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Abstract

The cellular and molecular mechanisms underpinning tissue repair and its failure to heal are still 

poorly understood, and current therapies are limited. Poor wound healing after trauma, surgery, 

acute illness, or chronic disease conditions affects millions of people worldwide each year and is 

the consequence of poorly regulated elements of the healthy tissue repair response, including 

inflammation, angiogenesis, matrix deposition, and cell recruitment. Failure of one or several of 

these cellular processes is generally linked to an underlying clinical condition, such as vascular 

disease, diabetes, or aging, which are all frequently associated with healing pathologies. The 

search for clinical strategies that might improve the body’s natural repair mechanisms will need to 

be based on a thorough understanding of the basic biology of repair and regeneration. In this 

review, we highlight emerging concepts in tissue regeneration and repair, and provide some 

perspectives on how to translate current knowledge into viable clinical approaches for treating 

patients with wound-healing pathologies.

INTRODUCTION

Traumatic injury is the leading cause of mortality in Europe and the United States (http://

www.worldlifeexpectancy.com). In addition to trauma, millions of surgical wounds are 

created annually in the course of routine medical care in the United States and Europe (1). 

Facilitating the healing of these unintended and deliberate injuries and minimizing the 
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aesthetic impact on the patient and maximal restoration of tissue function remains a central 

concern of clinical care. Although minor injuries in healthy individuals generally heal well, 

larger injuries or the presence of a variety of physiological or common disease states 

including age, infection, diabetes/vascular disease, and cancer can negatively affect the 

healing process in ways that are currently poorly understood (Fig. 1). Moreover, 

mechanisms underlying pathological scarring, including hypertrophic scarring and more 

extreme keloid formation, are elusive, and efficient treatment options are currently missing 

(2).

Demographically, the number of patients suffering from chronic wounds and impaired 

healing conditions is reaching epidemic proportions and will become even more burdensome 

in both human health and economic terms (1, 3). Incomplete understanding of the 

underlying molecular basis of tissue repair and its failure, as well as a lack of preclinical 

animal models that properly recapitulate human conditions (4), has led to a lack of therapies 

for treating nonhealing wounds or for speeding up the repair of acute wounds and reducing 

scar formation. Clinical research is hampered by a multimorbid and complex patient 

population, contributing to a paucity of high-quality and large-scale clinical trials for even 

demonstrating the efficacy of current products. In addition, heterogeneous reimbursement 

politics and an increasingly cautious climate for industrial investment, limited research 

funding sources (4), and lack of public awareness have also contributed to slow progress. 

Hence, there is a strong medical and social need to improve therapeutic approaches 

enhancing the endogenous tissue regenerative capacity.

As the outer barrier, the skin is the organ most challenged by a range of external stress 

factors, resulting in frequent cell and barrier damage. As such, skin has developed a set of 

complex mechanisms to protect itself and to restore tissue integrity when damaged, without 

resulting in septicemia. Experimentally, because of its accessibility, skin is one of the best 

organs in which to study response mechanisms to tissue damage and during repair. Findings 

from such research in skin have contributed to the unraveling of novel fundamental 

principles in regenerative biology, which have relevance to function of other epithelial-

mesenchymal tissues, such as intestine, lung, and liver. Here, we will focus on studies 

performed in skin, but refer to their implications in other organ systems.

UNMET CLINICAL NEEDS: CHRONIC SKIN WOUNDS AND SCARS

Wound healing after skin injury involves extensive communication between the different 

cellular constituents of the diverse compartments of the skin and its extracellular matrix 

(ECM). In normal physiological conditions, restoration of a functional epidermal barrier is 

highly efficient (Fig. 2), whereas postnatal repair of the deeper dermal layer is less so and 

results in scar formation with a substantial loss of original tissue structure and function. 

When the normal repair response goes awry, there are two major outcomes: either an 

ulcerative skin defect (chronic wound) or an excessive formation of scar (hypertrophic scar 

or keloid) (Figs. 1 and 3).

Chronic wounds are defined as barrier defects that have not proceeded through orderly and 

timely reparation to regain structural and functional integrity. In principle, any skin lesion 
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has the potential to become chronic, and hence, chronic wounds are classified on the basis of 

their underlying cause. Vascular insufficiency, diabetes mellitus, and local-pressure effects 

are the major causes and categories of nonhealing skin wounds, although systemic factors, 

including compromised nutritional or immunological status, advanced age, chronic 

mechanical stress, and other comorbidities, contribute to poor wound healing (Fig. 1).

Most chronic skin wounds occur on the lower extremities. VLUs are the most common form 

of leg ulcers with an increasing incidence among the elderly of up to 3 to 4% (5) (Figs. 1A 

and 3). VLUs are the most severe symptom of chronic venous disease (5). The molecular 

mechanisms behind chronic venous disease and venous hypertension leading to severe 

lipodermatosclerotic, structural, and functional alterations of the lower leg, and ultimately 

skin ulceration, remain unknown, although recent findings provide several theories including 

persistent inflammation, interruption of keratinocyte migration, and misregulated signaling 

and/or expression of specific microRNAs (6-9).

Atherosclerotic disease represents the second most common underlying cause for 

nonhealing skin wounds of the lower leg. Arterial ulcerations are a consequence of reduced 

arterial blood supply resulting in tissue hypoxia and tissue damage (Fig. 1D). Diabetes 

mellitus is the most common metabolic disease associated with impaired wound-healing 

conditions. Currently, the prevalence of type 2 diabetes is 6.4% in the world population and 

is anticipated to increase to close to 8% in the year 2030 (10). It is not clear to what extent 

impaired healing is due to direct effects of insulin deficiency or its sequelae, including 

hyperglycemia, hyperlipidemia, peripheral neuropathy, and/or obesity. The most common 

clinical indication of impaired wound healing associated with diabetes is the DFU (Figs. 1B 

and 3). Among diabetic patients, 2 to 3% will develop a foot ulcer each year, and 15% will 

develop a foot ulcer during their lifetime.

Pressure ulcers (Figs. 1E and 3) are areas of tissue necrosis caused by unrelieved pressure to 

soft tissue compressed between a bony prominence and an external surface for a prolonged 

period of time. Major etiologic factors involved in their development are biomechanical 

forces (confined pressure, shearing forces, and friction), moisture, and local ischemia. 

Pressure ulcers particularly affect multimorbid and elderly patients, especially those that are 

bed- or wheelchair-bound. In spite of high mortality rates, predominantly for advanced-stage 

pressure ulcers, there is no efficacious therapy yet approved for their treatment.

Perhaps, it is now the time to recognize that chronic wound repair is a mortal disease similar 

to cancer (11). Although not an immediately obvious concept, the 5-year mortality rate for 

patients suffering from DFU or ischemic ulcers is much higher than that of prostate or breast 

cancer (11-13). In addition, the 5-year mortality rate for patients with diabetic-related 

amputations is about 50% (13).

Scarring and tissue fibrosis

One of the mysteries in the field of tissue regeneration and repair is the heterogeneity among 

diverse organisms: some organisms perfectly regenerate injured tissues and organs, whereas 

others replace the damaged tissue by a pathological connective tissue defined as scar. In 

humans, perfect tissue regeneration has only been described in fetal skin (14). Postnatal 
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human epidermis, gut epithelium, and the hematopoietic system represent tissues that 

maintain the highest regenerative capacity. Furthermore, there are anecdotal reports of 

fingertip regeneration in young children (15). In all soft tissues and organs comprising 

connective tissue, the parenchymal tissue can be replaced by the deposition of excessive 

ECM, leading gradually to tissue fibrosis and, ultimately, to loss of organ function. The 

initial tissue damage can result from multiple acute or chronic stimuli, including 

autoimmune reactions, infections, or mechanical injury.

In human skin, two categories of pathological scarring after injury are distinguished: 

hypertrophic scars and keloids (Fig. 1, C and F). Hypertrophic scars develop after surgery, 

trauma, particularly burns, or spontaneously in predisposed patients. In contrast to 

hypertrophic scars, keloids extend beyond the margins of the original tissue damage, do not 

tend to regress spontaneously (hypertrophic scars generally regress within 6 months), and 

show a genetic predisposition. Furthermore, keloids and hypertrophic scars can be 

histologically differentiated by their diverse arrangement of collagen fibers, presence of α-

smooth muscle actin (αSMA)–positive myofibroblasts, and extent of angiogenesis (16). 

Epidemiological data on the occurrence of pathological scars are not well documented, 

although it is widely accepted that darker-skinned populations have a higher occurrence of 

keloids than lighter-skinned populations (17). Some reports suggest that pathological 

scarring occurs most commonly in puberty. Scarring can cause functional disability, for 

example, if extended over a joint, or may cause patient discomfort and psychological stress.

Both hypertrophic scars and keloids are a major therapeutic challenge for surgeons and 

dermatologists. Although multiple treatment regimens are practiced, including silicone gel 

sheeting, pressure therapy, corticosteroids, cryotherapy, 5-fluorouracil, laser therapy, and 

radiation, none of these are optimal and effective, and therapeutics based on molecular 

targets remain elusive (2). Novel therapies for the treatment of cutaneous pathological 

scarring may be extrapolated from clinical trials targeting fibrosis in other organs including 

lung, liver, or kidney (18). Although tissue-specific features of fibrogenesis appear to exist, 

there is increasing appreciation of common pathways of fibrosis that are conserved among 

tissues, including transforming growth factor–β (TGFβ), connective tissue growth factor 

(CTGF), interleukin-4 (IL-4), IL-13, platelet-derived growth factor (PDGF), and osteopontin 

(19).

WOUND-HEALING PATHOLOGY

The molecular mechanisms that lead to impairment of wound healing are poorly understood. 

The complexity of the wound-healing process, which involves many cell types locally at the 

site of the wound as well as systemically (Fig. 2), along with comorbidities represent hurdles 

in identifying therapeutic targets and in clinical trial design. An added difficulty for this field 

of research is the paucity of animal models that precisely correlate with the human 

condition, which leads to difficult transition from experimental models and pre-clinical 

studies to clinical trials. Current state of knowledge is in its infancy and is based on 

integration of data resulting from analysis of human wound samples (predominantly from 

patients with VLUs and DFUs) and from data collected from animal models.
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Future investigations will need to unravel to what extent the microenvironment of chronic 

wounds with different underlying etiologies may overlap in common pathomechanisms. 

Furthermore, based on current knowledge, it is unlikely that animal models that perfectly 

recapitulate the complex network of pathological factors in chronic human wounds will be 

developed in the near future (Fig. 3) (20). Instead, we speculate that animal models targeting 

specific pathological pathways will provide a more focused approach to gain knowledge on 

selected mechanisms that play a role in the development of chronic wounds. Humanized 

mouse models may provide a particularly useful approach to bridge the gap between bench 

and bedside (21).

The inflammatory response

Natural (acute) wound healing proceeds through several largely overlapping phases that 

involve an inflammatory response and associated cellular migration, proliferation, matrix 

deposition, and tissue remodeling (Fig. 2). Interruption or deregulation of one or more 

phases of the wound-healing process leads to nonhealing (chronic) wounds (Fig. 3). Injury 

leads to immediate activation of the clotting cascade, which, through the assembly of a fibrin 

clot, assures hemostasis and provides the basic matrix architecture to initiate the invasion 

and recruitment of inflammatory and other cells. Platelets trapped in the clot also release 

growth factors and chemokines into the local wound environment. The relevance of platelets 

and their products for successful tissue reconstitution is reflected in the clinical use of 

platelet-rich plasma to promote healing (22) and impaired healing in preclinical models 

recapitulating platelet disorders (23).

In parallel with hemostasis, the early inflammatory response mobilizes local and systemic 

defense responses to the site of the wound (Fig. 2). Inflammation is prolonged in chronic 

wounds (Fig. 3), and it is believed that these wounds might be trapped in a chronic 

inflammatory state that fails to progress (24). Specifically, recent investigations of chronic 

wound tissue and fluid indicate a continual competition between inflammatory and anti-

inflammatory signals leading to a misbalanced environment for proper wound healing to 

occur (25, 26).

It has been shown that increased proinflammatory cellular infiltrates composed largely of 

neutrophils and macrophages contribute to delayed healing in chronic ulcers (27, 28). As a 

result, deregulation of several key proinflammatory cytokines, such as IL-1β and tumor 

necrosis factor–α (TNFα), prolong the inflammatory phase and delay healing (26, 29). IL-1β 

and TNFα are increased in chronic wounds, and this increase has been shown to lead to 

elevated metalloproteinases that excessively degrade the local ECM and thus impair cell 

migration (30). Recent studies have implicated the inflammasome, a multiprotein complex 

of the innate immune system responsible for activation and release of IL-1β from several 

skin cell types, in the development of chronic wounds (31, 32). In addition, continued 

presence of a high bacterial load in wounds results in a sustained influx of pro-inflammatory 

cells and increased inflammation also leading to delayed healing (Fig. 3) (33-35). A more 

detailed understanding of the mechanisms governing the inflammatory response and its 

resolution is needed.
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Infection

Wound infection is likely to be a contributing factor in either development or maintenance of 

a chronic wound. All wounds are colonized to some degree, and a major role of the 

inflammatory phase of wound healing is to bring microbes down to steady-state levels that 

can be tolerated and cleared by healthy tissues. This is aided by the skin—the epidermis in 

particular—up-regulating and secreting antimicrobial peptides early in response to barrier 

damage and exposure to microbes (Fig. 2) (36, 37). Furthermore, in these polymicrobial 

wound communities, individual species may alter virulence and quantity as well as 

formation of a biofilm, which further impedes the efficacy of the “host response” and thus 

delays repair (33) (see Microbiome section).

Proteases

The failure of chronic wounds to heal properly has been attributed, in part, to deregulation of 

proteases and their inhibitors. Unlike the acute wound-healing process, where tissue 

proteases are normally under tight regulation, it appears that in a chronic wound, disruption 

of the production and activation of proteases plays a role in wound pathogenesis. The 

proteolytic unbalance may be a consequence of the aforementioned faulty regulation of 

inflammation and/or microbial contamination. It has been shown that matrix 

metalloproteinases (MMPs), such as collagenase and gelatinases A and B, are elevated in 

chronic wound fluids when compared to acute wound fluid (25, 38). Last, in chronic 

wounds, there is a marked increase in serine proteases that degrades matrix components, 

including fibronectin, as well as various key growth factors, all of which are required for 

remodeling of the ECM and cell growth (38-41).

