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Scar formation is a common consequence of skin injuries that lead to a wide range of adverse effects including
physical deformities and psychological disorders. Studies demonstrate that mammalian fetal skin in early
gestation is capable of regenerating itself after injury without any scar formation. A number of potential
therapies have been developed to reduce scar formation in cutaneous wounds based on differences between the
process of adult and fetal wound healing. The ideal approach to eliminate scar formation after skin injury is to
use a pro-regenerative matrix along with growth factors and cell types that induce regeneration rather than
repair. This work provides a comprehensive review of engineering approaches to scar-free wound healing with
emphasis on the use of pro-regenerative biomaterials to minimize scar formation in skin injuries.
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Impact Statement

Millions of people every year develop scars in response to skin injuries after surgery, trauma, or burns with significant
undesired physical and psychological effects. This review provides an update on engineering strategies for scar-free wound
healing and discusses the role of different cell types, growth factors, cytokines, and extracellular components in regenerative
wound healing. The use of pro-regenerative matrices combined with engineered cells with less intrinsic potential for

fibrogenesis is a promising strategy for achieving scar-free skin tissue regeneration.

Introduction

MILLIONS OF PEOPLE annually develop scars in response
to skin injuries after surgery, trauma, or skin burns.
These skin injuries result in significant undesired physio-
logical and psychological effects. According to the World
Health Organization, more than 11 million burn injuries are
reported worldwide annually that require medical attention.'
According to a fact sheet released by the American Burn
Association, more than 480,000 burn injuries occur in the
United States each year that require treatment.? It is common
for a burn injury to form scar tissue, although the incidence
of scar formation is not known.? In some studies, the prev-
alence of hypertrophic scar (HTS) formation was estimated
between 32% and 72% after burn injuries.* The market for
anti-scarring medication is in excess of $12 billion annually.”
Based on the results of a cohort study, the cost of anti-scar
treatment in postburn patients is approximately $6000 per
patient.® Previous studies indicate that scarring dramatically
affects the quality of life of patients with skin injuries.’

Excessive deposition of connective tissue (mainly collagen)
during wound healing leads to scar formation (Figure 1).% It
was shown for the first time in 1971 that fetal lamb wounds,
before day 120 of gestation, heal without scar formation.” In
a similar manner, it was shown that skin injuries in the
human fetus in early pregnancy heal to form normal skin
tissue without scar formation.'® Engineering approaches that
mimic the process of fetal wound healing can lead to en-
abling technologies that minimize or eliminate scar forma-
tion after injury. Many factors including cellular elements,
soluble growth factors, and insoluble extracellular matrix
(ECM) proteins as well as mechanics of the tissue are in-
volved in fetal wound healing. Recent studies indicate that
the application of a single factor, such as transforming
growth factor (TGF)-B3 or interleukin-10 (IL-10), is not
sufficient for scar-free wound healing.!' Studies centered
on the process of fetal regeneration indicate that scar-free
wound healing can be realized by combining multiple cel-
lular and morphogenetic factors within a fetal-mimetic
matrix or scaffold. In this review, we provide an update on
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engineering strategies for scar-free wound healing and dis-
cuss the role of different cell types, growth factors, cyto-
kines, and extracellular components in regenerative wound
healing with emphasis on the potential of pro-regenerative
biomaterials in developing skin equivalents. Finally, this
review ends with the future of scar-free skin tissue engi-
neering.

Adult Versus Fetal Wound Healing

Human fetal skin in early pregnancy can regenerate after
injury without forming a scar tissue.'® Understanding the
differences between the fetal and adult skin wound healing
can lead to scar-free skin regenerative therapies. These are
illustrated in Figure 2, which demonstrates the differences in
cell types, growth factors, cytokines, and ECM composition.

Cells

Fibroblasts. They are the most important cell type in the
process of wound healing.'*"® Driskell et al. showed that a
unique fibroblast lineage in the lower dermis (reticular layer)
is resgonsible for connective tissue deposition after skin in-
jury.' Lineage tracing by Rinkevich et al. led to identifica-
tion of a single fibroblast lineage (Engrailed-1) as the main
effector cell in the production of ECM during wound healin%
as well as embryonic development in mouse dorsal skin.'
This unique fibroblast lineage, which was identified by the
cell surface marker adenosine deaminase complexing protein-
2 (CD26), was 1% of the dermal fibroblasts at the early stage
of gestation but its fraction increased to >75% in postnatal
skin. "> Furthermore, it was established that this fibroblast
lineage played a major role in the switch from scar-free to
scar-forming wound repair in midgestation (Fig. 3)."° In-
hibition of CD26 enzymatic activity reduced scar formation
in mouse skin injuries.15 CD26, which is also known as di-
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FIG. 1. Stages of wound healing. (A)
Coagulation: platelets in the presence of fi-
brin form a stable clot. Platelets also pro-
duce platelet-derived growth factor that
along with bacterial products attract in-
flammatory cells to the site of injury. (B)
Inflammation: neutrophils are recruited to
the wound bed. Leucocytes secrete proin-
flammatory cytokines IL-1, IL-6, and TNF-o
that exacerbate the inflammation. M2 mac-
rophages are found mostly in the late phase
of inflammation and produce anti-
inflammatory cytokine IL-10. (C) Prolifera-
tion: granulation tissue is the hallmark of
this stage, which is composed of myofibro-
blasts, new capillaries, and Col III. (D) Re-
modeling: it is the final stage of wound
healing in which Col III is replaced by the
stiffer bundles of Col I with MMPs as the
main effectors. The end result of wound
repair is scar formation at the site of injury.
IL, interleukin; Col III, collagen type III;
TNF, tumor necrosis factor. Color images
are available online.
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peptidyl peptidase-IV, is a cell surface exopeptidase that
cleaves X-proline dipeptides from the N-terminus of oligo-
peptides.'” Stromal cell-derived factor-1 (SDF-1), which is
also known as C-X-C motif chemokine-12 (CXCLI12), is a
substrate for CD26. SDF-1 is a strong chemoattractant for the

Fetal wound
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FIG. 2. Dissimilarities in cell types, growth factors, and
extracellular matrix components between adult and fetal
wounds. Color images are available online.
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FIG. 3. Contribution of
Engrailed-1" (Enl) fibro-
blasts (shown in red color) to
matrix deposition and scar
formation during skin devel-
opment in the mouse model
of wound healing. The Enl™"
fibroblast accounts for 1% of
the dermal fibroblasts at the
early stage of gestation, but
its fraction increases to >75%
in postnatal skin. Color ima-
ges are available online.
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recruitment of CXCR4 (C-X-C chemokine receptor type-4)
expressing mesenchymal stem cells (MSCs) to the injury
site.'® It has been shown that the overexpression of hypoxia-
induced factor-1 (HIF-1) due to ischemia after tissue injury
leads to the upregulation of SDF-1 and subsequent recruit-
ment of MSCs to the site of injury to stimulate regenera-
tion.">* Ghadge er al. showed in a cardiac ischemia model
that the overexpression of HIF-1a by administration of prolyl
hydroxylase inhibitor resulted in the upregulation of SDF-1
with subsequent improvement in neovascularization and re-
duction in the size of myocardial scar.?' They also detected
higher expression levels of anti-inflammatory M2 macro-
phage phenotype at the site of cardiac infarction, which may
have played a role in the regeneration of cardiac tissue.*!

