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Abstract 
 
Stem cells are capable of giving rise to progenies with specific functional and 
morphological traits and, in recent years, extraordinary scientific advances have 
initiated an era of hope for clinical regenerative strategies and tissue engineering 
applications. We appraise the potential benefits of human umbilical cord derived 
stem cell therapy and consider current approaches to utilize these stem cells in 
corneal epithelial, stromal, and endothelial disorders.  
 
Keywords: Human umbilical cord stem cells; mesenchymal stem cells; tissue 
regeneration, stem cell therapy; cornea; transplantation. 
 
1. Introduction 
 
The development of stem cell therapy for tissue engineering applications has 
greatly progressed in recent years, particularly in the field of ophthalmology. Tissue 
engineering is of particular importance to corneal specialists who typically deal with 
a chronic global shortage of suitable donor corneas in their efforts to treat 1.5 to 2.0 
million new cases of monocular corneal blindness annually 62; 98. We review 
current efforts to utilize human umbilical cord stem cells to treat diseases involving 
the corneal epithelium, stroma, and endothelium. 
 
2. Stem cells 
 
Stem cells are cells with three basic properties: they are capable of self-renewal, 
they have the capacity to undergo differentiation to become specialized progeny 
cells, and they have the potential to renew the tissue that they populate 97. 
 
Stem cells can be classified according to their origin or potency. Human stem cells 
have been isolated from embryonic, fetal, and adult tissue. Embryonic stem cells 
are pluripotent, capable of differentiating into embryonic tissue such as ectoderm, 
mesoderm, and endoderm, and are harvested from the blastocyst of 5-day-old pre-
implantation embryos 89. Fetal stem cells are multipotent cells capable of 
differentiating into a limited number of cell types as dictated by the degree of prior 
differentiation and can be isolated from two distinct sources: the fetus proper and 
supportive extra-embryonic tissues, such as amniotic fluid, umbilical cord, placenta, 
and amnion. Adult stem cells are also multipotent cells capable of differentiating 
into a more limited number of cell types than fetal stem cells.  Adult stem cells are 
thought to reside in the corneal limbus 26, stroma 25; 27, and transition zone 
(periphery of Schwalbe line to the anterior portion of the trabecular meshwork) 85. 
In recent years investigators have genetically reprogrammed adult somatic cells to 
an embryonic stem cell-like state by forcing expression of four key transcription 
factors--OCT4, SOX2, KLF4, and c-Myc--that are important for maintaining the 
defining properties of embryonic stem cells 86. The resulting induced pluripotent 
stem cells (iPSCs) can give rise to all tissue types.  
 
The therapeutic application of stem cells is based on a variety of strategies, such as 
cell replacement therapy (delivery of differentiated stem cells into damaged tissue), 
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paracrine activity (where transplanted stem cells synthesize trophic factors that 
induce the resident tissue to self-restore and proliferate) 2, and potentially stem cell 
fusion with existing dysfunctional cells to restore function 102. 
 
The inbuilt capacity of self-renewal and differentiation of stem cells has rapidly 
established stem cell-based therapies as a major new direction in the investigation 
of novel therapies for human disease. There are, however, fundamental difficulties 
intrinsic to stem cell therapy that must be resolved before widespread introduction 
into clinical practice can occur.  
 
One of the main issues with stem cell therapy is that, based on their characteristics 
of unlimited self-renewal and high proliferation rate, stem cells are at a significant 
risk of malignant transformation and teratoma formation. In addition, similar growth 
regulators and control mechanisms are involved in stem cell and tumor 
maintenance 52, and therefore tumor formation is seen as a key obstacle to the 
safe use of stem cell-based clinical therapies 32. 
 
Another major obstacle is that allogeneic stem cells are potential targets for the 
immune system and can be subject to humoral or cell-mediated rejection. The 
immunological barrier therefore poses a formidable challenge in utilizing stem cells 
as rejection is likely to occur following transplantation of allogenic cells or their 
differentiated progenies into most tissues, except those benefiting from an immuno-
privileged status. 
  
In addition, there are also significant potential barriers in relation to the ethical and 
moral issues involved in the use of embryonic and fetal stem cells, as well as 
technical issues such as: accessibility, ease of cell cultivation and expansion, and  
maintenance of optimal cell characteristics and differentiation 51. 
 
3. Human umbilical cord stem cells 
 
The umbilical cord contains two arteries and a vein, wrapped in a sheath of 
proteoglycan rich, mucoid, porous connective tissue (Wharton jelly), and covered 
by a simple epithelial layer believed to derive from amniotic membrane epithelium 
(figure 1). A reservoir of blood is present in the umbilical cord vein post-partum. 
 