Stem cells

To date, epidermal stem cells of the skin have been shown to occupy at least three distinct 

niches: the bulge of the hair follicle, the base of the sebaceous gland, and the basal layer of 

the epidermis (42). Recent reports have shown that local adipocyte progenitor cells (43) as 

well as melanocyte progenitors (44) contribute also to the wound repair process. 

Recruitment of bone marrow and endothelial progenitors to the site of injury is coordinated 

by specific chemokines (Fig. 2), which have been shown to be depleted in conditions that 

contribute to compromised healing response (Fig. 3), such as aging and diabetes (29, 45). 

Furthermore, frequent cycling of epidermal stem cells in patients with chronic wounds can 

lead to depletion of local stem cell populations (46). Compromised function of local and 

systemic stem cells and progenitors may play a considerable role in pathology of chronic 

wounds. Hence, stem cell modulation is becoming one of the most explored potential 

therapeutic strategies.

Angiogenesis and vasculogenesis

Blood vessel growth is an essential component of tissue repair, as vessels support cells at the 

wound site with nutrition and oxygen. Both angiogenesis (sprouting of capillaries from 

existing blood vessels) and vasculogenesis (mobilization of bone marrow–derived 

endothelial progenitors) contribute to new blood vessel formation during tissue repair (47). 

Inadequate local angiogenesis is considered a very likely contributor to the impaired healing 
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of DFUs (3). Proteins with antiangiogenic properties, such as myeloperoxidase, exhibit 

higher expression levels in chronic wounds of diabetic patients as compared to acute 

wounds, whereas angiogenic stimulators, such as extracellular superoxide dismutase, are 

generally decreased (48). Reduced angiogenesis leads to elevated cell death, as revealed by 

expression of the late apoptotic cell marker annexin A5, which is exclusively found in 

diabetic wound exudates and is believed to be reporting a shortage of wound nutritional 

supply (48). Similar findings were reported in samples derived from human VLUs (25). 

Functional and ultrastructural analyses of the microcirculation in the wound edge of VLUs 

have revealed microvascular alterations indicating endothelial cell damage that may, in turn, 

lead to slow and insufficient capillary growth (49).

Deprivation of proangiogenic factors, such as members of the vascular endothelial growth 

factor (VEGF) family, by proteolytic degradation and subsequent interference with their 

bioactivity in the hostile chronic wound microenvironment has been suggested as a critical 

underlying cause (41, 50). In pressure ulcers, chemokine (C-X-C motif) ligand 9 expression 

levels fail to increase as they do in healthy, healing wounds (51), leading to inhibition of 

endothelial cell chemotaxis at the proliferative stage of angiogenesis and subsequently 

aberrant angiogenesis (52). An ability to modulate the fine balance between pro- and 

antiangiogenic molecules might lead to novel therapeutics for induction of angiogenesis in a 

chronic wound.

Senescence

Cellular senescence has been implicated in pathological tissue repair (Fig. 3), although there 

is controversy as to the mechanism (53). One hypothesis is that cells, fibroblasts in 

particular, become prematurely senescent within a chronic wound setting. Premature aging 

in fibroblasts derived from VLUs was found to be telomere-independent (54) and to vary 

across wounds reflecting migratory capacity (55). Senescence caused by oxidative stress 

might also drive uncontrolled fibroblast proliferation and keloid formation (56). Senescent 

fibroblasts and keratinocytes secrete MMPs 2, 3, and 9, and might therefore exert an 

antifibrotic effect (57). Moreover, senescent keratinocytes have been documented to secrete 

the antiangiogenic factor maspin (58), which may also be detrimental to repair. Conversely, 

senescent cells are also known to express cell surface–bound IL-1α, IL-6, and IL-8 (59)—all 

of which play key roles in wound repair.

CURRENT TREATMENTS AND THEIR LIMITATIONS

The past decade has witnessed a growth in rational chronic wound management and some 

new developments in wound dressings, including attempts to incorporate recombinant 

growth factors and live cells. Notably, it is primarily the local wound environment that has 

been considered as the key target for therapeutic strategies, regardless of the underlying 

causative, systemic disease. Dressings provide the most favorable environment for 

successful healing by protecting the local wound site from further trauma while providing 

moisture and absorbing excess exudate. More complex dressings may have additional 

biological properties, such as being antibacterial, attracting circulating cells, stimulating 

local cells to migrate and proliferate, as well as stimulating appropriate matrix deposition. 
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However, owing to the limited clinical evidence on acceleration of wound closure, current 

wound dressings can be considered only as adjunctive means to provide an optimal local 

healing milieu.

Various “biological active” therapeutic attempts, mainly the delivery of local growth factors 

to enhance clinical management of chronic wounds, have been attempted but shown limited 

success so far (60). For example, topically applied recombinant human granulocyte 

macrophage colony-stimulating factor (rhGM-CSF) and granulocyte colony-stimulating 

factor (G-CSF) had positive effects on wound healing in small (20 patients), randomized, 

controlled studies involving chronic venous and DFUs (61). Larger, randomized, controlled, 

double-blinded trials are needed to confirm the early observations of promising clinical 

outcomes.

Another growth factor, PDGF, has proven effective in stimulating healing in patients. In 

1997, becaplermin, a recombinant human PDGF (rhPDGF-BB), was approved by the U.S. 

Food and Drug Administration (FDA) for treatment of DFUs. rhPDGF-BB was shown to 

improve healing in randomized clinical trials involving DFUs to decrease amputations, and 

to be beneficial in patients with advanced-stage pressure ulcers (62). Although rhPDGF-BB 

is an approved therapeutic modality for DFUs, large, randomized control clinical trials are 

needed to test the efficacy of this growth factor in other types of ulcers. In attempts to 

accelerate healing in patients with chronic ulcers, one has to keep in mind the risks that can 

be associated with use of factors that promote epithelial migration, angiogenesis, matrix 

deposition, and other processes that are dysregulated in chronic wounds. For example, in 

2008, the FDA included a “black box warning” of increased mortality rates secondary to 

malignancy in patients after treatment with three or more dispensings (http://www.fda.gov/

NewsEvents/Newsroom/PressAnnouncements/2008/ucm116909.htm), although a follow-up 

study indicated that the cancer death risk decreased and was no longer statistically 

significant (63).

Several other growth factors that have multiple functions in wound healing have entered the 

clinical testing arena. For example, fibroblast growth factor 2 [FGF-2; or basic FGF (bFGF)] 

influences granulation tissue formation, epithelialization, and tissue remodeling and has 

shown variable results in randomized control clinical trials with favorable outcomes for burn 

and pressure ulcer healing (64). Furthermore, keratinocyte growth factor-1 (KGF-1; also 

known as FGF-7), which targets epidermal cells, has been reported to promote healing of 

skin wounds in mice (65). KGF-1 received FDA approval in 2004 and was marketed as 

palifermin or Kepivance for the prevention of severe oral mucositis in patients with 

hematological malignancies receiving high-dose chemotherapy (66).

With the discovery of VEGF more than 30 years ago and with its envisioned potential for 

vascular therapy, it was presumed to be the solution for therapeutic angiogenesis (67). 

Although preclinical testing in diverse animal models showed promise in stimulating the 

growth of functional vascular structures, initial clinical trials investigating VEGF-A as a 

proangiogenic factor in various ischemic conditions have failed. To date, VEGF has not been 

convincingly used in the clinic to stimulate the growth of functional vessels (68). Local 

treatment of chronic neuropathic DFUs in humans with recombinant VEGF-A165 
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(telbermin) revealed positive trends, suggesting biological activity for incidence and time of 

complete ulcer healing (69), but additional studies will be needed to characterize the safety 

and efficacy of VEGF-A.

Most currently applied and FDA-approved cellular products for regenerative therapies in the 

clinic use primary cells and are based on the discovery by Rheinwald and Green in the 

1980s, showing that human epidermal keratinocytes could be cultured and rapidly expanded 

in vitro using a feeder layer of murine fibroblasts (70). In parallel to keratinocyte studies, 

diverse efforts have been directed toward the development of dermal substitutes that have 

qualities similar to native skin (71). Several companies manufacture “living skin 

equivalents” of autologous and allogeneic primary cells harvested from explant material. 

During the last two decades, many of these products have received FDA approval for the 

treatment of large and diseased skin defects that are refractory to conventional therapy and 

that have been shown to be effective in a limited number of clinical trials [reviewed in (72)].

Given the complexity of the multicellular tissue repair response (Fig. 2), it is not surprising 

that therapeutic delivery of a single factor and/or cellular component often only achieves 

limited efficacy in stimulating healing of chronic wounds. Furthermore, recent studies 

indicate that cells within the chronic wound may lack other aspects of the molecular milieu 

that enable an appropriate response to growth factor stimuli, such as down-regulation of 

epidermal growth factor receptor (EGFR) and TGFβ receptors as well as SMADs in 

nonhealing tissue of chronic ulcers (45, 73). Other issues, including the need to discover the 

most efficacious sustained delivery protocol, the optimal dosing, and frequency of delivery, 

are all obstacles to overcome before we realize the full therapeutic benefits of these new 

agents.

In summary, despite a clear, unmet clinical need, research in wound healing has not yielded 

new, science-led therapies for more than a decade. Multifactorial etiology, lack of funding 

for research into mechanisms, limitations of preclinical models, and requirements for 

complete closure as the only primary outcome in clinical trials all contribute to the slow 

development. The likelihood of a single therapy to be highly efficacious is low. The 

challenge lies in developing combination therapy approaches, identifying the appropriate 

timing of delivery for each of the components, and overcoming the prohibitive costs of 

clinical trials for products containing more than one biologically active compound. For 

example, a product that stimulates angiogenesis followed by a compound that stimulates 

matrix deposition and epithelial migration might be optimal.

In addition to new therapies, new animal models are desperately needed that properly mimic 

human acute and chronic wound pathologies. Currently, we can learn many lessons from the 

animal kingdom, especially from animals that naturally regrow lost limbs and heal adult 

tissues effectively. We focus on some of the most promising such lessons below.

LESSONS FROM THE ANIMAL KINGDOM

Tissue repair is universal across all multicellular organisms (Fig. 4); thus, conserved 

mechanisms may be identified in models more experimentally tractable than humans and 
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subsequently extrapolated to the clinic. Because of similarities to human skin, pig models of 

wound healing were used in the early days for investigating repair mechanisms (74), and 

remain a popular model for preclinical trials of potential therapeutics (75). However, their 

poor genetic tractability, complicated anesthesia and surgical procedures, cost, and housing 

issues have seen rodent models, largely mice, take over as the predominant model for 

investigating the fundamental cell and molecular mechanisms underlying mammalian tissue 

repair.

What mice tell us about wound reepithelialization

Much of what we know about the cell and gene players in wound healing and the relative 

time courses of the various phases of skin repair come from studies in mice. Transgenic and 

knockout mouse studies over the last two decades have provided opportunities to investigate 

the functions of more than 100 genes that are potentially important for one or more aspects 

of skin healing (76). Because the most overt sign of a chronic wound is failure of wound 

reepithelialization (Fig. 4), a better understanding of how acute wounds normally 

reepithelialize may help develop procedures for “kick-starting” the same process in a 

nonhealing (chronic) wound. To this end, several mouse wound transcriptome studies have 

been performed (77, 78).

Gene changes occur in the wound edge epithelium, extending back up to 70 rows of cells 

from the cut wound edge (79). The earliest gene up-regulations are classic immediate early 

genes, including Ap-1, Fos, and Jun (80), and the Krox zinc finger transcription factors (81), 

which presumably function as part of the transcriptional activation machinery for the several 

hundred genes that are subsequently up-regulated in these cells and enable a surge in cell 

proliferation and associated epidermal migration of a leading tongue of keratinocytes at the 

interface between the scab and healthy wound granulation tissue. It has become clear that 

some of these late-activated genes, such as Egfr, are kept silent by histone methylation 

marks deposited by the polycomb family of epigenetic regulators. However, the polycombs 

are down-regulated, and these marks are removed soon after wounding so the silenced genes 

are then available for transcription (82).

Some of the changes needed for forward migration of wound edge keratinocytes involve 

alterations in the cell-matrix adhesions. These adhesions previously spot-welded the skin 

cells to the basement membrane, but in wound healing must enable migration over a new 

wound-specific, fibrin-rich matrix. Several integrins must be switched off to detach from the 

basement membrane, and others now become essential for wound migration. For example, 

keratinocyte-specific knockout of β1 integrins in mice leads to severe retardation in wound 

reepithelialization (83). Cell-cell junctions also must be modified. A recent study showed 

how the desmosomal junctions linking the advancing wound keratinocytes become looser 

and calcium-dependent, and that this switch is likely to be protein kinase C α (PKCα)–

dependent because Pkca−/− mice failed to alter these adhesions and exhibited delayed 

healing (84). Proteases, in particular several MMPs, are needed to somehow clip or loosen 

the link between integrins and collagen as the epidermis advances over the wound 

substrutum (85).
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All of these changes are required for cell migration. However, it seems that 

reepithelialization will not commence without the additional activation signals of several 

driving growth factors, including hepatocyte growth factor (HGF) and one or more members 

of the FGF and EGF families. Indeed, keratinocyte-specific knockout of c-met (HGF 

receptor) or FGF receptors 1 and 2 (86, 87) or global knockout of EGFR led to retarded 

reepithelialization in mice (88).

Generally, epidermal cells are lost after any skin injury, and they must be replaced by cell 

proliferation, which occurs largely in an epithelial zone further back than the migrating 

epidermal tongue (65). The contribution to new keratinocytes by stem cells and the source of 

such stem cells are not entirely clear. Labeled cells from the stem cell–dense bulge region of 

adjacent hair follicles are seen to move up and, at least initially, can populate the denuded 

territory (Fig. 2) (89), but a more permanent source of new keratinocytes appears to originate 

from non-bulge region follicular cells (90). Previously, it was believed that if a wound 

extended deeper than the roots of hair and sweat glands, then these structures would not 

regenerate; but this dogma is now in doubt because of new studies in mice in which hair 

follicles arose de novo from nonfollicular epidermis, in a Wnt-dependent manner that 

recapitulated embryonic appendage formation (91).

