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Abstract

Corneal wound healing is a complex process involving cell death, migration, proliferation, 

differentiation, and extracellular matrix remodeling. Many similarities are observed in the healing 

processes of corneal epithelial, stromal and endothelial cells, as well as cell-specific differences. 

Corneal epithelial healing largely depends on limbal stem cells and remodeling of the basement 

membrane. During stromal healing, keratocytes get transformed to motile and contractile 

myofibroblasts largely due to activation of transforming growth factor-β system. Endothelial cells 

heal mostly by migration and spreading, with cell proliferation playing a secondary role. In the last 

decade, many aspects of wound healing process in different parts of the cornea have been 

elucidated, and some new therapeutic approaches have emerged. The concept of limbal stem cells 

received rigorous experimental corroboration, with new markers uncovered and new treatment 

options including gene and microRNA therapy tested in experimental systems. Transplantation of 

limbal stem cell-enriched cultures for efficient re-epithelialization in stem cell deficiency and 

corneal injuries has become reality in clinical setting. Mediators and course of events during 

stromal healing have been detailed, and new treatment regimens including gene (decorin) and 

stem cell therapy for excessive healing have been designed. This is a very important advance 

given the popularity of various refractive surgeries entailing stromal wound healing. Successful 

surgical ways of replacing the diseased endothelium have been clinically tested, and new 

approaches to accelerate endothelial healing and suppress endothelial-mesenchymal 

transformation have been proposed including Rho kinase (ROCK) inhibitor eye drops and gene 

therapy to activate TGF-β inhibitor SMAD7. Promising new technologies with potential for 

corneal wound healing manipulation including microRNA, induced pluripotent stem cells to 

generate corneal epithelium, and nanocarriers for corneal drug delivery are discussed. Attention is 

also paid to problems in wound healing understanding and treatment, such as lack of specific 

epithelial stem cell markers, reliable identification of stem cells, efficient prevention of haze and 

stromal scar formation, lack of data on wound regulating microRNAs in keratocytes and 

endothelial cells, as well as virtual lack of targeted systems for drug and gene delivery to select 

corneal cells.
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1. Introduction

Cornea is part of the eye exposed to the outer environment and thus most likely to sustain 

damage due to various insults. Therefore, corneal wound healing not only presents interest 

to basic science, but is also an important medical issue in need of management. Corneal 

wound healing is a significant clinical problem. This is due to frequent traumatic damage to 

the cornea and to the constantly increasing numbers of refractive surgeries. In USA only, 

over 40,000 corneal transplantations are made annually and the number of patients having 

received LASIK correction is approaching 20 million. Although the procedures are 

generally safe, even LASIK surgery generates at least 2% complications with abnormal 

wound healing, flap detachment, and ectasia. An estimated 20% of population suffers from 

an eye trauma in their lifetime. The rate of eye injuries in USA is estimated to be over one 

million annually. These increasingly high numbers illustrate the need for better 

understanding of corneal healing mechanisms and development of efficient ways to 

accelerate and improve wound healing.

This process comprises a complex of related events that have a common theme of wound 

repair by corneal cells. There are definite similarities in healing by epithelial, stromal and 

endothelial cells related to cell migration, dependence on growth factors and extracellular 

matrix (ECM) remodeling. Moreover, there is a well-documented cross-talk between healing 

of epithelial and stromal cells (Fig. 1), adding to the complexity of this process. At the same 

time, there are significant differences in healing scenarios of different corneal cells. The 

epithelium heals from itself, with frequent movement and differentiation of limbal stem 

cells, but it does not undergo transformation to different cell types. In contrast, stromal 

wounds heal with a sequence of transformation of stromal keratocytes to fibroblasts and 

myofibroblasts (Fig. 2), and significant participation of resident and circulating immune 

system cells. Corneal endothelium, unlike other cell types, mostly heals by cell migration 

and spreading, and may undergo epithelial-mesenchymal transformation in this process, but 

cell proliferation plays a secondary role. The goal of this review is thus to show the common 

themes as well as delineate the specifics of wound healing by major corneal cell types. 

Special emphasis is placed on recent progress in controlling the wound healing process 

using new biological modulators (including signaling inhibitors and microRNA), gene 

therapy, stem cells, and nanoformulations. Recent evidence related to using these new tools 

for addressing wound healing abnormalities related to diseases, such as diabetes, is also 

presented.

The authors mainly focused on new published evidence, all the while trying to also reference 

significant older work in the corneal wound healing field.
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2. Corneal epithelial wound healing

Corneal epithelium is a self-renewing tissue with stem cell niche residing in the 

corneoscleral junction, limbus, and providing a life-long supply of proliferating cells for 

epithelial regeneration (Di Girolamo, 2015; West et al., 2015). Various chemical, physical, 

and pathological insults damage the corneal epithelium resulting in disruption of its barrier 

function and wound formation. Proper wound healing is dynamic in order to maintain the 

integrity and health of corneal epithelial surface to preserve corneal transparency and vision. 

The healing of corneal epithelial wounds involves a number of concerted events including 

cell migration, proliferation, adhesion and differentiation with cell layer stratification. It 

involves growth factor/cytokine (Fig. 1) and extracellular matrix (ECM) signal-mediated 

interactions at the wound site to re-establish epithelial integrity and restore corneal 

homeostasis. The kinetics of epithelial wound healing includes two distinct phases: an initial 

latent phase and closure phase. The initial phase includes cellular and subcellular 

reorganization to trigger migration of the epithelial cells at the wound edge (Kuwabara et al., 

1976; Crosson et al., 1986). The closure phase includes several continuous processes starting 

with cell migration, which is independent of cell mitosis (Anderson, 1977), followed by cell 

proliferation and differentiation and eventually, by stratification to restore the original 

multicellular epithelial layer (Crosson et al., 1986). Here we provide an overview of factors 

and mechanisms important for the control of corneal epithelial wound healing in normal and 

diseased states. Various ways of wounding corneal epithelium (epithelial debridement) for 

mechanistic studies have been reviewed in detail recently (Stepp et al., 2014).

2.1. Growth factors/cytokines in epithelial wound healing

Growth factors and cytokines are important regulators that stimulate growth, proliferation, 

migration, differentiation, adhesion, ECM deposition and proteinase regulation of cells 

involved in wound healing (Fig. 1). They mediate different cell functions including 

intracellular and intercellular signaling molecules. Corneal cells express many growth 

factors and cytokines that have specific effects on epithelial cells, such as epidermal growth 

factor (EGF), platelet-derived (PDGF) and transforming (TGF) growth factors α and β, 

acidic (FGF-1) and basic (FGF-2) fibroblast growth factors, insulin-like (IGF-I), 

keratinocyte (KGF), hepatocyte (HGF) growth factors, thymosin-β4,(Tβ4), interleukins 

(IL)-1, -6, and -10, and tumor necrosis factor (TNF)-α. Many of these factors are activated 

during wound healing (Lu et al., 2001; Yu et al., 2010b) and in corneal diseases such as 

diabetes (Gambaro and Baggio,1998; Hellmich et al., 2000; Keadle et al., 2000; Saghizadeh 

et al., 2005).

2.1.1. Epidermal growth factor family—EGF signaling comprises a major pathway 

that initiates cell migration and proliferation and stimulate corneal epithelial wound healing 

(Zieske et al., 2000; Lu et al., 2001; Nakamura et al., 2001). At early times of epithelial 

wound healing, cellular signaling initiated by EGF receptor (EGFR1/ErbB1 usually simply 

called EGFR) tyrosine kinase lead to activation of major downstream effectors, 

phosphatidylinositol-3-kinase (PI3-kinase)-Akt axis, and extracellular regulated kinase 

(ERK) (Zhang and Akhtar, 1997; Xu et al., 2009; Xu and Yu, 2011; Funari et al., 2013; 

Winkler et al., 2014). EGFR signaling activates an NF-κB pathway, which leads to 
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transcriptional repressor CTCF activation and PAX6 downregulation (Li and Lu, 2005; Lu 

et al., 2010; Wang et al., 2012a) resulting in cell migration and proliferation in corneal 

epithelial cells (Imanishi et al., 2000). Recent studies (Wang et al., 2013) have demonstrated 

that in NF-κB p50 knockout mice, corneal epithelial wound healing is significantly delayed, 

suggesting that NF-κB signaling pathways play important roles in growth factor-promoted 

corneal epithelial self-renewal and wound healing. EGFR signaling also activates histone 

deacetylase 6 (HDAC6), which deacetylates α-tubulin, and promotes corneal epithelial cell 

migration and healing of debridement wounds. The effect on EGF-induced cell migration 

was verified by suppression of HDAC6 activity by trichostatin A or of its expression by 

siRNA (Wang et al., 2010a). Extending the duration of EGFR activity by inhibiting its 

negative regulator, E3 ubiquitin ligase (c-CbI), enhanced the rate of restoration of the 

corneal epithelial layer both in vitro and in vivo (Rush et al., 2014). In vivo studies in rats 

with type 1 diabetes mellitus (DM1) showed that a significant delay in corneal epithelial 

wound healing was correlated with altered EGFR signaling pathways through 

phosphatidylinositol 3-kinase (PI3K)–Akt and ERK, as well as their downstream BAD 

signaling pathways in migratory epithelium (Xu and Yu, 2011). shRNA-mediated 

suppression of matrix metalloproteinase (MMP)-10 and cathepsin F genes by adenoviral 

gene therapy of whole corneal epithelium or only of limbal cells normalized epithelial 

wound healing altered in human diabetic organ-cultured corneas with restoration of 

signaling pathways mediated by EGFR-Akt axis (Saghizadeh et al., 2013b; 2014). 

Moreover, in a DM1 mouse model, the application of substance P, a neuropeptide, promoted 

epithelial wound healing altered in diabetic mice, apparently by activating Akt, an EGFR 

downstream signaling molecule (Yang et al. 2014a). Furthermore, downregulation of 

phosphorylated and/or total EGFR by miR-146a or miR-424 led to a delayed wound healing 

in cultured telomerase-immortalized human corneal epithelial cells (Funari et al., 2013) and 

in primary limbal epithelial cells (Winkler et al., 2014). Therapeutic potential of human 

recombinant EGF for enhancing corneal epithelial wound healing has been reviewed 

(Márquez et al., 2011).

EGFRs comprise a family of four receptors, of which EGFR1 is the most studied in many 

cells and tissues including the cornea. EGFR2/ErbB2 has also been shown to promote 

corneal epithelial wound healing acting through ERK and PI3K (Xu et al., 2004b). EGFR3/

ErbB3 is also expressed in the corneal epithelium, but its role in wound healing has not been 

investigated (Liu et al., 2001).

Beside EGF, there are several additional endogenous ligands known to bind EGFR1, such as 

heparin-binding EGF (HB-EGF) with an extra domain binding negatively charged glycans, 

transforming growth factor-α (TGF-α), betacellulin (BTC), amphiregulin (AR), and 

epiregulin (EPR). HB-EGF acting as both soluble and transmembrane protein increases 

epithelial wound healing through enhancing cellular attachment in vitro (Block et al., 2004; 

Xu et al., 2004a; Yoshioka et al., 2010). Since HB-EGF knockout mice die shortly after 

birth (Iwamoto et al., 2003), it was suggested that HB-EGF is the most important for growth 

and development among all the EGFR ligands. In addition, by establishing keratinocyte-

specific HB-EGF-deficient (HB−/−) mice by Cre/loxP technology, it has been demonstrated 

that wound healing was significantly delayed in corneal epithelium (Yoshioka et al., 2010). 
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Several studies also suggest that it stimulates better wound healing responses than EGF in 

corneal epithelial cells (Xu et al., 2004a; Tolino et al., 2011). The rates of EGFR 

downregulation by both EGF variants are relatively similar. However, HB-EGFR remains 

bound to cell much longer than EGF and has a lasting effect on wound healing after brief 

treatment, consistent with immobilized pool of HB-EGF on the cell surface and ECM 

providing continuous EGFR stimulation (Tolino et al., 2011). Another EGFR ligand, TGF-

α, has been shown to enhance corneal epithelial migration and proliferation similar to EGF 

and HB-EGF, whereas it inhibited the expression of the differentiation-related corneal 

epithelial marker keratin 3 (Wilson et al., 1994). It has also been shown that mice that 

genetically lack TGF-α production have chronic corneal erosions (Mann et al., 1993). An in 

vitro study has demonstrated that TGF-α is a more potent activator of EGFR-mediated 

corneal wound healing than EGF via its ability to stimulate EGFR endocytosis and recycle it 

back to the plasma membrane where it can be re-stimulated (McClintock and Ceresa, 2010).

Epiregulin is upregulated in limbal epithelial basal cells compared to central cornea in mice. 

It increases corneal epithelial cell proliferation in vitro by activating EGFR and increasing 

the expression of HB-EGF and AR (Zhou et al., 2006; Morita et al., 2007), suggesting its 

role in maintaining the proliferative capacity of limbal basal cells. In vitro studies have 

shown that BTC was the most potent stimulator of corneal epithelial wound healing. 

However, out of six EGFR ligands, only EGF could promote wound healing in vivo, and it 

was the only ligand present at concentrations near the ligand’s Kd for the EGFR in human 

tears (Peterson et al., 2014). Importantly, EGFR can be transactivated through several 

effectors in addition to its own ligands to enhance migration and proliferation in wound 

healing (Lyu et al., 2006; Yang et al., 2010; Zhang et al., 2010).

2.1.2. Hepatocyte growth factor (HGF), or scatter factor—HGF is mainly produced 

by mesenchymal cells and targets epithelial cells in a paracrine manner via their cell surface 

receptor, c-met, a proto-oncogene expressed in epithelial cells (Bottaro et al., 1991; Rosen et 

al., 1994). It is expressed more in the central cornea than in the limbus by stromal cells. 

However, HGF and c-met mRNAs are found in all three major cell types of the human 

cornea including epithelial, stromal, and endothelial cells (Wilson et al., 1993), suggesting 

the existence of autocrine loops in corneal endothelium and epithelium. HGF regulates cell 

proliferation (Wilson et al., 1993), migration (Daniel et al., 2003; Saghizadeh et al., 2010a; 

2011), and apoptosis (Kakazu et al. 2004) in corneal epithelial cells. After corneal epithelial 

wounding HGF expression is upregulated in keratocytes (Li et al., 1996) and epithelial cells 

(Kakazu et al., 2008; Saghizadeh et al., 2010a), which may contribute to the epithelial 

wound healing process. These data imply that, although corneal epithelial cells are 

stimulated mainly by exogenous HGF produced in lacrimal glands and present in tears, HGF 

may also function in intracrine and autocrine manners beside paracrine in regulating corneal 

wound healing (Wilson et al., 1993; Li et al., 1996). Our group and others have shown the 

contribution of altered growth factors including HGF–c-met system to basement membrane 

changes in diabetic cornea, and to the delayed epithelial wound healing (Ljubimov et al., 

1998a; Saghizadeh et al., 2001a; 2001b; 2005; 2010a; 2011; Yu et al., 2010b). The 

important role of HGF–c-met in impaired diabetic corneal wound healing (Fig. 3) was 

confirmed in organ-cultured human diabetic corneas. Restoration of diabetes-decreased c-
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met levels in these corneas by gene therapy (Fig. 4) normalized wound healing dynamics, 

with downstream activation of p38 mitogen-activated protein (MAP) kinase (Sharma et al., 

2003), as well as the expression of several stem cell markers (Saghizadeh et al., 2010a; 

2011). Importantly, this positive effect was observed in organ-cultured corneas after gene 

therapy of either the whole epithelium or only limbal area (Figs. 4, 5) harboring stem cells 

(Saghizadeh et al., 2013b, 2014).

