 from
a motility to an adhesion factor. LG3 domain contains the binding site for agf3; and ogf4 integrins, whereas LG4 includes a heparin/heparan sulfate
proteoglycan-binding site. The f3 and y, chains can also be cleaved. The y, L4 domain contains binding sites for nidogen and fibulin, which aid the
incorporation of laminin-332 to the basement membrane. This arm also contains the binding site for o,f3; integrin. The 3 LN domain contains a binding site for
type VIl collagen and a laminin-332—laminin-311 interaction site, which facilitate laminin-332 integration to the ECM. Adapted from Larjava et al?® ECM,
extracellular matrix; EGF, epidermal growth factor; EGFR, EGF receptor. 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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highly express these collagen types.?®3® Fi-

brillogenesis of type I collagen also requires type II1
and V collagens, fibronectin, and integrins.?*°
When the granulation tissue matures, active re-
modeling of collagen fibers will follow, leading to
either a normal connective tissue orientation
(basket weave) or a scar (parallel orientation).®

Laminin-8332. Laminins are heterotrimers of «,
p, and y chains. They can be incorporated into the
ECM by interactions with other ECM molecules.*!
Laminin-332 (a3f3y9, formerly known as laminin-5)
is essential for the formation of hemidesmosomes
and basement membranes, where it interacts with
types VII (anchoring fibrils) and XVII collagen
(BP180).*! Mutations to laminin-332 cause junc-
tional epidermolysis bullosa, in which the affected
patients suffer severe skin blistering due to the
absence or poor development of hemidesmosomes.*?

Laminin-332 polymerization and proteolytical
processing affect its biological functions (Fig.
20).224143 Bor example, activated keratinocytes at
the leading edges of wounds express high levels of
unprocessed laminin-332 o3 chains; while in quies-
cent keratinocytes, these chains are cleaved, which
changes laminin-332 function from migratory to
adhesive and promotes hemidesmosome forma-
tion.** Moreover, in vitro studies demonstrate that
the leading migrating keratinocytes deposit the
unprocessed laminin-332 at the rear of the cell,
forming a trail of laminin-332 deposits.*! The la-
minin-332 ff3 and 7y, chains can also be processed to
promote epithelial cell migration (Fig. 2C).?%4!

In addition to regulating epithelial cell func-
tions, laminin-332 may also modulate granulation
tissue formation, and mutations leading to deletion
of the N-terminus of the o3 chain are associated
with laryngo-onycho-cutaneous syndrome that
leads to excessive granulation tissue formation in
mucosal tissues.*’

Integrins: cell attachment receptors
and mediators of cellular signaling

Composition and extracellular ligand specificities
of the integrin heterodimers. Integrins are the
main mediators of cell attachment to ECM.*® All 24
integrin-type adhesion receptors are formed by 1 of
the 18 « subunits and 1 of the 8 f§ subunits, which
are bound together in a noncovalent manner (Fig.
3; Table 2).%675° Integrins can be divided into four
subfamilies based on their ligand specificity and/or
phylogenetic comparison of the o subunits (Fig.
3).%6 All multicellular animals have integrin het-
erodimers that recognize a specific three amino
acid motifs, arginine-glycine-aspartic acid (RGD)

Figure 3. Integrin heterodimers. Schematic presentation of the 24 integrin
receptors. Integrins o4f, opf1, o061, and oq1S4: ol domain-containing col-
lagen receptors; asfi, agf, o, onfa ofPs P owPs and opfz: RGD-
binding integrins; asf, agfi1, 2751, and ogfs: laminin receptors; ogfy, ogfhs,
and oy f7: og/ogfy integrin family; oip S, oy fa, omPar axf2, and agf7: leukocyte
integrin subgroup. RGD, arginine-glycine-aspartic acid.

in their extracellular ligands. The vertebrate het-
erodimers in this subfamily of the integrins are
named o531, agf1, P, & Ps, %P5, %Pfe, ovfs, and
o1, and their RGD-containing ECM and plasma
protein ligands include fibronectin, vitronectin, fi-
brinogen, and thrombospondins (Table 2). The
members of the laminin receptor subfamily, osf,
ugP1, o7f1, and agfl, integrins, can mediate cell adhe-
sion to basement membranes in various tissues (Fig.
4A). Integrins ayfi1, aufi7, and ogf; form their own
subfamily. They can recognize ECM ligands such as
fibronectin, but in an RGD-independent manner.
Integrins o4f; and o4f7 can also bind to counter re-
ceptors in other cells, such as vascular cell adhesion
molecule. Integrin o subunits with a special inserted
(«I) domain or von Willebrand factor type A («A) do-
main form the fourth subfamily. Integrin subunits o,
o9, 010, and o1 combine with the f; subunit, and they
bind numerous collagen types (Table 2). Integrins
opfa, o1 fo, onife, dxfe, and agfl; are expressed in leu-
kocytes, and their ligands include counter receptors
such as intercellular adhesion molecules (ICAMs)
and plasma proteins, including complement compo-
nent C3b (Table 2; Fig. 4B).

