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Abbreviation
alpha-SMA: Alpha smooth muscle actin; AM: Amniotic 
membrane; BM: Basement membrane; BV: Blood vessel; 
CD: Cluster of differentiation; CECs: Corneal epithelial cells; 
DNP-63: Dinitrophenyl-63; eTAC: Early Transient Amplifier 
Cells; EMT: Epithelial to Mesenchyme Transition; GAGs: 
Glycosaminoglycans; HDF: Hepatocyte Growth Factor; HLA: 
Human Leukocytic Antigen; iPSC: Induced Pluripotent Stem Cells; 
KGF: Keratinocyte Growth Factor; LSCs: Limbal Stem Cells; 
MSC: Mesenchymal Stem Cells; MET: Mesenchyme to Epithelial 
Transition; MAPK-38: Mitogen Activated Protein Kinase 38; MPS 
VII: Mucopolysaccharidosis type VII; N: Nerve; NGF: Nerve 
Growth Factor; PMN: Polymorph Nuclear Leukocytes; PMC: Post 
Mitotic Cells; SC: Stem Cells; TDC: Terminally Differentiated 
Cells; RK: Radial Keratotomy.

Introduction
Significance: Ocular surface diseases represented one of the 
most common causes of impaired vision or even blindness. 
Mesenchymal stem cells (MSC) have gained a high interest in 
cell therapy and regenerative medicine. They are not only readily 
available, have powerful differentiation capabilities but also 
present immunosuppressive properties. They are widely used 
in allograft owing to their ability to escape from host immune 
rejection.

Recent Advances: Clinical trials are underway using MSC for 
the treatment of a range of diseases not treatable by conventional 
therapies. Numerous studies have been directed towards the use of 
MSC for treating corneal defects with very promising outcomes.

Critical Issues: Currently, the diversity in protocols of the 
isolation and expansion of MSC are hindering the assessment of 

cell treatment ability and the further development of treatment 
regimens.

Future Directions: Therefore, future studies should develop 
international standards for MSC isolation and characterization. In 
this review, we discuss recent advances in MSC for treating ocular 
surface diseases.

MSC identification and characterization
Isolated MSC are able to adhere to the plastic surface of culture 
dish and proliferate in vitro. They are fibroblast-like cells and 
express certain cell surface markers. Though no single cell marker 
or a set of markers is simply determined to define MSC, several 
characterization tests can be combined to identify MSC [1].

MSC immunophenotype character
Immunophenotype analysis is one of the essential tests for MSC. 
The minimal cell surface markers that should be examined 
include positive ones as: CD105 (endoglin), CD90 (Thy-1)) 
and CD73 (5'-nucleotidase; and negative markers as: CD34, 
CD45, CD14, CD11b (integrin αM chain), CD79α and HLA-
DR surface molecules [2]. Many other markers have also been 
recognized to be indicative for the characterization of MSC, as 
CD13, CD44, CD106, CD29, CD166 expression, and the lack of 
CD38, CD31expression [3]. Fluorescence-activated cell sorting 
can be performed routinely in order to evaluate the purity of cell 
population [4].

MSC as a New Therapeutic Approach
MSC can play major roles in healing of tissue damage not only by 
directly differentiating into many of the resident cell types but also 
by secreting several growth factors as (VEGF, NGF, HGF) aiding 
in tissue repair and regeneration [5,6]. 
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Besides of their reparative function, MSC have shown marked 
immunosuppressive and anti-inflammatory potentialities (Figure 
1) [7]. This major function of MSC opens up new avenues for 
development of MSC-based immune-therapeutics to treat life 
threatening autoimmune diseases or severe chronic inflammatory 
conditions. MSCs can directly differentiate to mesenchymal cells 
[7], or to cells other than mesenchyme such as epithelial cell 
lineage or neural cell lineage, as shown formerly in bleomycin-
induced lung injuries [8,9], or in skin injuries [10].

Figure 1: A schematic diagram for the therapeutic effect of MSCs. MSCs 
can contribute to the healing process through different mechanisms, as 
differentiation into epithelial-like cells, immune suppression potentialities 
and its ability to produce different trophic factors.

Mesenchyme to epithelial transition (MET) Process of MSC
The molecular mechanisms of mesenchyme to epithelial transition 
(MET) of MSC have not been yet elucidated. Currently, the 
relationship between EMT/MET and MSC are being highly 
investigated. Meanwhile, MET process commonly occurs in 
mucosal healing and in cancer metastasis [11]. For instances 
during organ morphogenesis, the epithelium-associated genes are 
up regulated and the mesenchymal ones are down regulated.

