
SYMPOSIUM ON REGENERATIVE MEDICINE
From the Hagey Laborat
Pediatric Regenerative M
cine, Department of Sur
Stanford University, Stan
CA.

1022
Wound Healing: A Paradigm for Regeneration

Victor W. Wong, MD; Geoffrey C. Gurtner, MD; and Michael T. Longaker, MD, MBA
ory for
edi-
gery,
ford,
CME Activity
Target Audience: The target audience for Mayo Clinic Proceedings is primar-
ily internal medicine physicians and other clinicians who wish to advance
their current knowledge of clinical medicine and who wish to stay abreast
of advances in medical research.
Statement of Need: General internists and primary care physicians must
maintain an extensive knowledge base on a wide variety of topics covering
all body systems as well as common and uncommon disorders. Mayo Clinic
Proceedings aims to leverage the expertise of its authors to help physicians
understand best practices in diagnosis and management of conditions
encountered in the clinical setting.
Accreditation: College of Medicine, Mayo Clinic is accredited by the Accred-
itation Council for Continuing Medical Education to provide continuing med-
ical education for physicians.
Credit Statement: College of Medicine, Mayo Clinic designates this journal-
based CME activity for a maximum of 1.0 AMA PRA Category 1 Credit(s).�
Physicians should claim only the credit commensurate with the extent of
their participation in the activity.
Learning Objectives: On completion of this article, you should be able to
(1) describe noncellular components of the wound environment that
contribute to cutaneous tissue repair, (2) distinguish between different types
of skin stem cells and their respective niches, and (3) describe how mechan-
ical forces influence wound repair on the tissue, cellular, and molecular levels.
Disclosures: As a provider accredited by ACCME, College of Medicine,
Mayo Clinic (Mayo School of Continuous Professional Development)
must ensure balance, independence, objectivity, and scientific rigor in its
educational activities. Course Director(s), Planning Committee members,
faculty, and all others who are in a position to control the content of
this educational activity are required to disclose all relevant financial
Mayo Clin Proc. n September 2013;88
www.mayoclinicproceedings.org n
relationships with any commercial interest related to the subject matter
of the educational activity. Safeguards against commercial bias have been
put in place. Faculty also will disclose any off-label and/or investigational
use of pharmaceuticals or instruments discussed in their presentation.
Disclosure of this information will be published in course materials so
that those participants in the activity may formulate their own judgments
regarding the presentation.
In their editorial and administrative roles, William L. Lanier, Jr, MD, Terry L.
Jopke, Kimberly D. Sankey, and Nicki M. Smith, MPA, have control of the
content of this program but have no relevant financial relationship(s) with
industry.
The authors report no competing interests.
Method of Participation: In order to claim credit, participants must com-
plete the following:
1. Read the activity.
2. Complete the online CME Test and Evaluation. Participants must achieve

a score of 80% on the CME Test. One retake is allowed.
Participants should locate the link to the activity desired at http://bit.ly/
18YvD0B. Upon successful completion of the online test and evaluation,
you can instantly download and print your certificate of credit.
Estimated Time: The estimated time to complete each article is approxi-
mately 1 hour.
Hardware/Software: PC or MAC with Internet access.
Date of Release: 08/01/2013
Expiration Date: 07/31/2015 (Credit can no longer be offered after it has
passed the expiration date.)
Privacy Policy: http://www.mayoclinic.org/global/privacy.html
Questions? Contact dletcsupport@mayo.edu.
Abstract

Human skin is a remarkably plastic organ that sustains insult and injury throughout life. Its ability to
expeditiously repair wounds is paramount to survival and is thought to be regulated by wound com-
ponents such as differentiated cells, stem cells, cytokine networks, extracellular matrix, and mechanical
forces. These intrinsic regenerative pathways are integrated across different skin compartments and are
being elucidated on the cellular and molecular levels. Recent advances in bioengineering and nanotech-
nology have allowed researchers to manipulate these microenvironments in increasingly precise spatial
and temporal scales, recapitulating key homeostatic cues that may drive regeneration. The ultimate goal is
to translate these bench achievements into viable bedside therapies that address the growing global burden
of acute and chronic wounds. In this review, we highlight current concepts in cutaneous wound repair
and propose that many of these evolving paradigms may underlie regenerative processes across diverse
organ systems.
ª 2013 Mayo Foundation for Medical Education and Research n Mayo Clin Proc. 2013;88(9):1022-1031
S kin is the largest organ in the human
body and serves key functions, including
physical protection, sensation, tempera-