It has been reported that SDF-1 plays an important role in
neovascularization of ing'ured tissue by recruitment of endo-
thelial progenitor cells.”> Rabbany er al. reported that the
delivery of SDF-1 in an alginate hydrogel improved wound
closure and mitigated scar formation in a pig skin injury
model.”®> Hu e al. used microarray analysis to show that
CXCR4 signaling (SDF-1 receptor) is upregulated in the skin
wound of adult mice 12h postinjury compared with fetal
mice.** Ding et al. reported higher expression of SDF-1/
CXCR4 signaling in HTSs caused by burn injuries and the
injection of interferon a-2b, which downregulates SDF-1 ex-
pression, led to remodeling of the scar tissue.>> These results
indicate that more research is needed to understand cell sig-
naling pathways that regulate SDF-1/CXCR4 axis and its in-
teraction with CD26 in scar formation of cutaneous wounds.

Fetal fibroblasts play a different function during wound
healing compared with adults. Fetal fibroblasts proliferate
faster and synthesize predominately collagen type III (Col
II) during wound repair.”® Myofibroblasts differentiated
from fibroblasts and characterized by the expression of o-
smooth muscle actin (a¢-SMA), which play a role in scar
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formation in adult wounds, are absent in fetal wound heal-
ing.?" Recently, it has been shown that myofibroblasts
have plasticity and they are reprogrammed to fat cells upon
exposure to bone morphogenetic proteins.”® These studies
indicate that morphogens and cytokines can be used to
modify the function of fibroblasts and reverse the scarring
process in adult dermal wound injuries. It should be men-
tioned that there exists a critical wound depth for scar for-
mation. Dunkin ef al. investigated the effect of wound depth
on scar formation in a clinical trial by creating superficial
and deep skin wounds in the lateral hip of 113 volunteers.*’
They reported a critical injury depth of 0.56+0.03 mm with
deeper injuries leading to fibrosis.

Skin is anatomically composed of three layers, namely
epidermis, dermis, and hypodermis with the dermis further
divided into superficial (papillary) and deep (reticular)
dermis. Wang et al. investigated the properties of fibroblasts
isolated from the superficial and deep layers of human
normal dermis and HTS tissue in an in vitro tissue culture
system.*® They reported that deep dermal fibroblasts were
larger, proliferated slower, and expressed higher levels of
TGF-B1, connective tissue growth factor (CTGF), a-SMA,
and collagen but lower levels of collagenase in comparison
with superficial fibroblasts.* They further reported that
deep dermal fibroblasts and fibroblasts isolated from HTS
tissue had similar properties.>® Therefore, deep dermal fi-
broblasts may be responsible for scar formation in relatively
deep skin injuries.

Inflammatory cells. Reduced inflammation is the hall-
mark of fetal wound healing. Neutrophils are the initial in-
flammatory cells recruited to the site of injury.?' It has been
shown that a lower number of neutrophils are recruited to
the site of injury in fetal wounds compared with adults. Fetal
neutrophils express lower levels of adhesion molecules
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compared with adults, which in turn decreases their ability
to migrate to the wound bed.*>** Macrophages contribute to
cell growth, differentiation, ECM formation, and remodel-
ing in both adult and fetal wound healing by serving as
reservoirs for the release of growth factors® ; however, their
recruitment to the wound bed is reduced in early gestation
during fetal development.*® There are fewer mast cells in
fetal skin wounds with fewer granules in their cytoplasm.36
Mast cells are believed to play a role in transition from scar-
free to scar-forming in fetal wound healing. There was less
scar formation during wound healing in a mouse model
deficient in skin mast cells compared with the wild type.*
Furthermore, the application of mast cell lysate to a skin
injury in a mouse model of scarless wound healing distorted
the healing process. Jeong et al. reported that intraperitoneal
injection of poly(deoxyribonucleotide), which is known to
reduce mast cell degranulation and release of inflammatory
cytokines during the inflammatory phase, decreased the
number of inflammatory cells and scar size in a rat model of
skin wound healing.*” Walraven er al. performed immuno-
histochemical staining on human adult and second-trimester
fetal skin tissues and lymph nodes and reported lower number
of macrophages, dendritic and T cells, mast and Langerhans
cells in the fetal tissue compared with the adult.®® They
showed using the CD45 leukocyte marker that the fetal skin
had lower number of leukocytes but higher cell number in the
lymph nodes. They further reported a higher ratio of M2 (anti-
inflammatory) to M1 (proinflammatory) macrophages in the
fetal skin compared with the adult, even though the overall
number of macrophages in the fetal skin was lower than that
in the adult. They also reported no significant differences in
vascular density between the fetal and adult skin. They con-
cluded from the results that the lower number of immune cells
in the fetal skin is not due to lower vascular density or the
immune system immaturity.

Wounds in the oral mucosa, which heal with less scarring,
are also characterized by a lower number of macrophages.”
Wilgus et al. reported that the expression level of inflamma-
tory mediators cyclooxygenase-2 (COX2) and prostaglandin-
E2 (PGE2) was significantly lower in scarless wound healing
compared with those with scarring.*® Furthermore, they re-
ported that the application of PGE2 to the fetal wound in-
creased the expression of TGF-B1 and scarring.

Platelets. Platelets vary functionally in different stages
of gestation. Olutoye et al. reported that there is less platelet
aggregation in pig fetal skin than the adult with lower
concentrations of TGF-f and platelet-derived growth factor
(PDGF). The high amount of hyaluronic acid (HA) in the
fetal skin can be attributed to these functional differences.*!
Studies on the effect of platelet-rich plasma (PRP) on wound
healing have produced controversial results. Kushida et al.
reported that PRP induces differentiation of dermal fibro-
blasts to myofibroblasts with subsequent increase in wound
contraction.*> Caceres er al. observed that the expression of
myofibroblast differentiation marker a-SMA in gingival fi-
broblasts increased upon exposure to PRP for 12 h in a dose-
dependent manner.*> Chellini ef al. reported that the addi-
tion of PRP to fibroblasts cultured in a differentiation me-
dium supplemented with TGF-B1 attenuated myofibroblast
differentiation.** This effect was attributed to the inhibition
of TGF-B1/SMAD3 signaling pathway upon the addition of
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PRP, which was mediated by the vascular endothelial
growth factor (VEGF) receptor-1. Therefore, the effect of
PRP on wound healing remains inconclusive, and more re-
search is needed to understand the role of PRP on scar
formation in skin injuries.

Stem cells. Higher number of MSCs is detected in fetal
wound healing.*> Exosomes derived from adipose MSCs
upregulate the expression of Col III, TGF-B3, and matrix
metalloproteinases-3 (MMP3) in skin wounds, which leads
to less scarring.*® Kim and Hemmati reported that the co-
culture of MSCs and macrophages induced M2 phenotype in
the macrophages, which led to the upregulation of IL-10 and
IL-6 expressions and downregulation of IL-12 and tumor
necrosis factor-o, (TNF-oc).47 These results indicate that
MSCs have an immune-modulatory effect on wound heal-
ing. Sabapathy et al. reported that mouse skin wounds
treated with Wharton’s jelly MSCs cultured on a decel-
lularized amniotic membrane (AM) had less scarring and
more tissue regeneration after 10 days.*® Liu et al. reported
that intradermal injection of MSCs attenuated scar forma-
tion in a rabbit model of skin wound healing.** They showed
increased expression of collagen type I (Col I), a-SMA,
TNF-a stimulated gene/protein6, inducible nitric oxide
synthase, indoleamine 2,3-dioxygenase, COX2, and IL-10
after injection of MSCs in the wound bed. Subcutaneous
injection of adipose-derived stem cells-conditioned medium
prevented fibrosis and scar tissue formation by inhibition of
the P38/MAPK signaling pathway.’® On the contrary, Doi
et al. reported that injection of umbilical cord blood MSCs
and Wharton’s jelly MSCs to the wound bed of nude mice
failed to attenuate sc:arring.51 However, the failure of MSCs
to reduce scarring in Doi’s experiments may be related to
the absence of immune system in the nude mouse.

