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Purpose: Limbal epithelial stem cell deficiency is caused by exposure of the cornea to thermal, chemical, or radiation
burns or by diseases (aniridia and Stevens-Johnson syndrome). Autologous cell transplantation is a widely used therapeu-
tic modality for restoring the corneal surface in such pathological conditions. Ex vivo cultured limbal, conjunctival, and
oral biopsies have been widely used to reconstruct the corneal surface with variable outcomes. Culture characterization
of the ex vivo cultured cells would provide insight and clues into the underlying signaling mechanisms that would aid
in determining the probable transplantation outcome. Comparison of the vital proteins and genes among the three ex
vivo cultured tissues has implications in clinical practice. To address this issue, we characterized and compared the
proliferative and differentiated properties of ex vivo cultured limbal, conjunctival, and oral biopsies used for cell-based

therapy for corneal surface restoration.

Methods: Limbal, conjunctival, and oral biopsies were collected with informed patient consent. Explant cultures were
established on the denuded human amniotic membrane with corneal lineage differentiation medium. The day 14 cul-
tures were characterized for epithelial and corneal lineage-specific markers using reverse transcription (RT)—PCR for
cytokeratin 3, 4, 12, 13, 15, connexin 43, vimentin, p63a, and ABCG2 markers. mRNA expression was estimated in day
14 cultures with real-time quantitative real time (QRT)-PCR for pluripotency markers (OCT4, SOX2, NANOG), putative
corneal stem cell markers (4BCG2 and p63a), proliferation markers (cyclin dI, K-67, PCNA, and CDC20), apoptotic
markers (BCL2, BAX, caspase 3, and caspase 9), Notch signaling pathway markers (Notchl, Jaggedl, Hesl, Hes3, Hes$,
and Hey!), and autophagic markers (LC34, LC3B, ATG7, RAB7, LAMPI, and LAMP?2). Fluorescence-activated cell sorter
profiling was performed for pluripotent markers and putative corneal stem cell markers ABCG2 and p63a.

Results: The protein and mRNA expression levels of the pluripotent markers were lower, whereas those of the putative
stem/progenitor markers ABCG2, ANp63a, and Notch signaling molecules (Notchl and Jaggedl) were elevated in limbal
cultures. The gene expression levels of the autophagy markers (LC34, LC3B, and LAMPI) were significantly increased
in the limbal cultures compared to the oral and conjunctival cultures.

Conclusions: In conclusion, the limbal epithelial cultures showed higher expression of proliferative, limbal stem cell
marker, Notch signaling, and autophagy markers suggesting a role in stem cell maintenance and differentiation. This
implicates the probable factors that might drive a successful transplantation. Our findings provide the initial steps toward
understanding transplantation medicine in an ex vivo model.

Limbal stem cell deficiency (LSCD) leads to the loss of
limbal epithelial stem cells (LESCs) caused by congenital or
acquired factors. The damage to the corneal surface leads to
conjunctivalization and eventual partial or complete blindness
depending on the extent of the damage of the corneal surface.

Correspondence to: Debashish Das, Stem Cell Research
Laboratory, Narayana Nethralaya Post Graduate Institute of
Ophthalmology, Narayana Health City, Bommasandra, Bangalore-
560 099, Karnataka, India; Phone: +91 80 6666 0722; FAX: +91
80 6666 0650; email: drdebashish@narayananethralaya.com;
dasdebashish@yahoo.co.uk

828

Congenital factors leading to LSCD are pathological condi-
tions driven by genetic and autoimmune disorders. Whereas
acquired factors such as exposure to thermal, chemical, or
ultraviolet rays and contact lens can lead to LSCD. Patients
with LSCD are classified as having unilateral or bilateral
LSCD based on the eyes affected [1-3].

Autologous limbal epithelial stem cell transplantation is
the preferred treatment protocol for corneal surface recon-
struction in patients with LSCD [4]. Though cells of various
origins have been used, the most commonly used cell types
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for restoring the damaged corneal surface include limbal,
conjunctival, and oral tissues [2].

The widely accepted treatment modality for unilateral
LSCD disease is autologous LESC transplantation followed
by conjunctival epithelial cells, whereas in bilateral cases
cultured oral mucosal cells are used for treatment [5-9].
Transplantation of these cultured cells has shown promising
results with variable success rates [4].

Reports that show higher rates of success with LESC
transplantation in patients with LSCD are increasing [10,11].
Studies have revealed that the autologous cultured conjunc-
tival and oral cells used in transplantation also improve and
restore visual acuity in patients with LSCD [12,13]. Though
limbal and conjunctival cells are of ocular origin, they have
variable outcomes in terms of transplantation success. On
another front, ex vivo cultured oral mucosal cells showed good
transplantation efficiency in some studies [9,14]. For corneal
surface reconstruction, cultivated limbal epithelial transplan-
tation (CLET) is performed for unilateral LSCD, whereas
cultivated oral mucosal epithelial transplantation (COMET) is
widely used for bilateral LSCD. The reported success rate for
CLET clinically has been around 77%. COMET, however, has
shown an early decline in the efficiency of the transplanted
cells that was stabilized within a year [8]. In one of the longest
follow-up studies, the transplantation success of COMET was
53% based on the measurement of visual acuity [15]. In an
attempt to improve the success rate of CLET, cocultures of
conjunctival and limbal autologous transplantation have been
attempted in several cases of unilateral LSCD. The outcome
has been variable [8].