ture regulation, and insulation. Multiple cell
populations and matrix components form
distinct yet interdependent compartments that
regulate skin behavior during development
and throughout life.1 Despite the constant expo-
sure to physical, biochemical, and radiation
injury, a functional integumentary system is
able to counteract these forces and maintain a
relative state of homeostasis. This dynamic bal-
ance underlies the remarkable plasticity of skin
and has been effectively exploited in reconstruc-
tive settings, including tissue expansion, scar
revision surgery, and skin grafting.

The current understanding of skin biology
and its response to injury provides insight
into intrinsic restorative pathways in complex
organs.2 For example, the epithelial layer of
(9):1022-1031 n http://dx.doi.org/10.1016/j.mayocp.2013.04.012
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WOUND HEALING
skin is continuously renewed throughout life,
and autologous skin grafts can be transplanted
and survive long-term without major adverse
effects. Success in hair follicle transfer supports
the concept that skin appendages themselves
are also capable of promoting regenerative
pathways.3 Basic science research continues to
identify stem cell populations that may play a
central role in skin regeneration.4-7 Thus, hu-
man skin represents a unique paradigm for or-
gan homeostasis that enables researchers to
study putative repair mechanisms for regenera-
tive medicine.

Wound healing has traditionally been
viewed as the sequential activation of local and
systemic cells that function in concert to restore
skin integrity via scar formation. Accordingly,
abnormal or pathologic wound healing has been
attributed to any disruption of these cellular
events, such as prolonged inflammation, a pri-
mary characteristic of nonhealing wounds and
fibroproliferation. Research during the past
decade has elucidated a more complex under-
standing of wound biology that acknowledges
the importance of noncellular components,
including the extracellular matrix (ECM) and
mechanical force.8,9 Furthermore, skin stem
cells are recognized to contribute to wound
repair and may play a prominent role in the
future of regenerative medicine.10,11 In this
article, we review current and emerging themes
in cutaneous wound healing and highlight con-
cepts in skin regeneration that are potentially
applicable to diverse biological systems.

FETAL WOUND HEALING
Although all human wounds heal with some
degree of scar formation, the wide diversity of
wound outcomes (eg, “normal” scar vs patho-
logic scar or keloid formation) suggests that tis-
sue repair may be modulated by multiple factors
after injury. A better understanding of these in-
fluences may allow researchers to ultimately
promote wound regeneration. For example,
early-gestation human fetuses repair cutaneous
wounds without scar formation.12 Investigation
of the fetal wound environment has elucidated
specific biological attributes that may be respon-
sible for the scarless phenotype.13 For example,
fetal wounds exhibit a diminished inflammatory
response, with reduced leukocyte counts and
cytokine levels. There are greater levels of antifi-
brotic cytokines compared with adult wounds,
Mayo Clin Proc. n September 2013;88(9):1022-1031 n http://dx.doi
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and, specifically, the balance of transforming
growth factor (TGF) b isoforms has been highly
implicated in scar-free fetal healing vs scar for-
mation in postnatal wounds.14

Another component of the fetal wound
microenvironment that has been well studied
is the ECM.15 The fetal matrix contains higher
levels of specific glycosaminoglycans (eg, hyal-
uronic acid and chondroitin sulfate) and a
unique structural organization of proteogly-
cans and glycoproteins compared with adult
wounds that may differentially regulate cell
activity and wound remodeling. Furthermore,
fetal wounds demonstrate altered collagen
biosynthesis pathways, including higher ra-
tios of collagen III to collagen I, a more retic-
ular organization of deposited collagen, and
less stiff mechanical properties.1 Taken together,
studies in fetal wound healing have provided
important insight into potential cellular, bio-
chemical, and mechanical pathways that might
play critical roles in modulating postnatal
wounds to heal with less scarring and become
more “fetal-like.”