Integrin participation in embryonic develop-
ment and distinct biological processes has been
extensively studied using knockout and trans-
genic mouse models.*®%” In general, integrin
heterodimers containing either Sy or f; subunit
participate in immunodefence, for example, by
recognizing components of the complement system
or by mediating leukocyte extravasation.®>%® The
most important task of most other integrins is to
anchor cells to tissues. However, these receptors
also often participate in other processes, including
innate immunity and cell regulation by growth
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Figure 4. Basic functions of integrins. (A) Integrins mediate cell adhesion to ECM and form adhesion plaques and intracellular complexes with cytoskeletal
and signaling proteins. Most integrins are connected to actin microfilaments, whereas hemidesmosomal ogf4 integrin is linked to cytokeratins via plectin
protein. (B) Leukocyte integrins can mediate cell-cell adhesion. (C) Integrins also have numerous other functions, such as binding to growth factors. For
example, integrins o, 55 and o, g are critical for in vivo activation of TGF-$1. TGF, transforming growth factor. To see this illustration in color, the reader is

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

factors. For example, the collagen receptor oy,
integrin can also recognize members of the collectin
family, namely C1q complement protein, mannose-
binding lectin, and surfactant protein A.%° The
same receptor can also bind to matrix metallopro-
teinase-1 (MMP-1; collagenase-1) to influence ma-
trix remodeling.”® Furthermore, it can promote cell
locomotion. Another example of the specialized
functions of the integrins is the binding and in vivo
activation of the latent TGF-§ by the fibronectin
receptor integrins o,fs and o,fs (Fig. 4C).5%"!
Many other integrins can recognize various growth
factors and act as assisting or enabling receptors
for them.”® In addition to chemical signals, the in-
tegrin-based adhesion sites also mediate the effects
of mechanical stress from the ECM.”®

Integrins are bidirectional signaling molecules.
Integrins mediate two-directional signaling across
the plasma membrane—extracellular ligand bind-
ing to integrin promotes outside-in signaling,
whereas binding of intracellular signalling mole-
cules (e.g., talin) to the cytoplasmic tail of an in-
tegrin f subunit can initiate integrin inside-out

signaling. Recent development has revealed the
structural basis of the integrin-mediated activa-
tion of cellular signaling pathways.”®” At the
molecular level, the difference between an inac-
tive and a fully activated receptor depends on a
conformational change from a bent to an extended
form with the integrin standing with the legs of the
o and f subunits apart from each other.

In inside-out integrin activation, the relatively
short intracellular parts of the integrin  subunits
seem to play a critical role, as they contain binding
sites for many cytoskeletal and signaling pro-
teins.”®"" Talin, an actin-binding protein, can break
the bonds between the o and f subunits and, con-
sequently, induce an extension of the extracellular
part, and it seems essential for integrin activation
and for the formation of matrix adhesion sites or
adhesion plaques (Figs. 4A and 5).”” The three
members of the kindlin family can also bind to the
intracellular tails of integrin f subunits and acti-
vate the receptors.”® Tyrosine phosphorylation is
fundamentally linked with the regulation of in-
tegrin activity, and protein tyrosine kinases, such as
focal adhesion kinase (FAK), p130Cas, and Src may
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Figure 5. Cytoplasmic integrin signaling complexes. Binding of talin to the
cytoplasmic tail of integrin 5 subunit causes a conformational change in the
receptor that allows for binding of intracellular signaling molecules, such as
tyrosine kinases FAK, Src, and p130Cas as well as other structural proteins,
such as vinculin, which mediate integrin interaction with the actin cyto-
skeleton. These intracellular protein complexes allow for the translation of the
integrin-ECM interaction to a change in cell shape and behavior (e.g., mo-
tility). FAK, focal adhesion kinase. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound

initiate signaling cascades (Fig. 5).” To date, the
integrin adhesome network is reported to include at
least 180 different scaffold and signaling proteins
that can form more than 700 direct protein—protein
interactions.®® Intracellular proteins that mediate
integrin binding to actin microfilaments include
vinculin, paxillin, tensin, filamin, and «-actinin;
whereas signaling proteins such as RhoA family
GTPases regulate reorganization of actin micro-
filaments in the adhesion plaques. In epithelial
hemidesmosomes, ogf, integrins are connected to
intermediate filaments formed by cytokeratins (F'ig.
4B).% In these structures, plectin is a critical protein
that is responsible for the f, integrin—keratin in-
teraction. Integrins also have links to microtubules.
A pseudokinase/adaptor protein integrin-linked ki-
nase (ILK) is essential for this interaction.®?

In outside-in activation, ligand binding to an ac-
tivated receptor leads to further conformational
changes. Fibronectin and laminins attach to the
integrin I domain (also called A domain) and
trigger movement of the leg of the f subunit apart

from that of the o subunit. In leukocyte and collagen
receptor integrins, ligands bind to the «I domain (¢A
domain), inducing a conformational change first in
this domain and, consequently, in the f subunit. In
both cases, the separation of integrin legs promotes
the binding of signaling proteins to integrin cyto-
plasmic tails to initiate cellular signaling.

In addition to the conformational changes, recep-
tor clustering plays a major role in the regulation of
integrin avidity and signaling. Many extracellular
ligands are multivalent to promote receptor cluster-
ing, and they may also contain binding motifs with
different affinity or integrin subtype specificity.

