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Severe ocular surface disease can result in limbal stem cell deficiency (LSCD), a condition leading to decreased visual acuity,
photophobia, and ocular pain. To restore the ocular surface in advanced stem cell deficient corneas, an autologous or allogenic
limbal stem cell transplantation is performed. In recent years, the risk of secondary LSCD due to removal of large limbal grafts has
been significantly reduced by the optimization of cultivated limbal epithelial transplantation (CLET). Despite the great successes of
CLET, there still is room for improvement as overall success rate is 70% and visual acuity often remains suboptimal after successful
transplantation. Simple limbal epithelial transplantation reports higher success rates but has not been performed in asmany patients
yet. This review focuses on limbal epithelial stem cells and the pathophysiology of LSCD. State-of-the-art therapeutic management
of LSCD is described, and new and evolving techniques in ocular surface regeneration are being discussed, in particular, advantages
and disadvantages of alternative cell scaffolds and cell sources for cell based ocular surface reconstruction.

1. Introduction

Located at the anterior segment of the eye, the cornea is highly
organised transparent tissue consisting of multiple cellular
and noncellular layers [1]. The corneal epithelium covers the
corneal surface and plays a major role in protection and
transparency [2, 3]. Epithelial cells are shed regularly and
replaced by stem cell sources located at the limbus, a rim of
tissue located at the junction of the cornea and sclera (Figures
1(A) and 1(B)).The limbal epithelial stem cells (LESCs) reside
in specific regions at the limbus known as the limbal stem
cell niches [4]. Damage to the stem cells or disruption of the
niches may lead to Limbal Stem Cell Deficiency (LSCD). In
the absence of a healthy corneal epithelium, the conjunctiva

proliferates over the cornea resulting in opacification and
vascularization, which in turn may lead to reduced vision,
pain, and photophobia [5, 6]. LSCD can be caused by a wide
variety of primary and secondary causes (Table 1) but is most
frequently seen associated with severe chemical or thermal
burns.

Diagnosis of LSCD is often on the bases of history
and clinical findings, which include loss of limbal anatomy,
corneal conjunctivalization, persistent epithelial defects, and
scar formation [7, 8]. In partial LSCD clinical signs are
present but limited to specific regions, which may be quan-
tified by the number of limbal clock hours involved. The
diagnosis is confirmed by impression cytology [9], illus-
trating the presence of goblet cells, increased cytokeratin
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Figure 1: (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. The
cornea (and underlying dark iris) is pictured above, and conjunctiva (and underlying sclera) below. (C)Diagram of a cross section through the
conjunctival, limbal and corneal epithelium. Limbal progenitor cells (a) differentiate into transient 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.

Table 1: Aetiology of LSCD.

Primary causes Reference
Aniridia [67, 71, 72]
Multiple endocrine deficiency [9, 67]
Epidermal dysplasia

Ectrodactyly-ectodermal-dysplasia-clefting syndrome [73]
Congenital erythrokeratodermia [74]
Dyskeratosis congenita [75, 76]
Secondary causes
Thermal or chemical burns [67, 77]
Contact lens wear [67, 78]
Inflammatory eye disease:

Stevens-Johnson syndrome, toxic epidermal necrolysis [67]
Ocular cicatricial pemphigoid [79]
Chronic limbitis: autoimmune disease, extensive microbiological infection, atopic conjunctivitis [80]

Neurotrophic keratitis [80]
Extensive limbal cryotherapy, radiation, or surgery [81]
Bullous keratopathy [82]
Topical antimetabolites (5-FU, Mitomycin C) [83, 84]
Systemic chemotherapy (Hydroxyurea) [85]
5-FU: 5-fluorouracil.

19 (CK19) expression, and reduced CK3/12 expression [10].
More recently CK7, mucin1, and mucin5AC have been
reported as more specific than CK19 for diagnostic purposes
[11–14].

In vivo confocal microscopy (IVCM) and anterior optical
coherence tomography (OCT) are promising techniques that
may assist in diagnosing and quantifying LSCD and guiding
therapeutic management. IVCM provides high-resolution
images of anatomical structures at the cellular level [15, 16].
A number of practical factors limit its use; firstly there is
no consensus on the definitive morphological appearance of
LESCs, surrounding niche cells or goblet cells on IVCM [17,
18]. Secondly, in the presence of a hazy cornea, the technique
is less effective in defining structures due to high degree of

backscatter, and finally it requires the prolonged cooperation
of the patient [19]. Anterior OCT, and in particular Fourier
Domain OCT (FD-OCT), is a more rapid and convenient
method of imaging limbal, scleral, and conjunctival struc-
tures, though, with significantly lower resolution than IVCM
[20]. 3D guided reconstructions of the limbus can be made
and may assist guided limbal biopsy [20]. Furthermore, FD-
OCT can be applied in imaging hazy corneas and facilitates
intraoperative dissection of fibrovascular pannus.

2. Treatment of LSCD

Therapeutic options for LSCD range from conservative
to invasive and depend on the severity of the pathology
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Figure 2: Haematoxylin staining of cross section through normal limbal region. Arrow in (a) indicates a LESC containing limbal epithelial
crypt; arrowheads indicate blood vessels. Arrow in (b) indicates a limbal crypt, flanked by two focal stromal projections (arrowhead).

(Table 2). Conservative therapeutic options include support-
ive management, corneal scraping, and amniotic membrane
patching. In these cases, recovery depends on the presence
of some remaining LESCs that can be rehabilitated to restore
the epithelium. If there are no remaining stem cell reserves,
the cornea must be reseeded with new LESCs [7, 21]. Over
the past 18 years, optimizing reseeding techniques has been
a major focus of corneal tissue engineering. The earliest
techniques required large sections of donor tissue either from
the patient’s fellow eye (autograft) or from a healthy donor
or cadaver (allograft). Taking such large biopsies places the
donor eye at risk of developing LSCD. In 1997, Pellegrini et
al. reported the first application of ex vivo expansion of a
very small stem cell biopsy in the treatment of LSCD [22].
The ex vivo technique significantly reduced the risk to the
donor eye. Since the original report, numerous clinical trials
have reported outcomes of tissue engineered corneal surface
reconstruction [22–60]. This review will focus on the nature
of LESCs and the evolution and optimization of cultivated
limbal epithelial stem cell transplantation (CLET) as well as
possible future directions.

3. Limbal Epithelial Stem Cell
Niches and Markers

A stem cell niche is the unique microenvironment that
surrounds stem cells and modulates their function and fate
through internal and external factors. LESCs reside in a
such well-protected microenvironment, the limbal stem cell
niche. The niches are protected from UV-radiation by (i)
melanocytes that reside in the basal layers of the limbal
epithelium and (ii) the upper and lower eyelid that offer cover
to the superior and inferior limbus [8, 61, 62]. The niche’s
undulated basement membrane protects LESCs from shear
force, whereas limbal stromal blood vessels andmesenchymal
cells supply it with oxygen, cytokines, growth factors (e.g.,
the keratinocyte growth factor), and other nutrients [16, 63–
65].The niche also regulates the LESC cell cycle to keep them
in an undifferentiated resting state [16, 66]. Proliferation of
a LESC gives rise to two daughter cells, where one remains
an oligopotent LESC and the other differentiates into a

transient amplifying cell (TAC). After a high but limited
number of mitoses, TACs differentiate into “postmitotic
cells” and subsequently “terminally differentiated cells” [67–
69] (Figure 1(C)). During this differentiation process, cells
migrate centripetally from the niche to the corneal surface [4]
according to the 𝑋𝑌𝑍-hypothesis [70], that is, proliferation
of basal epithelial cells (𝑥), differentiation and centripetal
migration (𝑦), and isolation/desquamation (𝑧).