SKIN STEM CELLS
Stem cells are capable of self-renewal and dif-
ferentiation into specialized daughter cells
(Figure 1). They have been identified in
almost all adult tissues and play critical roles
in maintaining homeostasis in health and dis-
ease states. In the epidermis, 3 distinct stem
cell populations have been described based
on their location in the interfollicular epithe-
lium, hair follicle bulge, or sebaceous gland.10

Recent studies have documented that 2
distinct proliferative cell types contribute to
epithelial homeostasis but that slow-cycling
stem cells (as opposed to committed progeni-
tors) seem to predominate during wound
repair.16 Signaling pathways involving sonic
hedgehog/shh, wingless-type/wnt, TGF, and
bone morphogenic proteins have been impli-
cated in epithelial stem cell activities, including
cell stratification, hair folliculogenesis, and
cutaneous repair.17

In dermal tissues, progenitor cells from the
dermal papilla of hair follicles have been iso-
lated and classified based on the type of hair
produced and the relative expression of the
transcription factor Sox2.17 Another cell pop-
ulation recently identified from the dermal
papilla is the skin-derived precursor cell.
.org/10.1016/j.mayocp.2013.04.012 1023
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FIGURE 1. Putative skin stem cells. Multiple stem cell populations have been
identified in different skin compartments and contribute to skin homeostasis
and repair. Epithelial stem cells seem to derive from the interfollicular
epithelium, sebaceous glands, and bulge area of hair follicles. Dermal stem
cells may originate from the dermal papilla of hair follicles or from peri-
vascular regions. Adipose tissue harbors multipotent cell populations that
may originate from the perivascular space. The role of circulating stem cells
remains controversial, and other as yet unidentified populations may facil-
itate skin repair and renewal throughout life. Asterisks indicate potential
locations of various stem cell populations.
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These cells can be differentiated into mesen-
chymal cell types in vitro and are thought to
promote wound repair.17 Perivascular sites in
the dermis and hypodermis are also thought
to harbor stem cells. For example, a perifollic-
ular cell population has been identified in the
human scalp and expresses markers for peri-
cytes (NG2) and mesenchymal stem cells
(CD34).17 In addition, even fibroblasts are
capable of differentiating into specialized cell
types in vitro, but the relevance of this phe-
nomenon in vivo remains unknown.18

Stem cells have also been identified in ad-
ipose tissue and may play an important role
in skin repair. These adipose-derived stem
cells (ADSCs) are known to secrete multiple
paracrine factors that can potentially regulate
fibroblast and keratinocyte activity.19 Fur-
thermore, ADSCs are intimately associated
with blood vessels and may actually be peri-
cytes or vascular stem cells at various stages
of differentiation.20 Their ability to differen-
tiate into multiple tissue types in vitro and
relative ease of harvest via liposuction have
prompted much excitement for regenerative
medicine.21
Mayo Clin Proc. n September 2013;88
The fundamental mechanisms by which
these myriad stem cells restore skin may pro-
vide insight into how regenerative processes
occur in other organs, such as intestine, heart,
and liver. Traditional paradigms for the regen-
eration of injured limbs assumed that the
regrowth of complex tissues proceeded via
dedifferentiation of mature cells into a blas-
tema, a population of undifferentiated multipo-
tent cells.22 However, a digit tip amputation
model was recently described that allowed re-
searchers to investigate the regeneration of
complex mammalian tissues.23 Using bone
marrow transplantation studies of labeled pro-
genitor cells and parabiosis models (surgically
combining the circulation between two mice),
researchers discovered that progenitor cells
responsible for digit regeneration are tissue spe-
cific and reside at the injury site. These findings
suggest that intrinsic regenerative programs
remain latent in adult mammals but can poten-
tially be activated under specific (as yet un-
known) conditions.

STEM CELL NICHE
Another important concept in stem cell biology
is the niche, which describes the dynamic
cellular and noncellular microenvironment of
stem cells that regulates their “stemness.”24-27

This includes neighboring cells, soluble sig-
naling molecules, ECM, mechanical forces, oxy-
gen tension, and other factors that enable a stem
cell to maintain its regenerative potential.17 Mul-
tiple stem cell populations are known to exist
throughout skin, and the unique milieu that en-
ables each stem cell compartment to function is
actively being studied.