Cellular contribution to granulation tissue and dermis replacement

Many genes are up-regulated in mice in the fibroblast at the edge of a wound. It was 

assumed previously that these cells were the sole source of the wound granulation tissue and 

that they became activated by exposure to various growth factor signals, which triggered 

their proliferation and migration in synchrony with the advancing epidermis. A portion of 

these cells transform into the contractile specialist, the myofibroblast cell, after exposure to 

TGFβ and mechanical loading signals (92). It now seems probable that at least a subset of 

fibroblasts within wound granulation tissue are not derived locally but rather originate from 

a bone marrow–derived, mesenchymal stem cell (MSC) pool. By tracking fluorescent MSCs 

after intravenous injection into mice, several groups have reported up to 30% of total 

contribution to the wound fibroblast population (93-95). The translational aspect of this 

imaging is the potential for stem cell–mediated therapies for improving impaired healing, 

which has been tested in rodents (96) and in humans (97). For cell therapy, timing may also 

be important, as a recent study in mice showed that two populations of stem cells exist in the 

wound: one superficially, critical for hair development, and one deeper, forming the lower 

dermis, and possibly an early source of locally derived wound fibroblasts (98).

The complexity of inflammation during skin repair

Studies of repair in embryonic and fetal mice and also human patients undergoing fetal 

surgery have indicated that, before the onset of a wound inflammatory response, immature 

tissues are capable of scarless healing (99, 100). Inflammation might therefore be a cause of 

wound fibrosis. Indeed, mice lacking the ETS family transcription factor PU.1 (and thus not 

able to generate any leukocytic lineages) are able to heal wounds effectively as neonates—

and do so without subsequent scarring, unlike their wild-type littermates (101).
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Many mouse studies have been designed to individually test the function of most immune 

cell lineages in the wound repair process. Not all are in full agreement, but the current 

consensus is that early-recruited neutrophils largely deal with killing invasive 

microorganisms at any breach of the skin barrier (102), whereas macrophages are needed for 

clearing apoptotic neutrophils and orchestrating early wound closure events, but also emit 

signals that cause later scarring (102, 103). By contrast, mast cells appear to play only fine-

tuning roles during wound repair, because their genetic depletion leads to almost entirely 

normal healing (104, 105). Other immune cell lineages are less well studied and may only 

become involved in the repair process if it becomes chronic. Currently, very little is known 

about the role of adaptive immunity in the normal mammalian wound-healing process, but 

one study of murine γδ T cells suggests that these may be vital for recognizing keratinocyte 

“damage” signals and releasing key growth factors for epidermal migration (106).

Inflammatory cell recruitment and activation are a consequence of many signals that occur at 

the wound site. Some of the earliest signals include factors released by degranulating 

platelets (23) and by damage- and pathogen-associated molecular patterns (DAMPs and 

PAMPs, respectively) where cells are damaged and microbes gain access (107). All of these 

signals are potential therapeutic targets for modulating the initial wound inflammatory 

response in humans. A newly discovered and clinically relevant signaling pathway derives 

from wound biomechanics: as a wound gapes open and then begins to contract, focal 

adhesion kinase/extracellular signal–regulated kinase (FAK-ERK) leads to activation of 

chemokine ligand 2 release by wound fibroblasts, which, in turn, draws in a larger 

inflammatory response (108). Blocking any of these steps leads to reduced scarring in mice 

(108) and supports the theory that inflammation is the primary driver of scarring at the 

wound site.

TGFβ1 is almost certainly one of the growth factors downstream of the wound inflammatory 

response, and knockdown of this signaling axis has been shown to reduce scarring (109). 

What remains unclear is how inflammation-triggered molecular changes in wound 

fibroblasts—which include up-regulation of osteopontin (110)—lead to deposition and 

bundling of collagen fibers in ways that cause pathological scarring.

Unexpected roles of wound genes and pathways

The mouse genes and signaling pathways discussed here are likely regulators of the wound-

healing process. In addition, the experimental and genetic opportunities provided by mice 

have revealed some surprising players. In early differential display screens, a reactive 

oxygen species (ROS)–detoxifying enzyme, peroxiredoxin 6, was seen to be up-regulated by 

wound edge keratinocytes (111). This is logical because peroxiredoxin 6 is part of the 

“tolerance” machinery that enables wound cells to protect themselves from harmful ROS 

activities, which are increased during the wound inflammatory response. Mouse studies have 

also highlighted systemic hormones in healing. Falling estrogen levels, for instance, may be 

the principal cause of age-related healing impairment in both males and females (112). 

Similarly, social isolation leading to reduced cortisol levels and associated lowering of KGF 

and VEGF at the wound site lead to significantly retarded healing (113). These findings in 

mice are relevant to clinical translation, particularly for treating elderly patients.
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As with any model, murine wound healing is a not a perfect mirror of what happens as 

human skin repairs itself. Mouse skin is loose and not attached to the underlying deep 

tissues, so the balance of contributions by reepithelialization and connective tissue 

contraction is different from human skin, where the epidermal wound edge is indirectly 

associated with the deeper wound tissues (Fig. 2). Another clear difference is that human 

skin is much less hairy than its murine equivalent. Thus, what is true for murine hair–derived 

stem cells and hair regrowth may only partially translate to clinical wound-healing scenarios. 

Indeed, the pattern and stage of hair growth in different regions of the mouse skin can 

significantly affect rates of skin healing in mouse tissue (114).

Also important to note is that many models of pathological wound healing in mice, although 

accurately mirroring some of the systemic causes of impaired healing—for example, the 

diabetic (db/db) mouse—seldom make allowance for other important associations, such as 

age and wound microbial load. There is a strong case to be made for improving such models 

by including these additional influencing factors so that data can be more usefully 

extrapolated to the clinic (20). Despite the limitations of mouse models, they have been 

instrumental in pre-clinical testing, leading to clinical trials and approval of products such as 

Regranex (PDGF-BB) (62, 115, 116).

New wound-healing models: Drosophila and zebrafish

Although mice are more amenable to genetic investigations than humans, studies of gene 

function are still time-consuming and expensive, and it is not feasible, at least for individual 

laboratories, to perform major genome-wide screens with mice. These limitations have 

encouraged wound-healing studies in Drosophila (117) and zebrafish (118) (Fig. 4). 

Although they have their own limitations, Drosophila and zebrafish models offer 

translucency for live imaging and even greater genetic tractability than mice, to study 

fundamental tissue repair mechanisms not possible in humans.

In the Drosophila embryo, movies of hemocytes (the fly equivalent of macrophages) that are 

mutant for, or expressing dominant negative versions of, each of the Rho family small 

GTPases (guanosine triphosphatases) have revealed roles for these regulators of the 

cytoskeleton as hemocytes undergo the rapid wound inflammatory response (119). The same 

may be true for neutrophils and macrophages migrating to human wounds; in vitro studies 

hint that this is the case. Although the advancing wound epidermis is hidden beneath a scab 

in mouse wounds, the simpler fly epidermis can be live-imaged, revealing dynamic 

cytoskeletal machineries, including lamellipodial and filopodial protrusions that enable 

bonding of epidermal wound edges together at the end of the healing process (120).

A recent study in Drosophila showed that there are active cell shape changes and junctional 

alterations several rows back from the wound edge, moving attention away from the front 

row of cells, which have been considered the key players (121). Several screens have been 

performed on embryo and larval Drosophila wound models to identify differentially 

expressed genes and mutants that suffer impaired healing (122, 123); some of these are 

unique to flies, but others have highlighted conserved transcriptional activator pathways, 

including wnt and Grh (124), that have been shown to extrapolate to mammalian repair (125, 

126) and may become candidate therapeutic targets.
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Translucent zebrafish larvae offer a phylogenetic step up from Drosophila, with greater 

parallels to human repair machinery. For example, rather than a single immune cell lineage, 

as in Drosophila, they have equivalents of all our innate immune cells. Currently, the most 

exciting insight from zebrafish studies of wound inflammation has been that ROS can serve 

as immediate damage attractants to draw immune cells to wounds (127). Zebrafish are also 

beginning to offer clues to the endogenous mechanisms for resolution of inflammation. For 

example, neutrophils may be partly responsible for their own resolution by clearance of the 

attractants that first drew them to the wound (128).

In addition to studies of inflammation, there are now new models of skin healing in adult 

zebrafish that reveal considerable parallels with mammalian wound repair, including similar, 

yet faster reepithelialization and transient scarring, all driven by conserved signaling 

pathways (129). This will provide further opportunities to use zebrafish for high-throughput, 

small-molecule drug screens as an initial filter for testing potential therapeutics to improve 

healing in the clinic.

Lessons from regenerating organisms

Several vertebrate groupings not only repair wounds but also regenerate complete organs 

and appendages. Zebrafish can grow back missing fins, whereas salamanders are famously 

able to regenerate whole limbs (130). Of course, the ultimate goal of researching these 

“regenerating” models is to replicate such capacities in humans, to grow back lost limbs or 

to replace regions of necrotic heart tissue, for instance. However, are there also clues as to 

how we might enhance normal wound-healing mechanisms?

One intriguing contributor to the limb regenerative process is a source of nerves whose 

ensheathing Schwann cells are known to release an early pulse of signals, including the 

secreted newt anterior gradient (nAG) protein (of which there are mammalian orthologs). 

The release of nAG from nerves appears to kick-start expression of nAG in the wound 

epithelium (131). Without this initial nerve signal, the wound stump heals, but no limb 

grows back in newts. Little is known about the role of nerves during skin healing, although 

studies in the chick embryo suggest a reciprocal positive association between nerves and 

wound repair (Fig. 4) (132), and several clinical anecdotes hint that poor innervation makes 

for poor healing.

Just as inflammation appears to play key roles in mammalian skin healing, there is also 

evidence for a link between the wound inflammatory response and regenerative capacity, but 

the mechanism is unclear. For example, the refractory period in tadpole development (when 

these organisms are unable to regenerate a tail) coincides with a spike in immune cell 

presence (133); yet, recent studies in both adult salamander limb and zebrafish fin 

regeneration indicate that an innate immune cell influx, particularly of macrophages, 

preceding blastema formation is an essential component of regeneration (134, 135).

FROM REPAIR MECHANISMS TO CLINICAL APPROACHES

Despite unraveling key mechanisms and players in physiological and pathological tissue 

repair, these findings have not yet led to a substantial improvement in patient care. 
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Translating novel technologies and concepts in the field of tissue repair into standardized 

therapies has several challenges. When considering therapeutic strategies to restore diseased 

or damaged tissues, it is crucial to realize that most wound-healing pathologies are due to a 

combination of underlying systemic disease with regional/anatomical factors that cause 

tissue stress, an ulcerative lesion, and/or scar formation (Figs. 1 to 3). The best treatment 

approach for wound healing is to normalize the underlying (systemic) cause and 

simultaneously administer local treatment. Similarly, at the wound site, a combination of 

therapies may be required because it is unlikely that replacing a single tissue component, 

growth factor, ECM scaffold, or cell type will be optimal on its own. Rather, a 

comprehensive understanding of how these different components act together in time and 

space to successfully restore tissue function will be required.

Interactions between ECM and growth factors

Traditionally, the ECM was considered to be an inert, space-filling material providing 

mechanical support and tissue integrity. However, in recent years, it has become clear that 

the matrix also provides a bioactive structure that fundamentally controls cell behavior 

through chemical and mechanical signals (136). The diverse role of the ECM in organ 

function is probably best revealed by observing mutant gene defects in human disease, 

alongside the systematic analysis of ECM functions in genetically modified model 

organisms (137). These studies have revealed that ECM controls organ development and 

subsequent function through cell anchorage, integrin-mediated activation and signaling, 

transduction of mechanical forces, and the sequestering, release, and activation of soluble 

growth factors. For example, Marfan syndrome, a connective tissue disorder, is caused by 

mutations in the gene that encodes fibrillin-1, leading to reduced levels of extracellular 

fibrillin-rich microfibrils, which normally act as a TGFβ reservoir. Thus, although caused by 

a mutation in an ECM molecule, selected disease manifestations of Marfan syndrome reflect 

disturbances in TGFβ signaling (138).

Several ECM-based therapeutic systems for tissue repair and regeneration have reached the 

clinic or are in clinical trials [reviewed in (72)]. Collagen- or fibrin-based products are the 

most established ECMs being used clinically to guide regeneration of different tissues, 

including skin, heart valves, trachea, muscle, and tendon (71, 139). These products are used 

as carriers for transplanted cells, as acellular scaffolds, or as an immediate coverage for large 

trauma- or disease-associated skin defects. Many of these products have shown efficacy for 

the treatment of difficult-to-heal skin wounds (140). However, most of the clinical studies on 

collagen- and fibrin-based materials have not been controlled (for example, ECM alone 

without cellular component) or have been compared only to standard wound dressings, and 

their mechanisms of healing action remain speculative.

To advance the field of wound healing, it will be important to understand the relative 

efficacy of currently available products and how they work. By extrapolating from principles 

of developmental morphogenesis, an engrafted fibrin matrix is an appropriate natural 

material that can be modified to respond to the dynamic requirements of the repair 

microenvironment in both time and space (141-143). In experimental models of bone or skin 

repair, it has been shown that covalent attachment of growth factors and recombinant 
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fibronectin fragments into a fibrin scaffold can provide spatiotemporally controlled release 

of the growth factor and enhance growth factor–matrix interactions that ultimately 

significantly reduce the morphogen concentrations required for effective tissue generation 

(142). These studies have also confirmed the essential role of the ECM for efficient delivery 

of growth factors for induction of blood vessel growth (141, 143). Timely restoration of 

blood vessel supply in therapeutic tissue repair approaches remains an unresolved need in all 

aspects of regenerative medicine.

