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Abstract

The ability of skin to act as a barrier is primarily determined by cells that maintain the
continuity and integrity of skin and restore it after injury. Cutaneous wound healing in adult
mammals is a complex multi-step process that involves overlapping stages of blood clot
formation, inflammation, re-epithelialization, = granulation  tissue formation,
neovascularization, and remodeling. Under favorable conditions, epidermal regeneration
begins within hours after injury and takes several days until the epithelial surface is intact
due to reorganization of the basement membrane. Regeneration relies on numerous
signaling cues and on multiple cellular processes that take place both within the epidermis
and in other participating tissues. A variety of modulators are involved, including growth
factors, cytokines, matrix metalloproteinases, cellular receptors, and extracellular matrix
components. Here we focus on the involvement of the extracellular matrix proteins that

impact epidermal regeneration during wound healing.
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Introduction

The ability of skin to act as a barrier is primarily determined by cells that maintain the
continuity and integrity of skin and restore it after full-thickness wounds (Fig. 1A).
Cutaneous wound healing is not, as was long believed, a simple linear process in which
growth factors are synthesized that activate cell proliferation and migration. Rather,
wound healing is a complex multi-step process that involves closely related dermal and
epidermal events. Skin repair is the result of dynamic and interactive processes that
involve soluble factors, blood elements, extracellular matrix (ECM) components, and
cells [1]. In adult mammals, skin repair can be divided into four continuous phases,
namely hemostasis, inflammation, proliferation (including re-epithelialization,
granulation tissue formation, and neovascularization), and maturation or remodeling,
and it generally leaves a scar [2, 3]. In mammals, blood clotting occurs first, and this
provides chemotactic factors that attract inflammatory leukocytes and ECM proteins
that serve as a substrate for migrating cells. Neutrophils help cleanse the wounded
area and are eventually phagocytosed by macrophages, which enter the wound slightly
later [4]. Macrophages also secrete growth factors that attract keratinocytes, fibroblasts,
and blood vessels into the wound, thereby promoting re-epithelialization, granulation
tissue formation, and vascularization [3, 5]. Both keratinocytes and fibroblasts
synthesize key ECM components that are needed to re-form the basement membrane
(BM) beneath the epidermal basal layer. There is wound contraction due to fibroblasts
pulling on the ECM,; this facilitates human wound remodeling, and the associated
traction forces contribute to scarring [3]. The orchestration of these events relies on
the spatial and temporal expression and the activation of a variety of proteins, such as

growth factors, cytokines, matrix metalloproteinases (MMPs), and ECM components.



In contrast, wounds in mammalian embryos heal via rapid re-epithelialization and, in

the absence of inflammation, via granulation tissue formation and contraction [6].

Epithelialization of wounds

Re-epithelialization is a critical step in the wound healing response (Fig. 1B). Defects
in re-epithelialization lead to chronic non-healing wounds, such as venous stasis,
diabetic and pressure ulcers [8]. Under favorable conditions, epidermal regeneration
begins within hours after injury and continues until the epithelial surface is intact.

The inflammatory reaction to wounding results in the appearance of matrix molecules
in the wound bed, with keratinocytes migrating rapidly from the edges of the wound
and from hair follicles and sweat glands into the wound bed (Fig 1B) [11, 12, 13]. As
fibroblasts begin to produce new ECM, epithelialization is initiated by epidermal growth
factor (EGF) and transforming growth factor (TGF) a, which is produced by platelets,
macrophages, and keratinocytes [14, 15, 16].

Normally, the epithelialization of wounds involves an orderly series of events in which
keratinocytes migrate, proliferate, and differentiate to restore the barrier function [7].
Keratinocytes change shape and migrate, and this is one of the earliest and most
crucial events in determining the efficiency of the overall wound repair process. Their
migration is regulated at both the extracellular and intracellular levels and depends on
the carefully balanced dynamic interaction of keratinocytes with ECM through adhesion
complexes that form at matrix contact sites. These adhesion complexes involve
transmembrane receptors such as integrins and syndecans. Migrating keratinocytes
lose their apical-basal polarity, adhere to the provisional matrix, and project protrusive
adhesion contacts such as filopodia and lamellipodia, which enables them to migrate

laterally (Fig. 1B) [11]. Lateral migration requires profound reorganization of the



keratinocyte cytoskeleton, which loosens the adhesion complexes and intercellular
junctions [17, 18, 19, 20]. MMP-9, which is produced by migrating keratinocytes,
degrades BM components, allowing the keratinocytes to migrate over the wound [21].
Keratinocytes move into the healing wound by polymerizing cytoskeletal actin fibers in
the outgrowth and by forming new adhesion complexes. Integrins and syndecans,
which lack enzymatic activity, transmit intracellular signals by interacting with structural
and signaling molecules. These events are accompanied by the expression of the
following: integrin av5, avp6, and a5B1; various proteases, such as plasminogen and
MMPs; growth factor receptors; cell surface proteoglycans; and ECM components like
laminin (LM) 332 [22, 23, 24, 25]. This process proceeds until the migrating cells touch
each other. The fusion of the opposing epithelia is accomplished by the degradation of
the actin fibers in filopodia, as the actin fibers are replaced by intercellular adhesion
contacts that finally close the wound much like a zipper [18]. When the epithelium has
covered the wound bed, the proteins of the dermal-epidermal junction (DEJ) reappear
in sequential order from the margins to the center of the wound, due to the concerted
action of epidermal and dermal cells (Fig. 1A) [9, 10]. Basal keratinocytes then revert
to a stationary phenotype in which they have apical polarity and are firmly anchored to

the DEJ through reconstituted hemidesmosomes on their basal surface.