The umbilical cord was the first fetal tissue to be explored for the presence of stem 
cells 5. Umbilical cord-derived stem cells represent a class of stem cells that have a 
number of advantages over other traditional sources of stem cells, such as the 
bone marrow, and they potentially obviate some of the current ethical and access 
difficulties inherent to human stem cell research. These cells are all of newborn 
origin and therefore have excellent proliferation and differentiation properties, they 
are readily available in large quantities from a tissue source that is typically 
discarded, and the cells can be isolated and cultured rapidly and inexpensively in 
vitro. The advantages and disadvantages of umbilical cord-derived stem cells are 
summarized in table 1. 
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The umbilical cord incorporates both mesenchymal and epithelial stem cells with 
anti-inflammatory and immune-privilege properties that can be differentiated into 
corneal epithelial, stromal, and endothelial cells. Umbilical cord blood is also a 
source of primarily hematopoietic lineage cells with a small multipotent cell 
population (0.00003% of all extracted nucleated cells) 68. Banking of umbilical cord 
blood stem cells by “cord blood banks” in both private and public settings is now 
readily available in many industrialized countries so that individuals may benefit 
from their own personal bank of cells for use in future translational therapies 59. 
Over the past decade umbilical cord-derived cells have re-emerged as a potential 
source of stem cells after initial investigations in the 1980’s discovered the utility of 
the umbilical cord-placenta complex in stem cell therapy 5. 
 
The large quantity of umbilical cord lining membrane that can be collected in a 
single setting translates into billions of stem cells that can be grown in primary stem 
cell culture in a rapid and inexpensive fashion. There are many additional 
advantages to the use of umbilical cord stem cells as they are: immunologically 
naive, non-tumorigenic, not implicated with the ethical issues of embryonic stem 
cells, and isolated from tissue normally discarded as bio-waste 82. Unlike donated 
corneas, the supply of human umbilical cord stem cells is almost unlimited, and the 
cells can be expanded and stored in liquid nitrogen in a tissue bank and thawed for 
later use. The above advantages have generated great interest in utilizing these 
cells to treat an array of corneal disorders. 
 
Both mesenchymal and epithelial stem cells can be isolated from the umbilical cord 
lining membrane to be used for the regeneration of the corneal epithelium, stroma, 
and endothelium 53. Umbilical cord blood derived mesenchymal stem cells 
(UCBMSCs) also have the potential to differentiate into multiple cell types, in 
addition to generating ectodermal and endodermal lineages by crossing the 
germline barrier 16.  
 
A relatively high number of umbilical cord mesenchymal stem cells (UCMSCs) 
reside in Wharton jelly, approximately 400,000 cells per umbilical cord compared to 
1 mesenchymal stem cell in 10,000 nucleated bone marrow cells 14; 42. 
Mesenchymal stem cells are non-hematopoietic stromal cells that hold great 
potential for use in cell-based therapeutic strategies because of their intrinsic ability 
to self-renew and differentiate into several cell types. UCMSCs have been shown to 
be capable of differentiating into multiple cell types such as adipose tissue, bone 
marrow, skeletal muscle and cartilage 4; 99. UCMSCs have also been shown to 
possess a degree of plasticity and tend to converge and attach to areas of tissue 
injury where they differentiate into various cell types depending on the specific 
micro environmental conditions 14. UCMSCs offer several advantages over other 
stem cell sources as they possess broad differentiation potential and do not exhibit 
diminished proliferative and differentiation capacity with age, as is often seen in 
stem cells derived from other sources 46.  
 
UCMSCs have already been used to successfully treat patients with myeloid 
disorders 100 and clinical trials are ongoing evaluating their efficacy in the 
treatment of a variety of disorders including Alzheimer disease, stroke, cerebral 
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palsy, autism, bronchopulmonary dysplasia, cartilage injury, osteoarthritis, full 
thickness burns, hearing loss and inborn metabolic disorders 37. 
 
Currently, there are numerous methods for isolation and culture of stem cells from 
the umbilical cord in different species. These approaches are mainly based on 
enzymatic treatment or explantation techniques in order to isolate different stem cell 
populations from the cord, with subsequent culture in specific media to encourage 
differentiation of cell types. Problems associated with all isolation methods include, 
however, a low yield of primary cells, lack of cell purity and a long culture cycle. It 
appears that the efficacy of isolation of primary cell culture  is also variable between 
different anatomical locations with cell isolation approaching 100% from Wharton 
jelly, while mesenchymal stem cell (MSC) isolation from umbilical cord blood is 
reported to be lower at around 60%  1; 9; 90. 
 
 
4. Corneal regeneration  
 
4.1. Epithelial regeneration 
 
Corneal epithelium is an ectoderm-derived, non-keratinized, stratified layer with a 
unique cytokeratin expression pattern and a reported thickness of between 48-
53 µm 61; 87. In health, the corneal epithelium is a rapidly regenerating tissue that 
is maintained by the integrity and functionality of a specialized stem cell population, 
known as limbal stem cells (LSCs). The LSCs are located in the basal region of the 
limbus, a narrow transition zone between the peripheral cornea and conjunctiva 26; 
65.  
 
Regeneration of the corneal epithelial surface has traditionally been thought to 
involve division, migration, and maturation of LSCs. The XYZ hypothesis proposes 
that the maintenance of the corneal epithelium can be represented by the formula 
X+Y=Z, where Z (desquamation), equals the sum of X (proliferation) and Y 
(centripetal migration) (Figure 2) 29; 88.  
 
Recent animal work has challenged this concept with reports of circulating bone 
marrow MSCs homing onto and engrafting to the epithelial layer in a cornea injury 
model - successfully reconstructing the damaged corneal surface in a similar 
fashion to limbal epithelial stem cells 34; 55 . This is thought to be through a 
phenomenon known as mesenchymal-epithelial transition (MET), a process in 
which mesenchymal cells lose their migratory properties and instead obtain cell 
polarity and adhere to epithelial cells 70. MET and the reverse process, epithelial 
mesenchymal transition (EMT), have been observed to occur in both normal tissue 
as well as fibrotic and tumor tissue; however, the molecular signals allowing MET of 
MSCs in injured tissue and the longevity of such a transformation have not yet been 
fully elucidated.  
 