Extracellular matrix

The ECM comprising proteins, glycosaminoglycans
(GAGs), and proteoglycans (PGs) provides a dynamic scaf-
fold for cell migration, adhesion, proliferation, differentiation,
and maturation. The mechanical properties of ECM play a
pivotal role in activation of fibroblasts during wound healing.
It has been shown that matrix stiffness increases with gesta-
tional age as the number of collagen cross-links increases.*’->
The expression of lysyl oxidase that catalyzes collagen
cross-linking is downregulated in early-gestation fetal fi-
broblasts.>”>2 Furthermore, fibroblasts cultured in vitro on
stiff hydrogels showed higher expression of a-SMA com-
pared with soft hydrogels.’>>* Goffin er al. reported that
the granulation tissue in the mouse model of skin injury
begins to express a-SMA at 20 kPa tissue stiffness.’ The
focal adhesion kinase (FAK) pathway has been implicated
as a link between mechanical forces and scar formation.
Wong et al. showed that scarring after skin injury in FAK-
knockout mice was less than the wild type.’® Furthermore,
they reported that the expression of TGF-f1, a-SMA, and
monocyte chemoattractant protein-1 (MCP-1) was down-
regulated and the number of macrophages was lower in
FAK-deficient mouse compared with the wild type.>® Their
results indicate that mechanical loading activated FAK
leading to the expression of MCP-1, which in turn induced
the recruitment of inflammatory cells and a fibrotic reaction.
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Therefore, scar formation can be induced through an in-
flammatory process by mechanical activation of FAK.

Col I is the most abundant protein in the fetal and adult
skin. Fetal skin is characterized by a high ratio of Col III/Col
I. Col III is thought to have a critical role in regenerative
healing as observed in the mouse blastema during digit tip
regeneration.”’ Fetal wounds have a high GAG and high-
molecular-weight hyaluronic acid (HMW-HA) content com-
pared with adult wounds. HMW-HA reduces angiogenesis
and inflammation, whereas low-molecular-weight hyaluronic
acid (LMW-HA) is involved in scar formation.’ 8 HA persists
for longer times in fetal wound healing. Longaker et al
measured the level of HA in adult and fetal ewe wounds and
reported that HA persisted in fetal wounds for 3 weeks,
whereas it disappeared from adult wounds after 7 days.”®®
Higher amounts of HA in the blastema of lizard and zebrafish
during tail regeneration is evidence of HA importance in
regenerative wound healing.®'-%*

There is also a difference in the concentration of PGs be-
tween fetal and adult wounds. Decorin (DCN) expression in-
creases during skin development and reaches its highest
amount in adulthood. It is interesting to note that DCN has
antifibrotic effects as it is an inhibitor of TGE-B1."* Higher
incidence of scarring in deep wounds is attributed to the lower
DCN content of reticular dermis.”> The PG fibromodulin
(FMOD) is downregulated in adult wounds, but it is found in
high amounts in normal fetal ECM.** High levels of FMOD
was measured in the fetal wound of rodents, which decreased
the expression of TGF-B1 and consequently reduced scarring.®’
Zheng et al. showed that intradermal injection of human re-
combinant FMOD in adult rodent or porcine cutaneous wounds
decreased the scar size.*® Furthermore, they observed that
FMOD had dual effect on TGF-B1 signaling by simultaneously
increasing the contraction of fibroblasts to decrease wound size
and suppressing fibrosis. Furthermore, they showed in FMOD-
deficient mouse model of cutaneous wound that TGF-B3 ex-
pression in fibroblasts increased within the first day postinjury,
which in turn decreased fibroblast motility, delayed wound
closure, increased wound size, and scarring.67 Based on these
results, Zheng et al. concluded that the antimotility effect of
TGF-B3 promoted scar formation in the early stages of wound
healing, whereas its antifibrotic effect impeded scar formation
in the later stages.®” In fact, the failure of a single TGF-3
application or inhibition of TGF-B1 expression in clinical trials
for wound healing can be attributed to this dual effect. How-
ever, in the failed clinical trials, TGF-B3 was injected in the
cutaneous wound bed in the first day after injury.'¢%¢7
Therefore, the timing of TGF-33 delivery should be considered
in future clinical trials.

Elastin, which is responsible for elasticity and resilience
of connective tissue, is expressed 22 weeks after gestation
during fetal development.®® Impaired production of elastin
fibers in adult cutaneous injuries leads to changes in me-
chanical properties of the skin.®” The role of elastin in fetal
and adult wound healing is not well understood and needs to
be investigated in future studies.®’

Fibronectin as a major glycoprotein found in various
connective tissues including skin plays many roles during
wound healing.”® The role of fibronectin in cell—cell and
cell-matrix interactions has been thoroughly investigated.
The organization of fibronectin, which is connected to the
intracellular actin filaments by integrin cell surface recep-
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tors, is dependent on the activity of FAK.”' The fetal wound
is distinguished from the adult by early deposition of fi-
bronectin, which facilitates cell attachment to the matrix and
cell migration within the matrix by association with the
adhesion glycoprotein tenascin. As an indication of the role
of fibronectin in re-epithelialization, integrin receptors are
upregulated on keratinocytes in fetal cutaneous lesions for
interaction with fibronectin and tenascin.’>"? Furthermore,
the reduced production of fibronectin via the expression of
IL-4 in atopic dermatitis delayed re-epithelialization in
mouse model of wound healing.”*

Growth factors and cytokines

Transforming growth factor-B. TGF- signaling is re-
quired for wound repair and regeneration as the lack of TGF-
[ expression leads to a chronic nonhealing wound. Inhibition
of TGF-p signaling prevents regeneration of limbs in am-
putated axolotls.”> The three isoforms of TGF-B family of
growth factors, namely TGF-B1, TGF-f2, and TGF-$33, are
encoded by different genes, but their action is propagated
through the SMAD intracellular pathway. Binding of the
three TGF-P isoforms to TGF- receptors I and II initiates a
signaling cascade resulting in phosphorylation and activation
of SMAD2, SMAD?3, and co-SMAD4, their nuclear locali-
zation, and the expression of SMAD-specific genes.’®””

The CTGF is known as a downstream mediator of TGF-
B.”® A single application of CTGF or TGF-B into mouse
subcutaneous tissue resulted in transient formation of gran-
ulation tissue, whereas co-injection of CTGF and TGF-p led
to long-term formation of fibrotic tissue.”” TGF-B1 and TGF-
2 are involved in scar formation as inhibition of these iso-
forms by the addition of exogenous antibodies reduced
scarring after skin injury. Conversely, TGF-f3 is believed to
have an antifibrotic effect®® as the ratio of TGF-P3/TGE-p1 is
found to be higher in fetal wounds compared with adults.""*’
However, a phase III clinical trial based on recombinant
TGF-3 therapy to reduce scarring in wound healing failed to
meet the primary and secondary endpoints. The failure of
TGF-B3 clinical trial is indicative of more complex roles for
the TGF-f family of growth factors, which needs to be ex-
plored in future studies."’