Surprisingly, though three different cell types have been
used in the treatment of patients with LSCD, reports of the
clinical outcome remain unclear. The underlying molecular
signaling mechanisms that dictate the successful outcome of
transplantation among the three tissues are unknown. Though
the inherent cell-specific properties might have a role in
dictating the clinical outcome, there are not many studies.
Notch signaling plays a crucial role in stem cell maintenance,
proliferation, apoptosis, and differentiation [16]. However,
not much is known in the activity of Notch signaling during
ex vivo culture of limbal, conjunctival, and oral epithelial
cells. The Notch family has four transmembrane receptors
(Notch 1-4) and five ligands (Jagged 1-2, delta like 1, 3, 4)
as members. On ligand-based activation, Notch releases the
Notch-intracellular domain (NICD) that goes to the nucleus
and binds to the CBF-1, Suppressor of Hairless, Lag-2 (CSL/
Rbpj) domain in the DNA. Thus, this interaction initiates
transcription of Notch downstream targets, such the basic-
helix—loop—helix family of proteins such as Hesl, Hes3, Hes5,
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Heyl, and Hey2. These proteins are the driver of the effects
of active Notch signaling [16].

Notch signaling has been shown to play a decisive role
in corneal wound healing, and the expression of receptors
and ligands have been observed in corneal suprabasal epithe-
lial layers [17,18]. Active Notch signaling promotes corneal
epithelial proliferation, and abrogation of Notch signaling
in mice prevented differentiation of corneal epithelial cells
[18,19]. Thus, Notch signaling might have an important role
for assessing the clinical status of the transplantation. The
regulation of Notch signaling in cultured limbal, conjunctival,
and oral epithelial cells is not well known.

Thus, we used ex vivo cultured limbal, conjunctival,
and oral mucosal cells to identify the cell-inherent proper-
ties and the role of Notch signaling pathway in an attempt
to understand the variable transplantation success rate
among the three types of cells in patients with LSCD. We
also studied the autophagy pathway, since in adult stem cells
autophagy plays a crucial role in deciphering the regenera-
tive potential [20]. Moreover, autophagy signaling is critical
in the homeostatic control of stem cell functions during
aging, tissue regeneration, and cellular reprogramming [21].
Autophagy clears away damaged proteins and organelles such
as defective mitochondria, thus decreasing reactive oxygen
species (ROS) levels and reducing genomic damage and
cellular senescence, and playing a crucial role in enhancing
stem cell longevity or maintenance [22,23]. These findings
provide clues to improving the existing treatment strategy
and understanding the regulation of vital signaling pathways
in corneal surface restoration.

METHODS

Ex vivo culture of limbal, conjunctival, and oral cell biop-
sies: All the patients recruited in the study were limbal stem
cell deficiency patients who visited Narayana Nethralaya,
Bommasandra, Bangalore, India for treatment. In total 26
patients were recruited for the study, with 13 for limbal and
conjunctival samples and 13 for oral biopsies. Limbal and
conjunctival samples were collected from 9 males and 5
females with unilateral limbal stem cell deficiency, whereas
oral biopsies were obtained from 10 males and 3 female
patients with bilateral limbal stem cell deficiency. Ages of the
males and females recruited in the study were within 35-50
years old. This study was approved by the Narayana Neth-
ralaya Review Board and the Narayana Nethralaya Ethics
Board. The study was conducted in accordance with the
ARVO statement for the use of human subjects in Ophthalmic
and Vision research. Samples were collected following the
Declaration of Helsinki after patient consent was obtained.
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Biopsies were collected from male and female patients within
the age group of 35-50 years. Feeder-free culture methods
for the limbal, conjunctival, and oral biopsies were followed
as mentioned previously [24]. Briefly, explant cultures were
established from patients who underwent transplantation
treatment for LSCD. Back-up culture plates not used for
transplantation were used for this study. The biopsies were
chopped into tiny pieces under sterile conditions, placed on
deepithelialized human amniotic membrane (HAM), and
incubated at 37 °C with 5% CO,. All cultures were main-
tained with growth medium contained 1:1 Dulbecco’s Modi-
fied Eagle Medium/F12 (1:1; Gibco, Grand Island, New York,
NY), 10% autologous serum, human recombinant epidermal
growth factor (EGF; 10 ng/ml; Gibco), insulin (5§ pg/ml;
Gibco), and antibiotics (1%; penicillin, streptomycin, and
amphotericin B; HiMedia, Mumbai, India). All analyses were
performed on day 0 and day 14 cultures.

RNA extraction and PCR: Limbal, conjunctival, and oral
cultured cells were trypsinized with 0.25% trypsin (HiMedia,
Mumbai, India); the total RNA was extracted using the
RNeasy Micro Kit (Qiagen, Hilden, Germany) and quanti-
fied. A total of 1 ng RNA was converted to cDNA using
the high-capacity ¢cDNA reverse transcription kit (Life
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Technologies, Carlsbad, NM) and stored at —20 °C. Reverse
transcription polymerase chain reaction (RT-PCR) was
performed on Applied Biosystems™ Veriti (Life Technolo-
gies, Foster City, CA) as described previously [25]. Briefly,
PCR was set in a total reaction volume of 25 pl containing
300 ng of cDNA, 10X PCR buffer, 0.5 mM dNTPs, 1U Taq
DNA polymerase, and 0.5 nmol of gene-specific primer. The
RT-PCR cycle conditions were set with initial denaturation
at 95 °C for 2min followed by 30 cycles of 94 °C for 30 s,
annealing temperature specific to the primers as mentioned
in Table 1, 72 °C for 30 s, and final extension at 72 °C for 5
min. The PCR products were resolved on ethidium bromide
(final concentration of 0.5 pg/ml) containing 1% agarose gel
and documented.

qRT-PCR: Quantitative real time PCR was performed in a
10 pl reaction volume containing 5 pl 2X Power SYBER
Green PCR Master Mix (Life Technologies, Foster City, CA),
50 pmol of primer and 1 pl cDNA on the Applied Biosys-
tems™ 7500 real-time PCR system (Life Technologies,
Foster City, CA). Triplicate reactions were performed for each
sample. Each qRT-PCR cycle consisted denaturation for 5
min at 95 °C, followed by 40 cycles at 95 °C for 15 s and 1min
at 60 °C. Data were analyzed according to the manufacturer’s

TaBLE 1. LisT oF PRIMERS USED IN RT- PCR.

