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Introduction

Limbal stem cells (LSCs) are essential to maintain corneal epithelium and endowed with a
capacity for self-renewal and extended proliferative potential[l, 2]. Dysfunction or loss of these cells
by chemical or thermal injury, radiation, repeated surgical interventions, immunological disorders,
neoplasia, and anirida, results in limbal stem cell deficiency (LSCD). This is characterized by loss of

corneal transparency, scarring in the form of conjunctivalization, and visual loss[3].

Management of patients with LSCD depends on the extent of involvement of the limbus
(sectoral vs total) and on the unilaterality or bilaterality of the disease. For partial LSCD, mechanical
debridement of the conjunctival epithelium from the surface of the cornea can be enough to restore
a stable ocular surface as stem cells from the healthy limbal sectors divide and migrate to cover the
defect. Scraping of the conjunctival epithelium can be coupled with amniotic membrane

transplantation, which may allow for faster healing of the ocular surface[4, 5].

Management of patients with total LSCD has always been challenging because corneal clarity
cannot be restored merely by a traditional corneal graft. Penetrating keratoplasty (PKP) is
contraindicated in the setting of LSCD. For many years, treatment involved autologous (in cases of
unilateral LSCD) or allogeneic keratolimbal grafts[6-12]. However, donor tissues are often insufficient,

resulting in difficulty of treatment when needed.

Recent advances in understanding limbal physiology and manipulating limbal stem cells ex vivo
allow for the possibility of restoration of a healthy ocular surface with tissue-sparing surgery. This
decreases the need for large limbal resection that may jeopardize the homeostasis of the “healthy”
eye. These new tissue-sparing techniques also decrease the need for allogeneic tissue in some cases,

thus eliminating the need for chronic immunosuppression[8, 13-17].

Transplantation of cultivated limbal epithelial sheets has proven to be effective to restore healthy
corneal epithelium and vision[18-23]. Several substrates have been utilized to culture limbal
epithelial cells such as human amniotic membranes[18], fibrin gels[24], plasma polymer-coated
surfaces[25], biodegradable matrices[26], temperature-responsive culture dishes[27], or feeder layers

of mouse NIH 3T3 cells[21].

As shown in previous studies, cultivation of limbal epithelial cell was performed by various
methods. We have developed a new culture substrate called enzyme-sensitive substrate by own

method, and tried to demonstrate the effectiveness of this method through rabbit LSCD model.
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Materials & Methods

1. Preparation of rabbit LSCD model and classification of LSCD grading

Previous studies have described how to make a rabbit LSCD model. Alkali burn of the ocular
surface[28-33] in which NaOH is used for ocular surface burning, and the concentration used are
1Imol/L [28, 31-35], and 0.5mol/L [29]. The application times are 20s [30], 25s [28, 29], 30s [31-33],
and 45s [29]. Limbal mechanical excision, in which the limbal epithelium is mainly removed by
limbectomy [36-41], n-heptanol [35, 37, 38], and 75% ethanol [37], or using microsurgical
instruments [40, 41].

A total of 12 (12 males) healthy New Zealand rabbits weighting 2-2.5Kg were used in this study.
After general anesthesia, the anterior segment was fully exposed with the eye speculum. The limbal
epithelium was removed surgically. A 13mm paper disk embedded in 0.5mol/L NaOH was applied
over the cornea and limbal zones of each right eye for 30s, and the eyes were thoroughly washed
with normal saline. The debridement of loosing corneal epithelium was done. After application of
NaOH, the eye speculum was removed and the rabbits were treated with eye ointment (Forus :
Neomycin Sulfate 3.5 mg/g, Dexamethasone 1 mg/g, Polymyxin B Sulfate 6000 IU/g; Samil. Co., Ltd,
Seoul, Korea) for 10 days.

After 2 weeks later, we evaluated the state of rabbit's cornea and classified the rabbit LSCD model
in group 1. After 4 weeks later, we evaluated the state of rabbit's cornea and classified the rabbit
LSCD model in group 2. The classification of rabbit LSCD model was divided into 4 grades in corneal

opacity and neovascularization [42].

This study was approved by the Laboratory Animal Ethics Committee of Asan Medical Center of

Ulsan University.

2. Method of carboxymethyl cellulose-dopamine (CMC-DOPA) coating

The 1 mg/ml CMC-DA was dissolved in 10 mM Tris buffer solution (Sigma Aldrich) (pH 8.5). The
Transwell membranes were coated with the prepared CMC-DA solution for 2 hours at RT. After the
coating step, the Transwell plate membranes were washed with distilled water twice and dried in a
heating oven for 6 h at 40 °C. Transwell plate membrane sterilization was conducted under an

ultraviolet (UV) lamp (A = 254 nm, 15 W) for 30 minutes.
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3. Preparation of cultivated human limbal epithelial sheets