Epithelialization steps are stimulated by the local wound milieu, which typically shows
altered ECM composition and the presence of cytokines that are produced by cells in
the granulation tissue and by the clot [5]. In this review, we focus on the involvement
of ECM proteins during the re-epithelialization phase of wound healing. Notably, the
involvement of cytokines, growth factors, and MMPs has been described elsewhere

[16, 26, 27].



The provisional ECM during epidermal repair

The migrating keratinocytes are in close contact with a provisional ECM that is
associated with early wounds and is mainly composed of fibrin, plasma fibronectin (FN),
vitronectin, and platelets [9, 28, 29]. There are two forms of FN: plasma FN, which is
synthesized in a soluble form by hepatocytes into the blood plasma [30], and cellular
or tissue FN, which is produced by other cells, such as fibroblasts, endothelial cells,
and keratinocytes [31] (Fig. 2A). Plasma FN is more important in the early phase of
wound healing when it binds to platelets and fibrin, thereby increasing the strength of
the fibrin clot [30, 41, 49]. The strong adhesion of keratinocytes to the BM is disrupted
when their hemidesmosomes dissolve; when their cell-cell connections are weakened,
they then start to migrate underneath or through the temporary scaffolding that fills the
wound defect [32]. In vivo studies have shown that plasma FN plays an important role
in keratinocyte adhesion and migration [33]. Migrating keratinocytes are highly
phagocytic, which allows them to penetrate through the clot. Degradation of the fibrin-
FN clot appears to be critical for wound healing, since mice that lack the plasminogen
gene or the uPAltissue-type plasminogen activator (tPA) gene exhibit a number of
wound abnormalities, including defects in wound healing and in keratinocyte migration

[34, 35, 36].

Interestingly, keratinocytes migrate through tunnels of digested fibrin matrix in vitro, a
process that requires plasminogen activation at the leading edge [37]. Tunnel
formation and cell track length are differentially influenced by cytokines such as TGFp1
and EGF in the wound fluid. The exact mechanisms underlying keratinocyte adherence
to the fibrin matrix remain unknown, and it is also unknown whether this migration

process takes place in vivo, where keratinocytes migrate collectively. The migration of



keratinocytes through a clot may be the result of the synergistic action of MMPs and

plasmin.

FN plays a role in inflammation by promoting macrophage activation and opsonizing
debris [9]. Keratinocytes deposit newly produced ECM proteins along their migration
path, including cellular FN, tenascin C, and LM 332 (Fig. 3) [11, 38, 39, 40], suggesting
that wound edge keratinocytes can modulate their own adhesion and migration
substrates. Surprisingly, the wound healing process, including re-epithelialization,
appears normal in plasma FN-deficient animals [53], suggesting that cellular FN may
compensate for the lack of plasma FN. As the provisional matrix matures, cell-
mediated remodeling takes place that is directed primarily by inflammatory cells and
fibroblasts. This remodeling includes a transition from a fibrin-FN-dominated scaffold
to a tissue-FN-dominated one that contains proteoglycans and interspersed
crosslinked collagen; the tissue progressively becomes granulation tissue with which

keratinocytes interact [41, 42].

Cellular fibronectin

FN is an important constituent of the vertebrate ECM that is ubiquitously expressed in
human tissue and has long been known to be a major component in wound healing
[43, Zollinger and Smith, 2017]. FN is multi-domain glycoprotein composed of an array
of multiple repeated modular structures (Fig. 2A). It is secreted as a dimer maintained
by two disulfide bonds at its C-terminus [30, 44]. The FN gene has three sites for
alternative splicing: extra domain A (EDA) or extra type Ill homology A (EIlIIA), EDB or
EllIB, and type IlI homologies connecting segment (IlICS; V region in rat)

