wo 2015/200920 A1 [N I 0F V0000 R0 0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2015/200920 A1

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

31

30 December 2015 (30.12.2015) WIPOIPCT
International Patent Classification: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
CI2N 5/071 (2010.01) DO, DZ, EC, EE, EG, ES, F1, GB, GD, GE, GH, GM, GT,
. . HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
International Application Number: KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
PCT/US2015/038384 MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
International Filing Date: PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
29 June 2015 (29.06.2015) SD, SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
Filing Language: English
) (84) Designated States (uniess otherwise indicated, for every
Publication Language: English kind of regional protection available). ARIPO (BW, GH,
Priority Data: GM, KE, LR, LS, MW, MZ NA, RW, SD, SL, ST, SZ,
62/018,396 27 June 2014 (27.06.2014) US TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
Applicant: THE REGENTS OF THE UNIVERSITY DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
OF CALIFORNIA [US/US]; Office of the President, 111 LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
Franklin Street, 5th (US). SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
Inventors: ZHANG, Kang; 9500 Gilman Drive, La Jolla, GW. KM, ML, MR, NE, SN, TD, TG).
CA 92093 (US). QUYANG, Hong; 9500 Gilman Drive, Published:

La Jolla, CA 92093 (US).

Agent: ADRIANO, Sarah, B.; Adriano & Associates, 690
East Green Street, Suite 300, Pasadena, CA 91101 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: CULTURED MAMMALIAN LIMBAL STEM CELLS, METHODS FOR GENERATING THE SAME, AND USES
THEREOF

a'. Normal Coynea Differentiation

Limbus |, Cornea

b'. Abnormal Epidermis-like Differentiation

Keratinization

§‘\/
Epidermaldike celis

e:emiatiorg
Kiz

 Corneal
 Povil

imbaf stem/
ithelial cofl -

Figurc 9¢

P63
Srngval

S
Limbal stem/

Epidermal-

(57) Abstract: The invention provides an isolated limbal stem or progenitor cell (LSC) population or LSC- like population compris -
ing a chemically synthesized, recombinant or isolated nucleic acid encoding PAX6 mtegrated into a chromosome, or alternatively,
not integrated remaining as an extrachromosomal genetic material, wherein the isolated LSC population is substantially free of non-
LSC cells or wherein the LSC-like population is substantially free of non- LSC-like cells, or wherein the isolated LSC or LSC-like
population is substantially free of non-LSC and non-LSC-like cells and uses thereof.



WO 2015/200920 PCT/US2015/038384

CULTURED MAMMALIAN LIMBAL STEM CELLS, METHODS FOR GENERATING
THE SAME, AND USES THEREQOK

This application claims the benefit of U.S. Provisional Application No. 62/018,396, filed June

27, 2014, which 1s incorporated herein by reference in its entirety.

Throughout this apphication various publications arc referenced. The disclosures of these
publications in their entireties are hereby incorporated by reference into this application in order to

maore fully describe the state of the art to which this invention pertaius.
FIELD OF THE INVENTION

The ficld of the invention is directed to methods and compositions for treating ophthalmic
disorders, diseases and wnjuries. Io particular, the field of the inventioun is divected to methods, kits
and compositions for treating disorders, diseases, defects and injuries of the cornea and ocular
surface. The present disclosure relates to preparations of cultured mammalian himbal stern cells,
derived from corneal limbus tissue. In preferred embodiments, the limbal stem cell lines are self-
renewing and have the ability to differentiate into corneal epithelial tissues. Methods for culturing

fimbal stem cell lines and methods and compositions of their use are also disclosed.
BACKGROUND OF THE INVENTION

it 1s known that adult stem cells are present in the corneoscleral limbus of the eye. These celis
participate in the dynarmic equilibrium of the corneal surface and replace superticial epithelial eclis
that are shed and sloughed off during eve-blinking. Severe damage to the limbal stem cells from
chemical or thermal burns, contact lenses, severe microbial infection, multiple surgical procedures,
cryotherapy, or diseases such as Steven-Johuson syndrome or ocular cicatrical pemphigoid can
icad to destruction of limbal stem celis and limbal stem cell deficiency which can lead to an
abnormal corneal surface, photophobia, and redoced vision {Anderson et al, (2001) Br. L
Opthalmol. 85:567-575). This damage cannot be repaired without the re-introduction of a source

of limbal stem cells (Tseng et al., (1998} Arch. Opthalmol. 116:431-41; Tsaict al, (2000} N. Engl.
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1. Med. 343:86-93; Henderson et al, (2001} Br. 1. Opthalmol. 85:604-609). Thus, limbal stem
cells, with their high proliferative capacity, are clearly crucial for the maintenance of a viable
ocular surface, because they provide an unbroken supply of comneal epithelial cells necessary to

maintain the equilibrium of the coroeal surface (Tseng, (1996) Mol. Biol. Rep. 23:47-58).

Several approaches bave been used to attempt to restore normal vision after corneal surface
impairments, however these approaches are generally not sufficient to repair damage related to or
resulting from the loss of limbal stem cells. One conventional approach is to repair a damaged
corneal surface by transplanting amniotic membrane directly onto the surface of the subject’s eye.
{Anderson ct al, (2001) Br 1. Opthalmol. 83:567-575). Ammniotic mermbrane transplantation has
been found to facilitate epithehization, maintain a normal epithelial phenotype, reduce
inflammation, reduce scarring, reduce adhesion of tissue, and reduce vascularization in the eye.
Amniotic mewbrane transplantations, bowever, have the disadvantage of vot being uniforraly
successful, with the final outcome often not much different than the patient's starting point
{Prabhasawat ot al, (1997) Arch. Ophthalmol 115:1360-67). Mcthods for isolating human
amniotic epithehial cells and differentiating them into corneal surface epithelium are also disclosed

by Hu et al (WO 00/73421),

Another approach to treating corncal damage involves corneal transplantation. (Lindstrom, {1986)
N. Engl. I. Med. 315:57-59). Still another approach to treating Hmbal stem cell deficiency s to

transplant lirabal grafts from a donor eye into a recipient eye.

Given the drawbacks of removing large limbal biopsies from a living donor, other methods have
been developed for treating himbal stem cell deficiencies which rely on taking ounly a sroall biopsy
of limbal epithelinm from the healthy eye (Pellegrini et al., (1997) Lancet 349:990-993), (Koizuny
et al., (2000) Invest. Ophthalmol. Vis. Sci. 41:2306-2513; Koizumi et al., (2000) Cornea 19:63-
71 Dua et al., (2000} Surv. Ophthalmol. 44:415-4235; Jun Shimazaki et al.,, (2002} Opthalmol.
109:1285-1290). Another approach utilizing amniotic membranes 1s disclosed in U.S. Publication
No. 20030208266, which describes the transplantation of epithelial stem cells that are cultured ex

vivo on specifically treated amniotic mmembrane.

Another approach for generating grafts is set forth in EP Patent No. 0572364, which discloses the

process of growing biopsies of human eye surface epithelium in vitro, with the biopsies derived
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from the limbus and/or perlimbus area of the eye, or the forrinx and/or conjunctiva arca of the eye.
Another patent application, WO 03/030939, discloses a corneal repair device for treating corneal

lesions that uses a contact lens with a modified surface for culturing limbal stem cells.

Similarly, U.S. Publication No. 20020039788 discloses a bicenginecred composite graft for the
treatment of damaged or discased comnecal epithehial surfaces, wherein the composite graft
comprises a multilayered epithelium of differentiated epithelial cells. U.S. Pat. No. 6,610,538
discloses methods of reconstructing laminae of human cpithelium comeac in vitro from cultures
of limbal stem cells to use as grafts for patients with ocular damage. WO 03/093457 also discloses
a method for the identification and isolation of stem cells from corneal tissue by means of selecting
stem cells that express the membrane protein markers CD34 or CD133, both of which belong to

the differentiation cluster (CD).

The stability and success of any limbal cell transplant depends on its ability to regenerate
coutinuously the viable limbal stera cells for repopulating the ocular surface. The transplants or

generally contain high percentages of

b

grafts currently used to treat limbal stem cell deficiencies
differentiated corneal epithelial cells rather than himbal stero cells, which may be preseut in only
limited amounts. The donor epithelium in such transplants or grafts will survive generally for only
a short period of time due to the limited supply of limbal stem cells. Alternatively, the transplants
may vield a clear corneal epithelium, but the lack of sufficient mbal stem cells results in abnormal
epithelial surfaces and poor healing, resulting 1n a failure to repair the ocular surface and fprove
vision. Therefore, these approaches which are intended to supply limbal stem cells to an eye with
a limbal stem cell deficiency have serious limitations, which may be due to the limited supply of
undifferenniated lirobal stera cells with selferegenerative capacity present in the transplaots or
grafts. Thus, it is desirable to provide transplants or grafis that will be more successful in repairing
and reconstructing ocular surface tupairments by providing sufficicnt populations of himbal stem

cells with the ability to regenerate and contimually supply Hmbal stem cells to the eyve.

To date, no treatment option exists that is able to completely ameliorate corneal epithelial damage,
or induce the growth and development of new corncal epithelial cells or imbal stern cells to replace
damaged or dead cells, any or all of which could help return the patient to normal or near normal
visual function. Therefore, it is an object of the instant invention to provide such treatment options

for paticots suffering from ophthalroic disorders, discases and injuries, in particular, corneal
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disorders, discases and injuries.
BRIEF SUMMARY OF THE INVENTION

The present disclosure describes the culturing of mammalian limbal stem cells (LSCs) derived
from non-embryonic tissue, preferably comeal Hmbal tissue. In particular, the present disclosure
provides cultured mammalian LSCs, and methods of generating cultured mammalian LSCs,
which: (1) are wsolated from corneoscleral limbus, (1) expanded 1w an in vitro culture, and ()
maintain the potential to differentiate into lincage-committed corneal epithelial cells in an in visre

culture or therapeutically on the eve of 4 subject in need thereof.

In certain embodiments, the LSCs are cultured cells cultured in g feeder-free culture media onan
extracellular mairix, further supplemented with a cell media comprising at least a minimum
essential medium plus optional agents such as growth factors, serum, and one or more soluble

factors.

The limbal stem cells of the present invention can be isolated from any suitable mammal. In some
embodiments, the Himbal stem cells of the present invention can be isolated from a donor who is
not a recipient. Such donors can be cadavers or organ donors who are biocomwpatible with the
subject. In some cmbodiments, the mbal stem cells of the present invention can be isolated from
a donor who is also a recipient, such that the recipient and the donor can be the same individual or

subject.

{solation of limbal stem cells can be made prior to, during or after culture and cxpansion. In a
preferred embodiment, dissociated tissues can be utilized to 1solate LSC of the mvention which

are then expanded.

The limbal stem cells of the invention can be cultured in culture media that supports the growth
and expansion of limbal stem cells. The isolated LSCs remain substantially undifferentiated i an

in vitre culture for a multitude of passages.

in certain embodiments, the himbal stem cells of the invention are cultured on an appropriate
support material such as an extracellular matrix or biocoated surface, for exarnple extracellular
roatrix carrier or biocoated lens. The surface material may be any support biocoated with one or

more attachment factors as described herein.
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The limbal stem cells of the invention may be utilized in various therapeutic manners, for example,
in a method for treating aun ophthalvoie disorder, discase or njury n a patient in need thereof,
comprising administering to the patient a therapeutically effective amount of one or more
compositions coraprising isolated LSC cells. For exarople, the present invention contemplates
methods for stimulating proliferation or regeneration of corneal epithelial cells in a patient in need

thereot, or a patient with limbal stem ccll deficiency.

I one crabodiment of the present invention, a subject is presented with LSC cells of the imvention
on an appropriate support material, such as an extracellular matrix or biocoated surface. The
support material can be de nove or the support raterial utilized for culturing the LSC of the
invention. For example, an exemplary of the present invention comprises cultared LSC on a
biocoated lens kit. In an alternate embodiment, LSC of the invention are isolated from culture
media and presented to a subject in need thereof, with an extracelhular matrix, media and other
materials. Similarly, media and other factors can be derived from the culture media. In one
example, LSC of the invention may be administered in combination with other agents or treatment
meodalities. In more specific embodiments, the other agents are active agents. And in the most
specific embodiments, the active agents mclude growth factors, cytokines, inhibitors,
mmunosuppressive agents, steroids, chemokines, antibodies, antibiotics, antifungals, antivirals,
mitormycin C, or other cell types. Another specific embodiment is one in which the other treatment

maodalities include countact lens, drops, and other ophthalmic means for delivering LSC.

The present invention provides LSCs and matenals for preparing the material for repair of the
cornea, comprising the steps of: {1} isolating limbal stem cells, from a imbal ster celi suspension;
{2} The steps (1) above including obtaining hmbal stem cell from the suspension and seeding on a
scaffold placed in inducing culture medium to promote himbal stem cells to differentiate into

corneal epithelial cells.

In step (1) above, 1n one cmbodiment, the limbal stem cells may be obtained by the following
method: Fresh limbal tissues may be cleaned, cut into small picces, and treated with .2%
collagenase TV at 37 “C for 2-4 howrs to digest cell mass. Limbal tissue may be further digested
by 0.25% trypsin and | mM EDTA for 10 to 20 minutes at a single cell suspension at 37 Cin 1-

3% Matrigel coated culture dish.
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Preferably, in another embodiment, collagenase 1V digestion time was 3 hours; 0.25% trypsin and

I wiM EDTA digestion tivae was 13 minutes; Matrigel concentration was 2 %,

Farther, in yet another embodiment, in the Urobal stera cell suspension, the cell concentration may

be about 2 x 10° ~ & x 10%/ul.

Additionally, in an cmbodiment of the invention, in step (2), the scaffold may be a material of

biological origin, or a cell-free lens,

In vet a further embodiment, in step (2), the biological matenial may be a cell- derived collagen or

Matrigel amnion.

Additionally, in onc embodiment, in step (2), the medium used for induction is epithelial cell

culture mediom CnT-30.

In an additional embodiment, in step (2}, the culture time for the induction culture may be from

about 3 to 18 days. Preferably, in step (2), the culture time is about 14 ~ 18 days.

The present tnvention also provides the above treatment of comneal repair materials for the

preparation of a medicament for cornceal injury.

Other features and advantages of the invention will be apparent from the accompanying
description, examples and the claims. The contents of all references, pending patent applications
and issued patents, cited throughout this application are hereby expressly incorporated by

reference.
DESCRIPTION OF THE FIGURES

Figure 1a~-d. Normal and pathological changes of corneal epithelium, and s comparison to
skin. a, Normal corneca-limbus junction. Limbus identified by K19 and P63 (also see Fig. 2¢) and
cornea by K12, b, Normal skin epidermis identified by p63 and KS/K 14 (see Fig. 2a, by in the
basal layer and absence of K3/K12. ¢, Normal central cornea labeled by K3/K 12 and absence of
p63 and K1/K10 (also see Fig. 2¢, d, 1). 4, Cornea with abnormal epidermal differentiation showing
absence of K3/K12 (&’ and presence of skin epithelium makers p63 (3"} and KS/K1/K10 {¢’-¢’}.

H&E stain, left pancls. Scale bar: 100 wm.
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Figure 1a-j. Keratin expression profiles and cell cultures/3-D differentiation of LSCs and
SESCs. a-f, Keratin expression profiles i human livabus, cornea and skin epidermis. a, b,
Peripheral comea-limbus junction and skin tissues showing positive K5 {a} and K14 (b} expression
in the basal cell layer of limbus and skin, and their absence in central corneal epithelium, e~d, Skin
epidermis showing positive K1 {¢) and K10 (g} expression and their absence in comea and limbus.
e-f, Peripheral comea-lirnbus junction showing posttive K19 in limbus and negative in central
corneal epithelium and skin (&), and positive K3/K12 only in cornea and negative in limbus and
skin {f}. g~j, Cultured LSCs with stern/progenitor cell and SESCs characteristics at passage 12 and
validation of a 3-D differentiation system. g, Inmounofluorescence stairung of LSCs showing
positive stem cell signals of p63 (2} and Ki67 (b’) and negative differentiated CEC signals, K3/12
{¢”), phase contrast photograph {d°); {b) gPCR analysis showing K3/K12 up-regulation and K19
down-regulation in CECs from a 3-D differentiation assay compared with LSCs; §, K1/K10 up-
regulation in SECs from 3-D differentiation assay corapared with SESCs (e}, all n=3, p<0.01. j,
Immunofluorescence staining of cultured SESCs showing positive p63 {a") and negative signals
for limbus stem cell marker, K19 (") and mature skin epithelium markers KI/K10 {2, 4°). Scale

bar, 100 um.