Human donor corneoscleral rims obtained during surgery after 8 mm or less trephination of the
graft (surgical corneas) were used. Iris, ciliary body, Decemet’s membrane with corneal endothelium,
conjunctiva, and excess sclera were surgically removed from the corneosclera. Limbal epithelium
was isolated by the treatment with 0.2% Dispase II(Roche) in 35mm dish) at 4°C for overnight.
Subsequently , epithelium were treated with 0.25% Trypsin/0.01% EDTA (Gibco. USA) at 37°C for 1h
to generate isolated cells, followed with the dissociation by pipetting to obtain the mixture of single
cells and cell aggregates. Dissociated cells were seeded in plastic cell culture inserts (3450, Corning).
Cells were grown in 96% DMEM/F12 (Gibco), FBS (4%)(Gibco), recombinant human FGF7 (KGF, 10
ng/mL peprotech 100-19), Y27632 (10 p M, Enzo), insulin (10 p g/mL sigma I0516), hydrocortisone
(0.5 p g/mL sigma H0888), tri-iodo-thyronine (2 nM sigma T6397), isoproterenol (250 ng/mL sigma
16379), and 1% antibiotics. Medium was changed at day 3, day 5, and every day after day 7.

Cell culture inserts were coated with 1mg/ml CMC-DA and seeded human limbal epithelial cell
on the 6well at 3~5x10°cells per well. After the epithelial cells reached confluence, human limbal
epithelial cells were continued for two weeks with underlying medium replacement daily. To obtain
cell sheets were treated medium containing 100U/ml cellulose (Cellulase from Trichoderma sp.
Sigmaaldrich) the bottom of the insert at 37°C for lhr. After detaching cell sheets from the insert,
they were aspirated using a pipette and washed using PBS and transferred to a fresh cell culture

dish. Human epithelial cell sheets were used for transplantation and imunohistochemistry.

4. Evaluation of cultivated human limbal epithelial sheet status by histology and

immunohistochemistry

Cultivated epithelial cell sheets or rabbit tissue were cut in half. One half was fixed with formalin
and embedded in paraffin, and the other half was embedded in optimum cutting temperature
compound and frozen in liquid nitrogen. Paraffin sections or formalin-fixed cryosections were
stained with hematoxylin and eosin (HE) for histologic examination. For immunohistochemistry,
cryosections were fixed with 4% paraformaldehyde for 5 minutes and permeablilized with 0.1%
triton x-100, and incubated with 10% goat serum for lhr and were reacted with anti-human
mitochondria (1:30, 1hr, RT milipore MAb1273). Paraffin sections were deparaffinized in xylene and
rehydrated. We were microwaved in citrate buffer (genemed)or EDTA buffer(trilogy cell marquee)
for 20mins. Slides were then washed with phosphate-buffered saline tween (PBST, twice for 10 min)

and incubated for 1 h in a 5% BSA, 5% normal goat serum and 5%normal donkey serum. Slides
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were then incubated with the anti-CK12 (1:100, overnight, 4°C, abcam ab185627), anti-CK3/2p (1:100,
overnight, 4°C santacruz sc-80000), anti-p63(1:100, overnight, 4°C abcam ab124762), anti-Zo-1(1:100,
overnight, 4°C thermofisher 61-7300), and anti-CK15 (1:100, overnight, 4°C thermofisher MA5-11344)
antibodies, and incubated with Alexa Fluor 647 or 555 or 488-conjugated anti rabbit, goat, and
mouse IgG antibodies(invitrogen). Cell nucleus was counterstained with DAPI (invitrogen). The stain

was captured by confocal microscopy (LSM 780).

5. Method of cell sheet transplantation

After observing the rabbit LSCD models, the scar tissue composed of conjunctiva and
neovascularization was removed. The prepared limbal epithelial cell sheet was placed on the cornea
with scar tissue removed and a 4 point suture at peripheral cornea was performed. For protection,
the ocular surface was covered with a contact lens, and a tarsorrhaphy was performed. After cell
sheet transplantation, the rabbits were treated with eye ointment (Neomycin Sulfate 3.5 mg/g,
Dexamethasone 1 mg/g, Polymyxin B Sulfate 6000 IU/g everyday), and triamcinolone acetonide (0.1
ml injected subconjunctivally every 1 week). An intramuscular injection of cyclosporine was
administered daily for 7 days. A week later, the sutures of cornea and eyelid were removed and the
contact lens was also removed. In group 1, two weeks after transplantation the rabbits were
sacrificed, and in group 2, Four weeks after transplantation the rabbits were sacrificed. After sacrifice,
the engrafted corneas were divided into portions for histology, and immunohistochemistry. The

primary antibody used for anti-human mitochondria (Alexa Fluor 647).

6. Evaluation of transplantation status

In group 1, clinical outcome was observed in the first, and second week after surgery. In group
2, clinical outcome was observed in the first, second, and fourth week after surgery. Clinical outcome
included grade of corneal opacity and corneal neovascularization, and status of fluorescein stained
corneal epithelium. According to the ocular surface standard grading table [42], two indexes of
corneal opacity and neovascularization grading were compared before transplantation and after
second or fourth week. SPSS software was used for statistical analysis. The variables are
demonstrated as mean * standard deviation, and P-value < 0.05 was considered statistically
significant. In addition to clinical outcome, results of histology and immunohistochemistry were

used to evaluate the status of transplanted cell sheet in 5 eyes.
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Results

1. Clinical outcome

Table 1 shows demographics of rabbit subjects. Total subjects were 12 males and 12 right eyes.

Three subjects belong to group 1, and nine subjects belong to group 2.