The epidermal stem cell niche may be regu-
lated by matrix components from the basement
membrane and by interactions among trans-
membrane integrins, laminin, and cadher-
ins.28,29 Soluble cues from the dermis, such
as from the family of bone morphogenic pro-
teins, may also mediate keratinocyte function,
indicating a role for epithelial-mesenchymal
crosstalk in skin homeostasis.30 Differentiated
progeny of epithelial stem cells may even be
capable of “recycling” back into the niche,
further underscoring the complexity of epithe-
lial regeneration.31

The dermal stem cell niche is less well
defined, but soluble mediators, including
insulinlike growth factor and fibroblast growth
(9):1022-1031 n http://dx.doi.org/10.1016/j.mayocp.2013.04.012
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WOUND HEALING
factor, may be important in maintaining
regenerative signaling networks.32-34 A popu-
lation of dermal perivascular cells has been
identified and found to be intimately involved
in remodeling via regulation of matrix metallo-
proteinases (MMPs) and tissue inhibitors of
MMPs.35 The dermal fibroblast has long been
assumed to be terminally differentiated, but
recent in vitro studies suggest that some degree
of differentiation potential is maintained.36,37

Whether fibroblasts truly have regenerative po-
tential and whether specific matrix cues can in-
fluence their multipotency in vivo remains to
be seen.

The adipose stem cell niche is also poorly
understood, in part because the adipose stem
cell itself remains a controversial entity. Its rela-
tionship to a putative vascular stem cell has
been hypothesized by several studies, suggest-
ing that it is not necessarily the adipocyte that
underlies the multipotency of ADSCs.19,20

However, it is clear that adipose tissue is highly
vascular and that numerous cytokines are elab-
orated by ADSCs, many of which are involved
in wound repair.38 Endothelial celleADSC in-
teractions may also serve a key role during
wound repair by regulating tissue neovasculari-
zation and hair follicle regeneration.39,40

Collectively, these studies suggest that the
niche concept may be relevant to regenerative
pathways throughout the body.
FIGURE 2. The extracellular matrix (ECM). The ECM
constant physical and chemical insults. Fibroblasts, ker
just some of the cell types that are known to regul
numerous matrix components, including collagens, elas
dynamic structural network that provides physical pro
cellular proteins comprise a class of nonstructural matr
increasingly implicated in wound repair.
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ECM AND WOUND REMODELING
The ECM is composed of a noncellular scaffold of
proteins, glycosaminoglycans, polysaccharides,
and water that facilitates bidirectional communi-
cation between cells and their biochemical/
biophysicalmicroenviroment (Figure2).41 Itpro-
vides physical support to the skin and actively
regulates cell function by controlling biochemical
gradients, cell density and spatial organization,
and attachment ligands.42 Dysfunction of the
ECM has been linked to diseases such as fibrosis,
cancer, and various genetic diseases.43 In contrast
to traditional concepts of the ECM as static scaf-
folding, it is now clear that the ECM is a dynamic
regulator of cellular activity and an important
blueprint for tissue repair.

After injury, biological programs are acti-
vated to restore skin integrity, including the for-
mation of a provisional matrix that provides
scaffolding for migrating and invading cells.2

Although this matrix is continuously modified
and remodeled for more than a year, the resul-
tant wound (whether a “normal” fine scar or a
pathologically thick hypertrophic scar) is dis-
similar from unwounded skin in terms of
appearance, structure, and strength. Initially, a
collagen IIIedominant environment (thinner,
weaker fibrils) is produced by fibroblasts, but
within weeks, a collagen Iedominant environ-
ment (thicker, stronger fibrils) predominates
and is maintained.1 However, this simplistic
is remodeled throughout life and must respond to
atinocytes, macrophages, and endothelial cells are
ate matrix architecture and function. In addition,
tins, proteoglycans, and glycosaminoglycans, form a
tection to skin cells and the human body. Matri-
ix components that modulate cell behavior and are
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description of wound remodeling does not ac-
count for the multitude of other cell types and
matrix components involved.