2.1.3. Keratinocyte growth factor (KGF)—KGF is a member of the FGF family and is 

formally called fibroblast growth factor-7 (FGF-7). KGF functions in a similar fashion as 

HGF in corneal epithelial homeostasis and during wound healing (Wilson et al., 1998). KGF 

mRNA is expressed mainly by lacrimal gland and limbal fibroblasts, and its receptor, by 

limbal epithelial cells. It was suggested that KGF functions mainly in a paracrine fashion in 

the limbal epithelial homeostasis and during wound healing process (Wilson et al., 1993; 

Sotozono et al., 1994). KGF increased corneal epithelial wound healing in rabbit organ-

cultured corneas (Chandrasekher et al., 2001) and enhanced cell proliferation in the limbal 

epithelium during regeneration of rabbit cornea in vivo (Sotozono et al., 1995). KGF 

promotes wound healing through MAP kinases and PI3K/p70 S6 signaling cascades in 

corneal epithelial cells (Chandrasekher et al., 2001; Sharma et al., 2003). In addition, the 

disruption of barrier function induced by hypoxia in human corneal epithelial cells was 

inhibited by KGF through ERK activation (Teranishi et al., 2008). Another member of the 

FGF family is KGF-2/FGF-10, which also functions in a paracrine fashion and has a role in 

regulation of corneal wound healing by stimulating epithelial stem cell proliferation (Wang 

et al., 2010b).

2.1.4. Insulin-like growth factors (IGFs)—IGFs have important roles in growth and 

energy metabolism, and regulate cell migration (Lee et al., 2006), differentiation (Trosan et 

al., 2012), proliferation, and survival (Yanai et al., 2006) in corneal epithelial cells through 

insulin receptor, and IGF receptors type I and type II. IGF-I and its receptors are expressed 

by both human corneal keratocytes and epithelial cells (Li and Tseng, 1995). In vivo studies 

have shown that rapid overexpression of IGF-I in wounded mouse cornea increased 

expression of IGF receptor in limbal cells and stimulated limbal cell differentiation, with no 

effects on limbal cell proliferation (Trosan et al., 2012). However, IGF-I can enhance 

proliferation and wound closure synergistically with substance P in-vivo (Nakamura et al., 

1997), and in ex-vivo rabbit corneal epithelial cells (Nishida et al., 1996; Yamada et al., 

2004). In addition, synergy of IGF-I with substance P in enhancing wound healing was 

observed in diseased corneas of diabetic rats (Nakamura et al., 2003) and in a rat model of 

neurotrophic keratopathy (Nagano et al., 2003). Another related key metabolic regulator 

present in tears is insulin. It is closely related to IGFs and enhances proliferation in corneal 

epithelial cells and wound healing through EGFR transactivation, ERK and PI3K activation 

(Shanley et al., 2004; Lyu et al., 2006). Interestingly, IGF-I mediates many growth-

promoting effects of the growth hormone. However, growth hormone stimulation of corneal 

epithelial migration necessary for wound healing and mediated by STAT5 seems to occur 

independently of IGF-I suggesting a potential for combination therapy (Wirostko et al., 

2015).
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2.1.5. Transforming growth factor-β (TGF-β)—TGF-β isoforms, TGF-β1, TGF-β2 

and TGF-β3, and their receptors are expressed by corneal epithelium and stromal 

keratocytes (Nishida et al., 1994). TGF-β isoforms are synthesized and secreted as inactive 

precursors with N-terminal latency-associated peptides, which are dissociated from TGF-β 

dimers during the activation process (Nishida et al., 1994). TGF-β1 and TGF-β2 can inhibit 

corneal epithelial cell proliferation in vitro (Pancholi et al., 1998; Haber et al., 2003), but 

have stimulatory effects on corneal stromal fibroblast proliferation (Andresen et al., 1997). 

Both TGF-β1 and TGF-β2 have antagonistic effects on EGF, HGF and KGF induced 

proliferation in vitro (Mishima et al., 1992; Honma et al., 1997). However, TGF-β2 can 

enhance corneal epithelial wound healing in rabbit corneas in vivo (Er and Uzmez, 1998). 

TGF-β stimulates corneal epithelial cell migration via integrin β1, which mediates p38 

MAPK activation, ECM expression and epithelial-mesenchymal transformation (EMT) 

leading to increased cell mobility (Bhowmick et al., 2001; Saika et al., 2004a). Recent 

studies showed that corneal epithelial wound healing is delayed for 48 hours along with 

delay in p38 MAPK activation in mice lacking TGF-β signaling when its type II receptor is 

conditionally ablated (Terai et al., 2011). Along with impaired cell migration resulting from 

the delayed activation of p38 MAPK, the cell proliferation was suppressed at the leading 

wound edge probably via the alternative c-Jun N-terminal kinase (JNK) pathway (Saika et 

al., 2004b; Terai et al., 2011). Delayed activation of p38 MAPK in the absence of TGF-β 

receptor signaling suggests p38 MAPK is activated initially via the main TGF-β Smad 

signaling pathway and later, through another signaling cascade, possibly involving EGFR 

and other potential candidates (Saika et al., 2004b; Terai et al., 2011). Recent gene 

microarray analysis (Bettahi et al., 2014) revealed that both TGF-β1 and TGF-β3 were 

increased in response to wounding. In addition, the functional studies of TGF-β3 showed its 

contribution to wound healing in normal mouse and rat corneal epithelial cells (Bettahi et 

al., 2014). Further studies showed that TGF-β3, which was downregulated in rat DM1 and 

DM2, and in mouse DM1 models, enhanced epithelial wound closure in DM2 rat and DM1 

mouse corneas via Smad and PI3K-Akt signaling pathways, and its target gene, PAI-1/

Serpine1 (Bettahi et al., 2014). These data point to possible therapeutic potential of TGF-β3 

for treating corneal and skin wounds in diabetic patients. Moreover, TGF-β3 can alleviate 

scar formation in the stroma due to TGF-β1 and -β2 activity (see Section 3).

2.1.6. Platelet-derived growth factors (PDGFs)—PDGF is made up of combination 

of four polypeptide chains, A, B, C, and D, as PDGF-AA, PDGF-BB, PDGF-AB, PDGF-

CC, and PDGF-DD (Heldin, 2013). The first three PDGF isoforms are expressed by corneal 

epithelial cells and regulate migration and proliferation of keratocytes (Denk and Knorr, 

1997; Kamiyama et al., 1998; Daniels and Khaw, 2000). PDGF-AB and PDGF-BB 

enhanced the migration of corneal fibroblasts in vitro, which could be blocked by respective 

antibodies (Kamiyama et al., 1998). Additionally, PDGF isoforms (PDGF-AA, PDGF-BB, 

and PDGF-AB), especially PDGF-AB, stimulated migration of rabbit corneal epithelial 

cells, but only in the presence of fibronectin (FN), which is part of provisional wound ECM 

(Kamiyama et al., 1998; Nishida et al., 2010).

2.1.7. Thymosin-β4 (Tβ4)—Tβ4 belongs to β-thymosin family of highly conserved 5 kDa 

peptides that primarily interact with G-actin and function as actin-sequestering proteins 
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(Low et al., 1981; Dedova et al., 2006). Recent studies have revealed a wide range of 

biological activities by Tβ4, such as cell migration, angiogenesis, inflammation, and 

regeneration of damaged tissues including skin and cornea. Tβ4 promotes corneal re-

epithelialization during healing, decreases inflammation and inhibits apoptosis both in vitro 

and in vivo using alkaline burn animal model. It also upregulates epithelial basement 

membrane (BM) component laminin-332, which mediates epithelial migration (Sosne et al., 

2002; 2004; 2015). Tβ4 eye drops were able to improve wound healing in patients with 

chronic nonhealing neurotrophic corneal epithelial defects in a small clinical trial (Dunn et 

al., 2010). Tβ4 has been also successfully used in patients with dry eye syndrome (Sosne et 

al., 2012; 2015), and has shown protection of corneal endothelial cells from UVB-induced 

oxidative stress and apoptosis (Ho et al., 2010).

2.1.8. Interleukins 6 and 10 (IL-6 and IL-10)—Cytokines, such as IL-6 and IL-10, are 

secreted by epithelial cells or immune cells during wound healing, which is supposed to be 

beneficial for regeneration. IL-6 is an inflammatory cytokine elevated in tears of dry eye 

patients, which could be related to pain and tear film formation (Enriquez-de-Salamanca et 

al., 2010). Downstream IL-6 signaling pathway involves Janus kinase (JAK) self-

phosphorylation leading to transcription regulator STAT3 activation (Sugaya et al., 2011). 

On the other hand, IL-10 is an anti-inflammatory cytokine elevated in patients with corneal 

graft rejection (van Gelderen et al., 2000). It has been shown that IL-6 enhances cell 

migration and wound healing of rabbit corneal epithelial cells (Nakamura and Nishida, 

1999). More recently, the involvement of both IL-6 and IL-10 in wound healing response of 

human corneal epithelial cells has been demonstrated (Ebihara et al., 2011; Arranz-Valsero 

et al., 2014).

2.1.9. Nerve growth factor (NGF)—NGF is a member of the neurotrophin family of 

growth factors that is critical for the growth, maintenance, and survival of sympathetic and 

sensory neurons, and which also functions as a signaling molecule. Neurotrophin receptor 

p75 (NTR) and tropomyosin receptor kinase A (TrkA), a transmembrane tyrosine kinase, are 

NGF receptors present in both cornea and conjunctiva (You et al., 2000; Ríos et al., 2007). 

Several neuronal survival pathways are regulated by NGF signaling. The major pathway 

contributing to cell survival operates through NGF binding to TrkA leading to the activation 

PI3K-Akt. Another pathway works through MAPK-Ras-Raf and ribosomal S6 kinase (RSK) 

activation leading to transcriptional regulation. Recent studies have shown the role of NGF 

and its receptors TrkA and p75NTR in epithelial wound healing process in cornea and skin 

(Lambiase et al., 1998a; 2004; Micera et al., 2004). In patients with corneal ulcers, topical 

murine NGF eye drops ameliorated the rate of corneal epithelial healing and corneal 

sensitivity (Lambiase et al., 1998b; Bonini et al., 2000). In addition, NGF has beneficial 

effects on wound healing by modulating cell migration, keratocyte differentiation into 

myofibroblasts, and MMP-9 expression (Micera et al., 2006). More recent studies also 

showed the major role of NGF in epithelial and stromal healing where it stimulated cell 

migration by upregulation of MMP-9 and cleavage of integrin β4 (Blanco-Mezquita et al., 

2013) and reduced haze formation (Anitua et al., 2013). These studies suggest that NGF has 

a potential to promote corneal wound healing in a clinical setting.
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2.1.10. Opioid growth factor (OGF), or (Met5)-enkephalin—OGF is an autocrine 

and/or paracrine growth factor that binds to its ζ receptor (OGFR) to modulate DNA 

synthesis, cellular migration, and tissue organization of the corneal epithelium (Zagon et al., 

1995; 1997). It is expressed in the epithelial basal and suprabasal layers and has an 

inhibitory effect on cellular proliferation through cyclin-dependent kinase inhibitors, p16 

and/or p21 (McLaughlin et al., 2010). Opioid antagonist naltrexone (NTX) can disrupt OGF-

OGFR interaction, which in the rabbit led to 30% to 72% increase in DNA synthesis in basal 

limbal and conjunctival epithelial cells with no effect on central corneal epithelium (Zagon 

et al., 1998a; 1998b). Conversely, OGF overexpression caused decreased DNA synthesis of 

basal epithelial cells in the peripheral cornea, limbus, and conjunctiva by 25% to 50%. 

Several studies have showed that both systemic injections and topical applications of NTX 

significantly accelerated corneal epithelial wound healing rate and re-epithelialization in rat, 

rabbit, and human (Zagon et al., 1998a; 1998b; 2000). Topical NTX application also 

normalized delayed wound healing, as well as tears production and corneal sensitivity in 

diabetic rodents (Klocek et al., 2009; Zagon et al., 2009). Topical application of opioid 

antagonist eye drops might be a promising novel therapy for corneal epithelial wound 

healing disorders.

2.2. Other molecular effectors in corneal epithelial wound healing

2.2.1. Purinergic receptors—The release of ATP induced within one minute after injury 

results in mobilization of intracellular calcium upon activation of purinergic receptors P2Y 

or P2X (Weinger et al., 2005; Lee et al., 2014). This activation appears to be one of the 

earliest events in the healing process (Lee et al., 2014). In the P2X7 knockout mice, corneal 

epithelial wound healing was compromised (Mayo et al., 2008). In addition, downregulation 

of the P2Y2 receptor using siRNA also inhibited wound healing in corneal epithelial cells in 

comparison to control cells transfected with scrambled sequence (Boucher et al., 2010). The 

release of nucleotides at the wound site not only activates purinergic receptor P2Y, but also 

leads to phosphorylation of site-specific residues on EGFR and its EGF-independent 

activation, suggesting possible cross-talk between purinergic receptors and EGFR in corneal 

epithelial cell migration and wound healing (Boucher et al., 2011). Most recent data show 

that the effects of P2X7 on wound healing may be mediated by a rearrangement of actin 

cytoskeleton enabling epithelial cells to better migrate (Minns et al., 2015).

2.2.2. Toll-like receptor 4 (TLR4)—TLRs also contribute to early corneal epithelial 

wound healing by enhancing cell migration and proliferation in vitro and in vivo (Eslani et 

al., 2014). TLRs are a family of proteins that play a major role in the innate immune system 

and modulate inflammation via several pathways such as nuclear factor κB (NF-κB), MAP 

kinases, and activator protein (AP)-1 (Pearlman et al., 2008; Kostarnoy et al., 2013). TLR4 

signaling pathway is activated in response to its ligands such as pathogen-associated 

molecular patterns (viruses and bacteria), and damage-associated molecular patterns as a 

result of tissue injury. This leads to production of proinflammatory cytokines, adhesion 

molecules, and proteolytic enzymes during the inflammatory stage of wound healing 

(Pearlman et al., 2008; Kostarnoy et al., 2013), as well as to enhanced cell migration and 

proliferation. Human corneal epithelial cells (HCEC) treated with lipopolysaccharide (LPS) 

showed significant increase in wound closure. In these cells TLR4 mediated increase in 
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cytokines such as IL-6, TNF-α, and CXCL8/IL-8, as well as enhanced phosphorylation of 

ERK1/2 and p38 MAP kinases (Eslani et al., 2014). Thus, TLR4 contributes to both 

inflammatory responses and epithelial migration and proliferation (Sharma et al., 2003; 

Eslani et al., 2014).

2.2.3. Rho-associated protein kinase (ROCK)—ROCK is a serine/threonine kinase, 

which is mainly involved in regulating cell movement through formation of actin stress 

fibers and focal adhesions (Leung et al., 1995; Ishizaki et al., 1996). ROCK1 and ROCK2 

are major downstream effectors of the small Rho GTPases, the major regulators of the 

cytoskeleton. They are involved in many corneal cell functions such as epithelial 

differentiation (SundarRaj et al., 1998), proliferation (Yin et al., 2008), cell adhesion 

(Anderson et al. 2002), cytoskeleton reorganization (Kim and Petroll, 2007), and cell-matrix 

interactions (Kim et al., 2006). Both ROCK 1 and ROCK 2 are activated in response to 

wounding and HB-EGF stimulation. ROCK inhibitor Y-27632 accelerates wound healing 

mainly by modulating cell-ECM and cell-cell adhesion in HCECs, whereas Rho inhibitor C3 

attenuates wound closure (Yin et al., 2008; Yin and Yu, 2008). ROCKs regulate cell-cell 

adhesion mediated by E-cadherin and β-catenin, as well as the formation and maintenance of 

barrier integrity (Yin and Yu, 2008). The mechanism of ROCK inhibitor influence on 

wound healing may be suggested from experiments with cardiac cells, where ROCK is 

induced by TGF-β and inhibits bone morphogenetic protein (BMP)-2 expression (Wang et 

al., 2012b). At the same time BMP-2 can mediate cell migration by inducing some ECM 

components (Inai et al., 2013). Therefore, ROCK inhibition may switch signaling from 

profibrotic TGF-β to pro-migratory BMP, and thus promote cell migration necessary for 

wound healing.