Several disease processes such as Stevens-Johnson syndrome (SJS), and 
chemical injuries can result in the destruction of the delicate micro-environmental 
niche of the LSC and lead to limbal stem cell deficiency (LSCD). Advanced LSCD 
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has a reported incidence of 3.81 × 10−6 cases per million, per annum and is 
associated with devastating visual loss 10; 81. Surgical intervention for LSCD is a 
major challenge because conventional corneal transplantation provides only a 
temporary replacement of corneal epithelium without replacing the LSC population 
and is therefore associated with poor long-term outcomes 12; 15; 94. 
 
A variety of corneal limbal stem cell grafting procedures have been utilized to treat 
LSCD. They involve either direct transplantation of limbal tissue or transplantation 
of in vitro expanded cells on a variety of biological or synthetic carrier materials. 
These techniques include conjunctival limbal autograft (CLAU) 44, living-related 
conjunctival allograft (Lr-CAL) 50, keratolimbal allograft (KLAL) 20, autologous ex 
vivo cultivated limbal epithelial transplantation (CLET) 91, simple limbal epithelial 
transplantation (SLET) 77, cultivated oral mucosal epithelial transplantation 
(COMET) 58 and transplantation of peripheral corneal cells 36; 56. Currently these 
techniques are challenging to perform, expensive, and have variable long term 
success rates 30.  
 
Cells derived from epithelial umbilical cord stem cells are capable of forming a 
stratified epithelial layer when seeded on artificial matrices such as collagen gels 
populated with fibroblasts as feeder cells 78. Researchers have therefore 
investigated the feasibility of using these cultivated cells for corneal epithelial 
reconstruction. 
 
Garzon et al. utilized an epidermal growth factor enriched medium to induce 
Wharton jelly-derived UCMSCs to transdifferentiate into corneal epithelial cells on a 
3D human artificial anterior cornea model, composed of a stromal substitute from 
human keratocytes, fibrin, and 0.1% agarose. The group demonstrated the capacity 
of UCMSCs to form a stratified epithelial layer with ultrastructural characteristics 
such as expression of epithelial markers (cytokeratin 3/12, plakoglobin), tight 
junction protein zonula occludens 1 (ZO-1), gap junction protein Connexin 43, along 
with other proteoglycans, collagen, elastic, and reticular fibres 28. They also 
confirmed the presence of other critical characteristics such as intermediate 
filaments and desmosomal junctions, and gap junctions in these trans-differentiated 
cells; however, they reported a lower level of tissue differentiation compared to 
control native human corneas and postulated that in vivo interaction between 
different cell types is imperative for full cell differentiation and tissue 
morphogenesis.  
 
Reza et al. recently described a novel cell type of the human umbilical cord lining 
membrane that expresses mucin1, hence termed mucin-expressing cord lining 
epithelial cell (CLEC-muc) 74. CLEC-muc appears to be a primitive type of stem 
cell having both embryonic and adult epithelial stem cell properties and has similar 
characteristics to LSCs. CLEC-mucs are highly proliferative and appear to express 
several embryonic stem cell markers such as OCT-4, NANOG, SOX2, REX1 and 
SSEA-4 as well as the putative limbal stem cell markers p63, ABCG2, HES1 and 
BMI1 75. These cells have been shown to have the capacity to differentiate into 
cytokeratin 3/12- positive cells 74. They also lack any maternal human leukocyte 
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antigen (HLA) while expressing non-classical HLA forms, which confer upon them 
desirable immunosuppressive qualities 60.  
 
The same research group expanded stratified CLEC-muc cell sheets on human 
amniotic membrane and demonstrated that they express corneal differentiation 
markers (cytokeratin 3/12), cell adhesion molecule (Integrin-β1), and basement 
membrane proteins (Collagen IV and Laminin), while lacking conjunctival epithelial 
markers (cytokeratin 4, 13 and 1/10). CLEC-mucs on an amniotic membrane carrier 
were transplanted in a rabbit model of LSCD, with complete anterior superficial 
keratectomy alongside removal of all corneal epithelial cells and excision of the 
limbus. Complete regeneration of the ocular surface was observed in 4 out of the 6 
animals treated with CLEC-mucs with all animals that had received no transplants 
or only amniotic membrane transplants without CLEC-mucs demonstrating signs of 
total limbal stem cell failure at the 10-weeks postoperatively (figure 3). One eye 
developed mild superficial inflammation whilst another developed severe 
neovascularization. Molecular analysis of transplanted eyes revealed a similar gene 
expression profile to intact normal cornea controls 75.  
 
CLEC-mucs appear to be an ideal candidate for ocular surface reconstruction as 
they readily express putative limbal stem cell markers, can be easily expanded in 
an ex vivo setting to generate cell sheets which are immunologically naïve and 
phenotypically similar to corneal epithelial cells. The success of laboratory in vivo 
studies has led to trials for the treatment of persistent corneal epithelial defects in 
humans. Unpublished reports suggest that allogeneic CLEC-muc sheets cultured 
on contact lens-shaped plastic can lead to corneal epithelialization in 95% of 
patients with chronic corneal ulcers but further details are elusive. 
 