Recently, Molvaer et al. localized and described the three
different limbal stem cell niches, (i) the limbal epithelial
crypts (LECs), (ii) the limbal crypts (LCs), and (iii) the
focal stromal projections (FSPs) (Figure 2) [98]. LECs were
first described in 2005 as projections extending from the
undersurface of the limbal epithelium into the stroma. These
projections extend radially into the conjunctival stroma
parallel to the palisade or circumferentially along the limbus
at right angles to the palisade (Figure 2(a)) [99]. In 2007,
LCs and FSPs were described as additional stem cell niches.
LCs are projections of the limbal epithelium into the stroma,
which are laterally enclosed by the palisades of Vogt [16].
The defined area corresponds in part to the previously
described interpalisades (Figure 2(b)). FSPs are finger-shaped
projections of stroma containing a central blood vessel, which
extend upward into the limbal epithelium [16].More recently,
a further subdivision was made between basal and superficial
LCs, the former containing LESCs with melanocytes, the
latter containing TACs [100]. It has been proven that all three
limbal stem cell niches aremainly present at the superior, and
to lesser extent, the inferior limbus. There is no consensus,
however, about the exact number and location of niches in
the limbus [98].

Stemness and differentiation of LESCs have been inves-
tigated through the analysis of various cell markers. Though
no specific marker for LESCs has been identified [101, 102],
ABCG2 (also known as BRCP1) [103], p63𝛼 [104], andΔNp63
[105] isoforms are the leading markers used in putative
LESC identification. Additional stem cell markers have been
described, with integrins 𝛼v𝛽3/5 and the ABCB5 gene most
recently [106, 107]. Ordonez et al. identified integrin 𝛼v𝛽3/5
in less than 4% of cells present in the limbal epithelial niche.
However, these cells had phenotypic and functional LESC
properties [106].
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4. Cultured Limbal Epithelial
Stem Cell Transplantation

As a technique, cultured limbal epithelial stem cells trans-
plantation (CLET) is in its infancy. The overall success rate is
estimated to be 76% [21], though direct comparison of clinical
trials is difficult due to the wide diversity of pathologies
treated, culture protocols, surgical approach, and subjective
and objective outcome parameters. When recently published
clinical reports are taken into account, success rate decreases
slightly to 70%. Details on culture methods and clinical
results of published reports are described (Table 3). No
significant differences were found in the clinical outcomes
based on initial cause of LSCD, source of donor tissue
(autologous or allogenic), or culture technique (explants or
suspension) [21, 93]. Some culture protocols require the use
of lethally irradiated orMitomycin C-treated 3T3 feeder cells,
either in direct contact or in coculture with the LESCs [25,
29, 31, 35, 37, 41–45, 47, 50–52, 55, 58–60]. The feeder layers
are involved in promoting niche regulation and stemness
of cultivated cells. Though no adverse reactions have been
reported in the use of 3T3 feeder layers in large case series
[108, 109], avoiding xenogenic material may help reduce
the risk of animal-derived infection and graft rejection. The
search for alternatives to bovine and other animal products
in cultivation protocols, for example, fetal bovine serum
and animal-derived growth factors, has led to recent clinical
studies cultivating LESCs under nonxenogenic conditions
[52, 54, 55, 57–59]. Other advances in the field that may also
translate to a higher success rate in future trials include feeder
layers of human fibroblasts or Mesenchymal Stem Cells
(MSCs) [110–114], standardized GMP (Good Manufacturing
Practice) protocols [115] for HAM preparation and ex vivo
culture, use of autologous serum drops postoperatively, and
minimal manipulation of the graft during transplantation
[116–118].

In 2012, simple limbal epithelial transplantation (SLET)
was described as a novel surgical technique for the treatment
of unilateral LSCD [94]. During SLET surgery, a small strip
of donor limbal tissue (e.g., 2 × 2mm) is divided into several
smaller pieces, which are then distributed evenly over aHAM
placed on the cornea [94]. The surgery obviates the need
for a culture protocol entirely. Although each clinical study
reported a success rate of 100% in a small case series (Table 4)
[94–97, 119, 120], the long-term effectiveness of the technique
is yet to be proven.

5. Alternative Cell Carriers

In clinical trials, HAM is the most commonly used cell
carrier for ocular surface reconstruction [23–27, 29–33, 35–
42, 44, 45, 47, 48, 50–60]. However, there are risks associated
with the use of HAM including possible transfer of infectious
agents, variable tissue quality, and limited transparency,
which is why alternative seeding scaffolds have been pro-
posed [42, 121].

5.1. Modified HAM. Chemical crosslinking of HAM may
enhance mechanical and thermal stability, optical trans-
parency, and resistance to collagenase digestion [122–126].

The crosslinking agents that have been investigated are
Glutaraldehyde, (L-Lysine-modulated) Carbodiimide, and
Al
2
(SO
4
)
3
[122–126]. In vitro experiments showed that Glu-

taraldehyde conferred a higher degree of cytotoxicity than
Carbodiimide [123], whereas the addition of L-lysine to
the Carbodiimide crosslinking enhanced mechanical and
thermal strength, the ability to support LESCs, and resistance
to enzymatic digestion, though higher concentrations could
compromise transparency and biocompatibility [126].

5.2. Collagen. Collagen is the main extracellular matrix
protein of the cornea and has been widely investigated
in the development of biomimetic carrier materials. It is
naturally biocompatible and relatively inexpensive to isolate
[127, 128]. LESCs can be successfully cultivated on collagen
carriers, while maintaining normal phenotype and achieving
multilayered stratification when transplanted in vivo [127,
129, 130]. Cell attachment and proliferation can be further
improved, by coating scaffolds with extracellular matrix
proteins (e.g., laminin, type IV collagen, and fibronectin) or
derivative adhesion peptides (e.g., YIGSR, IKVAV, and RGC)
[131–137]. Most experimental studies have been performed
using animal-derived collagen (e.g., porcine collagen type
I, rat tail collagen type I, bovine dermal collagen, and fish
scale) [127, 138–144]. This collagen may transmit diseases or
induce immune reactions, and therefore the more expensive
recombinant human collagen (RHC) type I and type III are
being investigated further for clinical translation [145–151].
Despite the advantages associated with their use, collagen
hydrogels are inherently weak due to the high water content
[152]. Several methods have been proposed to improve the
mechanical properties of collagen hydrogels.

5.2.1. Chemically Crosslinked Collagen. Griffith et al. have
reported the construction of biosynthetic collagen scaffolds
consisting of concentrated type I and type III RHC solutions,
crosslinked with 1-ethyl-3-(3-dimethyl aminopropyl) Car-
bodiimide (EDC) and N-hydroxysuccinimide (NHS) [153–
155]. When LESCs were cultivated in vitro on the optically
transparent constructs, a stratified epithelium formed and
covered the surface within three weeks. The constructs
were sufficiently robust to provide adequate mechanical
stability and elasticity for surgical manipulation. Type III
collagen hydrogels tended to be mechanically superior. In
vivo verification and validation showed that the acellular
scaffolds stayed optically clear and promoted regeneration of
corneal cells, nerves, and tear film, without the need for long-
term immunosuppression [149]. However, the mechanical
properties of the constructs were significantly lower than
human corneas and the long-term stability still needs to be
ascertained.