Table 2 shows clinical outcome in group 1. In group 1, the grading of corneal opacity before and
after surgery was 3.67+0.58 and 3.00+0.00, respectively. The grading of corneal opacity decreased,
but there was no statistical difference (P = 0.184). In group 1, the grading of corneal
neovascularization before and after surgery was 3.33£0.58 and 3.00+0.00, respectively. The grading

of corneal neovascularization decreased, but there was no statistical difference (P = 0.423).

Table 3 shows clinical outcome in group 2. In group 2, the grading of corneal opacity before and
after surgery was 3.78+0.44 and 3.11+0.33, respectively. The grading of corneal opacity decreased,
and there was a statistically significant difference (P = 0.004). In group 2, the grading of corneal
neovascularization before and after surgery was 3.11+0.60 and 3.11+0.60, respectively. The grading

of corneal neovascularization was no difference (P = 1.000).

Figure 1 shows photographs of pre-operative, post-operative, after 1 week, and 2 weeks in group
1 subject number 4 of 04/16/2018. In pre-operative state, corneal opacity was grade 3 and corneal
neovascularization was grade 3. In post-operative state, corneal opacity decreased and
neovascularization was not seen. After 1 week, inflammation and neovascularization was observed
at peripheral cornea. Corneal opacity decreased and corneal epithelial erosions were observed. After
2 weeks, neovascularization was observed at peripheral cornea and the extent of neovascularization
was less than pre-operative state. Corneal opacity was better than pre-operative state and corneal
epithelial erosions were observed. Overall, corneal opacity and neovascularization were better than

pre-operative state.

Figure 2 shows photographs of pre-operative, post-operative, after 2 weeks, and 4 weeks in group
2 subject number 4 of 03/26/2018. In pre-operative state, corneal opacity was grade 4 and corneal
neovascularization was grade 2. In post-operative state, corneal opacity decreased and
neovascularization was not seen. After 2 weeks, inflammation and neovascularization was observed
at peripheral cornea. Corneal opacity decreased and small corneal epithelial defect was observed in
central cornea. After 4 weeks, neovascularization was observed at peripheral cornea and the extent
of neovascularization was similar to pre-operative state. Corneal opacity was better than pre-
operative state and small corneal epithelial defect disappeared. Overall, corneal opacity was better

than pre-operative state, and neovascularization was similar to pre-operative state.
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2. Histology and immunohistochemistry

In group 2 subjects, histology and immunohistochemistry were performed in five subjects (shown
in Table 1).

Figure 3 shows photographs of pre-operative, post-operative, after 2 weeks, and 4 weeks in group
2 subject number 3 of 03/26/2018. In pre-operative state, corneal opacity was grade 4 and corneal
neovascularization was grade 3. In post-operative state, corneal opacity decreased and
neovascularization was not seen. After 2 weeks, inflammation and neovascularization was observed
at peripheral cornea. Corneal opacity decreased and corneal epithelial defect was observed in central
cornea. After 4 weeks, neovascularization was observed at total cornea. Corneal opacity was similar
to pre-operative state, but slight better than pre-operative state at paracentral cornea. Also, cornea
was covered with conjunctival tissue. Overall, corneal opacity was better than pre-operative state,
but neovascularization was worse than pre-operative state. In immunohistochemistry (anti-human
mitochondria; Alexa Fluor 647) after 4 weeks, only a small amount of human corneal epithelium was
observed in the peripheral cornea. In histology after 4 weeks, rabbit cornea was epithelialized totally

and goblet cells were observed in the epithelium.

Figure 4 shows photographs of pre-operative, post-operative, after 1 week, 2 weeks, and 4 weeks
in group 2 subject number 4 of 04/02/2018. In pre-operative state, corneal opacity was grade 4 and
corneal neovascularization was grade 4. In post-operative state, corneal opacity decreased and
neovascularization was not seen. After 1 week, inflammation and neovascularization was observed
at peripheral cornea. Corneal opacity decreased and corneal epithelial defect was observed in
superior cornea. After 2 weeks, inflammation and neovascularization was aggravated at peripheral
cornea. Also, corneal epithelial defect was aggravated in superior cornea. After 4 weeks,
neovascularization was observed at total cornea. Corneal epithelial defect was observed at central
cornea. Corneal opacity was similar to pre-operative state, but slight better than pre-operative state
at central cornea. Overall, corneal opacity was slight better than pre-operative state, but
neovascularization was similar to pre-operative state. In immunohistochemistry (anti-human
mitochondria; Alexa Fluor 647) after 4 weeks, human corneal epithelium was observed in the total
cornea, but the immunostaining was weak at central cornea. In histology after 4 weeks, rabbit cornea
was covered with human corneal epithelium and goblet cells were not observed. However, many

inflammatory cells deposited under human corneal epithelium.

