1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Matrix Biol. Author manuscript; available in PMC 2017 January 01.

-, HHS Public Access
«

Published in final edited form as:
Matrix Biol. 2016 January ; 49: 25-36. d0i:10.1016/j.matbio.2015.08.001.

Skin Tissue Repair: Matrix Microenvironmental Influences

Alan Wells&P.d Austin Nuschke®d, and Cecelia C Yates®d
aDepartment of Pathology, University of Pittsburgh, Pittsburgh, PA 15213 USA

bDepartment of Bioengineering, University of Pittsburgh, Pittsburgh, PA 15213 USA

®Department of Health Development and Promotion, University of Pittsburgh, Pittsburgh, PA
15213 USA

dMcGowan Institute of Regenerative Medicine, University of Pittsburgh, Pittsburgh, PA 15213
USA

Abstract

The process of repair of wounded skin involves intricate orchestration not only between the
epidermal and dermal compartments but also between the resident and immigrant cells and the
local microenvironment. Only now are we beginning to appreciate the complex roles played by the
matrix in directing the outcome of the repair processes, and how this impacts the signals from the
various cells. Recent findings speak of dynamic and reciprocal interactions that occurs among the
matrix, growth factors, and cells that underlies this integrated process. Further confounding this
integration are the physiologic and pathologic situations that directly alter the matrix to impart at
least part of the dysrepair that occurs. These topics will be discussed with a call for innovative
model systems of direct relevance to the human situation.
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Introduction

Wound healing is a highly orchestrated process that involves multiple developmental
lineages, cell types, and local and systemic effects. Not only do the resident parenchymal
cells and their stromal counterparts need to be replaced, but the support structures of the
vascular, nervous and immune systems must be re-established. The process has been
extensively studied in the skin and mucosal surfaces as these sites are the most often
wounded both traumatically and iatrogenically. While most surface wounds heal with near
regenerative repair, regaining the vast majority of pre-wound functionality, the ubiquity of
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such insults, particularly in individuals with comorbidities and advanced age, means that
wounds that “fail to heal’ or heal excessively (scarring) remain major medical issues.

It should be noted that the discussion herein focuses on excisional wound repair, i.e. healing
that replaces lost tissue. Incisional repair, encompassing surgical wound repair, is both
qualitatively and quantitatively distinct in that the major process is a re-integration of the
separated tissue sections, rather than a regeneration of tissue mass. Thus, the granulation
tissue response that marks excisional repair is largely absent during incisional repair. While
some of the processes are common, such as stromal production of a collagen-rich matrix,
even in these situations, the extent of these processes is dramatically different to constitute a
significant difference. Furthermore, scarring occurs in all tissues, but such a discussion
would be excessively extensive. To maintain the focus and comprehensibility, we are
limiting our discussion to excisional/regenerative repair of the skin.

Non-healing wounds and pressure ulcers present significant morbidity, and even mortality in
the US, with elderly and diabetic and neuropathic patients at the greatest risk. In diabetics
alone, non-healing wounds result in over 70,000 amputations annually according to the
CDC. At the other end of the spectrum is scarring and keloids. What combines these two
different aspects is that these wounds do not progress from the tissue replacement phase to a
competent resolving phase and thus remain in an immature state of cellular proliferation and
matrix deposition/remodeling. Immature wounds are significantly weaker and prone to
dehiscence. Hypervascular wound beds are also at increased risk of re-ulceration. Both
events predispose to infection and chronic wounding, and ultimately failure to heal such
wounds is the major cause of amputation in the US today (1, 2).

Repair of this tissue system is also the best-described as the skin is readily accessible for
both wounding and longitudinal observation with easy, repeated sampling. As most wounds
heal with little to no complication, such studies have been undertaken in human volunteers.
What has emerged is a process that has been parsed into overlapping stages: initial
hemostasis to quickly seal the breach and prevent desiccation and infection (hemostatic
phase), tissue regeneration to replace the lost cells (tissue replacement phase), and finally
wound resolution to restore the diverse functions of the skin and remodel the new matrix
(resolving phase) (Figure 1) (3).