To improve the mechanical properties of the constructs,
Griffith et al. have investigated reinforced membranes fab-
ricated from EDC/NHS crosslinked type III RHC and
PEG-diacrylate crosslinked 2-methacryloyloxyethyl phos-
phorylcholine (MPC) [151, 156–158].These hydrogels showed
increased mechanical strength and stability against enzy-
matic digestion and UV degradation and promoted corneal
cell and nerve regeneration while optical properties were
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comparable to a normal cornea [156]. Cell-free RHC-MPC
implants have been grafted in 7 eyes, in which patients
showed stable epithelia 12 months postoperatively and the
best corrected vision improved by 1-2 lines [151, 158]. Another
form of collagen hydrogel, genipin-crosslinked chitosan-
collagen and PEG-Carbodiimide chitosan-collagen hydrogel,
has also been examined for ocular surface reconstruction
[139, 159]. In vitro experiments with these constructs show
maintenance of regular stratified multilayered epithelium
[159], while initial animal testing shows good biocompatibil-
ity [139]. Use in human corneal regeneration has not yet been
reported.

5.2.2. Plastic Compression Collagen. In 2010, Mi et al. im-
proved the mechanical strength of collagen hydrogels by
compressing and blotting the constructs between paper
sheets and a nylon mesh thereby reducing the water con-
tent of the gels [160]. LESCs cultivated on this construct
displayed a smooth and homogenous morphology, whereas
cells cultured on conventional hydrogels were distributed
more heterogeneously. Subsequent studies confirmed that
plastically compressed collagen gels are optically transparent
and easy to handle, had improved mechanical strength,
and support LESC adhesion, proliferation, and stratification
[160–163]. Mechanical strength could further be improved
by photochemical crosslinking [164]. Kits that enable the
production of 3D plastic compressed cultures have recently
become commercially available (RAFT, TAP Biosystems,
Hertfordshire, UK).

5.3. Fibrin. Fibrin is the biodegradable product formed
during coagulation. Fibrin membranes can be fabricated by
combining fibrinogen and thrombin, both harvested from
human plasma. Fibrin derivates have been used extensively in
ophthalmology, typically as a glues or membranes [165–168].

Four clinical studies have reported the use of fibrin as a
substrate in CLET surgery [28, 46, 48, 49]. In animal studies,
fibrin gelswere found to degrade completely after 3 days [169].
After gel degradation, the transplanted cells adhered directly
to the host corneal stroma. In early 2015, Holoclar (Chiesi,
Italy) has been conditionally approved to be released in Italy
as the first commercially available stem cell therapy for LSCD
treatment. Existing data on Holoclar have been obtained
by retrospective patient follow-up, and annual renewal of
approval will be guided by results of a current multicenter,
prospective phase IV clinical trial. Nevertheless, practical use
of this fibrin-basedAdvancedTherapeuticMedicinal Product
(ATMP) is limited to autologous stem cell transplantation
in unilateral cases after chemical or thermal burn. Notably,
the technique still utilizes lethally irradiated murine 3T3-
J2 fibroblast feeder cells and bovine serum during graft
generation, which brings into question the safety of the xeno-
based cell product [49].

5.4. Siloxane Hydrogel Contact Lenses. In the initial CLET
clinical trial by Lu et al., a 3T3 cocultured human epithelial
sheet was mounted on a soft contact lens, prior to transplan-
tation as a carrier [170]. In a subsequent study byDiGirolamo
et al., the LESCs were cultivated directly on the contact lens

[171]. Gore et al. investigated cultivation of LESCs on contact
lenses that were coated with a 3T3 feeder layer [172]. In this
study, in vitro cultivated LESCs formed amultilayered corneal
epithelium, while some basal cells maintained their stemness.
Plasma polymer-coated contact lenses also promoted in vitro
LESC adhesion and proliferation [173]. Transplantation of
these LESCs in a LSCD rabbit model gave rise to patches of
stratified epithelium; however, recipient corneas showed only
partial reconstruction, possibly due to short-term follow-up
(26 days).

5.5. Poly(𝜀-caprolactone). Poly(𝜀-caprolactone) is a highly
flexible and strong material that has already been used as a
scaffold for skin, bone, and MSC applications. The biocom-
patibility and optical transparency of poly(𝜀-caprolactone)
may be improved by electrospinning and surface modifica-
tion, and such modified sheets can support LESC cultivation
[174].The in vivouse of thematerial has not yet been reported.

5.6. Chitosan-Gelatin. Chitosan is a stiff crystalline polysac-
charide that is extracted from chitin from arthropod
exoskeletons. Membranes of pure chitosan are too stiff for
ocular purposes but the addition of gelatine and crosslinkers
can improve the material handling [175]. Chitosan-gelatine
membranes have extensively been investigated for regen-
eration of bone, cartilage, and skin [176–178]. Chitosan-
gelatin membranes with a 20 : 80 ratio supported the growth
of LESCs that expressed CK3/12, CK15, and ABCG2 [179].
Again, the in vivo use of this material has not been reported.

5.7. Silk Fibroin. Silk fibroin (SF), obtained from Bombyx
mori (domesticated silkworm), can be processed into thin
transparent membranes. It is nonimmunogenic, degradable,
mechanically strong, and optically transparent and has been
used as suture material and in bone and cartilage regen-
eration [180–182]. Cultivation of LESCs on nonporous SF
films gives rise to a stratified corneal-like epithelium [183–
187]. Porous SF membranes can be developed by mixing SF
and poly(ethylene glycol) (PEG) and have supported LESC
growth [183] although results have varied [186]. It may be
possible to coculture MSCs within pores to recreate the
stromal microenvironment [186]. SF may also be combined
with chitosan (SF-CS) and the constructed scaffolds have
been investigated with some success [188, 189]. LESCs that
were seeded on such lamellar corneas were comparable to
native tissue, as outgrown cells had physiologicalmorphology
and high levels of CK3/12 expression [189]. Furthermore,
biocompatibility of SF and SF-CS films has been observed
in rabbit corneas for up to six months [183, 188]. However,
membranes constructed from SF derived from Antheraea
pernyi (wild silkworm) proved to bemore prone to becoming
opaque, displayed lower permeability, and were more brittle
than conventional nonporous SF films [187].

5.8. Human Anterior Lens Capsule. The Human Anterior
Lens Capsule (HaLC) is a dense membrane consisting of
Collagen IV, laminin, and heparin sulphate proteoglycans.
HaLC is characterized by a gradually increasing thickness
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(±0.35 𝜇m per year) and simultaneous loss of mechanical
strength (±1% each year) [190, 191]. LESCs have been suc-
cessfully cultivated on HaLCs, with in vitro viability of >95%;
cell density and cell morphology were similar to LESCs culti-
vated on plastic [192]. LESCs, cultured under nonxenogenic
conditions maintained their oligopotency, while some cells
showed directional differentiation into corneal epithelium
[193]. This promising alternative scaffold needs further in
vivo verification. Concern has been raised, however, that the
diameter of extracted HaLC may not be large enough for
corneal treatments [192].

5.9. Keratin. Reichl et al. succeeded in fabricating a transpar-
entmembrane from keratin extracted fromhuman hair [194].
LESC behavior on the films was similar to that on HAM and
was not affected by prior plasma treatment sterilization of the
material [195]. Unfortunately, suturing is impaired by a high
rate of suture tear-out [195].