[Schwarzbauer, 1991]. Alternative splicing varies in a cell type-specific manner and



can modulate the functional properties of the molecule. In humans, over 20 main
different isoforms are generated after mRNA processing, whereas in rats and mice, 12
variants are produced [ffrench-Constant, 1995; Kornblihtt et al., 1996]. Alternative
splicing of the FN gene is important in the context of wound repair [49, 131]. In situ
hybridization studies on healing wounds in adult rat skin revealed that wounding
induces FN mRNA expression both directly beneath the wounded area and in adjacent
dermal tissue. This increased level of FN mRNA was evident within 1 d after wounding,
with the highest levels seen at the fourth and seventh day. The splicing pattern of FN
MRNA in the wound bed differs from that in normal skin. Cells at the base and edges
of the wound expressed mRNA that included both of the alternatively spliced EDA and
EDB regions; in contrast, mRNA expression in adjacent dermis and muscle showed
the same splicing pattern as that seen in normal skin; that is without the spliced
segments EDA and EDB. [49]. Macrophages were found as the first cells to express
increased amounts of FN mRNA as early as 2 days after injury; some of these
macrophage FN mRNAs contain the EDA and EDB domains [131, Gratchev et al.,
2001]. Besides, at a late (7-day) interval after wounding, granulation tissue fibroblasts
assumed the role of expressing FNs with and without the EDA and EDB fragments
[131]. Additional studies revealed that, during their migration in human wounds,
keratinocytes deposit EDA FN underneath the leading epithelial tongue, while both the
EDA and EDB FN isoforms are found in the granulation tissue (Fig. 3) [48, 50]. In vitro,
cultured keratinocytes leave behind trails of EDA FN that correlate with their migration
[48]. Transgenic mice lacking the EDA exon in FN displayed majors defects in re-
epithelialization during the late phase of wound healing (day 5-7), consistent with the
fact that in the first days after wounding, deposited FN is mainly derived from plasma

[51]. In addition to the epidermal ulceration, the granulation tissue displayed



edematous regions causing abnormal healing of the wounds. Although no defects were
seen in the healing of wounds in mice lacking the EDB segment, in vitro studies
revealed reduced growth of fibroblasts and defaults in FN matrix assembly [52]. These

data suggest that the EDA and EDB domains may have distinct functions.

The N-terminal portion of FN contains a self-assembly domain that allows individual
FN dimers to come together in a process termed fibrillogenesis that results in the
assembly of a three-dimensional (3D) matrix [45]. In contrast to collagen self-assembly,
FN fibrillogenesis is a non-spontaneous cell-mediated process [46]. FN is secreted in
a compact conformation and must be engaged by cell-surface integrins, most notably
by o581 integrin, in order to reveal the cryptic self-association domains needed to form
a definitive 3D matrix [47]. FN polymerization is a critical regulator of ECM organization
and stability. It is essential for the deposition and retention of collagen-lI and
thrombospondin (TSP) 1 within the ECM and regulates the turnover and endocytosis
of collagen I, which stabilizes collagen | matrix fibrils in the granulation tissue [54, 55].
Interestingly, a macrophages sub-population appears to participate in collagen

endocytosis and degradation [Madsen et al., 2013].

Along with FN, the ECM is made up of collagens, proteoglycans, LMs, TSP 1 and

tenascin.

Collagen

Dermal reconstitution begins approximately 3 to 5 days after injury, characterized by
granulation tissue formation, which includes new blood vessel formation and the
accumulation of fibroblasts. As dermal fibroblasts begin to migrate into the wound site,

fibrillar collagen production gradually increases and the resulting collagen matrix will



ultimately replaces the provisional fibrin matrix [56]. Collagen constitutes more than
50% of the protein in scar tissue, and its production is essential to the healing process

[Nimmi, 1974]. In the initial steps, collagen Il and fibronectin are deposited and later

on, collagen Il is gradually replaced by collagen | of which deposition was observed at

day 7 [57; Grinnell et al., 1981; Kurkinen et al., 1980; Makeld and Vuorio, 1986; Ignotz

and Massaque, 1986). This was confirmed by in situ hybridization that revealed type |

collagen mRNA in the upper layer of granulation tissue by days 6-13 after wounding

[Scharffetter et al., 1989]. In early granulation tissue type Il collagen is high (30%),

whereas in the mature scar its expression goes back to that in intact dermis (10%)

[Ehrlich and Krummel, 1996]. Despite that the migration tongue might have already

significantly progressed before apparition of collagen | in granulation tissues, a number
of studies have suggested a potential role for collagen | in re-epithelialization. A study
reported that keratinocytes need to be activated by collagen | integrins before migration
occurs [59], and another one revealed that keratinocytes that are in direct contact with
collagen | begin to increase their production of collagenase [58]. Ligation of integrin
a2B1 to dermal matrix collagen | stimulates the expression and catalytic activity of
MMP-1 in keratinocytes, thus facilitating directional keratinocyte migration over the
dermal matrix [60]. MMP-1 is present in human cutaneous wounds during re-
epithelialization but is no longer expressed when wound closure is complete [61].
Examination of healing wounds and a variety of chronic ulcers shows that MMP-1 is
expressed by leading edge keratinocytes, but the surrounding epidermis shows
decreased MMP-1 expression [61, 62]. The involvement of collagen | as a major
substrate for keratinocyte migration during epithelialization was suggested by a study

showing its capacity to promote keratinocyte migration in vitro [Woodley et al., 1988]

and reinforced by findings reporting that fibrinogen, its derivatives, and the FN/fibrin
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complex are anti-adhesive for keratinocytes. This study suggested that keratinocytes
do not invade the fibrin-rich clot in vivo but rather migrate on a pathway between the
fibrin clot and the collagen-rich viable dermis, using dermal collagen | as a substrate
for their migration (Fig. 3) [9, 63]. Therefore additional studies are needed to elucidate
whether collagen | impacts epidermal closure and how. Suprisingly, a recent study
challenged the recognition of fibrillar collagens by collagen-binding integrins

[Waltersdorf et al., 2017].