The use of umbilical stem cell derived epithelial cells would circumvent the problem 
of the limited amount of limbal tissue available for transplantation, especially in 
cases of bilateral LSCD, but further study is still required.  
 
A complete understanding of ocular surface physiology and the limbal stem cell 
niche and its surrounding extracellular matrix is still lacking, with identification and 
tracking of limbal stem cells proving to be extremely difficult. It is also unclear how 
stem cell transplantation of the ocular surface leads to the long term improvements 
in the ocular surface and vision 7, as attempts to retrieve donor cells from the 
recipients of allogeneic grafts have had mixed results 31; 80. In one study 
investigators were unable to detect donor cells using impression cytology following 
stem cell transplantation 31. Indeed, it is hypothesized that transplanted stem cells 
may work largely by reinvigoration of the residual host stem cells, perhaps by 
secreting growth factors, but the underlying mechanisms for this proposed 
phenomenon remain unknown 22.  
 
The identification of factors secreted from cultured, non-limbal, epithelial cells that 
may be involved in the revitalization of native limbal stem cells is certainly an area 
that requires further investigation. Another area of keen interest is how the various 
culture parameters affect the cultivated cell sheet, with particular emphasis on the 
phenotype of differentiated cells. This is critical given that the phenotype of 
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cultivated limbal epithelial cells, and in particular the presence of a critical mass of 
p63-positive cells, has been shown to be a major determinant of success following 
transplantation 73 
 
Other significant barriers that need to be overcome to allow the clinical application 
of umbilical stem cell reconstruction of the ocular surface include the lack of cell 
surface marker exploitation techniques.  These can be used for enriching specific 
cell populations when compared to other stem cell populations (e.g. hematopoeitic 
stem cells). There is also the lack of a standardized cultivation process that 
consists of only clinical-grade, xeno-free, products in good manufacturing practice 
(GMP) grade conditions 66; 95.  
 
Further work is also required to determine the best composition of the substrate 
matrix used to differentiate mesenchymal stem cells into epithelial cells. Current 
techniques which attempt to recreate the microenvironmental niche of the host 
tissue, by seeding the stem cells on a fibrin–agarose stromal substitute containing 
human keratocytes, fail to allow full in vivo differentiation of an epithelial layer. This 
suggests that a number of different cell signals are required for complete cell 
differentiation and tissue morphogenesis. 
 
 
4.2. Stromal regeneration 
 
The stroma is a precisely organized avascular tissue which comprises 
approximately 90% of corneal thickness and provides the mechanical integrity and 
transparency of the cornea. It contains 200-250 distinct lamellae, each layer 
arranged at right angles relative to fibers in adjacent lamellae.  
 
In recent years the corneal stroma has been identified to be home to corneal 
stromal stem cells (CSSCs) with keratocyte progenitor potential 25. CSSC are 
found in the limbal stroma, near the Bowman layer and in close proximity to limbal 
epithelial stem cells 67. These cells have the phenotypic properties and cell surface 
markers of MSCs and possess the ability to expand in vitro without loss of the 
ability to adopt a keratocyte phenotype 67.  
 
Keratocytes are the major cell type in the stroma and are embryologically derived 
from mesenchymal cells lying between the corneal epithelium and endothelium 21. 
Keratocytes are capable of synthesizing collagen molecules, glycosaminoglycans, 
and matrix metalloproteases (MMPs), and are crucial in maintaining local 
homeostasis 23.  
 
Keratocytes, unlike corneal epithelial cells, are difficult to propagate ex vivo as they 
have a low proliferative capacity and tend to irreversibly transform into fibroblasts. 
Whilst some progress has been made to utilize culture media which propagates 
keratocyte cells without transition to fibroblasts 101, the low proliferation rate of 
these cells remains a significant barrier to their potential application for cell therapy.  
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Karamichos et al. demonstrated the ability of UCMSCs to stratify and deposit an 
organized and functional extracellular matrix when plated on polycarbonate 
membrane inserts and cultured in a Vitamin C and transforming growth factor-β1 
(TGF-β1) enriched medium containing 10% Fetal bovine serum (FBS), Eagle’s 
Minimum Essential Medium (EMEM), and 0.5 mM 2-O-α-D-glucopyranosyl-L-
ascorbic acid. After 4 weeks, a construct approximately 35 um thick was deposited 
which was similar in terms of Type I and V collagen content as well as collagen fibril 
diameter to that secreted by corneal fibroblasts under similar conditions 43. The 
transparency of the construct was not reported. 
 