Myriad synthetic materials are being explored preclinically for diverse reparative 

approaches, typically as three-dimensional microenvironments to mimic the features of 

natural ECM (144). The major challenge in developing synthetic biomaterials for clinical 

applications is reproducing the complexity of form and dynamics of function of the wound 

microenvironment (144). Early developments focused on materials where only a few 

biological moieties were integrated; now, so-called hybrid materials provide multiplexed 

signaling in a temporal sequence, recapitulating the complexity of the regenerative tissue 

environment. Poly(ethylene glycol) (PEG) is a commonly used synthetic component of these 

hybrid systems because of its favorable biocompatibility and chemical properties. Bioactive 

components have been integrated into PEG-based hydrogel matrices, including heparin, 

cyclic RGD (Arg-Gly-Asp) adhesion peptides, and growth factors (145). PEG-based 

matrices that are responsive to physical (light) or chemical (enzymes) stimuli have been 

created to reproduce the dynamics of the reparative process, by modulating the local milieu 

in time and space (146).

Future studies will need to prove the functionality of these complex synthetic materials for 

encouraging new tissue growth in vivo, under physiological and pathological wound 

conditions. Nevertheless, engineering synthetic biomaterials opens up avenues for 

investigating the systematic and independent variation of biomolecular and mechanical 

features of wound healing. In this regard, biomaterials research could provide a better 

understanding of how the ECM and its mechanical forces affect cell invasion, growth, and 

differentiation (147-149). Thus, although synthetic biomaterials are currently simplified 

mimics of natural ECM, the capacity to manipulate and direct fundamental cell functions 

and to apply this knowledge to tissue growth and repair will be a cornerstone for the future 

of regenerative medicine.

Cell-based therapies

The currently applied and FDA-approved cellular products for regenerative therapies in the 

clinic use primary human cells. Primary cells have obvious limitations; yields and 

proliferation rates are low, and for some tissues—for example, neurons, heart, and muscle—

cells do not divide at all. With advances in stem cell biology as well as techniques to isolate, 

expand, and engraft stem cells, a new and exciting era has opened for cellular therapy in 

regenerative medicine.

Over the past decade, stem cells from bone marrow, adipose tissue, adult blood, cord blood, 

epidermis, and hair follicle have been investigated in numerous preclinical studies and a few 

clinical pilot studies. Along these lines, clinical studies have shown that bone marrow– and 

adipose tissue–derived MSCs can augment the repair process when applied locally to 
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chronic skin wounds in patients (96, 150). A recent clinical trial reported improved wound 

healing and increased mechanical skin stability in children with recessive dystrophic 

epidermolysis bullosa (RDEB) after allogeneic bone marrow or umbilical cord blood 

transplantation (151).

Currently, there is no FDA-approved stem cell product on the market for the treatment of 

skin wounds. We can perhaps learn lessons from other organ systems, such as the heart. 

Acute myocardial infarction and chronic ischemic heart disease have been targets for 

numerous phase 1/2 clinical trials using stem cells for tissue regeneration and repair. Those 

studies have proven that cardiac stem cell therapy is relatively well tolerated and feasible 

(152). For conclusions regarding the efficacy of cardiac stem cells, we will need to wait for 

completion of ongoing, large-scale, phase 3 trials. Similarly, the tissue repair field will learn 

from the final outcomes of ongoing clinical trials applying bone marrow MSCs in the 

treatment of articular cartilage defects, bone defects, or idiopathic pulmonary fibrosis.

Recent developments in reprogramming skin and other differentiated cells into induced 

pluripotent stem cells (iPSC) provide a new cell source that can potentially be used for 

therapy. It has been shown that human skin equivalents can be created entirely from 

fibroblasts and keratinocytes generated from patients’ iPSCs, and that healthy cells can be 

generated from reprogrammed cells from patients with RDEB (153, 154). More recently, 

revertant keratinocytes of a junctional epidermolysis bullosa patient with compound 

heterozygous COL17A1 mutations used an iPSC approach to generate genetically corrected 

keratinocytes (155). In addition, iPSCs have been shown to ameliorate diabetic 

polyneuropathy (a neuropathic disorder associated with diabetes mellitus) in mice (156), and 

to activate an angiogenic response in mice with hindlimb ischemia (157).

Cell therapies will continue to contribute to regenerative medicine in the 21st century. 

However, fundamental questions regarding the optimal cell populations for treatment of a 

chronic condition (for example, multipotent versus pluripotent), favorable route and time 

point of cell delivery (after injury, for example), the cells’ mode of action, survival and 

integration of transplanted cells, and whether cells can establish and maintain identity in new 

microenvironment still need to be addressed (158). Beside these biological questions, safety 

issues and complex regulatory requirements provide additional major challenges in the 

advancement of developing cell-based therapies for wound healing (159).

Meaningful clinical endpoints and study design

From our early understanding of the pathomechanisms involved in inhibition of healing, it 

became clear that targeting a single molecule or a cellular process will not work alone; 

rather, combinatorial treatment approaches are needed. Ultimately, the most important step 

in bringing therapy to patients rests on successful clinical trials. The development and 

approval process of treatment modalities for wound healing has seen a large number of drug/

biologic failures, with only one drug (Regranex) and two biologic devices (Apligraf and 

Dermagraft) having obtained approval for efficacy from the FDA in the past 15 years.

Clinical trial design in the area of chronic wounds faces multiple challenges (160). 

Heterogeneity of patients and their wounds (even within the same category of chronic 
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wound) indicates a need for better diagnostic stratification of patients who are being 

included in clinical trials. Defining inclusion and exclusion criteria is another challenge, 

because patients with chronic wounds have underlying chronic illnesses and are often 

undergoing additional systemic therapies, raising the question of drug-drug interaction and 

drugs’ multiple pharmacodynamic actions. For example, “hard-to-heal” wound inclusion 

criteria range from wounds that are large and long-standing (>1 year) and have been treated 

with all available therapies without success, to wounds that show <40% closure in 4 weeks 

of standard of care. Such inclusion/exclusion criteria will also greatly influence patient 

recruitment and consequently duration and expense of the trial. Variability of wound healing 

“standard of care” between clinics, academic centers, private sector, regions of the city, 

country, or parts of the world all contribute to difficulty in obtaining cumulative, large data 

sets from multicenter trials.

There is an ongoing debate in the field regarding defining endpoints. Complete (100%) 

closure, rate of closure, reduction in size, recurrence, and “surrogate endpoints” (early 

changes in wound size that are intended to predict the true, meaningful clinical endpoint) are 

all potential primary and/or secondary outcomes (161). One has to compare with the field of 

cancer and ask: How many cancer treatments would be available today if complete cure was 

the only accepted outcome of clinical trials? A more unified approach in standardizing 

protocols and defining endpoints—beside 100% closure—in clinical trial design is 

desperately needed. A better understanding of local patient population, demographics, and 

socioeconomics will be important in clinical trial design.

The wound-healing community, including The Wound Healing Society (http://

woundheal.org/), the American Association for Advancement of Wound Care (http://

aawconline.org/), the Canadian Association of Wound Care (http://www.cawc.net), and the 

Mexican Association for Comprehensive Wound Care (http://www.amcichac.com), is 

currently in the process of formulating consolidated guidelines for each of the common 

types of ulcers. It is anticipated that these guidelines will lead to standardized, evidence-

based clinical protocols. In a further collaborative effort, the Wound Healing Society and the 

American Association for the Advancement of Wound Care have initiated discussions with 

the FDA to develop expanded, clinically relevant, evidence-based primary endpoints for 

clinical trials.

UNANSWERED QUESTIONS AND EMERGING FOCUS AREAS

There are several emerging focus areas in wound healing where new tools or biological 

insights are beginning to open up novel areas of research that may have an impact on future 

wound-healing therapeutics and translation. These are discussed briefly below.

Microbiome

Because skin is directly exposed to environmental factors, it exhibits a complex, diverse, and 

dynamic microflora (162). Wounding therefore exposes deeper tissues to surface-resident 

and external microbes. It will be important to learn which wound microbiome compositions 

are conducive to the normal wound-healing process, because this may instruct new 

therapeutics for patients with nonhealing wounds [reviewed in (163)]. Microbiota changes 
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during human skin barrier disruption have shown interesting dynamics, with an early but 

short-lived microbiome consisting of microbial constituents from surrounding superficial 

layers; this was subsequently replaced by bacteria populations from deeper layers of the 

stratum corneum (164). Changes in microbial communities, in turn, stimulated expression of 

epidermal antimicrobials and inflammatory molecules, underscoring crosstalk between 

microorganisms and the host (164).

Polymicrobial presence (bioburden) has been well documented in chronic wounds and can 

play a major role in impaired wound healing, even in the absence of clinical signs of 

infection (Fig. 3) (163, 165). These microbial communities are believed to exist 

predominantly in the form of a biofilm (166), the composition of which depends on the type 

of chronic wound; the most prevalent genera in chronic wounds are Staphylococcus, 

Pseudomonas, and Corynebacterium. In addition, obligate anaerobes Bacteroides, 

Peptoniphilus, Finegoldia, Anaerococcus, and Peptostreptococcus spp. have also been 

identified [reviewed in (163)]. The overuse of antibiotics may even increase the prevalence 

of particular microbes, such as Pseudomonadaceae (167).

The diversity of the chronic wound microbiome may be substantially reduced in comparison 

to that of neighboring healthy skin (168), but a recent study using animal models of wound 

infections demonstrated that polymicrobial infection with Staphylococcus aureus and 

Pseudomonas aeruginosa led to more prominent inhibition of epithelialization than infection 

with a single species (33), suggesting that the complex chronic wound microbiome may 

have even more of a detrimental effect on wound closure. More accurate microbial 

diagnostics using swabs and biopsies from patients’ wounds will serve as guiding tools for 

more customized therapeutic approaches (Fig. 5A).

Aging

One feature that most patients with chronic wounds have in common, regardless of their 

underlying systemic disease, is increased age. Studies in healthy mice and humans have 

shown that aging attenuates skin repair (169). Delayed wound healing has been used as 

measure to characterize the aging phenotype of skin (170). It is possible that aging increases 

risk and, when combined with an additional comorbidity (diabetes, extended pressure, or 

ischemia), leads to compromised wound healing. Aging or underlying diseases, such as 

diabetes, may also contribute to changes in skin microbiota, as shown recently in diabetic 

mice (171), and we do not yet know how these changes influence healing.

Hormones, particularly estrogens and androgens, are contributing factors in aging and have 

been implicated as regulators of wound healing in experimental models and patients (112, 

163, 172, 173). Elderly male patients have the highest incidence of VLUs, and this correlates 

with a reduced level of estrogen (174). Furthermore, age-related changes can be reversed by 

the systemic administration of hormone replacement therapy (175) or by topical estrogen in 

both male and female subjects (176). Yet, the specific molecular mechanisms underlying 

cellular aging and loss of organ function are still poorly understood (177). With a better 

understanding of intrinsic aging mechanisms, we may then better understand how aging 

affects wound healing.
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Personalized medicine approaches

Given the diversity of patients, their wound etiologies, and their comorbidities, it is 

becoming increasingly evident that treatments need to be tailored for a subset of patients or 

even individual patients. However, personalizing wound-healing therapies will require 

improved diagnostic and prognostic tools. Collecting various samples from wounds provides 

important information regarding pathology, microbial composition, gene signatures, and 

protein and lipid composition for each patient (Fig. 5A). A search for biomarkers that can 

serve as an objective measure of the different stages of normal (healing) versus pathogenic 

(nonhealing) tissue (Fig. 5B), and of particular biological process, such as reepithelialization 

and scarring, is an emerging area of wound-healing research.

To date, although there are several diagnostic biomarkers that identify presence of potential 

single or multiple factors that might influence clinical outcome, there are still no biomarker 

“signatures” that can, with high confidence, predict outcome of healing. As depicted in Fig. 

5B, the nuclear presence of β-catenin was found to indicate a non-healing cellular phenotype 

in humans (178). Conversely, its absence indicated a tissue capable of healing. Both cellular 

phenotypes constituted the wound edge. Thus, by assessing tissue biopsies from patients, 

one can begin to predict the healing capacity and define the necessary extent of tissue 

debridement (Fig. 5). Furthermore, a more accurate localization of the healing tissue 

(phenotype) will help to expose it to stimulators of healing, such as growth factors, ECM 

components, and cells.

The identification of particular polymicrobial organisms (179) or the observation of high 

protease levels, such as MMPs or ADAMs (a disintegrin and metalloproteinases), found in 

the wound bed (180) are already being used to modify treatment plans and improve 

outcomes. “Omics,” nanotechnology, and imaging will further contribute to advanced 

diagnostics (Fig. 5A). For example, genomic, proteomic, and lipidomic analyses of human 

wounds have already improved our understanding of the mechanisms that guide the repair 

process and its impairment, and have identified several potential biomarkers, such as c-myc 

and β-catenin (7, 178), S100 proteins and MMPs (48), or glycerophosphocholines, 

glycerophosphoglycerols, glycerophosphoinositols, and triacylglycerols (181). Similarly, 

portable confocal imaging, which can provide noninvasive assessment of lesional and 

nonlesional psoriatic skin (182), is revolutionizing diagnosis and treatment of this disorder. 

With new initiatives in “big data,” one can envision the integration of genomic, proteomic, 

and microbiome data, as well as nanomedicine and imaging merging with electronic medical 

records to formulate patient-specific treatment plans.

LOOKING FORWARD

Over the past decade, considerable insights into the molecular pathways driving the animal 

healing response and impairment have suggested new therapeutic targets and provided 

scientific rationale for future clinical trials. To translate these new therapies to the clinic, we 

need to gain a better understanding of the heterogeneity of patients and their wounds, so as 

to better diagnose and stratify patient subsets, define meaningful clinical endpoints, and 

design effective human studies. Recognition of the complexity of the wound-healing process 

and its diseases as well as acceptance of the seriousness and mortality associated with repair 
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pathologies will be a critical step in these future efforts. Consequently, the combination of 

our current knowledge in basic biology, the identification of the limits of past clinical trials 

as well as translational research that includes development of improved animal models, 

harnessing of new technologies for more accurate imaging, and biomarker-based diagnostics 

will provide a strong basis to advance viable clinical approaches for treating patients with 

wound-healing pathologies.

Acknowledgments

We are grateful to members of our laboratories for input and discussions.

