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Purrose. The comeal epithelium is essential for maintaining
corneal transparency, and cfforts have been made to develop
improved techniques for corneal epithelial transplantation in
patients with total imbal fathure. We evaluated the suitability of
transplanted cultivated human conjunctival epithelium (HCJE)
as a corneal epithelium replacement in rabbits with towal cor-
neal and limbal deficiency.

Mernons. HCE cells, cultivated on human amniotic membrane
(AM) to confluence and exposed to an air-liquid interface
(airdifted), were trunsplanted onto denuded rabbit corneas and
monitored for 2 wecks. The culivated HGE sheet and the
engrafted epithelium were analyzed by immunohistochemistry
and transmission electron microscopy (TEM).

Resurts. The wransplanted HGE remained transparent, smooth,
and without epithelial defects duning the follow-up period.
Both the cultivated HCJE cells and the engrafted epithelium
manifested five to six layers of stratified squamous epithelium
similar in morphology to normal corneal epithelium. The basat
cells expressed the putative stem cell markers (ABCG2 and
P63) and hemidesmosome and desmosome component pro-
teins. The cytokeratins (CK4, CK13, CK3, and CK12) and
MUC4 were found in the cngrafted epithelivmm. However,
MUCSAC was not expressed. The results indicate that HCJE
cultivated on AM has the potential to be used as an alternative
comeal epitheliom.

Concrusions. The transplantation of cultivated HCE sheets is a
promising technique for the treatment of cyes with limbal
failure. (Invest Opbthalinol Vis Sci. 2006473820 -3827) DOL:
10.1167/i0vs.06-0293

he ocular surface is covered by at least two different types
of epitheliz: corneal and conjunctival.’™¥ These two epi-
thelial tissues are indispensabie in keeping homeostasis of the
eye by expressing various specific genes such as cytokeratin
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3/12 or secretory mucin®® ¢ and is necessary for ocular surface

homeostasis. In patients with severe ocular surface disorders
such as StevensJohnson syndrome (§S), ocular cicatricial pem-
phigoid (OCP), and chemical injuries, the corneal epithelium
may be destroyed and replaced by conjunctival epitheliom
(conjunctivalization). The ocular surface is often inflamed, vas-
cularized, opacificd, and keratinized, and vision is severcly
compromised.

Culiivated corneal stem cells”™” and oral epithelia
transplantations are a newly developed surgical strategy in
which to treat such pathologic conditions. Although these
treatments were reported o be effective in applying regener-
ative medicine, several problems remain. For example, tissue
transplantation from allogeneic donors carries the risk of re-
jection and may require postoperative immunosuppressive
therapy that can induce severe systemic and local side effects.
The longevity of cultivated corneal and oral mucosal epithe-
Hum remains to be investigated.

In addition to corneal and oral mwucosal epithelium, con-
junctival epithelium is a third epithelial cell source that can be
cultivated to be transplanted for ocular surface reconstruction.
Among ajl stratified epithelial tissues in the body, these cells
are most akin biologically to corneal epithelial cells. Therefore,
conjunctival epithelal cells transplanted onto the corneal
surface may serve some of the functions of comeal epithelial

15-135

" cells. As the transplantation of cultivated human conjuncti-

val epithelial cells (HCJE) succeeded in reconstructing the
conjunctiva of patients with vartous ocular surface conditions,
e.g., pterygium,'® 2" we postulated that cultivated HCJE sheets
could be transplanted onto the comeal surface.

To test our hypothesis, we cultured HCE on human amni-
otic membrane (AM) and transplanted them onto denuded
rabbit corneas. The transplanted HGCJE were well-maintained
and remained clear and smooth during the postoperative pe-
riod. Histologic and immunohistochemical analyses revealed
that the engrafied epithelium shared the morphology and char-
acteristics of corneal epithelium, suggesting that cultivated
HCIE may represent a viable alternative to replace damaged
corneal epithelium.

METHODS

Human Subjects

This research was approved by the Committee for Ethical Issues on
Human Rescarch of Kyoto Prefectural University of Medicine and
adhered to the tenets of the Declaration of Helsinki. Normal conjunc-
tival tissues were obtained from patients with conjunctivochalasis.
Human AM swas harvested at the time of Cesarean section and pro-
cessed by previously reported methods.®! The procedures were care-
fully explained to all donors, and their prior informed consent for use
of their tissue was obtained.
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Primary Culture of HGE Celis

The cells were cultured according 10 a slightly modified, previously
reported system.” Briefly, denuded human AM was placed on a porous
support membrane (Millipore Corp.. Bedford, MaA) with the epithehal
basement membrane side up. The membrane was then introduced into
wells of a six-well culture plate containing mitomycin-treated feeder
celis (NIH 3T3: American Type Culture Collection, Manassas, VA) to
achieve a dual-chamber culture. After a 1-hr incubation with 1.2 10
dispase (Roche, Tokyo, Japan), the buman conjunctival epithelium
(the area of this conjunctival source was ~15 mm”) was removed from
the underlying stroma by mechanical scraping and further dissociated
by digestion with 0.1% Trypsin-EDTA. The HCIE cells were then seeded
on the upper chamber of the colture system and grown according to
a threestep culture regimen. Uniil they reached confluence (6-8
days), the cells were grown in low-calcium medivm (Defined Keratin-
ocyie-SFM; Invitrogen, Tokyo, Japan) containing 2% FBS. After reach-
ing conflucnce, they were grown for 7 days in high-~calcium medium
(mixture of Defined Keratinocyte-SFM and DMEM/F12/10% FBS at a
ratio of 1:1) to promote differentiation. They were then exposed to air
by decreasing the volume of the medium (airlifting) over the course of
1 week to promote epithelial integnty. Al cultures were incubated at
37°C in a 5% CO,-95% air incubator. The medium was changed every
day or every other day.

Conjunctival Epithelium Transplantation onto
Rabbit Corneas

At all times, the rabbits were housed and treated in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. All experimental procedures were approved by the Commit-
tee for Animal Rescarch of Kyoto Prefectural University of Medicine,

Using eight Japanese white rabbits weighing 2.4 1o 2.8 kg (OBS,
Kyoto, Japany, we performed superficial Jamellar keratectomy to re-
move the entire corneal epithelium. To ensure complere removal of
the limbal epithelium, we surgically excised the entire limbal epithe-
lium and surrounding conjunctival rissue up to 2 mm from the limbus
from one eve, down 1o the bare sclera. The culiured HGE sheets werc
transplanted onto the denuded ocular surface 1o completely cover the
resected area and were sutured in place with 10-0 nylon (8-12 sutures
per sheet). The graft was then covered with a soft contact lens secured
with four peripheral anchoring sutures. Finally, tarsorrhaphy was per-
formed with 6-0 nylon sutures (Fig. 1B). Afier surgery, the rabbits were
treated with topical antibiotics (0.3% ofloxacin ointment; Santen Phar-
maceutical Co.. Ld, Osaka, Japan), triamcinojone acctonide (0.2 mi
injected subconjunciivally; Bristol-Myers Squibb Co., Tokyo. Japan),
and systemic antibiotics (10 mg gentamicin/rabbit, delivered intramus-
cularly [IM]; Nacalai Tesque Inc. Kyoto, Japan). They also received a
daily IM injection of 0.2 myg/kg of the immunosuppressant agent
FRS06™ (Astellas Co., Lid., Tokyn, Japan) to inhibit a possible zeno-
geneic reaction or ponspecific inflammation.

Siit Lamp Examination

On the day of transplantation and on the 4th and 14th postoperative
days, the ocular surface of the eight transplant recipients was exam-
incd and photographed with a slit Jamp biomicroscope (SL-1600;
Nidek Co., 1td., Aithi, Japan),

Tissue Preparation

Engrafted tissues were removed from the eyes of eight rabbits killed 14
days after ansplantation. In vive conjunctival tissues, cultivated HUE
cells, and transplanted conjunctival tissues were divided into two
portions, ene of which was embedded in optimal cutting temperature
compound (Tissue-Tek: Sakura Fine Technical Co., Lid., Tokvo, Japan)
and snap frozen with Yiguid nitrogen for immunostaining analysis. The
other portion was processed for electron microscopy (EM).