These phases, which occur at different rates across the wound, have been considered from
multiple angles (Figure 2). Many conceptions of wound healing focus on either the cell
types, soluble signals, or structures that predominate during each phase. However, the reality
is that each of these not only are present but impact each other. For instance, the hemostatic
stage includes both the initial platelet plug to prevent bleeding and form a barrier eschar and
the lysate-attracted inflammatory infiltrate of hematopoietically-derived immune cells to
prevent infection and limit colonization. The soluble signals present late in this stage herald
the invasion and expansion of the formed elements that mark the tissue replacement phase,
during which the tissue is reformed, but only once the appropriate and supportive matrix is
generated. Subsequent to this, various signals released by the maturing structures (functional
vessels and redifferentiated epidermis) induce both the quiescence of the cells in the tissue
and involution of excess cells (keratinocytes and dermal fibroblasts) and structures
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(immature vessels), to revert to a relatively avascular and quiescent skin that is reinforced by
a matrix suppressive to cell proliferation and migration. This parallels the concept of
‘dynamic reciprocity’, first described by Bissell et al in 1982 (4), describing the critical
interaction of key components of the healing process that ultimately drives resolution.
Specifically, in skin healing the dynamic reciprocity between cells and the surrounding
microenvironment has been shown to play a role in many aspects of healing, including
differentiation, migration, proliferation, and others (reviewed recently in (5)). It is this
interwoven connectivity that is being emphasized herein with a focus on the matrix aspects.

A changing matrix during repair and regeneration

Many investigations have discerned the cellular and soluble signal changes during the stages
of wound repair (for reviews see (3, 6-9)); select key cells and signals are schematized in
Fig 2. However, fewer studies have focused on the matrix changes, not because the matrix is
considered unimportant, but rather it is generally assumed to be consequence of the cellular
changes rather than a driver of phenotype in its own right. At one level, it is inarguable that
other than the initial fibrin-rich clot formed during the initial hemostasis, the matrix does
derive from the cells resident in various healing phases. For instance, the hematopoietic
inflammatory cells attracted early on release the extracellular proteases that degrade the
fibrin- and vitronectin-rich clot and allow it to be replaced by the macrophage-produced
fibronectin. Later in the process, the keratinocytes contribute much of the basement
membrane laminins (10) and collagenlV (11).

In contrast to this classical view a new conception places the matrix as central to controlling
the cell phenotypes during the repair process (12). In this approach to thinking about
healing, the nature of the extracellular matrix impacts the skin both through specific
signaling/attachment domains and via physical aspects (stiffness). The iterative nature of
matrix/matricellular components impacting the resident cells to produce specific matrix
elements is proposed to control the outcome of healing — complete repair versus
dysfunctional healing (Table 1). It should be noted that most of these matrix and
matricellular molecules are multifunctional with both overt and cryptic signaling elements.
Thus, discussion of specific downstream signaling pathways in cells is not included herein,
as both the relevant signaling events change with time, and wound repair status and key
elements likely remain to be established for these events. For details on many of the
molecules noted, please see current reviews ((13-21)).

An outline of major matrix elements known to be involved in or produced during wound
healing can be found in Figure 2. The initial fibrinogen-cleaved fibrin clot contains the
plasma proteins entrapped during hemostasis. The highly pliant fibrin, accompanied by more
adhesive vitronectin, supports the invasion of macrophages and other leukocytes. In addition
to serving to limit infection, the proteases produced by the cells breaks down the suppressive
boundary matrices that limit subsequent tissue ingrowth. The leukocyte elastases released
into the wound bed degrade molecules suppressive to angiogenesis (22, 23) while also
affecting fibronectin degradation and protease inhibitor activity in more chronic wounds
(ref). In addition, matrix metalloproteinases (MMPs) degrade collagen | that limit stromal
migration (24, 25). In this manner, the suppressive small leucine-rich glycoproteins (SLRP)
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decorin and lumican are untethered and removed from the adjacent matrix. MMPs also
provide other functions to the wound healing process, such as regulating mediators of
inflammation via establishment and modification of chemokine gradients (26) .