Funding: DFG (Deutsche Forschungsgemeinschaft) German Research Foundation (SFB829) (S.A.E.); NRW/EU 

Ziel 2-Programm Europäischer Fond für regionale Entwicklung (EFRE) 2007-2013 (S.A.E.); the Wellcome Trust 

(P.M.); Medical Research Council (P.M.); Cancer Research UK (P.M.); British Heart Foundation and Biotechnology 

and Biological Sciences Research Council (P.M.); NIH grants 5R01NR013881 and 9R01DK098055 (M.T.-C.).

REFERENCES AND NOTES

1. Sen CK, Gordillo GM, Roy S, Kirsner R, Lambert L, Hunt TK, Gottrup F, Gurtner GC, Longaker 

MT. Human skin wounds: A major and snowballing threat to public health and the economy. Wound 

Repair Regen. 2009; 17:763–771. [PubMed: 19903300] 

2. Reish RG, Eriksson E. Scars: A review of emerging and currently available therapies. Plast. 

Reconstr. Surg. 2008; 122:1068–1078. [PubMed: 18827639] 

3. Brem H, Tomic-Canic M. Cellular and molecular basis of wound healing in diabetes. J. Clin. Invest. 

2007; 117:1219–1222. [PubMed: 17476353] 

4. Richmond NA, Lamel SA, Davidson JM, Martins-Green M, Sen CK, Tomic-Canic M, Vivas AC, 

Braun LR, Kirsner RS. US–National Institutes of Health-funded research for cutaneous wounds in 

2012. Wound Repair Regen. 2013; 21:789–792. [PubMed: 24134696] 

5. Bergan JJ, Schmid-Schönbein GW, Smith PD, Nicolaides AN, Boisseau MR, Eklof B. Chronic 

venous disease. N. Engl. J. Med. 2006; 355:488–498. [PubMed: 16885552] 

6. Eming SA, Krieg T, Davidson JM. Inflammation in wound repair: Molecular and cellular 

mechanisms. J. Invest. Dermatol. 2007; 127:514–525. [PubMed: 17299434] 

7. Stojadinovic O, Pastar I, Vukelic S, Mahoney MG, Brennan D, Krzyzanowska A, Golinko M, Brem 

H, Tomic-Canic M. Deregulation of keratinocyte differentiation and activation: A hallmark of 

venous ulcers. J. Cell. Mol. Med. 2008; 12:2675–2690. [PubMed: 18373736] 

8. Charles CA, Tomic-Canic M, Vincek V, Nassiri M, Stojadinovic O, Eaglstein WH, Kirsner RS. A 

gene signature of nonhealing venous ulcers: Potential diagnostic markers. J. Am. Acad. Dermatol. 

2008; 59:758–771. [PubMed: 18718692] 

9. Pastar I, Khan AA, Stojadinovic O, Lebrun EA, Medina MC, Brem H, Kirsner RS, Jimenez JJ, 

Leslie C, Tomic-Canic M. Induction of specific microRNAs inhibits cutaneous wound healing. J. 

Biol. Chem. 2012; 287:29324–29335. [PubMed: 22773832] 

10. Nolan CJ, Damm P, Prentki M. Type 2 diabetes across generations: From pathophysiology to 

prevention and management. Lancet. 2011; 378:169–181. [PubMed: 21705072] 

11. Armstrong DG, Wrobel J, Robbins JM. Guest editorial: Are diabetes-related wounds and 

amputations worse than cancer? Int. Wound J. 2007; 4:286–287. [PubMed: 18154621] 

12. Aulivola B, Hile CN, Hamdan AD, Sheahan MG, Veraldi JR, Skillman JJ, Campbell DR, Scovell 

SD, LoGerfo FW, Pomposelli FB Jr. Major lower extremity amputation: Outcome of a modern 

series. Arch. Surg. 2004; 139:395–399. [PubMed: 15078707] 

13. Sargen MR, Hoffstad O, Margolis DJ. Geographic variation in Medicare spending and mortality 

for diabetic patients with foot ulcers and amputations. J. Diabetes Complications. 2013; 27:128–

133. [PubMed: 23062327] 

14. Lorenz HP, Longaker MT, Perkocha LA, Jennings RW, Harrison MR, Adzick NS. Scarless wound 

repair: A human fetal skin model. Development. 1992; 114:253–259. [PubMed: 1576963] 

Eming et al. Page 21

Sci Transl Med. Author manuscript; available in PMC 2016 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



15. Vidal P, Dickson MG. Regeneration of the distal phalanx. A case report. J. Hand Surg. Br. 1993; 

18:230–233. [PubMed: 8501382] 

16. Canady J, Karrer S, Fleck M, Bosserhoff AK. Fibrosing connective tissue disorders of the skin: 

Molecular similarities and distinctions. J. Dermatol. Sci. 2013; 70:151–158. [PubMed: 23631956] 

17. Shih B, Bayat A. Genetics of keloid scarring. Arch. Dermatol. Res. 2010; 302:319–339. [PubMed: 

20130896] 

18. Wynn TA, Ramalingam TR. Mechanisms of fibrosis: Therapeutic translation for fibrotic disease. 

Nat. Med. 2012; 18:1028–1040. [PubMed: 22772564] 

19. Friedman SL, Sheppard D, Duffield JS, Violette S. Therapy for fibrotic diseases: Nearing the 

starting line. Sci. Transl. Med. 2013; 5:167sr161.

20. Nunan R, Harding KG, Martin P. Clinical challenges of chronic wounds: Searching for an optimal 

animal model to recapitulate their complexity. Dis. Model. Mech. 2014; 7:1205–1213. [PubMed: 

25359790] 

21. Larcher F, Espada J, Díaz-Ley B, Jaén P, Juarranz A, Quintanilla M. New experimental models of 

skin homeostasis and diseases. Actas Dermosifiliogr. 2014 10.1016/j.ad.2014.03.008. 

22. Martinez-Zapata MJ, Martí-Carvajal AJ, Solà I, Expósito JA, Bolíbar I, Rodríguez L, Garcia J. 

Autologous platelet-rich plasma for treating chronic wounds. Cochrane Database Syst. Rev. 2012; 

10:CD006899. [PubMed: 23076929] 

23. Deppermann C, Cherpokova D, Nurden P, Schulz JN, Thielmann I, Kraft P, Vögtle T, Kleinschnitz 

C, Dütting S, Krohne G, Eming SA, Nurden AT, Eckes B, Stoll G, Stegner D, Nieswandt B. Gray 

platelet syndrome and defective thrombo-inflammation in Nbeal2-deficient mice. J. Clin. Invest. 

2014; 124:237–250. [PubMed: 24355926] 

24. Eming SA, Hammerschmidt M, Krieg T, Roers A. Interrelation of immunity and tissue repair or 

regeneration. Semin. Cell Dev. Biol. 2009; 20:517–527. [PubMed: 19393325] 

25. Eming SA, Koch M, Krieger A, Brachvogel B, Kreft S, Bruckner-Tuderman L, Krieg T, Shannon 

JD, Fox JW. Differential proteomic analysis distinguishes tissue repair biomarker signatures in 

wound exudates obtained from normal healing and chronic wounds. J. Proteome Res. 2010; 

9:4758–4766. [PubMed: 20666496] 

26. Beidler SK, Douillet CD, Berndt DF, Keagy BA, Rich PB, Marston WA. Inflammatory cytokine 

levels in chronic venous insufficiency ulcer tissue before and after compression therapy. J. Vasc. 

Surg. 2009; 49:1013–1020. [PubMed: 19341889] 

27. Sindrilaru A, Peters T, Wieschalka S, Baican C, Baican A, Peter H, Hainzl A, Schatz S, Qi Y, 

Schlecht A, Weiss JM, Wlaschek M, Sunderkötter C, Scharffetter-Kochanek K. An unrestrained 

proinflammatory M1 macrophage population induced by iron impairs wound healing in humans 

and mice. J. Clin. Invest. 2011; 121:985–997. [PubMed: 21317534] 

28. Loots MA, Lamme EN, Zeegelaar J, Mekkes JR, Bos JD, Middelkoop E. Differences in cellular 

infiltrate and extracellular matrix of chronic diabetic and venous ulcers versus acute wounds. J. 

Invest. Dermatol. 1998; 111:850–857. [PubMed: 9804349] 

29. Barrientos S, Stojadinovic O, Golinko MS, Brem H, Tomic-Canic M. Growth factors and cytokines 

in wound healing. Wound Repair Regen. 2008; 16:585–601. [PubMed: 19128254] 

30. Tarnuzzer RW, Schultz GS. Biochemical analysis of acute and chronic wound environments. 

Wound Repair Regen. 1996; 4:321–325. [PubMed: 17177727] 

31. Feldmeyer L, Keller M, Niklaus G, Hohl D, Werner S, Beer HD. The inflammasome mediates 

UVB-induced activation and secretion of interleukin-1β by keratinocytes. Curr. Biol. 2007; 

17:1140–1145. [PubMed: 17600714] 

32. Stojadinovic O, Minkiewicz J, Sawaya A, Bourne JW, Torzilli P, de Rivero Vaccari JP, Dietrich 

WD, Keane RW, Tomic-Canic M. Deep tissue injury in development of pressure ulcers: A 

decrease of inflammasome activation and changes in human skin morphology in response to aging 

and mechanical load. PLOS One. 2013; 8:e69223. [PubMed: 23967056] 

33. Pastar I, Nusbaum AG, Gil J, Patel SB, Chen J, Valdes J, Stojadinovic O, Plano LR, Tomic-Canic 

M, Davis SC. Interactions of methicillin resistant Staphylococcus aureus USA300 and 

Pseudomonas aeruginosa in polymicrobial wound infection. PLOS One. 2013; 8:e56846. 

[PubMed: 23451098] 

Eming et al. Page 22

Sci Transl Med. Author manuscript; available in PMC 2016 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



34. Frank DN, Wysocki A, Specht-Glick DD, Rooney A, Feldman RA, St Amand AL, Pace NR, Trent 

JD. Microbial diversity in chronic open wounds. Wound Repair Regen. 2009; 17:163–172. 

[PubMed: 19320883] 

35. Roche ED, Renick PJ, Tetens SP, Ramsay SJ, Daniels EQ, Carson DL. Increasing the presence of 

biofilm and healing delay in a porcine model of MRSA-infected wounds. Wound Repair Regen. 

2012; 20:537–543. [PubMed: 22672311] 

36. Schröder JM. The role of keratinocytes in defense against infection. Curr. Opin. Infect. Dis. 2010; 

23:106–110. [PubMed: 20010101] 

37. Nizet V, Ohtake T, Lauth X, Trowbridge J, Rudisill J, Dorschner RA, Pestonjamasp V, Piraino J, 

Huttner K, Gallo RL. Innate antimicrobial peptide protects the skin from invasive bacterial 

infection. Nature. 2001; 414:454–457. [PubMed: 11719807] 

38. Yager DR, Zhang LY, Liang HX, Diegelmann RF, Cohen IK. Wound fluids from human pressure 

ulcers contain elevated matrix metalloproteinase levels and activity compared to surgical wound 

fluids. J. Invest. Dermatol. 1996; 107:743–748. [PubMed: 8875960] 

39. Wlaschek M, Peus D, Achterberg V, Meyer-Ingold W, Scharffetter-Kochanek K. Protease 

inhibitors protect growth factor activity in chronic wounds. Br. J. Dermatol. 1997; 137:646. 

[PubMed: 9390348] 

40. Buchstein N, Hoffmann D, Smola H, Lang S, Paulsson M, Niemann C, Krieg T, Eming SA. 

Alternative proteolytic processing of hepatocyte growth factor during wound repair. Am. J. Pathol. 

2009; 174:2116–2128. [PubMed: 19389925] 

41. Lauer G, Sollberg S, Cole M, Flamme I, Sturzebecher J, Mann K, Krieg T, Eming SA. Expression 

and proteolysis of vascular endothelial growth factor is increased in chronic wounds. J. Invest. 

Dermatol. 2000; 115:12–18. [PubMed: 10886501] 

42. Blanpain C, Fuchs E. Epidermal homeostasis: A balancing act of stem cells in the skin. Nat. Rev. 

Mol. Cell Biol. 2009; 10:207–217. [PubMed: 19209183] 

43. Schmidt BA, Horsley V. Intradermal adipocytes mediate fibroblast recruitment during skin wound 

healing. Development. 2013; 140:1517–1527. [PubMed: 23482487] 

44. Chou WC, Takeo M, Rabbani P, Hu H, Lee W, Chung YR, Carucci J, Overbeek P, Ito M. Direct 

migration of follicular melanocyte stem cells to the epidermis after wounding or UVB irradiation 

is dependent on Mc1r signaling. Nat. Med. 2013; 19:924–929. [PubMed: 23749232] 

45. Pastar I, Stojadinovic O, Krzyzanowska A, Barrientos S, Stuelten C, Zimmerman K, Blumenberg 

M, Brem H, Tomic-Canic M. Attenuation of the transforming growth factor β–signaling pathway 

in chronic venous ulcers. Mol. Med. 2010; 16:92–101. [PubMed: 20069132] 

46. Stojadinovic O, Pastar I, Nusbaum AG, Vukelic S, Krzyzanowska A, Tomic-Canic M. Deregulation 

of epidermal stem cell niche contributes to pathogenesis of nonhealing venous ulcers. Wound 

Repair Regen. 2014; 22:220–227. [PubMed: 24635172] 

47. Eming SA, Brachvogel B, Odorisio T, Koch M. Regulation of angiogenesis: Wound healing as a 

model. Prog. Histochem. Cytochem. 2007; 42:115–170. [PubMed: 17980716] 

48. Krisp C, Jacobsen F, McKay MJ, Molloy MP, Steinstraesser L, Wolters DA. Proteome analysis 

reveals antiangiogenic environments in chronic wounds of diabetes mellitus type 2 patients. 