5.10. Poly(lactide-co-glycolide). Poly(lactide-co-glycolide)
(PLGA) is an FDA-approved, biodegradable, and noncy-
totoxic material that has been used in products such as
dissolvable sutures [196]. Transparent electrospun PLGA
scaffolds are easy to handle, store, and suture [197]; however
when LESCs were cultivated on these carriers, the scaffolds
began to disintegrate in vitro and were fragile to handle.
Additional research has shown that PLGA can be chemically
altered to achieve predictable and slower breakdown, both in
vitro and in vivo [198, 199]. Disintegrationwas now evident by
two weeks after initiation of LESC cultivation, with complete
breakdown occurring by six weeks in vitro [199].

5.11. Polymethacrylate. Polymethacrylate has been used in
ophthalmology to produce rigid intraocular lenses and
contact lenses. It can be fabricated into transparent bio-
compatible hydrogels, which can support LESC prolifera-
tion [200, 201]. Augmenting the polymethacrylate with 1,4-
diaminobutane has been shown to improve LESC adherence
and proliferation [202].

5.12. Hydroxyethylmethacrylate. Hydroxyethylmethacrylate
and poly-2-hydroxyethylmethacrylate have been used to
manufacture soft contact lenses, the Chirila Kpro and the
AlphaCor (Addition Technology Inc., Des Plaines, IL) [203,
204]. One study has investigated hydroxyethylmethacrylate
in ocular surface reconstruction and concluded that LESCs
and fibroblasts could adhere and proliferate to hydroxyethyl-
methacrylate hydrogels that were surface modified with type
I collagen and arginine-glycine-aspartic acid ligand [205].

5.13. Poly(ethylene glycol). PEG is a biocompatible polymer
used in pharmaceutical products (e.g., capsules, tablet bind-
ers, ointments, and slow release medications). Transparent
hydrogels based on PEG-diacrylate and PEG-diacrylamide
have been used in vivo and showed favourable results for
the latter as PEG-diacrylate implants showed inflammation,
corneal haze, and corneal ulceration. Rabbits with PEG-
diacrylamide implants, on the other hand, remained healthy

and had clear corneas and noninflamed eyes for up to 6
months after transplantation [206, 207]. In vitro experiments
showed that photolithographical surface coating with col-
lagen type I was necessary to allow LESC adhesion and
proliferation [208]. PEG-diacrylate and PEG-diacrylamide
hydrogels were intended for full thickness corneal regener-
ation; however, thinner gels intended for anterior corneal
regeneration are yet to be investigated. PEG has also been
combined with chitosan and silk fibroin to make even
stronger and more transparent biomaterials [209].

5.14. Platelet Poor Plasma. Platelet-Poor Plasma (PPP) is
blood plasmawith very lownumbers of thrombocytes (< 10×
10
3/𝜇L), which are removed by centrifugation. Biodegrad-

able, transparent PPP membranes can be manufactured to
function as a seeding scaffold in autologous and allogenic
CLET. LESC allografts mounted on autologous PPP sheets in
LSCD rabbits improved corneal transparency and resulted in
a multilayered CK3/12+ epithelium [210, 211].

5.15. Poly(vinyl alcohol). Poly(vinyl alcohol) is a transparent
hydrogel with good mechanical strength. Poly(vinyl alcohol)
shows low cell affinity, but when incorporated with collagen
type I it can support a fully stratified corneal epithelium in
vitro [212], but to support in vivo epithelialization poly(vinyl
alcohol)-collagen requires the assistance of HAM [213].

6. Carrier-Free Transplantation

Nishida et al. reported a temperature-responsive polymer,
that is, poly(N-isopropylacrylamide) (PIPAAm), that could
release intact, transplantable epithelial sheets that retain stem
cells and epithelial cells [214]. The copolymer PIPAAm-
PEG is at present commercialized as Mebiol gel and is
hydrophilic at temperatures below 20∘C and hydrophobic at
temperatures above. Experiments have shown that Mebiol
supports LESC cultivation in vitro and that autologous CLET
in Mebiol restores the ocular epithelial surface in a LSCD
rabbit model. The particular properties of Mebiol gel allow
for easy graft transplantation. Drops of cooled Mebiol gel
containing cultured LESCs can be applied to the ocular
surface and a contact lens placed over it to keep it in place
[215].

Furthermore, in vitro fibrin degradation, biodegradable
type I collagen, and centrifugation proved to be effective tech-
niques in fabricating carrier-free epithelial sheets. Cultured
cells did proliferate and differentiate under the respective
conditions, and cell-survival in the subsequent carrier-free
state was preserved [216–218].

7. Alternative Cell Populations

LSCD frequently manifests as a bilateral condition where
no residual stem cells are available for ex vivo culture.
Allograft material from living related donors or cadavers
may be used, but this is associated with an increased risk
of disease transmission, rejection, and neoplasia (associated
with immunosuppressive agents). Alternative cell popula-
tions could potentially replace the use of allogenic material
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and within the last decade a number of approaches have been
explored with varying success [219].

7.1. Oral Mucosal Epithelial Cells. In 2003, Nakamura et al.
describedCultivatedOralMucosal Epithelial Transplantation
(COMET) in a rabbit animal model [220]. Oral Mucosal
Epithelial Cells (OMECs) are cultured on a HAM until a
stratified epithelium is attained and then transplanted. The
constructmimics the corneal epitheliumas transplanted stem
cells maintain their stemness at the ectopic site, and OMECs
acquire corneal epithelial-like markers such as CK3, CK19,
Ki-67, p63, p75, and cornea-specific PAX6 and CK12 [221–
223]. COMET has been successful (i.e., regenerating a totally
epithelized, stable, and avascular corneal surface) in patients
with severe total LSCD [221, 223–232]. However, transplanted
cultivated sheets are not completely identical to in vivo
corneal epithelium, which leads to a variable degree of in
vivo keratinization and stratification (up to 12 cell layers) [221,
228]. Small case series favour CLET, as COMET is associated
with higher rates of peripheral corneal neovascularisation,
inferior best corrected visual improvement, and increased
risk of dry eye conditions postoperatively [221, 228].

7.2. Conjunctival Epithelial Cells. Human conjunctival
epithelial cells grown on HAM have been used to reconstruct
the ocular surface in rabbits with LSCD [233]. The trans-
planted conjunctival call sheets formed a five- to six-layer
epithelium that remained transparent, smooth, avascular,
and without epithelial defects [234]. Transplanted cells keep
expressing both conjunctival (CK4) and corneal epithelial
markers (CK3/12). Human conjunctival epithelial cell trans-
plantation has been used clinically [235] and in one study
in conjunction with a contact lens, which was removed at
day 22 [43]. Almost 2 years after successful transplantation,
a well-formed epithelium with 5 to 6 layers was present
with rare PAS-positive cells, and positivity for CK3, CK19,
P63, connexin 43, and MUC5AC [235]. Best corrected visual
acuity significantly improved postoperatively, yet the effect
was rather modest compared to CLET. Pain and photophobia
were not being evaluated.

7.3. Hair Follicle Bulge-Derived Epithelial Stem Cells. Unlike
OMECs, epithelial stem cells derived from the bulge region
of the hair follicle are able to terminally differentiate into
a corneal epithelial phenotype when transplanted onto the
ocular surface [236]. The concept was proven in an animal
study, in which hair follicle stem cells were cultured on a
3T3 feeder layer and transplanted into a LSCD mouse model
[237]. The grafts were able to reconstruct the ocular surface
in 80% of transplanted animals [237].