Macrophages were initially studied as
phagocytes and immune cells, but modern
molecular tools have elucidated additional
functions in tissue development and remodel-
ing.44 Multiple subsets have been identified
with overlapping roles in wound healing, im-
mune regulation, and host defense.45 Macro-
phages seem to work closely with fibroblasts
during matrix remodeling, and conditional
depletion experiments in mice have revealed
discrete roles for macrophages (including
cytokine production, matrix elaboration, and
matrix breakdown) during different stages of
skin repair.46,47 Keratinocytes are also known
to regulate fibroblast activity and can secrete
growth factors and remodeling enzymes that
affect dermal remodeling.48 In addition, de-
fects in these reciprocal interactions have
been proposed to drive hypertrophic scar for-
mation.49 The role of endothelial cells in ma-
trix remodeling is less appreciated, but
recent studies suggest that sprouting neoves-
sels actively remodel surrounding collagen fi-
brils and that endothelial-matrix interactions
are likely important in tissue regeneration.50,51

Many structural elements contribute to the
ECM architecture. For example, 28 types of
collagen have been identified in vertebrates,
and although collagens I and III are predomi-
nant in the dermis, other collagens may have
roles in wound repair that remain undiscov-
ered.52 Additional fibrous proteins in the ECM
include elastin and fibronectin, which are inti-
mately associated with wound repair.41,53

Another component of the ECM is proteogly-
cans (chondroitins, heparans, keratans, and
hyaluronans), which are extremely hydrophilic
and impart viscoelastic properties that modulate
skin flexibility and strength. Moreover, newly
discovered classes of proteoglycans that function
as signal transduction molecules highlight the
growing diversity of matrix components impli-
cated in wound repair.54

A class of ECM proteins that function as cell
modulators rather than as structural elements is
the family of matricellular proteins.55 These reg-
ulatory proteins have been implicated in pro-
cesses such as tissue development, cancer
metastasis, fibrosis, and matrix remodeling.56,57

For example, proteins of the CCN (CYR61:
Mayo Clin Proc. n September 2013;88
cysteine-rich, angiogenic inducer 61/CTGF:
connective tissue growth factor/NOV: nephro-
blastoma overexpressed) family directly bind
cell surface integrin receptors and heparan sul-
fate proteoglycans to activate intracellular path-
ways linked to a broad range of developmental
and repair programs.58 The expression of tenas-
cin proteins is highly restricted during embryo-
genesis, and re-expression occurs during adult
wound healing. Specifically, tenascin-C has
been linked to inflammation, reepithelialization,
fibroblast activity, and ECM remodeling.59

Another group of matricellular proteins in-
cludes thrombospondins 1 and 2, extracellular
glycoproteins that regulate cell-matrix interac-
tions, collagen fibril formation, and angiogen-
esis, potentially via modulation of MMPs.60,61

Several other matricellular proteins, including
SPARC (secreted protein, acidic and rich in
cysteine), periostin, and fibulin, have been
implicated in tissue repair and represent pro-
mising therapeutic targets for regeneration.62-64

Although many questions remain about the
dynamic pathways maintaining matrix health,
these novel regulatory matrix-associated pro-
teins suggest possible mechanisms by which
the ECM is regulated and likewise how the
ECM modulates cell activity.

MECHANICAL FORCES
Human skin is the largest mechanoresponsive
organ, and it contains diverse cell types with a
range of mechanosensory functions.9 Accord-
ingly, wounds of various etiologies and in
different anatomical locations have intrinsic
mechanical properties that influence repair
outcomes.65,66 Researchers have begun to
elucidate the cellular and subcellular mecha-
nisms that enable physical forces to regulate
biochemical pathways (in a process known
as mechanotransduction), many of which are
conserved across different organ systems.67,68

An emerging concept of tensional homeostasis
suggests that structural perturbations (such as
injury) activate biological responses to restore
the mechanical equilibrium of skin.69

The mechanical activation of integrinefocal
adhesion complexes, stretch ion channels, cell
surface receptors, and direct transmission of
physical force can profoundly alter intracellular
pathways. Mechanical forces are highly impli-
cated in fibrosis, and fibroblast mechanotrans-
duction has been extensively linked to tissue
(9):1022-1031 n http://dx.doi.org/10.1016/j.mayocp.2013.04.012
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FIGURE 3. Skin cell plasticity. Skin cells demonstrate remarkable plasticity, and
numerous in vitro studies have shown that epithelial and endothelial cells are
capable of undergoing transition or transdifferentiation into mesenchymal-like
cells. Mesenchymal cells have also been reported to differentiate into epithelial-
like cells during development. Recent advances in induced pluripotent stem cell
technology have documented that differentiated adult skin cells can be
reprogrammed to an embryonic stem cellelike state. Given the ease of access
and the ability to safely remove small amounts of skin, this technology offers
exciting potential for regenerative medicine.