Figure 3a-f. Exclusive expression of WNTT7A and PAX6 at Hmbus and cormea. a-d,
Immunothiorescence staining of cultured LSCs and SESCs and 3-D differentiated CECs and
SECs. Left panels, phase contrast photographs; staining of p63, K19 and Ki67 in LSCs (a), p63,
K5 and Ki67 in SESCs {3, K3/12, K1, K5, K10 and K14 in CECs (b} and SECs {d} in 3-D culture
spheres. ¢, Heatmap depicting differential gene expression comparing among LSCs, CECs and
SESCs. * denotes WNT74 and P4AXS. §, Immunofluorescence staining of WNT7A and PAX6 at
iirnbus, cornea and skin {a’-d’}. Expression of WNT7A and PAXS in cultured LSCs {e°, g3 and
3-B CEC spheres (", B’). Abbreviations: LSCs: livabal stem/progenitor cells, SESCs, skin

epithelial stem cells, CECs, comneal epithelial cells, SECs, skin epithelial cells. Scale bar, 100 um.

Figure 4a-i. Gene expression analysis. a-¢, Genome wide gene expression microarray of LSCs,
CECs and SESCs. a, The top 100 significant genes from comparing LSCs/CECs to SESCs. b,
Validation of the microarray data with gPCR analysis showing a strong correlation. ¢, gPCR
analysis of WNT74 and PAXS expression in LSCs and CECs commpared to SESCs, all n=3, p<0.05.

d, Expression of WNT7A and PAXS in cornea and limbus of a one-year old human infant. HEE
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stain {8}, boxed area was shown in serial sections (b’-d’} with immunofluorescence staining of

WNT7A (b”), PAXG6 {€7) and K3/12 {&’}. Scale bar, 160 pro

Figure Sa-¢c. WNTTA and PAX6 are essential for maintenance of cornea cell fate. a, Huroan
corneal epithelium squamous metaplasia. Red box (left box of pair; or single large box in a7}
indicates an arca of metaplasia, blue box (right box of pair) indicates an area of relatively normal
cornea; Top panel: H&E stain {top panel} showing typical skin epidermal morphology with
positive p63 at basal layer {8°, arrowheads indicate p63 staining), loss of WNT7A {b’) and PAX6
{c’} were accompanied by absence of corneal K3/K 12 (d%). Serial sections of the arcas marked by
red and blue boxes 1 the top panel are represented in the lower panels. b, Immunofluorescence of
3-D differentiated cells with WNT774 or PAXS knockdown; K1 and KS, left panels; PAX6 and
K19, middle panels; K3/12, right panels; ¢, Quantitative PCR analysis of gene expression changes
of cornea or skin epithehium markers in 3-D differentiated cells with WNT74 or PAXS knockdown

(all n=3, p<t0.05). Data arc shown as means + s.d. Scale bar, 100 uym.

Figure 6a-e. Appearance of skin epidermal markers with 1oss of corneal markers in human
corneal diseases, Appearance of skin epidermoal marker p63, KS and K10 with loss of corneal
marker K3/12, PAX6 and WNT7A in cornea of patients with Steven-Johuson syndrome {a, b},
ocular pemphigoid (¢}, travma injury {4} and alkaline burn {e}. For all images, H&E staining was
carried out on the lesion of corneal epithehial squamous metaplasia {a"}. b'-°, the same region of
ieston in serial sections showing increased p63 (B, @) and KS {¢’, 4’} and K10 {&’) in the
suprabasal layer, no WNTTA (%), K3/12 or PAX6 could be detected in the area (7). Scale bar,
100 um.

Figure 7a-f. The effect of WNT7A/FZD5 on PAXS expression in LSCs. a-¢, The cffect of
WNT7A knockdown on PAXS expression in LSCs. a, phase contrast photographs showing effects
of WNT74 and PAX6 knockdowns (shWNT7A and shPAX6) in LSCs and their 3-D differentiation
spheres. b, gPCR analysis of gene expression changes of WNT74 and PAXS m LSCs. WNT7A4
knockdown decreased PAXES expression (=3, p<(.01); no significant change tn WNT74
expression i PAXG knockdown. ¢, Validation of knockdown cfficiency of WNTTA and PAX61n
L.8Cs by western blot analysis. d-f, WNT7A and FZIDS acted as the upstream regulators of PAXS
expression. d, phase contrast photographs showing cell morphology of knockdown of FZDS

(shFZIDS) in L3Cs and 3-D differentiation spheres. e, Co-frarounoprecipitation of WNTTA and
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FZD5 in LSCs. f, gPCR analysis of gene expression changes in corneal and skin epithelial markers
in 3-D differentiated cells of LSTs with FZD5 knockdown (3-D shFZDS LSCs). FZD5 knockdown
did not affect WNT74 cxpression; all others, n=3, p<0.05. Scale bar, 100 um.

Figure 8a-¢. The effect of PAX6 transduction in SESCs. &, Phase contrast photographs of SESCs
with PAXS transduction (PAX6") and 3-D differentiation spheres. b, Validation of K12 and PAX6
expression in 3-D differentiation spheres by western blotting analysis. ¢, Loss of skin-specific
keratins, KI/K10 in 3-D differentiation of SESCs with P4X5 transduction (3-D PAXE" SESCs).

Scale bar, 1006 um.

Figure %a-e. Conversion of SESCs into corneal epithelial-like cells by PAXS transductjon. a,
Double immunotluorescence staining of PAXS and p63 in transfected SESCs, K19 was positive
in PAX6-transduced (PAXE") SESCs. b, Immunofluorescence staining of K3/12 and PAX6'
SESCs in 3-D differentiation conditions. ¢, gPCR analysis of gene expression of keratins in PAXG"
SESCs (all n=3, p<.05). Data arc shown as meaus + s.d. &, Hicrarchical cluster analysis among
CECs, differentiated ESCs with PAXS knockdown (3-D shPAX6 LSCs), SECs and differentiated
SESCs with PAYE transduction (3-D PAX6" SESCs). e, Schematic diagram showing normal 1T8Cs
differentiation into CECs {8”} and proposed mechanism in which loss of WNT7A/PAXE in L.SCs
icads to abnormal skin epidermis-like differentiation in corneal surface opithehal cell discase (8°).

Scale bar, 1006 um.

Figure 18a-c. Quantitative information of RNA-seq data. a, Statistical analysis of RNA-seq
samples: raw reads, mapping reads and mapping rate of cach sample are included. b, Pairwise
comparisions of duplicated biological samples. ¢, The differcnces between SECs and 3-D PAX6'
SESCs, CECs and 3-D shPAX6 L8Cs, all FDR < 0.001. a, gPCR analysis of PAX0 expression in
rabbit SESCs with PAX6 transduction (Rb PAX6" SESCs} or LSCs with PAX6 knockdown (Rb
shPAX6 LSCs) (all n=3, p<0.05). We noticed some minor differences in the heatmap, which might
result fromn some experiracntal variations or were duc to the possibility that, while PAX6
expression is largely responsible for cell fate switch from SESCs to CECs at both the gene
expression and functional fevels as we demonstrated in the current study, this single franscription

factor may not be sufficient to create cells that are completely identical to CECs.
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Figure 1la-{. Engincered expression of PAXS and rabbit LSC deficiency model a-¢,
Quantification and culture of engincered expression of PAX6 in rabbit SESCs and PAX6
knockdown LSCs. a, gPCR analysis of PAX6 expression in rabbit SESCs with PAXG transduction
{Rb PAX6" SESCs) or LSCs with PAX6 knockdown (Rb shPAX6 LSCs) (all n=3, p<(1.05). b,
Rabbit SESCs with pesitive staining of pd3 and negative staining of PAX6. Left panel, phase
contrast photograph. ¢, Upper row, double immunofluorescence staining of PAX6 and p63
rabbit SESCs with PAXG6 transduction. Upper left panel, phase contrast photograph. Bottom row,
rabbit PAX6" SESCs were further labeled with GFP for transplantation. d, Rabbit LSCs with
positive staining of p63 and PAX6. Upper left panel, phase contrast photograph. e, Calture of GFP-
iabeled rabbit LSCs with PAX6 knockdown. f, @°, Conjunctiva peritomy was performed and a
circamferential strip of 2 raro anterior limbal conjunctiva was removed. b’~d’, lamellar scleral and
corneal dissection to completely remove LSCs and corneal epithelium along an anterior cornea
stroma plane. Dissected cap is shown in (&, arrows). e’-F, the cxposed cornea stroma bed was

covered by human amuniotic membrane {e’} and sutures (£}, {n=3). Scale bars, 160 pm.

Figure 1la-d. Cornea epithelium regeneration and repair by transplanted GFP-iabeled
PAX6" SESCs on a rabbit LSC deficiency meodel. a, Time course of corneal epithelial defect
repatr. 15 days post fransplantation: decreased cornea clarity with an entire corneal epithelial
defect evidenced by fluorescein stain of cornea surface; 30 days post transplantation, improved
cornea clarity and reduced fluorescein staining of cornea epithelial defect; 45 and 90 days post
transplantation: restoration and maintenance of cornea clarity. b-¢, other two examples of
regeneration and repair of rabbit corneal epithelial surface 90d post transplantation with GFP-
labeled PAX6™ SESCs showing complete repair and re-epithelization of corneal epithelial defects.
a~¢, pancls from left: white light micrograph, shit-lamp micrograph and fluorescein staining (note:
bright spots on corneal surface were due to camera light reflection, they were not epithelial defects)

of corncal epitheliom. (n=5). d, H&E stain of regeneration and repair of corneal epithelial surface

in three separate rabbits 90d post transplantation with GFP-labeled PAX6

corneal epithelium histology.

Figure 13a-¢. Corneal epithelial regeneration by transplantation in a rabbit LSC deficiency
model, a, Time course of corneal epithelial regencration and repair on rabbit LSC deficiency

model post transplantation with GFP-labeled PAX6™ SESCs. Upper panels, 3 days post

10



WO 2015/200920 PCT/US2015/038384

transplantation. Left, light micrograph showing a hazy cornea; right, GFP+ donor cells at imbal
region {(arrows). Lower panels, 20 days post transplantation. Left, light micrograph showing a
cornea with partial clarity; right, GFP” donor co-located in transparent arcas {arrows). Scale bar,
I mm. We observed that only the transplanted cells fror limbal region could survive, profiferate,
and regenerate cornea surface epithelium, suggesting that limbus contained stem cell niche
favorable for stem cell survival and growth. b, Culture and re-isolation of reprogrammed donor
GFP-labeled PAXGT SESCs epithelial cells from the limbal region of a rabbit recipient eye 90 days
post transplantation with GFP-labeled PAX6"™ SESCs. Upper pancl, double immunofluorcscence
staining of PAX6 and GFP; botiom pauel, double immunofluorescence staining of p63 and GFP
in PAX6-transduced rabbit SESCs. Scale bars, 100 pm. ¢, Repair and recovery of a repeat cornea
epithelium injury on a cornea transplanted with GFP-labeled PAX6" SESCs. Upper panels, we
iatrogenically scraped and removed donor-derived corneal epithelial cells and made a large corneal
surface epithelium defect (arrows) 3 months post initial fransplantation of PAX6" SESCs. Bottom
panels, complete repair and recovery were observed within 72 h with healed epithelial defect
(n=3). Left panels, light micrographs; middle panels, shit-lamp micrographs; right panels,

fluorescein staining.

Figure 14a-g. Cell transplantation and cornea epithelium repaiv on a vabbit limbal stem cell
deficiency medel. a, Immunofluorescence staining of rabbit corneas two month post
transplantation. Upper panels, comnea transplanted with GFP-labeled PAXG™ SESCs, showing
positive GFP signals and the expression of the corneal epithelium markers K3 and K12 on the
corneal surface. Bottom panels, cornea transplanted with GFP-labeled shPAX6-LSCs, showing
positive GFP signals and the expression of the skin epidermal epithelivim marker K10, Scale bar,
100 pro. b-f, Rabbit corneas 2-month post cell transplantation (Ieft panels, H&E stain; central two
panels, white light micrograph and slit-lamp micrograph; right panels, fluorescein dye staining of
corncal epithelum surface). Scale bars, 100 um. b, Normal cornea with typical corneal epithelium
histology and intact cornea surface without epithelial defects. ¢, Denuded cornea covered with a
human amniotic membrane only, showing histology of epithelial metaplasia and opaqgue cornea
with vascularization {(n=4). d-e, Cornea transplanted with GFP-labeled LSCs (4, n = 3) and GFP-
labeled PAXS" SESCs (g, n = 3), showing corneal epithelium histology, healed and intact cornea
surface without epithelial defects, £ Cornea transplanted with GFP-labeled, shPAX6-treated L8Cs,

showing histology of epithelial metaplasia, opaque and vascularized corneal surface with epithelial
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defects (n=4). g, Rabbit comea 3 months post transplantation with GFP-labeled PAXS" SESCs:
smooth, fransparent cornea (top panel) with posttive GFP signals (second panel, scale bar, 1 mm).
The framed area in the second panel is enlarged to show the expression of GFP (middle panel),

PAX6 (fourth panel} and both GFP-PAXS6 (bottom panel). Scale bars, 100 pro.

Figure 15a-¢. Pax6 and p63 expression pattern of mouse cornea at different embryonic
stages. A, positive PAX6 at E12.5 in mouse cornea. p63 is undetectable. Higher magnification
{left pancl) shows corneal-limbus-conjunctival junction arcas {red box) stained with hematoxylin
and eosin {(H&E). B, PAX6 expression is marked in ocular areas {conjuntival, limbal and corneal
tissues, white arrows), whereas pb3 was positive in cyelid skin, himabus and cornea at E14.5. The
left panel shows H&E stawn. € and B, PAXG6 and pb3 expression in mouse cornea at £16.5 (C}
and E18.5 (D). Right upper panels, PAX6 and p63 stain of the area depicted in the red box in the
HE&FE stain {/efi panel) showing PAX6 expression in all ocular tissues and p63 expression in cornea
tissues; right fower panels, higher magnifications of the arcas framed by the vellow boxes. E,
lineage tracing of PAX6 in the corneal epithelium of ROSA™™ PAXA-GFPere mice at P1 and

P60, ROSA™™C gerve as a control. Scale bars = 100 pr.

Figure 16a-b. Characterization of human corneal and skin epithelia. A, cornea identified by
PAX6 and K3/12 and absence of p63, K5, K and K10, B, skin epidermis identitied by p63, KS,

K1 and K10 and absence of PAXS and K3/12. Leff upper panels, H&E stain. Scale hars = 100 um.

Figure 17a-¢. Immunofloorescene staining of buman limbus area and cultured human L5Cs
and SESCs. A, human limbus region wdentified by PAX and p63. Left upper panel, H&E stain of
the cornea-limbus junction {arrow). B, cultired LSCs staimed with PAX6 and p63. Leff panel,
phase contrast. C, cultured SESCs stained with p63 and K5, Leff panel, phase contrast. Scale bars

= 100 pum.

Figure 18a-b. PAXG6 is essential for maintenance of cornea cell fate. A, phase contrast showing
cell morphology and Ki67 staining of PAX6 knockdown in human LSCs and their differentiated
cells. B, quantitative PCR avalysis of gene expression changes in cornea or skin epithelial markers
in differentiated PAX6 shRNA LSCs (2P 4X6-L8Cs) compared with differentiated LSCs {n = 3,

p <0.05). Data arc shown as means = S.D. Scale bars = 100 um.
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Figure 19a-b. Appearance of skin epidermal markers with loss of corneal markers in patients
with corneal-limbal dermoid. A, patient with a typical corneal limbal dermoid (panel o) and
H&E stain (panel b). B, serial sections showing increased p63 (panel a) and K5 (panel byand K10
{panel ¢} 1o the suprabasal layer. No K3/12 or PAX6 could be detected {(panel d). Scale bars = 100

um.

Figure 28a-c. Identified signal pathways inveolved in LSCs and SESCs. A, heat maps of gene
expression data in Wat, Noich and TGF-B pathways with coraparison of LSCs and SESCs. For
cach gene in a heat map, red and blue denote high and low expression, respectively, relative to the
average expression level in all samples. B, graphical representation of genetic interactions between
genes belonging to the Wt and Notch pathways. The fold difference between average expression
values in two independent LSC and SESC preparations was used to color-code cach gene
individually (red, higher expression in LSCs; blue, higher in SESCs). Subsets of genes associated

with the Notch and Wat pathways were selected.
DETAILED DESCRIPTION OF THE INVENTION

DEFINITIONS

"o

The term “culture medium,” "cell culture medium,” or “cell medium” is used to describe a
cellular growth mediurn 1o which cells are grown, for exarple, stem cells, progentior cells, or
differentiated cells. Culture medium is well known in the art and comprises at least a minimum
essential medium phus optional agents such as growth factors {e.g., meluding fibroblast growth
factor, preferably basic fibroblast growth factor (bFGF), and epidermal growth factor (EGF)),
cytokines (¢.g., leukaernia inhibition factor (LIF)), hormones {¢.g., inclading glucocorticoids (such
as hydrocortisone} and thyroid hormone (such as, 3,37 5-triiodo-L-thyronine)}, glucose, non-
essential amino acids, glutamine, nsulin, transterrin, beta mercaptocthanol, ROCK inhibitors,
cholera toxin, and other agents well known in the art. Such media inchude commercially available
media such as DMEM/F12 (1:1), which may be supplemented with any one or more of L-
glutaroine, knockout serurn replacernent (KSR), fetal bovine serum (FBS), nov-cssential anmuno
acids, leukemia inhibitory factor {(LIF), epidermal growth factor {(EGF), beta-mercaptocthanol,
basic fibroblast growth factor (BDFGF), hydrocoriisone, 3,37, S-tritodo-L-thyronine, a ROCK

inhibitor, an antibiotic, B27 medium supplement and/or other medinm supplement. Cell media
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usefitl in the present invention arce commnercially available and can be supplemented with
commercially available compounents, available from Invitrogen Corp. (GIBCQO) and Biological

industrics, Beth HaEmek, Isracl, among numerous other commercial sources..

i

A "LSC culture medium” or "LSC maintenance medium” is a culture medium formulated for

in vitro and stable proliferation of limbal stem or progentitor cell {LSC) or LSC-like cells.