The resident cells prime the adjacent ECM allowing for immigration and proliferation of
stromal cells, while also producing fibronecton, tenascin, entactin and thrombospondin. The
latter matrix elements come together to form a provisional ECM with both adhesive and
anti-adhesive properties allowing for optimal locomotion of the stromal cellular components
(fibroblasts, endothelial cells and keratinocytes).(27). Tenascin and other proteins are mainly
at the edge of the advancing wound front wherein they establish a pro-migratory
environment, serving also to enhance inflammatory cell adhesion and migration early in the
healing process (28). These matricellular proteins in turn effect growth factor signaling
through cryptic receptor binding motifs within the proteins themselves (matrikines), which
signal via the EGF receptor to induce motility (15, 29-31) In the same vein, these
components also may contain growth factor binding sites that similarly regulate signaling,
such as those found in fibronectin (32). As the fibroblasts immigrate and establish in the
wound site, they produce collagen 111 and collagen | to provide further structural integrity to
the matrix, with fibronectin acting in this important case as a scaffold for collagen
deposition (33). Along with these collagens, SLRPs become present again, limiting the
signaling through motility-triggering growth factor receptors (18, 34). At the skin surface,
dedifferentiated keratinocytes re-epithelialize the wound by ingrowth on top of this matrix.
Behind the leading edge, the contact-inhibited keratinocytes are induced by unknown signals
to contribute collagen 1V and laminins to the delineating basement membrane, which in turn
anchors the keratinocytes by hemidesmosomes, further driving maturation (6, 35, 36).

The transition to the resolving phase is marked by dramatic involution of the excess cells of
all types that appear during the tissue replacement phase. This coincides with the change in
the matrix from a supportive, tenascin-C and collagen I11-predominant matrix to one in
which collagen | and SLRPs constitute the dominant matrix proteins. This stiffer matrix in
turn drives the stromal cells to take on a myofibroblast phenotype and further produce
fibrillar collagen (37). This combination of collagen fibrils and myofibroblasts results in
wound contraction, as the motility signals are channeled to transcellular contractility (24).
This ultimately results in a scar with overly aligned collagen fibrils that regains only about
80% of the strength of the unwounded skin. Still, as the skin regains most functionality and
is not overly cellular or collagenous, this is considered as normal wound healing (Figure 1).

Regenerative healing

Wounds in the fetus or on mucous membranes present an altered resolution phase leading to
more regenerative or complete healing. Cutaneous wound healing within the first 24 weeks
of human gestation results in scarless regeneration (38). We now know that this remarkable
healing capacity is due to more than just an aseptic environment or amniotic fluid, as when
the fetus approaches the third trimester this mode of regeneration is lost (9) and differences
from adult healing persist in explanted fetal tissue when the skin is damaged (39). The
mechanisms underlying the transition from fetal to adult healing are not well defined, and
may relate to the interplay of signals and cellular inflammation as related below. Still, it
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does appear that both the cellular and matrix remodeling events are distinct in fetal healing
and responsible for driving this perfect regeneration.

In fetal healing, there is minimal acute inflammation as the cellular infiltrate is mainly
macrophages, with relatively few leukocytes and lymphocytes (40). This results in little to
no fetal platelet degranulation and aggregation in addition to a lower level of fibrogenic
PDGF and TGF-p. This key difference is evidenced by the induction of inflammation in
fetal wounds after 24 weeks leading to scar formation (40). In the absence of neutrophils,
other cells must clear the debris of the devitalized tissue; this is accomplished by
macrophages and wound fibroblasts (39, 41). While these differences might be contributory,
they are only a part of the answer. The balance between pro- and anti-inflammatory activity
from the inflammatory cells that is coordinated by chemokines, cytokines, growth factors,
and other soluble mediators is critical in normal healing (42). Yet, in fetal wounds, this
balance is shifted and anti-inflammatory cytokines, such as IL-10, are highly expressed and
pro-inflammatory chemokines, such as interleukin (IL)-8, are diminished. The other cellular
element that differs in fetal healing is the presence of stem-like cells. Although they are a
minority of the cells, they are thought to be educating the stromal cells and directing their
behaviors toward regeneration rather than repair with scarring. For example, the presence of
mesenchymal stem cells in the wound bed may in fact direct macrophages from a pro-
inflammatory phenotype towards a pro-regeneration phenotype, characterized by increased
anti-inflammatory cytokines including IL-10 with reduced TNF-a (43, 44). Concurrently,
mesenchymal stem cells may also play a key role in directing regeneration through paracrine
direction of macrophages and endothelial cells to migrate into the wound space, another key
‘educating’ step for such stromal cells in the healing process (43, 44).