2.3. Cross-talk of signaling pathways in epithelial wound healing

Epithelial wound healing is mediated by various growth factors and cytokines that activate 

both parallel and sequential downstream signaling pathways. The growing evidence suggests 

the existence and importance of intracellular signaling cross-talk in the epithelial healing 

after injury. In the initial or lag phase of wound healing several parallel signaling pathways, 

which may also cross-talk, are activated to reorganize cellular and subcellular structures 

initiating cell migration, the first step of the healing process. These initial factors include 

IL-1 and TNF-α (Wilson et al., 1999), EGF and PDGF (Tuominen et al., 2001), which 

trigger a series of responses leading to epithelial cell migration through ERK, MAP kinases, 

and/or NF-κB pathway. Additionally, a number of transcription factors, such as c-fos, c-jun, 

jun-B, and fos-B, become activated during the lag phase of wound healing before the cells 

start to migrate (Oakdale et al., 1996). These initial factors can also lead to activation of 

other parallel pathways in underlying stroma, including IL-1-mediated keratocyte apoptosis 

via Fas/Fas ligand (Wilson et al., 1999), which leads to consecutive pathways of pro-

inflammatory cascades in the first 24 hr following injury (Wilson et al., 2001). EGFR 

transactivation has been shown to enhance intracellular signaling in corneal epithelial wound 

healing in the presence of non-EGF ligands such as IGF, insulin, and HGF by activating 

ERK and PI3K/Akt pathways (Lyu et al., 2006; Spix et al., 2007). HGF and KGF, as well as 

pigment epithelium-derived factor (PEDF) signaling during wound healing converges on 
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p38 and/or ERK1/2 pathways; the former mediates cell migration, whereas the latter induces 

proliferation (Sharma et al., 2003; Ho et al., 2013).

Another initial wound healing factor is the release of matrix metalloproteinases (MMPs), 

which triggers a series of processes to disengage cell-cell and cell-matrix adhesion. This 

further leads to initiation and facilitation of cell migration via cross-talk with integrins and 

the production of ECM proteins such as fibronectin, laminin and tenascin, in the wound area 

that act as a temporary scaffold for migratory cells (Tuft et al., 1993). The release of cellular 

nucleotides (e.g., ATP) upon epithelial injury is also implicated as an initial factor causing 

rapid activation of purinergic signaling and increase of intracellular Ca2+ levels leading to 

EGFR transactivation and cell migration, and eventually, epithelial wound healing with 

corneal nerve involvement (Weinger et al., 2005; Boucher et al., 2007; Yin et al., 2007; Lee 

et al., 2014). EGFR and purinergic signaling are also involved in the phosphorylation of 

paxillin needed for cell migration (Kimura et al., 2008; Mayo et al., 2008).

Cell migration during wound healing may also involve a cross-talk between growth factors 

and ECM. IGF-I was shown to induce cell migration directly through its receptor, as well as 

through stimulating the expression of corneal BM component laminin-332, which facilitates 

epithelial cell migration in vitro (Lee et al., 2006). IGF-I receptor can be also engaged in 

cross-talk with β1 chain-containing integrins important for corneal epithelial cell migration 

(Seomun and Joo, 2008) through their recruitment to lipid rafts (Salani et al., 2009). Overall, 

significant cross-talk in corneal wound healing has been revealed between several growth 

factors through transactivation of signaling pathways, and between growth factors and 

extracellular mediators of this process. This cross-talk underlines the complex nature of 

epithelial wound healing, and is a complicating factor in studies of this process using 

signaling inhibitors and activators.

2.4. Proteinases in epithelial wound healing

Proteinases, such as MMPs, cathepsins, and plasminogen activators are implicated in a wide 

range of physiological and pathological processes, including development, morphogenesis, 

angiogenesis, wound healing and tissue remodeling. MMPs form a large family of zinc-

dependent endopeptidases that act on a variety of substrates, including ECM and BM 

proteins, proteinases, and their inhibitors, to activate growth factors, cytokines, receptors, 

and adhesion molecules (Sivak and Fini, 2002). Most MMPs are secreted as proenzymes and 

undergo proteolytic activation. MMP expression is also regulated by growth factors/

cytokines (Girard et al., 1991; Kim et al., 2004). MMPs influence cell migration via 

extracellular matrix degradation or by modifying cellular adhesive properties and are 

elevated during corneal wound healing (Daniels et al., 2003; Blanco-Mezquita et al., 2013; 

Petznick et al., 2013; Mauris et al., 2014). They may also stimulate proliferation by altering 

the extracellular matrix microenvironment. In addition, MMPs may modulate the activity of 

growth factors/cytokines and receptors (Vu and Werb, 2000; Mott and Werb, 2004). Some 

MMPs, e.g., MMP-10 may delay corneal epithelial wound healing, possibly through 

downstream signaling (see below). The others, such as MMP-9, may play very complex 

roles in this process. On the one hand, galectin-3-induced MMP-9 facilitates corneal cell 

movement and wound healing by disrupting cell-cell contacts (Mauris et al., 2014), and 
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respective knockout mice show delayed healing of skin wounds in vivo (Kyriakides et al., 

2009). At the same time, its excessive production upon certain corneal injuries may dissolve 

epithelial BM and negatively impact healing (Fini et al., 1996; Ottino et al., 2002). 

Moreover, excessive MMP-9 cleavage of β4 chain of the hemidesmosomal component 

integrin α6β4 may lead to corneal epithelial erosions (Pal-Ghosh et al., 2011a). The final 

outcome may depend upon the availability and amounts of tissue inhibitors of MMPs 

(TIMPs) that are natural modulators of MMP activity (Nelson et al., 2000; Nagase and 

Brew, 2003). A comprehensive expression analysis of MMPs and TIMPs during corneal 

epithelial resurfacing in mice showed distinct MMP temporal-spatial profiles at different 

stages of regeneration (Gordon et al., 2011).

Urokinase-type plasminogen activator (uPA/PLAU) is upregulated in wounded corneal 

epithelial cells and may stimulate cell migration (Watanabe et al., 2003). Its influence on 

cell migration may be fine-tuned by its inhibitor (PAI-1/serpin E1/PLANH1) that is 

adhesive and chemotactic for corneal epithelium (Wang et al., 2005). The cathepsin family 

comprises lysosomal proteinases that may also be found on the cell surface or extracellularly 

and were implicated in ECM degradation, e.g., in keratoconus corneas (Maguen et al., 

2008).

Abnormal MMP expression contributes to many pathological conditions, such as diabetic 

keratopathy and chronic wounds (Fini et al., 1996; Maguen et al. 1997; 2002; 2007; 2008; 

Nelson et al., 2000; Saghizadeh et al., 2001a; 2005; 2010a; Mohan et al., 2002; Kabosova et 

al., 2003; Toriseva and Kähäri, 2009). Our studies demonstrated increased expression of 

MMP-10 and cathepsin F in the human diabetic corneal epithelium, whereas diabetic 

keratocytes upregulated MMP-3 and MMP-10 (Saghizadeh et al., 2001a; 2005; 2010a; 

Kabosova et al., 2003). We also showed that overexpression of MMP-10 and cathepsin F in 

normal organ-cultured human corneas delayed wound healing and led to diabetic-like 

changes in basement membrane and integrin patterns (Saghizadeh et al., 2010a). Conversely, 

silencing of MMP-10 and cathepsin F genes using recombinant adenovirus-driven small 

hairpin RNA (shRNA) enhanced wound healing as well as increased epithelial and stem cell 

marker expression in organ-cultured human diabetic corneas through EGFR/Akt signaling 

pathway (Saghizadeh et al., 2013b; 2014). The data on MMP-10 were corroborated by in 

vivo studies of galactose-fed diabetic rats that also showed overexpression of MMP-10, 

which resulted in delayed wound healing. Whereas, suppression of MMP-10 expression by 

aldose reductase inhibitor normalized wound healing in diabetic animals (Tomomatsu et al., 

2009; Takamura et al., 2013). Overall, some proteinases may facilitate wound healing, 

whereas the others inhibit it. Therefore, caution should be exerted when using broad-

spectrum inhibitors, such as MMP inhibitor doxycycline (Li et al., 2003), to treat corneal 

problems associated with abnormal wound healing.

2.5. Extracellular matrix (ECM) in epithelial wound healing

Corneal epithelium makes its own ECM in the form of specialized epithelial BM that is 

apposed to underlying collagenous Bowman’s layer. It provides structural support and 

regulates through various receptors epithelial migration, proliferation, differentiation, 

adhesion and apoptosis (Azar et al., 1992; Kurpakus et al., 1992; Zieske et al., 1994; 
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Ljubimov et al., 1995, 1996a; 1996b; Suzuki et al., 2003). Corneal BM components undergo 

considerable remodeling during embryonic and postnatal development (Kabosova et al., 

2007). In the adult, they display regional heterogeneity among central part, limbus, and 

conjunctiva with respect to the distribution of type IV collagen and laminin isoforms, as well 

as of thrombospondin-1 (TSP-1), tenascin-C, fibrillin-1, and type XII collagen (Ljubimov et 

al. 1995; Kabosova et al., 2007; Schlötzer-Schrehardt et al., 2007). Corneal epithelial BM is 

composed of specialized networks of type IV collagens, laminins, nidogens, and perlecan as 

most BMs (Nakayasu et al. 1986; Martin and Timpl, 1987; Ljubimov et al., 1995; 1996a; 

Tuori et al. 1996; Kabosova et al., 2007; Schlötzer-Schrehardt et al., 2007), with additional 

components, such as TSP-1, matrilin-2, matrilin-4, types XV, XVII and XVIII collagen, and 

FN (Kabosova et al., 2007; Schlötzer-Schrehardt et al., 2007; Dietrich-Ntoukas et al., 2012). 

During epithelial wound healing, BM often undergoes degradation and subsequent 

resynthesis/reassembly and may regulate directed migration of epithelial cells into the 

wound, together with chemotactic factor gradients (Suzuki et al., 2000; Yu et al., 2010b). 

Several hours after the epithelial injury, a number of provisional ECM components, both 

BM-related, such as FN, and non-BM-related, such as fibrin (probably originating from 

tears), are laid down on the denuded area and/or overexpressed by the leading cells at the 

wound edge and subsequently by basal epithelial cells and keratocytes (Fujikawa et al., 

1984; Tuft et al., 1993). This temporary ECM appears to be accumulated by a TGF-β-

dependent mechanism (Leask and Abraham, 2004). At the early stage of migration, the cells 

at the wound edge upregulate FN receptor, integrin α5β1, to migrate over temporary ECM 

rich in FN (Nishida et al., 1990; Murakami et al., 1992). Subsequently, laminin and collagen 

types I and IV appear under the newly resurfaced epithelium, as the FN staining gradually 

decreases (Nakayasu et al., 1986; Murakami et al. 1992; Ljubimov et al. 1998a). Lumican is 

another ECM component that is transiently expressed during tissue repair in murine corneal 

epithelium; its absence inhibits epithelial resurfacing in organ culture and delays epithelial 

wound healing in vivo (Saika et al., 2002).

During corneal epithelial wounding the BM may or may not be damaged. Central epithelial 

debridement wounds experimentally inflicted with a dull blade leave BM intact and may 

heal without BM remodeling, but may lead to subsequent erosions. Wounds that damage or 

remove epithelial BM (inflicted by a rotating burr, such as Algerbrush) heal without 

erosions, although they damage more nerves and cause more pronounced keratocyte 

apoptosis; however, fewer immune cells are attracted (Pal-Ghosh et al., 2011b). When 

healing of debridement wounds takes longer than 24 hours (this usually happens with large 

wounds), epithelial BM shows clear signs of disruption (Sta Iglesia and Stepp, 2000). It may 

be suggested that activation of BM degradation is a result of transient amplifying cells 

(TACs) activity that heal the wound from corneal periphery to the center by centripetal 

movement similar to standard epithelial renewal. As they appear to have a different BM 

composition (Ljubimov et al., 1995) than the central epithelium, TACs and their progeny 

may need to remodel central BM for proper movement and healing without erosions.

Recently, the roles of biophysical and topographic cues intrinsic to cell microenvironment, 

including topographically patterned BM, substratum stiffness, and electric fields have been 

demonstrated in wound healing processes (Abrams et al., 2000; Gao et al., 2015a), including 

Ljubimov and Saghizadeh Page 13

Prog Retin Eye Res. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



adhesion (Karuri et al., 2004), migration (Liliensiek et al., 2006), and proliferation (Diehl et 

al., 2005).

Epithelial BM integrity is often compromised during wounding, which may have 

consequences for healing of the whole cornea, rather than of the epithelium only. In normal 

conditions, the epithelial BM is thought to control the availability of epithelium-derived 

growth factors and cytokines, such as TGF-β1 and PDGF, to stromal cells and/or, in the 

opposite direction, the stromal-derived growth factors, such as KGF, to epithelium. Injury to 

epithelial BM allows access of stromal cells to the epithelial cytokines and vice versa. This 

is thought to cause keratocyte apoptosis (see Section 3) by IL-1, and keratocyte to 

myofibroblast transformation due to TGF-β and PDGF access to stroma (Chaurasia et al., 

2009; Singh et al., 2011). Declined levels of TGF-β1 and PDGF in stroma due to reassembly 

of the epithelial BM appear to lead to the apoptosis of stromal myofibroblasts, which are 

dependent on TGF-β1 for survival (Netto et al., 2006; Kaur et al., 2009a; Singh et al., 2011).

The role of BM in corneal epithelial cell function and wound healing may be also inferred 

from studies of corneal diseases, such as diabetic keratopathy that typically displays delayed 

healing (Fig. 3). Decreased immunostaining and expression of several major epithelial BM 

components and laminin receptor α3β1/VLA-3 integrin, possibly due to degradation, have 

been documented in the human and rodent diabetic corneas, and upon epithelial cell 

treatment with high glucose (Ljubimov et al., 1998a; 1998b; Saghizadeh et al., 2001; Fujita 

et al., 2003; Takamura et al., 2013). These changes correlated with impaired epithelial 

wound healing in diabetic corneas (Kabosova et al., 2003). Moreover, specific gene therapy 

that normalized diabetic wound healing also increased the expression of affected BM 

components and α3β1 integrin (Fig. 5) suggesting their involvement in epithelial healing 

after debridement (Saghizadeh et al., 2010a; 2013a). Overall, epithelial BM plays a 

significant role in corneal epithelial healing, and its remodeling appears to be essential for 

this process.

2.6. Sensory innervation in epithelial wound healing

The sensory nerve fibers that originate and derived from the ophthalmic branch of the 

trigeminal ganglion enter the cornea peripherally and terminate in numerous fine endings 

among the epithelial cells. The integrity of nerve fibers is crucial for normal corneal function 

by sensing thermal, mechanical, and chemical stimuli leading to the release of essential 

neurotrophins for corneal homeostasis and wound healing (Göbbels et al., 1989). The 

trophic effect of sensory nerves on corneal epithelial wound healing appears to be mediated 

by neuropeptides such as substance P contained in nerve terminals (Gallar et al., 1990). 