Autologous Tissues Source for Corneal Transpiantation
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A. The HCJE cells were cultivated on a human amniotic membrane {(HAM}

Human conjunctival epithelium was
digested and dissociated with
dispase and trypsin/ EDTA.

Human amniohc
merribrane (HAM
! s

@ culture with defined-XSFM on HAM

{dayD ~ day8)
E [ e s s

@ stratification {day8 ~ dayi4}
with high Ca?* medium

i

© air-ifting {day14 ~ day20)
2

Transplantation
Histological examination

B. Transp} ion of the cul

d HCIE sheet onto rabbit cornea

Superficial keratectomy
and Limbactomy

2

Cultivated HCJE sheet sutured in place
(Graft size matching extent of excision)

a8

Two weeks post-op:
Slit famp examination
and Histological examination

Ficure 1. Cell culture of HGE and transplantation into rabbit comnea.

Imununostaining and Light-Microscopic Analysis

Tissue sections (8 um) were placed on glass slides and subjected 10
hematoxylin staining or indirectimmunostaining analysis. Briefly, the
sections were fixed with Zamboni's fixative or acctone (4°C. 5 min-
utes), immersed for 1 bour in blocking solution (1% BSA in 0.01M PBS),
and treated with primary antibody solutions (Table 1) and normal
meause 1861, 1gG2a, and IgG2b (Dako Cytemation Kyoto, Japan), and
goat 1gG (Santa Cruz Biotechnology Inc., Santa Cruz. CA) as the nega-
tive controls. After a 1-hour incubation, the sections were washed with
0.0} M PBS and then treated with fluorescent secondary antibody
sotutions (Alexa-488-labeled anti-mouse 1gG or antirabbit 1gG; Invitro-
gen, Carlsbad, CA). After -hour incubation, the sections were washed
with 0.01 M PBS and mounted with medium containing an anti-
photobleaching reagent (3% Dabco; Wako Pure Chemical Industries
Lid., Osaka, Japan). Fluorescent images of the sections were inspected
and photographed with a confocal laser scanning microscope (TCS-
SP2; Leica, Tokyo, Jupun). Unless otherwise stated, all incubations
Were at room (emperature.

Transmission Electron Microscopic Examination

Specimens were fixed in 2.5% glutaraldehyde in 0.1 M PB. washed 3
times in PB, and postfixed for 1 hour in 2% aqueous osmitn tetroxide.
They were then passed through a graded ethanol series, transferred to
propylene oxide, and embedded in Epon-812 (TAAB, Berkshire,
England). Ultrathin sections were cut and stined with uranyl acetate
and lead citrate before examinaton under a TEM (H-7000; Hitachi,
Tokyo, japan).

_.60__



3822 Tanioka et al. JOVS, September 2006, Vol. 47, No. 9

Tase 1. Antibodies Used in the Study

Type of Immunized

Group Antigen Dilution  Antibody Animal Company”® Annotation
Putstive stem coll markers ABUG2 a0 (Ma) M Kamiyva ATP-binding cassette transporicr
pé3 X100 Mo e Santa Cruz P53 hemologous protein
Adhesion molecule Laminin® X100 (Mo) M Chemicon Hemidesmosone component protein
Integrin 66 X104 Mo) Y Cymbus Hemidesmosome component protein
Integrin B4 AT00 o) M Chemicon Hemidesmosome component protein
Desmoplakin Xt (Mo) M Progen Desmosome compunent protein
Nuclei Human nucled 30 (Mo) M Chemicon Possible to distinguish human cells from
other animal cells
Cytokeratin CK3 X350 (M) M Progen Major cytokeratin in corneal epithelium
CK-i X 100 (M) M Novocastra Major cytokeratin in nonkeratinizing
mucosal epithelium
CK1Z2 X106 (Po) G Santa Cruz Major cytokeratin in corneal epithelium
CK13 200 (M) M Novocastra Major cytokeratin in nonkeratinizing
mucosal epithelium
Mutin MUC4H 50 (Mo) M Zymed A membrane-bound mucin
MUCSAC X100 (Mao) At Novocastra Secreted mucin/goblet cell mucin

Mo. monoclonal; Po, polvclonal M, mouse; G, goat.

* Kamiya: Kamiva Biomedical Company, Seattle, WA Santa Cruz: Santa Cruz Biotechnology Inc., Santa Cruz, Ca; Chemicon: CHEMICON
International Inc., Temecula, CA; Symbus: Symbus Biotechnology LTD. Hampshire, UK: Progen: PROGEN Biowechnik GmbH, Heidelberg, Germany;
Novocastra: Novocastra Laboratories Ltd, Newcastle, UK: Zymed: ZYMED Laboratories Inc., South San Francisco, €A,

REesuLTS cells (Fig. 2C). Thus, they were similar 10 in vivo corneal

. N R epithetium (Fig. ZB). The TEM examination reve
Analysis of HCJE Sheets microvili on the surface of the superficial cells (Fig. 2E),
HCJE sheets, grown on AM for 3 weeks, manifested five 1o six desmosomes at intercellular junctions (Fig. 2F), and hemides-
fayers of wellstratified epithelium (Fig. 2A, 2D) without goblet mosomes on the basal side of the basal cells (Fig. 2G).

FIGURE 2, Histologic examination of HCE cells grown on human amniotic membrance. Cultivated human conjunctival epitheltum and in vivo
corneal- and conjunctival epitheliom were examined by light microscopy (A-C: semithin section stained with toluidine blue) or transmission
clectron microscopy (D-G). The cultivated epithchium was five to six layers thick (A, D) and exhibited typical microvilli (E), and desmosome- (F)
and hemidesmosome (G) formation.
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Ficure 3. Expression of putative markers for stem/progenitor cells and epithelial adhesion molecules in the cultivated HCE. (A) In vivo human
Lmbal epithelium (Aa, Ab), in vivo HCE (Ac. Ad), and cultivated HCJE (Ae, Af) were immunostained (green) with ABCG2 (Aa, Ac, Ae) or pG3
(Ab, Ad, AD and counterstained with propidium jodide (red). (B) I vivo HCE (Ba, Bb, Be, Bd) and cultivated HCGJE (Be, Bf. Bg. Bh) were
immunostained (green) with faminin3 (Ba. Be), integrin b (Bb, BN, integrin B4 (Be, Bg), or desmoplakin (Bd, Bh) and counterstained with

propidium jodide (red).

Frozen sections of in vivo ocular tissues and cultivated HCIE
were subjected 1o indirect immunostaining analysis. The basal
cells of the cultivated HCJE sheets expressed the putative siem
cell markers ABCG2 and p63 (Fig. 3Aa-Af); their expression
patterns were almost identical with those of in vivo limbal
epithelium. The hemidesmosome component proteins laminin
5 and integrin a6B4 were restricted to the interface between
the basal cells and the AM. Desmopiakin, a desmosome-associ-
ated protein, was expressed at cell- cell borders. These expres-
sion patterns were almost identical with those of in vivo HGE
(Fig. 3Bg-Bn).

Transplantation of Cultivated HCJE Sheets

Cultivated HGE sheets were successfully transplanted onto the
cornea of all eight rabbits. The fransplanted conjunctival ept-
thelinm completely covered all cornens and remained transpar-
ent, smooth, and devoid of epithelial defects during the Z-week
postoperative observation period (Fig. 4). The transplanted
HCGE was wellb-maintained on the recipients’ corneal surface;
there were no instances of graft retraction or dislodgement.
The engrafied epithelium manifested five to six layers of strat-

itted squamous epithelium, rendering it morphologically simi-
lar to normal corneal epithelium (Figs. SA-D). We observed no
goblet cells in the engrafted epithelium. As the grafts stained
positive for the antihuman nuclei antibody that specifically
reacts with human tissue, 2% we were able to confirm that the
epithelial cells on the rabbit corneas were of human origin
(Fig. 5B).

Histologic and EM Appearance of the Engrafted
Conjunctival Epithelivm

The engrafted epithelium consisted of five to six well-stratified
layers harboring cuboidal or columnar basal cells, winged su-
prabasal cells, and flattened squamous superficial cells (Fig.
6A). There were many microvilli on the surface of the super
ficial cells. Tight junctiondike structures were present at the
cell-cell border of the superficial celis (Fig. 6B), and desmo-
somes were at the intercellular regions of the epithelial cells
(Fig. 6C). Hemidesmosomes were seen at the basal cell-AM
substrate jumction zone (Fig. 6D).
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Ficure 4. HGE grafted onto the denuded rabbit cornea. The on-
grafted HGE was inspected just after transplantation (A. B) and 4 (C,
D) and 14 days (E, F) after transplantation. The engrafted HCE was
devoid of epithelial defects at all observation points.