S.No Primer name Sequence (5'-3') Tm Size (bp) Gene acc no
1 Gapdh F: GCCAAGGTCATCCATGACAAC 60 498 NM 001256799
P: GTCCACCACCCTGTTGCTGTA
2 Cytokeratin 3 P: GGCAGAGATCGAGGGTGTC 58 145 NM_057088
R: GTCATCCTTCGCCTGCTGTAG
3 Cytokeratin 4 F: GCCATGATTGCCAGACAGCAGTGT 58 408 NM 002272
R: GGGGGTGAGCAAGCTATGGTTG
4 Cytokeratin 12 F: ACATGAAGAAGAACCACGAGGATG 62.7 150 NM_000223
R: TCTGCTCAGCGATGGTTTCA
5 Cytokeratin 13 F: GATCCAGGGACTCATCAGCA 58 290 NM 153490
R: AAGGCCTACGGACATCAGAA
6 Cytokeratin 15 F: GGAGGTGGAAGCCGAAGTAT 64 194 NM_002275
R GAGAGGAGACCACCATCGCC
7 Connexin 43 F: CCTTCTTGCTGATCCAGTGGTAC 60 145 NM_000165
R: ACCAAGGACACCACCAGCAT
8 pb63a specific F: AGGGGCTGACCACCATCTAT 59 196 NM 003722
R: GTCTCACTGGAGCCCACACT
9 Abcg2 F: ACCATTGCATCTTGGCTGTC 56.5 181 NM_ 001257386
R CGATGCCCTGCTTTACCAAA
10 Vimentin F: TGGCCGACGCCATCAACACC 60 257 NM_003380

R: CACCTCGACGCGGGCTTTGT
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instructions using 7500 Software Version 2.0.1. The list of
details of the gene specific primers is provided in Table 2.

FACS staining: To perform fluorescent activated cell sorting
(FACS) staining, the day 14 cultured limbal, conjunctival,
and oral epithelial cells were trypsinized with 0.25% trypsin
and fixed with 4% paraformaldehyde on ice for 10 min. The
cells were then washed twice with PBS (1X; 155 mM NaCl,
2.9 mM Na,HPO,, 1.05 mM KH,PO,, pH 7.4), permeabi-
lized with 0.1% Triton X (staining buffer) and stained for
rabbit anti-human OCT4, rabbit anti-human SOX2, rabbit
anti-human NANOG (Imgenex India, Bhubaneswar, India),
rabbit anti-human p63a (Cell Signaling, Beverly, MA), and
mouse anti-human ABCG2-APC (BioLegend, San Diego,
CA) antibodies [16]. Anti-rabbit Alexa 488 secondary
antibody (Jackson Immuno-research, West Grove, PA) was
used for all antibodies except rabbit anti-ABCG2-APC, by
diluting with staining buffer containing 0.1% Triton X per the
manufacturer’s instructions. Unstained cells and cells stained
with secondary antibody alone were used as controls. The
fluorescence emitted by 10,000 cells in the FL-1 channel
was recorded and analyzed using BD CellQuest Pro software
(FACSCaliber, San Jose, CA).

Immunohistochemistry: The mouse anti-human ABCG?2 (used
at 1:20), mouse anti-human cytokeratin 3+12 antibody (used
at 1:50), and rabbit anti-human connexin 43 (used at 1:100)
were obtained from Abcam (Cambridge, MA). The ready-to-
use rabbit anti-human cytokeratin 4 and mouse anti-human
cytokeratin 13 antibodies were obtained from BioGenex
(Fremont, CA). Cultured epithelial cells on the amniotic
membrane were subjected to immunohistochemistry. Briefly,
the amniotic membrane embedded cells were fixed with 4%
paraformaldehyde (Sigma-Aldrich, Steinheim, Germany)
and blocked for endogenous peroxidase using 3% H,O, in
methanol for 20 min. Nonspecific sites were blocked using
peroxidase-blocking solution buffer for 15 min (Dako REAL,
Glostrup, Denmark) after which the cells were incubated
overnight at 4 °C with the primary antibody. Detection of
the bound antibody was performed using EnVision Detection
Systems Peroxidase/DAB Rabbit/Mouse (Dako, Glostrup,
Denmark) according to the manufacturer’s instructions. Cells
were counterstained with hematoxylin (Fisher Scientific,
Waltham, MA) mounted in a Distrene, Plasticiser, Xylene
(DPX; Merck, Darmstadt, Germany) mounting medium, and
observed under a light microscope (Nikon, Eclipse E200,
Tokyo, Japan) using software (NIS Element D, Tokyo, Japan).

Statistical analysis: The results of three independent experi-
ments (n=3) were used for statistical analysis. Data are repre-
sented as the mean + SD and were analyzed with the Student
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t test. Significance is denoted with p *<0.05, **<0.01, and
*%<0.005.

RESULTS

Morphological analysis and characterization of epithelial
cell-specific marker expression: Phase-contrast microscopic
images of ex vivo cultured limbal, conjunctival, and oral biop-
sies on day 14 did not reveal any gross morphological differ-
ences at lower magnification (Appendix 1A,B,D,E,G,H).
However, the day 14 cultured limbal epithelial cells (used
for transplantation) illustrated hexagonal morphology at a
higher magnification (40X). Similar to the limbal cells, the
conjunctival cells showed a hexagonal morphology but much
smaller, whereas the oral cultures showed elongated cell
structures (Appendix 1C,F,I). Cell type—specific gene expres-
sion was analyzed for the ex vivo cultured day 14 cultures
with RT-PCR. The results showed expression of cytokeratin
3,4, 12, 13, and 15, connexin 43, p630, ABCG2, and vimentin
in the limbal cultures (Appendix 1J). Cultured conjunctival
cells on day 14 expressed cytokeratin 4, 13, and 15 (Appendix
1 K) whereas the cultured oral cells showed expression of
cytokeratin 4, 13, and 15, connexin 43, p63a, and ABCG2
(Appendix 1L). Immunohistochemistry with connexin 43,
cytokeratin 3/12, cytokeratin 4, and cytokeratin 13 revealed
positivity except ABCG2 in day 14 cultured limbal epithelial
cells (Appendix 2B—F). In the positive cells in the day 14
cultured conjunctival cells, ABCG2, connexin 43, and cyto-
keratin 3/12 markers could not be detected (Appendix 2H-J).
Cultured conjunctival cells showed positive staining for cyto-
keratin 4 and cytokeratin 13 (Appendix 2 K-L). Connexin
43, cytokeratin 4, and cytokeratin 13-positive cells were
detected in the day 14 cultured oral mucosal cells (Appendix
20,Q,R). Cytokeratin 3/12 and ABCG2-positive cells were
not detected in cultured oral mucosal cells (Appendix 2N,P).
The unstained controls for the limbal, conjunctival, and oral
cells are shown in Appendix 2A, G, and M.