Proteomics. 2013; 13:2670–2681. [PubMed: 23798543] 

49. Leu AJ, Leu HJ, Franzeck UK, Bollinger A. Microvascular changes in chronic venous 

insufficiency—A review. Cardiovasc. Surg. 1995; 3:237–245. [PubMed: 7655836] 

50. Hoffmann DC, Willenborg S, Koch M, Zwolanek D, Müller S, Becker AK, Metzger S, Ehrbar M, 

Kurschat P, Hellmich M, Hubbell JA, Eming SA. Proteolytic processing regulates placental growth 

factor activities. J. Biol. Chem. 2013; 288:17976–17989. [PubMed: 23645683] 

51. Edsberg LE, Wyffels JT, Brogan MS, Fries KM. Analysis of the proteomic profile of chronic 

pressure ulcers. Wound Repair Regen. 2012; 20:378–401. [PubMed: 22564231] 

52. Romagnani P, Lasagni L, Annunziato F, Serio M, Romagnani S. CXC chemokines: The regulatory 

link between inflammation and angiogenesis. Trends Immunol. 2004; 25:201–209. [PubMed: 

15039047] 

53. Rodier F, Campisi J. Four faces of cellular senescence. J. Cell Biol. 2011; 192:547–556. [PubMed: 

21321098] 

Eming et al. Page 23

Sci Transl Med. Author manuscript; available in PMC 2016 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



54. Wall IB, Moseley R, Baird DM, Kipling D, Giles P, Laffafian I, Price PE, Thomas DW, Stephens P. 

Fibroblast dysfunction is a key factor in the non-healing of chronic venous leg ulcers. J. Invest. 

Dermatol. 2008; 128:2526–2540. [PubMed: 18449211] 

55. Brem H, Golinko MS, Stojadinovic O, Kodra A, Diegelmann RF, Vukelic S, Entero H, Coppock 

DL, Tomic-Canic M. Primary cultured fibroblasts derived from patients with chronic wounds: A 

methodology to produce human cell lines and test putative growth factor therapy such as GMCSF. 

J. Transl. Med. 2008; 6:75. [PubMed: 19046453] 

56. Blazić TM, Brajac I. Defective induction of senescence during wound healing is a possible 

mechanism of keloid formation. Med. Hypotheses. 2006; 66:649–652. [PubMed: 16278054] 

57. Jun JI, Lau LF. The matricellular protein CCN1 induces fibroblast senescence and restricts fibrosis 

in cutaneous wound healing. Nat. Cell Biol. 2010; 12:676–685. [PubMed: 20526329] 

58. Nickoloff BJ, Lingen MW, Chang BD, Shen M, Swift M, Curry J, Bacon P, Bodner B, Roninson 

IB. Tumor suppressor maspin is up-regulated during keratinocyte senescence, exerting a paracrine 

antiangiogenic activity. Cancer Res. 2004; 64:2956–2961. [PubMed: 15126325] 

59. Coppé JP, Patil CK, Rodier F, Sun Y, Munoz DP, Goldstein J, Nelson PS, Desprez PY, Campisi J. 

Senescence-associated secretory phenotypes reveal cell-nonautonomous functions of oncogenic 

RAS and the p53 tumor suppressor. PLOS Biol. 2008; 6:2853–2868. [PubMed: 19053174] 

60. Barrientos S, Brem H, Stojadinovic O, Tomic-Canic M. Clinical application of growth factors and 

cytokines in wound healing. Wound Repair Regen. 2014; 22:569–578. [PubMed: 24942811] 

61. Da Costa RM, Ribeiro Jesus FM, Aniceto C, Mendes M. Randomized, double-blind, placebo-

controlled, dose-ranging study of granulocyte-macrophage colony stimulating factor in patients 

with chronic venous leg ulcers. Wound Repair Regen. 1999; 7:17–25. [PubMed: 10231502] 

62. Smiell JM, Wieman TJ, Steed DL, Perry BH, Sampson AR, Schwab BH. Efficacy and safety of 

becaplermin (recombinant human platelet-derived growth factor-BB) in patients with nonhealing, 

lower extremity diabetic ulcers: A combined analysis of four randomized studies. Wound Repair 

Regen. 1999; 7:335–346. [PubMed: 10564562] 

63. Ziyadeh N, Fife D, Walker AM, Wilkinson GS, Seeger JD. A matched cohort study of the risk of 

cancer in users of becaplermin. Adv. Skin Wound Care. 2011; 24:31–39. [PubMed: 21173589] 

64. Morimoto N, Yoshimura K, Niimi M, Ito T, Tada H, Teramukai S, Murayama T, Toyooka C, 

Takemoto S, Kawai K, Yokode M, Shimizu A, Suzuki S. An exploratory clinical trial for 

combination wound therapy with a novel medical matrix and fibroblast growth factor in patients 

with chronic skin ulcers: A study protocol. Am. J. Transl. Res. 2012; 4:52–59. [PubMed: 

22347522] 

65. Werner S, Smola H, Liao X, Longaker MT, Krieg T, Hofschneider PH, Williams LT. The function 

of KGF in morphogenesis of epithelium and reepithelialization of wounds. Science. 1994; 

266:819–822. [PubMed: 7973639] 

66. Bradstock KF, Link E, Collins M, Di Iulio J, Lewis ID, Schwarer A, Enno A, Marlton P, Hahn U, 

Szer J, Cull G, Seymour JF, Australian Leukaemia and Lymphoma Group. A randomized trial of 

prophylactic palifermin on gastrointestinal toxicity after intensive induction therapy for acute 

myeloid leukaemia. Br. J. Haematol. 2014; 167:618–625. [PubMed: 25142189] 

67. Ferrara N. Vascular endothelial growth factor: Basic science and clinical progress. Endocr. Rev. 

2004; 25:581–611. [PubMed: 15294883] 

68. Ylä-Herttuala S, Alitalo K. Gene transfer as a tool to induce therapeutic vascular growth. Nat. Med. 

2003; 9:694–701. [PubMed: 12778168] 

69. Hanft JR, Pollak RA, Barbul A, van Gils C, Kwon PS, Gray SM, Lynch CJ, Semba CP, Breen TJ. 

Phase I trial on the safety of topical rhVEGF on chronic neuropathic diabetic foot ulcers. J. Wound 

Care. 2008; 17:30–32. 34–37. [PubMed: 18210954] 

70. Rheinwald JG, Green H. Serial cultivation of strains of human epidermal keratinocytes: The 

formation of keratinizing colonies from single cells. Cell. 1975; 6:331–343. [PubMed: 1052771] 

71. Berthiaume F, Maguire TJ, Yarmush ML. Tissue engineering and regenerative medicine: History, 

progress, and challenges. Annu. Rev. Chem. Biomol. Eng. 2011; 2:403–430. [PubMed: 22432625] 

72. Rennert RC, Rodrigues M, Wong VW, Duscher D, Hu M, Maan Z, Sorkin M, Gurtner GC, 

Longaker MT. Biological therapies for the treatment of cutaneous wounds: Phase III and launched 

therapies. Expert Opin. Biol. Ther. 2013; 13:1523–1541. [PubMed: 24093722] 

Eming et al. Page 24

Sci Transl Med. Author manuscript; available in PMC 2016 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



73. Brem H, Stojadinovic O, Diegelmann RF, Entero H, Lee B, Pastar I, Golinko M, Rosenberg H, 

Tomic-Canic M. Molecular markers in patients with chronic wounds to guide surgical 

debridement. Mol. Med. 2007; 13:30–39. [PubMed: 17515955] 

74. Schultz GS, White M, Mitchell R, Brown G, Lynch J, Twardzik DR, Todaro GJ. Epithelial wound 

healing enhanced by transforming growth factor-alpha and vaccinia growth factor. Science. 1987; 

235:350–352. [PubMed: 3492044] 

75. Sullivan TP, Eaglstein WH, Davis SC, Mertz P. The pig as a model for human wound healing. 

Wound Repair Regen. 2001; 9:66–76. [PubMed: 11350644] 

76. Grose R, Werner S. Wound-healing studies in transgenic and knockout mice. Mol. Biotechnol. 

2004; 28:147–166. [PubMed: 15477654] 

77. Cooper L, Johnson C, Burslem F, Martin P. Wound healing and inflammation genes revealed by 

array analysis of ‘macrophageless’ PU.1 null mice. Genome Biol. 2005; 6:R5. [PubMed: 

15642097] 

78. Pedersen TX, Leethanakul C, Patel V, Mitola D, Lund LR, Danø K, Johnsen M, Gutkind JS, Bugge 

TH. Laser capture microdissection-based in vivo genomic profiling of wound keratinocytes 

identifies similarities and differences to squamous cell carcinoma. Oncogene. 2003; 22:3964–

3976. [PubMed: 12813470] 

79. Paladini RD, Takahashi K, Bravo NS, Coulombe PA. Onset of re-epithelialization after skin injury 

correlates with a reorganization of keratin filaments in wound edge keratinocytes: Defining a 

potential role for keratin 16. J. Cell Biol. 1996; 132:381–397. [PubMed: 8636216] 

80. Martin P, Nobes CD. An early molecular component of the wound healing response in rat embryos

—Induction of c-fos protein in cells at the epidermal wound margin. Mech. Dev. 1992; 38:209–

215. [PubMed: 1457382] 

81. Grose R, Harris BS, Cooper L, Topilko P, Martin P. Immediate early genes krox-24 and krox-20 are 

rapidly up-regulated after wounding in the embryonic and adult mouse. Dev. Dyn. 2002; 223:371–

378. [PubMed: 11891986] 

82. Shaw T, Martin P. Epigenetic reprogramming during wound healing: Loss of polycomb-mediated 

silencing may enable upregulation of repair genes. EMBO Rep. 2009; 10:881–886. [PubMed: 

19575012] 

83. Grose R, Hutter C, Bloch W, Thorey I, Watt FM, Fässler R, Brakebusch C, Werner S. A crucial 

role of β1 integrins for keratinocyte migration in vitro and during cutaneous wound repair. 

Development. 2002; 129:2303–2315. [PubMed: 11959837] 

84. Thomason HA, Cooper NH, Ansell DM, Chiu M, Merrit AJ, Hardman MJ, Garrod DR. Direct 

evidence that PKCα positively regulates wound re-epithelialization: Correlation with changes in 

desmosomal adhesiveness. J. Pathol. 2012; 227:346–356. [PubMed: 22407785] 

85. Gill SE, Parks WC. Metalloproteinases and their inhibitors: Regulators of wound healing. Int. J. 

Biochem. Cell Biol. 2008; 40:1334–1347. [PubMed: 18083622] 

86. Chmielowiec J, Borowiak M, Morkel M, Stradal T, Munz B, Werner S, Wehland J, Birchmeier C, 

Birchmeier W. c-Met is essential for wound healing in the skin. J. Cell Biol. 2007; 177:151–162. 

[PubMed: 17403932] 

87. Meyer M, Müller AK, Yang J, Moik D, Ponzio G, Ornitz DM, Grose R, Werner S. FGF receptors 1 

and 2 are key regulators of keratinocyte migration in vitro and in wounded skin. J. Cell Sci. 2012; 

125:5690–5701. [PubMed: 22992463] 

88. Repertinger SK, Campagnaro E, Fuhrman J, El-Abaseri T, Yuspa SH, Hansen LA. EGFR enhances 

early healing after cutaneous incisional wounding. J. Invest. Dermatol. 2004; 123:982–989. 

[PubMed: 15482488] 

89. Ito M, Liu Y, Yang Z, Nguyen J, Liang F, Morris RJ, Cotsarelis G. Stem cells in the hair follicle 

bulge contribute to wound repair but not to homeostasis of the epidermis. Nat. Med. 2005; 

11:1351–1354. [PubMed: 16288281] 

90. Levy V, Lindon C, Zheng Y, Harfe BD, Morgan BA. Epidermal stem cells arise from the hair 

follicle after wounding. FASEB J. 2007; 21:1358–1366. [PubMed: 17255473] 

91. Ito M, Yang Z, Andl T, Cui C, Kim N, Millar SE, Cotsarelis G. Wnt-dependent de novo hair 

follicle regeneration in adult mouse skin after wounding. Nature. 2007; 447:316–320. [PubMed: 

17507982] 

Eming et al. Page 25

Sci Transl Med. Author manuscript; available in PMC 2016 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



92. Desmoulière A, Geinoz A, Gabbiani F, Gabbiani G. Transforming growth factor-β1 induces α-

smooth muscle actin expression in granulation tissue myofibroblasts and in quiescent and growing 

cultured fibroblasts. J. Cell Biol. 1993; 122:103–111. [PubMed: 8314838] 

93. Fathke C, Wilson L, Hutter J, Kapoor V, Smith A, Hocking A, Isik F. Contribution of bone 

marrow–derived cells to skin: Collagen deposition and wound repair. Stem Cells. 2004; 22:812–

822. [PubMed: 15342945] 

94. Ishii G, Sangai T, Sugiyama K, Ito T, Hasebe T, Endoh Y, Magae J, Ochiai A. In vivo 

characterization of bone marrow–derived fibroblasts recruited into fibrotic lesions. Stem Cells. 

2005; 23:699–706. [PubMed: 15849177] 

95. Sasaki M, Abe R, Fujita Y, Ando S, Inokuma D, Shimizu H. Mesenchymal stem cells are recruited 

into wounded skin and contribute to wound repair by transdifferentiation into multiple skin cell 

type. J. Immunol. 2008; 180:2581–2587. [PubMed: 18250469] 

96. Falanga V, Iwamoto S, Chartier M, Yufit T, Butmarc J, Kouttab N, Shrayer D, Carson P. 

Autologous bone marrow–derived cultured mesenchymal stem cells delivered in a fibrin spray 

accelerate healing in murine and human cutaneous wounds. Tissue Eng. 2007; 13:1299–1312. 