Further work has suggested that UCMSC transplantation may be a feasible 
alternative to keratoplasty in treating congenital disorders of the cornea secondary 
to keratocyte dysfunction such as mucopolysaccharidoses. Lumican, belonging to a 
small leucine rich proteoglycan family, is one of the major keratan sulfate 
proteoglycans in the corneal stroma and is of fundamental importance to corneal 
transparency 54. Liu et al. performed unilateral intrastromal injection of human 
UCMSCs to treat lumican null (Lum-/-) mice 54 that manifest thin and hazy corneas 
due to null expression of lumican, reduced expression of keratocan, and disrupted 
corneal stromal extracellular matrix structure. The human UCMSCs injected into the 
stroma assumed a keratocyte-like phenotype and expressed genes similar to those 
manifested by keratocytes, including keratocan, lumican, aldehyde dehydrogenase, 
and CD34. These cells were also capable of re-organizing collagen lamellae within 
the stroma as evident on the forward scattered second harmonic generated signals 
(SHG) of collagen fibres from the transplanted corneas. UCMSC transplantation 
improved corneal stromal thickness and transparency after 8-12 weeks, as 
assessed by in vivo confocal microscopy and non-linear optical microscopy. The 
authors observed little or no host immune response to the xenograft, thus obviating 
the need for immunosuppressive therapy (Figure 4).  
 
Follow-up fluorescent stereo microscopy revealed that UCMSCs labelled with the 
temporary markers DiI or DiO (fluorescent lipophilic dialkylcarbocyanine dyes), 
migrated from the corneal center to the periphery and resided within the cornea for 
at least 3 months following intrastromal delivery. The survival of xenografted cells is 
presumably in part due to the immune modulatory ability of MSCs and is supported 
by the immuno-staining data which demonstrated reduced infiltration of leukocytes 
and macrophages in UCMSC transplanted corneas when compared to those 
transplanted with UCBMS 54.  
 
Similar work conducted by Coulson-Thomas et al. demonstrated the capability of 
UCMSCs to treat mucopolysaccharidosis VII, also known as Sly syndrome 18. This 
disorder is caused by mutation of β-glucuronidase which leads to the accumulation 
of heparin sulfate, heparin, chondroitin-4- sulfate and chondroitin-6-sulfate in the 
corneal extracellular matrix 8; 84. Intrastromal injection of UCMSCs in 
mucopolysaccharidosis VII mice resulted in the restoration of the dendritic and 
hexagonal morphology of host keratocytes and endothelial cells, respectively. 
Corneal haze was also shown to be diminished as assessed by laser scanning in 
vivo confocal microscopy. When using this method of imaging, however, the 
brightness of the illuminating light source is usually varied automatically by the 
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instrument in order to maximize image quality, making quantitative assessment of 
haze using this technique unreliable 64. An overall reduction in the corneal content 
of glycosaminoglycans (GAG) and the number and size of lysosomes in 
keratocytes was also reported. Interestingly, the group observed intercellular 
trafficking of UCMSC-secreted exosomes (nano-sized vesicles that have the ability 
to transfer ribonucleic acid) between donor cells and recipient keratocytes and 
postulated that they encouraged endoglycosidase-assisted catabolism of GAG in 
the diseased cornea.  
 
These UCMSCs also survived the host immune response and ultimately 
differentiated into resident stromal cells without the need for immunosuppressive 
therapy. It is interesting that early treatment of mice led to significantly improved 
corneal stromal morphology, suggesting that prophylactic treatment may prevent 
the corneal haze observed in congenital corneal dystrophies.  
The molecular pathways that govern UCMSCs differentiation in the host corneal 
tissue, however, were not delineated in the mouse studies 18; 54. Therefore, the 
potential applicability of these observations for clinical translation into humans is 
difficult to ascertain given that the mouse cornea contains fewer cross-linked 
collagen fibres which may make it more amenable to remodeling following cellular 
therapy 24. Another area of concern is the potential for transplanted UCMSCs to 
differentiate into fibroblastic or myofibroblastic phenotypes resulting in undesirable 
sequelae such as corneal scarring or opacification.  
 
Despite these concerns and limited data, the use of umbilical stem cell derived 
stromal substitutes is an intriguing therapeutic possibility, especially given the 
longevity of mesenchymal stem cell derivatives in corneal tissue; however, further 
work is required to refine techniques to create a reproducible and homogenous cell 
population that can be used for clinical purposes. In order to achieve this, further 
research is also required in respect to standardization of current cell isolation and 
propagation methods. Ideally this would be coupled with a simple mechanism to 
trace the cultivated cells in vivo so that the provenance of observed corneal cells 
can be tracked back to the stem cell administered. 
 
Currently it remains uncertain how long UCMSC derived cells survive in the cornea 
and whether they have potential to cause long term adverse effects, e.g. through 
modulation of the local immune response that can occur through the inhibition of 
inflammatory cell adhesion/invasion 19. Another potential difficulty with intrastromal 
injection of stem cells or transplantation of stroma-like tissue sheets in hazy or 
scarred corneas is the possibility of an inflammatory or scarring response in an 
already compromised cornea.  
 
It is fortunate that xenotransplantation of mesenchymal stem cells to the corneal 
stroma appears to elicit only a transient inflammatory response, akin to the 
expected innate host response to the trauma of intrastromal cell delivery 24. This 
makes the use of such stem cells clinically attractive as expansion of autologous 
stromal stem cells following a stromal biopsy would be unnecessary. Moreover, the 
conveyance of UCMSC-derived exosomes to recipient keratocytes suggests that a 
transfer mode of action, between stem cell derived cells and diseased cells, may be 
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an alternative treatment modality for hereditary stromal dystrophies. The use of 
exosomes per se could overcome some of the limitations and risks associated with 
intrastromal cell injection as exosomes can potentially be applied topically 103. 
Ultimately, however, a great deal of additional research is required to elucidate the 
therapeutic window for curative therapy in animal models before consideration of 
treatment of corneal stromal disease in human subjects. 
 