Matrix production and remodeling are the other main distinctions between fetal and adult
wound healing and one that persists past the initial hemostatic phase. Fetal fibroblasts
proliferate at a faster rate and have migratory properties that are both intrinsically enhanced
and more responsive to exogenous cues (45). Fetal fibroblast ECM synthesis and deposition
is more robust as the fetal fibroblasts have enhanced synthetic and secretory processes. Fetal
fibroblasts differ from adult fibroblasts in collagen synthesis in terms of speed of deposition,
variation in collagen type ratios, and quantity of collagen. Fibronectin in fetal wounds also
shows an earlier expression, which may contribute to the migratory properties of fetal
fibroblasts (46). Tenascin-C shows earlier deposition in fetal wounds as well, and may
further explain their ability to re-epithelize rapidly with a reduced presence of inflammatory
cells. With respect to the fetal wound environment itself, compared to normal adult wounds
there is an increase in proteoglycans, including the SLRP decorin, which suppresses pro-
proliferative and —migratory signaling via many growth factor receptors (47-49), while also
having inhibitory or stimulatory effects on angiogenesis, depending on the other components
present in the microenvironment (50). Furthermore, the increase in levels of
glycosaminoglycans such as hyaluronic acid (HA) changes the rheology of the matrix
toward a more elastic one (51), concurrent with decreased HA degradation from a lower
level of hyaluronidase in the wound bed {West, 1997 #5858; Overall, the intrinsic ability to
synthesize a mature, well-organized dermal matrix is superior in fetal fibroblast to adult
fibroblast.
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In line with our central hypothesis, a regenerative matrix occurs in the fetus wound
secondary to the shift in composition towards early expression a collagen I-rich matrix but
in a less stiff dermis, due to higher hyaluronic acid levels, coupled with a shortened
provisional matrix allowing for fewer fibroblasts to immigrate. This suggests that the matrix
flows from lessened and altered inflammatory infiltrate impacts the resident cells to
synthesize a mature, well-organized dermal matrix that synchronizes the scarless outcome.

Matrix in dysrepair

Dysrepair falls mainly at the two ends in the process — inability to repair the wound (failure
to heal) and over-exuberant healing (scarring). Counter-intuitively, both of these medical
issues can be traced to excessive matrix turnover. Chronic ulcers are found to have increased
activity of MMPs and other matrix-degrading proteases {Raffetto, 2009 #5874}. This has
even led to suggestions that protease inhibition be a part of chronic wound treatment (52).
At the other end, we and others have found persistence of MMP activity in hypertrophic
scars (12, 53-55). This does not take into account the failure to initiate healing in persons
whose skin is highly compromised due to advanced age and severe metabolic derangements
(including persons with malnutrition and widespread metastatic cancer), nor select genetic
defects. Furthermore, vascular compromise including advanced arteriosclerotic conditions,
such as those found in extremities in long-standing type Il diabetes, present barriers to
healing that lie outside the matrix issues, and thus require reestablishing adequate blood
flow to enable any healing to occur.

Both failure to heal the wound and scarring are marked by matrix turnover disrupting the
normal processes. Non-healing ulcers are stalled in matrix generation and maturation. The
open wound becomes compromised as it is colonized by the skin microbiome (56, 57).
Signals from microbiome products maintains a level of hematopoietically-derived immune
cell infiltration. Both the leukocytes and microbes produce proteases that degrade the
provisional matrix. These protein fragments further attract leukocytes and keep the stromal
cells in a synthetic mode, generating matricellular proteins. The initiating event is still
unclear, whether it is colonization/infection, excessive inflammatory infiltrate, or matrix
turnover, though the ongoing failure to heal clearly has a matrix component that is critical to
the pathological feed-forward loop.