[PubMed: 17518741] 

97. Badiavas EV, Falanga V. Treatment of chronic wounds with bone marrow–derived cells. Arch. 

Dermatol. 2003; 139:510–516. [PubMed: 12707099] 

98. Driskell RR, Lichtenberger BM, Hoste E, Kretzschmar K, Simons BD, Charalambous M, Ferron 

SR, Herault Y, Pavlovic G, Ferguson-Smith AC, Watt FM. Distinct fibroblast lineages determine 

dermal architecture in skin development and repair. Nature. 2013; 504:277–281. [PubMed: 

24336287] 

99. Hopkinson-Woolley J, Hughes D, Gordon S, Martin P. Macrophage recruitment during limb 

development and wound healing in the embryonic and foetal mouse. J. Cell Sci. 1994; 107(Pt. 5):

1159–1167. [PubMed: 7929625] 

100. Adzick NS, Harrison MR, Glick PL, Beckstead JH, Villa RL, Scheuenstuhl H, Goodson WH III. 

Comparison of fetal, newborn, and adult wound healing by histologic, enzyme-histochemical, 

and hydroxyproline determinations. J. Pediatr. Surg. 1985; 20:315–319. [PubMed: 4045654] 

101. Martin P, D’Souza D, Martin J, Grose R, Cooper L, Maki R, McKercher SR. Wound healing in 

the PU.1 null mouse—Tissue repair is not dependent on inflammatory cells. Curr. Biol. 2003; 

13:1122–1128. [PubMed: 12842011] 

102. Dovi JV, He LK, DiPietro LA. Accelerated wound closure in neutrophil-depleted mice. J. Leukoc. 

Biol. 2003; 73:448–455. [PubMed: 12660219] 

103. Lucas T, Waisman A, Ranjan R, Roes J, Krieg T, Müller W, Roers A, Eming SA. Differential 

roles of macrophages in diverse phases of skin repair. J. Immunol. 2010; 184:3964–3977. 

[PubMed: 20176743] 

104. Antsiferova M, Martin C, Huber M, Feyerabend TB, Förster A, Hartmann K, Rodewald HR, Hohl 

D, Werner S. Mast cells are dispensable for normal and activin-promoted wound healing and skin 

carcinogenesis. J. Immunol. 2013; 191:6147–6155. [PubMed: 24227781] 

105. Willenborg S, Eckes B, Brinckmann J, Krieg T, Waisman A, Hartmann K, Roers A, Eming SA. 

Genetic ablation of mast cells redefines the role of mast cells in skin wound healing and 

bleomycin-induced fibrosis. J. Invest. Dermatol. 2014; 134:2005–2015. [PubMed: 24406680] 

106. Jameson J, Ugarte K, Chen N, Yachi P, Fuchs E, Boismenu R, Havran WL. A role for skin γδ T 

cells in wound repair. Science. 2002; 296:747–749. [PubMed: 11976459] 

107. Bianchi ME, Manfredi AA. Immunology. Dangers in and out. Science. 2009; 323:1683–1684. 

[PubMed: 19325105] 

108. Wong VW, Rustad KC, Akaishi S, Sorkin M, Glotzbach JP, Januszyk M, Nelson ER, Levi K, 

Paterno J, Vial IN, Kuang AA, Longaker MT, Gurtner GC. Focal adhesion kinase links 

mechanical force to skin fibrosis via inflammatory signaling. Nat. Med. 2011; 18:148–152. 

[PubMed: 22157678] 

109. Ferguson MW, O’Kane S. Scar-free healing: From embryonic mechanisms to adult therapeutic 

intervention. Philos. Trans. R Soc. Lond. B Biol. Sci. 2004; 359:839–850. [PubMed: 15293811] 

Eming et al. Page 26

Sci Transl Med. Author manuscript; available in PMC 2016 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



110. Mori R, Shaw TJ, Martin P. Molecular mechanisms linking wound inflammation and fibrosis: 

Knockdown of osteopontin leads to rapid repair and reduced scarring. J. Exp. Med. 2008; 

205:43–51. [PubMed: 18180311] 

111. Munz B, Frank S, Hübner G, Olsen E, Werner S. A novel type of glutathione peroxidase: 

Expression and regulation during wound repair. Biochem. J. 1997; 326(Pt. 2):579–585. [PubMed: 

9291135] 

112. Emmerson E, Hardman MJ. The role of estrogen deficiency in skin ageing and wound healing. 

Biogerontology. 2012; 13:3–20. [PubMed: 21369728] 

113. Pyter LM, Yang L, da Rocha JM, Engeland CG. The effects of social isolation on wound healing 

mechanisms in female mice. Physiol. Behav. 2014; 127:64–70. [PubMed: 24486329] 

114. Ansell DM, Kloepper JE, Thomason HA, Paus R, Hardman MJ. Exploring the “hair growth-

wound healing connection”: Anagen phase promotes wound re-epithelialization. J. Invest. 

Dermatol. 2011; 131:518–528. [PubMed: 20927125] 

115. Greenhalgh DG, Sprugel KH, Murray MJ, Ross R. PDGF and FGF stimulate wound healing in 

the genetically diabetic mouse. Am. J. Pathol. 1990; 136:1235–1246. [PubMed: 2356856] 

116. Chan RK, Liu PH, Pietramaggiori G, Ibrahim SI, Hechtman HB, Orgill DP. Effect of recombinant 

platelet-derived growth factor (Regranex®) on wound closure in genetically diabetic mice. J. 

Burn Care Res. 2006; 27:202–205. [PubMed: 16566566] 

117. Razzell W, Wood W, Martin P. Swatting flies: Modelling wound healing and inflammation in 

Drosophila. Dis. Model. Mech. 2011; 4:569–574. [PubMed: 21810906] 

118. Henry KM, Loynes CA, Whyte MK, Renshaw SA. Zebrafish as a model for the study of 

neutrophil biology. J. Leukoc. Biol. 2013; 94:633–642. [PubMed: 23463724] 

119. Stramer B, Wood W, Galko MJ, Redd MJ, Jacinto A, Parkhurst SM, Martin P. Live imaging of 

wound inflammation in Drosophila embryos reveals key roles for small GTPases during in vivo 

cell migration. J. Cell Biol. 2005; 168:567–573. [PubMed: 15699212] 

120. Wood W, Jacinto A, Grose R, Woolner S, Gale J, Wilson C, Martin P. Wound healing 

recapitulates morphogenesis in Drosophila embryos. Nat. Cell Biol. 2002; 4:907–912. [PubMed: 

12402048] 

121. Razzell W, Wood W, Martin P. Recapitulation of morphogenetic cell shape changes enables 

wound re-epithelialisation. Development. 2014; 141:1814–1820. [PubMed: 24718989] 

122. Lesch C, Jo J, Wu Y, Fish GS, Galko MJ. A targeted UAS-RNAi screen in Drosophila larvae 

identifies wound closure genes regulating distinct cellular processes. Genetics. 2010; 186:943–

957. [PubMed: 20813879] 

123. Campos I, Geiger JA, Santos AC, Carlos V, Jacinto A. Genetic screen in Drosophila melanogaster 

uncovers a novel set of genes required for embryonic epithelial repair. Genetics. 2010; 184:129–

140. [PubMed: 19884309] 

124. Mace KA, Pearson JC, McGinnis W. An epidermal barrier wound repair pathway in Drosophila is 

mediated by grainy head. Science. 2005; 308:381–385. [PubMed: 15831751] 

125. Ting SB, Caddy J, Hislop N, Wilanowski T, Auden A, Zhao LL, Ellis S, Kaur P, Uchida Y, 

Holleran WM, Elias PM, Cunningham JM, Jane SM. A homolog of Drosophila grainy head is 

essential for epidermal integrity in mice. Science. 2005; 308:411–413. [PubMed: 15831758] 

126. Caddy J, Wilanowski T, Darido C, Dworkin S, Ting SB, Zhao Q, Rank G, Auden A, Srivastava S, 

Papenfuss TA, Murdoch JN, Humbert PO, Parekh V, Boulos N, Weber T, Zuo J, Cunningham 

JM, Jane SM. Epidermal wound repair is regulated by the planar cell polarity signaling pathway. 

Dev. Cell. 2010; 19:138–147. [PubMed: 20643356] 

127. Niethammer P, Grabher C, Look AT, Mitchison TJ. A tissue-scale gradient of hydrogen peroxide 

mediates rapid wound detection in zebrafish. Nature. 2009; 459:996–999. [PubMed: 19494811] 

128. Pase L, Layton JE, Wittmann C, Ellett F, Nowell CJ, Reyes-Aldasoro CC, Varma S, Rogers KL, 

Hall CJ, Keightley MC, Crosier PS, Grabher C, Heath JK, Renshaw SA, Lieschke GJ. 

Neutrophil-delivered myeloperoxidase dampens the hydrogen peroxide burst after tissue 

wounding in zebrafish. Curr. Biol. 2012; 22:1818–1824. [PubMed: 22940471] 

129. Richardson R, Slanchev K, Kraus C, Knyphausen P, Eming S, Hammerschmidt M. Adult 

zebrafish as a model system for cutaneous wound-healing research. J. Invest. Dermatol. 2013; 

133:1655–1665. [PubMed: 23325040] 

Eming et al. Page 27

Sci Transl Med. Author manuscript; available in PMC 2016 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



130. Murawala P, Tanaka EM, Currie JD. Regeneration: The ultimate example of wound healing. 

Semin. Cell Dev. Biol. 2012; 23:954–962. [PubMed: 23059793] 

131. Kumar A, Brockes JP. Nerve dependence in tissue, organ, and appendage regeneration. Trends 

Neurosci. 2012; 35:691–699. [PubMed: 22989534] 

132. Harsum S, Clarke JD, Martin P. A reciprocal relationship between cutaneous nerves and repairing 

skin wounds in the developing chick embryo. Dev. Biol. 2001; 238:27–39. [PubMed: 11783991] 

133. Fukazawa T, Naora Y, Kunieda T, Kubo T. Suppression of the immune response potentiates 

tadpole tail regeneration during the refractory period. Development. 2009; 136:2323–2327. 

[PubMed: 19515697] 

134. Godwin JW, Pinto AR, Rosenthal NA. Macrophages are required for adult salamander limb 

regeneration. Proc. Natl. Acad. Sci. U.S.A. 2013; 110:9415–9420. [PubMed: 23690624] 

135. Petrie TA, Strand NS, Tsung-Yang C, Rabinowitz JS, Moon RT. Macrophages modulate adult 

zebrafish tail fin regeneration. Development. 2014; 141:2581–2591. [PubMed: 24961798] 

136. Hynes RO. The extracellular matrix: Not just pretty fibrils. Science. 2009; 326:1216–1219. 

[PubMed: 19965464] 

137. Bateman JF, Boot-Handford RP, Lamandé SR. Genetic diseases of connective tissues: Cellular 

and extracellular effects of ECM mutations. Nat. Rev. Genet. 2009; 10:173–183. [PubMed: 

19204719] 

138. Habashi JP, Judge DP, Holm TM, Cohn RD, Loeys BL, Cooper TK, Myers L, Klein EC, Liu G, 

Calvi C, Podowski M, Neptune ER, Halushka MK, Bedja D, Gabrielson K, Rifkin DB, Carta L, 

Ramirez F, Huso DL, Dietz HC. Losartan, an AT1 antagonist, prevents aortic aneurysm in a 

mouse model of Marfan syndrome. Science. 2006; 312:117–121. [PubMed: 16601194] 

139. Badylak SF, Weiss DJ, Caplan A, Macchiarini P. Engineered whole organs and complex tissues. 

Lancet. 2012; 379:943–952. [PubMed: 22405797] 

140. Kirsner RS, Marston WA, Snyder RJ, Lee TD, Cargill DI, Slade HB. Spray-applied cell therapy 

with human allogeneic fibroblasts and keratinocytes for the treatment of chronic venous leg 

ulcers: A phase 2, multicentre, double-blind, randomised, placebo-controlled trial. Lancet. 2012; 

380:977–985. [PubMed: 22863328] 

141. Potente M, Gerhardt H, Carmeliet P. Basic and therapeutic aspects of angiogenesis. Cell. 2011; 

146:873–887. [PubMed: 21925313] 

142. Martino MM, Tortelli F, Mochizuki M, Traub S, Ben-David D, Kuhn GA, Müller R, Livne E, 

Eming SA, Hubbell JA. Engineering the growth factor microenvironment with fibronectin 

domains to promote wound and bone tissue healing. Sci. Transl. Med. 2011; 3:100ra189.

143. Traub S, Morgner J, Martino MM, Höning S, Swartz MA, Wickström SA, Hubbell JA, Eming 

SA. The promotion of endothelial cell attachment and spreading using FNIII10 fused to VEGF-

A165. Biomaterials. 2013; 34:5958–5968. [PubMed: 23683723] 

144. Lutolf MP, Hubbell JA. Synthetic biomaterials as instructive extracellular microenvironments for 

morphogenesis in tissue engineering. Nat. Biotechnol. 2005; 23:47–55. [PubMed: 15637621] 

145. Zieris A, Prokoph S, Levental KR, Welzel PB, Grimmer M, Freudenberg U, Werner C. FGF-2 and 

VEGF functionalization of starPEG–heparin hydrogels to modulate biomolecular and physical 

cues of angiogenesis. Biomaterials. 2010; 31:7985–7994. [PubMed: 20674970] 

146. Mosiewicz KA, Kolb L, van der Vlies AJ, Martino MM, Lienemann PS, Hubbell JA, Ehrbar M, 

Lutolf MP. In situ cell manipulation through enzymatic hydrogel photopatterning. Nat. Mater. 

2013; 12:1072–1078. [PubMed: 24121990] 

147. Gilbert PM, Havenstrite KL, Magnusson KE, Sacco A, Leonardi NA, Kraft P, Nguyen NK, Thrun 

S, Lutolf MP, Blau HM. Substrate elasticity regulates skeletal muscle stem cell self-renewal in 

culture. Science. 2010; 329:1078–1081. [PubMed: 20647425] 

148. Discher DE, Mooney DJ, Zandstra PW. Growth factors, matrices, and forces combine and control 

stem cells. Science. 2009; 324:1673–1677. [PubMed: 19556500] 

149. Dupont S, Morsut L, Aragona M, Enzo E, Giulitti S, Cordenonsi M, Zanconato F, Le Digabel J, 

Forcato M, Bicciato S, Elvassore N, Piccolo S. Role of YAP/TAZ in mechanotransduction. 

Nature. 2011; 474:179–183. [PubMed: 21654799] 

Eming et al. Page 28

Sci Transl Med. Author manuscript; available in PMC 2016 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



150. Dash NR, Dash SN, Routray P, Mohapatra S, Mohapatra PC. Targeting nonhealing ulcers of 

lower extremity in human through autologous bone marrow-derived mesenchymal stem cells. 