WOUND HEALING
inflammation and remodeling.70 For example,
molecular manipulation of the fibroblast mecha-
nosensor focal adhesion kinase effectively
blocked fibrosis in a mouse model.71 Keratino-
cyte mechanotransduction signaling has also
been linked to proliferation, remodeling, and
epithelial morphogenesis.72,73 Even stem cell
fate can be regulated through physical cues, sug-
gesting that mechanomodulatory therapies tar-
geting progenitor populations may have a role
in wound repair.9,74

Therapeutic approaches to wound healing
that specifically focus on mechanical forces
have become increasingly widespread. The suc-
cess of negative pressure wound therapy for
acute and chronic wounds demonstrates the abil-
ity of micromechanical forces to augment tissue
repair in a clinical setting.75 Treatments for scar
reduction after injury, including compression
garments, silicone sheeting, and paper tape, are
thought to act in part through mechanotrans-
duction.9 In human studies, an elastomeric
dressing to off-load profibrotic forces in human
wounds significantly reduced hypertrophic scar
formation for up to a year.76 Taken together,
these results demonstrate the importance of the
physical environment in tissue repair and indi-
cate that mechanotransduction pathways are
viable targets to promote wound regeneration.

CELL PLASTICITY
Recent studies have highlighted the plasticity
of adult skin cell populations (Figure 3). For
example, researchers have reported that
specialized adult cells can be induced to trans-
differentiate into cells from another lineage,
suggesting that cell fate is highly convertible.77

In addition, induced pluripotent stem cell
technology has revealed that mature skin cells,
including fibroblasts and keratinocytes, can be
reprogrammed into myriad cell types by acti-
vating/introducing a specific set of transcrip-
tion factors.78,79 These advances provide
researchers with a powerful new tool to poten-
tially regenerate complex tissues using avail-
able autologous adult cells.

Another process that reveals the plasticity
of human tissues is transdifferentiation, which
may occur naturally during repair processes
throughout the body. Epithelial-mesenchymal
transition describes the process by which
polarized epithelial cells assume a mesen-
chymal cell phenotype characterized by
Mayo Clin Proc. n September 2013;88(9):1022-1031 n http://dx.doi
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invasiveness, resistance to apoptosis, and ma-
trix production.80 It seems to occur during 3
major processes (embryogenesis, tissue repair,
and cancer progression) that affect many or-
gan types. In the context of wound healing,
epithelial-mesenchymal transition may regu-
late remodeling and activate contractile myofi-
broblast populations via TGF-b signaling.81,82

A related process involving endothelial cells
and mesenchymal-like transdifferentiation is
called endothelial-mesenchymal transition.
Endothelial-mesenchymal transition pathways
are activated during cardiac development and
postischemic tissue repair and may also have a
role in cutaneous wound healing.80,83 Another
putative cell population recently implicated in
skin repair is the fibrocyte, a circulating hemato-
poietic cell thought to migrate to wounds and to
function as a fibroblast precursor and/or regu-
lator.84,85 These studies highlight the plasticity
of cells involved in wound healing and suggest
novel strategies to exploit for regenerative
applications.
.org/10.1016/j.mayocp.2013.04.012 1027
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multilayered construction
Advances in control-rele
terials science, and stem
increasingly sophisticated
acute or chronic wound
integrate these novel tec
tion strategies.