Figure 5 shows photographs of pre-operative, post-operative, after 1 week, 2 weeks, and 4 weeks
in group 2 subject number 2 of 04/09/2018. In pre-operative state, corneal opacity was grade 4 and

corneal neovascularization was grade 4. In post-operative state, corneal opacity decreased and
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neovascularization was not seen. After 1 week, inflammation and neovascularization was observed
at peripheral cornea. Corneal opacity decreased and corneal epithelial defect was not observed.
After 2 weeks, inflammation and neovascularization was aggravated at peripheral cornea. Also,
corneal epithelial defect was observed in central cornea. After 4 weeks, neovascularization was
observed at peripheral cornea, but was stabilized more than 2 weeks ago. Corneal epithelial defect
was observed at central cornea. Corneal opacity was better than pre-operative state. Also, cornea
was covered with conjunctival tissue. Overall, corneal opacity and neovascularization were better
than pre-operative state. In immunohistochemistry (anti-human mitochondria; Alexa Fluor 647) after
4 weeks, human corneal epithelium was observed in the total cornea. In histology after 4 weeks,

rabbit cornea was covered with human corneal epithelium and goblet cells were not observed.

Figure 6 shows photographs of pre-operative, post-operative, after 1 week, 2 weeks, and 4 weeks
in group 2 subject number 2 of 04/16/2018. In pre-operative state, corneal opacity was grade 4 and
corneal neovascularization was grade 3. In post-operative state, corneal opacity decreased and
neovascularization was not seen. After 1 week, inflammation and neovascularization was observed
at peripheral cornea. Corneal opacity decreased and corneal epithelial erosions were observed at
central cornea. After 2 weeks, inflammation and neovascularization was slight aggravated at
peripheral cornea. Also, corneal epithelial erosions were observed in central cornea. After 4 weeks,
neovascularization was observed at peripheral cornea, but inflammation was observed. Corneal
epithelial defect was observed at central cornea. Corneal opacity was better than pre-operative state.
Overall, corneal opacity and neovascularization were better than pre-operative state. In
immunohistochemistry (anti-human mitochondria; Alexa Fluor 647) after 4 weeks, human corneal
epithelium was observed in the total cornea, but the surface was irregular. In histology after 4 weeks,

rabbit cornea was covered with human corneal epithelium and goblet cells were not observed.

Figure 7 shows photographs of pre-operative, post-operative, after 1 week, 2 weeks, and 4 weeks
in group 2 subject number 3 of 04/16/2018. In pre-operative state, corneal opacity was grade 3 and
corneal neovascularization was grade 3. In post-operative state, corneal opacity decreased and
neovascularization was not seen. After 1 week, inflammation and neovascularization was observed
at peripheral cornea. Corneal opacity decreased and corneal epithelial defect was not observed.
After 2 weeks, inflammation and neovascularization was slight aggravated at peripheral cornea. Also,
corneal epithelial erosions were observed in central cornea. After 4 weeks, neovascularization was
observed at peripheral cornea, but inflammation was observed. Corneal epithelial erosions and bulla
were observed at central cornea. Corneal opacity was similar to pre-operative state. Overall, corneal
opacity was similar to pre-operative state, and neovascularization was slight better than pre-

operative state. In immunohistochemistry (anti-human mitochondria; Alexa Fluor 647) after 4 weeks,
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human corneal epithelium was observed in the total cornea. In histology after 4 weeks, rabbit cornea
was covered with human corneal epithelium and goblet cells were not observed. However,

inflammatory cells deposited under human corneal epithelium.

Discussion

Transplantation cultivated limbal epithelial sheet has been considered as one of the standard
treatments in LSCD [20, 21, 43-46]. However, the protocol for cultivation of limbal epithelial cells
differs significantly. Protocols include different culture technique such as isolated epithelial cell
cultures or limbal epithelial sheet generation from limbal explants, the application of the mouse 3T3

feeder cell layer, and different substrates [20, 21, 44, 45, 47-49].

In this study, we developed the new method called enzyme-responsive cell sheet and there were
several advantages. First, cell culture was effective from isolated donor cell line. Second, cell sheet
production and separation without cell degradation from transwells was effective. Third, at least 6

cell sheets from a small amount of cells.

In group 1, corneal opacity improved in two cases (2/3, 66.7%), and there was no change in one
case (1/3, 33.6%). No cases were exacerbated. Corneal neovascularization improved in one case (1/3,
33.3%), and there was no change in two cases (2/3, 66.7%). No cases were exacerbated. In group 2,
corneal opacity improved in six cases (6/9, 66.7%), and there was no change in three cases (3/9,
33.6%). No cases were exacerbated. Corneal neovascularization improved in one case (1/9, 11.1%),
and there was no change in seven cases (7/9, 77.8%). But, there was a deterioration in one case
(1/9, 11.1%).

The grade of corneal opacity was 3.67+0.58 before transplantation and 3.00+0.00 after 2 weeks
in group 1, which showed improvement, but no statistical difference (P=0.184). However, in group
2, the grade of corneal opacity was 3.78+0.44 before transplantation and 3.11+0.33 after 4 weeks,
which showed a statistically significant difference (P=0.004). The grade of corneal neovascularization
was 3.33+0.58 before transplantation and 3.00£0.00 after 2 weeks in group 1, which showed
improvement, but no statistical difference (P=0.423). However, in group 2, the grade of corneal
neovascularization was 3.11+0.60 before transplantation and 3.11+0.60 after 4 weeks, which showed
no difference (P=1.000).