 Former workers reported trans differentiation of MSC into corneal 
epithelial cells with typical MET phenomenon [12]. They suggested 
that, at day 5 of a corneal alkali burn, wound microenvironment 
could generate factors that have the ability to transform circulating 
MSCs into epithelial cells. Several phenotypic changes were 
observed such as, the reduction of actin stress fibers at the bottom 
of cells and the reduction of α-SMA (alpha -smooth muscle actin) 
a marker for mesenchymal origin. In addition to acquisition 
of epithelial characteristics, such as increased expression of 
E-cadherin in the cell-cell contact sites and the rearrangement of 
actin filaments (Figures 2 and 3).

Figure 2: Administration of reconstituted wound microenvironment in 
vitro resulted in rearrangement of actin filaments in transformed MSC and 
reduction of α-SMA. 
(A) Showing the spindle shaped MSC and epithelioid transformed 
MSC using immunostaining for α-SMA. Following administration of 
reconstituted wound microenvironment in vitro for 19 days, significant 
reduction of immuno-reactivity of α-SMA was observed (scale bar: 100 
μm).
(B) Comparing the spindle-shaped MSC and epithelioid transformed 
MSC by immunostaining with actin-phalloidin for actin filaments. 

The distinct patterns of actin filaments (F-actin) in MSC and 
corneal epithelial cells were shown as stress fibers at the bottom 
of all cells (left) and cortical actin ring at the cell-cell contact 
sites (middle), respectively. At 19 days after administration of 
conditioned medium, actin rearrangement from stress fibers to 
cortical actin ring was accompanied with morphological changes 
in transformed MSC (scale: 100 μm).

Figure 3: Induction of E-cadherin was accompanied in transformed MSC 
by administration of reconstituted wound microenvironment in vitro. 
(A) The immunoreactivity of α-SMA, a mesenchymal marker, and E 
cadherin, an epithelial marker, displayed mutually exclusive expression 
patterns. Increased expression of Ecadherin in transformed MSC depicted 
typical EMT process (scale bar: 10 μm).
(B) Immuno-reactivity of E-cadherin at cell to cell contact site showed by 
z-scanning from confocal analysis (scale bar: 10 μm).
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MSC and stem cell niche
Stem cells (SC) functions are determined by the extracellular 
tissue microenvironment known as the ‘‘niche’’ and by the intrinsic 
genetic programs in the SC; both of these have a major impact 
on the delicate balance of self-renewal and differentiation [13]. 
Studies have shown that, SC niche provided an extracellular matrix 
in which SC are maintained in an undifferentiated state. These 
niche characteristics are extremely essential during embryonic 
development, organogenesis and tissue regeneration [14,15].

Figure 4: Scheme of niche of limbal stem cells of the corneal epithelium 
(modification of Li et al. 2007).

Structure difference
The SC-containing limbal epithelium is located at the Palisades 
of Vogt, which are surrounded by a vascular network and are 
highly pigmented by the presence of melanocytes [16-18]. limbal 
epithelium is highly infiltrated by antigen-presenting Langerhans’s 
cells [19], and suppressor T-lymphocytes [20]. The BM of the 
limbal epithelium differs from that of the cornea, for instance, it 
was found that, the percentage of limbal basal cell membranes with 
hemidesmosomes to be significantly less than those of the cornea 
[21]. The limbal BM is undulated with 'pegs’’ or papillae of stroma 
extending upward [21], and fenestrated by so called focal stromal 
projections and limbal crypts [22-24]. However, the cornea, lacks 
such papillae.

Former studies showed that, corneal ectasia induced by LASIK, 
keratoconus and radial keratotomy (RK wounds), may modulate 
the differentiation of corneal epithelial cells that resulted from 
disrupted BM, leading to dedifferentiation of corneal epithelial 
cells into transient amplifying cells (TACs) [21], (Figure 4). They 
propose that, such phenotypic changes in corneal epithelial cells, 
may result in expression of DNp63 markers and connexin43 
(Cx43); which were also expressed by the basal layer of the 
corneal epithelium, on disruption of the BM, and by the Bowman’s 
membrane of the damaged cornea potentially through the p38-
MAPK (mitogen activated protein kinase) pathway [21]. This might 

be due to alteration of their niche, including their extracellular 
matrix and BM. These results, and the anatomical features of the 
limbus, suggested that limbal stem cells might closely interact 
with cells in the underlying limbal stroma [21,23,24].

In addition to laminin-5 and laminin-1, the limbal BM also 
contains laminin a2b2 chains, while the corneal BM does not [25]. 
Moreover, a1, a2, and a5 chains of type IV collagen are present in 
the limbal BM, whereas a3 and a5 chains are present in its corneal 
counterpart [25-27]. All of these components hence contribute to 
the distribution of SC in this niche [30].