Scarring results from the failure to appropriately terminate the healing process (Figure 3).
The presence of excess fibrillar collagen in both hypertrophic scars and keloids belies the
active turnover that led to the accumulation. Proteases are found to persist in scar tissues.
MMP-2 in particular, strangely in conjunction with its inhibitors TIMP-1 and TIMP-2, is
found in human burn and hypertrophic scars (58), whereas MMP-9 appears to correlate with
scar resolution (59). Other MMPs, particularly MMP-1 have been proposed as therapeutics
to break down the fibrillar collagen to reduce scars. The reasons for this excessive
accumulation of collagen | are uncertain, but once started, the process may be cyclical (12).
Excessive tissue transglutaminase not only leads to the cross-linking of the collagen fibrils,
but also directly or indirectly protect the stromal cells from apoptosis, thereby increasing the
synthetic period of scars (60).
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To better investigate the mechanisms underlying matrix accumulation in scarring, animal
models have been probed. However, such wounds do not often arise in animal models (61),
limiting our understanding beyond the descriptive nature of examination of human wounds.
The female Duroc/Yorkshire pig undergoes scarring after full thickness wounding or third
degree burns (62); however, the role of specific signals and matrix has not been discerned in
this genetically-predisposed model as molecular and cellular interventions are more
convoluted in the porcine model. A more malleable, albeit genetically engineered, model of
hypertrophic scarring in model animals is that in which the CXCR3 chemokine receptor is
deleted in mice (63, 64). This receptor transmits ‘stop’ signals from the CXCL10 (IP-10)
and CXCL11 (IP-9) chemokines that are produced when small vessels mature and reparative
keratinocytes reach confluence and re-differentiate, respectively (65, 66). While the most
obvious consequence of CXCR3 signaling is vascular involution (67, 68) and channeling
fibroblasts towards matrix compaction (69), the lack of CXCR3 signaling also leads to the
persistence of an immature dermal matrix with high levels of tenascin-C and fibronectin (54,
63). Thus, during their formation, hypertrophic scars are marked by a hyperactive
regenerative matrix rather than simply more and more accumulation of fibrillar collagen.
Interestingly, the transition between the tenascin-rich regenerative matrix and collagen I-
dominant mature matrix is blurred with both being present in the same temporo-spatial
domain. Key to the role of matrix in driving the scarring phenotype is the finding that
transient presence of normal fibroblasts corrects this defect (42). A mature matrix that
ushers in the resolving phase is produced during this short period and appears to suppress
the ongoing scarring. This strongly implicates the matrix as the main regulator of dermal
phenotype, with a tenascin-C-, SPARC- and fibronectin-rich matrix maintaining a synthetic
dermis that accumulates excessive and misaligned collagen fibrils, but with a collagen |
matrix rendering the dermis inactive to prevent this scar buildup (12).

In between these two bookends is the issue of re-ulceration of healed wounds. Outside of the
problems of repeated trauma (the most common cause, especially in pressure ulcers) or
failure to correct the underlying cause (for venous stasis ulcers), this dysrepair results from
limited matrix involvement, rather than excessive deposition and turnover as in the above
situations. This is not dissimilar to surgical dehiscence, wherein many of the failures relate
to insufficient collagen deposition and cross-linking. (It should be noted that while surgical
wound dehiscence is particularly problematic in persons with collagen disorders, these same
patients suffer from a primary failure to heal excisional wounds (70)). In excisional healing,
overly rapid re-epithelialization communicates with the underlying dermis to cause
premature transition to the resolution phase (66, 71, 72). This would be expected to result in
a thin and weaker dermis that would be predisposed to re-ulceration in the face of renewed
insult, just as the skin of the aged or persons suffering from inanition is ripe for ulcers. The
implications of such crosstalk, with the closing epidermis signaling ‘stop repair’ signals to
the dermis, must be considered when using new re-epithelialization technologies such as
keratinocyte transplantation (73).

Model systems and matrix interventions

Advances in skin repair and disruptions of such rely on robust and representative models
(74). Unfortunately, truly relevant models are lacking for a number of reasons. First, human
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skin presents an infrequently used architecture that is shared only with other primates and
pigs; the tight attachment of the skin to the underlying integum, at least in the absence of a
thick layer of insulating fat, is rarely noted in mammals with the exception of faces and
palms/soles. Second, the skin adnexia of few hair follicles, sun exposure, and many dermal
sweat glands are found by and large only in the pig, and not even in other primates that are
hairy. Third, the chronic diseases that afflict humans and are recalcitrant to current therapies
are not readily recreated in animal models. These two major issues confound the usual
challenges that confront most biomedical research in model animals, differences in size,
lifespan, and genetics, and result in subtle but important biological distances between all
species, and especially humans. Of note, scarring of other organs appears to be better
recapitulated in animal models, however, these organs fall outside the considering of the
current communication

The pig is a preferred model animal due to the similarity in the architecture and the presence
of auxillary structures of the skin. While many insights have been garnered, the challenges
of genetic manipulations in the porcine model have promoted the use of suboptimal rodent
models, wherein genetically altered animals and tissues are more easily generated. As the
skin in rodents is only loosely connected to the underlying fascias, the largest part of healing
of full thickness wounds occurs by primary contraction; partial thickness wounds are a
challenge due to the thinness of the skin and are thus not representative given the small
amounts of tissue to regenerate. To overcome this major role of contraction, wounds may be
splinted in rodents, but again such a situation artificially imposes constraints absent in
human wounds with the tension leading to excessive collagen deposition and thus a
hypertrophic scar (75, 76). An alternate approach is to wound the ear (often in rabbits) or the
tail (usually of rats) as the covering of the underlying cartilage is thin and juxtaposed, but
these wounds do not reflect the human situation as such surfaces are few.