Collagen V was, in turn, proposed as implicated in the dermal wound healing response
by modulating fibroblast behavior and tissue contraction (Berendsen et al., 2006). The
classical Elhers- Danlos syndrome, caused by collagen V gene mutations, displays
skin fragility and abnormal wound healing (Martin, 2012). Additional studies in mice
revealed that reduced collagen V expression (Wenstrup et al., 2006) is associated with
decreased fibroblast proliferation, migration and reduced attachment to the ECM (De

Nigris et al., 2016).

The presence of non-fibrillar collagen type VI has also been demonstrated in
granulation tissue. It is deposited during the early stages of wound healing and its
synthesis increases in parallel with type | collagen reaching a peak about 8 days post-
wounding [Betz et al., 1993; Oono et al., 1993). A recent study has demonstrated that
type VI collagen is a key regulator of dermal matrix assembly and composition and that
it influences fibroblasts behavior (Theocharidis et al., 2016). Interestingly,
macrophages were shown to produce collagen VI to modulate their own binding

properties (Schnoor et al., 2008).

Recent studies have revealed that other collagens may play roles in the repair process

by directly or indirectly influencing the re-epithelialization process. An early analysis of
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collagen VIl expression did not support its potential involvement in skin epithelialization
[11]; however, more recent studies of genetic recessive dystrophic epidermolysis
bullosa (RDEB) disorders revealed that the loss of collagen VII results in delayed re-
epithelialization by altering keratinocyte migration that is associated with the irregular
deposition of LM 332. Moreover, the absence of collagen VIl in skin delays fibroblast
migration and granulation tissue formation [64]. These findings reinforce previous
studies that showed that collagen VII plays a role in keratinocyte migration [65].
Besides, collagen VIl was found in the provisional ECM under the epidermal tongue
[64]. The topical application of recombinant collagen VII to full-thickness wounds in a
murine wound healing model revealed that collagen VIl stably incorporated into the
DEJ and accelerated wound closure by increasing re-epithelialization and decreasing
scaring and pro-fibrotic markers [66]. Applying collagen VII onto collagen VII-null skin
grafted onto athymic nude mice corrected the poor dermal epidermal adherence and
anchoring fibrils defects [66]. Collagen IV is not highly deposited in the provisional
matrix under migrating keratinocytes in vivo. Immunohistochemical analysis of human
skin wounds reveals its expression in BM fragments as early as four days after

wounding. After 8 to 21 days, collagen 1V is detected in newly formed BM [Betz et al.

1992; Larjava et al., 1993] confirming its role in BM assembly and stabilization.

Transmembrane collagen XVII, also known as the hemidesmosomal component
Bullous Pemphogoid Antigen (BPA) 180, was found to play a role in keratinocyte
adhesion to collagen IV and migration in vitro [67]. Further, its increased expression
and the shedding of its collagenous ectodomain in acute skin wounds suggested that
it might play a role in keratinocyte motility and proliferation [68]. Analysis of wound
closure in mice that expressed a functional non-shedding collagen XVII revealed that

collagen XVII ectodomain shedding is a highly dynamic modulator of in vivo
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proliferation and motility in activated keratinocytes during epidermal regeneration [68,
69]. Further analysis revealed a role for collagen XVII in keratinocyte adhesion and
directional motility through integrin-dependent PI3K activation and through stabilization
of the lamellipodia at the leading edge of re-epithelializing wounds [70]. The heparan
sulphate proteoglycan (HSPG) collagen XVIll is also suspected to play a role in wound
healing. Genetically modified mice that lack collagen XVIII displayed accelerated
wound healing [71]. In these mice, the vascularization rate of the wound bed was
accelerated and the myofibroblast density was increased, suggesting that the
accelerated healing was due to changes in wound contraction. Conversely, the healing
of the wounds was delayed in mice overexpressing endostatin in skin, displaying
abnormalities in epidermal and endothelial BMs but without significant effect on
angiogenesis [71]. On the other hand, the use of endostatin in a rabbit ear hypertrophic
scar model reduced the size of scars possibly through reduction of vascularization and

angiogenesis [72].