4.3. Endothelial regeneration 
 
The human corneal endothelial cells (HCECs) consist of a 4um thick monolayer of 
hexagonal cells lining the inner aspect of the cornea. To perform their essential 
pump function, a minimal HCEC functional capacity is required, which depends on 
both HCEC density and quality. The number of HCEC varies throughout life, 
spanning from up to 6000/mm2

 

in newborns to 2000/mm2 in older adults, with an 
average decrease in central endothelial cell density of 0.5% per year 3; 6; 83. 
Endothelial cells do not undergo mitosis in vivo as they are arrested in the G1-
phase of the cell cycle 39. As a result, damaged endothelial cells are rapidly 
replaced by enlargement of the surrounding cells and centripetal migration into the 
injured region. As the endothelial cell density falls below a threshold level of 400-
800 cells/mm2, the cornea fails to maintain its transparency through loss of 
deturgescence and subsequent corneal edema 11; 40; 69.  
 
Endothelial failure is one of the leading reasons for corneal transplantation 
worldwide 45, and in the past decade there has been an increasing effort to provide 
minimally invasive alternative cellular therapies. HCECs are, however, laboriously 
difficult to propagate ex vivo as cultured cells often acquire a fibroblastic 
morphology or fail to proliferate, with an estimated two-thirds of research grade 
human corneas failing to generate viable cells 33. 
 
In recent years, investigators have evaluated the feasibility of transforming 
UCMSCs into HCECs. Corneal endothelial cells are embryologically differentiated 
from mesenchymal cells that migrate between the surface epithelium and lens 
placode 21. Researchers have used lens epithelial cell-conditioned medium 
(LECCM) to mimic the effect of the lens during corneal endothelial differentiation.  
 
In an ex-vivo model, Joyce et al. demonstrated that UCBMSCs could be 
transformed into HCEC through LECCM treatment. While markers for the HCEC 
such as N-cadherin and ZO-1 96, were detected in both treated and untreated 
cultures, these proteins became more distributed to cell boundaries in the presence 
of LECCM. Microarray analysis of 250 genes showed that cells cultured with this 
conditioned medium displayed a shift towards a phenotype closer to that of HCECs. 
The cells were tracked using a permanent marker, green fluorescent protein (GFP), 
and were shown to have a high affinity for damaged HCECs.  While these cells 
would “home in” and attach to damaged HCEC with great efficiency, they failed to 
adhere strongly to either unwounded HCEC or to denuded Descemet membrane 
41.  
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This “home in” ability of UCBMSCs supports the theory of “licensing” where 
mesenchymal stem cells are primed by local factors such as those produced by 
injured and necrotic cells 49. Whilst LECCM transformation of UCMSCs resulted in 
an apparent monolayer of closely-packed, elongated cells, it did not produce 
optimal endothelial phenotypical features with cells exhibiting elongated, 
fibroblastic-like shapes with evidence of cellular overlap. 
 
In a rabbit model, Shao et al. injected in vivo expanded human umbilical cord blood 
endothelial progenitor cells (UCBEPCS) bound with immuno-magnetic CD34 
nanoparticles into the anterior chamber after a central 9mm surgically created 
descemetorhexis. A magnet was placed on the eyelid for 12 hours to attract the 
injected cells to the host stroma 79. In the control group a descemetorhexis was 
performed followed by injection of the same cells but without a magnet. In the 
model group, descemetorhexis was performed without cell injection. In the 
experimental group, cells were noted to migrate towards the magnet and the 
treated corneas expressed aquaporin 1 (AQP1), indicating intact pump function 
(Figure 5). At 4 months postoperatively, the experimental group had little to no 
corneal edema, and corneal thickness measurements comparable to normal eyes, 
suggesting restoration of endothelial pump function by UCBEPCS.” 

 
The aforementioned studies are fascinating  as they open up the possibility of a 
cell- based treatment option for endothelial dysfunction, which is the most common 
reason for corneal transplantation in industrialized countries 63. As noted in the 
previous sections on epithelial and stromal stem cells, there are many obstacles 
that need to be overcome before such therapy can become a clinical reality.  
 
Currently our knowledge regarding the molecular pathways that govern 
development and differentiation of corneal endothelial cells is limited. In particular, 
identification is required of specific micro-environmental conditions that enable 
inductivity of HCEC from umbilical stem cells to replace damaged or diseased cells. 
Although advances have been made with the discovery of the role of TGF-β2 in 
HCEC development, unsurprisingly the process appears to be complex with 
differentiation requiring the interaction of a number of signals from other cell types 
from the anterior segment 38. 
 
The rabbit model is not an ideal candidate for controlled preclinical studies on 
endothelial tissue-engineering owing to a high inbuilt capacity for endothelial 
proliferation in vivo 93. Therefore experimental models more akin to humans are 
needed to examine the long-term results of umbilical stem cell derived endothelial 
transplants. An ideal animal model would be a primate model, e.g. the cynomolgus 
monkeys, but primate experimentation is severely restricted in many countries 
because of ethical and animal welfare concerns 48. 
 