As for dysrepair, few animals fully scar in a manner comparable to human hypertrophic
scars or frank neoplastic keloids (61). Keloids do occur spontaneously in the shins of horses,
though some differences in these wounds exist (77). The female Duroc/Y orkshire pig does
form hypertrophic scars (62), though the occurrence in only this breed, and mainly just the
females, strongly suggests an unknown genetic alteration or variant that is hormonally
modified. Rodents will form hypertrophic scars in a distracted situation, as noted above (75,
76), possibly due to decreased apoptosis (78) that occurs in the transition to wound
resolution. In the mouse, ablation of the CXCR3 stop signals does result in hypertrophic
scarring becoming prominent some 6 months and more after wounding, in a manner that
mirrors the human situation (63). In these case, the dermal matrix reflects that of human
hypertrophic scars with increased but disorganized fibrillar collagen, and persistence of
fibronectin and tenascin-C. MMPs are found even after 6 months in these scars, while absent
from healed skin (63, 79). Of interest, this scarring phenotype can be prevented by even just
transient transplantation of allograft/xenograft fibroblasts that produce a mature matrix to
start the resolving phase (12, 42). Still, the use of a defined genetic defect that is not found
to be present in human scars renders the model more useful for anti-scarring interventions
than in discerning fundamental biology of scarring. To circumvent this absence in animal
models, human skin has been grafted onto rodents, but the vascular, neuronal, and lymph
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connections are absent and the immune system that is critical during the inflammatory phase
is abrogated.

Chronic wounds represent even greater challenges. First, the main causes of human chronic
wounds are vascular compromise and repeated trauma. For the latter, pressure ulcers and
blister ulcers, the standard therapy of off-loading leads to healing unless significant
comorbidities are present; these comorbidities are not faithfully recreated in model animals.
Diabetes is a major confounding diseases that leads to non-healing ulcers, but here too the
proximate cause of long-standing arteriolosclerosis is not present in the animal models that
can present the hyperglycemia and advanced glycosylated end products; these short term
perturbations in themselves do not prevent healing in human wounds in the absence of small
vessel disease. Thus, the wounds in diabetic mice and other animals (either genetic variants
or by killing of beta cells) do heal well even though with a slight delay compared to normal
littermates. As such, an oft-used chronic wound model remains the porcine skin flap model,
which maintains the similar architecture to the human skin while generating avascular/
ischemic regions to mimic a chronic wound (80). However, ultimately surgical generation of
avascular flaps does not represent these wounds so much as compromised pedicles and
muscle flaps in humans. Rather, in human diabetic and chronic wounds the vascular
compromise occurs at the small arteriole level, and not usually from limited arterial supply.

For chronic wounds, those therapies that have made it through these limited animal models
and into human use have often focused on antimicrobial treatment and/or matrix-based
interventions, such as collagen scaffolds or comparable treatments seeded with fibroblasts.
The immediate goal of such products is to ameliorate the lack of fibroblast migration and
collagen deposition in a chronic lesion. However, these treatments (beyond the scope of
negative pressure therapy) have shown limited clinical success. Venous stasis ulcers, that
plague millions of persons in the US alone, have not been successfully modeled in animals.

Further compounding these representative models in animals are some unique differences in
the biology of the skin. For instance, wound healing in rodents is dependent on resident
gamma-delta T-cells in the dermis (81, 82), but this subset of T-cells is a very minor
subpopulation in the human skin.

Due to these limitations, there is a push to move quickly to human skin as the model system.
Skin organ cultures are quite advanced and have been used for over a decade (83, 84). These
constructs can be generated for cellular reseeding of decellularized human skin, or more
elegantly can be established using human fibroblast-seeded collagen gels overlaid with
human keratinocytes and melanocytes. While the decellularized skin constructs contain the
rete plugs and a more physiological dermal matrix and basement membrane at the start,
barriers to stromal cell penetration and inability to interventionally modify the dermis are
limitations. The de novo generation of the organ constructs allows for designed cells and
matrices to contribute to the skin. Further, the ready access to discarded human skin allows
for large genetic diversity to be represented in these ex vivo constructs. While key cellular
and molecular events in wound healing responses continue to be discerned with these (85),
the lack of the vascular and immune systems limits investigation of a fuller response, as the
entire initial homeostatic phase is absent (Figure 1). Until microfluidic support can provide
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for this, these models will remain limited (http://www.ncats.nih.gov/research/reengineering/
tissue-chip/tissue-chip.html).