Laminin

All LMs are composed of three different gene products, termed the a, 8, and y chains,
that are assembled into an heterotrimer, afy. LM a chains have a large LM globule
(LG) at the carboxyl-terminal end that consists of five structurally similar domains (LG1
to LG5) that each contains about 200 residues (Fig. 2B) [73]. The major LM isoforms
that are expressed in the DEJ, LM 332 (formerly called kalinin, epiligrin and nicein [73]),
LM 511 and LM 521, appear to be involved in wound repair (Fig. 2B, C). Increased LM
332 expression is one of the earliest events in wound epithelialization, and LM 332 is
expressed in epidermal keratinocytes within hours of injury. LM 332 appears to be the

first BM component laid down onto the wound bed, as its expression precedes that of
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all other ECM components (Fig. 3) [74, 75, 76, 77, 78]. In uninjured skin, LM 332 is
synthesized by keratinocytes as a 460-kDa high molecular weight precursor protein.
After secretion and deposition into the ECM, the a3 and y2 chains undergo maturation
events consisting of loss of the 2 globular LG45 domains at the C-terminus of the a3
chain and loss of a 50-kDa fragment at the N-terminus of the y2 chain (Fig. 2B) [25].
These physiological post-translational processing events appear to allow the stable
integration of LM 332 into the BM [Tunggal et al., 2002; Aumailley et al., 2003]. Mature
LM 332 is the major component of anchoring filaments in skin [22] where it mediates
cell adhesion via interaction of the a3 carboxyl-terminal LG1-3 triplet domain with both
a3B1 and a6p4 integrins [23, 79, 80, 81], while the N-terminal short arms connect to
BM components. In vivo, epidermal injury activates the transcription and deposition of
LM 332 into the provisional matrix by the leading keratinocytes in the process of
epidermal outgrowth and migration at the wound edge [74, 82, 83]. Precursor LM 332
is found in this provisional matrix, but it is absent from mature BMs [83,84].
Keratinocytes leave behind trails of precursor LM 332 while migrating on collagen | [77]
or after stimulation by TGFR1 [85]. Because LM 332 with a full-length a3 chain is found
in epidermal repair [75, 86, 87], it was assumed that the LG45 domains also play a role.
Indeed, a function for LG45 in the deposition of LM 332 in the ECM was hypothesized
[25, 88], as was a direct function in keratinocyte adhesion and migration [87, 89, 90].
Syndecan-1 and -4 have been identified as cellular receptors for the LG45 domains
[91, 92], supporting the idea that keratinocytes migrate by forming actin-based cellular
protrusions [93] or by activating MMP-1 [91]. It has been shown that the expression
and processing of the LG45 module is enhanced in keratinocytes after infection and in
chronic wounds and that the level of expression and further processing correlate with

the speed of wound healing [94]. Furthermore, LGA45-derived peptides have
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antimicrobial activity and chemotactic activity in mononuclear cells, suggesting that
LG45 may also participate in host defense. The full-length y2 chain is also an important
regulator of keratinocyte migration during wound repair [85, 95, 96], and it is
hypothesized to be involved in LM 332 incorporation during BM assembly [97]. The
a3B1 integrin was identified as an important mediator of LMy2 processing, both in vivo
during wound healing and in cultured keratinocytes (Longmate et al., 2014) through
the upregulation of the mTLD/BMP-1 metalloproteases [98]. In contrast, the a931
integrin plays a role in the inhibition of LMy2 processing by antagonizing a3p1-
dependent mTLD/BMP-1 expression during re-epithelialization [98]. Studies of wound
healing in conditional knockdown of the BMP-1/tolloid-like proteinases (BTPs) activity
in mice, revealed delays in re-epithelialization and dramatic reduction in ECM
deposition [Muir et al., 2016]. Incomplete processing of precursor ECM proteins,

including that of the LMy2, is most likely involved in this mechanism [Muir et al., 2016].

LM 511 and LM 521 may also contribute to epidermal regeneration. Although they were
described as potent keratinocyte adhesion substrates with the capacity to induce
proliferation and migration in vitro [99], they were not found under migrating
keratinocytes [102, Has and Nystrom, 2015] and their expression and deposition in the
maturing BM increase after re-epithelialization is complete [64, 102]. Their expression
was found to correlate with the increased ability of keratinocytes to regenerate intact
epithelium and detachment from LN-10/11 in the BM is likely to be a key factor in
promoting keratinocyte differentiation [100]. Laminin 511 is an abundant isoform both
at interfollicular sites and surrounding hair follicles that is synthesized by basal
keratinocytes [Sorokin et al., 1997]. In a regenerative context, LM 511 was described
as also produced by dermal pericytes located adjacent to the proliferative basal layer

of the skin’s epidermis [101]. Recent data from keratinocyte specific LM o5 KO suggest
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that LM a5 is inhibitory of keratinocyte proliferation and migration through the control

of epidermal and dermal growth factor expression [Wegner et al., 2016].