Wnt/B-catenin. Wingless protein signaling pathway plays
a critical role in embryonic development and organogenesis,
and it is thought to contribute to fibrosis of different organs
including skin. Beyer et al. showed that the accumulation of -
catenin in fibroblasts as a result of increased expression of
Wnt3 and Wnt10b led to fibrosis.*> Wnt3 induced differenti-
ation of fibroblasts to myofibroblasts in vitro and increased the
expression of TGF-f3 through SMAD?2, suggesting a cross talk
between the TGF-P signaling and Wnt/B-catenin pathway.*
Carre et al. reported that fetal fibroblasts show higher expres-
sion of TGF-B3 in response to Wnt3a, whereas postnatal fi-
broblasts show higher TGF-B1 expression.® There is debate on
the effect of the Wnt/B-catenin pathway on wound healing. The
Whnt/B-catenin pathway is believed to be required for hair
follicle formation during prenatal as well as postnatal devel-
opment.*>®” Collins ef al. showed that epidermal activation of
[-catenin in vivo in mouse skin reprogrammed adult dermis to a
neonatal state with higher fibroblast density and deposition of
an immature matrix.*® Topical application of liposomal Wnt3a
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in adult mouse model of wound healing resulted in faster
healing, which was correlated with the activation of dermal
Wht signaling.®® Driskell and colleagues showed that dermal B-
catenin is upregulated during wound healing, which resulted in
the growth of reticular fibroblasts lacking the ability for hair
follicle formation.'*%° However, ablation of B-catenin ex-
pression resulted in regeneration of hair follicles in adult mouse
model of wound healing after skin injury.'**’ More studies
should be performed in the future to understand the precise role
of the Wnt/B-catenin signaling pathway in cutaneous wound
healing.

Heparin-binding epidermal growth factor. Heparin-
binding epidermal growth factor (HB-EGF) has been reported
to play a major role in re-epithelialization during wound
healing by increasing migration of keratinocytes.”® HB-EGF
decreases during gestation in the rat skin. The expression of
HB-EGF changes markedly in transition from scar-forming to
scar-free wound healing.”’

Platelet-derived growth factor. PDGF consists of five
isoforms that are produced by platelets, macrophages, en-
dothelial cells, fibroblasts, keratinocytes, and smooth muscle
cells.®* PDGF along with TGF-B stabilize the newly formed
blood capillaries in the granulation tissue.® However, PDGF
is not necessary for the initiation of angiogenesis as it has
been reported that basic fibroblast growth factor and VEGF
have a stronger angiogenic effect compared with PDGF.”?
PDGF plays a role in re-epithelialization and stimulates
proliferation and differentiation of fibroblasts to myofibro-
blasts.”® PGDF is involved in the remodeling phase of wound
healing by increasing the expression of MMPs.2%? PDGF
with two B subunits (PDGF-BB or becaplermin) is the only
recombinant growth factor approved by the Food and Dm%
Administration (FDA) for the treatment of chronic wounds’
and as a profibrotic agent.”® It has been reported that the
expression of PDGF-BB gene is increased with gestational
age in fetal rat with a sharp increase in expression during the
transition from scarless to scar-forming wound healing.”’
Furthermore, there is a difference in the expression of
PDGF-BB growth factor in fetal and adult wounds after in-
jury as PDGF-BB disappeared after 24h in fetal wounds,
whereas it persisted for up to 72h in adult wounds.”*

Fibroblast growth factor. Fibroblast growth factor (FGF)
is a family of growth factors consisting of 23 members.** The
most characterized FGFs in wound healing are FGF-2 (basic
FGF), FGF-7, FGF-9, and FGF-10.°> FGFs are released by
many cell types and interact with a group of receptors that have
tyrosine kinase activity.® It is well established that FGF-2 plays
a role in angiogenesis, migration of macrophages and fibro-
blasts, as well as re-epithelialization.* Ortega et al. showed
that wound healing is delayed in FGF-2-knockout mice.”” FGF-
7 or keratinocyte growth factor-1 (KGF-1) and FGF-10 (KGF-
2) are postulated to play a role in re-epithelialization and later
stages of angiogenesis by stimulation of endothelial cells and
induction of VEGF expression.’” Despite this hypothesis, FGF-
7-knockout mice showed normal wound healing.”® FGF-9 is
necessary for the development of hair follicles as FGF-9 ex-
pressed by yOT cells upregulated Wnt expression in fibroblasts
and subsequently induced hair follicle formation in a mouse
model of wound healing.”” Furthermore, the overexpression of
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FGF-9 increased hair neogenesis by two- to threefolds.”” In
human skin lesions, the formation of hair follicles does not
occur after scarring, which can be attributed to the lack of FGF-
9 expressing yOT cells in human dermis.”” Whitby and Fer-
guson reported that FGF-2 is absent in fetal wounds; however,
their measurement method could not detect low levels of FGF-
2.4 Later, it was reported that the expression of FGF-5, FGF-7,
and FGF-10 increased during fetal skin development in rat
while FGF-2 and FGF-9 remained unchanged.98 Furthermore,
they showed that the overall expression of FGFs was down-
regulated in scarless fetal wound healing.

Vascular endothelial growth factor. VEGF family of
growth factors are expressed by many cell types in the
wound bed, including endothelial cells, fibroblasts, smooth
muscle cells, platelets, keratinocytes, neutrophils, and mac-
rophages.”” VEGF-A, which is generally called VEGF, is the
key growth factor in the early stage of angiogenesis after
tissue injury.®*>*° Injury to the tissue leads to disruption of
blood capillaries and hypoxia, which leads to the upregula-
tion of HIF-law expression and subsequent expression of
VEGEF and its receptors in the wound site to stimulate an-
giogenesis.”” VEGF is not only necessary in the early phase
of angiogenesis, but it also contributes to scar formation. It
is reported that the expression of VEGF was downregulated
in scarless fetal wounds and the agplication of exogenous
VEGF resulted in scar formation.'"

Interleukins. IL-10 is known to mitigate fibrosis as a po-
tent anti-inflammatory factor in different organs, including the
heart, lung, kidney, liver, and intestine.'®' IL-10 expression is
upregulated in scarless fetal wounds, and wound healing in IL-
10-deficient fetal mouse proceeds with scar formation.'%?
Recently, it has been shown that IL-10 stimulates HMW-HA
production in adult fibroblasts through a signal transducer and
activator of transcription-3-dependent signaling pathway, thus
imparting a regenerative phenotype to the fibroblasts.'®
Therefore, the antifibrotic effect of IL-10 is not solely due to its
anti-inflammatory properties. It should be mentioned that the
recombinant human IL-10 (Prevascar) clinical trial for wound
healing in which the cytokine was injected intradermally to the
wound edge was not successful.'’ Although IL-10 therapy
reduced scar formation after 1 month in clinical trials, scarring
was similar to the control group over long-term.' "Lower levels
of proinflammatory cytokines IL-6 and IL-8 are detected in
fetal wounds compared with adults. Liechty et al. reported that
IL-6 and IL-8 mRNA were detectable in adult wounds for up to
72h compared with 12h in fetal wounds, and the addition of
IL-6 to fetal wounds led to scar formation.'**'% IL-6 is be-
lieved to promote inflammation through MCP-1 as well as
direct activation of macrophages.'® IL-8 is a potent che-
moattractant for neutrophils and stimulates re-epithelialization
via increasing the migration and proliferation of keratino-
cytes.”” IL-8 also plays a role in the remodeling phase of
wound healing by upregulating the expression of MMPs.”

Extracorporeal environment

Amniotic fluid (AF), which is enriched in HA and growth
factors including epidermal growth factor (EGF), TGF-a,
and insulin-like growth factor 1 (IGF-1), provides a sterile
environment for fetal growth and development.'®® Longaker
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et al. showed that AF not only contained high levels of HA,
but it also stimulated HA production in the fetal wound.'®’
We previously discussed that HA has a major role in wound
regeneration. It has been reported that stem cells derived
from human AF, which were identified as CD-117-positive
cells, accelerated re-epithelization after injection to the wound
edge in a mouse model and attenuated scar formation.'” The
AM is also shown to have antimicrobial and antifibrotic ef-
fects.'” Murphy er al. fabricated a hydrogel composed of
solubilized AM and HA (SAM-HA) and investigated the re-
generative properties of the hydrogel in a full-thickness mouse
wound. They reported that the hydrogel accelerated wound re-
epithelialization and closure. Higher amount of angiogenesis
was observed in SAM-HA-treated wounds compared with
nontreated or HA-only-treated wounds.''® Despite the re-
generative properties of the AM and AF and their role in
wound healing, it is well established that scarless wound
healing is an intrinsic characteristic of the fetal skin.'’
Longaker et al. made cutaneous wounds on adult sheep skin,
which was transplanted into a fetus. They reported scar
formation in the adult skin while the adjacent fetal skin
healed without scarring.'"'