Differential expression of pluripotent markers: We then
checked the pluripotent marker gene expression profile
(OCT4, SOX2, and NANOG) in day 0 and day 14 ex vivo
cultured limbal, conjunctival, and oral epithelial cells. The
mRNA expression profile of the day 0 cells was compa-
rable across the different cell types (Appendix 3A) except
a significant decrease in SOX2 expression in the oral
biopsy (p=0.0286). Interestingly, the pluripotent markers
were decreased in the day 14 limbal cultures compared to
the conjunctival and oral cultures. There was a significant
decrease in the expression of OCT4 (p=0.028) and NANOG
(p=0.005), but no difference was observed in level of SOX2
expression in the limbal cultured cells compared to the oral
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cultures. The day 14 cultured conjunctival cells did not
show any differences in the expression levels of the OCT4
and SOX2 genes, but NANOG (p=0.0085) was significantly
elevated in comparison to the cultured limbal epithelial cells
(Figure 1A).

FACS analysis was performed to validate the pluripo-
tent marker (OCT4, SOX2, and NANOG) protein expression
levels. The analysis revealed a decrease in OCT4-positive
cells in the cultured limbal epithelial cells compared to
the conjunctival (p=0.018) and oral (p=0.0009) epithelial
cultures. Although not significant, the number of SOX2-posi-
tive cells was also lower in the cultured limbal cells compared
to the cultured conjunctival (p=0.05) and oral (p=0.06) cells.
The number of NANOG-positive cells also decreased in the
cultured limbal cells compared to the cultured conjunctival
(p=0.56) and oral (p=0.002) cells (Figure 1B and Appendix
3B). Overall, the number of cells positive for the pluripotent

markers was highest in the day 14 oral cultures followed by
the conjunctival and limbal cultures, respectively.

Expression of Notch signaling—related markers: Notch
signaling has been shown to have an important role during
corneal epithelial proliferation and differentiation. Abnormal
differentiation has been detected in the mouse corneal
epithelium on deletion of Notchl in the epidermal layer [19].
Recently, it has been proposed that blocking Notch signaling
with dominant negative Mastermind did not have an effect
on corneal epithelial differentiation [26]. Moreover, Notch
activity is downregulated during the initial phase of corneal
epithelial proliferation, whereas active Notch signaling is
necessary for corneal epithelial differentiation [18,27]. There
are contradictory reports on the role of Notch signaling in the
epithelial differentiation of the cornea. Thus, we were inter-
ested in comparing Notch signaling by looking at the expres-
sion of Notchl, Jagged!, and Notch downstream targets Hesl,
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3, and 5, and Hey! in the day O (Figure 2A and Appendix 4A)
and day 14 (Figure 2B and Appendix 4B) cultures. Cultured
day 0 limbal cells showed elevated expression of Jagged!
compared to the cultured conjunctival (p=0.0002) and oral
(p<0.001) cells, but no difference in Notchl expression was
detected among all three cultures. The day 0 limbal epithelial
cultures revealed a significantly lower expression of Hes/
compared to the conjunctival (p=0.002) and oral (p<0.001)
epithelial cultures. Moreover, Hes3 expression in the day 0
cultured limbal epithelial cells was significantly lower than
in the day O cultured oral epithelial cells (p=0.0001). The
day 14 cultured limbal epithelial cells revealed elevated
mRNA expression of Notchl (p=0.0004; p<0.005) and
Jaggedl (p=0.0022; p<0.005) compared to the conjunctival
and oral cultures, respectively. Expression of Notchl was
elevated significantly (p=0.0005) in the day 14 cultured oral
mucosal epithelial cells compared to the cultured conjunc-
tival cells. Concurrently, the elevated mRNA expression
of Notch downstream targets Hesl, Hes3, Hes5, and Heyl
was noted in the day 14 cultures of all three biopsies. The
day 14 cultured limbal epithelial cells revealed significantly
higher HeslI expression compared to the cultured conjunctival
(p=0.008) and oral (p<0.001) epithelial cells. Hey! expression
was also elevated in the day 14 limbal cultures compared to
the conjunctival (p=0.0006) and oral (0.001) cultures. The
day 14 cultured oral epithelial cells showed higher expression
of Notchl (p=0.0005), Jagged! (p=0.0003), Hes! (p=0.002),
Hes5 (p=0.009), and Hey! (p=0.001) expression compared
to the conjunctival cultures. As a result, the day 14 limbal
and oral cultures showed the highest expression of Notch
signaling components compared to the day 14 cultured
conjunctival cells.

Putative stem/progenitor cell marker expression: An ABC
transporter protein is encoded by ABCG2, which showed no
difference in mRNA expression level in the day 0 limbal,
conjunctival, and oral cultures (Figure 3A). The day 14 limbal
cultures showed higher expression of ABCG2 (p=0.0246 and
p=0.0021) compared to the conjunctival and oral cultures,
respectively (Figure 3A). FACS analysis revealed an increased
number of ABCG2-positive cells in the day 14 limbal cultures
compared to the conjunctival and oral cultures (Figure 3B,C).
The number of ABCG2-positive cells was higher in the day
14 cultured oral cells compared to the cultured conjunctival
cells (p=0.006). No difference was observed in the mRNA
expression level of the ANp63a levels for day 0 and day 14
in the three cultured biopsies (Figure 4A). However, when
compared the day 14 cultured limbal, conjunctival, and oral
biopsies for p63 positivity with FACS staining, a significant
difference was observed. The day 14 cultured limbal epithe-
lial cells showed significant upregulation of p63a positivity
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compared to the day 14 cultured conjunctival cells (p=0.01)
and the day 14 cultured oral epithelial cells (p=0.004; Figure
4B,C).