Depletion of neuropeptides from sensory nerve terminals induced by topical application of 

neurotoxin capsaicin delayed the healing rate of corneal wound in rabbit (Gallar et al., 

1990). Corneal nerve regeneration stimulated by docosahexaenoic acid and PEDF (DHA + 

PEDF) after nerve damage led to enhanced epithelial wound healing, which was related to 

the production of neuroprotectin D1 (Cortina et al., 2012). Substance P (SP) is another 

neuropeptide released from terminal sensory nerve fibers that plays a major role in the 

maintenance of corneal epithelium homeostasis and diabetic epithelial wound healing 

through the interaction with neurokinin receptor-1 (NK-1) (Yang et al., 2014a). SP–NK-1 
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receptor signaling activates several signaling pathways that are needed for epithelial wound 

healing, such as EGFR-Akt, and Sirt1, rescuing hyperglycemia-impaired corneal sensation, 

improving mitochondrial function, and decreasing reactive oxygen species accumulation 

(Yang et al., 2014a). Corneal diseases, such as diabetic and neurotrophic keratopathies, are 

associated with impaired function of corneal nerves and epithelial breakdown with the 

consequence of delayed epithelial wound healing and corneal neurotrophic ulceration 

(Lambiase et al., 1999). Improving nerve health and regeneration upon wounding may 

constitute an effective therapy for corneal healing abnormalities associated with diabetes.

2.7. Immune system in epithelial wound healing

The major function of corneal epithelium is to protect the eye interior by serving as a 

physical and chemical barrier against infection by tight junctions and sustaining the integrity 

and visual clarity of cornea. Wounded, damaged or infected epithelial cells secret the 

cytokine, IL-1α, which is stored in epithelial cells and released when the cell membrane is 

damaged by external insults. Secreted IL-1α can cause increased immune infiltration of the 

cornea leading to neovascularization, which may result in visual loss. However, IL-1α 

antagonist, IL-1RN, prevents leucocyte invasion of the cornea and suppresses 

neovascularization, which may help preserve vision (Stapleton et al., 2008). IL-1RN gene 

transfer in a rat model of corneal transplantation was able to inhibit graft rejection through 

the downregulation of immune mediators (Yuan et al., 2013). In animal models, corneal 

epithelial wounding prompts an acute inflammatory response in the limbal blood vessels 

leading to accumulation of leukocytes and neutrophils (Li et al., 2007; Yamagami et al., 

2005), and migration of dendritic cells, macrophages and lymphocytes (Jin et al., 2007; Li et 

al., 2007; Gao et al. 2011) into the stroma and the wounded epithelium. Current evidence 

indicates that the innate inflammatory responses are necessary for corneal epithelial wound 

healing and nerve recovery (Li et al., 2006a; 2007; 2011; Gao et al., 2011). Platelets also 

accumulate in the limbus and migrate to the stroma in response to wounded epithelium, 

which is necessary for efficient re-epithelialization through cell adhesion molecules such as 

P-selectin (Li et al., 2006b; Lam et al., 2011). In fact, in P-selectin null mice, platelet 

accumulation in limbus, neutrophil emigration into wounded epithelium, and corneal 

epithelial wound closure were significantly reduced (Li et al., 2006b). In addition, epithelial 

cell division and basal cell density were also reduced, probably due to the absence of 

neutrophils, which were present in wild type mice within 12-18 hours of epithelial injury, 

the peak timing for wound coverage (Li et al., 2006a). These data are in agreement with a 

major role of immune system cells such as neutrophils in corneal epithelial wound healing, 

which might be due to their ability to release growth factors that impact the epithelium (Li et 

al., 2006a; 2006b). Recently, natural killer cells were also shown to be involved in epithelial 

wound healing by limiting an inflammatory reaction to corneal wounding (Liu et al., 2012). 

It should be noted that most data on immune cell participation in corneal wound healing 

have been obtained on animal models, whereas the information about human corneas is 

scarce.

2.8. Limbal epithelial stem cells in wound healing

Corneal epithelium is constantly renewed by limbal epithelial stem cells (LESC) that in 

many species including humans exclusively reside in the corneoscleral junction, limbus. The 
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basal limbal epithelial cells are a diverse population with a small number of LESC 

predominantly located in the palisades of Vogt (Goldberg and Bron, 1982), and/or in the 

deeper stromal limbal crypts connected to the limbal epithelium (Dua et al., 2005). The 

existence of stem cells in the limbus was suggested initially in 1971 by Davanger and 

Evensen. It was most recently corroborated by elegant application of inducible tagging 

technology in vivo using keratin 14 promoter, which is expressed predominantly in the 

limbus. This technique allows tracking individual limbal cells, presumably LESC, and their 

migration to the center of the cornea, in accordance with the LESC hypothesis (Amitai-

Lange et al., 2015; Di Girolamo, 2015; Di Girolamo et al., 2015). Similar data were also 

obtained using LacZ reporter mice (West et al., 2015). The association of the corneal 

epithelial tumors only with limbus also supports the LESC concept (Lee and Hirst, 1995). 

LESCs have a lifetime capacity for self-renewal, and the ability to generate TACs, which 

appear to make up most of the basal epithelium in the limbus and peripheral cornea. They 

are thought to migrate into the central cornea, proliferate rapidly afterwards and eventually 

terminally differentiate into central corneal epithelial cells. This process takes place during 

corneal homeostasis and wound healing (Lehrer et al. 1998; Ahmad et al., 2010; Ordonez et 

al. 2012; Amitai-Lange et al., 2015; Di Girolamo et al. 2015; West et al., 2015). In order to 

localize and identify the stem cells, several ways have been adopted including colony-

forming assay for their proliferative potential, DNA label (BrdU) retaining ability due to 

their slow cycling nature, the presence of specific surface antigens, the lack of terminal 

differentiation markers, and the presence of the specific stromal niche cells (Barak et al., 

1980; Lavker and Sun, 1983; Espana et al., 2003; Sun and Lavker, 2004; Yoon et al., 2014). 

Genetic or acquired deficiencies of or damage to LESC result in a clinical condition called 

limbal stem cell deficiency (LSCD). It may lead to serious corneal problems such as altered 

corneal wound healing, stromal neovascularization and in-growth of conjunctival cells, and 

eventually, to corneal opacity and visual loss (Biber et al., 2010).

2.8.1. Limbal epithelial stem cell markers—Because of small numbers of LESC in the 

cornea and some technical problems with their definition (by DNA label retaining, 

clonogenicity, etc.) there is still no consensus of their specific markers, which hampers their 

studies in normal corneal maintenance and wound healing. There have been only isolated 

attempts to identify proteins expressed in BrdU-retaining corneal cells in vivo, but all these 

potential markers were also found to be expressed in many limbal epithelial cells (reviewed 

in Joe and Yeung, 2014; Yoon et al., 2014). This uncertainty necessitates the use of several 

“putative” markers together, the most popular being ΔNp63α, ABCG2, C/EBPδ, Bmi-1, 

K15, and Notch 1, with exclusion of differentiated epithelial keratins K3 and K12 (Joe and 

Yeung, 2014). Most recently, a promising new marker ABCB5 was identified, with potential 

role in LESC quiescence and wound healing, as suggested by knockout mouse experiments 

(Ksander et al., 2014).

2.8.2. Limbal stem cells in epithelial renewal and wound healing—During 

corneal epithelial maintenance LESC divide occasionally in order to replace cells lost by 

terminal differentiation and eventually desquamation (Lehrer et al., 1998; Pellegrini et al. 

1999). However, in response to injury the proliferative rate increases 8- to 9-fold in the 

limbus and about 2-fold in peripheral and central regions, which then returns to basal levels 
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after 36-48 hrs in the limbus and after wound closure in peripheral/central regions 

(Cotsarelis et al., 1989; Lavker et al., 1998; Lehrer et al., 1998). Therefore, in response to 

wounding, LESC undergo few cycles and give rise to many TACs with high migratory and 

proliferative capacity. Their properties and transient amplification would then be modulated 

during centripetal migration in the course of wound healing in response to the changes in 

ECM, integrin receptors, growth factors and cytokines (Power et al., 1995; Trosan et al., 

2012).

The essential role of LESC in wound healing is supported by a number of studies (Chen and 

Tseng, 1990; Tsai et al., 1990; Dua, 1998; Castro-Muñozledo, 2013; Amitai-Lange et al., 

2015). When limbal cells are damaged or absent, wound healing in the cornea is altered or 

does not occur (Chen et al., 1990). Deficiencies of or damage to LESC result in partial or 

total LSCD. This leads to serious corneal problems, such as delayed wound healing, stromal 

neovascularization and ingrowth of conjunctival cells, which may cause corneal opacity and 

visual loss (Chen and Tseng, 1990; Lim et al., 2009). Limbal transplantation is able to 

restore wound healing (Tsai et al., 1990) and epithelial resurfacing of the entire corneal 

epithelium, and removal of the central epithelium leads to complete wound repopulation by 

limbal cells (Kenyon and Tseng, 1989; Chen and Tseng, 1990; Chung et al., 1995). It should 

be noted that central corneal cells significantly contribute to healing of small wounds, but 

large wounds show limbal cell involvement, although it may be delayed for several days 

(Amitai-Lange et al., 2015).

Signals triggering LESC-TAC activation, proliferation, and migration into the wound are not 

fully understood. It has been suggested that certain growth factors and cytokines (including 

those secreted by immigrating inflammatory cells), as well as chemotactic molecules 

including products of ECM degradation contribute to healing signals. Upon damage to the 

corneal epithelium, limbal fibroblasts markedly upregulate KGF expression and limbal 

epithelial cells show elevated expression of its receptor, suggesting the prominent role of 

KGF in limbal activation for wound healing (Wilson et al., 1999). CNTF, a well-known 

neuroprotective cytokine, has been shown recently to play a role in the activation of limbal 

epithelial stem/progenitor cells and wound healing of both normal and diabetic mouse 

corneal epithelium. Exogenous CNTF application enhanced wound healing by initiating of 

LESC activation, while its neutralizing antibody delayed healing (Zhou et al., 2015). Similar 

effects on epithelial healing were observed using FGF-2 eye drops in patients after 

photorefractive keratectomy (Meduri et al., 2012). We have observed that human diabetic 

corneas have upregulation of HGF but downregulation of its receptor c-met. These corneas 

also display delayed wound healing and markedly decreased expression of several putative 

LESC markers (Saghizadeh et al. 2011). Specific gene therapy to restore c-met levels 

normalized LESC marker expression in human diabetic organ-cultured corneas as well as 

wound healing (Saghizadeh et al., 2011; 2014). These data point to the importance of HGF–

c-met signaling in LESC function and epithelial healing. In addition, gene therapy of limbal 

cells only produced similar effects, attesting to the major role of LESC in epithelial wound 

healing (Saghizadeh et al., 2014). Similar beneficial effects on diabetic corneal wound 

healing and LESC marker expression were observed upon shRNA-mediated inhibition of 

specific proteinases, MMP-10 and cathepsin F, that are upregulated in diabetic corneas 

(Saghizadeh et al., 2014). It remains to be established whether these effects were due to 
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normalization of epithelial BM remodeling or to the concomitant activation of wound 

healing promoting EGFR-Akt signaling.

2.9. MicroRNAs in epithelial wound healing

MicroRNAs (miRNA) are small non-coding RNAs that can specifically bind to 

complementary sequences on 3′UTR of target mRNAs. If the sequence match is complete, 

the mRNA is slated for degradation; with a partial match, its function is inhibited. Overall, 

miRNA action usually results in gene silencing (Humphreys et al., 2005; Chendrimada et al., 

2007). MiRNAs are natural and powerful gene expression regulators, and key mediators of 

basic biological processes in the organism including eye tissues (Li and Piatigorsky, 2009; 

Li et al., 2010). At the same time, their effects may not be easy to interpret because many 

miRNAs have more than one target (Bertero et al., 2011). Even if the primary target with 

complete sequence match with miRNA is identified, other proteins could also be affected by 

this miRNA or its inhibitor (antagomir). MiRNA effects may also be cell type-specific.

In the cornea, some miRNAs display topographical expression differences between central 

part, limbus, and adjacent conjunctiva (Xu, 2009; Karali et al., 2010; Saghizadeh et al., 

2013a; Peng et al., 2015; Teng et al., 2015). Interestingly, several miRNAs with preferential 

limbal epithelial localization appear to play a role in delayed wound healing in diabetic 

corneas (Funari et al., 2013; Saghizadeh et al., 2013b; Winkler et al., 2014). The emerging 

evidence suggests the importance of miRNAs in many phases of corneal epithelial wound 

healing process, where some miRNAs promote healing, but others inhibit it (Funari et al., 

2013; Lin et al., 2013; Winkler et al., 2014; An et al., 2015; Gao et al., 2015b). During 

migration and proliferation of corneal epithelial cells at the wound edge, upregulated 

miR-205 targets SH2-containing phosphoinositide-5-phosphatase (SHIP2), which in turn 

affects Akt signaling pathway and increases epithelial migration (Yu et al., 2010a). The 

upregulated miR-205 can additionally promote motility of epithelial cells through 

modification of F-actin organization (Yu et al., 2010a). It has been further shown that 

miR-205 facilitates wound healing process through inhibition of another target gene, 

KCNJ10 channel, in human corneal epithelial cells (Lin et al., 2013a). In skin keratinocytes, 

growth arrest at the final steps of re-epithelialization is regulated by miR-483-3p by acting 

on MK2 kinase and transcription factor YAP1 (Bertero et al., 2011).

Several miRNAs appear to be responsible for delayed diabetic wound healing. MiR-146b 

and miR-21 have been implicated in altered wound healing in skin of diabetic mice 

(Madhyastha et al., 2012). MiR-204, which targets SIRT1 gene, was shown to impair cell 

cycle traverse of corneal epithelial cells in DM2 diabetic Akita mice (Gao et al., 2015b) and 

to inhibit cell migration (An et al., 2015). We have identified miR-146a and miR-424 as 

regulators of corneal epithelial wound healing (Funari et al., 2013). MiR-146a plays a major 

role as a modulator of the innate immune and inflammatory responses, and wound 

inflammation, and may repress proinflammatory genes within the wound (Roy and Sen, 

2011; Xu et al., 2012a). It also inhibits cell migration by targeting EGFR and other signaling 

molecules such as IRAK1 and NF-κB (Kogo et al. 2011; Xu et al. 2012b; Chen et al. 2013; 

Funari et al. 2013). Both miR-146a and miR-424 suppressed, and conversely, their inhibitors 

enhanced, wound healing in transfected telomerase-immortalized HCEC in vitro. In cells 
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transfected with miR-146a or miR-424 antagomir inhibitors, both EGFR and p38 were 

activated during wound closure. The mir-146a antagomir also enhanced wound healing (Fig. 

6) in human diabetic organ-cultured corneas (Winkler et al. 2014). MiR-146a inhibited not 

only EGFR activation but also reduced the amount of total EGFR, which is its direct target 

(Funari et al. 2013). These recent data attest to the significance of miRNAs in regulating 

corneal wound closure, and provide novel insights into mechanisms of the wound healing 

process. Further investigations of their targets and affected pathways would help us 

understand normal epithelial healing, and its dysregulation in chronic wounds and diseased 

corneas.

2.10. Therapeutic approaches to enhance or normalize epithelial wound healing

2.10.1. Gene therapy—Gene therapy has a clear potential for treating human corneal 

diseases. Corneal immune-privileged nature and easy accessibility make it an easy target for 

gene therapy (Mohan et al., 2003; Liu et al., 2008). Gene delivery can be monitored visually 

by tagging a fluorescent protein to the target gene, and gene therapy reagents can be applied 

topically to the corneal surface. The major advantage is that the cornea can be maintained 

for several weeks in ex vivo organ culture, which allows us to improve the efficacy and 

safety of gene therapy by optimizing gene transfer. Here we will consider recent work on 

transgene delivery systems to the cornea in various in vivo and in vitro model systems.