Perlecan

Perlecan has a structural bridging function and assemble the major constituents of the
BM, collagen IV, LMs, and nidogen/entactin [Timpl and Brown, 1996; 103] within
molecular suprastructures therefore creating molecular bridges that are compatible
with cellular interactions [104]. Perlecan is the major proteoglycan component of BMs
[Hassell et al., 1980; Paulsson et al., 1986] and as such acts as the reservoir for
heparin-binding growth factors limiting their diffusion to act on cells on either side of
the BM [lozzo et al., 2009]. Perlecan’s degradation during wound healing or tissue
remodeling may act to quickly introduce necessary mitogens and trophic factors to
begin regenerative processes. It can also instruct cells through direct interaction (lozzo
et al., 2009). A study reported that the BM HSPG perlecan deposition in the ECM of
confluent keratinocytes strengthens cell adhesion and inhibits keratinocyte motility
[102]. Furthermore, perlecan co-localizes with LM 332 at the wound margin of full
thickness wounds in mice and concentrates where BM matures to stabilize
keratinocyte adhesion (Fig. 3). This finding suggests the proximity of these two
components during BM remodeling [102, 104]. Wound healing studies in perlecan
heparan sulfate (HS)-deficient revealed significantly delayed wound healing due to
reduced granulation tissue formation and decreased vascular density without affecting
epidermal closure (Zou et al., 2004). In line with its potential involvement of in the late
phases of epidermal regeneration, it was shown to play a role in keratinocyte survival

and terminal differentiation [Sher et al., 2006]. A recent study also revealed its potential
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to influence keratin 15 expression in keratinocytes [105], suggesting that it may

influence keratinocytes stemness during wound repair.

Nidogens

The BM isoforms nidogens 1 and 2 bind to several BM-associated proteins and have
been described as connecting elements between the LM and collagen IV networks
thereby facilitating BM formation and stabilization (Aumailley et al., 1993; Fox et al.,
1991; Kohfeldt et al., 1998). The analysis of mice lacking both isoforms, that die shortly
after birth from numerous tissues abnormalities related to defects in BM assembly
(Bader et al., 2005), revealed that skin displayed an ultrastructurally normal BM
(Mokkapati et al., 2008) demonstrating that in vivo some BMs can still form without
nidogen. A role of non-structural nature was proposed for nidogen 1 in skin wound
repair (Baranowsky et al., 2010). Wound healing studies in nidogen 1 deficient mice
revealed no defects in re-epithelialization but deficiency in the newly formed epidermis
that showed marked hyperproliferation and delayed differentiation with an altered

deposition of LM containing y1 chain.

Matricellular proteins

Matricellular proteins are multi-domain extracellular proteins. They do not appear to
play structural roles in tissues. Rather, they are involved in a wide variety of cellular
processes and are also able to influence cell behavior associated with wound healing.
Many matricellular proteins show increased expression in response to injury, including

TSP1 and TSP2, osteopontin (OPN), tenascin C, and SPARC [106].
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Thrombospondin

TSP1 and TSP2 are matricellular proteins; as such, they are released and/or secreted
following tissue injury and exert their cellular effects by associating with the ECM. While
TSP1 and 2 are produced by fibroblasts, TSP1 is also a major component of platelet
a-granules and is found in the circulation. TSP1 and TSP2 appear to play distinct, non-
overlapping roles in the healing of skin wounds. Although TSP1 and TSP2 are
dispensable for developmental angiogenesis, they are critical for proper tissue repair,
both directly through their interactions with cell receptors and/or indirectly by
modulation of the levels or bioavailability of effector molecules, including growth factors
and MMPs [107]. In addition, TSP1 has been shown to be involved in the activation of
latent TGF- B 1 [Murphy-Ullrich & Poczatek, 2000] and is considered as a major in vivo
activator of TGF-B1 as TSP1-null mice revealed suppressed active TGF-B1 levels
[Crawford et al., 1998]. The spatial and temporal expression of TSP1 and TSP2 are
distinct in dermal wound healing [108, 109]. TSP1 is induced early in wound healing,
concomitant with thrombus formation, edema, and inflammation. TSP2 expression
occurs after resolution of the inflammatory phase and during granulation tissue
remodeling. Wound healing studies in TSP1-null or knockdown mice indicate delayed
repair that is characterized by loosely compacted and disorganized granulation tissue
due to decreased levels of both total and active TGF31 and delayed re-epithelialization
[108, 110]. Full thickness wounds in TSP2-null animals heal at an accelerated rate
compared to WT mice and show alterations in the remodeling phase of healing [111].
Complete re-epithelialization of full thickness excisional wounds occurs earlier than in
WT mice, and the epithelial layer is thicker. Further, granulation tissue at the wound

site is disorganized: the morphology of collagen fibers is altered as is FN distribution;
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these effects are most likely secondary to increased MMP-2 and MMP-9 expression

[112].