Status of proliferation and apoptosis: Cell proliferation
and apoptotic levels were estimated for the day 14 limbal,
conjunctival, and oral cultured cells. Proliferative markers
(cyclin D1 (p=0.0039; p=0.0205), K -67 (p=0.0021) and
CDC20 (p=0.0020; p=0.0485) showed significantly elevated
expression levels in the cultured limbal epithelial cells
compared to the conjunctival and oral cultured cells. Based
on the expression level, the conjunctival cells showed the
lowest proliferative status among all three types of ex vivo
cultured epithelial cells (Figure 5).

Then we further investigated the gene expression levels
of apoptotic markers (caspase 3, caspase 9, BCL2, and BAX)
of day 14 cultured limbal, conjunctival, and oral cells. The
results showed that the proapoptotic markers caspase 3 and
9 expression levels were marginally elevated in the day 14
cultured oral epithelial cells. There was no difference in the
expression profile of BCL2 (antiapoptotic) and BAX (proapop-
totic) among the day 14 cultured limbal, conjunctival, and
oral epithelial cells (Appendix 5).

Expression of macroautophagy-related markers: Autophagy
signaling tightly regulates stem cells between their self-
renewal and differentiation potential [20]]. During differen-
tiation, autophagy regulates cellular remodeling whereas in
stem cell self-renewal is maintained in the quiescent stage
[21]]. The autophagy-related markers (LC34, LC3B, ATG?7,
RAB7, LAMPI, LAMP?2) were analyzed with real-time
gRT-PCR in day 0 and 14 limbal, conjunctival, and oral
cultures. Interestingly, LC3 gene expression (autophago-
some markers LC34, LC3B) levels in the day 14 in the limbal
cultures were elevated compared to the day O cultures. In
addition, lysosomal-associated membrane protein LAMPI
also showed increased expression in the day 14 limbal
cultures compared to the conjunctival and oral cultures. The
overall expression of the autophagy markers was significantly
higher in the limbal cultures on day 14 compared to the oral
and conjunctival cultures (Figure 6A,B).

DISCUSSION

Corneal surface damage following an insult by exposure to
chemical, thermal, or radiation rays or acquired by disease
leads to LSCD. The treatment modality for LSCD involves
reconstruction of the damaged corneal surface using autolo-
gous cell transplantation [1]. Sources of cells that have been
widely reported for restoring corneal surface reconstruction
are autologous limbal, conjunctival, and oral mucosal tissues
[28]. One of the major challenges of the cell-based therapy
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strategy has been to minimize the variability in the clinical
outcome.

Thus far, in most LSCD cases, ex vivo cultured limbal
transplantation has shown a higher rate of success in corneal
surface reconstruction compared to cultured conjunctival and
oral epithelial cells [5,29,30]. Studying the underlying proper-
ties of the cultured limbal, conjunctival, and oral epithelial
cells would provide a better insight into the differences in
the clinical outcomes of cell transplantation. Although
several studies have characterized cultured limbal, conjunc-
tival, or oral cells, no studies have delineated comparative

© 2015 Molecular Vision

characteristics of cultured limbal, conjunctival, and oral
epithelial cells in terms of putative stem cell and pluripotent
markers, Notch signaling, autophagy regulation, prolifera-
tion, and apoptosis levels.

To identify the inherent vital properties of the cells from
the three sources, we compared the characteristics of ex vivo
cultured limbal, conjunctival, and oral epithelial cells in terms
of the expression of stem cell markers, pluripotent marker,
proliferative, apoptotic, Notch signaling, and autophagy
markers. Studies have shown that culturing the cells on
irradiated/mitomycin C—treated 3T3 cells would support the
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maintenance of LESC-like features [31,32]. Whereas culturing
the cells on deepithelialized HAM promotes differentiation
of LESC to the corneal lineage [32]. Moreover, the relative
percentage of corneal progenitors plays an important role in
transplantation success. Thus, all biopsies were cultured on
deepithelialized HAM and not 3T3 to obtain a higher corneal
progenitor population, since the primary objective of the
study was to evaluate the cell-inherent property that plays a
role in transplantation success in an in vitro study [33].

In agreement with previous reports, the limbal and
conjunctival cultures showed cuboidal-shaped cells, whereas
oral cells were more polygonal shaped [34-36]. Cultured cells
were characterized by the gene expression of cytokeratins and
tight junction markers on day 14 as shown earlier [37]. The
presence or absence of these markers ascertains the source of
the cells as well as indicates the differentiation potential.
Pluripotency is a major attribute of stemness in stem cells to
differentiate into multiple lineage specifications; well differ-
entiated cells show lower expression of pluripotent markers
[38]. We were interested to know among the three cell types
which cell type expressed pluripotent markers the most. This
study demonstrated pluripotent protein markers at low levels
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in cultured limbal cells compared to cultured conjunctival
and oral mucosal cells, implicating the loss of pluripotency
and a simultaneous progression in differentiation on day 14.
However, the gene as well as the protein expression level of
pluripotent markers was high in the cultured conjunctival and
oral cultures in day 14. This suggested poor differentiation of
cultured conjunctival and oral cells. Notch signaling is a
fundamental pathway that controls the proliferation and
differentiation of the corneal epithelium [19]. Using a condi-
tional knockout model for Notchl, it was established that in
the absence of Notchl differentiation of corneal epithelial
cells was blocked [18]. Conditional blockage of Notch
signaling in the corneal epithelium using dominant negative
Mastermind with the Cytokeratin 12 (CK12; corneal epithe-
lial specific) promoter did not show any abnormal develop-
ment of the cornea. This might be because the CK12 promoter
drove expression only in the differentiated corneal epithe-
lium. Blockage of Notch signaling driven with dominant
negative Mastermind through a Cytokeratin 14 (CK14;
marker of basal cells of stratified epithelia) promoter on a
ROSA locus showed that Notch signaling was vital for the
differentiation of conjunctival goblet cells but not corneal
epithelial differentiation. Researchers concluded that the loss