Integrins collaborate with other cell surface recep-
tors and molecules to regulate cellular signaling.
Many integrins associate functionally with growth
factor receptors and regulate their number and
stability on the cell surface by influencing their
endocytosis and recycling.”>" In addition, other
cell surface receptors (e.g., urokinase-type plas-
minogen activator receptor [uPAR]), transmem-
brane adaptor proteins such as caveolin-1, or
members of the transmembrane-4 superfamily
(also called tetraspanins or tetraspans) and mem-
brane lipids (gangliosides) modulate integrin
function and cellular signaling.®®®% These bind-
ing partners may alter integrin conformation and
affinity directly, modulate the avidity of integrins
by regulating their clustering, assist in recruiting
signaling molecules to cell adhesion sites, regu-
late receptor endocytosis, or facilitate cell migra-
tion through tissues. Integrins also cross talk
with cadherins via reactive oxygen species (ROS)-
mediated signaling to coordinate cell-matrix and
cell—cell adhesions during tissue remodeling.®”

Integrin-mediated cell migration

Cell movement involves focalized cell-matrix
interactions. Integrins play a central role in cell
migration, where cell adhesion contacts function
as signaling centers, and the linkages between
ECM and actin cytoskeleton allow adhesion sites
to serve as traction sites for cell movement.%5°
Directional cell migration involves coordinated
assembly of new adhesions at the front of the
migrating cell into cellular protrusions and dis-
solution of adhesion contacts at their rear end.
This process also involves integrin endocytosis
and trafficking. Molecules that have been re-
cently shown to regulate front-rear polarity in
migrating cells include the small GTPases Racl
and RhoG, ILK, Engulfment and Cell Motility-2,
phosphatidylinositol-4,5-biphosphate, actinin-4,
and syndecan-4.°°% The maximum cell migration
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speed is facilitated by medium strength of cell
adhesion—weak adhesion does not provide suffi-
cient traction for cell movement, whereas too
strong an adhesion will render the cells station-
ary.®® The substratum ligand level, the level of
integrin expression in cells and integrin ligand-
binding affinity contribute to the strength of cell
adhesion. Therefore, the strength and turnover
rates of cell attachments to the extracellular en-
vironment determine which cell shapes and forces
are being generated during migration. For exam-
ple, fibroblasts exhibit relatively slow invasive
migration into the loose provisional wound matrix,
whereas keratinocytes migrate relatively fast.5®
Cells also have ways to modify the strength of
their cellular adhesions to promote more effi-
cient movement, for example, by focalized matrix
degradation, by utilizing several low-to-moderate
affinity integrins in concert or by expressing
anti-adhesive ECM molecules underneath them-
selves.

Integrins regulate many aspects of wound healing,
including cellular crosstalk. During wound heal-
ing, cells interact with the wound ECM molecules
with their integrin receptors. Concomitantly,
many integrins are functionally activated or their
expression is either induced or upregulated in re-
sponse to their contact with these ECM molecules.
As evidenced earlier, many integrins can bind
various ECM molecules and, conversely, many
ECM molecules are recognized by several different
integrin heterodimers. Due to their overlapping
specificities and functional compensation, many
integrin knockout animals display surprisingly
mild wound healing phenotypes (Table 2).

There is extensive interaction between the dif-
ferent types of wound cells. ECM proteins and in-
tegrins play key roles in these interactions.®* For
example, knocking out neutrophil and monocyte
integrin oy ff2 delays skin wound re-epithelialization
in mice; whereas elimination of o, 3 integrin, which
is expressed in wounds by platelets, endothelial
cells, macrophages, and fibroblasts, accelerates it
(Table 2).°%°% The formation of a new basement
membrane zone is an example where interaction
between keratinocytes and fibroblasts is crucially
involved, as the basement membrane components
are produced jointly by the two types of cells.®* Si-
milarly, endothelial cells and pericytes collaborate
in the assembly of vascular basement membranes
during wound angiogenesis.”® Keratinocytes also
cross talk with endothelial cells via integrins. For
example, epidermal deletion of the o3 integrin sub-
unit leads to impaired wound angiogenesis due to

decreased expression of the pro-angiogenic mitogen-
related protein-3 by the keratinocytes.’® Moreover,
fibroblasts acquire the myofibroblast phenotype (see
below) under the control of keratinocytes.”*

Next, we will focus on integrin expression and
functions during re-epithelialization and granula-
tion tissue formation. Integrin functions in other
wound cells (e.g., platelets or infiltrating macro-
phages) have been comprehensively reviewed
elsewhere (Table 2).°4556® Much of the data pre-
sented are drawn from reports on human and an-
imal skin wound healing and from experiments
with cultured cells. Information about integrin
functions during oral mucosal healing is also pre-
sented when available. It also needs to be kept in
mind that, in addition to integrins, several non-
integrin adhesions regulate cell functions.®

Integrins control epithelial cell migration
and proliferation during re-epithelialization

Mechanisms of re-epithelialization.  After wound-
ing, keratinocytes are exposed to a new pericellular
environment that consists of proteins of the un-
derlying connective tissue at the wound edge and
the plasma-derived proteins present in the blood
clot (Fig. 6A)."! Their contact with these pro-mi-
gratory ECM molecules, in collaboration with other
factors that influence wound re-epithelialization,
such as proteinases, which cleave matrix molecules
and release matrix-bound growth factors, growth
factors, and cytokines (such as the members of the
epidermal growth factor [EGF] family, TGF-f1,
and fibroblast growth factors [FGFs]) synthesized
by other wound cells and by keratinocytes them-
selves, loss of cell—cell contacts as well as changes
in the direction of the intraepithelial electrical
field, and the concentrations of Mg?* and Ca®" in
the wound fluid, promote keratinocyte transition to
a migratory phenotype.'! The autocrine expression
of heparin-binding EGF-like growth factor by the
keratinocytes is, however, needed for the suste-
nance of the re-epithelialization process (Fig. 6A).%