A “differentiation medium” is a culture medium or cell culture medium which is formulated
for in vitro differentiation of a stem or progenitor cell into cells of a particular cell lineage.
For example, a “LSC differentiation medium” may be a culture medium that is formulated for
in vitro differentiation of limbal stem or progenitor cells or LSC-like cells to corneal epithelial

celis {CECs]) or CEC-like cells.

A “feeder-free culture medium” refers to the fact that the culture medium used to culture the cells
of interest, 1.¢., L8SC or SECS, do not need feeder cells in order to permit the cells to proliferate
stably. For exaraple, LSC cclis cultured 1n “feeder-free culture medium” 1o which no feeder cell

layer is present in the culture are able to divide and be mamntamed as LSC,

“Serum-free” refers to a lack of serum, which 1s a clarified blood product obtamed from av animal

or human,

2

A “serum-free” culture medium is a culture medium lacking serum. It may contain, for example,

seram substitute or serum replaceraent.

A “chemically defined” medium or “chemically defined” culture medium is a culture medinm
whose components are chemically defined. As such, it lacks serum, a chemically undefined
component. For culturing of cells or tissues requiring serum, a “chemically defined” medium
typically contains serum substitute or serum replacerment in place of serum. A “chemically
defined” medium is “xeno-free” if it contains no animal-derived product or no foreign animal
derived product. It may also be free of human-derived product. It 18 generally desirable to replace
animal- or humao-derived products with recombinantly produced materials, chemically
synthesized materials, or enzymatically synthesized materials, which have no prior animal

contact or exposure.
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“Stem cells” are cells that exhubit self-renewal, give rise to progentior cells, which can proliferate
and differentiate to terminally differentiated cells, which are post-mitotic. For cxample, limbal
stem cells can divide to produce Hbal stern cells as well as progenitor cells. Progeuitor cells can
be directed to undergo differentiation {through for example culturing in vigro under appropriate

condition) to, ¢.g., corneal epithchial cells (CECs).

“Limbal stem or progenitor cells” or “LSCs” include stern cells obtained fror, ¢.g., the limbus, a
region between cornea and conjunctiva of an eye. LSTs can proliferate and differentiate to give
rise to corneal epithelial cells (CECs). In particular, LSCs are thought to reside in LSC niche
within the imbus. LSCs may be isolated from limbus region comprising corneal livobus of an
eye, margin between corniea and conjunctiva, border of cornea and sclera, corneoscleral limbus, a
crypt region of the basal layer of lirabal epithehiurg, a region comprising interpalisade rete ridge,

or a region comprising Palisades of Vogt.

As defined herein “isolated” refers to material removed from its original environment and is thus

altered “by the hand of man” from its natural state.

“Isolated limbal stem or progenitor cells” include LSCs isolated from an individual and placed in
ex vive or in vitro colture. Typically, 1solated LS8Cs tn a tissue biopsy may be dissociated to
obtain single cells.

As used herein, “enriched” means to selectively concentrate or to increase the amount of one or
more materials by elimination of the unwanted materials or selection and separation of desirable
roaterials from a mixture (i.c. separate celis with specific cell markers frora a heterogeneous cell

population in which not all cells 1o the population express the marker).

As used herein, the term “totipotent cells” shall have the following wmeaning. In mammals,
totipotent cells have the potential to become any cell type in the adult body; any cell type(s) of
the extracmbryonic racmbrancs {2.g., placenta). Totipotent cells include the fertilized cgg and

approximately the first 4 cells produced by its cleavage.
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As used herein, the term “pluripotent stem cells” shall have the following meaning. Pluripotent
stern cells are troe stem cells with the potential to voake any differentiated cell in the body, but
cannot contribute to making the components of the extracmbryonic membranes which are
derived froro the trophoblast. The arouion develops from the epiblast, vot the trophoblast. Three
types of pluripotent stem cells have been confirmed to date: Embryonic Stem (ES) Cells {may
also be totipotent in privnates), Embryounic Germ (EG) Cells, and Embryonic Carcinoms (EC)
Cells. These EC cells can be isolated from teratocarcinomas, a tumor that occasionally occurs in

the gonad of a fotus, Unlike the other two, they are usually ancuploidy.

As used herein, the term “nultipotent stem cells” are true stem cells but can only differentiate
into a limited nuraber of types. For example, the bone marrow contains multipotent stem cells
that give risc to all the cells of the blood but may not be able to differentiate into other cells

types.

By the term “animal-free” when referring to certain compositions, growth conditions, culture
media, ¢te. described herein, is meant that no non-human animal-derived materials, such as bovine
serum, proteins, lipids, carbohydrates, nucleic acids, vitamins, ete., are used in the preparation,
growth, culturing, expansion, storage or formulation of the certain composition or process. By “no
non-human animal-derived materials” is meant that the materials have never been in or in contact

with a non-human animal body or substance so they are not xeno-contaminated.

As used herein, the term “feeder cells” is intended to mean additional cells playing a role as an
aid, which are used to adjust culture conditions, for exaraple, for target pluripotent stem cells to be
proliferated or differentiated. For example, feeder cells, particularly animal feeder cells such as
mouse-derived primary cultured fibroblasts, are responsible for providing g scaffold for cell
adhesion and supplying growth factors required for stem cells. Accordingly, by “feeder free” or
“free” of feeder cells s meant that no feeder cells are used in the preparation, growth, culturing,

expansion, storage or formulation of the certain compostiion or process.

By the term “expanded,” in reference to cell compositions, means that the cell population
constitutes a significantly higher concentration of cells than is obtained using previous methods.

For example, an “expanded” population has at least a 2 fold, and up to 2 10 fold, improvement in
>
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cell numbers per gram of tissue over previous methods. The term “expanded” 18 meant to cover

only those stfuatious 1o which a person has intervened to elevate the number of the cells.

As used herein, the term “passage” means a cell calture technque 1o which cells growiong in culture
that have attained confluence or are close to confluence in a tissue culture vessel are removed from
the vessel, diluted with fresh cultore woedia (e.g., diluted 1:5) and placed into a new tissue culture
vessel to allow for their continued growth and viability. For example, LSCs isolated from the
iimbus are referred to as primary cells. Such cells are expanded in culture by being grown in the
growth medium described herein. When such primary cells are subcultured, each round of
subculturing is referred to as a passage. As used hercin, “primary culture” means the freshly

isolated cell population from a subject.

As used herein, the term “differentiation” means the process by which cells become progressively
more specialized. When used herein to describe pluripotent stem cells, the term “differentiation”
18 intended to racan a change that causes the pluripotent stem cells to lose their differentiation
pluripotency (i.c., potential ability to differentiate into all tissues) and to have characters as cells

constifuting a specific tissue.

The term “physiclogical level” as used hercin mcans the level that a substance in a living system

is found and that is relevant o the proper functioning of a biochemical and/or bislogical process.

As used herein, the term “pooled” means a pharality of compositions that have been combined to
create a new coraposition having more constant or consistent characteristics as compared to the

non-pooled compositions.

The term “therapeutically effective amount” means that amount of a therapeutic agent necessary

to achieve a desired phystological effect (for exaruple, repair or promote corneal healing).

The term “lysate” as used herein refers to the coraposition obtained when cells, for exarple, LSCs
arc lysed and optionally the cellular debris {e.g., celiular membranes) is removed. This may be
achicved by mechanical means, by freezing and thawing, by sonication, by use of detergents, such
as EDTA, or by enzymatic digestion using, for example, trypsin, chymotrypsin, collagenases,
elastase, hyaluronidase, dispase, proteases, and nucleases, as wel as commercial products such as

Stem Pro Accutase. In sore instances, it may be desirable to byse the cells and retain the celiular
5 - o
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membrane portion and discard the remaining portion of the lysed cells.

As used herein, the term “pharmaceutically acceptable” means that the components, in addition to
the therapeutic agent, coraprising the formulation, are suitable for adnunistration to the paticot

being treated in accordance with the present invention.

As used herein, the term “tissue” refers to an aggregation of similarly specialized cells united in

the performance of a particular function.

The term “transplantation” as used herein refers to the adminisiration of a composition comprising
cells, including a cell suspension or cells incorporated into a matrix or tissug, that are either in an

undifferentiated, partially differentiated, or fully differcutisted form, 1nto a human or other animal.

As used herein, the term “adjunctive” means jointly, together with, in addition to, in conjunction

with, and the fike.

As used herein, the term “co-administer” can include simultaneous or sequential administration of

tWO OF ImoTe agents.

The terms “subject” and “individual” arc used interchangeably. As used herein, both terms mean
any animal, such as a mammal, inchiding a human and/or non-human. The terms patient, subject,
and mdividual arc used interchangeably. None of the terms are to be interpreted as requiring the
supervision of a medical professional (e.g., a doctor, nurse, physician’s assistant, orderly, hospice

worker).

The terms “treat,” “treating” or “treatment,” as used herein, include alicviating, abating and/or
amehiorating a disease and/or condition symptoms, preventing additional symptoms, ameliorating
and/or preventing the underlying metabolic causes of symptoms, inhibiting the discase and/or
condition, ¢.g., arresting the development of the discase and/or condition, relieving the discase
and/or condition, causing regression of the disease and/or condition, relieving a condition caused
by the discase and/or condition, and/or stopping the symptoms of the disease and/or condition

either prophylactically or therapeutically.

The term “ophthalmically acceptable” with respect to a formulation, composition or ingredient as

uscd herein rocans having no persistent effect that 18 substantially detrimental to the treated eve or
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the functioning thereof, or on the general health of the subject being treated. It will be recognized
that transient effects such as minor irvitation or a “stinging” sensation are common with topical
ophthalmic administration of drugs and the existence of such transient effects is not inconsistent
with the formulation, composttion or ingredient in question being “ophthalmically acceptable” as
herein defined. However, preferred formulations, compositions and ingredients are those that

cause no substantial detrimental effect, even of a transient nature,

As used herein, the term "matrix” refers fo any substance to which the lirabal stem cells and/or
progenitors thereof can adhere and which therefore can substitute the cell attachment function of
feeder cells, or supports the adherence thercof, such as an attachruent factor. Particularly suitable
for use with the present invention are extracellular roatrix components derived from bascment
membrane or extracellular matrix components that form part of adhesion molecule receptor-ligand
couplings. Non-linniting exaroples of sutable matrices which can be used by the wethod of this
aspect of the present invention include mammalian amniotic membrane {¢.g., human amniotic
merbrane), collagen {¢.g., collagen IV}, fibrinogen, perlecan, laminin, fibronectin, proteoglycan,
procollagens, hyaluronic acid, entactin, heparan sulfate, tenascin, poly-L-lysine, gelatin, poly-L-
ornithine, and the like, or any combinations thereof. Alternatively, the extracellular matrix s
commercially available. Examples of commercially available extracellular matrices are

-

extracellular matrix proteins (Fischer or Life Tech), fibrinogen and thrombin sheet {Reliance Life),
and Matrigel™ (BD Biosciences) and their cquavalents. In cases where complete animal-free
culturing conditions are desired, the matrix is derived from a human source or synthesized using
recombinant technigues. Such matrices include, for example, human amniotic membrane, human-
derived fibronectin, recombinant fibronectin matrix which can be obtained from Sigma, St. Lowis,
MO, USA or can be produced using known recombinant DNA technology (see, for example, US.
Pat. No. 6,152,142, and Tseng et al,, (1997 Am. }. Ophthalmol. 124:765-774, cach incorporated

hercin by reference).

In accordance with the present invention there may be employed conventional molecular biology,
microbiclogy, and recombinant DNA techniques within the skill of the art. Such techniques are
explained fully in the literature. See, ¢.g., Sambrook et al, 2001, “Molecular Cloning: A Laboratory
Manual”; Ausubel, ed., 1994, “Current Protocols in Molecular Biology” Volumes I-1IE Celis, ed.,

1994, “Cell Biology: A Laboratory Handbook” Volumes -, Coligan, ed., 1994, “Current
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Protocols in Immunology” Volumes -111; Gait ed., 1984, “Oligonucleotide Synthesis”; Hames &
Higgins eds., 19835, “Nucleic Acid Hybridization”; Hames & Higgios, eds., 1984, “Transcription
And Translation”; Freshney, ed., 1986, “Animal Cell Culture”; IRL Press, 1986, “Immobilized

Cells And Enzyroes”; Perbal, 1984, “A Practical Guide To Molecular Cloning.™”

Where a range of values 1s provided, it is understood that cach intervening value, to the tenth of
the unit of the lower limit unless the context clearly dictates otherwise, between the upper and
lower himit of that range and any other stated or intcrvening value in that stated range is
encompassed within the invention. The upper and lower Himits of these smaller ranges may
independently be included 1 the smaller ranges is also encompassed within the mvention, subject
to any specifically excluded limit in the stated range. Where the stated range meludes one or both
of the limits, ranges excluding cither both of those included limits are alse included in the

invention,

As used herein, the term “about” when used before a nurnerical designation, e.g., temperature,
time, amount, concentration, and such other, including a range, indicates approximations which

P

may vary by {(+ yor (-} 10 %, 3 % or 1 %.

As used herein, the terro “substantially free” inchudes being free of a given sabstance or cell type
or nearly free of that substance or cell type, e.g. having less than about 1 % of the given substance

or cell type.

It must be noted that as used herein and 1o the appended clatrus, the singular forms “a,” “and” and

“the” inchude plural references unless the context clearly dictates otherwise.

As used herein, the terms “comprising” or “comprises’” is intended to mean that the compositions
and methods mchude the recited elements, but not excluding others. “Consisting cssentially of”
when used to define composttions and methods, shall mean excluding other elements of any
cssential significance to the combination for the stated purpose. Thus, a composition consisting
essentially of the elements as defined herein would not exclude other matenials or steps that do not
materially affect the basic and novel characteristic(s) of the present disclosure. “Consisting of”
shall mean excluding more than trace elements of other ingredients and substantial method steps.
Embodiments defined by each of these transition terms are within the scope of the present

disclosure.
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Unless defined otherwise, all technical and scientific terms used herein have the same meaning as
commounly understood by one of ordinary slall in the art to which this fovention belongs. Although
any methods and materials similar or equivalent to those described herein can also be used in the

practice ot testing of the prescut invention, the preferred methods and materials are now described.
COMPOSITIONS OF THE INVENTION

The invention provides an 1solated Hmbal stem or progenitor cell (LSC) population or LSC-like
popuiation comprising a chemically synthesized, recombinant or isclated nucleic acid encoding
PAX6 imtegrated inte a chromosome, or alternatively, not integrated remaining 4s an
extrachromosomal genetic material, wherein the isolated LSC population 18 substantially free of
non-LSC cells or wherein the LSC-like population is substantially free of non-LSC-like cells, or
wherein the isolated LSC or LSC-like population is substantially free of non-LSC and non-LSC-
itke cells. The LSC population or LSC-like population may be from a mammal such as a human.
The LSC population or LSC-like population may be genetically modified,  Further, the L5C
population or LSC-like population may remain or may be maintained as LSC or LSC-like cell

fate,

In one embodiment of the invention, the chemically synthesized, recombinant or isolated nucleic
acid can express PAX6 or a fragment thereof. The PAXS or a fragment thereof may maintain LSC
or LSC-like state or can direct a stem cell or progerutor cell to a LSC or LSC-like state. Further,
the L8C or LSC-like state may restrict a cell population to a differentiation pathway resulting in
corneal epithelial cells (CECs). In another embodiment, the PAX6 or a fragrent thereof maintains
LSC or LSC-like state or directs a stem cell or progenitor cell to a LSC or LSC-like state, and
further the LSC or LSC-hike state restricts a cell population to a differentiation pathway resulting

in corneal epithelial cells.

fn a further eraboditaent of the imvention, 90-95% ot the LSC population or LSC-like population
expresses pd3, PAX6, K19 and Ki67. In another embodiment, less than 5% of the LSC population
expresses K5 and K14, In yet avother embodiment, greater than 95% of the LSC population
expresses WNT7A and FZDS5. In vet a further embodiment, less than 5% of the LSC-hke

population expresses WNTTA,
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fn another emobodiment of the wmvention, the corneal epithelial cells express PAX6 and corneal

epithelial markers, K3 and K12,

in one embodiment, Isolated LSCs express a set of markers comprising WNT7A, FZDS, PAXS,
pé3, keratin 5 (K5), keratin 14 (K14), keratin 19 (K19}, and Ki67. In another embodiment, 30-
95% of the LSCs express p63, PAX6, K19 and Ki67. In yet another embodiment, greater than
95% of the LSCs cxpress WNTT7A and FZDS. In another emnbodiment, less than 5% of the LSCs
express K5 and K14, In vet a further erubodimuent, 90-95% of the LSCs express p63, PAX6, K19
and Ki67, greater than 95% of the LSCs express WINTTA and FZD3, and less than 5% of the
LSCs express K5 and K14,

For cxample, Limbal stem or progenitor cell-like cells or LSC-like cells are non-LSC stem cells |
e.g., skin epithelial stem cells (SESCs), which upon overexpression of PAXG6 to a sufficient
amount switches or adopts a “LSC-like” state. In one embodiroent, a stern cell switched to a
“L.SC-like” state has induced K19 expression coincident with expression of both p63 and PAX6
in the nucleus. In another embodiment, when a “LSC-like” cell s placed in three-dimensional
culture {erubedded n reduced growth factor Matrigel) 1o the presence of LSC differentiation
medium, the “LSC-like” cells differentiate to “CEC-like” cells with increased corneal K3 and
K12 expression and concoritant decreased skin K1 and K10 expression. For example, corneal
K3 expression may be about 9.4-fold higher in CEC-like cells produced by 3D differentiation of
PAX6-overexpressed SESCs {which convert to a LSC lincage rather than remain as comrattted

SESCs) than similarly treated SESCs but not overexpressing PAXS6.