2.10.1.1. Viral gene therapy: In recent years, viral gene therapy has been successfully 

applied for delivering specific genes into cornea producing rapid, high-level, expression of 

the target gene. Recombinant adenoviruses (rAV), adeno-associated viruses (rAAV), and 

lentiviruses are the major classes of viral vectors commonly used to transfect the cornea. 

The choice of viral vector depends on specific cell targeting, desired expression level, 

development of immune reactions, and choice of temporary vs. long-term expression of the 

target gene. Both rAV and rAAV can successfully deliver genes of interest into human 

corneas. rAAV appears to reach all three layers of corneal cells, epithelial, stromal and 

endothelial cells (Mohan et al. 2003; Liu et al., 2008). rAV transduction was seen only in 

epithelial and endothelial cells, and with considerably higher expression level of the green 

fluorescent protein (GFP) reporter than with rAAV transduction (Liu et al. 2008). Different 

rAAV serotype vectors also transduced corneal cells in rabbit corneas as well as human 

organ-cultured corneas to a different extent (Mohan et al., 2003, 2005; Liu et al., 2008; 

Buss, 2010). Our studies showed that rAAV1 and rAAV8 produced higher GFP staining 

intensities than rAAV2, rAAV5, and rAAV7 (Liu et al., 2008).

It is well established that diabetic corneas have slow wound healing. We have, therefore, 

used rAV-driven gene therapy to elucidate the functional role of several abnormally 

expressed target genes in wound healing of organ-cultured human diabetic corneas 

(Saghizadeh et al., 2010a; 2010b; 2011; 2013a; 2014). Central and limbal cells in these 

corneas were transduced with c-met gene to increase its expression, and/or shRNA to 

diabetes-upregulated MMP-10 and cathepsin F genes to decrease their expression 

(Saghizadeh et al., 2010a; 2010b; 2011; 2014). Transduction led to effective normalization 

of diabetic and stem cell marker patterns, as well as wound healing rates. This effect was 

also observed when only limbal cells were transduced before wounding the corneas 
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(Saghizadeh et al., 2014). Several pathways including EGFR-Akt and p38 MAP kinase were 

suggested as gene therapy mechanisms. rAV-driven vasohibin-1 expression upon 

subconjunctival injection was also effective in inhibiting neovascularization upon mouse 

corneal alkaline burn (Zhou et al., 2010).

Corneal epithelial and endothelial cells have been also successfully transfected with 

lentiviral vectors for gene therapy purposes (Oliveira et al., 2010; Parker et al., 2010). These 

vectors can ensure long-term expression because of their integration into the host genome, 

but their random integration might result in side effects (Follenzi et al., 2007; Li and Huang, 

2007). It remains to be established whether they would be useful for restoring abnormal 

wound healing in disease conditions. In this respect, transient transduction, e.g., with rAV or 

rAAV vectors could be preferable in order to provide wound healing enhancement, which 

may need to be only temporary.

2.10.1.2. Nanocarrier-based gene therapy: Nanotechnology is currently an area of great 

interest in ophthalmology due to a wide variety of potential applications in drug and gene 

delivery into the eye. Although viral-based therapies usually have better transduction 

efficiencies than nanocarriers (mostly represented by nanoparticles, NPs), the latter are 

relatively easy to synthesize and manipulate, have low production costs, can accommodate 

large size vectors, do not induce inflammatory responses, pose no risk of genomic insertion 

and mutation, and are amenable to targeting (Han et al. 2011; 2012). There are several types 

of NPs including metal-, lipid-, and polymer-based systems. They are different in size, 

charge, and structure but are all able to enter the cells, while avoiding the endosomes, and 

transfer the vector into the nucleus for gene expression (Adijanto and Naash, 2015). NPs 

allow combining several different plasmids in one particle to increase transgene expression 

(Klausner et al., 2010). The data on the use of NPs for corneal wound healing therapy are 

emerging. Inorganically-coated all-trans retinoic acid NPs have shown promise in enhancing 

corneal epithelial wound healing in cultured cells and a rabbit wound model (Hattori et al., 

2012). Popular poly (lactide-co-glycolide) NPs loaded with antifibrotic drug pirfenidone 

also increased corneal re-epithelialization, as well as reduced collagen synthesis and 

prevented myofibroblast formation in a rabbit alkaline burn model (Chowdhury et al., 2013). 

Elastin-like polypeptide-based NPs bearing a mitogenic protein lacritin promoted corneal 

epithelial wound healing in non-obese diabetic mice (Wang et al., 2014). Overall, 

nanocarrier technologies have a potential for effective drug delivery and gene transfer for 

therapeutic approaches including wound healing promotion (Williams and Klebe, 2012), and 

their use may be expanded in the near future. At the same time, some industrially relevant 

engineered inorganic and organic NPs were shown to be toxic for corneal cells calling for 

proper toxicology studies (Zhou et al., 2014).

2.10.2. MicroRNA therapy—MiRNA therapy may either increase natural miRNAs that 

are underexpressed in cells using miRNA mimics or inhibit their expression with respective 

antagomirs when they are overexpressed. MiRNAs are known to have multi-targeted pattern 

of regulating many different genes across multiple pathways simultaneously, in contrast to 

other targeted therapies that affect only one or two genes or pathways. For instance, 

intravenous administration of miR-122 antagomir resulted in reduced level in plasma 
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cholesterol by targeting simultaneously a number of cholesterol biosynthesis genes in mice 

and non-human primates (Elmen et al., 2008a, 2008b; Krützfeldt et al., 2005). This property 

may be advantageous in some cases, but may have unwanted or unpredictable side effects in 

others, calling for caution in using miRNAs for treatment.

The use of miRNA mimics or antagomirs is being investigated for therapeutic modulation of 

miRNAs in cancer (Huang et al., 2014), chronic inflammatory diseases (Worm et al., 2009), 

hepatitis C (Janssen et al., 2013), and herpetic stromal keratitis (Mulik et al., 2013). Studies 

in mice have demonstrated that antagomirs are efficient and specific silencers of endogenous 

miRNAs decreasing their levels in many organs (Krützfeldt et al., 2005). Since wound 

healing is a complex process involving a number of sequential and parallel pathways, 

miRNA multi-target regulation seems to be an attractive approach to mediating several 

processes simultaneously for treatment of healing problems in pathological conditions. We 

have recently applied antagomir-based therapy for successful normalization of epithelial 

wound healing alterations in human diabetic organ-cultured corneas. Treatment of diabetic 

organ-cultured cornea with miR-146a antagomir significantly enhanced cell migration, 

accompanied by increased phosphorylation of signaling intermediates EGFR and p38 

(Funari et al., 2013; Winkler et al., 2014). Manipulating miRNA levels may provide a novel 

therapeutic tool for regulating corneal wound healing, as well as epithelial homeostasis and 

stem cell maintenance.

2.10.3. Stem cell therapy—The therapeutic use of LESC currently comprises an 

extremely dynamic area of research and clinical applications. LESC dysfunction or loss 

(LSCD) occurs in a wide variety of pathological conditions leading to abnormal epithelial 

self-renewal including hereditary disorders (e.g., aniridia or Stevens Johnson syndrome), 

autoimmune diseases, infections, inflammations, burns or diabetes (Daniels et al., 2006; 

Pellegrini et al., 2009; 2011; Rama et al., 2010; Saghizadeh et al., 2011; Hsu et al., 2014; Joe 

and Yeung, 2014). Loss (in LSCD) or dysfunction (in diabetes) of LESC causes alterations 

in epithelial renewal and thus, compromises wound healing as well. Therefore, restoration of 

LESC numbers and/or functions by transplantation or other approaches also normalizes the 

wound healing process including re-epithelialization after injuries (Tsai et al., 2000; 

Saghizadeh et al., 2011; 2014; Pellegrini et al., 2014).

Keratolimbal biopsy-based autografts for unilateral or allografts for bilateral LSCD are in 

clinical use for a number of years with about 30-45% success and 3-5-year graft survival 

(Kenyon and Tseng, 1989; Baylis et al., 2011). Both methods have drawbacks including 

sample limitation and possible damage at the autograft donor site or the risk of long-term 

immunosuppression in allograft therapy (Pellegrini et al., 1997; Liang et al., 2009). To 

circumvent these problems, ex vivo expansion of autologous and allogeneic LESC in culture 

was developed (Pellegrini et al., 1997) generating an epithelial cell sheet for transplanting 

onto the damaged eye of the patient. Human amniotic membrane (HAM), collagen shields, 

fibrin glue, denuded anterior lens capsule and temperature sensitive biopolymers with or 

without feeder cells have been used as supports for in vitro expansion of LESC for 

subsequent grafting onto the damaged eye, with an average 1-3 years success rate of up to 

76% (Galal et al., 2007; Levis and Daniel 2009; Ahmad et al., 2010; Rama et al. 2010; 

Baylis et al. 2011; Vazirani et al., 2014). Recent efforts were focused on developing 
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xenobiotic-free LESC cultures with no feeder cells or with human cells. Human autologous 

serum has been used to expand LESC on HAM (Shahdadfar et al., 2012) or on soft contact 

lenses (Bobba et al., 2015). The latter technique has been used in a clinical trial in 16 LSCD 

patients with reported success in 10 of 16 eyes (63%) at a median follow-up time of 2.5 

years with the advantage of autologous transplantation (Bobba et al., 2015).

However, LESC can only be passaged several times in vitro (Shanmuganathan et al., 2006). 

Other drawbacks include relative low allograft survival, and potential contamination from 

still widely used mouse 3T3 cell feeder cells (Tseng et al., 2010). Therefore, attempts were 

made to substitute LESC with other stem cells, which would be especially advantageous in 

cases of total LSCD. One alternative source of autologous stem cell-based therapy is 

cultivated oral mucosal epithelium, which has shown up to 80% vision improvement after 

1-2 years in a few clinical trials (Nakamura et al., 2011; Kolli et al., 2014; Sotozono et al., 

2014). However, it often entails peripheral corneal neovascularization (Chen et al., 2012). 

Besides oral mucosa, conjunctival and epidermal epithelium, hair follicle, corneal 

epithelium-like cells differentiated from embryonic stem cells, etc. were tried as alternative 

sources of autologous stem cell-based therapy for corneal diseases and wound healing (Ono 

et al. 2007; Yang et al., 2008; Kumagai et al., 2010; Meyer-Blazejewska, et al. 2011; Yan et 

al., 2014). Adipose-derived, orbital fat-derived, and immature dental pulp stem cells have 

been used for successful re-epithelialization of chemically burned cornea (Monteiro et al., 

2009; Lin et al., 2013b; Zeppieri et al., 2013). Additionally, mesenchymal stem cells 

(MSCs) were also considered as a source of corneal cells to treat burns and LSCD (Ma et al., 

2006; Reinshagen et al., 2011; Pinarli et al., 2014). Interestingly, following the induction of 

epithelial corneal injury in mice by thermal cauterization, systemically administered MSCs 

homed to the injured epithelium causing its rapid regeneration (Lan et al., 2012).

The success of making lineage-specific differentiated cells from embryonic stem cells (ESC) 

or induced pluripotent stem cells (iPSC) (Aberdam et al., 2008; Noisa et al., 2012; 

Yamanaka, 2012) may lead to creation of other bankable and renewable sources of LESC 

for future transplantation needs. Both limbal- and fibroblast-derived iPSCs were generated 

and directed to limbal differentiation (Hayashi et al., 2012; Yu et al., 2013; Sareen et al., 

2014; Casaroli-Marano et al., 2015). Since iPSCs are easily expandable, they are considered 

as an unlimited and renewable cell source. The present hurdle relates to optimization of their 

direct differentiation on optimal substrata with optimal factors/cytokines to the limbal cells 

and further to the stratified corneal cells. To date, several strategies have been developed to 

differentiate ESC/iPSC into limbal epithelial cells both in mouse and human (Casaroli-

Marano et al., 2015). These techniques include using feeder cells (Aberdam et al., 2008), 

embryoid bodies (Bilousova et al., 2010), and stromal cell-derived inducing activity (SDIA) 

culture method (Sakurai et al., 2011; Yoshida et al., 2011). To date, protocols for making 

corneal epithelium from stem cells are not fully optimized. Our approach was to use natural 

substrata mimicking the native LESC niche, including feeder-less denuded HAM and de-

epithelialized corneas, to direct iPSC to limbal differentiation. As a result, iPSC were 

differentiated into cells expressing a number of LESC markers (Sareen et al., 2014), and this 

protocol is being further tested and refined. The most promising approach to achieve reliable 

limbal epithelial differentiation may combine specific soluble factors given for select time 
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periods, and the right extracellular niche. Recently, iPSCs were generated from mouse 

conjunctival cells (Yang et al., 2014b). Such cells may be readily obtained during 

ophthalmic surgeries or conjunctival biopsies and may constitute another source of limbal 

progenitor cells for autologous transplantation.

2.11. Concluding remarks

In the last decade there was a significant progress in the studies of corneal epithelial wound 

healing. Many signaling pathways responsible for healing stimulation, as well as their cross-

talk have been unraveled. The feasibility of gene therapy for wound healing abnormalities 

has been demonstrated, along with the role of miRNA in the healing process. The limbal 

stem cell niche hypothesis has been verified by solid experimental data and new putative 

LESC markers have been described. New approaches for LESC transplantation have been 

worked out including xenobiotic-free culturing, and these cells are now used in several 

countries for efficiently fighting LSCD and various corneal injuries, with successful re-

epithelialization. New sources for LESC replacement have been proposed and are being 

tested in animal models and in patients. There are still some unanswered questions and 

translational issues related to only partial knowledge of mechanisms of the complex wound 

healing process. Given the existence of signaling cross-talk among various effectors of 

epithelial healing, it may be advantageous to recur to combination therapies for acceleration 

of this process, but these studies are relatively scarce. The mechanisms of miRNA 

participation in wound healing are only beginning to be unraveled. Targeted drug delivery to 

stem cells is feasible (Chen et al., 2006) but is hampered by lack of fully specific LESC 

markers and by relative paucity of delivery vehicles including nanocarriers. There is still a 

significant problem with autologous LESC transplantation in severe burns and bilateral 

LSCD, and no ideal cell substitute has been proposed yet. Overall, recent identification of 

new players in the healing process, such as miRNA, and introduction of new technologies, 

including gene therapy, nanocarriers, new small molecule drugs, such as ROCK inhibitor, 

and renewable iPSC for LESC transplantation, may provide a boost for mechanistic studies 

of epithelial wound healing and for the development of optimized and streamlined 

xenobiotic-free treatments for various corneal wounds and autologous LESC replacement.

3. Corneal stromal wound healing

Corneal stromal wounds occur relatively often. They may result from traumas and various 

refractive surgeries meant to correct abnormal eyesight, e.g., myopia or hyperopia. These 

surgeries range from older radial keratotomy invented in the 1950’s and refined and 

propagated in the 1970′ by Fyodorov’s school, to photorefractive keratectomy (PRK), to 

modern and widespread laser in situ keratomileusis (LASIK), to the recent use of less 

damaging femtosecond lasers. In the United States alone about 700,000 LASIK surgeries are 

performed annually. Although most cases are uneventful, some patients develop 

complications of wound healing related to the formation of stromal haze with reduced 

corneal transparency after PRK, or related to flap detachment or failure with possible ectasia 

after LASIK. In many tissues, e.g., in skin fibrotic scar formation as a result of wound 

healing would not significantly affect tissue function. However, such scars can reduce 

corneal transparency and compromise vision. Upon proper healing, the corneal stroma gets 
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remodeled fairly precisely, with its orderly arrays of collagen lamellae ensuring 

transparency and lack of vascularization (Fini and Stramer, 2005). Therefore, studies of 

stromal wound healing, its mechanisms and ways to prevent fibrotic and neovascular 

complications have enormous clinical significance.