The activated keratinocytes at the wound edge
dissolve their hemidesmosomal contacts with the
basement membrane, and their morphology
becomes flattened and elongated with long la-
mellipodia that extend into the wound provi-
sional matrix (Fig. 6A). Unlike epidermal
keratinocytes that migrate under the blood clot,
oral mucosal keratinocytes invade into and mi-
grate through it (Fig. 7A, B).°” The leading ker-
atinocytes need to proteolytically dissolve and
remodel the fibrin barrier ahead of them via fo-
calized activation of plasmin by the collaboration
of integrins and uPAR on the keratinocyte cell
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Figure 6. A schematic presentation of KC integrin expression and ECM
molecule distribution during human oral mucosal healing. (A) The contact
with the ECM molecules and pro-migratory growth factors (e.g., EGF)
present in the wound clot activate the wound edge basal KCs. They dis-
solve their hemidesmosomal contacts with the BM and extend into the
wound clot. As they migrate, wound KCs interact with the provisional BM
they deposit underneath themselves. In this provisional matrix, they interact
with EDA FN via osf;, ogffy, and o f; integrins, with TN-C via ogf8; integrin
and with laminin-332 via oyf;, agfy, and ogf, integrins. KC migration is
sustained by their autocrine expression of HB-EGF. (B) After wound edges
have joined, BM is regenerated, and hemidesmosome re-assembly is ini-
tiated. At this point, o, s integrin expression is induced in the wound KCs. It
potentially interacts with and activates latent, ECM-bound TGF-f1 to reg-
ulate KC proliferation, inflammation, and granulation tissue remodeling.
Migrating wound KCs express oy, oaf1, osfi, oef, avfr, and ogfy in-
tegrins; suprabasal early-wound KCs express f3; integrins; late-wound basal
KCs express mainly oyf3y, o3f1, agfhr, o fs and ogfly integrins, whereas the
expression of ozf; and «,f; integrins is downregulated; late wound su-
prabasal KCs express a,f3s integrin. Mature BM consists mainly of laminin-
332, other laminins, collagen types IV and VII, and tenascin-C; provisional
BM consists mainly of laminin-332, EDA FN, and tenascin-C. Connective
tissue (CT) contains type | collagen, other collagens, and FN. Wound clot
(FC) contains fibrin, FN, and vitronectin. Granulation tissue (GT) contains
EDA and EDB FNs, collagen types | and Ill, other collagens, tenascin-C,
fibrin, vitronectin. KC, keratinocyte; BM, basement membrane; EDA/B, extra
domain A/B; HB-EGF, heparin-binding EGF-like growth factor. To see this
illustration in color, the reader is referred to the web version of this article
at www.liebertpub.com/wound

surface to be able to migrate into the wound
clot.”® In re-epithelialization, the keratinocytes
move as a sheet and maintain some of their cell-
cell connections, but the exact mechanism of
their migration has not yet been conclusively
established (Fig. 7A).1199

Keratinocytes adapt to the wound
environment via changes in their integrin
expression and localization

In healthy skin and oral mucosa, the basal ep-
ithelial cells express mainly a3f1, agf1, 29f1, and
ugf4 integrins, which anchor the cells to the un-
derlying basement membrane and maintain the
normal epithelial proliferation and differentiation
patterns as well as the innate epithelial immune
system, with additional weak expression of o5f;
and o,f5 integrins.!11%° As an adaptation to the
new extracellular environment in the wound as
well as to the provisional basement membrane the
keratinocytes assemble underneath themselves
against the provisional wound matrix, there is a
change in the expression levels and/or localization
of the existing keratinocyte integrins and an in-
duction of fibronectin-recognizing osf,, o1, and
o, fs integrins.'* Expression of «,fi5 integrin in the
migrating keratinocytes may depend on the se-
verity of the trauma, as it is expressed in deep
human and porcine excisional skin wounds, but
not in smaller incisional human skin or oral mu-
cosal wounds.’®1%%2 For optimal motility on the
wound composite matrix, keratinocytes seem to
utilize several intermediate strength integrin—
matrix interactions in cooperation. The strength
of their cell adhesion may be regulated by focal-
ized digestion of strong cell adhesion ligands, by
assembly of matrices with reduced adhesiveness,
by reduction of the strength of integrin affinity
through cellular signaling, and by robust expres-
sion of low-affinity integrins.

Integrins guide keratinocyte migration direc-
tionality during re-epithelialization. Integrins are
involved in the guidance of the migration direc-
tionality of wound edge keratinocytes. Integrin oy,
binding to fibrillar dermal collagen at the wound
edge and in the granulation tissue with high affinity
leads to induction of MMP-1 expression and focal-
ized denaturation of the collagen matrix.'°® Kerati-
nocytes do not express any known receptors for
denatured collagen, but it can bind other pro-mi-
gratory ECM molecules, such as fibronectin, and
this process may help regulate the directionality of
keratinocyte migration in wounds.'®® Integrin ogf4
regulates the migratory behavior of keratinocytes by
determining laminin-332 organization underneath
the epithelial front, whereas «3f; integrin may help
in maintaining keratinocyte migration directional-
ity by binding to the laminin-332 that is newly de-
posited on the wound bed at the rear of the cell, thus
regulating their polarization, adhesion, and migra-
tion velocity during re-epithelialization.!?*19
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Figure 7. Active re-epithelialization of a 3-day-old human palatal mucosal wound. (A) Epithelial keratinocytes migrate into the wound provisional matrix
(HE staining). Scale bar: 200 um. (B) Higher magnification image illustrating fibrin (arrow) between the migrating cells and the CT collagen (Mallory’s
phosphotungstic acid hematoxylin staining). Scale bar: 50 um. (C) High expression of «gf3; integrin at the leading keratinocytes (indirect immunofluores-
cence image). (D) High expression of o3/ integrin at the leading keratinocytes (indirect immunofluorescence image). See Larjava et al. for experimental
procedures.”’ To see this illustration in color, the reader is referred to the web version of this article at www.liebertpub.com/wound