Interestingly, live skin organ cultures and cells have moved quickly into clinical use as
treatments for large area losses and nonhealing wounds. These constructs have been
reviewed recently (86, 87), and will not be discussed herein. However, they provide
unwittingly for tests of basic mechanisms of repair. Many of these provide temporary
coverings rather than integrated tissues, in that the pre-formed dermal or combined dermal-
epidermal constructs fail to be incorporated into the healed skin (88). The reasons for this
failure to become part of the healed skin likely relates to lack of vascularization of the bi-
layer constructs possibly due to a mature epidermal layer limiting either the turnover of the
dermal matrix or even vascular ingrowth. While it would interesting to speculate that
CXCR3 ligands could be responsible (67, 68), this is unlikely as mature keratinocytes
express little if any cognate ligands, and even the pre-formed dermal matrices also have
limited incorporation. While it is more likely that the fibrillar collagen of these constructs
are repressive to potentially invading stromal cells, that needs to be ascertained. This view is
supported by a very recent report that decellularized dermal constructs limit collagen I levels
and subsequent scarring in human volunteers (89).

More recently, cellular transplants often in the form of keratinocytes have been proposed as
a rapid covering for burn wounds (73) and venous stasis ulcers (90). While both
compassionate use and a phase Il trial have suggested some benefit, that even persists at six
months post closure (91), the healed wounds have not been studied in detail. In these
situations wherein the applied keratinocytes would be exposed to the wound environment,
one may expect the expression of CXCL11 from these cells to prematurely limit the
generation and maturation of the dermal matrix and the vascularization therein, resulting in a
weakened wound. This would be noted as a quantitatively diminished but mature matrix rich
in fibrillar collagen 1. As these approaches move beyond limited trials, such an adverse
outcome, predisposing to dehiscence due to a weakened matrix, would need to be studied.

Directed studies on human wounds are ongoing, and face lower barriers that other organ
systems. The ready access to the skin and near regenerative repair of most small skin
wounds allows for even purposeful wounding studies with informed consent (92).
Therapeutic interventional studies are readily available and often follow from quite limited
animal studies. It will be from careful review of such trials that a fuller understanding of the
changing matrix will arise to offer new approaches healing.
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Highlights

> Matrix composition dynamically changes through the phases of wound

healing

> Matrix elements educate the cells to dictate cellular phenotypes

> Aberrant matrix progression leads to stalled healing or scarring
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NORMAL EXCESSIVE FAILURE
HEALING HEALING TO HEAL
HEMOSTASIS AND
INFLAMMATION
- Deposition of fibrin matrix - Deposition of fibrin matrix - Deposition of fibrin matrix
- Neutrophil invasion through - Neutrophil invasion through - Hyperinflammation leading to
basement membrane basement membrane 1 proteolytic activity

TISSUE
REPLACEMENT

- Provisional matrix composed - Provisional matrix composed - Chronic degradation of matrix
of collagen, proteoglycans, of collagen, proteoglycans, due to hyperinflammation
and elastins deposited and elastins deposited - Lack of fibroblast migration

- Fibroblast and endothelial - Fibroblast and endothelial into wound
cell migration into wound cell migration into wound - Reduced blood vessel

- Inflammation resolves - inflammation persists formation

CONTRACTION

AND REMODELING

- Reorganization of collagen - Excessive collagen | - Failure to progress to the
fibers (to collagen I) production remodeling phase

- Realignment to improve - Hyperactive MMPs after - Immature matrix due to
tensile strength scar formation persistent inflammation and

- MINIMAL SCARRING - EXCESSIVE SCARRING hypovascularization

- CHRONIC WOUND

Figure 1. Phase transitions in excisional wound healing and dysrepair
Wound healing proceeds from the initial homeostatic phase through tissue regeneration and

into resolution. While these phases overlap both temporally and spatially within a wound,
the orchestrated progression leads to re-established functioning with minimal scarring (left
sequence). If the resolution phase has excessive cellularity and matrix from an over
exuberant tissue replacement phase that lacks stop signals, this is not a stable phenotype.
The renewal of an active immature matrix in the resolution phase results in excessive tissue
and hypertrophic scars or even keloids (middle sequence). When the homeostatic phase does
not transition towards regeneration, the healing is stalled and the initial, tissue-destructive
inflammation persists. This situation leads to a chronic wound or ulcer (right sequence).
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TISSUE
HEMOSTASIS REPLACEMENT RESOLUTION