It should be noted that stromal remodeling occurs not only upon direct damage to the stroma 

and its cells as exemplified by PRK and LASIK. The remodeling also happens upon death of 

stromal cells (keratocytes) caused by damage to or removal of corneal epithelium by various 

physical or chemical factors (Nakayasu, 1988; Szerenyi et al., 1994; Wilson et al., 1996; 

2001; 2007). Such damage triggers a release of inflammatory cytokines from epithelial cells 

and/or tears (Maycock and Marshall, 2014), mainly IL-1 (α and β), that cause rapid 

apoptosis through Fas/Fas ligand system and later, necrosis of mainly anterior keratocytes. 

Interestingly, these cells die preferentially directly beneath the epithelial wounds, rather than 

also beyond their edges. This may argue against a diffusible factor as the main reason for 

cell depletion. Alternative mechanisms have not been explored and may include severance 

of intraepithelial nerves that may supply factors maintaining keratocytes’ health (Dr. Daniel 

Gibson, University of Florida, personal communication). The following stromal remodeling 

with replenishment of these cells from the areas adjacent to the depleted one (Zieske et al., 

2001), also constitutes a wound healing process and may result in fibrotic changes, 

especially if the epithelial basement membrane was initially damaged (Stramer et al., 2003; 

Fini and Stramer, 2005; West-Mays and Dwivedi, 2006). This is a classical example of how 

stromal-epithelial interactions influence wound healing process by paracrine mediators.

3.1. Keratocyte conversion to fibroblasts and myofibroblasts during wound healing

Regulated changes of stromal cell phenotypes during wound healing (Fig. 2) have been a 

subject of a number of studies and excellent in-depth reviews; therefore, these will be only 

briefly reviewed here because they are important for the understanding of the whole stromal 

wound healing process. At the early stage of wound repair quiescent keratocytes at the 

wound edges change their properties to become activated to fibroblasts. These cells enter the 

cell cycle and acquire migratory properties necessary to repopulate and close the wound 

(West-Mays and Dwivedi, 2006). In culture, this transformation is mediated by some 

(FGF-2 and PDGF-AB, TGF-β) growth factors, whereas others (IL-1, IGF-1) only confer 

mitogenic activity (Jester and Ho-Cheng, 2003; Chen et al., 2009a). These cells remodel 

their actin cytoskeleton to acquire stress fibers and change their morphology from stellate to 

elongated one (Jester and Ho-Cheng, 2003). Fibroblasts downregulate the expression of 

differentiated keratocyte proteins, such as corneal crystallins (transketolase and aldehyde 

dehydrogenase 1A1), and keratan sulfate proteoglycans, and start producing proteinases 

(mostly MMPs), needed to remodel the wound ECM (Fini, 1999; Jester et al., 1999; Carlson 

et al., 2003; West-Mays and Dwivedi, 2006).

After they reach the wound bed, fibroblasts start expressing α-smooth muscle actin (α-

SMA) and desmin, upregulate the expression of vimentin (Chaurasia et al., 2009), and 

become highly motile and contractile myofibroblasts needed to remodel wound ECM and 

contract the wound (Fig. 2). They also deposit provisional ECM rich in fibronectin and some 

other proteins including tenascin-C and type III collagen (Tervo et al., 1991; Fini, 1999). 
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Myofibroblasts generate contractile forces to close the wound gap, and the expression of α-

SMA directly correlates with corneal wound contraction (Jester et al., 1995). When the 

wound does not really contract as in the case of PRK or phototherapeutic keratectomy 

(PTK), the appearance of myofibroblasts is delayed, and they start accumulating as late as 

four weeks after irregular PTK (Barbosa et al., 2010). At least in this setting in a mouse 

model, the majority of myofibroblasts form not from activated corneal fibroblasts but from 

the immigrating bone marrow cells, as shown by adoptive transfer of green fluorescent 

protein (GFP)-labeled bone marrow (Barbosa et al., 2010). It is presently unclear whether 

massive participation of circulating cells in stromal myofibroblast formation also occurs in 

other species and in fast healing wounds.

It is generally accepted that myofibroblast transformation is triggered by TGF-β in vivo, 

which has been confirmed by numerous studies in vitro (Jester et al., 1999). More recent 

work has also implicated a potent mitogen, PDGF (both AA and BB) in this process, with a 

combination of TGF-β and PDGF being more potent than either factor alone (Kaur et al., 

2009b; Singh et al., 2014). It should be noted that only TGF-β1 and TGF-β2 are active in 

this process, whereas TGF-β3 does not transform fibroblasts to myofibroblasts (Karamichos 

et al., 2011; 2014b). Interestingly, some data indicate that repopulation of keratocytes after 

epithelial debridement of mouse corneas occurs without the appearance of myofibroblasts 

(Matsuba et al., 2011), possibly through stimulation of keratocyte migration by aquaporin-1 

water channel (Ruiz-Ederra and Verkman, 2009). Upon completion of wound healing, 

myofibroblasts apparently cease to express α-SMA. Their fate in vivo is not completely 

clear, although it was suggested that they might die by apoptosis and/or become scar 

keratocytes. Such cells are observed months after the wound has healed, and they are 

different from quiescent keratocytes by expressing some MMPs similar to fibroblasts (Fini, 

1999). It remains unknown what signals trigger myofibroblast disappearance and healing 

completion. One hypothesis is that contact inhibition of proliferation would signal these 

cells to stop remodeling the wound.

Although myofibroblast appearance is widely considered as a necessary part of stromal 

wound healing, one should exert caution in using this marker in animal models of corneal 

injury. Recent data show that the numbers of myofibroblasts in the corneal stroma after PRK 

differ widely among various mouse strains (Singh et al., 2013).

3.2. Participation of immune system cells in stromal healing

Corneal injury in animal models entails an inflammatory response by immune system cells. 

They may include monocytes/macrophages, T cells, polymorphonuclear (PMN) leukocytes 

and natural killer (NK) cells (Gan et al., 1999; Wilson et al., 2001; 2004; Liu et al., 2012; Li 

et al., 2013). These infiltrating cells are usually defined by staining for CD11b, although in 

some studies a better characterization of these cells is provided (Wilson et al., 2001; Liu et 

al., 2012; Li et al., 2013). Immune cells may come to the injured cornea from the limbal area 

or mobilized from circulation (Wilson et al., 2001). A major attracting signal for such cells 

may be monocyte chemotactic protein-1 (MCP-1). This cytokine can be secreted by 

activated fibroblasts and triggered by IL-1 or TNF-α (Wilson et al., 2001). Another factor 

required for neutrophil influx following injury was identified as a stromal proteoglycan 
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lumican (Hayashi et al., 2010). It is still unclear what are the magnitude, infiltrating cell 

repertoire and origin, as well as kinetics of the immune response to corneal injury in 

humans. A recent study identified increased numbers of CD11b-positive monocytes in the 

stroma following corneal incisions in an organ culture system (Mayer et al., 2014). 

Understandably, this study could only take into account the cells locally recruited from the 

limbus. Further characterization of these cells using human material would be important.

Functions of immune cells infiltrating injured corneas may be diverse. They may scavenge 

remnants of apoptotic keratocytes and protect the cornea from possible infection (Wilson et 

al., 2001). Some of these cells may become myofibroblasts (Barbosa et al., 2010) and thus 

participate in the wound contraction. Direct involvement of immune cells in the wound 

healing has been also suggested from recent studies. Blocking PMN entry into cornea by 

fucoidin (inhibitor of leucocyte adhesion to vascular endothelium) delayed wound healing 

after PRK in rabbits (Gan et al., 1999). Functional blocking of NK cells after epithelial 

abrasion and keratocyte loss inhibited healing and nerve regeneration (Liu et al., 2012). 

Macrophage depletion impaired wound healing after autologous corneal transplantation, 

with a decrease in wound myofibroblasts (Li et al., 2013). These studies emphasize the 

importance of local and systemic immunity in corneal wound healing, both epithelial and 

stromal.

3.3. Remodeling of stromal ECM during wound healing

As described in the previous sections, stromal wound healing is accompanied by several 

events that may be responsible for ECM changes in this location: death of keratocytes, 

secretion of proinflammatory and profibrotic cytokines including IL-1, TNF-α, and MCP-1, 

transient appearance of cells that do not normally form the stroma (PMNs, macrophages, 

myofibroblasts), and production of ECM-degrading enzymes by activated cells. All these 

factors contribute to ECM remodeling including its degradation, expression of ectopic 

components (provisional matrix formation by new cell types), and reassembly of the new 

ECM to form a more or less normal structure (reviewed in Zieske, 2001; Torricelli and 

Wilson, 2014). As a result, new ECM formed during wound healing often accumulates 

aberrant proteins, both in composition and structure. Over time, these proteins may form 

local scars persisting for a long time (Ishizaki et al., 1993; 1997; Maguen et al., 1997; 

Ljubimov et al., 1998; Maguen et al., 2002; 2007; Kato et al., 2003; Kamma-Lorger et al., 

2009; Torricelli and Wilson, 2014). Because of slow turnover of ECM proteins, the unusual 

scar components may still be present around the healed wounds for years, especially in 

human corneas (Latvala et al., 1995a; Ljubimov et al., 1997; Alba et al., 1998; Maguen et 

al., 2002; 2007; 2008). These components, which are normally scarce in or absent from 

adult corneal stroma include type III, VIII, XIV, and XVIII collagen, limbal isoforms of 

type IV collagen, embryonic fibronectin isoforms, TSP-1, tenascin-C, fibrillin-1, and hevin 

(Saika et al., 1993; Melles et al., 1995; Nickeleit et al., 1996; Ishizaki et al., 1997; Maguen 

et al., 1997; Ljubimov et al., 1998; Zieske, 2001; Maguen et al., 2002; 2007; 2008; Kato et 

al., 2003; Javier et al., 2006; Matsuba et al., 2011; Chaurasia et al., 2013; Saika et al., 2013).

Although it is generally accepted that ECM components in the healing wounds may mostly 

serve structural functions, gene knockout experiments have suggested a deeper regulatory 

Ljubimov and Saghizadeh Page 26

Prog Retin Eye Res. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



role of some of these proteins. One such component is glycophosphoprotein osteopontin that 

is also a cytokine modulating cell proliferation and macrophage activities. Osteopontin-null 

mice have delayed healing of incisional wounds, with less myofibroblasts and macrophages, 

and diminished expression of fibrogenic TGF-β1 (Miyazaki et al., 2008; Saika et al., 2013). 

Very similar changes were observed in wounded corneas of tenascin-C null mice (Sumioka 

et al., 2012; Saika et al., 2013). In case of TSP-1 that co-localizes with myofibroblasts in the 

healing stroma following incisional wounds (Matsuba et al., 2011), the changes in the 

healing process are even more pronounced when the respective gene is knocked out. TSP-1 

null corneas remained edematous and non-transparent upon wounding and the wound could 

not contract, apparently due to great reduction in the numbers of myofibroblasts (Blanco-

Mezquita et al., 2013). In this respect, it would be interesting to examine whether 

recruitment of bone marrow cells to the injured corneas would be also impaired in knockout 

animals.

3.4. Signaling pathways associated with stromal wound healing process

In order to pharmacologically control unwanted effects of wound healing process, e.g., 

fibrosis, that may lead to scar formation and decreased transparency, it is important to 

understand what growth factors and cytokines are involved at various stages of this process 

and what signaling intermediates are key to healing events. Keratocyte activation to 

fibroblasts is mediated by FGF-2, TGF-β, and PDGF, and their proliferation, by EGF, HGF, 

KGF, PDGF, IL-1 and IGF-I (Stern et al., 1995; Baldwin and Marshall, 2002; Jester and Ho-

Cheng, 2003; Carrington and Boulton, 2005; Chen et al., 2009a). Although TGF-β is key to 

fibroblast to myofibroblast transformation, it actually inhibits keratocyte proliferation and 

migration (reviewed in Baldwin and Marshall, 2002). Stromal cellular infiltration upon 

injury was found to be stimulated by such cytokines as MCP-1 and platelet-activating factor 

(PAF) (Wilson et al., 2001; Kakazu et al., 2012). As noted above, TGF-β isoforms 1 and 2 

(Torricelli and Wilson, 2014), as well as BMP-1 (Malecaze et al., 2014) may be responsible 

for the myofibroblast emergence, wound contraction and fibrotic scar formation. TGF-β also 

promotes deposition of excessive ECM in the wound bed that may result in scar formation. 

It can do it directly, as well as by stimulating production of other factors including 

connective tissue growth factor (CTGF) and IGF-I (Izumi et al., 2006; Shi et al., 2012; 

Karamichos et al., 2014b; Torricelli and Wilson, 2014). Therefore, attenuation of TGF-β 

expression and signaling may provide means to counteract fibrotic changes. For instance, 

topical rosiglitazone, ligand of peroxisome proliferator activated receptor γ (PPAR-γ) 

reduced α-SMA expression and scarring in cat corneas upon excimer laser ablation of 

anterior stroma without compromising wound healing. In corneal fibroblast cultures, it also 

counteracted TGF-β induced myofibroblast transformation (Huxlin et al., 2013). Similar 

effects were seen with neutralizing antibody to TGF-β (Møller-Pedersen et al., 1998). 

Inhibition of JNK signaling suppressed TGF-β induced CTGF expression and scarring in 

penetrating corneal wounds (Shi et al., 2012). Inhibitors of mTOR and p38 MAP kinase 

signaling were able to markedly reduce the expression of α-SMA and collagenase in corneal 

cells and injured corneas (Jung et al., 2007; Huh et al., 2009; Milani et al., 2013). In alkali-

burned corneas, blocking of VEGF by neutralizing antibody bevacizumab also inhibited 

TGF-β expression and improved corneal transparency (Lee et al., 2009). With the 

widespread use of refractive surgeries, novel anti-TGF-β treatments such as approved for 
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human use rosiglitazone (Huxlin et al., 2013), ROCK inhibitor (Chen et al., 2009a) or 

trichostatin A (Sharma et al., 2009) may become part of routine pharmacological 

management of wound healing.

3.5. Stromal wound healing complications upon refractive surgery

In most cases of PRK or LASIK or other corneal refractive surgeries the patients acquire 

better vision and the healing process does not present complications. However, there have 

been quite a few reports of lasting corneal opacity due stromal haze (thought to be a result of 

excessive stromal matrix accumulated during healing and/or persistence of residual wound 

healing cells) or corneal decompensation compromising vision and even requiring corneal 

transplantations in severe cases (Møller-Pedersen et al., 2000; Netto et al., 2005; 2006; 

Tomás-Juan et al., 2015).

3.5.1. Photorefractive keratectomy (PRK)—PRK entails removal of the epithelium 

with underlying Bowman’s layer and variable part of the anterior stroma (depending on the 

degree of correction needed) using a laser (Tomás-Juan et al., 2015). Then, the usual 

cascade of events with death of keratocytes, activation of stromal cells outside of the 

ablation zone, immune cell infiltration, and myofibroblast formation take place (Kaji et al., 

2003). The epithelium regrows without Bowman’s layer and stroma increases in thickness, 

although the cornea flattens out changing its refractive properties to improve vision (Tomás-

Juan et al., 2015). The initial epithelial coverage occurs fairly quickly, but the restoration of 

epithelial basement membrane, corneal nerve regeneration, and stromal remodeling usually 

take months to years. Haze occurs in all patients within a month postoperatively, then 

subsides except for infrequent persistence, and can be reduced by routinely used mitomycin 

C, although it is not effective in all cases (Fountain et al., 1994; Latvala et al., 1995b; Linne 

and Tervo, 1997; Erie, 2003; Lai et al., 2004; Netto et al., 2005; Dawson et al., 2008; 

Tomás-Juan et al., 2015). As the mechanisms of haze formation may be complex, involving 

TGF-β induced myofibroblasts and excessive ECM production during stromal remodeling, 

its prevention may require combined or novel therapies to deal with its various components. 