JOVS, September 2006, Vol. 47, No. Y

Immunohistochemistry

Although MUC4 and MUCSAC were expressed by HOE in vivo
(Figs. 7A, 7D), ncither cultivated nor engrafted HGE cclls
stained positive for MUCSAC (Figs. 7E, 7F). In vitro cultivated
HCiEs did not express MUCH, but engrafted HCJE was found to
express MUCy (Figs. 7B, 7C). CK4/13. normally expressed in
conjunctival epithelium, was present in the cultivated HCJE
sheets (Figs. 7G-L). In vivo conjunctival epithelium contained
a few CK3/12-positive cells, as did cultivated and engrafted
HCIE (Figs. 7M-R).

DIscuUssION

We established 2 method for the culture of well-stratified con-
junctival epithebum on human AM. The epithelial shects we
obtained exhibited high physical integrity, were well main-
tained after transplantation onto denuded rabbit corneas, and
contributed to comeal transparency. Our results suggest that it
miay be possible to use these epithelial sheets for corneal
epithelial replacement in patients with various ocular surface
disorders.

It was initially intended in this study to culture rabbit con-
junctival epithelial cells for transplantation onto rabbit corneas
because this procedure is apparently free of undesirable xeno-
geneic rejection. However, the decision was made to trans-
plant the cultivated HCJE sheets onto rabbit corneas for the
following reasons. First, the optimal culture conditions for
rabbit and human cells are reportedly different.’ 227 Consid-

Ficure 5. Light microscopy of the
engrafted tissue and distribution of
human epithelial cells on the graft. At
2 weeks, the engrafted epithelium
demonstrated five to six hyers of
stratified squamous epithchum simi-
far to normal corneal epithelivm (A-
Cy. (D) Conjunctiva of the recipient.
No goblet cells were visible in the
grafted epithelium (B. C). The en-
grafted comea (E) stained positively
with anti-human  nuclei antibody
(green). Normal human cormea (F)
and rabbit cornea (G) served as pos-
itive and negative controls. respec
tively. The nucked were counter
stained with propidium iodide (reed).
k) Suture track.
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Ficure 6. Transmission electron
microscopy of the engrafted tissue.
{A) Transmission eclectron micros
copy at low magnification: (8) mi-
crovilli (arrowbead), tight junction
{errow); (C) desmosome (arrow);
(D} hemidesmosome.

ering that our final goal is 10 translate our data to clinical
treatmpent, it is crucial to determine the optimal culture condi-
tion for making wellstratified HCJE epithelial sheets which
share sufficient physical integrity to tolerate intra- and postop-
erative surgical stress. Second, if cultivated rabbit conjunctival
epithchium is transplanted onto rabbit corneas, it is ditficult to
discriminate berween transplanted and migrated host-derived
cells. In contrast, a great advantage of this experimental system
was that the use of a specific antibody to human nuclei®*?*
made it possible to identify which cells were of human origin.

To ensure complete removal of the lmbal and comeal
epithelium, superficial lamellar keratectomy as well as com-
plete limbectomy down to bare sclera was performed. Al
though we could not confirm that all the rabbit epithelial cells
were removed, the expression of human-specific antibodies in
the epithelial sheet helped to confirm that the epithelial cov-
ering was truly from the donor human tissue.

For the wansplantation of HCJE to be successful, the culi-
vated sheet must possess structural integrity. The normal cor-
neal epithelium features desmosomes at the cell- cell interface,
and their presence coniributes to s structural integrity.
Hemidesmosomes at the basal cell surface serve to attach the
basal cells to the underdying basement membrane. We demon-
strated that desmosome-associated (desmcpl'zxkin),"2ﬂ hemides-
mosome-associated (integrin a6B84).*” and basement mem-
brane-associated (Gaminin 3Y°**! proteins were present in the
cultivated HCJE sheets. Furthermore, as in the comeal limbus,
basal cells in the HCJE sheets expressed the putative stem cell
markers ABCG2 and p63,%>%” suggesting that they possess the
structural and regenerative characieristics of corneal and Em-
bal epithelium. **

MUCH, one of the mucin core proteins secreted from the
surface of in vivo conjunctival epitheliom, > was not ex
pressed in the cultivated HCJE cells, although it was expressed
in the engrafted HCGE. In rats fed a retinoic acid- depleted diet,
the expression of mucin genes by the ocular surface epithe-
lium was decreased ™ Therefore, it is possible that the culti-
vated BCIE failed to express MUCH because the culture me-
divm Jacked this solute factor. Altermatively, retinoic acid
present in rabbit tears may have led to the recovery of MUC4

Antologous Tissues Source for Corneal Transpiantation
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expression in the engrafted HGE. MUC3AC was not found to
be expressed in the goblet cells of conjunctival epithelium®” "
in either cultivated- or engrafted HGE, although a series of
contiguous sections were inspected. Considering the previous
report that approximately SO0 goblet cells exist in a 1-mm”
section of conjunctival epithelivin,® 7500 goblet cells may
exist in the initial peniod of culiivation. However, no goblet
cells were identified, both in cultivated HGE at the end stage
of the culture and engrafted HGE at 2 weeks after surgery. This
suggests that our culture conditions did not support goblet cell
differentiation in culture or after transplantation.

We recently reported that similar to comeal epithelial cells,
as many as 1% of conjunctival epithelial cells are CK3/12
positive.*® We postulate that the CK3/12-positive cells in the
engrafted HCGE derived from the resected conjunctiva and
were maintained in our culture system. We documented ¢lse-
where*? that the expression of thrombospondin-1, an inhibitor
of vascularization, was much higher in corneal than conjunc-
tival epithelium. As the cxpression level of this gene by CK3/
12-positive cells in the engratted HCIE was simifar to the level
seen in corneal epithelium, it may contribute to the inhibition
of corneal neovascularization.

In patients with unilateral chemical or thenmal injury, the
conventional repair by limbal autografts from the contralateral
eye requires 3 to 6 hours, and this may inflict iatrogenic limbal
stem cell deficiency on the donor eye. The transplantation of
autologous cultivated limbal stem cells has vielded promising
results and requires the harvest of much less tissue, thereby
reducing the risk of iatrogenic injury to the donor eve ®*>% To
treat bilateral ocular surface disorders such as §JS, our group
has reported allogeneic transplantation” or more recently, au-
tologous cultivated oral epithelial ransplantation, as promising
freatment options.*“5 We now add cultivated autologous con-
junctival epithelial transplantation for corneal epithelial re-
placement as a promising new modality to treat severe ocular
surface disorders. It may be safer than the conventonal meth-
ods curreantly used. and immunologically, it is superior to
allogeneic transplantation. From a cytological point of view,
autologous conjunctival epithelium represents a better alterna-
tive than oral mucosal epithelium for cornead epithelial replace-
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ment. Because we were dealing with xenotransplantation. one
of the lmitations of this study is the short follow-up period of
14 days. With more prolonged follow-up, it may be that some
conjunctival cells would differentiate into goblet cells and that
progressive conjunctivalization and ncovascularization would
occur. More long-term studies are needed to investigate some
of these quesdons.

In summary, ours is the first report that clearly demon-
strates the potential of cultivated HCGJE as an alternative tissue
source for replacement of the comeal epithelium. Our animal
study is a step toward the eventual transplantation of autolo-
gous cultivated HGE to treat patients with ocular surface
disorders, and studies are ongoing to resolve outstanding is-
sues.
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Ocular Surface Reconstruction With
Combination of Cultivated Autologous Oral
Mucosal Epithelial Transplantation and
Penetrating Keratoplasty

TSUTOMU INATOMI, MD, PuD, TAKAHIRO NAKAMURA, MD, PuD, MINA KOJYO, MD,
NORIKO KOIZUMI, MD, PuD, CHIE SOTOZONO, MD, PuD,
AND SHIGERU KINOSHITA, MD, PuD

® PURPOSE: To report an assessment of the two-step
surgical combination of cultivated aurologous oral muco-
sal epithelial transplantation (COMET) and penetrating
keratoplasty {PKP) used to treat patients with severe
limbal deficiency disorders, and to investigate the keratin
expression patterns of transplanted surviving oral muco-
sal epithelium.

e DESIGN: Observational case series.