Pro-migratory signaling by ogf4 integrin is needed
for keratinocyte migration. Chemotactic factors
(e.g., EGF) promote the mobilization of ogf4 in-
tegrin from hemidesmosomes to the keratinocyte
protrusions by increasing the phosphorylation of
the B4 integrin cytoplasmic domain (Fig. 7C).106:197
Signaling through this receptor is required for
normal re-epithelialization (Table 2). Recently,
ugfs integrin was shown to complex with C4.4A
(a structural homologue of uPAR), MMP-14, and
disintegrin-metalloproteinase TACE to promote
keratinocyte migration on laminin-332, possibly
through focalized laminin-332 degradation.'’® In
addition, it may regulate the expression of «yf; and
a3f; integrins in keratinocytes.'%°

Integrins of the (4 family are essential for wound
re-epithelialization. The expression of f; integrins
is strongly upregulated after wounding in the
wound-edge keratinocytes and in several supra-
basal keratinocyte layers, and they are critical for
proper re-epithelialization (Fig. 6A).'° Recently, it
was shown that adaptor protein 4.1R regulates the
expression of f; integrins in wound keratinocytes,
and its loss results in defective re-epithelializa-
tion.''! Wounding causes an increase in the ex-
pression of asfi1, a3f01, and agf; integrins as well as
their relocation onto the basal cell membrane of the

basal keratinocytes and an induction of «,f; and
5P, integrin expression (Fig. 6A).%° The impor-
tance of these individual f; integrins for re-
epithelialization is not yet completely understood.
For example, o3f; integrin, which is upregulated in
migrating epithelial front in wounds (Fig. 6D), has
been reported to either promote or inhibit kerati-
nocyte migration and re-epithelialization depend-
ing on the experimental model both in vitro and
in vivo (Table 2). f; integrins can also modify each
other’s ligand binding. For example, a3f; integrin
is a trans-dominant inhibitor of asff; and o5f; in-
tegrins, and it can moderate their binding affinity
toward collagen and fibronectin, respectively,
during re-epithelialization.'?

Fibronectin receptors o5/51 and o, 1 are induced in
the migrating wound keratinocytes (Fig. 6A). Un-
like o531 integrin, which is required for keratinocyte
migration and fibronectin matrix assembly, /1
integrin is a low-affinity fibronectin receptor that
only weakly supports keratinocyte migration.'®
It may, thus, facilitate keratinocyte migration
on the underlying EDA fibronectin during re-
epithelialization by supporting cell attachment
without decelerating the migration speed. In addi-
tion, deposition of tenascin-C underneath the mi-
grating epithelium reduces the affinity of o5/
integrin toward fibronectin to facilitate keratinocyte
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migration.?” Migrating keratinocytes also express
low levels of «,f5¢ integrin in the re-epithelializing
oral mucosal and skin wounds, where it co-localizes
with tenascin-C and EDA fibronectin, but its main
role comes later in the wound healing.

Integrins regulate keratinocyte proliferation in
wounds. While migrating wound keratinocytes
do not divide, the basal keratinocytes adjacent to
the wound edge start proliferating 48-72h after
the injury to supply more migratory cells to the
wound, and these cells may be amended by a
putative keratinocyte stem cell population that is
localized in the basal keratinocyte layer against
the connective tissue papilla area in oral muco-
sal epithelium and in interfollicular epidermis
in skin.'11® In addition, epidermal stem cells
residing in hair follicle bulges and sebaceous
glands contribute to skin re-epithelialization.''®
Apart from mediating keratinocyte migration, in-
tegrins also influence their proliferation during re-
epithelialization. Integrin ogfl; seems essential for
keratinocyte proliferation at the wound edge, as
mice with og integrin-deficient keratinocytes ex-
hibit retarded wound re-epithelialization due to
reduced proliferation of keratinocytes (Table 2). In

Large latent TGF-B1
complex

Macrophage

e -

Traction &

Keratinocyte
Pericyte
Fibroblast

addition to tenascin-C and EDA fibronectin, ogf;
integrin was recently shown to interact with an-
other ECM component, elastic microfibril inter-
face—located protein 1 (EMILIN1), to regulate
keratinocyte proliferation.?* The interaction of o5f;
integrin with fibronectin may also contribute to
keratinocyte proliferation in addition to promoting
their adhesion and motility on this matrix.'*”

Epithelial o, s integrin regulates inflammation and
granulation tissue remodeling. When the migrat-
ing epithelial fronts originating from the wound
edges have joined and cover the wound surface, fi;
integrin expression is downregulated, and ogf34 in-
tegrin binding to laminin-332 is restored.?®*3 New
hemidesmosomes start forming along the wound
epithelium, and they function as nucleation sites
for the basement membrane restorations (Fig.
6B).** During this later phase of wound healing,
oy fs Integrin expression is significantly upregu-
lated in the basal and several suprabasal kerati-
nocyte layers (Fig. 6B).'°% It may mediate TGF-51
activation and regulate ECM deposition in the
granulation tissue (Fig. 8),°% as its expression co-
incides with the peak expression and activity of
this cytokine.'® In addition, o,fs integrin may