The invention further provides a defined cell population comprising a plarality of the celis of LSC
population or LSC-itke population. The defined cell population may be homogenous or
heterogencous. The defined cell population may be clonal or derived from a single cell. The
invention further provides a progeny cell of the LSC population or LSC-like population,
committed to develop into a corneal epithelial cell. Additionally, the invention also provides tissue

comprised of the cells of the LSC population or LSC-like population.
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The invention further provides pharmaccutical compositions comprising the LSC population or
LSC-like population and a suitable carrier. In one embodiment of the invention, the LSC population
or LSC-like population may be be cultured for at least 17 passages without differentiating to CECs.
Additionally, in another erabodirnent of the invention, the percentage of cells expressing PAX6
and p6b3 at passage 3 is the same as the percentage at passage 17, In a further embodiment of the
invention, the percentage of cells expressing K19 and Ki67 at passage 3 is slightly greater than the
percentage at passage 17 ov later. In vet a further erabodimoent of the invention the LSC population
or L8C-like population of the invention comprises cells that may be stably propagated for 40-60
generations without differentiating to CECs. Further, in one embodiment of the invention, the LSC

population or LSC-like population may differentiate info a corneal epithelial cell population.

Additionally, the invention also provides tissue comprised of the cells the LSC population or
LSC-like population of the invention. Further, the invention additional provides methods of
forming tissue in a subject comprising introducing the progeny cell of the the LSC population
or LSC-like population of the invention into or onto a subject in a sufficient amount to form

corneal epithelial cells in said subject.

The invention additionally provides an isolated skin epithelial stern ccll (SESC) population or
SESC-like population comprising a chemically synthesized, recombinant or isolated nucleic acid
encoding PAXS6 integrated into a chromosome, or alternatively, not integrated, remaining as an
extrachromosorsal genetic material, wherein the isolated SESC population is substantially free of
non-SESC cells. Further, the SESC-like population may be substantially free of non-SESC-like
cells, or the 1solated SESC or SESC-like population may be substantially free of non-SESC and
non-SESC-like cells, or further still the isolated SESC or SESC-ike population may be
substantially free of non-SESC, non-SESC-like, non-LSC and non-LSC-like cells. Additionally,
in one embodiment of the invention, the chemically synthesized, recombinant or isolated nucleic
acid can express PAXG6 or g fragment thereof, which can mamntain LSC or LSC-like state or can
direct a stem cell or progenitor cell to a LSC or LSC-hike state, and which, in turn, may restrict the
cell population to a differentiation pathway resulting in corneal cpithelial cells. In another
embodiment of the invention, the chemically synthesized, recombinant or isolated nucleic acd

expresses PAX6 or a fragment thereof, which directs SESC or SESC-like cell to a LSC or LSC-
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itke state, which, in turn, may restrict the cell population to a differentiation pathway resulting in
corneal epithelial cells. The SESC population or SESC-hike population may be from a mammal
such as a human. The SESC population or SESC-like population may be genetically modified.
Further, the SESC population or SESC-like population may switche from a SESC or SESC-like
cell fate to a LSC or L8C-like cell fate,

in one cmbodiment, about 90-95% of the cell population expresses p63, K5 and Ki67 while
remaining in a SESC or SESC-hike cell fate. Tn another embodiment, about K3 or K12expression
is not detected in cells remaining in a SESC or SESC-like cell fate. In yet a further embodiment,
WINTT7A 15 expressed in cells rernaining in a SESC or SESC-like cell fate at about 4-5 fold lower
level than the level in L8C cells. In yet another embodiment, PAXS is not expressed or expressed
in cells remaining in a SESC or SESC-like cell fate at a level less than about one cighth of the
level in LSC cells. In an additional embodiment, WNT7A is expressed in more than 70% of cells
remaining in a SESC-like fate. In yet an additional embodiment, 90-95% of cells in the population
that switched to a LSC or LSC-like cell fate expresses p63, PAX6, K19 and Ki67. Additionally, |
an embodiment of the invention, the skin cpidermal cells express skin epidermal differentiation

markers, K1 and K10.

Additionally, the mvention further provides pharmaceutical compositions coraprising the SESC
population or SESC-like population and a suitable carrier. In one embodiment of the invention,
the SESC population or SESC-like population of the mvention may be cultured for at least 17
passages without differentiating to skin epiderroal cells or corneal epithelial cells. In one
embodiment, the SESC population or SESC-like population may comprise cells which can be
stably propagated for 40-60 generations without differentiating to skin epidermal cells or corneal
epithelial cells. In a further embodiment, the SESC population or SESC-like population may
comprisc SESC or SESC-like cells that have switched cell fate to a8 L3C or LS8C-like cell fate.
Further, in one embodiment, the SEST population or SESC-like population has adopted a LSC or
LSC-like cell fate and the SESC or SESC-like ccll fate 1s absent. The SESC population or SESC-
like population may differentiate into corneal epithelial cells. In one embodiment, the SESC
population or SESC-like population may differentiate into corneal cpithelial cells, which are

substantially free of skin epidermal cells.
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The invention further provides a defined cell population comprising a plurality of the cells of
SESC peopulation or SESC-like population. The defined cell population may be homogenous
or heterogenecus. The defined cell population may be clonal or derived from a single cell.
The invention further provides a progeny cell of the SESC population or SESC-like population,

committed to develop into a corneal epithelial cell.

Additionally, the invention also provides tissue comprised of the celis of the SESC population
or SESC-like population of the invention. Further, the invention additional provides methods of
forming tissue in a subject comprising introducing the progeny cell of the SESC population or
SESC-like population of the invention inte or onto a subject in a sufficient amount to form

corneal epithelial cells in said subject.
METHODS OF THE INVENTION

In ove embodiment of the wvention, the present disclosure relates to the culture of mammalian
fimbal stem cells (LSCTs). The limbal stem cells are derived from corneoscleral or corneal imbus
tissue from a hurnan donor. In particular, the present disclosure 1s a system with sclf-regenerating
limbal stem cells, and can comprise a large population of LSCs, for example at least about 70%,
at least about 80%, or at lcast about 90% himbal stem cells. A typical procedure for isolating
corneal limbal tissue is to surgically remove a small biopsy consisting of (.8-3 mm?® of limbal
tissue from the superior or temporal quadrant of the corneal surface of the donor's eye. Procedures
for obtaining such biopsies frora the corneal limbus, for example by lamelar keratectomy, are
known to those of skill in the art. The donor of the limbal tissue biopsy used to generate the limbal
stem cells may also be the recipicnt of the tissue system transplant, woplant, or graft (e,
autologous tissue systern ). Alternatively, when the donor of the limbal tissue biopsy is not the
recipient, the donor is in an example a bio-compatible donor, for exaraple a close relative of the
recipient of the transplant or graft, or may also be from a bio-compatible (e.g., histocompatible)
cadaver {(i.c., allogeneic tissue system). It 1s generally desirable that transplanted cells or tissues
be genctically compatible or identical to the recipient of the transplant in order to avoid probleros

with tissue rejection.

The LSCs of the present disclosure are undifferentiated or substantially undifferentiated cells that

have the potential to differcotiate into corneal epithelial cells. Morphological characteristics of
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undifferentiated cells are well known to those of skill in the art. Those of skill in this technology
understand that cells useful m embodiments of the invention such as Hmbal stem cells of the
corneal epithelium can be characterized by a number of complementary factors such as the in vivo
stie from which they are obtained, and/or their morphology or size (e.g. average diameter), as well
as the presence, absence and/or expression levels of biomarkers such as the ATP-binding cassette
subfamily G member 2 (ABCG2), transcription factor p63, Bmu-1, Notch-1, stage-specific

g
I
i

embryonic antigen-4 (S8SEA4), stage-specific embryonic antigen-3 (S8SEA3), N-cadherin, CD73,
CD105, CD34, CD117, Oct-4, Ki67, Nanog, Rex 1, Sox2, Tra-1-60, Tra-1-81, Stern Cell Factor,
and cytokeratins (K such as K1, K3, KS, K10, K12, K14 or K15, K19 and Desrooglein-3 {see,
¢.g. Nakatsu ef ¢/, Investigative Ophthalmology & Visual Science 2011;52:4734-4741; Truong ef
al., Tovest Ophthalwol Vis Sci. 2011:52:6315-6320; Dua er o/, Surv Ophthalweol, 2000 Mar-
Apri44(5%415-25; Watson ef af., Curr Eye Res. 2013 Apr 10; Meyer-Blazejewska ef o/, Invest
Ophthalmol Vis Sci. 2010 Feb;51(2):765-74; and Rama ef ¢/, N Engl T Med 2010;363; 147-55;
Thomson ef af., (Science 282:1145-1147, 1998}, Reubinoft er ¢f. (Nature Biotech. 18:399-403,
2000)). In illustrative erobodiments of the invention, the human limbal stem cells exhibit an
expression profile characterized by examining the expression of one or more of ATP-binding
cassette subfamily G member 2 (ABCG2), -transeription factor p63a, stage-specific embryonic
antigen-4 {SSEA4), N-cadherin, and cytokeratins (1) such as K1, K3, K5, K10, K12, Kid or K135,
In embodiments of the invention, other characteristics of the human limbal stem cells or feeder

cells arve also wdentified or characterized, for example cellular size or morphology.

For exarople, once a biopsy is reraoved from a donor, i must be cared for in a manner such that a
sufficient portion of the limbal tissue biopsy remains viable so as to permit isolation of limbal stem
cells, In one erabodimucnt, the limbal tissuc biopsy 18 transported or stored i a medium which
supports the viability of the biopsy. An example of mediom for storing or transporting the biopsy
can comprise Dulbecco's Moditied Fagles Medium (DMEM) and Ham's F-12 (ratio 1.1}, DMSQO
(0.1-0.5%), recombinant human epidermal growth factor FhEGF; 0.5-2 ng/ml), jnsulin (0.3-5
ng/mly, transferrin (0.5-5 pg/mly, sodium selenite (0.5-5 pg/mi), hydrocortisone (0.1-0.5 ug/ml},
cholera toxin A (0.01-0.1 wmol/l), gentarayain (10-50 pg/mdy, and amphotericin B (0.5-1.25
pug/ml). Alternatively, the medium may be substituted with functionally equivalent components or
with different antibiotics. The medium can further be supplemented with human cord blood serurn

(3-5%}. The limbal cell biopsies can be placed in culture within 48 hours of surgical removal from
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the donor.

Limbal stem cells may be purified directly from tissue biopsy prior or subsequent to transportation.
The Hmbal tissue biopsy may cither be cultured as an intact explant, or roay be dissociated into a
single {(or reduced) cell suspension prior to being cultured. For example, the tissue may be purified
for certain populations with increased biological activity., Purification may be performed using
means known in the art, or may be achieved by positive selection for LSC markers as deseribed
hercin. In one embodiment of the nvention, limbal stern cclls are mechanically degraded 1n a
sterile manner and treated with enzymes to allow dissociation of the cells from the collected tissue.
Such enzymes include, but not restricted to irypsin, chymotrypsin, collagenases, clastase
hyvlauronidase and/or commercial products such as Stem Pro Accutase (Fischer). Suspension of
itmbal stem cells are subsequently washed, assessed for viability, and may cither be used directly
for the practice of the invention or cultured for expansion. In soroe sttuations it will be desirable
to expand cells before use for gencration by conditioned media. Expansion can be performed by

culture ex vive with specific factors as described herein.

After hmbal tissue 18 biopsied from a dovor, it is placed in culture with colture media, and n one
embodiment with an appropriate support matrix, such as an extracellular matrix or biocoated
surface, for example extraccllular matrix carrier or biocoated petri dishes. In onc cmbodiment, the
presence of a support matrix facilitates the binding of the himbal stem cells in the biopsy to the
tissuc culture plate or vesscl, thereby facilitating the growth of the lirabal stern celis. The explant

can be cut into sruall picces before being placed 1o culture.

Hurman ampiotic maembrane may be prepared o enhance the growth of limbal stem cells by
removing endogenous amniotic epithelial cells by freeze-thawing, enzymatic digestion, and
roechanical scraping, followed by the treatment of the surface with growth factors, extracellular
matrix compounds, and/or adherence-cnhancing molecules. In one embodiment, the amniotic
merbrane, with the basement roembrane or stromal side up, 15 attixed srooothly onto a culture

plate for culturing LS8Cs.

Any medium capable of supporting LSCs in vitre may be used to culture the L8Cs. Media
formulations that can support the growth of LSCs include, but are not limited to, Miniraum

Essential Medium Eagle, ADC-1, LPM (Bovine Serum Albumin-free), FI0(HAM), F12 (HAM},
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DCCMI, DCCM2, RPMI 1640, BGJ Medium (with and without Fitton-Jackson Modification),
Basal Medium Eagle (BME—with the addition of Earle's salt base), Dulbecco’s Modified Eagle
Medium (DMEM-without serum), Yamane, IMEM-20, Glasgow Modification Eagle Medium
{GMEM), Letbovitz L-15 Mediuro, McCoy's SA Medium, Medivm M 199 (M199E—with Harle's
salt base}, Medium M199 (M199H-—with Hank's salt base), Minimum Essential Medinm Eagle
{(MEM-E—with Harle's salt base), Minirourn Esscntial Medium Eagle (MEM-H—with Hank's salt
base} and Minimum Essential Medium Hagle (MEM-NAA with non essential amino acids), alpha
modified Minimal Essential Medium (oMEM), and Roswell Park Mermorial Institute Media 1640
(RPMI Media 1640), EPILIFE"Y culture ruedium for epithelial cells (Cascade Biologicals), OPTI-
PRO™ serum-free culture medium, VP-SFM serum-free medium, IMBM highly enriched basal
mediam, KNOCKOUT™ DMEM low osmolality medivm, 293 SFM H defined serurn-free
medium (all made by Gibeo; Invitrogen), HPGM hematopoictic progenitor growth medium, Pro
2935-CDM serum-free medium, Pro 293A-CDM serum-free medivm, UltraMDCK™ serum-free
medium {(all made by Cambrex), STEMLINE® T-cell expansion medium and STEMLINE® I
hematopoietic stem cell expansion medium (both made by Sigma-Aldrich), DMEM culture
medium, DMEM/F-12 putrient mixture growth mediuvm (both made by Gibeo), Ham's F-12
nutrient mixture growth medium, M199 basal culture medium (both made by Sigma-Aldrich), and
other comparable basal media, and the hike; among numerous others, including medium 199,
CMRL 1415, CMRL 1969, CMRL 1066, NCTC 135, MB 75261, MAB 8713. DM 145, Williams'
(G, Neaman & Tytell, Higuchi, MCDB 301, MCDB 202, MCDB 301, MCDB 401, MCDB 411,
MIBC 153, A preferred medium for use in the present invention is BMEM. These and other usetful
media are available from GIBCO, Grand Island, N.Y., USA and Biclogical Industrics, Bet
HaEmek, Israel, among others. A unumber of these media are summarized in Methods in
Enzymology, Volume LVHI, “Cell Calture”, pp. 62-72, cdited by Williar B. Jakoby and fra H.