As shown above, clinical outcome in this study showed only improvement of corneal opacity in

group 2. But, there was no change of corneal neovascularization in group 2. In group 1, there was
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improvement of corneal opacity and neovascularization, but no statistically significant difference.
Results showed that only corneal opacity of group 2 improved. However, in the all cases of no
change in group 1 and 2, the grade of corneal opacity and neovascularization was the same, but
microscopic findings showed a decrease in the extent and severity of corneal opacity and

neovascularization. This confirms that there is a partial improvement.

The outcome of histology and immunohistochemistry in this study showed that in only 1 case,
human limbal epithelial cell sheet did not survive, but in the remaining 4 cases, human limbal
epithelial cell sheet survived for 4 weeks. This confirms that enzyme-responsive based cell sheets

survived relatively well in immunosuppressed rabbit LSCD eyes for 4 weeks.

There are several reasons for this outcome. First, heterologous transplantation(xenotransplantation)
is one of the main reasons for this outcome. Despite the immunosuppressive treatment, xenogenic
reaction occurs. We used the immunosuppressive treatment for only 1 week to improve the survival
rate of rabbits. Because of immunosuppressive treatment for 1 week, corneal opacity and
neovascularization at 2 weeks seem to be worse than at 1 week. If homologous or especially

autologous transplantation is performed, better outcome is expected.

Second, the rabbit LSCD model in this study was a severe case of grade 3 or more in corneal
opacity and neovascularization, except 1 case in group 2 (shown in table 1). It is already known that
the response of treatment in severe cases is low [50]. If transplantation of human limbal epithelial
cell sheet is performed, better outcome is expected. In the future, it will be necessary to experiment

with low-severity LSCD models.

Third, we did not use the amniotic membrane transplantation(AMT) because we designed the
experiment to confirm the sole effect of human limbal epithelial transplantation. AMT is excellent
option for the treatment of ocular surface disease by especially chemical burn [50]. If AMT is
performed with human limbal epithelial transplantation, better outcome is expected. In the future,
it will be necessary to experiment with combination of AMT and human limbal epithelial

transplantation.

In conclusion, transplantation of cultivated limbal epithelial cell sheet will play a significant role
for LSCD treatment in the future. Tissue-sparing surgery by cultivated limbal epithelial cell sheet is
advantage to preserve a healthy eye and decrease or eliminate the need for systemic
immunosuppression, especially in the case of homologous transplantation. It is important to note
that even with this potential treatment, presurgical planning will still play a catalytic role for the

success of such procedures. A wet ocular surface, adequate eyelid function, and control of the ocular
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surface inflammatory status needs to be restored before attempting any type of surgical

rehabilitation for patients with LSCD.

20



Reference

10.

11.

12.

13.

14.

15.

16.

17.

Cotsarelis G, Cheng SZ, Dong G, Sun TT, Lavker RM. Existence of slow-cycling limbal

epithelial basal cells that can be preferentially stimulated to proliferate: implications on

epithelial stem cells. Cell 1989,57:201-209.

Lehrer MS, Sun TT, Lavker RM. Strategies of epithelial repair: modulation of stem cell and

transit amplifying cell proliferation. J Cell Sci 1998,111 ( Pt 19):2867-2875.

Dua HS, Joseph A, Shanmuganathan VA, Jones RE. Stem cell differentiation and the effects

of deficiency. Eye (Lond) 2003,17:877-885.

Liang L, Sheha H, Li J, Tseng SC. Limbal stem cell transplantation: new progresses and

challenges. Eye (Lond) 2009,23:1946-1953.

Cauchi PA, Ang GS, Azuara-Blanco A, Burr JM. A systematic literature review of surgical

interventions for limbal stem cell deficiency in humans. Am J Ophthalmo/ 2008,146:251-259.

Kenyon KR, Tseng SC. Limbal autograft transplantation for ocular surface disorders.

Ophthalmology 1989,96:709-722; discussion 722-703.

Thoft RA. Keratoepithelioplasty. Am J Ophthalmol 1984,97:1-6.

Holland EJ. Management of Limbal Stem Cell Deficiency: A Historical Perspective, Past,

Present, and Future. Cornea 2015,34 Suppl 10:59-15.

Turgeon PW, Nauheim RC, Roat MI, Stopak SS, Thoft RA. Indications for keratoepithelioplasty.

Arch Ophthalmol 1990,108:233-236.

Tsai RJ, Tseng SC. Human allograft limbal transplantation for corneal surface reconstruction.

Cornea 1994,13:389-400.

Kwitko S, Marinho D, Barcaro S, Bocaccio F, Rymer S, Fernandes S, et al. Allograft conjunctival

transplantation for bilateral ocular surface disorders. Ophthalmology 1995,102:1020-1025.

Holland EJ, Schwartz GS. The evolution of epithelial transplantation for severe ocular surface

disease and a proposed classification system. Cornea 1996,15:549-556.

Davanger M, Evensen A. Role of the pericorneal papillary structure in renewal of corneal

epithelium. Nature 1971,229:560-561.

Schermer A, Galvin S, Sun TT. Differentiation-related expression of a major 64K corneal

keratin in vivo and in culture suggests limbal location of corneal epithelial stem cells. J Cel/

Biol 1986,103:49-62.