It was also suggested that, BM sequesters and modulates growth 
factors and cytokines that are released from limbal cells into the 
niche for efficient and precise targeting of limbal SC [29-33]. 
In other words, regulation of cytokines in cornea and limbus 
was found to be different [31]. These observations suggest that 
the corneal epithelial BM may affect the overlying epithelial 
phenotype. Ultimately, limbal SC contribute to the regeneration 
and repair of transparent corneas [32,33]. In an animal study [32], 
the rabbit cornea was destroyed by n-heptanol corneal epithelial 
debridement and surgical removal of the limbal zone. During 
Postoperative follow-up showed, progressive conjunctivalization, 
vascularization and signs of limbal SC deficiency, was observed 
for all corneas in a 6-month recovery [32]. Transplantation of SC-
containing limbal tissue to treat limbal SCs deficiency showed that 
replaced limbal SC can provide new healthy corneal epithelial cells 
and restore the lost niche of the limbal stromal layer, leading to 
regression of the vessels and rearrangement of the corneal stromal 
lamellae that resulted from limbal SC deficiency (Figure 5).

Figure 5: Autograft limbal tissue transplantation for limbal stem cells 
deficiency in a rabbit model. LSCs not only provide new healthy corneal 
epithelium but also reform the stromal layer by regression of the vessels 
and rearrangement of the stromal lamellae. a, b, and, c are images showing 
the pathology of corneal surfaces 6 months after LSCs transplantation. d, e, 
and, f are images from control groups without limbal SCs transplantation. 
a and d are areas of the central cornea, b and e are  areas of the peripheral 
cornea, c and f are limbal areas.( H&E staining; Bar 25 lm).

Strategies for treatment of limbal SC deficiency by SC expansion 
technique represent a new approach intended for development of 
tissue-based therapeutics. The aim of such technique is to replace 
lost tissue function occurring as a result of aging, surgery, injury, 
inflammatory diseases, or hereditary causes.

Studies had been performed by Tsai et al. (2014) for cases with 
central corneal stromal opacity treated by limbal SC transplantation 
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followed by penetrating keratoplasty [34]. In one successful case 
of limbal SC reconstruction of the whole cornea, several layers 
of epithelial cells grew over an amniotic membrane (AM) on the 
central cornea, even 10 months after limbal SC transplantation 
(Figure 6a), similar to the rabbit model of limbal tissue 
reconstruction for limbal SCs deficiency (Figure 5a). In another 
case, 6 months after a failed allograft of LSCs reconstruction, the 
pathological specimen of the central cornea did not reveal normal 
epithelial and stromal phenotype; there was irregular lamellar 
structure with PMN leukocyte infiltration and fibrovascular 
ingrowth (Figure 6b), similar to the rabbit model of limbal SCs 
deficiency (Figure 5d). For this specimen the AM could not be 
identified. Immunohistological study of this successful specimen 
of central cornea with previous reconstruction by limbal SC with 
AM revealed DNp63- positive cells throughout the epithelial 
layers of the central cornea (Figure 6d). Identification of the AM 
by Alcian blue staining (Figure 6c) indicated that the AM can 
provide the niche environment for cultured LSCs and maintain the 
limbal-like environment for the transplanted area of the cornea. By 
ex-vivo expansion, these SC-like cells can be successfully grown 
on the human cornea and thereby help to maintain its clarity and 
the homeostasis between corneal epithelium proliferation and 
differentiation for at least 16 years [34,35]. This technique supports 
the importance of the intact AM as a unique niche for maintenance 
and expansion of LSCs in vitro.

Figure 6: Pathology studies performed for cases with preexisting central 
corneal stromal opacity treated by LSCs transplantation followed by 
penetrating keratoplasty. 
A. 10 months after LSC transplantation, epithelial cells regularly arranged 
into multiple layers and the AM could still be identified. 
B. An unsuccessful case 6 months after LSC transplantation. Irregular 
lamellar structure with PMN leukocyte infiltration and fibrovascular 
ingrowth were observed. The epithelium and stroma had irregular 
phenotypes, and the AM could not be identified from this specimen. 
C. A successful specimen of central cornea with previous reconstruction 
by LSCs with AM. The AM could be identified by positive Alcian blue 
staining.
D. Positive DNp63 cells are identified throughout the epithelial layer of 
the central cornea, indicating the AM can provide the niche environment 

for cultured LSCs and maintain the limbal-like environment for the 
transplanted area of the cornea. H&E staining; Bar 25 lm.