Pastan, published by Academic Press, Inc.

Additional non-limiting examples of media useful in the methods of the invention can contain fetal
serum of bovine, calf serum or serum of other species at a concentration of at least 1% to about
30%, at least about 5% to 15%, e.g., about 10%. In certain embodiments, i may be preferably to

use human serum.

i a preferred embodiments, the medium used in the invention is a feeder-free, scrum-free and
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xeno-free medium.  For example, the media used to prepare the tissue system, including the
roediam used to transport the limbal tissue biopsies, the medium used to culture the biopsies, the
enriched medium used to culture the limbal stem cells, and the medium used to transport the tissue
systern, do not contain any sera or other factors of animal origin. This will help minimize any sk
of contamination of the tissue system with xenogenic components, thereby making the tissue
systems safe for human administration. In a most preferred embodiment, the feeder-free, serum-
free and xeno-free medium is a chemically defined medium in which all components in the
medium are chemically defined and do not contain undefined aniroal-derived or human-derived

products.

For general techniques relating to cell culture and culturing stem cells, which can be applied to
culturing LSCs, the practitioner can refer to standard textbooks and reviews, for example: E. L
Robertson, “Teratocarcinoras and emabryonic stem cells: A practical approach” ed., IRL Press
ttd. 1987, Hu and Aunins (1997), Curr. Opin. Biotechnol. ¥:148-153; Kitano (1991},
Biotechnology 17:73-106; Spier (1991, Curr. Opin. Biotechnol. 2:375-79; Birch and Arathoon
{1990}, Bioprocess Technol 10:251-70; Xu er af. (2001}, Nat. Biotechnol. 19(10):971-4; and

Lebkowski ef af. (2001) Cancer J. 7 Suppl. 2:883-93, cach mceorporated herein by reference.

A further embodiment of a method according to the nvention comprises a culture racdinm
comprising a ROCK (Rho-associated protein kinase} inhibitor. The addition of a ROCK inhibitor
was tound to prevent anoikis, especially when culturing stem cells. The ROCK inhibitor arc
known 1o the art and in one example, selected from R)-(+)-traus-4-(1-aminoethyl }-N-{4-
Pyridylicyclohexanecarboxamide dihydrochloride monohydrate (Y-27632; Sigma-Aldrich), 5-
{1,4-diazepan-1-visulfonyl) isoquinotine (fasudi or HA 1077, Cayman Chemucal}, H-1152, H-
11529, (S)-(+)-2-Methyl-1-[{(4-methyl-S-isoquinolinyljsulfonyl thomopiperazine, 2HCEL ROCK
Inhibitor, Dimethylfasudil (diMF, H-1152P), N-(4-Pyridyl}-N"  ~(2,4,6-trichlorophenyljurca, Y-
39083, W-536, SNI-1656, and (S)-(+)-2-methyl-1-[{4-methyl-5-isoquinolinylsulfonyl}-
hexahydro-1H-~1 4-diazepine dibydrochloride (H-1152; Tocns Bioscience), and s derivatives
and analogs. Companies currently developing Rho-kinase inhibitors include Senju
Pharmaceuticals {Osaka, Japan), Novartis (Basel, Switzerland), Kowa Pharmaceutical (Nagova,
Japan}, Santen, working with Ube Industries (Tokyo, Japan), and Inspire Pharmaceuticals

{Durham, N.C.}. - See more in a review on Rho-kinase inhibitors by Lama Al-Aswad, published
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March 20, 2009 in an online newsletter associated with an online journal, Review of
Opthalmology Onlive at:

http//www.revophth.conv/content/d/glavcoma management/d/1222/p/23008/¢/22947 /#sthash. H1
6F1ABU dpuf. Additional ROCK inhibitors include ivmidazole-coutaining benzodiazepines and
analogs (see, e.g., W 97/30992}. Others include those described in International Application
Publication Nos.: WO 01/56988; WO §2/100833; WO 03/059913; WO 02/076976; WO
04/029045; WO 83/064397, WO 04/039796, WO 85/003101;, WO 82/085909;, WO 03/0K2808,
WO 03/080610; WO 04/112719; WO 03/062225; and WO 03/062227, for example. In some of
these cases, motifs i the inhibitors 1nclade an indazole core; a 2-aminopyridine/pyrimidine core;
a 9-deazaguanine derivative; benzamide-comprising; aminofurazan-comprising; and/or a

combination thereof

Rock 1ohibitors also include negative regulators of ROCK activation such as stuall GTP-binding
proteins {¢.g., Gem, RhoE, and Rad), which can attenmate ROCK activity. In specific embodiments
of the disclosure, ROCK 1s targeted instead of ROCKZ, for example, WO 03/080610 relates o
imidazopyridine derivatives as kinase inhibitors, such as ROCK inhibitors, and methods for
hibiting the effects of ROCKT and/or ROCK2, The disclosures of the applications cited above
are incorporated herein by reference. The Rho ihibitor can also act downstream by interaction
with ROCK (Rho-activated kinase) leading to an inhibition of Rho. Such mhibitors are described
in U.S. Pat. No. 6,642,263 (the disclosures of which are ncorporated by reference herein in their
entirety). Other Rho inhibitors that may be used are described m U.S. Pat. Nos. 6,642,263, and
6,451,825, Such inhibitors can be wdentified using conventional cell screening assays, e.g.,
described in U.S. Pat. No. 6,620,591 (all of which are herein incorporated by reference in their

entirety).

Culture medium can also include growth factors, cytokines, and hormones necessary for culturing
LSCs at appropriate concentrations in the medium. Media useful in the methods of the invention
rnay also contain one or more compounds of interest, including but not limited to antibiotics, anti-
inflammatory, antiviral, mitogenic or differentiation compounds useful for the culturing of LSCs.
The cells may be grown in one non-limiting embodiment, at temperatures between about 277

to 43° C., m another non-limuting embodiment at about 31° €. to 37° €., and in another non-

fimiting embodiment in a humidified incubator. The carbon dioxide content may be maintained
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between about 2% to 10% and the oxygen content may be maintained between about 1% and 22%;
however, the invention should in no way be construed to be imited to any one method of isolating
and culturing LSCs. Rather, any method of isolating and culturing LSCs should be construed to be

included in the present invention.

The media may also be supplervented with growth factors. As used herein, the term “growth
factor” refers to proteins that bind to receptors on the cell surface with the primary result of
tissue are, for example, sclected from eptdermal growth factor {EGF), basic fibroblast growth
factor (bFGF), leukernia mhibitory factor (LIF), nerve growth factor (NGF), isulin growth factor
(IGF), TGF-beta, hepatocyie growth factor, keratinocyte growth factor, insulin, sodium selenite,
human transferrin, or human leukemia inhibitory factor (hLIF), bovine pituitary extract, and the
like, as well as combinations thereof. However, any suttable culture media knowu to those of skill
in the art may be used. In certain embodiments, the limbal cells are treated with cytokines or other
growth factors that cause the LSCs to preferably proliferate in the culture. Other factors used for
culturing limbal cells can be selected from DMSO and hydrocortisone, glhicose, L-ghitamine, folic
acid, sodium bicarbonate, adenine, CaCl2, progesterone, cthanolamine, triodothyronine,

phosphoryiethanolamine, and the like.

In certain embodiments, the antibiotic is a macrolide (e.g., tobramycin (TOBRI®}), a cephalosporin
{e.g., cephalexin (KEFLEX®™)), cephradine (VELOSEF®)), cefuroxime (CEFTIN®, cefprozil
(CEFZIL®), cefaclor (CECLORY), cefixime (SUPRAX® or cefadroxil (DURICEF®), a
clarithromyein (e.g., clarithromycin (Biaxin}), an erythromyein {e.g., erythromycin (EMYCIN®)),
a penicillin {e.g., peniciflin V (V-CILLINK" or PEN VEEK®)) or a quinolone {(e.g., ofloxacin
(FLOXIN®™), ciprofloxacin (CIPRO®) omorfloxacin (NOROXIN™}), aminoglycoside antibiotics
{c.g., apramycin, arbekacin, bambermycins, butirosin, dibekacin, ncomycin, necoraycin,
undecylenate, nettlmicin, paromomycin, ribostamycin, sisomicin, and  spectinomycing,
amphentcol antibiotics (e.g., azidamfenicol, chioramphenicol, florfenicol, and thiamphenicol),
ansamycin antibiotics {e.g., rifamide and rifampin), carbacephems {e.g., loracarbef), carbapenems
{c.g., biapenem and imipenem), cephalosporing {c.g., ccfaclor, cefadroxil, cefamandole,
cefatrizine, cefazedone, cefozopran, cefpimzole, cefpiramide, and cefpirorae), cephamycins {(e.g.,

cetbuperazone, cefinetazole, and cefininox), monobactams (e.g., aztreonam, carumonam, and
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tigemonam), oxacephems {c.g., flomoxef, and moxalactam), penicilling {e.g., amdinocillin,
amdinocillin pivoxil, amoxiciilin, bacampicillin, benzylpenicithinic acid, benzylpenicillin sodium,
epicillin, fenbenicillin, floxacillin, penamccillin, pencthamate hydriodide, penicillin o-
benethamine, penicillin 0, pendcihin V, penicillin V benzathine, penicilhin V hydrabamine,
penimepicycline, and phencibicillin potassiumy}, lincosamides (e.g., clindamycin, and lincomycin},
macrolides {¢.g., azithromycin, carbomycin, clarithoruyein, dirithrorayein, erythromyein, and
erythromycin acistrate), amphomyein, bacitracin, capreomycin, colistin, enduracidin, enviemycin,
tetracyclines {e.g., apicychne, chlortetracychne, clomocyeline, and derneclocychne), 2,4-
diarmivopyrivoidines {e.g., brodirsoprive), nitrtofurans (e.g., furaltadone, and furazoliom chilovide),
quinolones and analogs thereof {(e.g., cinoxacin, ciprofloxacin, clinafloxacin, flumequine, and
grepagloxacin),  sulfonamides  {e.g, acetyl sulfamcthoxypyrazmne,  benzylsulfamide,
nopryisulfamide, phthalylsulfacetamide, sulfachrysoidine, and sulfacytine), sulfones (c.g.,

digthymosulfone, glucosulfone sodium, and solasulfone), eycloserine, mupirocin and tuberin,

Useful anti-inflaramatory agents include, but are not limited to, non-steroidal anti-inflammatory
drugs such as salicylic acid, acetylsalicylic acid, methyl salicylate, diftunisal, salsalate, olsalazine,
sulfasalazine, acctaminophen, indomethacin, sulindac, ctodolac, mefenamic acid, meclofenamate
sodium, tolmetin, ketorolac, dichlofenac, ibuprofen, naproxen, naproxen sodium, fenoprofen,
ketoprofen, flurbinprofen, oxaprozin, piroxicam, meloxicam, ampiroxicarm, droxicam, pivoxicam,
tenoxicam, nabumetome, phenylbutazone, oxyphenbutazone, antipyrine, aminopyrine, apazone
and nimesulide; leukotriene antagonists inchuding, but not limited to, zilenton, aurcthioglucose,
gold sodium thiomalate and auranofin; and other anti-mflammatory agents including, but not

limited to, methotrexate, colchicing, allopurinol, probenecid, sulfinpyrazone and benzbromarone.

Useful antiviral agents include, but are not limited to, nucleoside analogs, such as zidovudine,
acyclovir, gangeyelovir, vidarabine, idoxunidine, trifhuridine, and ribavirin, as well as foscarnet,

amantadine, rimantadine, saquinavir, indinavir, ritonavir, and the alpha-interferons.

in one embodiment, the isolated population of LSCs is cultured in medium that will allow the cells
to expand without substantially differcntiating, for example m culture mediurn enriched with
conditioned medium obtained from inactivated human embryonic fibroblast cells, culture medium
enriched with human leukemia inhibitory factor, or culture medium supplemented with one or

more soluble factors selected from the group cousisting of dimethyl sulphoxide, recombinant
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human epidermal growth factor, insulin, sodium selenite, transferrin, progesterone, putrescing,
selentte salt, hydrocortisone, and basic fibroblast growth factor. Alernatively, the LSCs are
cultured in medium that will allow the cells to differentiate into, for example, corneal epithelial
cells, using, for example, specific growth factors or media, ¢.g. comeal epitheliom culture roedia

CoT-30 (CELLRTEC, Zen-Bio) or chemically defined xeno-free culture medinm, RegES (Regea

06/015, Regea 07/046, and Regea 08/013; Rajala er o/, 2010, PLOS One 5{(4):210246).

An exernplary method of culturing the limbal tissuc biopsies is to subject the explant to dry
incubation for several minutes, either before or after placing the explant on an extracellular matrix
or biocoated tissuc culture plate. A small amount of culture mediurm 1s then added to the explant
so that i sticks to the extracellular matrix or biocoated tissue culture surface. After several hours
to a day, additional media is gently added and the explant is incubated for several days at 37° Cin
a CO; incubator, changing the wedia every alternate day. Preferably, in such an example, the
picces of the original limbal tissue biopsy are removed from the culture after stem cells begin

proliferating in the culture.

In other ernbodiments, prior to expansion, the limbal tissue biopsy may be used to generate a single
cell suspension, which is subsequently cultured to generate the tissue system disclosed herein. For
example, the limbal tissuc biopsy is washed and then enzymatically treated, for example with
trypsin-EDTA (e.g., about 0.25% for 20-30 minutes) or dispase {¢.g., overnight at 4° C.), to
generate a single cell suspension which includes LSCs. Enzymatic treatmment allows for separation
of the epithelium; therefore, strorna or mesenchymal cells may be reduced or absent in the single

cell suspension.

After the limbal tissue is cultured for several days, for example until the cells become contluent,
the L3Cs can be isolated from the colture. Preferably, in thas example, the himbal tissue calture is
allowed to grow until it is at least about 50%, 60%, 70%, 80%, 90%, or 95% confluent. In one
embodiment, the limbal cells are first dissociated from the extracellular matrix or biocoated tissue
culture plate, for example, through enzymatic digestion, for example using trypsin-EDTA or
dispase solutions. The LSCs can also be isolated from the other cells in the culture using a varicty
of methods known to those of skill in the art such as immunolabeling and fluorescence sorting, for
example solid phase adsorption, fluorescence-activated cell sorting (FACS), magnetic-affinity cell

sorting (MACS), and the like. In certain embodiments, the L3Cs are isolated through sorting, for
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example immmunofluorescence sorting of certain cell-surface markers. Two preferred methods of

sorting well known to those of skill in the art are MACS and FACS.

Sorting techniques may involve the use of appropriate stem cell markers to separate LSCs fromw
other cells in the culture. L8Cs may be identified by one or more specific surface markers using
one or wore labeled-antibody or factor that interact specifically with the marker and sorted on the
basis of the presence of a label such as a fluorescent label in the case of FACS or paramagnetic
rnaterial 1o the case of MACS. Appropriate stern cell specific surface markers that may be used to
isolate LSCs from cultured timbal cells include but are not limited to ABCGZ, transcription factor
p63, SSEA4, SSEA3, N-cadherin, CD73, CD1G5, CDA34, CD117, Oct-4, Nanog, TDGF, UTX-1,
FGF-4, Rex 1, Sox2, Tra-1-60, Tra-1-81, Stem Cell Factor, and Ki, K3, K10, K12, Kid or K15,
K19. By this means, cnriched populations of cell-surface marker positive for LSCs are obtained
from the voixed population of cells caltured frow the limbal tissue biopsy. Alternatively, the cells
can be sorted to remove undesirable cells by selecting for cell-surface markers not found on LSCs.
In the case of L3Cs isolated from limbal tissue, LSCs are negative for the following cell-surface

markers: CD34, CD45, CD14, CPB133, CD1086, Chiiic, CP123, and HLA-DR.

The enriched limbal cell cultures obtained by sorting have at least about 10%, 20%, 30%, 40%,
50%, 60%, 70%., B(%, 909%, 83%, 98%, or 99% LSCs. In alternative embodiments, mixed cell
cultures containing limbal cells are screened for the presence of LSCs by screening for expression
of certain gene markers. In the case of mixed limbal cell cultures, populations of LSCs can be
identified by the expression of gene markers such as ABCG2, trauscription factor p63, SSEA4,
SSEA3, N-cadherin, CD73, CD105, CD54, CD117, Oct-4, Nanog, TDGF, UTX-1, FGF-4, Rex 1,
Sox2, Tra-1-60, Tra-1-81, Stem Cell Factor, and K1, K3, K10, K12, K14 or K15, K19, as well as

other gene marker of undifferentiated cells, or combinations thereof.