Osteopontin

OPN is a phosphorylated acidic glycoprotein [113] that acts as a secreted chemokine-
like protein and as part of an intracellular signaling complex, depending on the cellular
context. A number of studies have reported elevated OPN expression in fibrosis,
supporting the idea that OPN may contribute to inflammation-associated fibrosis. Even
though OPN is needed for proper wound healing, it leads to fibrosis and excess scar
formation if it persists for too long or in too high a concentration. OPN acts as a cytokine
that is a chemoattractant for fibroblasts, and it appears to be necessary for fibroblast
deposition of ECM components and collagen (Fig. 3) [114]. There are changes in the
matrix architecture and in collagen fibril formation in the deep layers of wounds in OPN-
deficient mice, indicating that OPN is involved in matrix reorganization [115]. One study
reported faster re-epithelialization and decreased granulation tissue/scar formation in
the healing of skin wounds of mice with acute local knockdown of OPN [116].
Macrophage-derived platelet derived growth factor (PDGF)-BB appears to be
responsible for inflammation-induced OPN expression in wound fibroblasts, indicating
that inflammation-triggered expression of OPN both hinders the rate of re-

epithelialization and contributes to wound fibrosis.

Tenascin-C

Tenascin-C is a large hexameric extracellular glycoprotein. The founding member of a

family of four tenascins, it is unique in its distinct pattern of expression. Little or no
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tenascin-C is detected in healthy adult tissues. Tenascin-C has many extracellular
binding partners, including matrix components, soluble factors; it also influences cell
phenotype directly through interactions with cell surface receptors. Upon tissue
damage, tenascin-C plays a multitude of different roles that mediate both inflammatory

and fibrotic processes to enable effective tissue repair [Midwood and Orend, 2009].

Tenascin-C mRNA and protein expression is induced rapidly upon skin injury [117, 118,
119]. De novo expression of tenascin-C is a hallmark of inflammation, and a number
of cytokines were shown to induce the gene (Chiquet-Ehrismann and Chiquet, 2003).
It is expressed in areas of increased immune cell infiltration during the acute
inflammation phase and it co-localizes with polymorphonuclear lymphocytes in the
inflamed human dermis (Seyger et al., 1997). A role for tenascin-C in stimulating
lymphocyte migration and activation was suggested (Clark et al. 1997, Nakahara et al.
2006). Tenascin-C was also shown to stimulates the production of pro-inflammatory
cytokines TNFa, IL-6 and IL-8 in primary human macrophages and synovial fibroblasts,
via activation of Toll-like receptor 4 mediated signaling pathways (Midwood et al. 2009).
In addition its expression is also observed within 24 h of injury underneath migrating
and proliferating keratinocytes [117, 120]. In situ hybridization demonstrates that
keratinocytes are the major source of tenascin-C (Fig. 3) [121], suggesting that
tenascin-C may help promote the proliferation and migration of epithelial cells.
Tenascin-C is increased in the wound edges of the dermis associated with activated
fibroblasts and extends throughout the dermis. High levels are also found in the new
granulation tissue [117, 118, 120, 122], suggesting a role for tenascin-C in and
promoting fibroblasts migration and tissue rebuilding during wound healing. Tenascin-
C expression is not detected after wound repair is complete; indeed, tenascin-C levels

return to normal after wound contraction, and the protein is not present in scar tissue
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[117, 120, 122]. Its persistent expression is concomitant with chronic inflammation and
it is persistently upregulated in fibrotic disease, including keloids and photo-damaged

skin [Dalkowski et al, 1999; Filsel et al., 1999].

SPARC

SPARC (secreted protein acidic and rich in cysteine), also known as BM-40 and
osteonectin, is a 32-kDa calcium-binding glycoprotein that is secreted by various cells,
including fibroblasts, endothelial cells, and platelets [123]. Although SPARC is
expressed in both the dermis and epidermis of uninjured skin, its expression increases
during wound healing early after injury and reaches the highest level later during
remodeling of the dermal ECM [124, 125]. Interestingly, SPARC-null mice display
accelerated cutaneous wound closure [126], which could be due to the reduced
collagen content of the SPARC-null dermis, which appears to render the skin
intrinsically more susceptible to cell contraction. In addition to modulating the activity
of a number of growth factors and ECM, SPARC may also influence MMP expression

by several types of cells that participate in wound healing.

Proteoglycans and glycosaminoglycans (GAGS)

The involvement of proteoglycans and GAGs in wound healing is important as they
play key roles in both fibrotic and regenerative wound healing. Their influence has
mainly been described in the dermal repair processes, scar formation and fate [Tracy

et al., 2016].