The ideal treatment should be fine tuned in order not to interfere with desired changes in 

corneal thickness that occur after surgery.

3.5.2. Laser in situ keratomileusis (LASIK)—LASIK is arguably the most popular 

type of refractive surgery largely used for myopia correction. It consists of forming an 

epithelial flap attached to the cornea at one end with microkeratome or laser, shaving a part 

of the anterior stroma, and placing the flap back to the cornea, where it strongly adheres 

back to the stroma. Contrary to PRK, LASIK does not involve significant stromal 

remodeling except at the flap margin, and haze is generally absent. Myofibroblasts also 

appear transiently mainly at the flap margin, where hypercellularity and epithelial ingrowth 

are usually noted even in uneventful cases (Ivarsen et al., 2003; Fournié et al., 2010). The 

flap margin also displays increased MMP production and long-term accumulation of fibrotic 

ECM consisting of several collagens, various basement membrane components and 

tenascin-C, apparently reinforcing flap adhesion (Azar et al., 1998; Pérez-Santonja et al., 

1998; Wachtlin et al., 1999; Maguen et al., 2007; 2008; Esquenazi et al., 2009). Contrary to 

the flap margin with clearly fibrotic changes that persist in humans for years (Maguen et al., 

Ljubimov and Saghizadeh Page 28

Prog Retin Eye Res. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2007), the flap interface presents a hypocellular scar with little deposition of fibrotic ECM 

(Wachtlin et al., 1999; Schmack et al., 2005; Priglinger et al., 2006; Maguen et al., 2007). 

The only ECM component surprisingly persisting at the flap interface is fibronectin 

(Priglinger et al., 2006; Maguen et al., 2007). The only other ECM change observed in this 

area was abnormal sulfation of stromal glycosaminoglycans (Zhang et al., 2006). Overall, 

LASIK procedure, except for complicated cases with pronounced stromal fibrosis (Maguen 

et al., 2002; 2007), does not require measures to reduce fibrotic ECM and does not produce 

significant haze, contrary to PRK. At the same time, LASIK flap may not completely heal 

for quite a long time as suggested by the presence of provisional ECM component 

fibronectin along the entire flap margin even in uneventful cases.

3.6. Emerging strategies for wound healing regulation

3.6.1. Viral and nanoparticle gene therapy for haze—Gene therapy is a powerful 

tool to change expression levels of one gene or a group of genes in a combination setting. 

Cornea offers a unique opportunity for gene therapy with possibilities of topical application 

of viruses or plasmids or injections either subconjunctivally or intrastromally. At the same 

time, this promising approach is only starting to be developed. Only a handful of stromal 

components and effectors have been manipulated so far by gene therapy to reduce corneal 

opacity and scarring. Knockdown of vimentin with injected shRNA was able to decrease 

stromal opacity in a penetrating wound model (Das et al., 2014). Mohan’s group 

successfully used overexpression of decorin, a natural inhibitor of TGF-β, to suppress 

fibrosis and myofibroblast formation induced by TGF-β. Decorin transduction was able to 

decrease α-SMA expression in cultured stromal fibroblasts by over 80% (Mohan et al., 

2010). In a common rabbit model of haze upon −9 diopters PRK, adeno-associated virus-

driven topical delivery of decorin gene effectively decreased myofibroblast and macrophage 

numbers and significantly reduced haze (Mohan et al., 2011). More recently, they have 

shown that BMP7 gene transfer into the stroma using gold NPs also effectively reduced haze 

upon PRK in vivo. The treatment decreased α-SMA expression and the numbers of 

infiltrating macrophages. BMP7 effectively counteracted TGF-β signaling in this model 

without noticeable immunogenicity or toxicity (Tandon et al., 2013). Similar data on haze 

inhibition were obtained with cationic NPs encapsulating a triple combination of siRNAs 

targeting TGF-β1, TGF-β receptor 2 and CTGF (Sriram et al., 2014). Poly (lactide-co-

glycolide) NPs with encapsulated antifibrotic pirfenidone reduced stromal collagen 

production and myofibroblast formation (Chowdhury et al., 2013), and those with shRNA to 

VEGF-A inhibited neovascularization (Qazi et al., 2012) upon corneal alkaline burns in 

vivo. These data show great promise of gene therapy using either viral vectors or NPs to 

counteract excessive wound healing and ensuing haze or fibrosis in refractive surgery.

In recent years, autologous plasma rich in growth factors (PRGF), which is a pool of 

biologically active proteins, has been successfully used for treatment of corneal disorders 

including stromal haze and post-LASIK complications (Alio et al., 2007; 2012). PRGF can 

counteract TGF-β effects and influences a range of biological processes including 

proliferation, migration and differentiation (Anitua et al., 2011; 2013). Modern gene 

therapy, however, appears to have distinct advantages over PRGF in terms of defined 
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target(s) and considerably longer effect, and may become a viable therapeutic alternative to 

PRGF.

3.6.2. Stem cell therapies—A decade ago, stromal stem cells expressing PAX6 and 

ABCG2 progenitor markers have been isolated as a side population from human limbal 

stroma and propagated using FGF-2 to differentiate into keratocytes (Du et al., 2005). 

CD133 progenitor marker-expressing cells were also isolated from human corneal stroma 

and successfully differentiated into keratocytes (Thill et al., 2007). Corneal stromal stem 

cells have been used to engineer stromal equivalents. In serum free-conditions, stromal stem 

cells were better suited for this goal than stromal fibroblasts, although in the presence of 

serum fibroblasts secreted a more abundant stromal-like ECM (Karamichos et al., 2014a; 

Wu et al., 2014a). Work by Funderburgh’s group has shown that injection of normal stromal 

stem cells into corneas of lumican-null mice with corneal opacity fully restored tissue 

transparency with increased production of stromal proteoglycans (Du et al., 2009). Exciting 

data were recently obtained by the same team on the use of limbal biopsy-derived human 

stromal stem cells that expressed a variety of progenitor markers and could differentiate into 

keratocytes in culture. When these cells were injected into wounded corneas, these cells 

prevented fibrotic scar formation and contributed to the regeneration of stromal ECM with 

lamellar structure and collagen organization typical for normal corneas (Basu et al., 2014). 

Overall, these studies open up new avenues for fibrosis treatment with a possibility for using 

autologous sources, such as limbal biopsies or adipose derived stem cells (Ma et al., 2013).

3.7. Corneal constructs and wound healing

Corneal blindness is a significant clinical problem, with close to 2 million cases of unilateral 

blindness reported annually. The supply of donor corneas for transplantation does not meet 

the demand in many countries. This prompted researchers to look for alternatives including 

corneal constructs or equivalents (Griffith and Harkin, 2014). In recent years, there was 

substantial progress in making corneal stromal constructs based on compressed collagen 

with or without stromal keratocytes or fibroblasts. Decellularized corneal stroma has also 

been used, as well as silk-fibroin or synthetic materials (Griffith and Harkin, 2014). Such 

constructs can be transplanted into a trephined bed in the stroma to replace damaged tissue, 

and some have entered clinical trials (Griffith and Harkin, 2014). The advantage of such 

constructs is that in many cases they could use autologous cells reducing possible 

complications.

Stromal constructs are usually well repopulated by recipient’s cells. The epithelium regrows 

well, and there are encouraging reports on keratocyte repopulation as well (Koulikovska et 

al., 2015). However, nerve regeneration has not been generally studied, partially due to short 

follow-up times. Stromal remodeling and myofibroblast appearance at the wound edge have 

not been studied in detail either. To make the stromal equivalents more biocompatible, they 

are covered by limbal epithelial cells and kept at the air-liquid interface to ensure their 

stratification (Mi and Connon, 2013; Kureshi et al., 2014; Wu et al., 2014b). The best results 

may be eventually obtained with constructs having all three main corneal types (Proulx et 

al., 2010), but these need to be thoroughly evaluated in vivo. Wound healing upon construct 

implantation in vivo also needs to be better studied.
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3.8. Concluding remarks

Corneal stromal wound healing is a very important clinical problem due to phenomenal 

popularity of refractive corneal surgery. It is a very complex and orderly process with 

keratocyte death and repopulation, sequential transformation of keratocytes into fibroblasts 

and myofibroblasts, immigration of limbal and circulating immune cells and remodeling of 

the corneal ECM structure. As it is prone to excessive ECM accumulation causing fibrotic 

changes, molecular mechanisms of stromal wound healing are need to be unraveled in order 

to be able to prevent fibrosis and haze. An important outcome of these studies is the 

realization of the importance of epithelial-mesenchymal interactions triggering wound 

healing, stepwise transformation of corneal cells during healing, and the central role of TGF-

β signaling in this process. New interventions based on TGF-β inhibition using gene therapy, 

introduction of specific ECM components, implantation of stromal equivalents, and 

nanotechnology for drug delivery are emerging. A promising approach is the use of stem 

cells that could control fibrosis and haze. A refinement of refractive surgery techniques with 

less damage to the stromal cells and haze, for example, using femtosecond laser for 

keratectomy and LASIK (Morishige et al., 2008; Petroll et al., 2008; Meltendorf et al., 

2009), is also contributing to better control of corneal stromal wound healing.

4. Corneal endothelial wound healing

Due to relative inaccessibility of corneal endothelial layer, there are fewer studies of 

endothelial healing. This process mostly occurs as a consequence of various burns (Zhao et 

al., 2009) and surgeries meant to replace dysfunctional endothelial cells (Descemet’s 

stripping endothelial keratoplasty, DSEK) or endothelial cells with Descemet’s membrane 

(Descemet’s membrane endothelial keratoplasty, DMEK) (Melles et al., 2006; Price and 

Price, 2007; Caldwell et al., 2009; Dirisamer et al., 2011). The wound healing process of 

corneal endothelium has certain peculiarities. In many tissues, this process entails cell 

proliferation as a major mechanism of reducing and remodeling the wound bed. However, 

corneal endothelial cells, especially human, have very low proliferation rates (Mimura et al., 

2013). It is generally considered that corneal endothelium closes the wound the gap mainly 

by migration and increased cell spreading. These two processes are pharmacologically 

separable and, depending on the wound nature, their relative contribution may vary (Joyce et 

al., 1990; Ichijima et al., 1993a; Gordon 1994; Mimura et al., 2013). Concerning cell 

division, some data suggest that during healing it remains very low (Lee and Kay, 2006), 

although this view is challenged by the fact that healing corneal endothelial cells mostly 

divide amitotically, with formation of binuclear cells (Landhsman et al., 1989). It should be 

noted that wounds and damage to the corneal endothelial cells are inflicted both directly, 

e.g., by alkaline burns, surgical replacement, corneal transplantation or even cataract 

surgery, as well as indirectly. In the latter case, the healing of keratectomy wound primarily 

affecting epithelial and stromal cells can also provoke endothelial cell apoptosis and ensuing 

healing (Li et al., 2000). Below, we will review the studies of endothelial healing 

mechanisms and emerging approaches to enhance this process.
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4.1. Endothelial-mesenchymal transformation

Endothelial wound healing is associated with a transient acquisition of fibroblastic 

morphology and actin stress fibers by migrating cells, which is consistent with endothelial-

mesenchymal transformation (EnMT) (Lee et al., 2004; Miyamoto et al., 2010). In a model 

of freeze injury, EnMT to myofibroblasts occurs at the migrating front, where cells lose tight 

junction protein ZO-1 and start expressing α-SMA (Petroll et al., 1997). Inducers of EnMT 

and fibrotic changes in the endothelial layer include FGF-2 that may come from PMNs 

migrating to the cornea during epithelial and stromal wound healing (Lee et al., 2004) or 

induced by IL-1β (Lee et al., 2012), and TGF-β (Sumioka et al., 2008). Because EnMT may 

lead to fibrotic complications of healing such as the formation of retrocorneal fibrous 

membrane (Ichijima et al., 1993b), some ways of attenuating EMT have been proposed. 

These include inhibiting the expression of connexin 43 (Nakano et al., 2008) and TGF-β 

type I receptor (Okumura et al., 2013). The latter technique also facilitates endothelial cell 

propagation in culture.

4.2. Factors and signaling pathways influencing endothelial healing

Migration and spreading of corneal endothelial cells during wound healing is stimulated by a 

number of factors. ECM proteins fibronectin and TSP-1 were shown to facilitate cell 

migration (Munjal et al., 1990; Gundorova et al., 1994; Blanco-Mezquita et al., 2013). 

Growth factors known to promote endothelial migration and wound healing include EGF, 

FGF-2, IL-1β, PDGF-BB, TGF-β2, and VEGF, whereas IGF-I and IGF-II are ineffective, 

and IL-4 reduces migration (Joyce et al., 1990; Raphael et al., 1993; Soltau and McLaughlin, 

1993; Hoppenreijs et al., 1994a,b, 1996; Bednarz et al., 1996; Sabatier et al., 1996; 

Thalmann-Goetsch et al., 1997; Riek et al., 2001; Imanishi et al., 2000; Baldwin and 

Marshall, 2002; Lee and Heur, 2013; 2014). Signaling pathways downstream of these 

factors that are important for wound healing are diverse. Prostaglandin E2 acting through 

cAMP pathway, ERK1/2 and p38 MAP kinase have been shown to participate in endothelial 

migration and wound healing (Joyce and Mekir, 1994; Sumioka et al., 2008; Chen et al., 

2009b; Joko et al., 2013). FGF-2 stimulates migration through several pathways including 

p38, PI3K/Akt, and protein kinase C/phospholipase A2 (Riek et al., 2001; Lee et al., 2004; 

Joko et al., 2013). IL-1β stimulates migration through induction of FGF-2 (Lee et al., 2012), 

as well as of Wnt5a that both activate Cdc42 and inactivate RhoA (Lee and Kay, 2006; Lee 

and Heur, 2013; 2014). In the previous section it was mentioned that IL-1 (both α and β) 

secreted by the damaged epithelium caused apoptosis of stromal keratocytes. However, in 

the endothelial cells this cytokine actually stimulates cell migration directly and indirectly. 

Overall, the mechanisms of endothelial healing need to be further investigated. At the same 

time, therapies are emerging that exploit already uncovered mechanisms of this process.

4.3. Therapeutic approaches to improve endothelial healing and regeneration

TGF-β can stimulate healing but at the same time it promotes fibrogenic changes including 

deposition of aberrant ECM (Sumioka et al., 2008; Miyamoto et al., 2010). To counteract 

the fibrogenic response, inhibition of TGF-β signaling has been attempted. Using viral-

mediated overexpression of SMAD7, a natural TGF-β signaling inhibitor, it was shown that 

the expression of fibrosis-associated markers in corneal endothelial cells was suppressed 
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without compromising the rate of wound healing (Sumioka et al., 2008). Additionally, 

SMAD7 gene transfer to rabbit endothelium suppressed the inhibitory action of TGF-β on 

cell proliferation, which was mediated by inhibition of SMAD2 phosphorylation and 

downregulation of p27Kip1 (Funaki et al., 2003; 2008). SMAD7 therapy is being currently 

considered as a treatment preventing the formation of retrocorneal fibrous membrane 

(Miyamoto et al., 2010).