After the population of limbal cells enriched for LSCs is 1solated using one of the above methods,
the isolated cells are preferably cultured under conditions and in a racdium that supports the growth
of L.SCs and the development of a tissue system for transplanting, implanting, or grafting onto a
damaged or discased eye. Preferably the tissue system cultured under these conditions will
comprise at least about 30%, 40%, 50%, 60%, 70%, 80%, 90%, or 95% L8Cs. In an embodiment,
the isolated LSCs are cultured on a tissue base in the presence of an enriched medium for

developing the tissue system with LSCs. Differeut factors can be added at varyimg stages of growth
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or expansion. For example, ROCK inhibitors can be added after several passages of expansion.
The tissue base can have characteristics which approximate the natural ocular surface, for example
characteristics such as being clear, thin, elastic, biocompatible, non-vascular, and non-antigenic,
and can also support the growth of LSCs, as well as normal differentiation afier trausplant, implant,

or graft.

The limbal cells comprising LSCs are cultured or passaged in an appropriate medium to allow the
LSCs to reroain in a substantially undifferentiated state. Although colonies of LSCs within the
population may be adjacent to neighboring cells that are differentiated, the culture of LSCs will
nevertheless remain substantially undifferentiated when the population 1s cultured or passaged
under appropriate conditions, and individual LSCs constitute a substantial proportion of the cell
population. Undifferentiated stem cell cultures that are substantially undifferentiated contain at
least about 20% undifferentiated L8Cs, and may countain at least about 40%, 60%, 80%, or 90%
L8Cs. For example, L8Cs in culture must be kept at an appropriate cell density at about 10%cm?,
and subcultured, while frequently exchanging the culture medium to prevent them from
differentiating. In long term culture, when the cells are passaged at about 70-90% confluence, they
ray be dispersed into small clusters or info single-cell suspensions. Typically, a single cell
suspension of cells is achieved and then seeded onto another tissue culture grade plastic dish to

achicve about 15-20% confluence after passage.

The cultures can be serially passaged for at least 10, 20, 40, 60, 80, 100 or more passages, without
LSCs substantially differentiating. The Hmbal cell cultures comprising LSCs can be cryopreserved
for further use at various time points without loss of differentiation potential, preferably, in such
case, wn freezing mediuro that comprises culture medium with about 10-90% heat inactivated
serum collected from human cord blood and about 5-10% DMSO. Alternatively, it 18 anticipated
that the freezing medium may be a chemically defined which 18 seruma-free, xeno-frec and feeder-
free. The limbal cell cultures can comprise LSCs, preserved after every passage, for example by
cryopreserving, so that additional or multiple tissue systems can be generated from a single limbal
tissue biopsy. These cryopreserved cultures will also serve as a pool of undifferentiated, self-
regenerating, and viable limbal stem cells for future use at any given point in time. For example,
these cryopreserved cultures may be used to generate additional tissue systems for autologous use

in the event of a failure of the fissue system in the recipient duc to immunosuppression,
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complications from prior surgery, infection, and the like. These cryopreserved cultures may also
be used to generate additional tissue sysieros for biocompatible patients. The availability of these
preserved cultures will also obviate the need to remove additional limbal tissue from a donor in

the event the tissue system fails, thereby preventing the risk of exhausting a source of autologous

limbal stem cells in the future.

After the tissue system disclosed herein is generated, it may be transported to the recipient's
iocation for transplant, implant, or grafi. The moeans used to transport the tissue system can
maintain the viability of the tissue system sufficiently that it is still useful as a transplant, implant,
or graft after transport. The tissue system 18 transported in a receptacie that contains transportation
medium, which can be the enriched mediuro ased to colture the tissue system coroprising LSCs or
an alternate medium sufficient to buffer the tissue system during transport without growth factors.
Alternatively, the recipient may be brought to a facility holding the tissue system disclosed herein,

obviating a need for a transportation medium.

The tissue system comprising LSCs disclosed herein can be utilized for therapeutic applications,
for example as transplants, foplants, or grafts for subjects with limbal stem cell deficiencies 1o one
or both eyes. The tissue system of the present disclosure can be used to treat any subject in need
of treatment, including but not limited to humans, primates, and domestic, farm, pet, or sports
animals, such as dogs, horses, cats, sheep, pigs, cattle, rats, mice, and the like. As used herein, the
terms Stherapeutic”, “therapeutically”, “to treat”, “treatment”, or “therapy” refer to both
therapeutic treatment and prophylactic or preventative measures. Therapeutic treatroent includes
but is not limited to reducing or eliminating the symptoms of a particular disease, condition, injury
or disorder, or slowing or atienuating the progression of, or curing an existing disease or disorder.
Subjects in need of such therapy will be treated by a therapeutically effective amount of the tissue
systern to restore or regenerate function. As used herein, a “therapeutically effective amount” of
the tissue system is an amount sufficient to arrest or ameliorate the physiological effects in a
subject caused by the loss, damage, malfunction, or degeneration of hrnbal stem cells. The
therapeutically effective amount of cells or tissues used will depend on the needs of the subject,
the subject's age, physiclogical condition and health, the desired therapeutic effect, the size of the
arca of tissue that is fo be targeted for therapy, the site of implantation, the exient of pathology,

the chosen route of delivery, and the treatment strategy. The tissuc system is preferably
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administered to the patient in @ manner that permits the tissue system to graft to the intended site

and reconstitute or regenerate the functionally deficient area.

fn preferred embodiroents, the tissue systern of the present disclosure s used to therapeutically
treat subjects with ocular damage or disease, particular ocular surface impairments. Alternatively,
the disclosed tissue system may be used to treat other discases or damage which will
therapeuticaily benefit from a source of undifferentiated stem cells derived from himbal tissue, for
example to repair burned skin areas. The disclosed tissue system 18 particularly well suited to treat
subjects with primary limbal stem cell deficiencies, which may be caused by hereditary conditions
such as aniridia, multiple-endocrine-deficiency-associated keratitis, limbitis, and idiopathy. or
secondary livabal stemn cell loss, which may occur from acquired conditions such as Steven-
Johnson syndrome, infections {such as severe microbial keratitis), ocular surface tumors, traumatic
destruction of limbal stern cells caused by chemical or thermal injury or exposure to ultraviolet
radiation, multiple surgeries or cryotherapies, corneal intraepithelial neoplasia, peripheral
uleerative or inflammatory keratitis, ischeroic keratitis, keratopathy, toxic ctfects mduced by
contact lens or lens cleaning fluids, immunelogical conditions, ocular cicatrical pemphigotd,
pterygium, pscudopteryginm, and the like. In certain embodiments, the tissue system is
transplanted, implanted, or grafted to the subject, and is able to repair ocular damage or disease in
the subject, for example, by providing a stable Himbal stem cell population to the subject's damaged
or diseased eye. In cerfain embodiments, transplantation, iroplantation, or grafting of the tissue
system facilitates epithelization, maintains normal epithelial phenotype, reduces inflarnmation,
reduces scarring, reduces adhesion of tissue, reduces vascularization, and fmproves vision in the

eve.

For example, the tissue system can be transplanted, implanted, or grafted to repair a damaged
cornea. While many such methods arc well known to those of skill in the art, one such method
involves perigtomy at the limbus, followed by removal of the perifimbal subconjunctival scar and
mflamed tissucs to the bare sclera. The fibrovascular tissuc of the comea may be removed by
lamellar keratectomy. The tissue system can be scaled according to the size of the recipient eye,
and transplanted or grafted to the corresponding recipient limbal arca. Alternatively, the tissue
systern roay be used as a whole lamelar corneal tissue, and transplanted or grafied as lamellar

keratoplasty to cover the entire arca. The transplanted, implanted, or grafted tissuc system is then
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secured to the damaged site, for example with sutures or any other means known t© those of skill

in the art,

The invention further provides methods of regenerating or repairing tissue in a subject
comprising introducing the cell of the LSC population or LSC-like population or the SESC
population or SESC-like population of the invention into or onto a subject in a sufficientamount

to regenerate or repair tissue.

In one embodiment, the tissue regenerated or repaired comprises tissues of corneal
epithelial cell lineage comprising limbal stem or progenitor cell (LSC) and corneal epithelial

cell,

The invention additionally provides methods for obtaining limbal stem cell or progenitor (LSC)-
itke cells from skin epithelial stem cells (SESCs) of a subject. In an embodiment of the invention,
the method comprises introduction of a PAX6 gene or up-regulating PAX6 gene expression in
SESCs, in order to increase PAXG protein in SESCs to a sufficient level so as to convert SESCs
to LSC-like cells, thereby obtaining LSC-like cclls from SESCs of a subject. In one embeodiment,
introduction of a PAX6 geue or up-regulating PAX6 gene expression in SESCs for obtaining
limbal stem or progenitor cell {LSC)-like cells from skin epithelial stem cells (SESCTs) of a subject
comprises the steps of (a) obtaining SESCs from the subject; (b} culturing the SESCs in g feeder-
free cell culture in vitro or ex vive; (¢} introducing at least one PAX6 gene or up-regulating PAX6
gene expression i the SESCS so as to increase PAX6 protein in SESCs to a sufficient level so as
to convert SESCs to imbal stem cell or progenitor (1LSC)-like cells, thereby obtaining mammalian
limbal stem cell or progenitor (LSChi-like cells from skin epithelial stem cells (SESCs) from a

subject,

In accordance with the practice of the invention, the methods raay be an in vitro roethod, ex vive

method or in sitie or directly applied on a subject.

In onc cmbodiment, the subject 18 treated with an agent that introduces a nucleic acid encoding

PAX6 protein, up-regulates PAXS gene expression, or increases PAXS activity. Suitable
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examples of the agent includes but are not limited to a genc therapy vector, viral particle, lentivirus,
adenovirus, adeno-associated viras, recombinant nucleic acid, recombinant protein, PAXS protein,
small molecule regulator of PAXS cxpression, inhibitor of a negative regulator of PAXEG
expression, a small molecule inhibitor of a negative reguolator of PAX activity, a small molecule

enhancer of PAXG6 activity, or a combination thereof.

Examples of the PAX6O gene inchudes but are not limited to a PAX6a gene, PAX6L gene,
cngincered PAX6a gene, engimecred PAXD gene, any member of the PAX6 gene family, nucleic
acid encoding all or part of PAX6a protein, nucleic acid encoding all or part of PAXSb protein,
and any nucleic acid encoding a protein with PAX6 or PAX6-like activity. In one erabodiraent of
the 1nvention, the PAXG protein 1s any of a PAX6a protein, PAX6b protein, any member of the
PAXS6 family of proteins, and any protein with PAX6 or PAX6-like activity. In an embodiment
of the wnvention, PAX6 or PAX6-like activity may involve any protein which can cause increased
expression of endogenous K19, wherein the K19 upregulated SECS may differentiate to corneal
epithelial cell (CEC) or CEC-like cclis with increased expression of K3 and K12 genes and

decreased expression of K1 and K190 genes.

In one embodiment, the invention provides a method for obtaining corneal epithehial cell (CEC)-
like cells from LSC-like cells of the invention as describe above and, further comprising
differentiating cells of (¢) n a feeder-free LSC differentiation moedinm so as o convert LSC-hike

cells to CEC-hke cells.

i an embodiment of the invention, the feeder-free LSC differentiation medium may be chemically
defived. In another embodiment of the invention, the mediurm is xeno-free or free of components
other than components derived from the same species as the cultured cells. In yet another
embodiment, the medium may be serum-free. In a further embodiraent, the medium may be devoid

of any animal or human product.

For example, a xeno-free medium or xeno-free culture medium is one in which the medium does
not contain a foreign aniral-derived product or material. In particular, no product or raterial in
the culture medium is produced in foreign animal cells or contacted foreign animal cells. A
culture medium comprising fetal bovine serum would not be considered xeno-free if used to

culture human cell or any animal cell other than a bovine cell as serum would be derived from a
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cow; whereas, a culture medium comprising human serum in the absence of any animal-derived
produact or material, would be considered xeno-free if culturing a human cell. For example, a
xeno-free medium may contain products or materials produced or obtained from micro-
organisms, such as bacterium or yeast. A xeno-free roedium may also be considered an “anirnal-
free” medium. In this example, xeno-free refers to the absence of foreign animal-derived product

or material.

The mvention turther provides a method for obtaining limbal stem or progenttor cell {LSC)-like
cells from skin epithelial stero cells (SESTs). The method may comprise the steps of (a)
obtaining SESCs from a subject; (b} culturing the SESCs in a feeder-free cell culture in vitro; {¢)
countacting the SESCs with an agent to up-regulate PAX6 gene expression in the SESCs so as o
increase PAXG protein in SESCs to a sufficient level to convert SESCs to limbal stem cell or
progenttor (LSC)-like cells, thereby obtaining mammalian limbal stem cell or progenitor (LSC)-

like cells from skin epithelial stem cells (SESCs) from a subject.

Examples of suitable agents include, but are not limited to, a nucleic acid comprising a PAX6
gene, a gene therapy vector, viral particle, lentivirus, adenovirus, adeno-associated virns,
recombinant protein, PAX6 protein, smali molecule regulator of PAX6 expression, inhibitor of a
negative regulator of PAX6 cxpression, a small molecule inhibitor of a negative regulator of

PAX activity, a small molecule enhancer of PAXS activity, and a combination thereof.

Examples of suitable PAX6 genes include, but are not limited to, a PAX6a gene, PAX6b gene,
engineered PAX6a gene, engincered PAXD gene, any member of the PAXS gene family, nucleic
acid cucoding all or part of PAX6a proten, nucleic acid encoding all or part of PAX6b protein,
and any nucleic acid encoding a protein with PAX6 or PAX6-like activity.

in accordance with the practice of the invention, the PAXSE protein any be any of a PAX6a protein,
PAX6b protein, any member of the PAX6 family of proteins, or any protein with PAX6 or PAX6-

itke activity and fragment thereof.

The invention further provides an in vitre method for obtaining mammalian LSCs from a subject.
fn one embodiment, the roethod comprises the steps of (a) obtaining a sample of tissue from the

limbus region of an eye from the subject; (b) dissociating the tissue so as to obtain single cells;
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and {¢) culturing single cells of (b} in a feeder-free cell culture medium so as to permit LSCs to
proliferate, wherein the proliferated LSCs have a poteotial to differentiate nto corneal epithehial
cells (CECs), thereby obtaining mammalian LSCs from a subject in virro. In one embodiment, the
livobus region comprises the corneal limbus of an eye. Inan erobodimaent of the invention, the step
of dissociating the tissue in (b) comprises mechaunical or physical disaasociation via an equipment
or tool {e.g. a laser) to mechanically dissociate tissuc to smaller masses and/or single ccls, In
another embodiment, dissociating involves the use of an agent or agents such as an enzyme,
protease, a chemical, a metal chelator, or combination thereof. Other methods of dissociating a

tissue may be used to obtain single L5Cs, as is known in the art.

In an embodiment of the invention, the feeder-free cell culture medium further comprises a rho-
associated protein kinase (ROCK) inhibitor or leukemia inhibitory factor (LIF) or both. An
example of a ROCK wmbibitor s Y-27632 (4-[(1R}-1-aminoethyl}-N-d-pyridinyl-trans-

cyclohexanecarboxamide, dihydrochloride}.

in another embodiment of the invention, the method further comprises the step of converting the

LSCs or L8C-like cells to CEC-Hke cells by culturing on a matrix or an extracellular matrix.

The wvention further provides a method for obtaining and/or expanding in vitro mammalian Himbal
stem or progenitor cells (ESCsy from a subject in a feeder-free LSC culture medium. In one
embodiment, the method comprises (a) obtaining a sample of fissue from the limbus region of an
eye from the subject; (b) dissociating the tissue so as to obtain single cells; and (¢} culturing single
cells of (b} in a feeder-free cell culture medium so as to permit LSCs to proliferate, wherein the
proliferated LSCs have a potential to differentiate into comeal epithelial cells {CECs), thereby
obtaining and expanding i virro mamalian limbal stern cells from a subject. Tn an cmbodiment
of the mnvention, in step {c} of the method, single cells are cultured on a matrix or an extracellular

matrix.

in accordance with the practice of the invention, the matrix or extracellular matrix may be any of
Matrigel®™ or its equivalent, growth factor reduced Matrigel® or its equivalent, collagen, collagen
IV, collagen 1V sheet, mammalian araniotic membrane, buman amniotic membrane, fibrinogen,
thrombin, perlecan, laminin, fibronectin, recombinant fibronectin, proteoglycan, procollagens,

hyaluronic acid, entactin, heparan sulfate, tenascin, poly-L-lysine, gelatin, poly-L-ornithine,
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extracellular matrix proteins {(Fischer or Life Tech), thrombin sheet (Fibrin Scalant, Reliscal™,
Relance Life Sciences), fibrinogen and thrombin sheet (Reliance Life), and any combination

thereof.

in another embodiment, the method further comprises step (d), wherein the proliferated LSCs or
LSC-like cells are passaged at about 70-90% couvfluence before passage and about 15-20%
confluence after passage. In yet a further embodiment, the number of times the proliferated LSCs
or LSC-like cells may be passaged stably as LSCs or LSC-like cells is about 17 or more passages.
In another embodiment, the LSCs amy proliferate with a generation time of about 16-20 hours.
Further, the LSC or L5C like cells may propagate stably for about 40-60 gencrations without
differentiating to CECs. In an embodiment of the mveuntion, the feeder-free LSC culture mediom

may be changed every other day.

i accordance with the practice of the invention, the limbus region may comprise a corneal hmbus
of an eye, margim between comea and conjunctiva, border of cornea and sclera, corneoscleral

limbus, a region comprising interpalisade rete ridge, or a region compyrising Palisades of Vogt.

in step b, the methed further provides, in one embodiment, the step of dissociating the tissue by
treating or contacting the tissue with a dissociation agent or agents wherein the dissociation agent
or agents is enzyme, protease, a chemical, a metal chelator, or combination thereof.  In another
cmbodiment, dissociation 18 achicved via mechanical or physical disruption via an equipricnt or

tool to mechanically dissociate tissue to smaller masses and single cells.