Advances in ECM-Based Pro-regenerative Materials

ECM not only provides structural support for the cells,
but it also plays a critical role in cell fate determination
through interactions with integrin receptors on the cell sur-
face. These interactions regulate the strength of cell adhesion
to ECM, cell polarization, migration, proliferation, dif-
ferentiation, and cell phenotype.''*!'"® The ideal response
to skin injury is regeneration and the formation of a normal
tissue structure. However, our body’s reaction to injury is
repair rather than regeneration in which a fibrotic tissue
(scar) replaces the normal skin tissue.!' In fetal wound
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healing during early gestation, a regenerative matrix is
formed that leads to the formation of a scar-free normal
skin tissue. Recapitulation of ECM properties of the fetal
wound has been the subject of numerous studies.*>*''> The
list of clinically approved cellular and acellular regenerative
constructs as skin substitutes is provided in Tables 1167123
and 2,'2%713% respectively. The focus of this section is on those
combinations of biomaterials, cells, and growth factors that
restore the normal architecture of the skin tissue after injury.

Hyaluronan

HA is synthesized in the plasma membrane by the action of
three enzymes, namely hyaluronan synthase-1 (HAS-1), HAS-
2, and HAS-3 with nucleotide sugars uridine diphosphate
(UDP) glucuronic acid and UDP-N-acetyl-glucosamine as the
substrate. HAS-1 and HAS-2 take part in the synthesis of
HMW-HA, whereas HAS-3 is involved in the synthesis of
LMW-HA."*7 Secondary hydrogen bonding in the HA back-
bone creates hydrophobic patches, which form random coils
or twists in the structure for interconnection with other HA
chains to generate a network. HA interacts with cells through
two surface receptors, namely CD44 and the receptor for HA-
mediated motility (RHAMM)."*® HA plays a crucial role in
different stages of wound healing, but its biological function
is dependent on it molecular weight. HMW-HA (>500kDa)
is present in normal skin to maintain moisture content. HMW-
HA is associated with low inflammation, high Col III ex-
pression, and high TGF-B3 activity, whereas LMW-HA is
associated with high inflammation, high Col I expression, and
increased differentiation to myofibroblasts.'* Rayahin er al.
reported that LMW-HA polarized macrophages to the proin-
flammatory phenotype, whereas HMW-HA induced the anti-
inflammatory phenotype.'*® Treatment of epidural fibrosis
scars in a rat model of laminectomy and discectomy with

TABLE 1. LiST OF CLINICALLY APPROVED CELLULAR TISSUE CONSTRUCTS FOR SKIN REGENERATION

Product name

Comments

Refs.

Apligraf®

First FDA-approved bilayer skin substitute composed of neonatal fibroblasts derived

129,130

from foreskin seeded in bovine type I collagen scaffold on which neonatal
keratinocytes are cultured; used for venous ulcers and diabetic wounds

denovoSkin™

Epicel®

Fibroblasts and keratinocytes harvested from the patient’s skin, cultured in vitro, and
seeded in a collagen scaffold; ongoing phase II clinical trial; used for burn injuries
Autologous keratinocytes cultured in vitro to produce sheets composed of 2—8 layers

131

132

and bonded to petroleum gauze; used for deep full-thickness dermal burns in
which at least 30% of the body surface area are affected by the injury

Orcel®

Allogeneic fibroblasts and keratinocytes cultured in a porous bovine collagen type I

133

sponge as a bilayer skin substitute; approved by the FDA for donor site wounds in

burn patients
StrataGraft™ n

Adult progenitor keratinocytes cultured in vitro to form a fully stratified epidermal

134

layer on a dermal matrix; used for deep burn injuries; ongoing phase III clinical

trial
TransCyte®

Neonatal fibroblasts from foreskin seeded on a collagen-coated nylon mesh and

135

bonded to a silicone substrate; temporary skin substitute for partial-thickness

burns
Hyalograft 3D

Autologous fibroblasts seeded on a benzylic ester of hyaluronic acid scaffold; used

132,136

as a skin substitute in combination with Laserskin® (autologous keratinocyte

® substitute) for chronic foot ulcers
Dermagraft

Neonatal fibroblasts from foreskin cultured on a resorbable polyglactin mesh and

137

cryopreserved; used for full-thickness burn wounds

Bioseed-S

Autologous cultured keratinocytes in a fibrin sealant; applied to chronic wounds

138
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TABLE 2. LiST OF CLINICALLY APPROVED ACELLULAR TISSUE CONSTRUCTS FOR SKIN REGENERATION
Product name Comments Refs.
Biobrane™ A semi-permeable membrane composed of a nylon layer coated with peptides derived 139
from porcine collagen type I and bonded to a thin porous silicone membrane; applied
as a temporary dressing to superficial burn and donor site wounds
Integra® A bilayer skin substitute composed of cross-linked bovine collagen and chondroitin-6-sulfate 404!
Omnigraft™ coated onto a silicone membrane to prevent fluid loss; first approved by the FDA for life-
threatening burn injuries in 1996; approved by the FDA in 2012 for reconstruction of burn
scars; approved by the FDA in 2016 for treating diabetic foot ulcers
Alloderm® Human cadaveric skin processed to remove the epithelial layer and cells in the dermal 142-144
layer without changing the matrix and basement membrane structure, and freeze-dried;
approved by the FDA for burns; also used for abdominal wall and breast reconstruction
Hyalomatrix Composed of a benzyl ester of hyaluronic acid (HYAFF) coated with a semi-permeable 145
silicone membrane; HA provided by bacterial fermentation; approved by the FDA
for partial- and full-thickness wounds.
Oasis® Wound  Derived from porcine acellular small intestinal mucosa; approved by the FDA for 146
Matrix management of partial- and full-thickness wounds including pressure venous ulcers,
diabetic ulcers, and traumatic and surgical wounds
PriMatrix Derived from fetal bovine dermis; the only substitute with high level of collagen type III; 147-149

approved by the FDA for the management of partial- and full-thickness wounds

HMW-HA reduced fibrosis and granulation tissue compared
with the control group with no treatment."*” It has been shown
that HMW-HA is fragmented to intermediate- and LMW-HA
by the action of hyaluronidase and oxygen/nitrogen free rad-
icals in the wound bed.'*' RHAMM has a higher affinity for
binding to LMW-HA compared with HWM-HA, and the
disruption of this interaction by the application of topical
RHAMM-mimetic peptides to a rat model of excisional
wound decreased the number of macrophages, fibroblasts, and
the expression levels of TGF-f1, a-SMA, and Col I through
inhibition of the FAK pathway.'** As discussed in previous
sections, the FAK pathway is associated with induction of
fibrosis by the upregulation of MCP-1 and subsequent in-
crease in inflammation.’® Scheibner er al. reported that
LMW-HA stimulated the innate immune response via toll-
like receptor-2 (TLR-2) activation, whereas HMW-HA
inhibited TLR-2 signaling mediated inflammation.'*?