:FN
‘%

Integrin
/ Collagen

—_——

Figure 8. Schematic presentation illustrating how integrins could activate latent TGF-f1 during wound healing. In wounds, macrophages are the main source
of TGF-1, although other cells produce it as well. TGF-$1 is produced in a latent form, in which active TGF-f1 (red circle) is confined inside latency-associated
peptide (LAP) that renders it inactive. LAP contains the RGD recognition signal for integrins. LAP further binds latent TGF-$1-binding protein (LTBP) to create a
“large latent complex” that subsequently binds to ECM, specifically to FN. Target cells with LAP RGD-recognizing integrins (keratinocytes with ovf36 integrin
and fibroblasts with ovf5 integrin) attach to the large complex, create a tractional force with their cytoskeleton (red actin filaments), and pull, leading to a
conformational change in the complex and release of the active TGF-f1 that can now bind to its receptor complex (TGFfAR). Active TGF-f1 signals via smad
proteins and stimulate keratinocyte migration and ECM production but inhibit their proliferation. In pericytes and fibroblasts, active TGF-$1 stimulates cell
differentiation to myofibroblasts and their ECM production. 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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have other functions, such as regulation of kerati-
nocyte proliferation and inflammation as well as
remodeling of the basement membrane zone and
removal of the fibrin provisional matrix during late
wound healing.!1119

Fibroblast integrins mediate cell migration
as well as granulation tissue formation
and remodeling

Connective tissue is repaired by fibroblasts or
progenitor cells (pericytes and other mesenchymal
stem cells) that are activated by serum and other
factors (e.g., TGF-f1, platelet-derived growth fac-
tor [PDGF], and FGF-2) that are released from
platelets and by other wound cells, such as mac-
rophages and keratinocytes.® Additional activating
signals include the disruption of cell-cell connec-
tions, changes in oxygen tension, exposure to new
ECM molecules, and changes in mechanical ten-
sion in the tissue itself.®!2°122 In addition, the
circulating fibroblast-like cells (fibrocytes) may
serve as important precursor cells to pericytes in
wound healing.'?® Connective tissue cell activation
extends far from the wound edge, as evidenced by
localization of the induction of fibroblast activating
protein (FAP or seprase) expression at cells distant
from the wound edge.!?*

Activated fibroblasts and pericytes migrate from
the adjacent subepithelial connective tissue and
blood vessels, respectively, to the wound bed where
they differentiate into myofibroblasts, synthesize
the granulation tissue ECM, and remodel it to ei-
ther normal or scar tissue.® Cytokines, such as
TGF-$1, PDGF, and Cyr61-CTGF-Nov (CCN)2/
connective tissue growth factor (CTGF), that are
secreted by platelets and macrophages are impor-
tant for pericyte and connective tissue fibroblast
differentiation into myofibroblasts (Fig. 9). In ad-
dition, their differentiation depends on the pres-
ence of EDA fibronectin and mechanical tension
experienced by the cells from the ECM through
integrin-mediated signaling (Fig. 9).12°

Integrins are required for fibroblast infiltration into
the wound clot. Normal fibroblasts and granula-
tion tissue fibroblasts (mixture of fibroblasts and
myofibroblasts) express a large repertoire of in-
tegrins, including o1f1, ogf1, asf1, asp1, %11P1, 0P,
oy f’3, and oy f5, that the cells can use for binding to a
variety of ECM molecules such as collagens, fibro-
nectins, other blood clot components, CCN2/CTGF,
and others (Table 2).8 However, many individual in-
tegrins are dispensable for normal connective tissue
healing at least in the mouse (Table 2), although they
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Figure 9. A simplified illustration depicting how pericytes differentiate to matrix-producing myofibroblasts. Chemotactic PDGF, TGF-1, and CCN2/CTGF
signaling by platelets and macrophages causes the pericytes to detach from the vessel wall and produce EDA FN and collagen. Full differentiation of pericytes
into myofibroblasts, evidenced by «SMA expression, depends on three essential elements, namely TGF-41, EDA FN, and tension that can be created in the
matrix produced by the pericytes. Myofibroblasts interact with EDA FN via o5, o33, and o, 35 integrins and with collagen via oy, and o1, integrins. Latent
TGF-$1 complex is bound into the FN matrix and possibly activated via o35 integrin and by other mechanisms. Whether the wound heals scarless, with scars,
or becomes fibrotic depends on both the presence of myofibroblasts and macrophage-derived TGF-$1. xSMA, alpha—smooth muscle actin; CCN, Cyr61-CTGF-
Nov; CTGF, connective tissue growth factor. 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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appear to have specific functions in cultured fibro-
blasts. This may be due to compensatory mechanisms
by other integrins with overlapping functions. Due to
significant differences between murine and human
wound healing, the consequences of integrin defi-
ciencies in human beings may be more significant.