Final considerations
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Several ECM proteins play roles in wound re-epithelialization, either via direct contact
with keratinocytes or indirectly by affecting the granulation tissue. The quality of the
granulation tissue, as well as its sequentially modified composition and structure,
clearly influence the speed of epithelialization and the properties of the newly produced
epidermis. While disorganized or excessive granulation tissue correlates with delayed
re-epithelialization, decreased granulation tissue formation and/or enhanced
contraction speeds re-epithelialization. In adult mammals, inflammatory cells such as
macrophages start the process by providing growth factors, chemokines, cytokines
and ECM proteins that activate the proliferation phase; this phase is beneficial and
necessary for the timely repair of injured skin. Macrophages also source of ECM
proteins and express high levels of proteases that can contribute to the cleavage and
remodeling of ECM [Murray and Wynn, 2011]. Concomitantly, these early inflammatory
signals appear to influence fibrosis and scar formation [27]. Interestingly, studies have
revealed that wounds in the epidermis of zebrafish and mammalian embryos close via
similar principles [6]. In these systems, wounds are re-epithelialized extremely rapidly
and independently of inflammation and the ECM proteins supplied by the blood clot or
granulation tissue [127]. This might be due to a predominant impact of tissue-
autonomous extension movements within the re-epithelializing epidermis, a process
that is likely to also occur in wounds of mammalian embryos (Caddy et al., 2010). In
adult zebra fish, keratinocytes repopulate the wounds via TGF-B-dependent and
integrin-dependent lamellipodial crawling at the leading edges of the epidermal tongue,
thereby leading to epidermal closure that is independent of keratinocyte proliferation
[128]. This process resembles primary healing in adult mammals in small or acute

wounds where wound edges approximate. The actions of myofibroblasts are
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minimized, and regeneration of the epidermis is optimal, since epidermal cells need to

migrate only a minimal distance.

Future research will undoubtedly clarify which inflammatory cues and which ECM
proteins (either produced by the keratinocytes themselves or present within the
granulation tissue) are central to efficient re-epithelialization in adult mammals. This
will identify putative targets for innovative therapeutic strategies that favor wound

closure in clinical situations in which healing is delayed or prevented.
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Figure legends

Fig. 1.

Diagram showing the re-epithelialization process. (A) Schematic drawing of the epidermis
resting on the basement membrane (BM). Mammalian skin consists of the epidermis and
dermis, which are separated by a BM. The epidermis is a stratified squamous epithelium
that is composed of several cell layers, with the basal layer resting on the BM. The
diagram shows adhesion structures, anchoring complexes, and BM organization. a,
Laminin 332; b, Laminins 511/521; c, perlecan; d, collagen XVII; e, collagen VII; f,
nidogen; g, collagen 1V; h, syndecan; i, collagen l/lll. (B) The re-epithelialization process
1 to 5 days post-wounding. Approximately 24 h after injury, activated basal and
suprabasal keratinocytes adjacent to the wound edges undergo dramatic morphological
changes. They acquire a motile phenotype and start migrating over the granulation tissue
to cover the wounded area. Induction of a new set of genes leads to the expression of
cellular receptors, growth factors, cytokines, matrix metalloproteinases and extracellular
matrix proteins. Keratinocytes behind the wound edges begin proliferating and enrich the

migrating tongue. The provisional matrix and granulation tissue are indicated.

Fig. 2.

Schematic representation showing human fibronectin (FN), laminin (LM) 332, LM 511 and
LM 521. (A) FN is a multi-domain glycoprotein consisting of a series of 3 different
modules, namely FNI, FNII, and FNIII repeats. These serve as building blocks for
structural domains that have different functions [129]. For example, type | modules are

found in fibrin binding domains, type Il modules are found in collagen binding domains,
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and type Ill modules are found in cell-binding domains [30]. Three alternatively spliced
regions include the extra domain-A (EDA) and EDB regions, both type Ill repeats, and a
variable (V) region [130]. Alternative splicing of the FN gene is important in the context of
wound repair, since alternatively spliced forms are present in the matrix due to migrating
keratinocytes as well as in the granulation tissue [48, 49, 131]. Insertion of additional type
Il repeats, EIIIA and EIIIB, which flank the major cell adhesion domain of the molecule
results in FNs EDA and EDB, respectively. EDA and EDB are present in so-called cellular
FN but are absent from plasma FN. FN is secreted as a dimer in which the monomers
are linked by disulfide bonds, which is essential for FN matrix assembly. (B) The structure
of human LM 332 and its physiological maturation process. LM 332 is composed of three
subunits: a3A, B3, and y2. Each chain has the indicated domains. The large LG structure
located at the C-terminal end of the a3 chain contains five repeating LG domains. The
first three repeats, LG1-3, interact with the a331, a6p1, and a6p4 integrins, while LG4
and LG5 contain binding sites for syndecan-1 and -4. LM 332 is synthesized as a
precursor molecule that undergoes maturation by proteolytic processing at the a3A chain
N- and C-terminus as well as at the y2 chain N-terminus. The enzymes that are known to
be involved are shown, and the cleavage sites are indicated by arrows. (C) Structure of

human LMs 511 and 521.

Fig. 3.

Schematic showing the localization of extracellular matrix (ECM) components during re-
epithelialization. The major ECM proteins are indicated in the vicinity of the epithelial
tongue during epidermal regeneration 1 to 3 days post-injury (other extracellular
molecules i.e. matrix metalloproteinases, cytokines, growth factors an ECM receptors are

not represented here).
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