Control
A B
2 -
c *
ks} *kk
@
015 4
[e%
x
)
<
% 14 mDay 0
S ODay 14 Figure 3. Putative stem/progenitor
.g 05 - cell marker expression, ABCG2. A:
5 Quantitative PCR expression levels
= of ABCG?2 in limbal, conjunctival,
0- Limbal ' Coniunctival ' oral ' and oral cultured cells from day
imba onjunctiva ra
I o 0 and day 14 cultures. Results
3 =
@ Conjunctival were normalized with B-actin.
C All experiments were performed
10 - in triplicate using six samples per
group (limbal, conjunctival, and
§ 81 i oral). B: Representative fluorescent
% .5:1% activated cell sorting (FACS) anal-
3 g 6 - R ysis of ABCG2-positive population
é’ P in limbal, conjunctival, and oral
g =4 cultured cells from day 14 cultures.
kS 2 C: Summarizing graph represents
e the results of the FACS analysis of
ABCG2 in the limbal, conjunctival,
L and oral cultured cells, performed
Limbal Conjunctival Oral o eaeeTs, p
in triplicate. Significance denoted,

FL1
p *<0.05, **<0.01, **¥%<0.005.

837


http://www.molvis.org/molvis/v21/828

Molecular Vision 2015; 21:828-845 <http://www.molvis.org/molvis/v21/828>

Control
A B
1.5 ¢
c
K]
(2]
(%]
o
o
) " 0.99%
s
nEc BDay0 Limbal
05 - ODay 14
z
Q
o
0 - T |
Limbal Conjunctival Oral o 10.51%
9 e
@ Conjunctival
C
12 4
*%

% of positive population
(FACS)

o N A O ©
L

Limbal

Conjunctival

Oral

Oral

FL1

© 2015 Molecular Vision

Figure 4. Putative limbal stem/
progenitor cell marker expres-
sion p63a. A: Quantitative PCR
expression levels of ANp63 in
limbal, conjunctival, and oral
cultured cells from day 0 and day
14 cultures. Results were calibrated
with B-actin. All experiments
were performed in triplicate using
six samples per group (limbal,
conjunctival, and oral). B: Repre-
sentative fluorescent activated
cell sorting (FACS) analysis of
the p63a-positive population in
the limbal, conjunctival, and oral
cultured cells from day 14 cultures.
C: Summarizing graph represents
the results of the FACS analysis of
p63a in the limbal, conjunctival,
and oral cultured cells, performed
in triplicate. Significance denoted,
p *<0.05, **<0.01, ***<0.005.

of the corneal epithelium differentiation marker (CK12
expression) was secondary due to the loss of conjunctival
goblet cells by ablation and interruption of Notch signaling.
Studies are needed to delineate the function of Notch