In one embodiment, the protease may comprisestrypsin, coliagenase IV, or combination thereof.

Further, the metal chelator may comprises EDTA, EGTA, or combination thereof,

In an embodiment of the invention, the feeder-free cell culture medium may comprise a minimum
essential mediam, a growth factor, a hormone, and a soluble factor. In a further embodiment, the
feeder-free cell culture medium may further comprise serum, preferably serum from a species from
which the LSCs are being obtained and expanded, or a serurn substitute. In a further eonbodiment,
the feeder-free cell culture medium may yet further comprise a rho-associated protein kinase
{ROCK) whnbitor. In a further embodiment, the feeder-free cell culture medivm additionally

comprises Leukemia Inhibitory Factor (LIF).
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Suitable cxamples of ROCK inhibitors include, but are not limited to, (R)-(+)-trans-4-(1-
aminoethyl-N-{(4-Pyrdylhcyclohexanecarboxamide dibiydrochloride monohydrate (Y-27632), 5-
(1., 4-diazcpan-1-yisulfonyl) isoquinoline (fasudil or HA 1077), H-1152, H-1132P, (S)-(+)-2-
Methyl-1-{{4-methyl-5-soquinolinyhsulfonylfhomopiperazine dibydrochloride, Dimethylfasudil
{diMF; H-1152P), N-{4-PyridyD-N'-(2.4,6-trichlorophenyljurca, Y-39983, WH.536, SNJ-1636,
and (S)-(+)-2-methyl-1-{{4-methyl-5-isoquinolinysulfonyl}-hexahydro-1H- 1 4-diazepine
dibydrochloride (H-1152}, imidazole-containing benzodiazepines, imidazopyridine derivative,
compound comprising an indazole core, a 2-aminopyridine/pyrimidine core, a 9-deazagnanine
derivative, benzamide, or aminofurazan, and derivative and analog thereof, and a combination

thereof,

In an embodiment of the invention, the ROCK inhibitor 18 added to the feeder-free cell culture

redinm after about passage four {4) of L8Cs, following isolation of LSCs from the subject.

In one embodiment, the LIF is added to the feeder-free cell calture medium after about passage

four {4} of LSCs, following isolation of LSCs from the subject.

in a particular embodiment of the invention, the feeder-free cell culture medium comprises
DMEM/FI2 medium, DMEM, pemcillin-streptomycin, serum, EGF, insulin, hydrocortisone,
cholera toxin, 3,37, 5-trticdo-L~-thyroning, or combination thereof. The serum may be fetal bovine
serum but preferably serum from same species as the LSC being cultured or a serum substitute.
The feeder-free cell culture medium may further comprises a ROCK inhibitor, Y-27632. The
ROCK inhibitor, Y-27632, may be added to the feeder-free cell culture medium atter about cell
passage 4. The feeder-free cell culture medium further comprises Leukerma Inhubitory Factor
{L1F). The LIF may be added to the feeder-free cell culture medium after about passage four (4}

of LSCs, following isolation of LSCs from the subject.

fn one embodiment of the nvention, the LSCs so obtained and/or expanded may express a set of
markers comprising WNTT7A, FZD3, PAXS, p63, keratin 5 (K5), keratin 14 (K14}, keratin 19
{K.19) and Ki67. In another embodiment, about 90-95% of the L3Cs so obtained and/or expanded
express p63, PAX6, K19 and Ki67. In yet another embodiment, less than about 5% of the L.8Cs
express K5 and K14, In a further embodiment, greater than about 95% of the LSCs cxpress

WNT7A and FZDS. In an additional embodiment, the CECs express a set of markers comprising
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WNTTA, FZDS3, PAXS, keratin 3 (K3}, and keratin 12 (K12} with statistically significant higher
expression of K3 and K12 over L3Cs and statistically sigmificant lower expression of K19 over
L8Cs. In another embodiment, CECs do not express or express significantly lower level of p63
than LSCs and do not express or express significantly lower level of keratin 1 (K1) and keratin 10

{K10) than skin or eptdermal cells.

The invention also provides methods for differentiating isclated LSCs to corneal epithelial cells
{(CECs) in vifro. The method may comprise (a) obtaining previously cultured LSCs, preferably
dissociated to a single cell state, which originated initially from a subject; (b} placing isolated LSCs
in and/or on a matrix or extracelilular matrix to form or allow forraation of three dimensional cell
culture suitable for differentiation; and (¢} culturing LSCs n a LSC differentiation medium so as
to permit differentiation of isolated LSCs to CECs in vitro, thereby differentiating isolated LSCs

to corneal epithelial cells in vivro.

fn accordance with the practice of the invention, tthe matrix or extracetiolar matoix may be any of
Matrigel® or its equivalent, growth factor reduced Matrigel® or its equivalent, collagen, collagen
IV, collagen 1V sheet, mammalian amniotic membrane, human amniotic membrane, fibrinogen,
throrabin, perlecan, lamioin, fibronectin, recombinant fibrovectin, proteoglycan, procollagens,
hyaluronic acid, entactin, heparan sulfate, tenascin, poly-L-lysine, gelatin, poly-L-ornithine,
extracellular matrix proteins (Fischer or Life Tech), thrombin sheet (Fibrin Scalant, Reliscal™,
Reliance Life Sciences), fibrinogen and thrombin sheet (Reliance Life), and any combination

thereof,

In one embodiment, the matrix or extraceliular matrix comprises growth factor reduced Matrigel®
or its equivalent, or collagen. In another embodiment, the limbal stern cell differentiation medium
is feeder-free and chemically defined medium. For example, in one embodiment, the feeder-free
and chemically defined medium may comprise CnT-30 medium {Cellntec Advanced Cell Systems
AG, Bern, Switzerland), CnT-02 (Cellutec), CoT-02-3DP5 (Cellutec) or functionally equivalent,

wherein the medium promotes differentiation of LSCs to CECs.

in a further embodiment, the CECs so express a set of markers comprising WNTTA, FZD35, PAXS,
keratin 3 (K3), and keratin 12 (K12} with statistically significant higher expression of K3 and K12

over LSCs and statistically significant lower expression of K19 over L8Cs.
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i yet a further embediment, the CECs so produced, obtain or expanded, do not express or express
significantly lower level of p63 than LSCs and do not express or express significantly lower level

of keratin 1 (K1) and keratin 10 (K10} than skin or epidermal cells.

in one embodiment of the methods of the invention, the LSC differentiation medium is changed

every other day.

The wnvention also provides a method for obtainimg and expanding SESCs in vitro in a feeder-free
cell culture medivm comprising culturing isolated SESCs skin in the feeder-free cell culture
medium of ¢laim of the mvention. In one cmbodiment, the SESCs may be isolated from
interfollicular epidermis. In another embodiment, the SESCs are isolated from any SESC niche

harboring SESC in & hurnan or animal.

The mvention additionally provides a racthod for obtaining epithelial stem cell (SESC) or SESC-
like cells from limbal stem cells (LSCs) comprising: (a) knocking down expression or activity of
WINTT7A or PAX6 gene or protein sufficiently so as to change the cell fate from LSC to SESC fate,
therehy obtaining SESC or SESC-like cells from LSC cells. In one embodiment, the LSCs may be
contacted with an shRNA directed to WNT7A or PAXS6, or alternatively, LSCs express an
introduced geve producing shRNA, RNAI or anti-sense RNA directed to WNT7A or PAX6 gene
so as to sufficiently reduce expression of WNT7A or PAX6 to convert LSCs to SESC or SESC-

fike cells.

The invention also provides a method for obtaining and expanding skin epithehial stem cell (SESC)
in vitro from a subject in a feeder-free cell culture medium. In one embodiment the method
compriscs: {a) obtaining a sample of tissuc frora the interfoliicular epiderrnis or any SESC stem
cell niche harboring SESCs 1o the subject; (b) dissociating the tissue so as to obtain single cells;
and {c)culturing single cells of (b) in a feeder-free cell culture medium so as to permit SESCs to
proliferate, wherein the proliferated SESCs have a poteotial to differentiate into skin epidermal
cells, thereby obtaining and expanding in vifre skin epithelial stem cells in viero from a subject. In
another embodiment, the SESCs aay be cultured in vitro in a feeder-free cell calture wediom of

the invention.

The mvention further provides a method for obtaining skin epidermal cells or skin epidermal hike

cells frora SESC or SESC-like cells in vitro comprising cubturing isolated SESC or SESC-like cclis
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in chemically defined differentiation medium which support differentiation of SESC or SESC-like
cells to skin epideroal cells or skiv epidermal-like cells, thereby obtaiming skin epidermal cells or
skin epidermal-like cells from SESC or SESC-like cells in virro. In one embodiment, the

chernically defined differentiation mediurn may be OnT-02 (CellnTec) or equivalent rocdium.

The invention yet further provides a method for treating a subject in need of new skin, wherein the
method comprises administering SESC cells, SESC-like cells, skin epidermal cells or skin
eptdermal-like cclls obtained by the method of the mvention or obtained and expanded by any of
the methods of the invention to the subject, such as to repopulate SESC cell population or skin
epidermal cell population of the subject and provide new skin for the subject, thereby treating a

subject i need of new skin.

i one embodiment, the subject in need of skin may suffers from skin dystrophy, skin disease, skin
infection, burn injury, skin uleer, abrasion, melanoma, carcinoma, wound, aging, genetic disorder
of the skin, skin biopsy, surgery, cosmetic defect, or reconstructive surgery affecting the skin.
Alternatively, the subject in need of skin may be a subject needing skin replacement or undergoing

cosmetic surgery or reconstructing surgery affecting the skin.

The mvention additionally provides a method of changing a limbal stem or progenitor cell (LSC)
and/or its progeny to a SESC or SESC-like cell. The method comprises downregulating expression
of WNT7A or PAX6 gene in the LSC sufficiently so as to change the LSC and/or its progeny to
SESC or SESC-like ccll, thereby changing the LSC and/or its progeny to a SESC or SESC-like

ceil,

The invention also provides a method of changing a LSC-like cell and/or its progeny to a SESC or
SESC-like cell. The method comprises downregulating expression of WNT7A or PAX6 gene in
the LSC-like cell sufficiently so as to change the LSC-like cell and/or its progeny to SESC or
SESC-like cell, thereby changing the LSC-like cell and/or its progeny to a SESC or SESC-like

ceil,

The invention provides a method of changing a skin epithelial stern cell (SESC) and/or is progeny

to a LSC or L8C-like cell. The method comprises upregulating or overexpressing PAXS6 or
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WNT7A in the SESC sufficiently so as to change the SESC cell and/or its progeny to LSC or LSC-

like cell, thereby changing the SESC and/or its progeny to a LSC or L3C-like cell.

Additionally, the inveotion provides a wethod of changing a SESC-hike cell and/or its progeny to
a LSC or LSC-like cell. The method comprises upregulating or overexpressing PAX6 or WNTT7A
in the SESC-like cell sufficiently so as to change the SESC-like cell and/or its progeny to LSC or

LSC-like cell, thereby changing the SESC-like and/or its progeny to a LSC or LSC-like cell.

The invention provides a population of isolated limbal stem cells (1L.SCs) or LSC-like celis derived
or produced from any of the methods of the mvention. In one embodiment, the LSCs express a
set of markers comprising WNT7A, FZD5, PAX6, po3, keratin 5 (K35), keratin 14 (K14}, keratin
19 (K19}, and Ki67.

The nvention further provides g population of 1solated corncal epithelial cells (CECs) derived
from any of the methods of the invention. In one embodiment, the CECs express (i) a set of
rarkers comprising WINTTA, FZD3, PAXS, keratin 3 (K3) and keratin 12 (K 12) with statistically
significant higher expression of K3 and K12 than LSCs and statistically significant lower
expression of K19 than LSCs, and (i) do not express or express significantly lower level of p63
than LSCs and do not express or express significantly lower level of keratin 1 (K1) and keratin 10

{K10) than skin or eptdermal cells.

The mvention further provides a kit for corneal tissue repair comprising LSCs, LSC-like cells, or
CECs produced by any of the methods of the invention, or combination of said cells, a packing
material and an instruction for uwse. In one embodiment, the kit further comprises a
pharmaccutically acceptable carnier. The pharmaceutically acceptable carrier may be a contact
lens or its equivalent used to support cell attachment or growth in a curvature as a curvature of a
human or animal eye. In another embodiment, the kit further comprises human ammiotic

raembrane or animal amniotic membrane.

The woveotion additionally provides a pharmaceutical coraposition comprising an cffective amount
of L8Cs, L8C-like, CECs or CEC-like cells produced by any of the methods of the invention, or

combination of said celis thereof, and a suitable pharmaceutical carrier,
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The invention also provides akit for growing and maintaining LSC or LSC-like population of the
tovention or SESC or SESC-like population of the invention comprising a cell culture mediur for
maintaining LSC population, wherein the medinm is cssentially feeder-free. In one embodiment,
the components of the kit of is essentially xeno-free. In yet another embodiment, the kit further
comprises a LSC differentiation medium for differentiating L8C or LSC-like population to CEC
or CEC-like population. In a further erabodiment, the components of the kit 1s essentially serum-
free. In yet a further embodiment, the components are essentially free of animal product, such as
essentially free of human product. In an additional crmbodiment, the compounents of the kit are

cheraically defined.

Also provided 1s a kit for corneal tissue repair coroprising LS8Cs, LSC-like, CECs or CEC-like
cells produced by any of the methods of the invention, or combination of said cells, a packing
roaterial and an instruction for use. The kit may further comprise a pharmaceutically acceptable
carrier. The pharmaceutically acceptable carrier is a contact lens or its equivalent used to support
cell attachroent or growth in a curvature as curvature of a hurnan or animal cye. Additionally, the

kit may further comprise human amniotic membrane or animal amniotic membrane.
Therapeutic Uses

The invention provides methods for ireating a subject with a discase associated with
malfunctioning limbal stern cells or corneal epithelial cells.  In one embodiment, the method
comprises: (a} transplanting L8Cs, LSC-like, CECs or CEC-like cells of the invention, or produced
by the methods of the invention fo an affected cye of a subject, wherein the transplanted cells
populate corpea or linbus of the affected eye of the subject and restore normal cornea clarity and
transparency, thereby treating the subject with the disease associated with malfunctioning limbal

stern or progenitor celis or corneal epithelial cells.

Examples of the disease or condition include, but are not limtted to, a deficiency of himbal stem or
progenitor cells, a deficiency of comeal epithelial cells, damage to corneal limbus, damage to
cornea of an eye, damage to fimbal stem cells, damage to corneal epithelial cells, congenital defect
affecting corneal development or function, acquired defect affecting corneal development or
function, congenttal defect affecting cell fate determination switching corneal to skin lincage,

acquired defect affecting cell fate determination switching corneal to skin lincage, abnormal
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epidermal differentiation, Stevens-lohnson syndrome, aniridia, recurrent pterygium, corneal
disease, corneal epithehum sguamous metaplasia, fnflammatory keratopathy, trauma, chemical

burns, alkaline burn, partial blindness, or complete blindness.

in onc embodiment, the disease or condition 18 a partial blindness, complete blindness, corneal
surface disease, comneal disease, corneal epithehum squamous metaplasia, mflammatory

keratopathy, trauma or alkaline burn.

The mvention further provides methods for restoring normal cornea clarity and transparency of a
subjoct with partial blindness, complete blindness, corneal surface discase, corneal discase, comneal
eptthelium squamous metaplasia, inflammatory keratopathy, trauma or alkaline burn.  In one
embodiment, the method comprises (a) transplanting LSCs, LSC-hike, CECs or CEC-like cells of
the invention or produced by the methods of the juvention to an affected eye of the subject, wherein
the transplanted cells populate cornea or limbus of the affected eye of the subject and restore
normal cornea clarity and transparency, thereby restoring normal cornea clanity and transparcncy
of a subject with partial blindness, complete blindness, corneal surface discase, corneal discase,

corneal epithelium squamous metaplasia, inflammatory keratopathy, traura or alkaline burn,

The wnvention also provides a method of regenerating or repairing corneal fissue 1o a subject
comprising introducing isolated LSC, LSC-like, CECs or CEC-like cell population of the
mvention, or produced by any of the methods of the invention into the subject in a sufficient

amount to regenerate or repair corneal tissue.