Kinoshita S, Friend J, Thoft RA. Biphasic cell proliferation in transdifferentiation of

conjunctival to corneal epithelium in rabbits. Invest Ophthalmol Vis Sci 1983,24:1008-1014.

Potten CS, Loeffler M. Epidermal cell proliferation. I. Changes with time in the proportion of

isolated, paired and clustered labelled cells in sheets of murine epidermis. Virchows Arch B

Cell Pathol Incl Mol Pathol 1987,53:279-285.

Ramachandran C, Basu S, Sangwan VS, Balasubramanian D. Concise review: the coming of

age of stem cell treatment for corneal surface damage. Stem Cells Trans! Med 2014,3:1160-
21



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

1168.

Tsai RJ, Li LM, Chen JK. Reconstruction of damaged corneas by transplantation of autologous
limbal epithelial cells. N Engl J Med 2000,343:86-93.

Schwab IR, Isseroff RR. Bioengineered corneas--the promise and the challenge. N Engl J
Med 2000,343:136-138.

Sangwan VS, Basu S, Vemuganti GK, Sejpal K, Subramaniam SV, Bandyopadhyay S, et al.
Clinical outcomes of xeno-free autologous cultivated limbal epithelial transplantation: a 10-
year study. Br J/ Ophthalmo/ 2011,95:1525-1529.

Pellegrini G, Traverso CE, Franzi AT, Zingirian M, Cancedda R, De Luca M. Long-term
restoration of damaged corneal surfaces with autologous cultivated corneal epithelium.
Lancet 1997,349:990-993.

Rama P, Matuska S, Paganoni G, Spinelli A, De Luca M, Pellegrini G. Limbal stem-cell therapy
and long-term corneal regeneration. N Engl J Med 2010,363:147-155.

Basu S, Fernandez MM, Das S, Gaddipati S, Vemuganti GK, Sangwan VS. Clinical outcomes
of xeno-free allogeneic cultivated limbal epithelial transplantation for bilateral limbal stem
cell deficiency. Br J Ophthalmol 2012,96:1504-1509.

Rama P, Bonini S, Lambiase A, Golisano O, Paterna P, De Luca M, et al. Autologous fibrin-
cultured limbal stem cells permanently restore the corneal surface of patients with total
limbal stem cell deficiency. Transplantation 2001,72:1478-1485.

Deshpande P, Notara M, Bullett N, Daniels JT, Haddow DB, MacNeil S. Development of a
surface-modified contact lens for the transfer of cultured limbal epithelial cells to the cornea
for ocular surface diseases. Tissue Eng Part A 2009,15:2889-2902.

Merrett K, Fagerholm P, MclLaughlin CR, Dravida S, Lagali N, Shinozaki N, et al Tissue-
engineered recombinant human collagen-based corneal substitutes for implantation:
performance of type I versus type III collagen. Invest Ophthalmol Vis Sci 2008,49:3887-3894.
Hayashida Y, Nishida K, Yamato M, Yang J, Sugiyama H, Watanabe K, et al Transplantation
of tissue-engineered epithelial cell sheets after excimer laser photoablation reduces
postoperative corneal haze. Invest Ophthalmol Vis Sci 2006,47:552-557.

Wagoner MD. Chemical injuries of the eye: current concepts in pathophysiology and therapy.
Surv Ophthalmol 1997,41:275-313.

Zhu J, Zhang K, Sun 'Y, Gao X, Li Y, Chen Z, et al. Reconstruction of functional ocular surface
by acellular porcine cornea matrix scaffold and limbal stem cells derived from human
embryonic stem cells. Tissue Eng Part A 2013,19:2412-2425.

Utheim TP. Concise review: transplantation of cultured oral mucosal epithelial cells for
treating limbal stem cell deficiency-current status and future perspectives. Stem Cells
2015,33:1685-1695.

Li DQ Wang Z, Yoon KC, Bian F. Characterization, isolation, expansion and clinical therapy

22



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

of human corneal epithelial stem/progenitor cells. J Stem Cells 2014,9:79-91.

Pellegrini G, De Luca M. Eyes on the prize: limbal stem cells and corneal restoration. Cell
Stem Cell 2014,15:121-122.

Kolli S, Ahmad S, Mudhar HS, Meeny A, Lako M, Figueiredo FC. Successful application of ex
vivo expanded human autologous oral mucosal epithelium for the treatment of total
bilateral limbal stem cell deficiency. Stem Cells 2014,32:2135-2146.

Jeon S, Choi SH, Wolosin JM, Chung SH, Joo CK. Regeneration of the corneal epithelium
with conjunctival epithelial equivalents generated in serum- and feeder-cell-free media. Mo/
Vis 2013,19:2542-2550.

Vazirani J, Basu S, Kenia H, Ali MH, Kacham S, Mariappan 1, et al. Unilateral partial limbal
stem cell deficiency: contralateral versus ipsilateral autologous cultivated limbal epithelial
transplantation. Am J Ophthalmol 2014,157:584-590 e581-582.

Gore A, Horwitz V, Gutman H, Tveria L, Cohen L, Cohen-Jacob O, et al Cultivation and
characterization of limbal epithelial stem cells on contact lenses with a feeder layer: toward
the treatment of limbal stem cell deficiency. Cornea 2014,33:65-71.