It is well established that HA plays a regenerative role in
scarless fetal wound healing. The presence of HA in early
blastoma of Xenopus tadpoles and zebrafish is indispensable
for tail regeneration, and the inhibition of HA synthesis
leads to impaired tail regeneration.®'**

HA used in biomedical applications is obtained from
rooster combs or by bacterial fermentation.'* Hyalomatrix
is a FDA-approved HA-based biomaterial for wound healing
applications.'*® Hyalomatrix is composed of two layers, a
thin semi-permeable silicone membrane on the top that
covers the skin and controls skin moisture and a matrix
based on benzyl ester of HA, which is in direct contact with
the wound bed. Hyalomatrix can be used in partial- or full-
thickness wounds as a temporary dressing for wound healing
before skin grafting.'*? Voigt and Driver showed in a sys-
tematic review and meta-analysis of randomized clinical
trials that HA and its derivatives have a positive effect on
healing of burns, chronic and epithelial surgical wounds.'*’
Five dermal substitutes including Hyalomatrix were com-
pared for scarring in a porcine model of full-thickness
wound healing with no dermal substitute as the control
group.'*® No significant difference in scar formation was

observed between the dermal substitutes and the control
group. Hyalograft 3D is a cellular skin substitute in which
autologous fibroblasts are seeded onto a benzylic ester of
HA scaffold. Hyalograft 3D in combination with autologous
keratinocytes were evaluated for wound healing in a ran-
domized clinical trial for diabetic foot ulcers.'* According
to the results, dorsal foot ulcers treated with Hyalograft 3D
showed improved wound healing compared with the stan-
dard treatment while no improvement was observed in
plantar ulcers. However, the extent of scarring was not re-
ported in the clinical study. Hu et al. reported that strands of
HA grafted to the wound bed improved healing in a rat
model of full-thickness skin wound, suppressed TGF-f1
expression, and reduced scarring.'*’

Decorin

DCN, the most abundant PG in the adult human skin, is a
member of the small leucine-rich proteoglycan (SLRP)
family. DCN decorates collagen fibrils.'* DCN is composed
of a protein core containing 12 leucine-rich repeats (LRRs)
with a GAG chain (dermatan or chondroitin sulfate [CSCL])
attached to the N-terminus. DCN is believed to play a cru-
cial role in collagen fibrillogenesis via LRR 4-6/Col I in-
teraction.'*13%!5! Furthermore, DCN protein core serves as
a natural inhibitor of TGF-B1 interaction with cell surface
receptors,'>'*° leading to reduced fibrosis and scar forma-
tion.">> DCN is found in different layers of dermis, but its
expression is highest in the papillary (superficial) layer, as
papillary fibroblasts produce more DCN in vitro than fi-
broblasts isolated from the reticular dermis.®® Seidler et al.
reported that intraperitoneal injection of DCN protein core
in immune-deficient mouse with squamous carcinoma xe-
nografts attenuated tumor growth with downregulation of
epidermal growth factor receptor (EGFR) and increased
tumor cell apoptosis.'”® Furthermore, they demonstrated
that DCN blocked the EGFR pathway and induced caspase-
3 activity, a mediator of apoptosis, which eventually led to
programmed cell death in tumor cells.
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Persistence of fibroblasts in granulation tissue leads to
scar formation, which is attributed to resistance of reticular
fibroblasts to apoptotic effects of DCN. Honardoust et al.
reported that DCN-treated superficial fibroblasts expressed
higher levels of proapoptotic factors, including histone-1,
caspase-1, caspase-8, and p53, and consequently experi-
enced more apoptosis than deep dermal fibroblasts.'>* The
level of DCN produced by fibroblasts derived from HTSs in
patients with grade II and III burns was lower than that of
normal skin.'”> Kwan er al. reported that deep dermal fi-
broblasts had higher expression of microRNA-181b than the
superficial fibroblasts, and blocking the expression of this
microRNA increased DCN expression.'>® Taken together,
these results explain why deep dermal injuries are more
prone to fibrosis compared with superficial skin lesions.

DCN is known to suppress intracellular expression of [-
catenin via interaction with MET receptor in cancer cells.'”’
As we previously discussed, the accumulation of B-catenin
in fibroblasts is associated with fibrosis. Hence, the inhibi-
tion of fibrosis by DCN can be attributed to its interaction
with the Wnt/B-catenin signaling pathway.

The antifibrotic effect of DCN in wound healing should
be considered in designing biomaterials for skin tissue en-
gineering. LRRs in the protein core of DCN interact with
many growth factors and cell surface receptors.'>® There-
fore, biological function of DCN in the process of wound
healing can be simulated with peptides that mimic specific
amino acid sequences of the protein core in DCN. Jeon et al.
demonstrated that a surgical glue based on fusion of the
mussel adhesive protein and DCN-derived collagen binding
peptides inhibited scar formation in a rat model of wound
healing.'®

Fibromodulin

FMOD, another member of the SLRP family, is isolated
from bovine articular cartilage.'”® FMOD structure is com-
posed of a protein core containing 11-12 LRRs as bindinG%
sites for other proteins and GAG chains (keratin sulfate).
FMOD binds to collagen through LRR11 site with high af-
finity or LRR7 site with low affinity and its role in collagen
fibril assembly along with other SLRPs is well established. It
has been shown that FMOD binding to collagen is essential in
later stages of fibrillogenesis in the mouse tendon by acting as
a cofactor for lysyl oxidase to regulate fiber thickness.'®!
FMOD as well as DCN have binding sites for TGF-$ to
sequester or modulate its function.'®> The differential ex-
pression of FMOD in fetal and adult wounds is indicative of
its role in scarless wound healing.** Zheng er al. reported
retarded wound closure and significant scarring in FMOD-
deficient mouse.%” It was also reported that high expression of
FMOD in mouse model of wound healing is associated with
low levels of TGF-B1 and vice versa.®® Furthermore, Zheng
et al. reported that FMOD enhanced migratory and contractile
phenotype of fibroblasts by increasing the expression of
CTGF through SMAD2/3 phosphorylation. FMOD also de-
creased scarring-associated factors by inhibition of non-
canonical TGF-B1 signaling.

These results indicate that FMOD enhances wound clo-
sure and attenuates scar formation by regulating the activity
of TGF-B1.°° In that regard, FMOD or FMOD-mimetic
peptides with binding sites for TGF-B1 could be beneficial
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to skin tissue engineering and wound healing. It has been
demonstrated that the application of peptides with binding
sites for TGF-B1 to skin wounds in animal models recapit-
ulated ECM architecture and regeneration of the normal
skin.'®?

Collagen type Il

Among the 28 types of collagen in mammalian tissues, Col
I and Col III are the most abundant in the skin tissue.'®* Col
III, which is a fibrillar collagen composed of three o1(III)
chains, is present during embryonic development and wound
healing, but it is replaced by Col I in the later stages of fetal
development.'® Fleischmajer er al. demonstrated that Col I
serves as the fibril building block and Col III serves as the
regulator of fibril diameter and growth during fibrillogenesis
in adult human skin.'®® Liu er al. observed reduced number
and increased size variability of collagen fibrils in Col III
mutant mouse model of wound healing. They also observed
that ~60% of Col IlI-mutant mice developed spontaneous
skin lesions.'®’ In humans, mutations in pro-collagen III gene
leads to Ehlers—Danlos syndrome IV in which skin wounds
heal but with higher scarring.'®® Volk et al. reported higher
number of myofibroblasts in granulation tissue of heterozy-
gous Col III-deficient mouse after 7 days of wound healing
compared with normal mouse, indicating a link between Col
III and differentiation of myofibroblasts."® It has been shown
that the ratio of Col III to Col I is higher in the absence of
myofibroblasts in scarless fetal wounds.'”® Furthermore, the
level of Col III increased in the mouse model of digit tip
regeneration.””'”! Papillary dermis or the superficial layer of
skin also contains elevated ratios of Col III to Col I compared
with the deep reticular layer,'”> which explains the scar-free or
low-scar healing of superficial wounds. Taken together, it can
be concluded that Col IIT plays a beneficial role in scar-free
skin regeneration and as a skin substitute. Currently, the
only commercially available skin substitute containing sig-
nificant amounts of Col IIT (30%) is PriMatrix, which is
derived from fetal bovine dermis. PriMatrix is shown to
stimulate the formation of vascular granulation tissue in full-
thickness wounds,'**'*® and macrophages seeded on PriMa-
trix polarized to M2c phenotype, which is associated with less
fibrosis.'”* The application of PriMatrix to severely traumatic
skin injuries resulted in complete re-epithelialization with
minimal scarring.'”*