7.4. Amniotic Epithelial Cells. Human amniotic epithelial
cells are characterized by their stem cell properties, low
immunogenicity, production of growth factors that promote
epithelialization, and their ability of controlled transdiffer-
entiation into other cell types [238–241]. Amniotic epithelial
cells can differentiate into corneal epithelial cells when
seeded on the superficial corneal stroma in rabbit LSCD
models [238–240, 242]. The differentiated cells had a similar

structure, morphology, and physiology as that of normal
stratified corneal epithelium. However, one study indicated
that the stratified epithelial cells had no polarity with regard
to defined superficial corneal epithelial cells, wing cells, or
basal cells [238].

7.5. Human Embryonic Stem Cells. Human embryonic stem
cells are pluripotent cells derived from the inner cell mass
of the human embryo and can successfully differentiate into
corneal epithelial-like cell [243, 244]. In a study from Zhu
et al., human embryonic stem cells were induced to form
LESC-like cells and were seeded on an acellular porcine
corneal matrix [245]. Seeded cells formed stratified and
closely arranged epithelioid cell sheets consisting of a basal
layer of cuboid-shaped cells (p63a and ABCG2 positive) and
suprabasal layers of elongated cells (CK3 positive). In rabbit
LSCD models, the tissue engineered graft had the potential
to reconstruct the ocular surface [245]. Embryonic stem cells
also differentiate into corneal epithelial cells when in direct
contact with the corneal stroma [246]. A major drawback
to the use of human embryonic stem cells is the immune
response they elicit, and the ethical controversy surrounding
the origin of the stem cells [244, 247].

7.6. Induced Pluripotent Stem Cells. Induced Pluripotent
Stem Cells (iPSCs) are a type of stem cells generated by
manipulation of differentiated adult cells. In 2006, the iPSC
technique was first described by Takahashi and Yamanaka
and used four specific transcription factors to dedifferen-
tiate adult cells into PSCs [248]. Hayashi et al.described
a strategy to differentiate LESCs from human iPSCs that
were derived from human adult corneal limbal epithelial
cells or human dermal fibroblasts [249]. The iPSCs derived
from adult corneal limbal epithelial cells gave rise to more
corneal epithelial colonies and exhibited higher expression of
specific corneal epithelial differentiation markers than iPSCs
derived from fibroblasts [249, 250]. This may be due to the
maintenance of epigenetic characteristics of the original adult
cell during iPSC formation and subsequent differentiation
[250, 251]. A significant drawback of the iPSC technique
is that not all limbal epithelial cells preferentially differ-
entiate into corneal epithelial cells [249]. Recently, a two-
step differentiation method was developed to differentiate
human iPSCs into a homogenous population of p63-positive
epithelial cells with the ability to differentiate into corneal
epithelial-like cells [252].

7.7. Umbilical Cord Lining Epithelial Stem Cells and Wharton’s
Jelly Mesenchymal Stem Cells. In 2011, Reza et al. described
umbilical mucin-expressing cord lining epithelial stem cells
as an alternative cell population in anterior corneal recon-
struction [253]. These cells are nontumorigenic, highly pro-
liferative, and ethically acceptable. The cells’ low immuno-
genicity may obviate the postoperative use of immunosup-
pressants. In vivo verification in a rabbit model showed clear
corneal surface regeneration with phenotypical CK3/CK12
expression [253]. Wharton’s Jelly Mesenchymal Stem Cells
have also been proposed for anterior corneal tissue engi-
neering. Garzón et al. demonstrated that these MSCs could
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transdifferentiate in vitro into corneal epithelial-like cells,
with the expression of epithelial cell markers (CK3/CK12,
PKG, ZO1, and Cnx43) [254].

7.8. Mesenchymal Stem Cells. In 2006, Ma et al. were the
first to expand MSCs on HAM and subsequently transplant
the construct onto the ocular surface of LSCD rats [255].
Although bone marrow-derived human MSCs did not dif-
ferentiate into epithelial-like cells, the transplanted MSCs
successfully reconstructed the damaged corneal surface as
a smooth and continuous epithelium, and avascular and
transparent cornea were being observed [255].The therapeu-
tic effect may be due to the MSCs’ anti-inflammatory and
antiangiogenic properties, rather than direct epithelial differ-
entiation. Gu et al. subsequently succeeded in differentiating
rabbit-derived bone marrow MSCs into corneal epithelial-
like cells [256]. In vitro, differentiation was modulated by
either (i) coculturing rabbit LESCs with MSCs or (ii) adding
a LESC-derived supernatant to theMSCs [256]. Several other
methods of inducing MSC differentiation have since been
described [257–259]. In a LSCD ratmodel, corneal epithelial-
like differentiation was modulated by cytokines, produced
by rat Corneal Stromal Cells [257]. In 2011, Reinshagen et
al. injected enriched MSCs under an AMT in LSCD rabbits
[258]. Data indicated that injected MSCs may maintain
their stem cell character or may differentiate into epithelial
progenitor cells. More recently, it has been discovered that
bone marrow-derived MSCs are capable of differentiating
into corneal epithelial-like cells, when cultured in specialized
DMEM-medium [259]. Adipose tissue-derived MSCs and
limbal MSCs also can differentiate into corneal epithelial-
like cells when exposed to (i) secreted factors of differenti-
ated human corneal epithelial cells or (ii) DMEM-medium,
respectively [260–263].

7.9. Human Immature Dental Pulp StemCells. Human imma-
ture dental pulp stem cells express both MSC and embryonic
stem cell markers and have the capacity to differentiate into
derivatives of the three germinal layers in vitro. In a LSCD
rabbit experiment, transplanted human immature dental
pulp stem cells were capable of reconstructing the ocular
surface with a well-formed corneal epithelium that expresses
LESC markers in the basal cell layer and EC markers in
suprabasal cell layers [74, 264].

8. Conclusion

Over the past few years, great advances in LESC identification
and characterization and ocular surface reconstruction have
been made. With the introduction of CLET and SLET, a safe
and successful treatment option for LSCD has been intro-
duced [22–60, 94–97, 119, 120]. In particular, the tendency
towards (i) standardized nonxenogenic GMP protocols in
scaffoldmanufacturing and cell cultivation and (ii) “no touch
graft surgery” is expected to improve success rates in future
CLET trials [52, 55, 58, 59]. SLET seems to be very promising
[94–97, 119, 120]; however, large cohort inclusion, allogenic
transplantation, and long-term follow-up have yet to be
performed. Further elaboration of “tear sampling” as a tool

to identify factors that may be involved in the development
and/ormaintenance of corneal neovascularization in humans
has been described [265]. This technique may assist in
monitoring the inflammatory state of the LSCD eye and
further improve preoperativemanagement and postoperative
outcome of patients. However, specific identification of the
LESCs remains a hurdle and characterization is still based
on a combination of phenotypic expression patterns [266].
Despite the successes and evolving techniques in LESC
transplantation, detailed interaction and signaling pathways
between LESCs, niche cells, and surrounding extracellular
matrix are not fully understood. Research and knowledge
within these domains will help understand (i) physiological
LESC maintenance, (ii) in vitro and in vivo microenviron-
ment simulation, and (iii) long-term effectiveness of LESC
transplantation. Such knowledge may potentiate the devel-
opment of new pharmacological solutions (e.g., eye drops
that contain LESC growth factors) that stimulate remaining
dormant LESCs of the diseased eye. These alternatives would
be of great value in cases of extensive ocular inflammation, as
these patients are not good candidates for surgical interven-
tion.