Fibroblasts express many f; integrins. Of these,
it can be speculated that osf; integrin plays the
most critical role in vivo during connective tis-
sue cell invasion into the wound clot and their
subsequent migration in the fibrin—fibronectin-
containing 3D wound environment.! It was re-
cently shown that dermatopontin, a dermal ECM
protein, colocalizes with fibrin and fibronectin in
the wound clot, where it may enhance fibroblast
adhesion to the provisional matrix via osf; in-
tegrin, accelerating fibroblast cell adhesion to the
provisional matrix in the initial stage of wound
healing.'?® Syndecan-4 triggers the endocytosis
and trafficking of the fibroblast «5f5; integrin, which
leads to immigration of the cells into the wound
bed.'?” Interestingly, granulation tissue fibroblasts
seem to have a reduced ability to adhere to fibro-
nectin via a5f5; integrin that may help them in being
more mobile in the early fibronectin-rich granula-
tion tissue matrix.'?® The presence of tenascin-C
can also promote the o5f; integrin-dependent fi-
broblast migration into the granulation tissue.?

Integrin o, )3 may be inhibitory to fibroblast in-
filtration into the wound clot, because it can sup-
press TGF-f1-mediated signaling. Notably, mice
lacking f33 integrins show faster epidermal wound
healing with enhanced dermal fibroblast infiltra-
tion into wounds (Table 2).%°

Both 4 and «, integrins are involved in myofibro-
blast differentiation and in granulation tissue syn-
thesis and remodeling. About 1 week after
wounding, the connective tissue cells within the
wound granulation tissue start expressing alpha—
smooth muscle actin (zSMA) in the cytoskeletal
stress fibers, becoming myofibroblasts. The in-
tegrins of the f; family appear important in
myofibroblast differentiation and function. Mouse
fibroblasts deficient in f; integrins show reduced
expression of «SMA, CCN2/CTGF, and type I col-
lagen as well as lowered ability to activate latent
TGF-f, and they fail to differentiate into myofi-
broblasts.'?® This leads to delayed cutaneous
wound closure and diminished granulation tissue
formation in the f; integrin null animals. In vitro,
TGF-f1-induced «SMA expression and collagen
matrix contraction are blocked by antibodies
against o5 integrin in both human oral mucosal
and dermal fibroblasts.'®® TGF-$1 from macro-

phages can upregulate both EDA fibronectin and
o5f1 integrin expression in fibroblasts, leading to
activation of FAK, an essential signaling protein for
myofibroblast differentiation.’®! Integrin signaling
proteins kindlin-2 and ILK are also required for the
TGF-f1-induced myofibroblast differentiation and
function.'3%133 Indeed, defective granulation tissue
formation is seen in mice with fibroblast-specific
ILK ablation.'®* Inhibition of «gf; integrin by a
specific antibody also inhibits granulation tissue
formation during skin wound healing.?®

Fibroblasts interact with fibrillar collagens via
o1f1, oof1, and aq1f; integrins (Table 2). Mice
lacking individual collagen receptors show only
subtle changes in granulation tissue ECM re-
modeling, however (Table 2). It is likely that in the
absence of o1 or asf; integrin, the other collagen
receptors can compensate in most functions, such
as regulation of MMP expression and collagen fi-
brillogenesis. Interestingly, it was recently shown
that oq1f; is induced by mechanical strain and by
members of the TGF-f family, and it promotes
myofibroblast  differentiation.’®>'3®  However,
there is no wound healing data available that show
the effects of «1f; deficiency or blockage in gran-
ulation tissue formation or remodeling.

In addition, «, integrins may be involved in
myofibroblast differentiation. Blocking of «,f5 or
oyf3 integrin suppresses TGF-f1l-induced myofi-
broblast differentiation of both oral and dermal
fibroblasts in cell culture.'®” Furthermore, in-
creased expression of o, f5 integrin induces «SMA
expression in fibroblasts and promotes their re-
sponsiveness to TGF-f1 via RGD motif-dependent
recruitment of latent TGF-f complex into the cell
surface and its activation (Fig. 8).'3® Integrin o, /5
also appears to regulate oyf; integrin function in
myofibroblasts, promoting their persistent myofi-
broblast phenotype.*??

Tension within granulation tissue increases as it
is getting compacted by myofibroblasts. Cells un-
der minimal tension in early granulation tissue
express opfl; integrin that regulates fine collagen
fibril organization into thick collagen fibers.'*°
Thicker fibers create a rigid matrix, generating
more tension, which leads to cell switching to o, i3
integrin and noncollagen ECM interactions.'*°
However, fibroblast differentiation into myofibro-
blasts and wound contraction are not affected by
oy f3 integrin deficiency at least in the mouse skin
wound healing model (Table 2),%° suggesting that
compensatory mechanisms exist in vivo.

Usually, myofibroblasts are driven into senes-
cence and converted from ECM-producing cells
into ECM-degrading cells in the remodeling phase
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of wound repair.'*":12 This process is mediated by
collaborative interaction of agf; integrin and cell
surface heparan sulphate proteoglycans with
matricellular protein CCN1/Cyr61 and by subse-
quent production of ROS.*? Myofibroblasts per-
sist in fibrotic conditions and pathological scars,
where they continue to produce matrix.'*! How-
ever, the number of myofibroblasts in the oral
mucosal wounds, which heal with minimal scar-
ring, is higher than in skin wounds,*? suggesting
that the presence of myofibroblasts per se does not
predict scarring or fibrosis.