Steering Macrophages Toward Regeneration

Macrophages are the key mediators of inflammatory re-
sponse after tissue injury. Macrophages can take a proin-
flammatory M1 phenotype or an anti-inflammatory M2. M1
phenotype in macrophages is induced by interferon-y
(IFNY), lipopolysaccharides (LPS), TNF, and granulocyte—
macrophage colony-stimulating factor. M1 macrophages
secrete IL-1B, IL-6, and TNF-o, and they are identified by
increased expression of IL-12, IL-23, CD80, and CD86. M2
phenotype in macrophages is induced by IL-4, IL-13 (M2a
phenotype), immune complexes (M2b phenotype) and IL-
10, and glucocorticoids (M2c phenotype). M2 macrophages
are characterized by elevated expression of IL-10, CD163,
CD204, and CD206. Each M2 subtype (M2a, M2b, and
M2c) plays a unique role in resolution of inflammation,
tissue remodeling, regeneration, fibrosis, angiogenesis, and
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promotion of wound healing.'”>~'”7 M1 macrophages are
present in the early phase of inflammation to remove the
microbial and tissue debris from the wound bed. M2 mac-
rophages, which are present in the late phase of inflamma-
tion and referred to as ‘““wound healing macrophages,” are
involved in the formation of granulation tissue, remodeling,
and termination of inflammation. Persistence of M1 mac-
rophages in the wound bed leads to chronic inflammation
and nonhealing wounds like chronic venous and diabetic
ulcers. Macrophages are known to contribute to tissue re-
generation after injury like limb regeneration in axolotl.'”®

Macrophages in wound healing can be classified, based on
their function in scar formation or resolution, into profibrotic
and antifibrotic phenotypes. Profibrotic phenotypes like M2a
secrete anti-inflammatory and fibrotic factors such as IL-10
and TGF-B. Conversely, antifibrotic phenotypes secrete IL-
10, MMPs, and tissue inhibitor of matrix metalloproteinases
(TIMPs) that degrade the ECM.'””'8! Fallowfield et al.
showed in a mouse model of fibrotic liver that scar-associated
macroPhages (SAM) secrete MMP13 to resolve the fibrotic
tissue.' *> Furthermore, they observed that SAM-depleted
mice had decreased MMP expression, which delayed reso-
lution of the fibrosis.'®? Ramachandran et al. identified a
population of macrophages outside the M1/M2 classification
with the abilit?/ to resolve hepatic fibrosis in a mouse model
of the disease.'®* This subpopulation, derived from LY-6C"€"
circulatory monocytes, was characterized by CD11B"e"/F4/
goimermediaie/ y_6C'°% compared with the CD11B™ermediate
F4/80™" resident hepatic macrophages in an uninjured con-
trol. It was shown that this macrophage subpopulation, which
was involved in tissue remodeling and resolution of fibrosis,
secreted high levels of MMP9, MMP12, IGF-1, and glyco-
protein Nmb.

Lurier et al. analyzed different phenotypes of macrophages
including MO, M1, M2a, and M2c by RNA sequencing and
reported that M2c macrophages express higher levels of genes
related to anig‘ogenesis such as SERPINA1, SRPX2, MMPS,
and VCAN."™" They also reported that M2c macrophages
secrete higher levels of enzymes for matrix remodeling such as
MMP7, MMPS, and TIMP1. They concluded that M2c mac-
rophages could potentially attenuate fibrosis.'* M2c macro-
phages are considered as ‘‘deactivated” because they produce
immunosuppressive factor IL-10 during wound healing.'”
Grinberg et al. proposed a new subtype of angiogenic M2d
macrophage phenotype such that M1 macrophages can be
converted to M2d by co-stimulation with TLR and aden-
osine A2a receptor agonists, leading to high expression and
production of IL-10 and VEGF.'®>-18¢

Material properties such as porosity and pore size, mi-
crostructure, hydrophobicity, surface chemistry, and me-
chanical properties affect polarization of macrophages.187
For example, Blakney et al. showed that decreasing com-
pressive modulus of polyethylene glycol hydrogels conju-
gated with cell-adhesive RGD peptide (PEG-RGD) reduced
the activation of the seeded macrophages.'®® Cha er al. re-
ported that encapsulation of human monocytes in gelatin
methacryloyl (GeIMA) hydrogels in the presence of IL-4
induced macrophage polarization to M2 phenotype, whereas
encapsulation in polyethylene glycol diacrylate (PEGDA)
hydrogel induced M1 polarization.'®® They also showed that
this effect was mediated by integrin o231 cell surface re-
ceptors interacting with ligands present in GelMA but not
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PEGDA. Inhibition of integrin-ligand interactions in GeIMA
reversed the macrophage phenotype to that observed in
PEGDA.

It is known that scaffolds with 30—40 um pore size induce
M2 macrophage polarization, which leads to higher extent of
angiogenesis and less fibrosis.'” This indicates the impor-
tance of scaffold porosity and pore size for induction of a
regenerative response to wound healing. ECM-derived bio-
materials are believed to polarize macrophages predominantly
to M2 phenotype, although the method of processing and
modification can mitigate this response.'”® Badylak er al.
compared the response of macrophages with scaffolds derived
from porcine small intestinal submucosa (SIS) with or without
cross-linking with carbodiimide (CDI-SIS) in a rat model.!”!
They reported that SIS scaffolds without treatment polarized
macrophages to M2 phenotype, which in turn induced tissue
remodeling, whereas the CDI-treated scaffolds polarized
macrophages to M1 phenotype, which led to chronic inflam-
mation. They attributed the change in macrophage phenotype
to changes in collagen microstructure in SIS scaffolds with
CDI cross-linking.

In another study, murine bone marrow-derived macro-
phages were seeded on matrices derived from digested, de-
cellularized porcine small intestinal submucosa (SIS), brain,
urinary bladder, liver, skeletal muscle, esophagus, colon, and
skin.'”? The matrices derived from the brain, SIS, esophagus,
urinary bladder, and colon polarized macrophages to the anti-
inflammatory M2 phenotype, whereas the dermal matrix
polarized the macrophages to the proinflammatory M1 phe-
notype. He et al. reported that acellular mouse dermal matrices
increased M2 macrophage polarization with the upregulation
of MMP3, MMP9, EGF, IGF, PDGF, TGF-$, and VEGF
expression.'® They further showed that the degradation of
collagen in dermal matrices produced peptides that led to
the activation of acid-sensing pathway-associated lysosomal
adaptor protein (LAMTORI1), which in turn mediated a re-
generative response during wound healing by M2 macro-
phage polarization in the presence of IL-4. Vasconcelos
et al. observed different macrophage responses to chitosan
in a mouse model of wound healing depending on the degree
of acetylation (DA; 5% and 15%).194 Based on their results,
porous chitosan scaffolds with 5% DA polarized macrophages
to M2 phenotype with low expression of proinflammatory
cytokines such as IL-6 and TNF-o, whereas the opposite re-
sponse was observed in 15% DA scaffolds (polarization to M1
phenotype). Furthermore, the macrophage phenotype in 15%
DA chitosan scaffolds was switched to M2 by conjugation of
the scaffolds with the anti-inflammatory or pro-resolution
Resolvin D1 (RvD1) chemical mediator.'®> They concluded
that immune response of biomaterials can be modulated to-
ward regeneration by conjugation with pro-resolution agents.