Some investigators consider sheet transplantation of HCECs as the optimal method 
for endothelial transplantation, as it retains the polarity of the transplanted 
endothelial cells 47. Anterior chamber injection of immuno-magnetic infused 
HCECs is a novel method of cell delivery that avoids the inherent problems 
associated with the use of tissue scaffolds, such as poor biocompatibility and 
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biodegradation. However, the viability, identity, or barrier function of nanoparticle-
endocytosing HCECs has not been fully elucidated against that of untreated cells. 
Furthermore, whilst magnetic nanoparticles are thought to be non-toxic to HCECs 
in vitro 57, and other ocular tissues in vivo, 72, long term safety of these particles is 
still unconfirmed. Indeed, there are reports of teratogenicity from the use of 
magnetic nanoparticles in animal models 13.   
 
Other concerns regarding the application of a magnetic field include the potential 
for bound cells to be attracted to the irido-corneal angle in the event of a magnetic 
field offset. This is of concern as nanoparticle clogging of the trabecular meshwork 
has the potential to induce a sustained elevation of intraocular pressure and in the 
past has been used as an experimental glaucoma model in rats 76.  
 
It is also worth noting that whilst the ability of injected HCEC to deturge the cornea 
has been born out in the short term, the longevity of such treatment remains 
undetermined. Additionally, studies to date have not rigorously examined the 
characteristics and functions of transplanted endothelial cells. Transmission 
electron microscopy  studies are required to allow fine characterization of the 
reconstructed endothelial ultrastructure and to confirm the presence of a confluent 
and adherent layer of cells and progressive closure of the tight junctions between 
adjacent cells 71. The use of corneal endothelial cell biomarkers such as ZO-1 and 
N-cadherin to identify corneal endothelial cells in vitro is problematic as they are 
also expressed in other lineages, such as lens epithelial and retinal pigment 
epithelial cells, and are not absolute indicators of functionality 35; 92. This makes 
the isolation of HCECs from umbilical stem cells based on these markers far from 
satisfactory, given the ability of these stem cells to differentiate into a variety of cell 
types. One step toward a better characterization of endothelial cells might come 
from the identification of novel cell markers such as Wnt5a, S100A4, S100A6 and 
IER3 17. 
 
 
5. Conclusion 
 
Umbilical stem cells have a number of qualities which make them attractive in the 
field of regenerative medicine. They are easy to access, and cell extraction does 
not lead to any morbidity or mortality to either mother or infant. They also comprise 
large numbers of newborn stem cells with excellent proliferative capacity, and this 
makes them an economically viable cell source for translational clinical 
applications. The potential for developing cornea-like biomaterials has been greatly 
advanced with the use and availability of stem cells, with preclinical studies 
suggesting umbilical stem cells to be a practical and realistic alternative to 
traditional stem cell sources in the treatment of corneal disease. The field is still in 
its infancy, and further studies are required to determine the long-term outcome of 
these transplants.  
 
Specifically, additional research is required regarding the phenotypical and 
transformational quality control of expanded cells before application to the eye and 
the microbiological safety of such an intervention. There are also issues regarding 
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the assessment of the functional capacity of differentiated cells in vitro. Future 
research should also focus on standardizing protocols for cell culture, 
differentiation, expansion, and cryopreservation, as well as quality control systems. 
Other areas that need attention include optimizing cell culture media and scaffolds 
which can support cell proliferation, maintenance and differentiation. In particular, 
the current reliance on xeno-derived culture media may constitute a potential risk 
for the transmission of infections.  
 
Whilst there are many avenues that are yet to be explored, the evidence suggests 
that human umbilical stem cells are excellent candidates for regenerative medicine 
and may well play an integral role in stem cell translational therapy. Preliminary 
data supports the potential use of human umbilical stem cell derived tissue in the 
treatment of human limbal stem cell deficiency, keratocyte dysfunction and 
endothelial disease. Developments in this field offer hope of future cellular therapy 
for the millions whose lives are affected by visually-impairing corneal disease, 
currently untreatable or only amenable to corneal transplantation.  
 
 
 
 
 
 
6. Methods of literature search 

 
The authors searched MEDLINE, PubMed, and the Cochrane registry for articles 
published between 1984 and 2016. The search was restricted to publications in 
English. Search terms included: human umbilical cord stem cells, mesenchymal 
stem cells, epithelial stem cells, umbilical cord mesenchymal stem cells, corneal 
epithelial/stromal/endothelial disease. Titles and abstracts were reviewed for 
relevance. The reference lists from relevant articles were also reviewed to identify 
further articles of relevance to the topic. 
 
7. Disclosure 
 
The authors report no proprietary or commercial interest in any product mentioned 
or concept discussed in this article.  
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Tables  
 

Advantages 

Collection is easy, noninvasive and ethically acceptable. 

Stem cell banks, are widely available both in the public and private setting.  

Possibility for cryopreservation of stem cells.  

Presence of multiple types of stem cells in the umbilical cord.  

Low risk of teratoma formation. 

UCMSCs exhibit a gene expression profile more similar to that of embryonic stem cells 
and possess a faster self-renewal compared to bone marrow derived mesenchymal stem 
cells (BMMSCs). 
A substantial number of UCMSCs can be derived after ex vivo expansion.  

UCMSCs can be considered for autologous and allogeneic use.  

UCMSCs retain their multipotency for longer periods than BMMSCs.  