® METHODS: Two patients with Stevens-Johnson syn-
drome and chemical eye injury were treated by COMET
followed, approximately six months later, by a PKP triple
procedure. In the course of a mean follow-up period of
22.5 meonths, their clinical outcomes and the efficacy of
this two-step surgical procedure were assessed. In addi-
tion, the keratin expression in corneal buttons excised
during PKP were immunohistochemically examined to
characterize the oral mucosal epithelium that survived
ectopically on the cornea. In vivo laser confocal micros-
copy was used to investigate the structure of the epithe-
lium on the corpeal grafts.

8 RESULTS: The ocular surfaces were successfully recon-
structed with cultivated autologous oral mucosal epithe-
}ial sheets and PKP. No clinical complications, such as
persistent epithelial defects, rejections, or recurrence of
cicatrization, were encountered. Postoperative best-cor-
rected visual acuity was 20/125 in one patient and
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20/100 in the other. The surviving oral mucosal epithe-
lium, distinguished by its fluorescence pattern, consisted
of an irregular, nonkeratinized, stratified epithelium
without goblet cells. Immunohistochemical study dem-
onstrated that K3, but not K12, was expressed in the
transplanted cultivated oral mucosal epithelium that was
similar to oral mucosal tissue. In vivo, the epithelial
structure and cell density in the basal cell layer of the
corneal grafts were similar to normal cornea.

® CONCLUSIONS: This study presents a two-step surgical
approach to treat severely scarred ocular surfaces by
means of a combination of COMET and PKP. Clinical
outcomes suggest that this treatment may be beneficial
for the maintenance of the reconstructed ocular surface by
providing oral mucosal epithelium around the corneal graft.
{Am J Ophthalmol 2006;xx:xxx. © 2006 by Elsevier Inc.
All rights reserved.)

ECAUSE SEVERE STEM CELL DEFICIENCY 1S SOME-
times accompanied by severe comeal stromal opac-

ity andfor corneal endorhelial dysfunction, most
patients require penetrating keratoplascy (PKP) for visual
rehabilitation. However, ocular surface reconstruction
through comeal epithelial transplantation and PKP in-
creases the risk for immunologic rejection and graft failure,
and patients require long-term intensive immunosuppres-
sion and continuous care.!2

Another clinical problem encountered in ocular surfaces
reconstructed with PKP is the persistence of an epithelial
defect after loss of the donor corneal epithelium. PKP
without epithelial transplantation results in persistent
epithelial defects as a result of the limited life span of the
donor central corneal epithelium, especially in patients
with limbal deficiency; the resultant graft-melting and
conjunctival invasion severely compromises visual recovery.
Therefore, to improve the clinical outcome and long-term
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FIGURE 1. Clinical appearance before and after ocular surface reconstruction wsing cultivated autologous oral mucosal epithelial

transplantation (COMET) and penetrating keratoplasty (PKP) in patient 1, a 70-year-old man with chemical injury. (Top left)
Preoperatively, there is total conjunctivalization with severe scarring of both the cornea and conjunctiva. {Bottom left) Fluorescein
staining. {Top center} Two months after initial surgery with COMET. (Bottom center) Uneven, hyperfluorescein staining pattern
indicates survival of oral mucosal epithelium on ocular surface. {Top right) Status three months after PKP with cataract surgery.

{Bottom right) Fluorescein staining demonstrated the slow invasion of oral mucosal epithelium surrounding the corneal graft.

prognosis of these patients, their reconstructed ocular
surfaces must be provided with a more stable epithelial
supply.

Pellegrini and associates? first reported the transplanta-
tion of cultivated corneal epithelium. Subsequent techni-
cal and surgical advances have made possible the grafting
of cultivated comeal epithelial stem cell sheets.4—3 Naka-
mura and associates? reported the successful transplanta-
tion of cultivated mucosal epithelial stem cell sheets
derived from autologous cell sources. Autologous conjunc-
tival epithelium!®1? and nonocular (for example, oral
mucosal) epithelium!? have been used as a cell source for
the cultivation of grafts to treat patients with bilateral
ocular disorders. Because of its high proliferation potential,
short cell-turnover time, and the safety of oral biopsy,
oral mucosal epithelium has attracted artention as a cell
source.'314 Initial clinical studies and midterm assess-
ments of cultivated autologous oral mucosal epithelial
transplantation (COMET) yielded favorable results from
the perspective of ocular surface stabilization and visual
recovery.!5-17 However, the cell biology and the longevity
of surviving oral mucosal epitheliom on the ocular surface
require further investigation.

This study presents a two-step surgical strategy that uses
a combination of COMET and PKP. The ocular surface
was stable and the cornea remained transparent after the
transplantation of cultivated oral mucosal epithelium

2 AMERICAN JOURNAL OF OPHTHALMOLOGY

when this two-step process is used. This surgical strategy
reconstructs the ocular surface by transplanting a corneal
graft that is surrounded by ectopically transplanted autol-
ogous oral mucosal epithelium just after the second PKP
surgery, and the ectopically transplanted autologous oral
mucosal epithelium may gradually cover the graft surface.
This offers the potential for supplying mucosal epithelium
for prolonged periods, and this high proliferation potential
could possibly address the issue of wound healing. There is
no direct evidence to date that oral mucosal epithelium
would display a higher level of proliferation than ocular
surface epithelium, but previous studies have demonstrated
that oral mucosal epithelium has a high proliferation
potential compared with epidermal cells.?314 On the basis
of the condition of the oral mucosal epithelium, it is worth
noting that this surgical concept and modality appear to
have improved the clinical outcome of ocular surface
disease that previously had a poor prognosis, although the
follow-up period after PKP is relatively short.

METHODS

THIS STUDY WAS APPROVED BY THE INSTITUTIONAL RE-
view Board for Human Studies of Kyoto Prefectural Uni-
versity of Medicine, and prior informed consent was
obtained from all patients in accordance with the tenets of
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FIGURE 2. Clinical appearance before and after reconstruction using cultivated autologous oral mucosal epithelial transplantation
{COMET) and penetrating keratoplasty (PKP) in patient 2, a 71-year-old man with Stevens-Johnson syndrome. {Top left}
Preoperative total conjunctivalization with severe symblepharon and partial parakeratinization. (Bottom left) Fluorescein staining.
(Top center) Two months after the initial surgery with COMET. (Bottom center) Fluerescein staining of surviving oral mucosal
epithelium distinguishes between corneal and conjunctival epithelium. {Top right) Three months after PKP with cataract surgery.
{Bottom right)} Fluorescein staining demonstrated the presence of thicker oral mucosal epithelium surrounding the corneal graft.

the Declaration of Helsinki for research involving human
subjects. This study involved two patients with bilateral
total linbal deficiency; their ages were 70 and 71 years,
respectively. The primary reason for their limbal deficiency
and cicatrization was severe chemical injury and Srevens-
Johnson syndrome. Both patients manifested severe de-
struction of the ocular surface; limbal deficiency was
unequivocally diagnosed on the basis of the total replace-
ment by scarred conjunctival tissue and the complete
absence of the palisades of Vogt (Figures 1 and 2).
Minimum reflex tearing was noted by slit-lamp examina-
tion and the Schirmer test, and there was sufficient
meniscus height to maintain a wet mucous surface. Both
patients presented severe scarring involving the full thick-
ness of the comea and restricted visibility of anterior
chamber components. Patients 1 and 2 were followed for
26 and 19 months, respectively.

Human amniotic membrane (AM) was harvested at the
time of elective caesarean section; preservation was at
—80°C. Under sterile conditions, the membranes were
deprived of their amniotic epithelium by two hours’
incubation at 37°C with ethylenediamine tetraacetic acid
(EDTA) 0.02% solution to loosen cell adhesion. This was
followed by gentle scraping with a cell scraper.