Rejuvenation Res. 2009; 12:359–366. [PubMed: 19929258] 

151. Wagner JE, Ishida-Yamamoto A, McGrath JA, Hordinsky M, Keene DR, Woodley DT, Chen M, 

Riddle MJ, Osborn MJ, Lund T, Dolan M, Blazar BR, Tolar J. Bone marrow transplantation for 

recessive dystrophic epidermolysis bullosa. N. Engl. J. Med. 2010; 363:629–639. [PubMed: 

20818854] 

152. Donndorf P, Strauer BE, Steinhoff G. Update on cardiac stem cell therapy in heart failure. Curr. 

Opin. Cardiol. 2012; 27:154–160. [PubMed: 22249215] 

153. Itoh M, Umegaki-Arao N, Guo Z, Liu L, Higgins CA, Christiano AM. Generation of 3D skin 

equivalents fully reconstituted from human induced pluripotent stem cells (iPSCs). PLOS One. 

2013; 8:e77673. [PubMed: 24147053] 

154. Sebastiano V, Zhen HH, Haddad Derafshi B, Bashkirova E, Melo SP, Wang P, Leung TL, 

Siprashvili Z, Tichy A, Li J, Ameen M, Hawkins J, Lee S, Li L, Schwertschkow A, Bauer G, 

Lisowski L, Kay M, Kim SK, Lane AT, Wernig M, Oro AE. Human COL7A1-corrected induced 

pluripotent stem cells for the treatment of recessive dystrophic epidermolysis bullosa. Sci. Transl. 

Med. 2014; 6:264ra163.

155. Umegaki-Arao N, Pasmooij AMG, Itoh M, Cerise JE, Guo Z, Levy B, Gostyński A, Rothman LR, 

Jonkman MF, Christiano AM. Induced pluripotent stem cells from human revertant keratinocytes 

for the treatment of epidermolysis bullosa. Sci. Transl. Med. 2014; 6:264ra164.

156. Himeno T, Kamiya H, Naruse K, Cheng Z, Ito S, Kondo M, Okawa T, Fujiya A, Kato J, Suzuki 

H, Kito T, Hamada Y, Oiso Y, Isobe K, Nakamura J. Mesenchymal stem cell-like cells derived 

from mouse induced pluripotent stem cells ameliorate diabetic polyneuropathy in mice. Biomed. 

Res. Int. 2013; 2013:259187. [PubMed: 24319678] 

157. Shamis Y, Silva EA, Hewitt KJ, Brudno Y, Levenberg S, Mooney DJ, Garlick JA. Fibroblasts 

derived from human pluripotent stem cells activate angiogenic responses in vitro and in vivo. 

PLOS One. 2013; 8:e83755. [PubMed: 24386271] 

158. Doulatov S, Daley GQ. Development. A stem cell perspective on cellular engineering. Science. 

2013; 342:700–702. [PubMed: 24202165] 

159. Sipp D, Turner L. Stem cells. U.S. regulation of stem cells as medical products. Science. 2012; 

338:1296–1297. [PubMed: 23224541] 

160. Maderal AD, Vivas AC, Eaglstein WH, Kirsner RS. The FDA and designing clinical trials for 

chronic cutaneous ulcers. Semin. Cell Dev. Biol. 2012; 23:993–999. [PubMed: 23063664] 

161. Maderal AD, Vivas AC, Zwick TG, Kirsner RS. Diabetic foot ulcers: Evaluation and 

management. Hosp. Prac. 2012; 40:102–115.

162. Grice EA, Kong HH, Conlan S, Deming CB, Davis J, Young AC, NISC Comparative Sequencing 

Program. Bouffard GG, Blakesley RW, Murray PR, Green ED, Turner ML, Segre JA. 

Topographical and temporal diversity of the human skin microbiome. Science. 2009; 324:1190–

1192. [PubMed: 19478181] 

163. Misic AM, Gardner SE, Grice EA. The wound microbiome: Modern approaches to examining the 

role of microorganisms in impaired chronic wound healing. Adv. Wound Care. 2014; 3:502–510.

164. Zeeuwen PL, Boekhorst J, van den Bogaard EH, de Koning HD, van de Kerkhof PM, Saulnier 

DM, van Swam II, van Hijum SA, Kleerebezem M, Schalkwijk J, Timmerman HM. Microbiome 

dynamics of human epidermis following skin barrier disruption. Genome Biol. 2012; 13:R101. 

[PubMed: 23153041] 

165. Gardner SE, Hillis SL, Heilmann K, Segre JA, Grice EA. The neuropathic diabetic foot ulcer 

microbiome is associated with clinical factors. Diabetes. 2013; 62:923–930. [PubMed: 

23139351] 

166. James GA, Swogger E, Wolcott R, Pulcini E, Secor P, Sestrich J, Costerton JW, Stewart PS. 

Biofilms in chronic wounds. Wound Repair Regen. 2008; 16:37–44. [PubMed: 18086294] 

167. Price LB, Liu CM, Melendez JH, Frankel YM, Engelthaler D, Aziz M, Bowers J, Rattray R, 

Ravel J, Kingsley C, Keim PS, Lazarus GS, Zenilman JM. Community analysis of chronic wound 

bacteria using 16S rRNA gene-based pyrosequencing: Impact of diabetes and antibiotics on 

chronic wound microbiota. PLOS One. 2009; 4:e6462. [PubMed: 19649281] 

Eming et al. Page 29

Sci Transl Med. Author manuscript; available in PMC 2016 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



168. Gontcharova V, Youn E, Sun Y, Wolcott RD, Dowd SE. A comparison of bacterial composition in 

diabetic ulcers and contralateral intact skin. Open Microbiol. J. 2010; 4:8–19. [PubMed: 

20461221] 

169. Ashcroft GS, Horan MA, Ferguson MW. Aging is associated with reduced deposition of specific 

extracellular matrix components, an upregulation of angiogenesis, and an altered inflammatory 

response in a murine incisional wound healing model. J. Invest. Dermatol. 1997; 108:430–437. 

[PubMed: 9077470] 

170. Tyner SD, Venkatachalam S, Choi J, Jones S, Ghebranious N, Igelmann H, Lu X, Soron G, 

Cooper B, Brayton C, Park SH, Thompson T, Karsenty G, Bradley A, Donehower LA. p53 

mutant mice that display early ageing-associated phenotypes. Nature. 2002; 415:45–53. 

[PubMed: 11780111] 

171. Grice EA, Snitkin ES, Yockey LJ, Bermudez DM, NISC Comparative Sequencing Program. 

Liechty KW, Segre JA. Longitudinal shift in diabetic wound microbiota correlates with prolonged 

skin defense response. Proc. Natl. Acad. Sci. U.S.A. 2010; 107:14799–14804. [PubMed: 

20668241] 

172. Hardman MJ, Ashcroft GS. Estrogen, not intrinsic aging, is the major regulator of delayed human 

wound healing in the elderly. Genome Biol. 2008; 9:R80. [PubMed: 18477406] 

173. Gilliver SC, Ashworth JJ, Mills SJ, Hardman MJ, Ashcroft GS. Androgens modulate the 

inflammatory response during acute wound healing. J. Cell Sci. 2006; 119:722–732. [PubMed: 

16449322] 

174. Ashworth JJ, Smyth JV, Pendleton N, Horan M, Payton A, Worthington J, Ollier WE, Ashcroft 

GS. Polymorphisms spanning the 0N exon and promoter of the estrogen receptor-beta (ERβ) 

gene ESR2 are associated with venous ulceration. Clin. Genet. 2008; 73:55–61. [PubMed: 

18070128] 

175. Ashcroft GS, Dodsworth J, van Boxtel E, Tarnuzzer RW, Horan MA, Schultz GS, Ferguson MW. 

Estrogen accelerates cutaneous wound healing associated with an increase in TGF-β1 levels. Nat. 

Med. 1997; 3:1209–1215. [PubMed: 9359694] 

176. Ashcroft GS, Greenwell-Wild T, Horan MA, Wahl SM, Ferguson MW. Topical estrogen 

accelerates cutaneous wound healing in aged humans associated with an altered inflammatory 

response. Am. J. Pathol. 1999; 155:1137–1146. [PubMed: 10514397] 

177. López-Otín C, Blasco MA, Partridge L, Serrano M, Kroemer G. The hallmarks of aging. Cell. 

2013; 153:1194–1217. [PubMed: 23746838] 

178. Stojadinovic O, Brem H, Vouthounis C, Lee B, Fallon J, Stallcup M, Merchant A, Galiano RD, 

Tomic-Canic M. Molecular pathogenesis of chronic wounds: The role of β-catenin and c-myc in 

the inhibition of epithelialization and wound healing. Am. J. Pathol. 2005; 167:59–69. [PubMed: 

15972952] 

179. Rhoads DD, Cox SB, Rees EJ, Sun Y, Wolcott RD. Clinical identification of bacteria in human 

chronic wound infections: Culturing vs. 16S ribosomal DNA sequencing. BMC Infect. Dis. 2012; 

12:321. [PubMed: 23176603] 

180. Snyder RJ, Driver V, Fife CE, Lantis J, Peirce B, Serena T, Weir D. Using a diagnostic tool to 

identify elevated protease activity levels in chronic and stalled wounds: A consensus panel 

discussion. Ostomy Wound Manage. 2011; 57:36–46. [PubMed: 22156177] 

181. Taverna D, Nanney LB, Pollins AC, Sindona G, Caprioli R. Multiplexed molecular descriptors of 

pressure ulcers defined by imaging mass spectrometry. Wound Repair Regen. 2011; 19:734–744. 

[PubMed: 22092844] 

182. Suihko C, Serup J. Fluorescent fibre-optic confocal imaging of lesional and non-lesional psoriatic 

skin compared with normal skin in vivo. Skin Res. Technol. 2012; 18:397–404. [PubMed: 

22111991] 

Eming et al. Page 30

Sci Transl Med. Author manuscript; available in PMC 2016 August 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. Clinical features of most common wound-healing pathologies
The repair response can be disturbed by a multitude of local and systemic factors leading to 

diverse wound-healing pathologies. (A) Medial aspect of lower leg with venous leg ulcer 

(VLU). (B) Diabetic foot ulcer (DFU). (C) Lateral aspect of lower leg with an arterial ulcer. 

(D) Pressure sore. (E) Hypertrophic scar after thyroid surgery. (F) Keloid.
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Fig. 2. Molecular and cellular mechanisms in normal skin repair
Illustrations show molecular and cellular mechanisms pivotal for progression of wound 

healing. Early stages of wound healing include hemostasis and activation of keratinocytes 

and inflammatory cells. The intermediate stage involves proliferation and migration of 

keratinocytes, proliferation of fibroblasts, matrix deposition, and angiogenesis. Late-stage 

healing involves remodeling of ECM, resulting in scar formation and restoration of barrier. 

This spatiotemporal process is tightly controlled by multiple cell types that secrete numerous 
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growth factors, cytokines, and chemokines (listed below) to achieve closure and functional 

restoration of the barrier.
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Fig. 3. Molecular pathology of chronic wounds
Illustrations show molecular and cellular mechanisms that are impaired in chronic wounds. 

(A) Chronic wounds show hyperproliferative and nonmigratory epidermis, unresolved 

inflammation, presence of infection, and biofilm formation. Although there is an increase in 

inflammatory cells (neutrophils and macrophages), not all are properly functioning. 

Uncontrolled proteases interfere with essential repair mechanisms. Some fibroblasts become 

senescent. In chronic wounds, there is a reduction of angiogenesis, stem cell recruitment and 

activation, and ECM remodeling compared with normal wound healing (Fig. 2). (B) 

Histologies representing characteristics of a diabetic foot (DFU), venous stasis (VLU), and 

pressure ulcers. Although different in etiology, these chronic wounds show common cellular 

features depicted in (A): H, hyperproliferative epidermis; F, fibrosis; I, increased cellular 

infiltrate (inflammation).
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Fig. 4. Mechanisms and models of repair and regeneration are conserved
Activation of the immune response, angiogenesis, innervation, epithelialization, and scar 

formation are fundamental repair processes and are conserved between human (center, 

abdominal wound) and other multicellular organisms, which offer particular advantages for 

experimental investigation. Drosophila are highly genetically tractable and at embryonic 

stages are translucent, enabling live imaging of wound reepithelialization. This laser-

wounded Drosophila embryo is expressing green fluorescent protein (GFP):actin (green) that 

reveals the cytoskeletal machineries of leading-edge epithelial cells in real time (arrows, 

actin cable; asterisks, filopodia). Zebrafish larvae are also translucent and have been used to 

investigate the dynamics of the wound inflammatory response in transgenic fish, such as this 

wounded fish expressing GFP: neutrophils (green) and red fluorescent protein 

(RFP):macrophages (red) to show how leukocytes are recruited to a wound (circled). The 

chick is a lesser used model, but has the advantage of easy accessibility during embryonic 

stages (in ovo, rather than in utero). A silver-stained section from a chick-limb wound 

reveals the cutaneous hyperinnervation (asterisks) triggered by wounding; the wound site is 

marked by carbon black particles (arrows). Rodents are the most frequently used models for 

wound healing studies despite having looser skin than humans. A hematoxylin and eosin 

(H&E)–stained section of a 3-day excisional wound on the dorsum of a mouse reveals the 

stage when a scab is still present (asterisks) and the inflammatory response apparent beneath 

the almost repaired epithelium (arrowheads) as it migrates at the interface between scab and 

granulation tissue.
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Fig. 5. Human chronic wounds as a research resource
(A) Various types of biological materials can be collected from a chronic wound, including 

wound fluids, swabs, and tissue specimens. These fluids, cells, and tissues can support 

cellular and molecular analyses to better understand the chronic wound pathology and to 

identify biomarkers of wound healing and impairment. (B) Example analyses using tissue 

specimens. Genomic profiling and immunohistochemistry revealed distinct profiles of 

healing capacity. A biomarker of a healing phenotype, decreased nuclear β-catenin, has been 

identified in human wounds (178). Such methods can be used to identify margin of 

debridement (red line).
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