Better in vitro and in vivo replication of the niche may
also lead to more efficient cultivation and transplantation of
LESCs and alternative cell populations. Of the investigated
alternative seeding membranes, only HAM, fibrin, Siloxane
Hydrogen contact lens, and collagen membranes have been
used in patients [22–60, 94–97, 119, 120, 149, 151]. In partic-
ular, the conditional approval of Holoclar (Chiesi, Italy) is
a huge step forward in the accessibility of LSCD treatment
in daily practice. Furthermore, RHC membranes seem to
be very promising for tissue engineering, the collagen being
of nonxenogenic origin and the addition of MPC address-
ing many shortcomings of conventional collagen hydrogels.
Other alternative scaffolds are still in an experimental phase
and have yet to be validated in humans. COMET and human
conjunctival epithelial cell transplantation have both been
successfully performed in selected patients [43, 221, 223–
232, 235]. However, as iPSCs get widespread attention in
many medical disciplines, it is believed that this autologous
cell population will play a prominent role in LSCD treatment
in the coming years.

In conclusion, it can be certain that better and more
convenient treatment options for LSCD patients will emerge
in the near future. New treatment options will target
optical transparency, biocompatibility, intraoperative han-
dling, physicochemical strength, and cost-effectiveness. The
important focus on sterility, reproducibility, and minimal
mutagenicity and cytotoxicity is further stimulated by the
widespread introduction of GMP guidelines.
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[87] F. Mantelli and P. Argüeso, “Functions of ocular surface mucins
in health and disease,” Current Opinion in Allergy and Clinical
Immunology, vol. 8, no. 5, pp. 477–483, 2008.

[88] S. Rauz and V. P. Saw, “Serum eye drops, amniotic membrane
and limbal epithelial stem cells—tools in the treatment of ocular
surface disease,” Cell and Tissue Banking, vol. 11, no. 1, pp. 13–27,
2010.

[89] M. Fernandes, V. S. Sangwan, S. K. Rao et al., “Limbal stem cell
transplantation,” Indian Journal of Ophthalmology, vol. 52, no. 1,
Article ID 15132374, pp. 5–22, 2004.

[90] M. M. Schornack, “Limbal stem cell disease: management with
scleral lenses,”Clinical and Experimental Optometry, vol. 94, no.
6, pp. 592–594, 2011.

[91] H. S. Dua, “The conjunctiva in corneal epithelial wound
healing,” British Journal of Ophthalmology, vol. 82, no. 12, pp.
1407–1411, 1998.

[92] D. F. Anderson, P. Ellies, R. T. F. Pires, and S. C. G. Tseng,
“Amniotic membrane transplantation for partial limbal stem
cell deficiency,” British Journal of Ophthalmology, vol. 85, no. 5,
pp. 567–575, 2001.

[93] A. J. Shortt, G. A. Secker, M. D. Notara et al., “Transplantation
of ex vivo cultured limbal epithelial stem cells: a review of
techniques and clinical results,” Survey of Ophthalmology, vol.
52, no. 5, pp. 483–502, 2007.

[94] V. S. Sangwan, S. Basu, S. MacNeil, and D. Balasubramanian,
“Simple limbal epithelial transplantation (SLET): a novel sur-
gical technique for the treatment of unilateral limbal stem cell
deficiency,” British Journal of Ophthalmology, vol. 96, no. 7, pp.
931–934, 2012.

[95] G. Amescua, M. Atallah, N. Nikpoor, A. Galor, and V. L.
Perez, “Modified simple limbal epithelial transplantation using
cryopreserved amniotic membrane for unilateral limbal stem
cell deficiency,”American Journal of Ophthalmology, vol. 158, no.
3, pp. 469.e2–475.e2, 2014.



Stem Cells International 17

[96] S. Bhalekar, S. Basu, and V. S. Sangwan, “Successful manage-
ment of immunological rejection following allogeneic simple
limbal epithelial transplantation (SLET) for bilateral ocular
burns,” BMJ Case Reports, vol. 2013, 2013.

[97] J. Vazirani, S. Basu, and V. Sangwan, “Successful simple limbal
epithelial transplantation (SLET) in lime injury-induced limbal
stem cell deficiency with ocular surface granuloma,” BMJ Case
Reports, 2013.

[98] R. K. Molvaer, A. Andreasen, S. Heegaard et al., “Interactive
3D computer model of the human corneolimbal region: crypts,
projections and stem cells,”Acta Ophthalmologica, vol. 91, no. 5,
pp. 457–462, 2013.

[99] H. S. Dua, V. A. Shanmuganathan, A. O. Powell-Richards,
P. J. Tighe, and A. Joseph, “Limbal epithelial crypts: a novel
anatomical structure and a putative limbal stem cell niche,”
British Journal of Ophthalmology, vol. 89, no. 5, pp. 529–532,
2005.

[100] C. Bath, D. Muttuvelu, J. Emmersen, H. Vorum, J. Hjortdal,
andV. Zachar, “Correction: transcriptional dissection of human
limbal niche compartments by massive parallel sequencing,”
PLoS ONE, vol. 8, no. 11, 2013.

[101] A. Joseph, A. O. R. Powell-Richards, V. A. Shanmuganathan,
andH. S. Dua, “Epithelial cell characteristics of cultured human
limbal explants,” British Journal of Ophthalmology, vol. 88, no. 3,
pp. 393–398, 2004.

[102] U. Schlötzer-Schrehardt and F. E. Kruse, “Identification
and characterization of limbal stem cells,” Experimental Eye
Research, vol. 81, no. 3, pp. 247–264, 2005.

[103] K. Watanabe, K. Nishida, M. Yamato et al., “Human limbal
epithelium contains side population cells expressing the ATP-
binding cassette transporter ABCG2,” FEBS Letters, vol. 565, no.
1–3, pp. 6–10, 2004.

[104] A. Yang, R. Schweitzer, D. Sun et al., “p63 is essential for
regenerative proliferation in limb, craniofacial and epithelial
development,” Nature, vol. 398, no. 6729, pp. 714–718, 1999.

[105] E. Di Iorio, V. Barbaro, A. Ruzza, D. Ponzin, G. Pellegrini, and
M. De Luca, “Isoforms of ΔNp63 and the migration of ocular
limbal cells in human corneal regeneration,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 102, no. 27, pp. 9523–9528, 2005.

[106] P. Ordonez, S. Chow, D. Wakefield, and N. Di Girolamo,
“Human limbal epithelial progenitor cells express 𝛼v𝛽5-
integrin and the interferon-inducible chemokine CXCL10/IP-
10,” Stem Cell Research, vol. 11, no. 2, pp. 888–901, 2013.

[107] B. R. Ksander, P. E. Kolovou, B. J. Wilson et al., “ABCB5 is a
limbal stem cell gene required for corneal development and
repair,” Nature, vol. 511, no. 7509, pp. 353–357, 2014.

[108] M.De Luca, G. Pellegrini, andH.Green, “Regeneration of squa-
mous epithelia from stem cells of cultured grafts,” Regenerative
Medicine, vol. 1, no. 1, pp. 45–57, 2006.

[109] H. Green, “The birth of therapy with cultured cells,” BioEssays,
vol. 30, no. 9, pp. 897–903, 2008.