Lagali N, Eden U, Utheim TP, Chen X, Riise R, Dellby A, et al In vivo morphology of the
limbal palisades of vogt correlates with progressive stem cell deficiency in aniridia-related
keratopathy. Invest Ophthalmol Vis Sci 2013,54:5333-5342.

Skeens HM, Brooks BP, Holland EJ. Congenital aniridia variant: minimally abnormal irides
with severe limbal stem cell deficiency. Ophthalmology 2011,118:1260-1264.

Chan CC, Holland EJ. Severe limbal stem cell deficiency from contact lens wear: patient
clinical features. Am J Ophthalmol/ 2013,155:544-549 e542.

Jeng BH, Halfpenny CP Meisler DM, Stock EL. Management of focal limbal stem cell
deficiency associated with soft contact lens wear. Cornea 2011,30:18-23.

Kadar T, Horwitz V, Sahar R, Cohen M, Cohen L, Gez R, et al. Delayed loss of corneal epithelial
stem cells in a chemical injury model associated with limbal stem cell deficiency in rabbits.
Curr Eye Res 2011,36:1098-1107.

Wan P, Wang X, Ma P, Gao N, Ge J, Mou Y, et al. Cell delivery with fixed amniotic membrane
reconstructs corneal epithelium in rabbits with limbal stem cell deficiency. Invest Ophthalmol
Vis Sci 2011,52:724-730.

Baylis O, Figueiredo F, Henein C, Lako M, Ahmad S. 13 years of cultured limbal epithelial cell
therapy: a review of the outcomes. J Cell Biochem 2011,112:993-1002.

Nakamura T, Inatomi T, Sotozono C, Ang LP, Koizumi N, Yokoi N, et al Transplantation of
autologous serum-derived cultivated corneal epithelial equivalents for the treatment of
severe ocular surface disease. Ophthalmology 2006,113:1765-1772.

Zakaria N, Possemiers T, Dhubhghaill SN, Leysen 1, Rozema J, Koppen C, et al. Results of a

phase I/II clinical trial: standardized, non-xenogenic, cultivated limbal stem cell

23



46.

47.

48.

49,

50.

transplantation. J Trans/ Med 2014,12:58.

Qi X, Wang J, Sun D, Zhou Q, Xie L. Postoperative changes in amniotic membrane as a
carrier for allogeneic cultured limbal epithelial transplantation. Am J Ophthalmol
2014,158:1192-1198 e1191.

Di Girolamo N, Bosch M, Zamora K, Coroneo MT, Wakefield D, Watson SL. A contact lens-
based technique for expansion and transplantation of autologous epithelial progenitors for
ocular surface reconstruction. Transplantation 2009,87:1571-1578.

Mariappan I, Maddileti S, Savy S, Tiwari S, Gaddipati S, Fatima A, et al. In vitro culture and
expansion of human limbal epithelial cells. Nat Protoc 2010,5:1470-1479.

Shortt AJ, Secker GA, Notara MD, Limb GA, Khaw PT, Tuft SJ, et al. Transplantation of ex vivo
cultured limbal epithelial stem cells: a review of techniques and clinical results. Surv
Ophthalmol 2007,52:483-502.

Tandon R, Gupta N, Kalaivani M, Sharma N, Titiyal JS, Vajpayee RB. Amniotic membrane
transplantation as an adjunct to medical therapy in acute ocular burns. Br J Ophthalmol
2011,95:199-204.

24



Abstract

Purpose: Transplantation of cultivated limbal epithelial sheets has proven to be effective to restore
healthy corneal epithelium and vision. Cultivation of limbal epithelial cell was performed by
various methods. We have developed a new culture substrate called enzyme-sensitive substrate by
own method, and tried to demonstrate the effectiveness of this method through rabbit LSCD

model.

Methods: A total of 12 (12 males) healthy New Zealand rabbits weighting 2-2.5Kg were used in this
study. Rabbit LSCD model was made by combination of 0.5mol/L NaOH application for 30s and
limbectomy. We evaluated the state of rabbit’s cornea after 4 weeks and classified the rabbit LSCD
model. The classification of rabbit LSCD model was divided into 4 grades in corneal opacity and
neovascularization. Carboxymethy! cellulose-dopamine (CMC-DOPA) coated Transwell were used for
human limbal epithelial cell culture from human donor corneoscleral rims with medium changed at
day 3, day 5, and every day after day 7. Cultivated human limbal epithelial sheet status was evaluated
by histology and immunohistochemistry including anti-CK12, anti-CK3/2p, anti-p63, anti-Zo-1, anti-
CK15 antibodies and Alexa Fluor 647 or 555 or 488-conjugated anti rabbit, goat, and mouse IgG
antibodies. After prepared cell sheet transplantation on the rabbit cornea with scar tissue removed,
transplantation status was evaluated by microscopic findings, histology, and immunohistochemistry
using anti-human mitochondria (Alexa Fluor 647). The status was evaluated after 2 weeks in group

1, and after 4 weeks in group 2.