Integrins are essential for angiogenesis

Wound angiogenesis is an integral part of
granulation tissue formation. It begins with endo-
thelial cell activation by hypoxia-induced produc-
tion of vascular endothelial growth factor (VEGF),
FGF-2/bFGF, and other pro-angiogenic growth
factors by various types of wound cells, such as
macrophages.'? Consequently, the vascular base-
ment membrane is degraded, and vascular
sprouting is initiated into the provisional wound
matrix; this process involves proliferation and mi-
gration of endothelial cells (as well as endothelial
progenitor cells) and vessel-associated pericytes.'?
Integrins play a central role in wound neo-vascu-
larization. In addition to supporting endothelial
cell and pericyte migration, they act as co-receptors
for growth factor receptors, such as the VEGF and
angiopoietin receptors, and support vascular
basement membrane assembly.'? The exact roles of
individual integrins in wound angiogenesis are
still unclear. Deposition of fibronectin is critical for
angiogenic development. However, endothelial
cells can interact with it by using several different
fibronectin receptors in a compensatory manner
and in collaboration with pericyte integrins.'%**
Information about the role of integrins in adult
vascular remodeling comes mostly from studies on
tumor angiogenesis, which may be mechanistically
different from wound vascularization. These stud-
ies point to agfl4 integrin-mediated signaling play-
ing a role in the initial endothelial cell activation,
whereas at least o,f3 and «, /5 (when attached to
matrix-bound ECM molecules), ogf; (in interaction
with VEGFs) as well as «1; and ayf5; integrins can
participate in vascular sprouting.'%61:14°

Integrin expression and functions
may be altered in chronic wounds
and hypertrophic scars

Disruption of the normal wound healing se-
quence, especially prolonged inflammation, may
result in over-healing (hypertrophic scar) or a

failure to heal (chronic wound). Impaired wound
healing may result from inadequate or excessive
integrin signaling, which is accompanied by de-
fective ECM that fails to support re-epithelializa-
tion and normal fibroblast function as well as from
insufficient angiogenesis which results in poor
tissue oxygenation. Therefore, activation or inhibi-
tion of certain integrins may provide an effective
way to influence wound healing outcomes.

Many ECM molecules (e.g., fibronectin and col-
lagen) are abnormally glycated in chronic wounds
that are associated with diabetes. This reduces the
binding of different ECM molecules to each other
and integrin-mediated epithelial adhesion to ECM,
resulting in defective re-epithelialization.? No-
tably, chronic wounds exhibit drastically decreased
epithelial expression of o5f; integrin, which results
in reduced integration of fibronectin into the
provisional basement membrane, increased fibro-
nectin degradation, and a failure in keratinocyte
migration and re-epithelialization.’*® In addition,
increased keratinocyte integrin expression may
contribute to the formation of chronic wounds. The
expression of o, g integrin is strongly upregulated
in the epidermis of human chronic wounds, and its
constitutive overexpression in mouse epidermis is
associated with over activation of TGF-f1 and in-
creased susceptibility for chronic fibrotic ulcers in
these animals.'*” However, the responsiveness of
myofibroblasts to the stimulatory action of TGF-f1
is diminished in chronic wounds; this is possibly
due to a failure in myofibroblast integrin activation
and cross-talk, which is caused by the degraded
wound ECM, especially EDA fibronectin.*1:146
Integrin o, s signaling may also promote the pro-
duction of MMP-9 by the keratinocytes, which is
shown to be upregulated in chronic wounds where
it contributes to the excessive ECM degrada-
tion, 146:148

Members of the CCN family of matricellular
proteins are ligands for many integrins (Table 2),%°
and they critically regulate myofibroblast fate
as well as ECM production and remodeling in
wounds.'*? In chronic human wounds, the expres-
sion of CCN1/Cyr61 is increased, and CCN2/CTGF
is significantly reduced compared with normally
healing wounds.'*® The excessive expression of CCN1/
Cyr61 may result in premature ogff;-integrin-
mediated myofibroblast senescence that is asso-
ciated with early down-regulation of ECM (e.g.,
collagen) production, up-regulation of matrix-degrading
proteases, and ongoing breakdown of the granula-
tion tissue before the re-epithelialization is com-
pleted, contributing to the wound chronicity.4%146
In hypertrophic scars, myofibroblasts persist and
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they continue to produce excessive matrix
possibly because of a reversed CCN1/
Cyr61 and CCN2/CTGF balance.'*” Ele-
vated levels of CCN2/CTGF are one of the
hallmarks of fibrosis, and it potentiates
TGF-p1 actions in myofibroblasts to pro-
duce a sustained fibrotic response.°
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TAKE-HOME MESSAGES

Integrins are essential cell surface receptors that bind proteins in the
extracellular and wound provisional matrix.

Keratinocytes and fibroblasts have multiple integrins with overlapping
matrix-binding capabilities, and one can compensate for the lack of
another.

Expression of many integrins is induced during wound healing, and their
localization in tissues may be altered.

Integrins regulate wound re-epithelialization and granulation tissue for-
mation at several levels. The most important integrins for epithelial
migration are osf3; and ogf3; integrins, while ogf; integrin appears
critical for granulation tissue formation. In addition, other integrins
participate, especially when healing is compromised or when it leads to
fibrotic outcomes.

Certain integrins can activate TGF-f1 and potentially regulate fibrosis.
These integrins are potential targets for anti-fibrosis therapies.

Most of the information regarding wound healing is derived from mouse
or cell culture studies that poorly reflect human mucosal or skin healing.
Therefore, future research should dissect integrin functions in animal
models that better mimic human mucosal and skin wound healing.
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