[110] Y. Oie, R. Hayashi, R. Takagi et al., “A novel method of
culturing human oral mucosal epithelial cell sheet using post-
mitotic human dermal fibroblast feeder cells and modified
keratinocyte culturemedium for ocular surface reconstruction,”
British Journal of Ophthalmology, vol. 94, no. 9, pp. 1244–1250,
2010.

[111] M. Omoto, H.Miyashita, S. Shimmura et al., “The use of human
mesenchymal stem cell–derived feeder cells for the cultivation
of transplantable epithelial sheets,” Investigative Opthalmology
& Visual Science, vol. 50, no. 5, pp. 2109–2115, 2009.

[112] S. M. Sharma, T. Fuchsluger, S. Ahmad et al., “Comparative
analysis of human-derived feeder layers with 3T3 fibroblasts for
the ex vivo expansion of human limbal and oral epithelium,”
Stem Cell Reviews and Reports, vol. 8, no. 3, pp. 696–705, 2012.

[113] P. Carrier, A. Deschambeault, C. Audet et al., “Impact of cell
source on human cornea reconstructed by tissue engineering,”
Investigative Opthalmology & Visual Science, vol. 50, no. 6, pp.
2645–2652, 2009.

[114] M. N. Nakatsu, S. Gonzalez, H. Mei, and S. X. Deng, “uman
limbalmesenchymal cells support the growth of human corneal
epithelial stem/progenitor cells,” Investigative Ophthalmology &
Visual Science, vol. 55, no. 10, pp. 6953–6959, 2014.

[115] The Commission of the European Communities, “Commission
directive 2003/94/EC of 8 October 2003. Laying down the
principles and guidelines of good manufacturing practice in
respect ofmedicinal products for humanuse and investigational
medicinal products for human use,” Official Journal of the
European Union, vol. L262, pp. 22–26, 2003.

[116] M. Notara, D. B. Haddow, S. MacNeil, and J. T. Daniels, “A
xenobiotic-free culture system for human limbal epithelial stem
cells,” Regenerative Medicine, vol. 2, no. 6, pp. 919–927, 2007.

[117] V. M. Varghese, T. Prasad, and T. V. Kumary, “Optimization of
culture conditions for an efficient xeno-feeder free limbal cell
culture system towards ocular surface regeneration,”Microscopy
Research and Technique, vol. 73, no. 11, pp. 1045–1052, 2010.

[118] N. Zakaria, C. Koppen, V. Van Tendeloo, Z. Berneman, A.
Hopkinson, and M.-J. Tassignon, “Standardized limbal epithe-
lial stem cell graft generation and transplantation,” Tissue
Engineering Part C: Methods, vol. 16, no. 5, pp. 921–927, 2010.

[119] S. Bhalekar, S. Basu, I. Lal, and V. S. Sangwan, “Successful
autologous simple limbal epithelial transplantation (SLET) in
previously failed paediatric limbal transplantation for ocular
surface burns,” BMJ Case Reports, 2013.

[120] S. Bhalekar, V. S. Sangwan, and S. Basu, “Growth of corneal
epithelial cells over in situ therapeutic contact lens after simple
limbal epithelial transplantation (SLET),” BMJ Case Reports,
2013.

[121] S. Ijiri, A. Kobayashi, K. Sugiyama, and S. C. G. Tseng,
“Evaluation of visual acuity and color vision in normal human
eyes with a sutureless temporary amniotic membrane patch,”
American Journal of Ophthalmology, vol. 144, no. 6, pp. 938.e1–
942.e1, 2007.

[122] D. H.-K. Ma, J.-Y. Lai, H.-Y. Cheng, C.-C. Tsai, and L.-
K. Yeh, “Carbodiimide cross-linked amniotic membranes for
cultivation of limbal epithelial cells,” Biomaterials, vol. 31, no.
25, pp. 6647–6658, 2010.

[123] J.-Y. Lai and D. H.-K. Ma, “Glutaraldehyde cross-linking of
amniotic membranes affects their nanofibrous structures and
limbal epithelial cell culture characteristics,” International Jour-
nal of Nanomedicine, vol. 8, no. 1, pp. 4157–4168, 2013.

[124] J.-Y. Lai, S. J. Lue, H.-Y. Cheng, and D. H. Ma, “Effect of matrix
nanostructure on the functionality of carbodiimide cross-
linked amniotic membranes as limbal epithelial cell scaffolds,”
Journal of Biomedical Nanotechnology, vol. 9, no. 12, pp. 2048–
2062, 2013.

[125] S. Sekar, K. Sasirekha, S. Krishnakumar, and T. P. Sastry, “A
novel cross-linked human amniotic membrane for corneal
implantations,” Proceedings of the Institution of Mechanical
Engineers Part H: Journal of Engineering in Medicine, vol. 227,
no. 3, pp. 221–228, 2013.

[126] J.-Y. Lai, P.-R. Wang, L.-J. Luo, and S.-T. Chen, “Stabilization
of collagen nanofibers with l-lysine improves the ability of



18 Stem Cells International

carbodiimide cross-linked amniotic membranes to preserve
limbal epithelial progenitor cells,” International Journal of
Nanomedicine, vol. 9, no. 1, pp. 5117–5130, 2014.

[127] H. S. Geggel, J. Friend, and R. A.Thoft, “Collagen gel for ocular
surface,” Investigative Ophthalmology & Visual Science, vol. 26,
no. 6, pp. 901–905, 1985.

[128] M. Griffith, W. B. Jackson, N. Lagali, K. Merrett, F. Li,
and P. Fagerholm, “Artificial corneas: a regenerative medicine
approach,” Eye, vol. 23, no. 10, pp. 1985–1989, 2009.

[129] E. J. Orwin and A. Hubel, “In vitro culture characteristics of
corneal epithelial, endothelial, and keratocyte cells in a native
collagen matrix,” Tissue Engineering, vol. 6, no. 4, pp. 307–319,
2000.

[130] W. M. Ambrose, A. Salahuddin, S. So et al., “Collagen Vit-
rigel membranes for the in vitro reconstruction of separate
corneal epithelial, stromal, and endothelial cell layers,” Journal
of Biomedical Materials Research Part B: Applied Biomaterials,
vol. 90, no. 2, pp. 818–831, 2009.

[131] Y. G. He and J. P. McCulley, “Growing human corneal epithe-
lium on collagen shield and subsequent transfer to denuded
cornea in vitro,”Current Eye Research, vol. 10, no. 9, pp. 851–863,
1991.

[132] H. Kobayashi and Y. Ikada, “Covalent immobilization of
proteins on to the surface of poly(vinyl alcohol) hydrogel,”
Biomaterials, vol. 12, no. 8, pp. 747–751, 1991.

[133] K. Merrett, C. M. Griffith, Y. Deslandes, G. Pleizier, and H.
Sheardown, “Adhesion of corneal epithelial cells to cell adhesion
peptide modified pHEMA surfaces,” Journal of Biomaterials
Science, Polymer Edition, vol. 12, no. 6, pp. 647–671, 2001.

[134] L. Aucoin, C. M. Griffith, G. Pleizier, Y. Deslandes, and H.
Sheardown, “Interactions of corneal epithelial cells and surfaces
modified with cell adhesion peptide combinations,” Journal of
Biomaterials Science, Polymer Edition, vol. 13, no. 4, pp. 447–462,
2002.