Role of Micro-environment, Stem Cell Niche and Paracrine 
Factors
It is obvious that, the stem cell microenvironment niche has 
a definitive role in maintaining stem cell properties (such as 
pluripotency, cell division and differentiation capacities) [36]. 
Paracrine factors secretion is one of the mechanisms by which the 
niche interacts with the stem cells [37], along with cell-cell and 
extra-cellular matrix interactions.

The supply of micro-environment elements can increase corneal 
stem cell survival and cell repair [38]. Saichanma and colleagues 
differentiated murine induced Pluripotent SC (iPSC) into corneal 
epithelium-like cells by co-culturing them with corneal limbal 
stroma, thus replicating the corneal epithelial stem cell niche 
[39]. The coculture was performed using Transwell plates, which 
means there was no physical contact between the iPSC and the 
corneal limbal stroma. The successful differentiation into corneal 
epithelium-like cells showed that factors secreted by the stroma 
seemed to be responsible for iPSC differentiation, revealing the 
importance of paracrine interactions.

Surprisingly, limbal microenvironment could influence stem cell 
fate as hair follicle stem cells could transdifferentiate directly 
into Corneal Epithelial cells (CECs) when cultured in a limbus-
specific-like niche while remaining epidermal when grow in a hair 
follicle culture condition [27].

Furthermore, several studies revealed that the microenvironment 
was greatly involved in the success of stem cell transplant and the 
long-term survival of the graft in ocular surface therapy [40-43].

The paracrine factors secretion represents a major mechanism by 
which stem cells enhance wound repair and maintain homeostasis. 
Intercellular communication is partly mediated by secreted 
microvesicles (SMV), including exosomes, an emerging novel 
avenue with great potential [44]. Exosomes are defined as SMV 
ranging from 30 to 150 nm in diameter. They are released from 
multivesicular endosomes after fusion with the plasma membrane 
and are of endosomal origin [45]. Exosomes are enriched for 
cytoskeleton molecules, membrane trafficking, chaperones, signal 
transduction proteins and cytoplasmic enzymes. Remarkably, they 
can also deliver functional RNAs, mRNAs and long non-coding 
RNAs to recipient cells [46]. Exosomes have multiple biological 
functions, including modulation of vascular homeostasis, 
angiogenesis and immune activation [47].

Exosomes likely have a great potential in cell repair, and several 
studies have demonstrated their role in cell protection and wound 
healing, for example on cardiac, skin or skeletal muscle cells [48].

As exosomes derived from MSC [49], and from ESC have shown 
regenerative capacities and cell plasticity [50], and neural cell 
derived secreted microvesicles contain Pax-6 mRNA, there is 
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a strong possibility that exosomes, derived either from limbal 
stem cells or corneal cells could enhance corneal repair and even 
transdifferentiation. The use of exosomes could overcome the 
limitations and risks associated with stem cells, due to the limited 
size of donor tissues [42]. Moreover, stem cell transplantation 
requires the development of a safe and reproducible technique 
to ensure the successful engraftment of the tissue, whereas 
exosomes could be applied topically for corneal repair. Thus, 
the administration of exosomes would be safer than stem cell 
transplantation, with no need for surgery. Some exosomes have 
been shown to express molecules of the major histocompatibility 
complex (MHC) at their surface [50], so the question of immune 
reaction has to be considered in the same way that it is for stem 
cell transplantation. It is worth noting that the eye is an immuno-
privileged site where the risk of immune reaction is relatively 
reduced (immune tolerance) [50]. Hence, exosomes are a very 
interesting alternative to stem cell therapies, the study of their 
effect on ocular surface regeneration could pave the way to their 
use as a new therapy for corneal pathologies such as LSCD.

Conclusion
Human clinical studies for treating LSCD currently apply limbal, 
conjunctival, and oral mucosal as no single cell type has proven 
clearly superior, and there is still a need for standardized procedures. 
Over the past few years, new techniques and cell sources have 
been developed, some of them having a very promising future. It 
has been shown that MSC could differentiate into corneal cells in 
vitro, which is very encouraging for possible clinical applications. 
However, several technical and ethical issues need to be resolved, 
and further pre-clinical studies are required before considering 
applications in human.

The microenvironment, including paracrine factors, has a central 
role in the survival and renewal of LSC. Exosomes are secreted 
vesicles with major potential; they are known to have the ability 
to carry proteins, enzymes and RNAs, thus having a crucial role in 
intercellular communications. Today, exosomes are considered as 
a novel pathway with a great potentiality in therapeutics, especially 
in regenerative medicine. Their use in ocular surface diseases could 
circumvent the limitations and risks of stem cell transplantation, 
and they would be easier to handle on a pharmaceutical aspect. A 
better understanding of the LSC niche and microenvironment, as 
well as the role of exosomes in corneal regeneration, could open 
the way to a brand new approach for the management of ocular 
surface diseases.
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