Results: Total subjects were 12 males and 12 right eyes. 3 subjects belong to group 1, and 9 subjects
belong to group 2. In group 1, the grade of corneal opacity before and after surgery was 3.67+0.58
and 3.00£0.00, respectively. The grade of corneal opacity decreased, but there was no statistical
difference (P = 0.184). The grade of corneal neovascularization before and after surgery was
3.331£0.58 and 3.00+0.00, respectively. The grade of corneal neovascularization decreased, but there
was no statistical difference (P = 0.423). In group 2, the grade of corneal opacity before and after
surgery was 3.78+0.44 and 3.11+0.33, respectively. The grade of corneal opacity decreased, and
there was a statistically significant difference (P = 0.004). The grade of corneal neovascularization
before and after surgery was 3.11+0.60 and 3.11+0.60, respectively. The grade of corneal
neovascularization was no difference (P = 1.000). 5 subjects were tested for histology and
immunohistochemistry, and human limbal epithelial cell sheets survived for 4 weeks in 4 out of 5

subjects.
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Conclusions: Cultivated human limbal epithelial transplantation based on enzyme-sensitive cell
sheet in a rabbit LSCD model was effective in decreasing corneal opacity for 4 weeks. In addition,
80% of transplanted cell sheets were alive for 4 weeks. As a results, transplantation of cultivated

limbal epithelial cell sheet will play a significant role for LSCD treatment in the future.
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Table 1. Demographics of rabbit subjects.

Operation date
(Month/Day/Year)

Rabbit

number

Group

Pre-operation
corneal  opacity

grade

Pre-operation corneal
neovascularization

grade

Pre-operation
corneal  opacity

grade

Post-operation corneal
neovascularization

grade

Histology and

immunochemistry

03/26/2018

04/02/2018

04/09/2018

04/16/2018

04/16/2018

03/26/2018

03/26/2018

03/26/2018

04/02/2018

04/02/2018

04/09/2018

04/16/2018
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Table 2. Clinical outcome in group 1(N=3).

Pre-operation grade Post-operation grade | P-value
Corneal opacity 3.67+0.58 3.00+0.00 0.184
Corneal neovascularization | 3.33+0.58 3.00+£0.00 0.423
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Table 3. Clinical outcome in group 2(N=9).

Pre-operation grade Post-operation grade | P-value
Corneal opacity 3.78+0.44 3.11+0.33 0.004
Corneal neovascularization | 3.11+0.60 3.11+0.60 1.000
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Figure Legends

Figure 1. Photographs of pre-operative, post-operative, after 1 week, and 2 weeks in group 1 subject
number 4 of 04/16/2018. (A) Pre-operative state. (B) Post-operative state. (C) 1 week after

transplantation. (D) 2 weeks after transplantation.
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Figure 2. Photographs of pre-operative, post-operative, after 2 weeks, and 4 weeks in group 2
subject number 4 of 03/26/2018. (A) Pre-operative state. (B) Post-operative state. (C) 2 weeks after

transplantation. (D) 4 weeks after transplantation.

(A)

OF (D)
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Figure 3. Photographs of pre-operative, post-operative, after 2 weeks, and 4 weeks in group 2
subject number 3 of 03/26/2018. (A) Pre-operative state. (B) Post-operative state. (C) 2 weeks after
transplantation. (D) 4 weeks after transplantation. (E) Stained with hematoxylin and eosin for

histologic examination. (F) Stained with anti-human mitochondria (Alexa Fluor 647) for

immunochemistry examination.
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Figure 4. Photographs of pre-operative, post-operative, after 1 week, 2 weeks, and 4 weeks in group
2 subject number 4 of 04/02/2018. (A) Pre-operative state. (B) Post-operative state. (C) 1 week after
transplantation. (D) 2 weeks after transplantation. (E) 4 weeks after transplantation. (F) Stained with
hematoxylin and eosin for histologic examination. (G) Stained with anti-human mitochondria (Alexa

Fluor 647) for immunochemistry examination.
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Figure 5. Photographs of pre-operative, post-operative, after 1 week, 2 weeks, and 4 weeks in group
2 subject number 2 of 04/09/2018. (A) Pre-operative state. (B) Post-operative state. (C) 1 week after
transplantation. (D) 2 weeks after transplantation. (E) 4 weeks after transplantation. (F) Stained with
hematoxylin and eosin for histologic examination. (G) Stained with anti-human mitochondria (Alexa

Fluor 647) for immunochemistry examination.
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Figure 6. Photographs of pre-operative, post-operative, after 1 week, 2 weeks, and 4 weeks in group
2 subject number 2 of 04/16/2018. (A) Pre-operative state. (B) Post-operative state. (C) 1 week after
transplantation. (D) 2 weeks after transplantation. (E) 4 weeks after transplantation. (F) Stained with
hematoxylin and eosin for histologic examination. (G) Stained with anti-human mitochondria (Alexa

Fluor 647) for immunochemistry examination.
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Figure 7. Photographs of pre-operative, post-operative, after 1 week, 2 weeks, and 4 weeks in group
2 subject number 3 of 04/16/2018. (A) Pre-operative state. (B) Post-operative state. (C) 1 week after
transplantation. (D) 2 weeks after transplantation. (E) 4 weeks after transplantation. (F) Stained with
hematoxylin and eosin for histologic examination. (G) Stained with anti-human mitochondria (Alexa

Fluor 647) for immunochemistry examination.
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