MAYO CLINIC PROCEEDINGS

1028
SKIN ENGINEERING
The bioengineering of skin presents several
challenges that may be relevant to the fabrica-
tion of solid organs and other complex tissues
(Figure 4). A common multilayered design
consists of a highly cellular keratinocyte layer
overlying a fibroblast-incorporated dermal ma-
trix to mimic the epidermis and dermis,
respectively.86,87 The dermal matrix can be
derived from natural sources (eg, decellular-
ized human or pig skin), created from natural
proteins (eg, collagens, fibronectin, or chito-
san), or engineered from synthetic molecules
(eg, glycolic acid or polycaprolactone).88,89

The use of decellularized scaffolds has also
been extended to heart, liver, and lung engi-
neering, providing a 3-dimensional prepat-
terned scaffold onto which delivered cells
can organize and mature.90

Stem cells have also proved highly prom-
ising for regenerating skin based on tissue-
engineering strategies.91 For example, the
clinical use of cultured epithelial autografts
(sheets of patient-derived keratinocytes fabri-
cated ex vivo) for massive burn injuries is based
on the ability of progenitor cells to expand ke-
ratinocyte populations.92 Skin grafts are the
gold standard for severe burn injuries, and their
ring. Skin engineering has traditionally relied on
of epithelial sheets overlying a dermal-type matrix.
ase systems, nanotopography, biomechanics, ma-
cell biology will enable researchers to design

engineered skin grafts with the potential to treat
s. A multidisciplinary approach will be needed to
hnologies and implement effective skin regenera-
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restorative abilities may also rely on stem celle
mediated processes.93 Moreover, hair follicle
stem cells have been shown to regulate wound
repair and may play a critical role in regenerat-
ing functional skin.6,94 The concept of inte-
grating different populations of stem cells to
create complex tissue structures may prove
more applicable than using individual stem
cell populations in isolation.

Engineered skin constructs have also
benefitted from advances in nanotechnology
and biomechanics.87 Nanofabrication tech-
niques allow researchers to design complex
scaffolds that mimic microenvironment do-
mains that facilitate skin regeneration.95 Topo-
graphical modifications to biomaterial surfaces
can regulate cell behavior and potentially guide
stem cell differentiation.96 The mechanical
properties of engineered matrices also play an
important role in how incorporated cells
behave. These factors are especially critical for
the engineering of skin, a flexible, pliable, and
resilient structure that has viscoelastic proper-
ties similar to biomaterial hydrogels.97 These
mechanical properties have been characterized
on a microscopic scale and may influence
future designs of engineered skin grafts.98

Cytokines play an instrumental role in facil-
itating cellular communication within and
across different skin compartments. These
signaling pathways are centrally involved in
skin development, homeostasis, and disease,
but the ability of bioengineers to recapitulate
these biochemical networks remains limited.99

Progress has been made in developing biomate-
rial substrates that contain various growth fac-
tors and that can be activated to release stored
contents under controlled conditions, hence
the term controlled-release or control-release sys-
tems. These delivery systems can be regulated
by factors such as temperature, pH, time, and
solubility, providing an important means of re-
creating the complex biochemical milieu during
tissue regeneration.89 Advances in microfluidics
technology (interconnected microchannel net-
works capable of precise delivery of biomole-
cules) may enable researchers to reproduce
morphogenic gradients in temporospatial scales
never before achieved.100 Ultimately, successful
skin engineering will rely on characterizing and
recapitulating the optimal cellular, matrix,
biochemical, and biophysical cues that drive tis-
sue regeneration.
(9):1022-1031 n http://dx.doi.org/10.1016/j.mayocp.2013.04.012
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CONCLUSION
As researchers continue to unlock the mysteries
of skin regeneration after injury, novel path-
ways may be elucidated that drive tissue regen-
eration across the body. Human skin is known
to contain multiple progenitor and differenti-
ated cell types that remain active throughout
life and demonstrate tremendous plasticity in
response to injury. Moreover, extracellular bio-
physical and biochemical cues have been char-
acterized that modulate distinct intracellular
pathways during tissue restoration. Ultimately,
a dynamic homeostasis that exists between cells
and their ECMmust be reestablished after cuta-
neous injury. The ability to recapitulate these
biological programs may define the success of
novel technologies that are establishing new
frontiers in bioengineering. In summary, evolv-
ing concepts in cutaneous wound healing may
shed light on fundamental regenerative pro-
cesses in other organ systems and enable
researchers to develop innovative therapies
that revolutionize wound repair.
Abbreviations and Acronyms: ADSC = adipose-derived
stem cell; ECM = extracellular matrix; MMP = matrix me-
talloproteinase; TGF = transforming growth factor
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The Symposium on Regenerative Medicine will continue
in an upcoming issue.
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