The procedure for generating cultivated oral mucosal
epithelial sheers has been reported by Nakamura and
associates.'215 Under local anesthesia, 3 to 5 mm® oral
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mucosal biopsy specimens were obtained after proper
treatment of the oral cavity. After removing submucosal
connective tissues, small explants were immersed in phos-
phate-buffered (PBS) saline solution containing antibiotics
(50 TU/ml penicillin-streptomycin and 5 pg/ml amphoteri-
cin B), incubated at 37°C for one hour with 1.2 [U dispase,
and then treated with trypsin-EDTA 0.05% solution for
10 minutes at room temperature {(RT) to separate the cells.
The oral mucosal epithelium was then placed on denuded
AM spread on the bottom of culture inserts and cocultured
with mitomycin C—inactivated 3T3 fibroblasts. The cul-
rure was submerged in medium until cell confluence and
then exposed to air by lowering the level of the medium for
one to two days to promote epithelial differentiation.
Cultures were incubated at 37°C in a 5% CO,~95% air
incubator; the medium was changed daily.

The initial surgical procedure for ocular surface recon-
struction was as described in previous reports.>15 In brief,
after a 360-degree conjunctival peritomy, conjunctivalized
tissue on the comeal surface and thick, fibrotic subcon-
junctival tissues were removed. The subconjunctival
spaces were treated with mitomycin C 0.04% for five
minutes and then vigorously washed with saline solution.
Then AM transplantation was carried out to reconstruct
the conjunctival fornix. The preserved AM was placed
with epithelial side up and then sutured with 10-0 nylon.
After excising the AM covering the corneal surface, a

OcutAR SURFACE RECONSTRUCTION 3
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19-mm—diameter piece of cultvated autologous oral mu-
cosal epithelial sheet was transplanted onto the corneal
surface and surured with 10-0 nylon. The integrity of the
cultivated epithelium was confirmed by fluorescein seain-
ing at the end of surgery. Postoperatively, the transplanted
epithelial sheet was protected with a medical-use contact
lens.

PKP was performed five to six months after the initial
COMET ocular surface recenstruction. PKP with cataract
surgery was performed according to the usual procedures.
In brief, a T-mm—diameter trephimation was performed on
the host comea, followed by continuous circular capsulor-
rthexis. The lens was removed by the regular phaco ameli-
fication and aspiration rechnigue through the trephinated
comea. After inserting the intraccular lens, a 7.25-mm—
diamerer fresh donor cornea with epithelium was fastened
with interrupted and continuous sutures. The corneal
surface was then covered with a soft contact lens that was
changed as appropriate during the follow-up period.

Imnmunohistochemical studies of keratin expression in
the reconstructed ocular surface epithelium derived from
cultivated oral mucosal epithelium were performed by
using the previously described procedure.!? Corneal but-
tons excised with a 7-mm~—diameter trephine were exam-
ined at the time of the second surgery. Normal oral tissue
was the control for immunohistochemical comparison
studies; all tissues were stored at —80°C. Cryostat sections
(7 pm in thickness) were placed on gelatin-coated slides,
air dried, and rehydrated in PBS for 15 minutes at RT. The
tissues were then incubated for 30 minutes at RT with
bovine serum albumin 1% to block nonspecific bindings
and further incubated (one hour, RT) with primary anti-
bodies. Mouse monoclonal antibodies were used against
keratin 1/10/4/13 (Novocastra, Newcastle, United King-
dom), keratin 3 (Progen, Heidelberg, Germany), and
rabbit polyclonal antibodies against keratin 12 (Trans-
genic, Kumamoto, Japan). Control incubations were with
appropriate normal mouse and rabbit 1gG (Dako, Kyoto,
Japan) at the same concentration as the primary antibody.
After staining with the primary antibody, sections were
incubated (one hour, RT) with the appropriate secondary
antibodies; we used fluorescein isothiocyanate—conjugated
donkey anti-mouse IgG (Jackson ImmunoResearch, West
Grove, Pennsylvania, USA) and fluorescein isothiocya-
nate—conjugated donkey anti-rabbit 1gG (Vector Labora-
tories, Burlingame, California, USA). After several washes
with PBS, the sections were coverslipped with antifading
mounting medium containing propidium iodide {Vectash-
ield; Vector Laboratories) and examined under a confocal
microscope (Fluoview; Olympus, Tokyo, Japan).

After more than one year of regular follow-up, an in
vivo laser confocal microscope (Heidelberg Retinal Tomo-
graph 1l/Rostock cornea module [HRT 11I}; Heidelberg
Engineering, Heidelberg, Germany) was used for in vivo
morphologic study of the reconstructed comeal epithelium
on the cormneal graft.!3 Confocal images in central regions
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were scanned from the apical layer to the basal epithelium.
The density of the in vivo epithelium was measured by a
computerized analysis system provided with the HRT II
instrument.

RESULTS

ORAL MUCOSAL TISSUES WERE SAFELY EXCISED WITHOUT
any complications. Approximately 1 X 10° oral mucosal
epithelial cells were seeded onto the denuded AM and
cultured for five to eight days until they reached conflu-
ence covering the entire AM. By two-week cultivation and
air lifting, marture oral mucosal epithelium sheets that
consisted of 5 to 6 cell layers were generated. Histologic
examination confirmed that the sheets were comprised of
well-differentiated stratified epithelium similar to that of
the in vivo cornea; they consisted of a basal layer formed
by cuboidal cells, several suprabasal cell layers, and flat
apical cell layers. The condition of the cultivated epithe-
lial sheet was confirmed by fluorescein staining at the end
of the transplantation procedure. Both cases showed that
the cultivated epithelial sheets were well stratified and
without epithelial defect or any remarkable surface
damage.

Patient 1 was a 70-year-old man who had experienced
alkali burns to both eyes when he was 30 years old.
Although history of previous surgeries was unavailable, slit-
lamp examination showed round scarring in the peripheral
cornea suggestive of earlier PKP. His right eye, chosen for
ocular surface reconstruction, showed complete conjunctival-
ization on the coreal surface with extensive scarring and
symblepharon formations (Figure 1). The intraocular status
was unascertainable, yet ultrasound examination returned
no abnormal vitreoretinal findings. His best-corrected
visual acuity (BCVA) of the right eye was hand motion.
On October 17, 2003, he underwent COMET and AM
transplantation after the removal of scar tissue from both
the cormea and subconjunctival space. Survival of the
entire oral mucosal epithelium was confirmed on the second
postoperative day, and it gradually covered the entire ocular
surface. His visual acuity remained unchanged after the
initial surgery. After the initial surgery, the reconstructed
ocular surface showed uneven and irregular fluorescein
staining absent of any epithelial defects (Figure 1). He
experienced no recurrence of cicatrization or prolonged
inflammation after the first operation. It is notable that the
ocular surface before PKP was stable and uniform without
inflammation. Because intraoperative observation showed
the existence of a previous small PKP, PKP was selected to
remove the corneal scar rather than lamellar keratoplasty.
The second step, PKP combined with cataract surgery, was
performed six months after the initial surgery; the graft had
remained clear without any epithelial defect or rejection.
There was minimal neovascularization along the sutures,
but not in the corneal graft. A slow ingrowth of trans-
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FIGURE 3. Immunchistological appearance of keratin 3 and 12 expressions in a cultivated oral mucosal epithebium sheet, surviving
cultivated oral mucosal epithelium on the corneal button (subsequently resected at the time of penetrating keratoplasty [PKP]), and
normal oral mucosal tissue. {Top left) Hematoxylin and eosin staining of a cultivated oral mucosal epithelial sheet from patient 1.
(Second row, left) K3 expression in excised corneal button from patient 1. (Bottom left) There is no K12 expression in the excised
corneal button from patient 1. (Top middie) Hematoxylin and eosin staining of cultivated oral mucosal epithelial sheet from patient
2. {Middle row, middle) K3 expression in excised corneal button from patient 2. (Bottom middle) K12 expression in excised corneal
button from patient 2. (Top right} Hematoxylin and eosin staining of normal oral mucosal epithelium. (Middle row, right) K3

expression in normal oral mucosal epithelium. (Bottom right) Normal oral mucosal epithelium does not express K12, (Left and

middle) Scale bars = 100 pum. (Right) Scale bar = 200 pm.

planted oral epithelium from the limbus was observed in
the course of long-term follow-up (Figure 1). His BCVA
improved to 20/100 and remained stable without reduc-
tion. Although his intraocular pressure (IOP) was occa-
sionally high, he did not require glaucoma surgery. The
occasional increase in IOP was managed by the topical
application of carteolol hydrochloride 0.02% twice daily
and latanoprost 0.05% once daily. Carbonic anhydrase
inhibitor was also used to reduce IOP if the topical
medication was not enough; however, no glaucoma surgery
was required to control 10OP.