Another promising approach for enhancing endothelial wound healing is the use of Rho 

kinase (ROCK) inhibition. Inactivation of RhoA mediates promotion of endothelial 

migration by IL-1β. As ROCK inhibitor (e.g., Y-27632) also downregulates RhoA kinase 

expression (Ji et al., 2014), it was reasonable to use this inhibitor to accelerate wound 

healing. In different models in vitro and in vivo (monkey and human eyes) Y-27632 

promoted migration of corneal endothelial cells (Okumura et al., 2011; 2013; Pipparelli et 

al., 2013), although the data on stimulation of proliferation remain controversial (Pipparelli 

et al., 2013; Okumura et al., 2014). Recently, ROCK inhibitor eye drops have been tested for 

accelerating endothelial healing in a rabbit model and eyes of Fuchs’ endothelial dystrophy 

and bullous keratopathy patients that all underwent transcorneal freezing. The eye drops 

improved corneal clarity in patients with central corneal edema caused by Fuchs’ dystrophy 

and in rabbit eyes (Okumura et al., 2011; Koizumi et al., 2014). This method may prove to 

be efficient for treatment of edematous corneal disorders due to endothelial dysfunction and 

as a post-surgical management.

The use of stem cells to improve endothelial healing has also been considered. Corneal 

endothelial stem cells, unlike those in the epithelium or stroma, have not been definitively 

identified. However, the endothelial periphery contains cells with increased proliferative 

capacity, and it was suggested that this region could harbor endothelial stem cells 

(Winkelhart et al., 2005; Bartakova et al., 2014). Such cells, if identified, could eventually 

become a new therapeutic tool for wound healing and endothelial regeneration (Bartakova et 

al., 2014). Alternatively, some mesenchymal stem cells, e.g., from umbilical cord blood, 

could be potentially used for this purpose. In fact, such cells could home for wounded areas 

of endothelial sheets in vitro and could be altered towards endothelial phenotype (Joyce et 

al., 2012). Recently, reprogramming of corneal endothelium to neural crest-like progenitors 

was achieved by knockdown of p120 catenin to activate p120–ROCK signaling and 

canonical BMP pathway that links to the activation of the miR-302b-Oct4-Sox2-Nanog 

network. This approach allowed rapid expansion of endothelial cells with potential use for 

treatment (Zhu et al., 2014). Although this research area seems to be promising, more data 

need to be obtained to speculate about its possible therapeutic value.

4.4. Concluding remarks

Corneal endothelial cells heal wounds mainly by migration and spreading, making them 

substantially different from epithelial cells and keratocytes. They undergo EnMT during 

healing, which is mediated by TGF-β. Various growth factors and cytokines mediate 

endothelial wound healing through multiple signaling mechanisms. Recent progress in this 

field relates to new emerging therapeutics to accelerate endothelial healing, including 

SMAD7 gene therapy to suppress fibrotic changes, and ROCK inhibitor in the form of eye 
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drops to enhance cell migration. With further refinement and increased use of surgical 

techniques to replace ailing endothelium, such biological treatments may become routine in 

corneal surgery and management of ocular burns affecting endothelial cells.

5. Conclusions and future directions

Corneal wound healing is a complex and regulated sequence of cellular reactions directed 

towards wound closure. As the healing process in other organs, it is a coordinated cascade of 

growth factor action, activation of various cross-talking signaling pathways, cell 

proliferation, migration, ECM remodeling, and return to quiescence. Three main types of 

cells, epithelial, stromal, and endothelial, are involved in corneal wound healing. Corneal 

nerves and immune system cells also play significant roles in this process. Corneal 

epithelium and stroma interact with each other during healing, as epithelial wounds cause 

keratocyte apoptosis, and stromal wounds invariably involve the epithelium (e.g., upon 

refractive surgery or burns). Endothelial cells are relatively less affected by the epithelial 

and stromal wounds. A number of molecular processes in healing of these cells are similar. 

However, one conclusion of corneal wound healing studies is that some key events in this 

process significantly differ in different cells. Epithelial cells heal through participation of 

limbal stem cells and their progeny under the action of a number of cross-talking growth 

factors and cytokines coming from cells and tears, and there is a significant involvement of 

the basement membrane proteolytic remodeling during healing. No cell transformation has 

been documented for this process. In contrast, keratocytes get transformed into activated 

fibroblasts and then to motile wound contracting and α-SMA expressing myofibroblasts 

under the influence of factors supplied by the epithelium, immigrating immune cells, and 

stromal cells themselves. The main signaling complex driving these processes in the stroma 

is TGF-β system. This system is tightly regulated, with profibrotic TGF-β1 and -β2, and 

antifibrotic TGF-β3. The result of their interplay is not always predictable, and excessive 

healing may occur leaving stromal haze and/or ECM scar, which are targets for various 

therapies that are being actively developed. Endothelial cell healing entails transformation to 

mesenchymal-type cells, migration and spreading, with less contribution from proliferation 

than in other corneal cells. Overall, the mechanisms of healing of different cells are not the 

same, calling for diversified means to modulate these processes depending on cell type.

Progress in epithelial wound healing studies is mainly related to the unraveling of signaling 

pathways mediating this process, identification of a number of markers expressed by limbal 

stem cells, and growing use of cultured LESCs for resurfacing of damaged or dysfunctional 

corneal epithelium by cell transplantation. The main effort in the latter area has been 

directed towards the development of xenobiotic-free cell cultures and for searches of cells 

suitable for autologous transplantation when LESCs are unavailable. Additionally, the 

importance of niche cells has been recently emphasized for the proper functioning of 

LESCs. In terms of clinical translation, stem cell transplants appear to be the most 

significant advance in repairing damaged corneal epithelium, be it the result of stem cell 

loss, mechanical (including surgical) trauma or burns. Another important area of new 

research relates to emerging gene and miRNA therapy accelerating wound healing in disease 

conditions, such as diabetes. Future efforts in the understanding of epithelial wound healing 

may be focused on several issues. The limbal stem cell niche hypothesis has been recently 
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unequivocally proven by imaging the fate of single cells during corneal maintenance and 

wound healing. However, although many putative LESC markers have been identified, and 

some were shown to have clinical significance for transplantation, such as ΔNp63α and 

ABCG2, we still lack specific markers for LESC that could distinguish them from their 

progeny. The same general lack of specific markers applies to TACs. At the same time, 

monitoring the fate and specifically influencing the activity of LESCs and TACs may allow 

modulating wound healing, especially in disease states. Emerging new techniques for 

specific tracking of label retaining stem cells give hope that this problem would be solved 

soon.

Although many stem and progenitor cell types, such as oral mucosa cells, were tested as 

LESC substitutes for autologous transplantation in clinic, they are still inferior to limbal 

cells because of possible neovascularization or conjunctivalization. Recently, attempts were 

made to develop protocols for differentiating limbal cells from renewable and bankable 

sources, such as iPSCs or ESCs. Encouraging results in this area with the combined use of 

specific growth factors, signaling modulators (such as ROCK inhibitor), and limbal-like 

ECM supports allow anticipating that these new sources, which may be produced from 

autologous cells, would be developed for clinical translation in the near future.

Further, despite a previous interest in proteinase activity affecting ECM remodeling during 

epithelial healing, more recent studies on the role of select enzymes and their interplay in 

this process have become scarce. They may need to be expanded, in order to better 

understand potential ways of fine tuning proteinase expression and activity by gene, miRNA 

or inhibitor therapy for optimal healing.

Finally, corneal wound healing research and translation would benefit from the development 

of targeted viral vectors and/or nanosystems for delivery of drugs, genes, and miRNA/

siRNA to specific cells including LESC. Cornea offers ideal conditions for using such 

delivery systems topically, which would significantly alleviate systemic toxicity concerns. 

Some work is already being performed in this very promising and clinically needed 

direction.

Progress in stromal wound healing and ways to control it is largely related to the growing 

success and popularity of refractive corneal surgery. The stromal healing is a very complex 

process comprising keratocyte apoptosis in the wound area due to cytokine secretion from 

the damaged epithelium, sequential transformation of remaining keratocytes into fibroblasts 

and contractile myofibroblasts, immigration of immune cells secreting various cytokines and 

proteinases, and remodeling of the corneal ECM structure. At the end of this process, 

myofibroblasts disappear and keratocytes become quiescent again. Not infrequently, this 

healing process becomes somewhat dysregulated, with excessive ECM accumulation 

leading to fibrotic changes. This occurs sometimes after PRK and always at the LASIK flap 

edge.

Fibrosis after healing appears to be due to unconcerted regulation of TGF-β system, which is 

central in the wound healing process. Therefore, it is important to uncover mechanisms of 

interactions of TGF-β isoforms, some of which are profibrotic, and some are antifibrotic. 
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Directional shift of respective signaling may constitute a promising avenue of future 

research in this area. To attenuate fibrosis, gene therapy with decorin and BMP7, as well as 

the use of some approved drugs (rosiglitazone, trichostatin A, ROCK inhibitor) have already 

shown promise. Expansion of these studies may lead to rapid translation to clinical use. The 

main conclusion of this work is the necessity for better understanding and control of fibrotic 

changes in stromal wound healing mediated by TGF-β. Another potential area of future 

interest is pharmacological protection of keratocytes from apoptosis upon epithelial injury. 

Inhibition of cell death may be advantageous in order to ensure uneventful and fast healing 

of epithelial wounds with minimal stromal involvement. In this respect, introduction of 

future treatment agents based on gene expression manipulation and miRNA appears to be 

promising, although respective data are very scarce. These agents could be potentially used 

in conjunction with neurotrophic factors to enhance corneal nerve regeneration in order to 

accelerate wound healing.

Nanotechnology and stem cell therapies are beginning to be used to attenuate fibrotic 

changes during stromal healing. It may be too early to speculate about the future impact of 

these treatments, but even the first results are very encouraging. Technological advances in 

laser techniques used in refractive surgery with less damage to corneal cells, e.g., the use of 

femtosecond lasers for keratectomy and LASIK, may offer another future way of alleviating 

unwanted consequences of stromal healing.

Wound healing in the corneal endothelium recently attracted considerable interest due to 

increasing use of new endothelial transplantation techniques with or without Descemet’s 

membrane scaffold. As the endothelial healing does not involve significant cell proliferation, 

research efforts were directed towards accelerating cell migration and control of endothelial-

mesenchymal transformation, which is mediated by TGF-β. Exciting data were obtained in 

recent years on successful use of SMAD7 gene therapy to curb fibrosis, and of ROCK 

inhibitor eye drops to enhance cell migration and healing rate. We can anticipate the 

expansion of these studies and future use of drug combinations for the most pronounced 

effect.

As discussed above, stem cell therapies for epithelial and stromal wound healing have 

already shown promise and some of them have entered clinical practice. Similar treatments 

to enhance endothelial healing have been seriously hampered by lack of information on 

endothelial stem cells. This avenue of research should be actively pursued in the future. At 

the same time, recent use of mesenchymal stem cells to cover endothelial wounds has shown 

promise for future applications. An exciting possibility of creating endothelial cell sheets 

upon transient reprogramming to neural crest-like progenitors is likely to yield another way 

of facilitating the healing process.

Overall, significant progress in studies and clinical applications related to healing of all main 

corneal cell types has been achieved in the last decade. Better understanding of cell type-

specific healing mechanisms made it easier to design future treatment strategies. Based on 

the existing data, new promising translational areas may include gene, miRNA, and stem 

cell therapies, as well as antifibrotic and healing accelerating agents. More frequent use of 

combination therapies to enhance wound healing is also anticipated.
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Highlights

• Epithelial, stromal and endothelial wounds heal by different mechanisms

• Limbal stem cell transplantation markedly improves corneal re-epithelialization

• Renewable autologous stem cell sources may improve transplantation outcomes

• Gene therapy, miRNA and nanocarriers are emerging wound healing treatments

• Antifibrotic agents appear to be promising treatments for stromal haze and 

scarring

• Endothelial wound healing is improved by TGF-β suppression
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Figure 1. 
Growth factors and epithelial wound healing. A multitude of growth factors and cytokines is 

released following an epithelial injury in the cornea. These factors play essential roles in 

epithelial–stromal interaction and in the successful healing of a wound. KGF and HGF are 

believed to be produced by keratocytes to influence epithelial behaviors, while IL-1 and 

PDGF may be master mediators secreted by the epithelium to modulate stromal response to 

injury. Others such as the EGF family, IGF, and TGF-β regulate both the epithelium and 

stromal cell transformation to myofibroblasts, and the cross-talk among various growth 

factors determines the outcome of an epithelial wound. Reproduced with permission from 

Yu et al., 2010b.
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Figure 2. 
Cellular interactions during corneal repair. (A) Upon corneal epithelial injury, IL-1α is 

released from the injured epithelium into the stroma. IL-1α induces some of the underlying 

stromal keratocytes to undergo cell death, while others are induced to proliferate, secrete 

MMPs, and transition from a quiescent to an activated phenotype. Due to the absence of a 

basement membrane, corneal epithelial cells also secrete TGF-β2 into the underlying stroma 

inducing a subpopulation of keratocytes to undergo transformation into myofibroblasts that 

secrete ECM. (B) The return of the basement membrane inhibits the release of TGF-β2 into 
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the stroma and the myofibroblast phenotype is no longer observed. The activated keratocytes 

continue to secrete autocrine IL-1α and remodel the ECM. Reproduced with permission 

from West-Mays and Dwivedi, 2006.
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Figure 3. 
Representative wound healing dynamics of normal and diabetic corneas. A, healing of rat 

epithelial scrape wounds. Upper panel, normal rat eye; lower panel, Goto-Kakizaki diabetic 

rat eye (DM2 model). Healing of diabetic cornea is clearly delayed. Reproduced with 

permission from Chikama et al., 2007.

B, healing of n-heptanol induced epithelial wounds in organ-cultured human corneas. Upper 

panel, normal cornea; lower panel, diabetic cornea. Healing of diabetic cornea is 

significantly delayed. Wound edges are marked by arrowheads. W, wound; E, epithelium. 

Reproduced with permission from Kabosova et al., 2003.
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Figure 4. 
Gene therapy-mediated upregulation of stem cell marker expression in diabetic corneas. A. 

Putative LESC marker expression patterns in normal and diabetic ex vivo limbus. Note a 

dramatic decrease in staining intensity and the number of positive basal epithelial cells for 

K15 and ΔNp63α in the diabetic limbus. B. Increased putative LESC marker expression in 

the diabetic limbus in organ culture upon c-met overexpression. c-Met gene transduction led 

to elevated and similar to normal expression of K15 and ΔNp63α in the limbus of organ-

cultured diabetic corneas. e, epithelium, s, stroma. Bars = 20 μm. Reproduced from 

Saghizadeh et al., 2011.
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Figure 5. 
Increased expression of diabetic markers upon proteinase gene silencing in organ-cultured 

diabetic corneas. Left, limbal BM component laminin γ3 chain; a markedly increased 

staining and continuity is seen after shRNA silencing of MMP-10 (M10) and cathepsin F 

(CF) expression. Right, similar results obtained for a diabetes-downregulated marker α3β1 

integrin. Bar = 30 μm. Reproduced from Saghizadeh et al., 2013b. © Association for 

Research in Vision and Ophthalmology.
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Figure 6. 
Wound healing in miR-146a inhibitor transfected human diabetic organ-cultured corneas. A. 

Transfection with miR-146a inhibitor enhanced wound healing compared to control 

transfected with labeled scrambled miR-Cy3. Transfected diabetic organ-cultured cornea 

with miR-146a inhibitor, upper row; with miR-Cy3-scrambled control, lower row. E, 

epithelium; W, wounded area. B. Quantitation of wound healing rates. The bar graph 

represents average ± SEM of pooled values (n=6) of days to heal. ** p<0.001 by paired two-

tailed t test. Reproduced from Winkler et al., 2014.
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