UCMSCs are considered to be have low immunogenicity with good immunosuppressive 
properties in vitro and in vivo and therefore pose a lower risk for rejection and graft-vs-
host disease.  
UCMSCs can act as a feeder layer for other pluripotent stem cells, and exert a non-
tumorigenic effect on other cell types. 
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Advantages 

Disadvantages 

The differentiation ability of UCMSCs is known to be partial for some cell lineages.  

Transplantation of umbilical cord blood derived stem cells can lead to transfer of rare 
infectious or genetic diseases to the host.  
Banking of umbilical cord derived stem cells is expensive, lacks stringent regulation and 
long-term health of stored cells remains unknown.  
Current methods for isolation and culture of stem cells from the umbilical cord are 
cumbersome and result in a low yield of primary cells. 

 
 
Table 1. A summary of the advantages and disadvantages of therapy utilizing stem 
cells derived from the umbilical cord.  
 
 
 
 
 
 
 
 
Figures 
 
 
 
Figure 1.  
 
Cross-section of the human umbilical cord. A: artery; V: vein; WJ: Wharton’s jelly; 
UCL: umbilical cord lining; SA, IV, and PV: subamnion, intervascular, and 
perivascular zones of Wharton’s jelly; VW: blood vessel wall. Hematoxylin and 
eosin staining, scale 200 µm.  
 
Stem cells found in the umbilical cord: 
Cord lining: Mucin-expressing cord lining epithelial cell (CLEC-muc). 
Umbilical vein: Umbilical cord blood derived mesenchymal stem cells (UCBMSCs) 
& Human umbilical cord blood endothelial progenitor cells (UCB EPCs). 
Wharton’s jelly: Umbilical Cord Mesenchymal Stem Cells (UCMSCs). 
 
Reproduced from 1 with permission. 
 
Figure 2. 
(A) Overview of the anterior surface of the human eye, in which the sclera (with 
overlying conjunctiva) and cornea can easily be discriminated. (B) The limbus is 
highly pigmented in some individuals, and allows clear visualization of the limbal 
palisades of Vogt. (C) Diagram of a cross section through the conjunctival, limbal 
and corneal epithelium. Limbal progenitor cells (a) differentiate into transient 
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amplifying cells (b), post-mitotic cells (c) and finally terminally differentiated cells 
(d). Movement of cells in X, Y, Z direction is presented by proliferation of stem 
cells(a), differentiation and centripetal migration (b, c), and desquamation (d) 
respectively. Reproduced from 29 with permission. 
 
 
Figure 3. Representative images show the gross appearances after transplantation 
of CLEC-muc-HAM sheet to the damaged corneal surface of rabbit. CLEC-muc-
HAM transplanted sheet displayed very little opacity after 4 weeks (a), which almost 
disappeared after 10 weeks (d). HAM transplanted eyes showed significant opacity 
in cornea after 4 weeks, which reduced but remained after 10 weeks (b, e, 
respectively). No transplant eyes exhibited opacity and neovascularization in 
cornea after 4 (c) and 10 weeks (f). Sections of these eyes upon hematoxylin-eosin 
staining revealed almost regular smooth corneal epithelium with no infiltrating cells 
in CLEC-muc-HAM group (g) similar to the normal structure of un-treated control 
corneal epithelium (h); while a thick corneal epithelium with some infiltrating cells in 
stroma in no transplant group (i); and irregular corneal epithelium with many 
infiltrating cells in stroma in HAM transplanted group (j). Scale bar, 100 µm. 
Reproduced from 74 with permission from Rightslink. 
 
 
 
 
Figure 4. Corneal stromal thickness and transparency in Lum-/- mice was improved 
by the transplantation of UMSCs. A. Before UMSC transplantation, there were 
similar levels of corneal stromal light scattering and thickness in the right (OD, a) 
and left (OS, b) eye. Panel c contains histograms of light scattering and stromal 
thickness. B. Panel a and b represented the 3-dimensional images of HRT 
examination 12 weeks after UMSCs transplantation; and clearly, lower light 
scattering and increased thickness displayed in the transplanted corneal stroma (b) 
than that of a non-treated cornea (a). The histograms showed thicker and less light 
scattering (more transparent) in the stroma of transplanted corneas than those of 
non-treated corneas after 12 weeks. Reproduced with permission from 54. 
 
 
 
 
 
Figure 5.  Corneal appearance and thickness after transplantation of UCBEPCs 
labeled with nanoparticles and magnet attraction. (A) Two weeks after surgery. The 
corneas had obvious edema with increased corneal thickness. (B) Four months 
after surgery. The corneas in the nano group (UCBEPCs labeled with nanoparticles 
and magnet attraction) had minimal corneal opacity, and the pupil and iris vessels 
were easily visible. The corneas in the control group (nanoparticle-labeled UCB 
EPCS without magnet) and the model group (endothelium–Descemet membrane 
stripping, but no injection of cells) had severe corneal opacity, only pupil margin 
visible. OCT scan showed that the corneal thickness in the nano group was lower 
than in the control and the model group and similar to the normal group. (C) The 
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corneal thickness decreased from 2 weeks to 4 months postoperatively in the nano, 
control, and model groups (2w, 2 weeks; 2mo, 2 months; 4mo, 4 months) 79.  
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