Patient 2 was a 71-year-old man with no history of
previous surgical treatment who had acquired Stevens-
Johnson syndrome in his 40s. As shown in Figure 2, this
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patient had total conjunctivalization and severe scarring.
He manifested minimal tear secretion and partial parak-
eratinization. Preoperatively, his visual acuity was hand
movement. COMET was performed on this patient on
May 26, 2004. There was an early epithelial defect in the
center region during the two weeks after surgery; however,
it healed without comeal melting or conjunctival inva-
sion. His visual acuity remained unchanged after the initial
operation. The second step, PKP with cataract surgery but
not lamellar keratoplasty, was performed 5.5 months later
by means of the standard procedure from the point of early
visual rehabilitation. Subsequently, his BCVA improved
to 20/125. He developed no postoperative complications
except for a rotal corneal epithelial defect that originated
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FIGURE 4. In vivo confocal micrographs demonstrate the appearance of the epithelium in the region of the transplanted central
corneal surface. (Top left) Apical surface in patient 1. {Top right} Apical surface in patient 2. (Bottom left) Basal cell layers in
patient 1. (Bottom right) Basal cell layers in patient 2. Note that the cell shape and density in each region are similar to normal
cornea. Scale bars = 50 pm.

in the donor cormnea after the medical contact lens fell off.
However, the defect was gradually reepirhelialized from
the surrounding oral mucosal epithelium after rewear of
the medical contact lens.

Immunohistochemical analysis was performed on the
surviving transplanted cultivated oral mucosal epithelium
on the cornea excised during PKP (Figure 3). Both patients
demonstrated nonkeratinized stratified epithelium on the
AM covering the cornea. Notably, in different regions, the
stratified epithelium consisted of three to 10 layers; this
finding was consistent with the results of slit-lamp exam-
ination. None of the specimens contained goblet cells.
Immunohistochemistry confirmed the presence of K4 and
K13; these keratins are specific for mucosal epithelium
(data not shown). The expression of K1, which is specific
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for keratinized epithelium, was not detected (data not
shown). As expected, K3 was expressed in surviving
epithelium on the comea as well as in oral mucosal epithe-
lium. Conversely, K12, which is specific for comeal epithe-
lium, was not expressed in the surviving epithelium, except
for faint, occasional staining in the apical region.

We used the HRT H insgument for in vivo laser
confocal scanning to study the histologic structure of the
transplanted epithelium (Figure 4). The presence of a
large, flat epithelium with small cell nuclei in the apical
surface was noted in both patients; this is consistent with
the normal corneal surface. The average cell density in the
apical layer of the corneal graft was 840 + 295 cells/mm?
(mean = SD) and not markedly different from a normal
cornea.'® The basal cells were smaller, denser, and aligned

MONTH 2006

_72_



in regular fashion, this also is similar to the normal corneal
structure. The density of basal cells in the two patients was
8075.3 and 1492.0 cellsfmm”, respectively; in patient 1 it
was within the range reported for normal central cornea
(8996 = 1532 cellsfmm?), whereas in parient 2 it was
below the normal range.!®

DISCUSSION

THIS STUDY PRESENTS A TWO-STEP SURGICAL APPROACH
to treat patients with severe limbal deficiency disorder and
corneal opacity. It consists of a combination of COMET
and the conventional PKP wiple-procedure. The two
patients were followed for a mean of 22 months and
encountered no immunologic rejection or persistent epi-
thelial defect, common critical complications after com-
bined surgical treatment consisting of comeal epithelial
transplantation and PKP.

Cultivated autologous comeal epithelial transplantation
that used AM was first introduced by Tsai and associates?
and Koizumi and associates.® This tissue-engineered pro-
cedure promotes a strategy for reconstructing the corneal
surface with autologous oral mucosal epithelium. This
histologic study of the central comea of two patients
documents that transplanted cultivated oral mucosal epi-
thelium on the comeal surface remained intact for at least
the first six months after transplantation. Immunohisto-
chemically, the surviving transplanted cultivated oral mu-
cosal epithelium on the cornea was positive for K3 and K4
(data not shown) and negative for K10 (data not shown)
and K12, indicating that it was neither comeal nor
conjunctival. Rather, it resembled cultivated oral mucosal
epithelium grown on AM. Thus, the intrinsic characteris-
tics of the ectopically transplanted epithelium did not
change. This finding coincides with observations made
when cultivated oral mucosal epithelial sheets were trans-
planted onto rabbit eyes.!? Because epithelial differentia-
tion largely depends on the substrate, transplanted
cultivated oral mucosal epithelial sheets do not resemble
the in vivo oral mucosal epithelium, probably because of
modifications induced by the external environment—that
is, the corneal stroma or AM. The absence of neovascu-
larization into the cornea after the grafting of oral mucosal
epithelium may also be attributable to interaction with the
comeal stroma. Studies are currently underway to eluci-
date biologic factors, such as mucin expression by surviving
oral epithelium, to gain an understanding from the per-
spective of corneal function.

To improve the success rate of ocular surface reconstruc-
tion with PKP, allogenic recognition by the host immune
system must be minimized. Therefore, limbal transplanta-
tion was avoided and a two-step approach was used
instead. Tsubota and associates!? demonstrated better graft
survival when a two-step procedure was used to treat severe
ocular surface disorders. The survival rate of limbal trans-
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plants and PKP grafts after combined surgery is relatively
poor.1:219 Because the limbal region contains allogenic
antigens such as antigen-presenting cells and major histo-
compatibility complex class 2 molecules, allogenic limbal
transplantation may be inappropriate in patients with
severe limbal deficiency disorders. Although the findings of
this study must be considered preliminary, they suggest
that the mucosal epithelium covering the comnea, because
it was derived from autologous oral mucosal epithelium, is
not subject to allosensitization. Therefore, the results of
this study indicate that this two-step procedure involves a
risk for endothelial rejection that is no greater than that
encountered with conventional PKP.

This two-step procedure features another improvement:
the continuous, prolonged supply of epithelium, which
compensates for the limited survival of corneal epithelium
on the central corneal graft. However, although no epi-
thelial defect was observed during the 22-month follow-up
period, additional long-term observations are necessary to
determine whether oral mucosal epithelial cells will offer
continuous replacement on the transplanted cornea. Pa-
tients with limbal stem cell-deficient eyes often manifest
persistent epithelial defects on their grafts after PKP. The
proliferation potential of conjunctival epithelium is rela-
tively low, and this may partly explain the persistence of
the epithelial defects. Oral mucosal epithelium is thought
to be less well differentiated, and this may be an advantage
in terms of short cell turnover time and a quicker wound-
healing response after transplantation.!3.'* However, no
comparison of the relative rates in epithelial healing for
ocular surface epithelial cells compared with oral epithelial
cells was attempted in this study. Hayashida and associ-
ates2® used a rabbit model to demonstrate that in vivo and
in cultivated sheets, p63- and integrin l1-positive cells
manifested the higher proliferation characteristics of oral
mucosal epithelial cells. Inatomi and associates!? previ-
ously reported positive midterm results in patients who had
undergone ocular surface reconstruction by COMET. This
in vivo laser confocal microscopic study demonstrated that
the stratified epithelium existed in the central zone of the
two patients. The shape of apical cells and size and density
of the basal cells were similar to normal cornea, suggesting
the maintenance of a well-differentiated structure of graft
after the ocular surface reconstruction. At present, it is
unclear whether the epithelium examined in this study was
transplanted allogenic corneal epithelium or regenerated
epithelium derived from autologous cultivated oral muco-
sal epithelium on the peripheral cornea.

The results of experimental and clinical studies suggest
that COMET is a promising and advantageous alternative
to mucosal epithelium transplants for ocular surface recon-
struction. This study documented the survival of ectopi-
cally transplanted oral mucosal epithelium and showed
that the transplantation of autologous oral mucosal stem
cells to doner corneal grafts avoids common epithelial
complications. At present, the long-term survival of both

OCULAR SURFACE RECONSTRUCTION 7
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the wransplanted oral mucosal epithelia and allogenic

corneal grafts in this study continue to be monitored.
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Proteomic analysis of soluble factors secreted by limbal fibroblasts

Shigeto Shimmura,’” Hideyuki Miyashita,! Kazunari Higa,” Satoru Yoshida,” Jun Shimazaki,’ Kazuo Tsubeta'?