’ﬂ\ LAMININ J) SLRP (DECORIN) S=====COLLAGEN Ill %@? PLATELET
FIBRIN CLOT \/ FIBRONECTIN #MYOFIBROBLAST (3)¥) NEUTROPHIL

%!ﬁ HYALURONAN == COLLAGEN|  {8) M1 MACROPHAGE ¢ KERATINOCYTE
5= TENASCIN-C ===@COLLAGEN IV ﬂ M2 MACROPHAGE @ FIBROBLAST

Figure 2. Key players during different stages of wound repair
The hemostasis (day 2), tissue replacement (day 10) and resolving (day 30) phases of

healing are schematized here. Highlighted in each stage (and identified below) are the main
cells and matrix/matricellular components that constitute that stage. (please note that the
basement membrane is greatly exaggerated in size).
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Figure 3. The ‘scarring cycle’ schematized

‘stop’ ligands absent

Wound
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exaggerate matrix contraction

!
Cell death/Stiffened matrix

Hypertrophic scars are regenerated from a persistence of the tissue replacement phase, in the
absence of “stop signals’ such as ligands for CXCR3 or angiopoietins even after full re-
epithelialization and seeming ‘wound closure’ (right arm). This hypercellularity with active
matrix turnover re-initiates an chronic inflammatory milieu which in turns drive more
immature matrix production, eventually leading to excessive but poorly functional fibrillar

collagen. Adapted from ref 10.
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Matrix and matricellular proteins during wound repair.

Page 20

Matrix/Matri- Phase(s) Main Producer Cell(s) Cellular Effects Cellular Receptors
cellular Protein (major ones)
Collagen | Tissue Epithelial, Endothelial Fibroblasts, Tissue architecture, Tensile Integrins (mainly a2f1,
Formation Smooth Muscle strength Suppresses cell l11p1), DDR1 and
Tissue immigration Transitions DDR2, LAIR1,
Remodeling fibroblasts to myofibroblasts Glycoprotein VI
Collagen 111 Tissue Epithelial, Endothelial Fibroblasts Tissue architecture Promotes Integrins (mainly a2p1,
Formation fibroblast migration Supports | «11B1), Glycoprotein VI,

angiogenesis

LAIR1, DDR1 and
DDR2

Fibrinogen/Fibrin

Homeostasis

Platelets Leukocytes, Endothelial

Cell-Cell interaction, Cell-

allbf3 integrin, VE-

Tissue (from plasma) Matrix Platelet -protein, cadherin
Formation Promotes cell migration
Hyaluronan Tissue Epithelial Fibroblasts Smooth Limits matrix stiffness CD44, ICAM-1
Formation Muscle Decreases cell proliferation
Tissue Induces fibroblast
Remodeling differentiation
Fibronectin Homeostasis Epithelial, Endothelial Fibroblasts, Tissue architecture Promotes | Several Integrins (mainly
Tissue Leukocytes, cell proliferation and ab5B1, av33)
Formation migration Increases
Tissue opsoninization
Remodeling
Tenascin C Tissue Epithelial, Fibroblasts Modulates cell-matrix Anti- avp3 and a9B3 Integrins,
Formation adhesive, Promotes migration annexin Il, EGFR
Promotes proliferation,
Angiogenesis
Decorin Tissue Fibroblasts Stabilizes collagen matrix EGFR, Met, IGF-IR,
Formation Limits cell proliferation TLR2/4
Tissue Negates growth factor
Remodeling signaling
Entactin (or nidogen) | Homeostasis Epithelial Fibroblasts Neutrophil Basement membrane a3pl Integrin
Tissue component Stabilizes
Formation basement membrane
Laminin Tissue Epithelial, Endothelial Fibroblasts, Basement membrane 67LR, various integrins
Formation Smooth Muscle, Platelets, Monocyte component Limits cell (a2B1, a3pl, a7pl,
Tissue compartmentalization abf4)
Remodeling

Thrombospondin

Homeostasis

Platelets, Fibroblasts, Smooth

Angiogenesis Promotes cell

CD36, CD47, 1

Tissue Muscle cells proliferation and migration integrins, |AP- mediated

Formation interactions
SPARC Tissue Fibroblasts Promotes cell proliferation a5p1, stabilin-1, V-

Formation and migration CAM

For details on many of the molecules noted, please see current reviews ((13-21)).
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