signaling in normal differentiation and differentiation
induced by corneal debridement [26]. Because of the proven
role in proliferation and differentiation of corneal epithelial
cells, the active status of Notch signaling was further
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investigated. The mRNA expression levels of Notch members
Notchl and Jaggedl and downstream targets hes/ and hes3,
was performed on day 0 and day 14 cultured limbal, conjunc-
tival, and oral epithelial cells. Significant upregulation of
Notchl and Jaggedl expression was detected in the day 14
limbal epithelial cultures. Enhanced active Notch signaling
was detected in the day 14 cultures of all biopsies compared
to the day O cultures. Moreover, active Notch signaling was
highest in the day 14 cultured limbal and oral biopsies
compared to the conjunctival cultures. This implies a defini-
tive role of Notch signaling in promoting differentiation of
limbal epithelial cells as has been reported previously
[18,27,39] and a probable crucial role in the transplantation
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success. It has been also reported that elevated Notch
signaling prevents epithelial-mesenchymal transition in
limbal epithelial cells, thus retaining the limbal progeny
population in ex vivo cultures [40]. There is dynamic bidirec-
tional signaling crosstalk between Notch signaling and p63
[41]. In one aspect, p63 has been shown to suppress Notch
signaling in cells thus reducing high proliferative potential,
and p63 works in conjunction with Notch signaling during the
early stages of differentiation. At the latter stages of differen-
tiation of epidermal cells, Notch signaling downmodulates
p63 [41]. Six transcripts are generated from the p63 gene,
three from an upstream promoter and three from a down-
stream promoter lacking the trans-activating domain (AN
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isoforms) [42]. ANp63 expression is a characteristic of stem
cells and undergoes alternative splicing to generate a, 3, and
v forms [42]. We then looked at the expression of mRNA as
well as the protein levels of the stem cell markers ABCG2 and
ANp63a [31]. This indicates the propensity of different cell
types to differentiate into corneal epithelial cells. Elevated
expression of ABCG2 was observed in the cultured limbal
cells on day 14, but no difference was seen in the mRNA
levels of ANp63a expression. ABCG2, a member of the ATP-
binding cassette protein family, is a downstream target of
Notch signaling [43]. Thus, we observed upregulation of the
ABCG?2 protein, and mRNA was upregulated in the day 14
cultured limbal epithelial cells compared to the conjunctival
and oral cultures. The lack of a difference in the mRNA
transcripts of the ANp63a levels among the three cultures
indicated that most probably there are no differences in the
proliferation and migration properties among limbal,
conjunctival, and oral epithelial stem cells. Di Lorio et al.
showed that the o isoform dictates the proliferation of human
LESCs whereas the f and y isoforms regulate the differentia-
tion toward corneal regeneration using corneal wound models
[44]. FACS analysis revealed significant upregulation of
ABCG?2 and p63a in the day 14 cultured limbal epithelial
cultures compared to the conjunctival and oral cultures.
Though there was no difference in the mRNA expression of
ANp63a among the three cultures, there was a significant
increase in the number of p63a-positive cells in the day 14
cultured limbal epithelial cells compared to the conjunctival
and oral cultures. In a recent study, Pellegrini et al. demon-
strated that the success of limbal transplantation correlated
with ANp63a expression [29]. Another study showed that
cultures with more than 3% of cells positive for ANp63a have
better prognosis post-transplantation [4]. In the present study,
vital cellular properties, such as proliferation and apoptosis,
were investigated by studying the mRNA expression levels
for specific markers. A balance between the proliferative and
apoptotic markers will eventually provide clues for healthy
cell status. Higher expression of proliferative markers in
limbal cultures is a good indicator of higher proliferation.
There was no detectable change in the expression level of
PCNA among the three cultured biopsies. However, upregula-
tion of the K.-67 and cyclin D1 transcripts was observed. The
cell cycle marker K.-67 marker is positive for all stages of the
cell cycle, indicating the population of all dividing cells [45].
Thus, the transcript level also reflects all dividing cells in a
population, implying that there are a higher number of
dividing cells in cultured limbal epithelial cells compared to
cultured conjunctival and oral biopsies. Most likely, the non-
stem cell population undergoes proliferation, since the
ANp63o transcript levels were similar in all three cultures.
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Cyclin DI is cell cycle check point regulator of cells entering
from the G1 to S phase [46]. The elevated mRNA expression
of cyclin DI indicated that a higher number of limbal epithe-
lial cells (most likely non-stem cell population) entered the
cell cycle at a particular stage. The PCNA marker is for
mostly the cells in the S-phase. Thus, the gene expression
profile of PCNA indicates the number of cells in the DNA
synthesis stage [47]. The results in the study indicate elevated
expression of K.-67 and cyclin D1, implying that more cells
divide and move through the cell check gate G1/S in faster
numbers, respectively. The lack of difference in the PCNA
expression profile indicates that there is no difference in the
synthesis stage of the cell cycle. Similar expression levels of
PCNA and elevated expression of cyclin DI indicated a
similar number of cells exited the S-phase by crossing the
G2/S check gate, and a higher number of cells entered the
S-phase by crossing the G1/S cell cycle check gate, respec-
tively. In other words, the cells entering the S-phase and
exiting the S-phase might be similar, as indicated by the
similar gene expression level of PCNA. However, conjunctival
cells showed lower proliferative potential. The mRNA expres-
sion of the apoptotic markers remained unchanged in the day
14 limbal, conjunctival, and oral cultures. This suggests that
most likely apoptosis may not have a lead role in classifying
the three cell types presently used to reconstruct the corneal
surface. In addition, macroautophagy regulation was studied,
as it has a vital role in maintaining and regulating stem cell
properties [21,48]. The proper functional clearing of unwanted
toxic proteins (the autophagy lysosomal pathway) is a prereq-
uisite for a successful transplantation [49]. On the 14th day,
the expression pattern of LC3A/B, a microtubule-associated
protein important for the induction of autophagy, through
elongation and expansion of the phagophore formed the
autophagosome [50]. Similarly high expression of LC3 by the
autophagy activator promotes the differentiation of adipose-
derived stromal cells into neuronal-like cells [51]. High
autophagic activity was observed in adult skin and blood stem
cells suggesting that autophagy could be a general phenom-
enon under physiologic conditions. This is in contrast to
differentiated cells, where autophagy is usually induced as a
consequence of stress [20]. We observed higher expression of
LAMPI1 in the day 14 cultured limbal epithelial cells
compared to the conjunctival and oral epithelial cells, impli-
cating the differentiation regime is upregulated. The expres-
sion of LAMP1 is higher when human salivary gland cells
differentiate into acinar-like structures [52].

The similar expression pattern of autophagic markers
in limbal, oral, and conjunctival cells could be a reason for
the steady-state level or basal of the autophagic lysosomal
pathway in the three different cell types. This requires
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further exploration with drug studies that use modulation of
autophagy. Additionally, this suggests healthy cell physiology
is maintained in cultured limbal epithelial cells compared to
cultured conjunctival and oral epithelial cells. In the future,
pharmacological modulation of autophagy in oral and
conjunctival cultures might help in improvising their efficacy
in transplantation.

Our findings provide an insight into the three different
cell types that are used to reconstruct the corneal surface.
The results suggest ex vivo limbal epithelial cultures plau-
sibly have a higher probability of success in transplantation
compared to conjunctival and oral epithelial cells. Moreover,
the results provide clues for modulation of signaling pathways
for improving conjunctival and oral cultures, so they can be
equally efficient in transplantation. All three biopsies were
processed following one standardized protocol to avoid the
interfering factors of culture medium, the scaffold used for
growth, and environmental factors such as the oxygen level,
humidity, carbon dioxide levels, and so on. The vital role of
host factor interplay was not accounted for in the present
study.

Limbal epithelial cell transplantation has shown remark-
able clinical success in corneal surface reconstruction
surgery [30]. In an attempt to enhance transplantation effi-
ciency recently, corneal surface reconstruction was attempted
using a mixed population of cells of limbal and conjunctival
origin. As expected, the results improved success in corneal
restoration compared to the use of conjunctival cells alone
[53,54]. Ricardo et al. in a recent study transplanted cultured
conjunctival cells in 12 eyes of patients with LSCD. With a
short-term follow-up, the curative status of the transplantation
showed promising results [55]. In another study, Ang et al. in
an animal study found a similar clinical outcome for limbal
and conjunctival cell transplantation [56]. However, Liu et
al. attempted oral epithelial cell transplantation in seven eyes
of patients with LSCD and during the long-term follow-up
found that five of the seven eyes developed peripheral corneal
neovascularization [57].