‘Depurtment of Ophthabnology, Keio University School of Medicine, Tokyo. Jupan; *Department of Ophthalmology and Cornea

Center, Tokyo Dental College, Chiba, Japan

Purpose: To identify soluble factors selectively secreted by limbal fibroblasts as possible regulators of limbal basal
epithelium.

Aethods: Limbal, corneal, and conjunctival fibroblasts were first expanded in vitro in Dulbecco’s modified Bagle me-
dium containing 10% fetal bovine serum, and then maintained in serum-free medium for two weeks. Proteomic analysis
of culture supernatants was dene to compare differences in secreted matricellular proteins. Real ime PCR and western
blots were done to confirm the expression of secreted protein acid and rich in cysteine (SPARC). a protein found in
abundance in extracellular proteins secreted by Himbal fibroblasts. Immunohistochemistry of SPARC was done in human
limbal tissue to show the spatial distribution of the protein. An adhesion assay was designed to demonstrate the effects of
SPARC on an SV40 immortalized human corneal epithelial cell line (HCEC).

Results: Proteomic analysis revealed several proteins selectively secreted by limbal fibroblasts. The particular spots were
identified as SPARC, vimentin, serine protease, collagen alpha 2 precursor, tissue inhibitor of metalioproteinase 2 (TIMP-
23. and 5,10-methlenctetrahdrofolate reductase (FADH?2). The expression of SPARC was confirmed by western blot analysis,
and mRNA expression was significanily higher in Hmbal fibroblasts compared to central corneal fibroblasts when ana-
lyzed by real time PCR. Immunohistochemistry revealed higher distribution of SPARC in the subepithelial siroma of the
limbus compared to the central cornea. The addition of 10 ug/m! murine SPARC in HCEC significantly reduced cell
spreading at three h.

Conclusions: The matricellular protein SPARC is preferentially secreted by limbal fibroblasts, and may modulate inter-

cellular adhesion of basal limbal epithelial cells.

The limbal basal epithelium has distinct characteristics
compared with the corneal epithelium in the expression of
several genes including increased o-integrin, ATP binding
cassetie protein 2 {ABCG2), and decreased keratin 3 (K3) and
connexin 43 [1]. The differential expression of these markers
is often raised as evidence for the presence of stem cells in the
basal limbal epithelinm. Accumulating evidence from clini-
cal studies also support the limbal stem cell hypothesis, with
successful ocular surface reconstruction reported by several
laboratories following limbal transplantation [2,3]. and more
recently, cultured limbal epithelial sheet transplants [4,5]. The
stromal niche is believed to modulate the phenotype of over-
lving epithelium, which probably involves soluble factors as
well as regulation by direct contact. The plasticity of epithe-
lial cells according to the underlying stroma was demonstrated
by the use of amniotic membranes, and also by reversing epi-
thelium/stroma combinations [6].

In order to screen for differences in secreted proteins by
limbal and corpeal fibroblasts, we performed 2-D PAGE
{(proteomic analysis) of condensed supernatants of serum-free
cultured cells. After six proteins were identified. we further
analyzed the distribution and function of secreted proten acidic
and rich in cysteine {(SPARQ), also known as osteonectin.

Correspondence to: Shigete Shimmura, MD, Department of Oph-
thalmology. Keio University School of Medicine, 35 Shinanomachi,
Shinjuku. Tokyo 160-3582, Japan; Phone: +81-3-3353-1211: FAX:
+51-3-3359-8302; email: shiged@sc.ite keio.ac jp
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SPARC is a 43 kDa protein that contains a COOH-terminal
extraceliular (EC) module with two Ca?-binding domatins and
a follistatin-like module shared by a family of SPARC-related
genes [7]. SPARC is also expressed by corneal epithelial cells,
and is believed to be involved in the wound healing process of
both the epithelium and stroma of the comea [8.9]. In addi-
tion, SPARC modulates cell growth and adhesion of vascular
endothelial cells [10], and has been reported to promote can-
cer cell migration and invasion [11]. Several of these physi-
ological functions reported in SPARC are consistent with prop-
erties expected of soluble factors in the stromal niche of the
limbus. Epithelial cell precursors are believed to be less de-
pendent on intercellular communication, which 1n turn main-
tain these cells in an undifferentiated state. Evidence for this
is given by the limited expression of the gap junctional pro-
tein. connexin 43, in basal Himbal epithelial cells [1]. We there-
fore hypothesized that SPARC secreted constitutively by limbal
fibroblasts can regulate epithelial cell adhesion.

METHODS

Materials: Mouse recombinant SPARC and fibronectin were
purchased trom Sigma-Aldrich (8t. Louis, Mo). Chemicals
for proteomic analysis were obtained from Wako Pure Chemi-
cal Industries (Osaka, Japan) unless otherwise noted. The SV40
transformed immortalized human corneal epithehal cell line
{(HCEC) was a kind gift from Dr. Kaoru Araki-Sasaki
{Kagoshima Miyata Eve Clinic, 1-5-1. Nishida, Kagoshima,
Japan} [12].
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Cell cultire and adhesion assay: Human donor corneas
not suitable for transplantation were obtained from the North-
west Lions Eye Bank. The epithelium and endothelhum were
bluntly reroved with a gill knife, and stromal tissues were
cut into small segments {approximately 2 mm x 2 mm) to al-
low fibroblasts to migrated during culture. Fibroblasts were
cultured in Dulbecco’s modified Eagle medium (DMEM)
medium confaining 10% fetal bovine serum until confluent,
and then in serum-free DMEM for two weeks prior to
proteornic analysis. HCECs were maintained in supplemen-
tary hormonal epithelial mediom (SHEM). a 1:1 mixture of
DMEM and Ham’s F12 medium (DMEM/F12: Gibco,
Invitrogen Corporation, Carlsbad, CA) containing 15% fetal
bovine serum, insulin {5 ug/ml; Sigma-Aldrich, St. Louis,
MQO), cholera toxin (0.1 ug/ml; EMD Biosciences, San Di-
ego, CA), humnan recombinant epidermal growth factor (10
ng/ml; Gibeo), dimethyl sulfoxide (0.5%; Sigma-Aldrich),
peniciliin (0.7 mg/ml; Wako Pure Chemical Industries), and
streptomycin (1.39 mg/ml; Wako Pure Chemical Industries).

Proteomic analysis: Supernatants from hmbal, central
corneal, and conjunctival fibroblasts cultured in serum-free
DMEM for two weeks were collected by centrifugation. In
brief, supernatants were placed in ultrafiltration tabes (Vivaspin
20; Sartorius. Goettingen, Germany) and centrifuged (MX-
300; Tomy Seiko Co., Tokyo Japan) to remove proteins with
molecular weights of less than 3 kDa. Lysis buffer (8 M urea,
2% NP-40, 2% ampholine (pH3.5-10), 5% 2-ME, protease
inhibitor) was then added to the supernatant, and centrifuga-

22006 Molecndar Viston

tion was repeated. Two-dimensional PAGE was performed as
previously described in the biteratare [131. In brief, the first
dimension was based on 1soclectrie focusing (pH 3.5-10) us-
ing a disk gel (Nihon Eido. Tokyo, Japan}, followed by the
econd dimension done by SDS-PAGE ina 16.8% acrylamide
gel (Bio-Rad Laboratories, Hercules, CA}. Protein spots were
visualized by Coomassie brilliant blue (CBB). Selected spots
were dissected and digested with trypsin in 0.1 M ammoninm
hydrogen carbonate containing 10% acetonitrile for 16 hat 37
°C. Peptides were extracted from the gels with 60% acetoni-
trile contaiming 0.1% triflucroacetic acid and then vortexed
for 30 min. Peptide fragments were separated by C18 column
{Magic C18 P/N 902-61260-00; AMR Inc., Tokyo, Japan) in
a linear gradient (5-60%) of acetonitrile containing 0.1% for-
mic acid. Separated peptides were analyzed by ion-trap mass
: Thermoquest Corp., San Jose,
CA) using a nanospray ionization apparatus. MS data analy-
sis was done using Sequest {(Thernmoguest) and the Mascot
Internet version [14].