Keratin is also shown to induce regeneration after injury
with less scarring.'”® Fearing and Van Dyke compared mac-
rophage polarization on chamber slides coated with keratin
with those coated with collagen in vitro and reported that
keratin induced M2 polarization with higher IL-10 and lower
IL-6 and IL-1B expressions.'”® Taraballi er al. reported that
macrophages seeded on collagen scaffolds functionalized with
CSCL had higher expression of anti-inflammatory cytokines
IL-10, mannose receptor-1, arginase-1, and TGF- compared
with the unmodified collagen scaffold.'®”'*® Furthermore,
they showed that the CSCL effect can be attributed to
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inhibition of the LPS/CD44/NF-xB signaling pathway. In the
absence of CSCL, LPS bind to CD44 receptors on the surface
of macrophages leading to phosphorylation of NF-xB and
activation of proinflammatory genes. In CSCL scaffolds,
CSCL competes with LPS and disrupts the signaling pathway
for activation of proinflammatory genes.'””'*® Castellano
et al. showed that electrospun polyhydroxybutyrate (PBH)
scaffolds polarize macrophages to M2 phenotype in a rat
model."” They also observed that M1 macrophages, initially
present in the wound bed of PBH-implanted animals, were
depleted after 3 days. However, M1 macrophage depletion did
not happen in the control animals implanted with Matriderm
scaffolds, which led to further scarring. They reported that
combination of PBH scaffold and human dermoepidermal
skin equivalent implanted in the wound resulted in higher
neoangiogenesis and graft survival.

Prospect

The worldwide market for scar treatment has been pre-
dicted to reach $35 billion by 2023.2% The largest share of
this market belongs to postsurgical scars and topical treat-
ments.”" Among topical products, silicone-based matrices
are shown to have the fastest growth rate in the market.?’!
Currently, the most common approaches to reduce scarring,
based on scar management guidelines, are pressure therapy,
silicone gels and sheets, intra-lesion corticosteroid injection,
and surgical removal of the scar.’*> Approximately 32-72%
of burn injuries in the United States lead to scarring.>* The
gold standard for treatment of full- and deep partial-
thickness burn wounds is skin grafting.’*® Lack of adequate

FIG. 4. Strategies for in-
ducing regeneration rather
than repair after skin injury.
The combination of pro-
regenerative materials with
optimum mechanical proper-
ties along with the right cell
types and soluble molecules
paves the way toward regen-
eration. Color images are
available online.
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Pro-regenerative
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MONAVARIAN ET AL.

skin grafts and donor site complications have increased the
demand for tissue engineered skin substitutes.?**

The role of skin substitutes in wound injuries is to accel-
erate healing while minimizing scar formation. Although
commercially available skin substitutes protect the wound
from infection and regulate moisture content, they lack opti-
mization with respect to regeneration and scarring. The ideal
construct for skin regeneration should be cellular to regenerate
the lost cells and should contain growth factors encapsulated
in a skin-mimetic matrix to minimize scaring and optimize
mechanical and barrier properties (Fig. 4). Currently, autolo-
gous and neonatal foreskin-derived fibroblasts are being used
as the cell source in skin tissue constructs.”*>%7

As discussed in previous sections, fibroblasts selected
based on the expression of embryonic marker Engrailed-1
(Enl) and characterized by CD26 surface marker are in-
volved in deposition major connective tissue, scar forma-
tion, and transition from scar-free to scar-forming wound
healing in murine fetal skin.'>?%® It is reported that the Enl
fibroblasts increase from <1% in early gestation to ~75%
postnatally.'® In late gestation (transition time), ~22% of
the fibroblasts are Enl positive (Fig. 3),'” and majority of
fibroblasts in the adult skin express CD26 surface marker.*

Considering these facts, a question that comes to mind is
what is the role of CD26-negative fibroblasts in wound
healing? Lichtenberger et al. showed by flow cytometry that
CD26%/Scal” fibroblasts were the most abundant cells in the
regression (telogen) phase of hair follicles and their popu-
lation decreased in the growth (anagen) phase. Conversely,
CD267/Scal™ fibroblasts were the most abundant cells in the
anagen phase.”'® These findings indicate a possible role for

_ Mechanical

offloading No intervention

— Pro-regenerative
cells

Scar formation



SCAR-FREE WOUND HEALING

CD267/Scal™ fibroblasts in wound healing and skin regen-
eration. Lineage tracing experiments have identified multi-
ple subpopulation of MSCs that can function as progenitors
for myofibroblasts.>'! These include (a) CD26" fibroblasts,
(b) PDGFRo"/Scal*/DIk1™ fibroblasts, (c) PDGFRo"/Scal™/
ADAMI12" perivascular mesenchymal cells, and (d) adipo-
nectin® adipocytes. These findings suggest that the regen-
erative properties of skin substitutes can be improved by
optimizing the ratio of different fibroblast subpopulations in
the construct. For example, lower ratios of CD26" fibro-
blasts in the skin substitute could lead to scar-free skin
wound healing. Future studies should be focused on un-
derstanding of the effect of different subpopulations of fi-
broblasts on scarring and the fate of wound healing.

It has been reported that the number of stem cells in scar-
free fetal wounds is higher than that in adult wounds. How-
ever, embryonic stem (ES) and induced pluripotent stem (iPS)
cells are limited by teratoma formation in vivo and tumori-
genesis.”'> MSCs are known to increase angiogenesis and
attenuate inflammation and scar formation in chronic wounds,
but they are limited by their heterogeneity with variable
proliferative rates and differentiation ability.”'* Kuroda et al.
identified multipotent cells, called multilineage-differentiating
stress enduring (MUSE) cells, from human MSCs including
dermal fibroblasts, adipose derived MSCs, and bone marrow-
derived MSCs, which are characterized by the expression of
stage-specific embryonic antigen-3 marker. They reported that
MUSE cells have the ability to differentiate into the three
different germ layers, namely ectoderm, mesoderm, and en-
doderm, but they do not produce teratoma in mouse unlike ES
and iPS cells.*'* It was shown that keratinocytes, fibroblasts,
and melanocytes generated from differentiation of MUSE
cells can be used to reconstitute a skin substitute.*'>'¢

In addition to optimizing cell types and their ratio, the
matrix in a skin substitute for wound healing should be en-
gineered for regeneration. A variety of natural materials like
collagen, HA, fibrin, chitosan, and alginate as well as syn-
thetic materials like polypyrrole, poly(e-caprolactone), and
polylactic-glycolic acid have been develog)ed for generating a
skin substitute for wound healing.''®?'" Among synthetic
materials, silicone-based polymers have been used exten-
sively in skin substitutes as a stand-alone matrix or as a part
of the tissue construct. Silicone gel sheets are reported to
reduce scarring in clinical applications.>'® As mentioned in
previous sections, biomaterials affect the process of wound
healing by altering the gene expression profile of the cells
through stimulation or inhibition of cell surface receptors and
control of specific intracellular pathways. Therefore, selection
of optimum biomaterial composition like combination of
HMW-HA, high ratio of Col III to Col I, and conjugation of
fibromodulin- and DCN -mimetic peptides can significantly
affect the resolution of wound healing. Mechanical off-
loading devices are shown to be effective in minimizing scar
formation. Mechanical properties of the matrix are important
factors that should be considered in the selection of bioma-
terial for skin wound healing. Longaker ef al. showed that the
application of a stress-shielding silicone device on postsur-
gical wounds decreased scar formation in a controlled ran-
domized clinical trial.>'’

To summarize, pro-regenerative matrices combined with
engineered cells with less intrinsic potential for fibrogenesis
bring us one step closer to scar-free skin tissue regeneration.
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