Although the oral mucosal epithelial cells in our study
showed a better outcome, with lower apoptotic and higher
proliferative potential, their non-ocular origin prevailed [12].
Post-transplantation of ex vivo cultured oral mucosal cells
showed neovascularization in corneas with the expression of
FGF2, VEGF, and PEDF [58,59]. This has always remained
at the forefront of an issue to be resolved before attempting
to use oral mucosal epithelial cells for corneal surface recon-
struction. In this study, we observed cultured oral epithelial
cells showed higher expression of stem cell marker (ABCG2
and p63a) positivity compared to conjunctival cells. This
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might suggest that following ex vivo cultured limbal epithe-
lial cells, oral epithelial cells might be better than the cultured
conjunctival epithelial cells, though some additional treat-
ment might be necessary to avoid neovascularization. The
findings from our study imply that apart from the angiogenic
properties, stem/progenitor cell, proliferation, and apoptosis
properties also play a decisive role in the success or failure of
a transplantation of ocular surface reconstruction.

Further studies are required to investigate the intrica-
cies of the cell potential and determine the factors that could
be modulated in an attempt to bring uniformity in clinical
outcome. This would not only provide modalities in the
branch of regenerative medicine for ophthalmology but also
contribute in other branches of medicine.

Several mitigating factors can influence the success of
cell transplantation [3]. Cell extrinsic and intrinsic factors
such as inflammatory response, purity and identity of the
cells, mode of transplantation, unwanted dedifferentiation
potential post-transplantation, presence of specific markers
such as ABCG2, ABCBS, and the ANp63a transcription
factor, presence or absence of antiangiogenic factors such
as FLT1, TIMP3, and TSP1, biomaterial scaffolds used as
substrates, signaling pathways such as WNT7A and its regu-
lation during differentiation through PAX6, and the number
of stem cells transplanted play a crucial role in transplantation
success [4,60-66].

Proliferation and differentiation play a crucial role in
the success of cell transplantation [66]. Apart from having a
confirmed role in cell proliferation and differentiation, Notch
signaling induces corneal lineage—specific differentiation
[27]. The number of stem cells expressing p63a positivity
in cultured limbal epithelial cells before transplantation
was correlated with the clinical outcome [29]. Low levels
of pluripotent markers indicate higher differentiation state,
which has been correlated with better transplantation success
[67]]. Results of our study show that certain cell vital factors
differ among the three biopsy sources. Additionally, the data
also provide clues to some of the underlying components such
as proliferation, stem cell marker expression, Notch signaling,
and autophagy pathway differences among the three biopsy
sources. In our study, we attempted to determine if there
are any cell inherent properties along with several signaling
pathways (Notch and autophagy pathways) between the three
biopsy sources with the assumption that these could be the
additional factors that might have a role in the transplantation
outcome. Further studies are required to confirm and validate
the role of each factor as well as identify additional factors
that predict the treatment outcome.
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Taken together, our results show that limbal cells are the
best source for corneal surface reconstruction followed by
oral mucosal cells and then conjunctival cells. Moreover, the
clinical applicability of conjunctival and oral cultures could
be enhanced using pharmacological modulators. This study
sheds further light on understanding transplantation and
regenerative medicine for ocular surface reconstruction.

APPENDIX 1. CULTURE AND
CHARACTERIZATION OF LIMBAL,
CONJUNCTIVAL AND ORAL MUCOSAL
BIOPSIES.

Explants from all the three tissue origins were cultured for 14
days. Day 0 explants cultures at 10X magnification (A, D, G).
Day 14 cultures at lower (10X; B, E, H) and higher (40X; C, F,
I) magnification. Gel documentation image showing RT-PCR
results for characterizing the cells of limbal (J), conjunctival
(K) and oral (L) cultures of day 14 using primers for gapdh,
cytokeratin 3, 4, 12, 13, 14, 15, connexin 43, p63a, abcg?2
and vimentin. To access the data, click or select the words
“Appendix 1.”

APPENDIX 2. IMMUNOSTAINING OF CULTURED
LIMBAL, CONJUNCTIVAL AND ORAL BIOPSIES.

Immunohistochemistry staining with anti-ABCG2, CX43,
K3/K12 and K4/K13 on day 14 cultured limbal (A-F),
conjunctival (G-L) and oral epithelial cells (M-R). The black
arrows are used for showing the positive staining. To access
the data, click or select the words “Appendix 2.”

APPENDIX 3. EXPRESSION OF PLURIPOTENT
MARKERS.

Quantitative PCR results for oct4, sox2 and nanog markers
on day 0 (A) cultured limbal, conjunctival and oral biopsies.
Results were calibrated with S-actin. All the experiments
were performed in triplicate using 6 samples per group
(limbal, conjunctival and oral). Representative FACS plots
of day 14 cultured limbal conjunctival and oral mucosal
epithelial cells stained with antibodies against OCT4, SOX2
and NANOG (B). To access the data, click or select the words
“Appendix 3.”

APPENDIX 4. EXPRESSION OF NOTCH
PATHWAY MOLECULES.

Quantitative PCR results of hesi, hes3, hes5 and hey]l mRNA
expression in day 0 cultured limbal, conjunctival and oral
biopsies (A). mRNA expression of hesl, hes3, hes5 and heyl
in day 14 limbal conjunctival and oral cultures (B). Results

© 2015 Molecular Vision

were calibrated with f-actin. All the experiments were
performed in triplicate using 6 samples per group (limbal,
conjunctival and oral). Statistical significance denoted, p
*<(.05, **<0.01, ***<0.005. To access the data, click or select
the words “Appendix 4.”

APPENDIX 5. APOPTOTIC STATUS.

mRNA expression profile of apoptotic markers, bci2, bax,
caspase 3 and caspase 9 genes of day 14 limbal, conjunctival
and oral cultured cells (B). Results were normalized with
p-actin. All the experiments were performed in triplicate
using 6 samples per group (limbal, conjunctival and oral).
Significance denoted, p *<0.05, **<0.01, ***<0.005. To
access the data, click or select the words “Appendix 5.”
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