Western blor: Western blot was used to confurm the ex-
pression of SPARC by cultured limbal and corpeal fibroblasts,
as well as primary cultured comeal epithelial cells. Culture
supernatants were collected after twvo weeks of culture in
DMEM containing 10% FBS and stored without condensa-
tion for western blot analysis. Cell pellets were dissolved with
lysis buffer (50 mM Tns-HCl, pH7.4, 130 mM Na(l, |1
Nonidet P-40) and homogenized. Samples were incubated for
40 min at 4 °C, and then centrifuged at 15,000 rpm for 30 min

i
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Figure 1. 2-D PAGE of proteins
concentrated from the supernatant
of limbal fibroblasts. Spots were
visualized with Coomassie briiliant
blue. Six spots (numbered) were
found to be distinctively expressed
by limbal fibroblasts and were iden-
tified by jon-trap mass spectrometry.
The name and GenBank accession
number for each protein are listed
in Table 1.
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at 4 °C. Protein concentration of the supernatant was deter-
mined by the DC protein assay (Bio-Rad Lab). All samples
were then dituted in 2X sample buffer (100 mM Tris-HCL pH
6.8, 4% SDS; Gibeo, Invitrogen, Carfsbad, CA)Y, 20% Glye-
erol {Wako). 12% Z-mercaptocthanot (Wako) and boiled. Ten
ug of each sample {5 ng for f-acting were loaded on 2 Novex
NuPAGE 10% Bis-Tris gel (Invitrogen) and transferred onto
polyvinylidene diftuoride (PVDF) membranes (Millipore,
Billerica, MA). Membranes were blocked with 5% skun milk
(Difco Laboratortes, Detroit, M) and 1.5% normal donkey
serum in PBS for 60 min at room temperature. Membranes
were reacted with an anti-SPARC antibody (1.8.739; US Bio-
logical, Swampscott, MA) for 60 min at roon temperature.
After three washes in TBST, donkey biotinylated antimouse
12G (Jackson ImmunoResearch) was added for 30 min at room
temperature. Protein bands were visualized by the Vectastain
ABC Elite Kit {Vector Laboratonies, Bulingame, CA} using
DAB (Vector Laboratories) as a substrate.

Real-time polymerase chain reacrion: Total RNA was
isolated from cultured ltmbal and comeal fibroblasts using the
SV total RNA isolation system {Promega Co., Madison, WT)
according to the manufacturer’s recommendations. cDNA was
prepared from total RNA with oligo (dT) priming and AVM
reverse transcriptase XL (Takara. Bio Inc., Shiga, Japan) by
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Proteins that were detected in the supematant of limbal fibroblasts,
but not from central corncal fibroblasts in the proteomic analysis.
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incubation of a 23 ul mixture at 41 °C for 1 h. ¢cDNA was
subjected to PCR using the gene specific oligonucleotide prim-
ers and probe (5-ACC CCATTGACG GGTACCTCT CCC
A-3"). Real-time reverse transcriptase polymerase chain reac-
tion (real-time RT-PCR) using TagMan chemistry (Applied
Biosystems, Foster City, CA) and the ABT Prism 7700 Se-
quence Detection System {Applied Biosystemns) was used to
semiquantitate SPARC expression in limbal, corneal, and con-

Junctival fibroblasts. PCR products were detected during the

exponential phase of the reaction in order to semiquantitate
SPARC expression by each cell type (n=3).
Immunohistochemistry: Frozen sections prepared froma
donor human cornea embedded in 4% carboxymethyl cellu-
lose (CMC; Finetec Co., Ltd., Japan) were fixed in 4%
paraformaldehyde {PFA) for 10 min. The fixed sections were
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Figure 2 . Real time PCR comparing mRNA expression of SPARC
in cultured limbal, comeal, and conjunctival fibroblasts. Data is ex-
pressed as SPARC expression by corneal fibroblasts as 1 unit. Limbal
fibroblasts expressed a signficantly higher level of SPARC compared
to the central cornea (n=3). The asterisk indicates a p<0.05.
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Figure 3. Western blot analysis of SPARC in culture supernatants and cell lysates of comeal and limbal fibroblasts, and primary corneal
epithelial cells. Limbal fibroblasts secreted higher levels of SPARC protein compared with corneal fibroblasts. SPARC was also detected from

primary epthelial cell cultures.
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treated with liberate antibody binding solution (L.AB;
Polyscience, Inc., Warnngton. PA.) at room temperature for
15 min for antigen retrieval. Antibodies used were
antiosteonectin (Haematologic Technologies, Inc. Essex Junc-
tion. VT) and Cy3-labeled antimouse 1¢G secondary antibody.
Isotype rat 1gG (Chemicon) was used as control. The sections
were mcubated with 1 pg/ml 4.6-diamidino-2-phenylindole
(DAPI; Dojindo Laboratories, Tokyo, Japan) at room tempera-
ture for 5 min. Finally, sections were washed three times in
Tris-buffered saline tween {TBST) and covershipped using an
antifading mounting medinm (50 mM Tris buffer saline, 90%
glycerin: Wako), and 10% 1.4-diazabicyclo (2,2.2) octane
{Wako).

Adhesion assay: One of the established physiological ef-
fects of SPARC is the suppression of vascular endothelial cell
growth and adhesion [10]. In order to pursue the possibility
that SPARC may have similar effects on comeal epithelial celis
i vitro. we performed a modified version of a cell adhesion
study reported previously [15]. Nontreated 96 well plates
{260887, Nalge Nunc Int, Rochester, NY) were coated with
100 ul of fibronectin in phosphate-buffered saline plus (PBS+;
1 ug/ml) at 4 °C overnight, and washed with PBS. Serum-free
DMEM with or without murine SPARC {(final 10 ug/ml) were
added to the wells. HCEC were trypsimized, neutralized, re-
suspended in serum-free DMEM, and a 50 ul sample was
added to each well (10%well). After 3 h incubation at 37 °C,
the central area of each well (856 um x 678 um) was photo-
graphed vsing the Axiovert 200 microscope (x10, Carl Zeiss.
Gottingen, Germany}. Cells were scored as previously de-
scribed [16]. Round cells with no apparent signs of spreading
were given a score of 3. Rounded cells with short cellular pro-

2006 Molecular Vision

cesses were assigned a score of 2. Spread, flattened cells were
given a score of 1. Adhesion score for each well was calcu-
laied by the average score of all visible cells in a randomly
selected field of view.

RESULTS

Proteomic analysis: 2-1D PAGE of supernatant irom limbal
fibroblasts is shown in Figure 1. Total protein levels were low,
in general, since this was an analysis of culture supernatants
and not of homogenized cells. Although samples were con-
densed prior to electrophoresis, only blots that were dense
enough to allow sequence analysis were further investigated.
The six proteins specifically identified in the supernatant of
lirnbal fibroblasts along with their accession numbers are listed
in Table 1.

Constinitive expression of SPARC by limbal fibroblasts:
We further pursued the possible role of SPARC as a major
matnicellular protein in the Hmbal stroma. Real-time PCR was
done to semiquantitate SPARC mRNA transcription in cul-
tured cells, and the result was consistent with the higher pro-
tein content in limbal fibroblasts observed in the proteomic
analysis (Figure 2). Western blot resulis confirmed SPARC
protein secreted in the supernatant of limbal and corneal fi-
broblasts (Figure 3). SPARC was also expressed by primary
comeal epithelial cells, however, the expression Jevels were
lower compared to limbal and corneal fibroblasts.

Impnmohistochemistry: The cumulative data show higher
expression of SPARC in limbal fibroblasts in vitro, but does
not necessanly reflect that this applies m vivo. We therefore
performed immunohistology using an anti-SPARC monoclonal
antibody in fresh donor limbal tissue to observe the distribu-

Figure 4. @mmunohistology of a
corneolimbal segment using an anti-
SPARC monoclonal antibody. The
subepithelial tissue n the imbus (A)
showed SPARC distributed n the
interstitial space (asterisk). SPARC-
associated signals were much lower
in the central cornea (B). The scale
bar represents 50 pm.
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