[135] C. Wallace, J. T. Jacob, A. Stoltz, J. Bi, and K. Bundy, “Corneal
epithelial adhesion strength to tethered-protein/peptide
modified hydrogel surfaces,” Journal of Biomedical Materials
Research, vol. 72, no. 1, pp. 19–24, 2005.

[136] N. Ahmadiankia, M. Ebrahimi, A. Hosseini, and H. Baharvand,
“Effects of different extracellular matrices and co-cultures
on human limbal stem cell expansion in vitro,” Cell Biology
International, vol. 33, no. 9, pp. 978–987, 2009.

[137] A. Chakraborty, J. Dutta, S. Das, and H. Datta, “Comparison of
ex vivo cultivated human limbal epithelial stem cell viability and
proliferation on different substrates,” International Ophthalmol-
ogy, vol. 33, no. 6, pp. 665–670, 2013.

[138] Y. Liu, M. Griffith, M. A. Watsky et al., “Properties of porcine
and recombinant human collagen matrices for optically clear
tissue engineering applications,” Biomacromolecules, vol. 7, no.
6, pp. 1819–1828, 2006.

[139] M. Rafat, F. Li, P. Fagerholm et al., “PEG-stabilized car-
bodiimide crosslinked collagen-chitosan hydrogels for corneal
tissue engineering,” Biomaterials, vol. 29, no. 29, pp. 3960–3972,
2008.

[140] N. Pasyechnikova, V. Vit, M. Leus et al., “Collagen-based bio-
engineered substitutes of donor corneal allograft implantation:
assessment and hypotheses,” Medical Hypothesis, Discovery &
Innovation Ophthalmology Journal, vol. 1, no. 1, pp. 10–13, 2012.

[141] C. C. Lin, R. Ritch, S. M. Lin et al., “A new fish scale-derived
scaffold for corneal regeneration,” European Cells & Materials,
vol. 19, pp. 50–57, 2010.

[142] S. Krishnan, S. Sekar, M. F. Katheem, S. Krishnakumar, and T. P.
Sastry, “Fish scale collagen—a novel material for corneal tissue
engineering,” Artificial Organs, vol. 36, no. 9, pp. 829–835, 2012.

[143] T. H. Van Essen, C. C. Lin, A. K. Hussain et al., “A fish scale-
derived collagen matrix as artificial cornea in rats: properties
and potential,” Investigative Opthalmology & Visual Science, vol.
54, no. 5, pp. 3224–3233, 2013.

[144] Z. Wu, Q. Zhou, H. Duan et al., “Reconstruction of auto-tissue-
engineered lamellar cornea by dynamic culture for transplanta-
tion: a rabbit model,” PLoS ONE, vol. 9, no. 4, Article ID e93012,
2014.

[145] J. Myllyharju, M. Nokelainen, A. Vuorela, and K. I. Kivirikko,
“Expression of recombinant human type I-III collagens in the
yeast Pichia pastoris,” Biochemical Society Transactions, vol. 28,
no. 4, pp. 353–357, 2000.

[146] D. Olsen, C. Yang, M. Bodo et al., “Recombinant collagen and
gelatin for drug delivery,” Advanced Drug Delivery Reviews, vol.
55, no. 12, pp. 1547–1567, 2003.

[147] M. Tomita, H. Munetsuna, T. Sato et al., “Transgenic silkworms
produce recombinant human type III procollagen in cocoons,”
Nature Biotechnology, vol. 21, no. 1, pp. 52–56, 2002.

[148] H. Stein, M.Wilensky, Y. Tsafrir et al., “Production of bioactive,
post-translationally modified, heterotrimeric, human recombi-
nant type-I collagen in transgenic tobacco,” Biomacromolecules,
vol. 10, no. 9, pp. 2640–2645, 2009.

[149] P. Fagerholm, N. S. Lagali, J. A. Ong et al., “Stable corneal regen-
eration four years after implantation of a cell-free recombinant
human collagen scaffold,” Biomaterials, vol. 35, no. 8, pp. 2420–
2427, 2014.
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“Generation of a biomimetic human artificial cornea model
using Wharton’s jelly mesenchymal stem cells,” Investigative
Opthalmology & Visual Science, vol. 55, no. 7, pp. 4073–4083,
2014.

[255] Y. Ma, Y. Xu, Z. Xiao et al., “Reconstruction of chemically
burned rat corneal surface by bone marrow-derived human
mesenchymal stem cells,” Stem Cells, vol. 24, no. 2, pp. 315–321,
2006.

[256] S. Gu, C. Xing, J. Han, M. O. M. Tso, and J. Hong, “Differentia-
tion of rabbit bonemarrowmesenchymal stem cells into corneal
epithelial cells in vivo and ex vivo,”Molecular Vision, vol. 15, pp.
99–107, 2009.

[257] T.-S. Jiang, L. Cai, W.-Y. Ji et al., “Reconstruction of the corneal
epithelium with induced marrow mesenchymal stem cells in
rats,”Molecular Vision, vol. 16, pp. 1304–1316, 2010.

[258] H. Reinshagen, C. Auw-Haedrich, R. V. Sorg et al., “Corneal
surface reconstruction using adult mesenchymal stem cells
in experimental limbal stem cell deficiency in rabbits,” Acta
Ophthalmologica, vol. 89, no. 8, pp. 741–748, 2011.

[259] C.M. Rohaina, K. Y.Then,A.M.H.Ng et al., “Reconstruction of
limbal stem cell deficient corneal surface with induced human
bonemarrowmesenchymal stem cells on amniotic membrane,”
Translational Research, vol. 163, no. 3, pp. 200–210, 2014.

[260] J. A. West-Mays and D. J. Dwivedi, “The keratocyte: corneal
stromal cell with variable repair phenotypes,”The International
Journal of Biochemistry & Cell Biology, vol. 38, no. 10, pp. 1625–
1631, 2006.

[261] M. J. Branch, K. Hashmani, P. Dhillon, D. R. Jones, H. S. Dua,
and A. Hopkinson, “Mesenchymal stem cells in the human
corneal limbal stroma,” Investigative Opthalmology & Visual
Science, vol. 53, no. 9, pp. 5109–5116, 2012.

[262] K. Hashmani,M. J. Branch, L. E. Sidney et al., “Characterization
of corneal stromal stem cells with the potential for epithelial
transdifferentiation,” Stem Cell Research & Therapy, vol. 4, no.
3, article 75, 2013.

[263] T. Nieto-Miguel, S. Galindo, R. Reinoso et al., “In vitro
simulation of corneal epithelium microenvironment induces
a corneal epithelial-like cell phenotype from human adipose
tissue mesenchymal stem cells,” Current Eye Research, vol. 38,
no. 9, pp. 933–944, 2013.

[264] B. G. Monteiro, R. C. Serafim, G. B. Melo et al., “Human imma-
ture dental pulp stem cells share key characteristic features with

limbal stem cells,” Cell Proliferation, vol. 42, no. 5, pp. 587–594,
2009.

[265] N. Zakaria, S. Van Grasdorff, K. Wouters et al., “Human tears
reveal insights into corneal neovascularization,” PLoS ONE, vol.
7, no. 5, Article ID e36451, 2012.

[266] E. L. Davies and M. T. Fuller, “Regulation of self-renewal and
differentiation in adult stem cell lineages: lessons from the
Drosophila male germ line,” Cold Spring Harbor Symposia on
Quantitative Biology, vol. 73, pp. 137–145, 2008.