In one embodiment, the cells are from an individual other than the subject. In another embodiment,

the cells are from the subject being treated with cells produced by the said method.

In one cmbodiment, the subject 1s a mammal. Examples of mammals inchude, but are not bimited

to, a human, rat, dog, cat, pig, horse, rabbit, cow, monkey or mouse.

The mvention further provides a method to determine if a patient with ocular metaplasia may
benefit from treatment with PAXS gene or gene product. In one embodiment, the method
comprises assessing gene expression or protein level of WNT7A, PAXS, K3 and/or K12 in area

of metaplasia, absence of WNTTA, PAX6, K3 and/or K12 in arca of metaplasia indicates the
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patient with ocular metaplasia may benefit from treatment with PAX6 gene or gene product or

cells of the fnvention.

Additionally, the mvention further provides a method to determune if a patient with ocular
metaplasia may benefit from treatment with WNT7A gene or gene product. In an ermbodiment of
the mvention, the method coruprises assessing gene expression or protein lovel of WNTTA, PAXS,
K3 and/or K12 in area of metaplasia, absence of WNTTA, PAX6, K3 and/or K12 in area of
metaplasia indicates the patient with ocular metaplasia may benefit from treatment with WNT7A

gene or gene product.

Also, the wvention further provides a method to determine if a patient with ocular moctaplasia roay
benefit from treatment with both WNT7A and PAXG6 genes or gene products. In one embodiment,
the method compriscs assessing gene expression or protein level of WNT7A, PAXE, K3 and/or
K12 in area of metaplasia, absence of WNTTA, PAX6, K3 and/or K12 in area of metaplasia
indicates the patient with ocular metaplasia may benefit from treatracnt with both WNTT7A and

PAXS genes or gene products.

Further, the invention provides a method fo deterroine if a patient with ocular metaplasia may
benefit from treatment with PAX6 gene or gene product or cells produced by any of the methods
of invention, wherein the roethod comprises assessing gene expression or protein level of WNT7A,
PAXS, K3 and/or K12 in area of metaplasia, absence of WNTT7A, PAX6, K3 and/or K12 in arca
of metaplasia indicates the patient with ocular metaplasia may benetit from treatment with PAX6

gene or gene product or cells produced by any of the methods of the invention.

The mvention also provides a macthod of regencrating or repairing corveal tissue in a subject
comprising introducing the isolated L8C population of the invention, into the subject in a sufficient
amount to regenerate or repait comneal tissue. The subject may be a mammalian subject. Examples

include but are not limited to a human, rat, dog, cat, pig, horse, rabbit, cow, monkey or mouse.

Further, the invention additionally provides a method for treating an eye discase comprising
administering the isolated LSC or LSC-like population of the mvention or SESC or SESC-hke

population of the invention to a subject in a sufficient amount so that the isolated L8C or LSC-like
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population of the invention produces or overexpresses PAX6 in a sufficient amount so as to
produce or mantain LSC or LSC-hike state permitting differentiation to CEC or CEC-like cells,
thereby treating the cye discase. In one ecmbodiment, the eye disease 18 a human corneal disease,
corneal epithelium squaraous metaplasia, nflammatory keratopathy, trauma and alkaline barn, In

accordance with the practice of the invention, the eye discase may be a human eye discase.

Additionally provided are methods of regenerating or repairing corneal tissue in a subject
comprising contacting corneal tissue, presurnptive location of corneal tissuc or anterior surface of

an eye of a subject with PAX6 in a sufficient amount to regenerate or repair corneal tissue.

Additionally provides are methods of regenerating or repairing corneal tissue in a subject
comprising administering LSCs, LSC-like, CECs or CEC-like cells produced by any of the
methods of the invention or combination of said cells thereof, on a cornea or anterior surface of an

cye in a sufficient amount to regencrate or repair corneal tissue.

Further provided are methods of regenerating or repairing corneal tissue in a subject comprising
administering PAX6 protein onto cormeal tissue, presuraptive location of corneal tissue or anterior

surface of an eye in a sufficient amount to regenerate or repatr corneal tissue.

Also provided are methods for assessing risk of developing an eye discase affecting cornea or
cornea function in a subject. In one embodiment said method comprises {a) assessing activity of
WNTZ7A, FZD35 and PAXS or combination thereof, in LSCs or corneal epithelial cells, wherein
lower activity or no activity of WNTZT7A, FZDS and PAX6 or combination thereof mdicates a
higher risk of developing an eve discase affecting the cornea or comea function in a subject,
thereby assessing the risk of developing an eye disease affecting comnea or cornea function in a

subject,

The invention further provides a method for identifying a patient population suitable for celi-
transplantation with L8Cs, LSC-like, CECs or CEC-like cells produced by any of the methods of
the invention, or combination of said cells thereof, or treatment with PAXS6 protein or PAX6-
encoding nucleic acid, wherein the patient population has abnormal skin epidermal-like cells in
the cornea and associated keratinization and loss or decreased expression of WNTZT7A, FZDS and

PAX6 genes or combination of gene{s).
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The invention also provides methods for repopulation limbus with LSC or L8C-like cells in a
subject with a deficiency of hmbus stern cells.  In one embodiment, the method comprises
administering LSC or LSC-like cells produced by any of the methods of the invention to the
anterior surface of an eye of a subject and permitting the cells to rgrate to a LSC niche, thereby
repopulation the Himbus with LSC or LSC-like cells in the subject. In another embodiment, the
racthod comprises administering LSC or LSC-like cells comprises grafting a shect or sheets of
LSC or LSC-hike cells onto a surface of an eye of the subject, or alternatively, administering a cell
or tissuc suspension comprising LSC or LSC-like cells,  In g further embodimucnt, after
admunistering LSC or LSC-like cells to aun eye of the subject, the LSC or LSC-like cells may be

covered with an amniotic membrane, preferably human amniotic membrane.

The invention additionally provides a method for repopulating limbus with LSC or LSC-like cells
in a subject with a deficiency of limbus stem cells comprising administering an agent that increases
PAXE activity or expression to an arca of conjunctiva, presumptive corneal location, eye or eyelid
in a subject s0 as to convert skin epithelial stem cells (SESCs) in the conjunctiva, presumptive
corneal location, eye or eyelid to LSC or L8C-like cells which upon migration to the Himbus
repopulates the lirnbus with LSC or LSC-like cells in the subject, thereby repopulating the limbus

with LSC or LESC-like cells in a subject.

Accordingly, it one aspect, the invention is directed to a supplying the limbal stem cells of the
invention for treating, ¢.g., visual systom and other organ imjurics or discases. Exemplary visual
sysiero injuries or diseases that the therapeutic coraposition of the inveuntion may be used fo treat
arc as follows: for the reconstruction of the ocular surface in patients with limbal stern cells
deficiency (Tseng et al., 1998); for the treatment of visual system age-related diseases 1u general;
for reconstruction of the ocular surface in patient with corneal persistent epithelial defect (Tseng
et al., 1998); for corncal cpithelial healing and to avoid corneal stromal remodeling and haze
formation after photorefractive keratectomy (Woo et al,, 2001); as a substance that can promote
and support healing processes following ocular surface damage related to Stevens Johnson
Syndrome and OCP (Tsubota et al., 1996); for healing support and a therapeutic approach in other
eye anterior surface diseases including dry cye, Sjégren's syndrome, thermal and chemical burns,
and acute and chronic inflaramation; and as a versatile compound that can treat the causes of total

and partial epithelial stem cells deficiency. Exemiplary total epithelial stem cell deficiencies
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include, but are not limited to, chemical and thermal injuries, Stevens Johnson Syndrome, nulti-
surgery effects 1o the himbal region, contact lens over-wear and severe wicrobial infections.
Exemplary partial epithelial stem cell deficiency include, but are not limited to, neurotrophic
keratitis, ischemic keratitis, peripheral uicerative and inflammatory keratitis, limbitis, aniridia,
pterigium, pseudopteriginm and multiple endocrine deficiency (Tseng et al,, 1998; Uchida et al.,

20003,

Other exeraplary uses of the composition according to the mnvention are as 4 treatment for skin
dystrophies, burn injury and skin ulcers (Trelford et al, 1979); as a therapy for chemiotheraphic
stomatitis; as an immunomaedulator in autoimmunc discase; to increase tolerance in the treatment
of auto-, allo- and xeno-transplants; as an osteoinductive property substance for guded bone
regeneration {Gomes ot al, 2001); as a substance that can be incorporated in the actual hardware
currently used for bacterial and other simple organism culture in vitro or in vive; as a substance
that can be incorporated in currently used devices dedicated to cell culture, such as cell culture
dishes, a three-dimensional matrix or a gel {Uchida et al., 2000); as a storage or culture medium
for buman cells; as a part of an integrated delivery system that will transport the effective
compound frorn an accessible site to the site in need, for remote releasc of all the benceticial ctfects
of the amniotic membrane; as a bone and tissue anti-inflammatory drug; as a source of factors and
receptors for used in neuro-degenerative or inflammatory discases; and as a source of receptors

that mediate glucose transport.

In another embodiment of the method, said ocular surgical procedure changes the shape of the
cornica or is refractive surgery. In a specific embodiment, said ocular surgical procedure is
photorefractive keratectorny (PRK}, laser-assisted sub-epithehial keratectomy (LASEK) or laser-
assisted in situ keratomileusis {LASIK). In another specific embodiment, said ocular surgical
procedure 18 automated lamellar keratoplasty (ALK), lascr thermal keratoplasty (LTK), or

conductive keratoplasty {CK).
D TARGETED DISEASES AND CONDITIONS

The present invention contemplates methods of treating a subject with an eye disease or condition
that inchudes administering to the subject a coraposition that includes a therapeutic amount of

limbal stem cells as set forth herein in a therapeutic preparation suitable for delivery to the subject.
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The comeal damage may be any injury, condition or discase that has been implicated to play a role

in the pathophysiology. Non-hmiting examples are set forth below.
1. Ocular wnjuries

Corneal wounds are injuries to the ocular surface and can be thermal (i.e. burn), chemcal (e
acid), physical (i.c. abrasions}) or surgical wounds (i.c. corneal transpiant) or a combination thereof.

The compositions and methods of the present invention way be effective in treating corneal

wounds.

a. Foreign Bodics

/

About 25% of all ccular injuries involve foreign bodies on the surface of the cornea. No scarring
will eccur if the mjury affects only the corncal epitheliumy; but if 1t also atfects the Bowan zone,
scarring is possible. After removal of the foreign body, the eye is treated with a sulfonamide or
antibiotic and, 1f there 1s cthary congestion and photophobia, or if the remeval of the foreign body
were difficult, it is treated with a cycloplegic such as abowut 5% homatropine. In some instances,
the therapeutic compositions of the present invention are designed to accelerate healing of the

injury caused by the foreign body and to prevent infection, and to iraprove the clinical sutcome.
b. Chemical Burns

Chernical burns are treated by first diluting the chemical by flushing the eye with fluid, and then

preventing infection through the use of topical antibiotics.

Intragcular pressure may be reduced by applying timolol, epinephrine, acetazolamide, or other
simnilar agents. If epithelialization of the comnea s incomplete after one weck, there 15 a danger of
stromal necrosts, in addition to the risk of infection. It is therefore critical that the healing be

accelerated to reduce these risks.

Severe scarring is another common result of cheroical burus. The therapeutic compositions of the
present invention are designed to accelerate the healing of the corneal erosion caused by the
chernical burns, to prevent stromal necrosis and infection of the eye, and to reduce corneal scarring

and thereby restore/preserve corneal transparency.

Unexpectedly the compositions of the present invention are able to prevent or reduce scar
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formation while simultancously enhancing ocular healing, wound repair, and maintaining corneal
transparency. While not wishing to be bound by any specific mechanism of action, i appears that
these beneficial effects can be obtained due to the anti-inflammatory actions of the compositions.
In some instances, the beneficial effects can be obtained due to the combination of anti-

inflamnmatory and anti-apoptotic actions of the compositions of the invention.
¢. Lacerations

Lacerations of the cornea are followed by prolapse of the inis, which closes the injury. As in all
eye injurics, there 1s 4 risk of infoction. Lacerations also may extend to the selera, which is a much
more severe injury. In such a case, surgery is required to remove prolapsed uveal tissue from the
injured arca, and the sclera is closed with sutures. The therapeutic compositions of the present

invention are designed to accelerate the healing of the laceration and to prevent infection.
Inflammatory Conditions

Keratitis refers to inflammation of the cornea. Causes include but are not himited to amoebic,
bacterial, fungal or viral infection, photokeratitis, exposure (eyelid dysfunction), chemical injury,
trauma, surgery (LASIK, PRK, cataract, corneal transplant, pterygium surgery), or congential
causes such as keratoconus, Fuchs' dystrophy, or keratoconjunctivitis sicca. Other Inflammation-
mediated conditions of the eye inchude but are not limited to uveitis, macular edema, age-related
macular degeneration, retinal detachment, ocular tumors, multifocal choroiditis, diabetic uveitis,
proliferative vitreoretinopathy (PVR), sympathetic opthalmia, Vogt Koyanagi-Harada (VKH)

syndrome, histoplasmosis, and uveal diffusion.

Corneal ulcers form when the surface of the cornea is damaged or compromised in some way. The
uleers may be sterile or infected and determines the course of treatment. Bacterially infected uleers
tend to be extremely painful and are typically associated with a break in the epithelium, the
outermost fayer of the comea. Certain types of bacteria, such as Pseudomonas, are extremely
aggressive and can cause severe damage and even blindness within 24~-48 hours if left untreated.
Sterile nleers cause little if any pain. They are often found near the peripheral edge of the cornea
and are not necessarily accompanied by a break n the epithelial layer of the comea. There are
many causes of corneal ulcers. Contact lens wearers are at an increased risk of corneal ulcers if

they are not diligent in the cleaning, handling, and disinfection of their lenscs and cases. Bacterially
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infected ulcers are also associated with diseases that compromise the corneal surface, creating a
window of opportunity for organisras to infect the cornea. Patients with severely dry eyes, who
have difficulty blinking, or arc unable to care for themselves, are also at risk. Other causes of ulcers
include herpes sitaplex viral infections, inflavnmatory diseases, corneal abrasions or mjuries, and
other systemic diseases. The compositions and methods of the present invention may be effective

in treating corneal uleers.

The composttions and mcthods of the present jnvention may be effective in treating corneal
inflammation. Suspensions of microspheres may be used as an anti-inflammmatory therapy of the
eve, especially for treating mnflammatory conditions of the ocular adnexa, palpebral or bulbar
conjunctiva, cornea and anterior segroent of the globe. Common therapeutic applications for anti-
inflammatory suspensions of microspheres include viral, allergic conjunctivitis, acne rosacea, iritis
and iridocyclhiis. Microspheres roay also be used fo ameliorate inflararoation associated with,
corneal injury due to chemical or thermal burns, or penetration of foreign bodics. Such conditions

may result from surgery, mjury, allergy or infection to the eye and can cause severe discomfort.

Notably, microspheres have considerable therapeutic advantages in reducing inflammatory
responses, compared to the prevalent topical ocular use of NSAT agents and corticosteroids. Use
of topical steroids is associated with a number of coraplications, inchuding posterior subcapsular
cataract formation, clevation of intraccular pressure, secondary ocular infection, retardation of
corneal wound healing, uveitis, mydriasis, transient ocular discomfort and ptosis. Numerous
systernic complications also may arise from the topical ocular application of corticosteroids. These
complications include adrenal insufficiency, Cushing's syndrome, peptic ulceration, osteoporosis,
hyperteusion, mL8Cle weakness ot atrophy, intubition of growth, diabetes, activation of infection,

mood changes and delayed wound healing,
3. Ccular Surgical Applications

Compositions of microspheres in accordance with the present invention, may also be used to
amehiorate inflarnmation associated with ocular surgery, and n this context are particularly useful
in a prophylactic medality as well as in promoting healing and reducing scarring as has been

detailed above.

Of particular suitability 1s the use of the corupositions of the invention for: photorcfractive
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keratectomy (PRK), laser-assisted sub-epithelial keratectomy (LASEK), laser-assisted in situ
keratomileusis {LASIK]), automated lamellar keratoplasty (ALK}, laser thermal keratoplasty
(LTK), conductive keratoplasty (CK), post trabeculectomy (filtering surgery);, post-pterygium
surgery; post ocular adnexa trauma and surgery; post wiraocular sargery and specifically: post
lensectomyy, post vitrectomy, post retinal detachment surgery, and post epi- and subretinal

raembrane pecling.

Other corneal pathologics which can be treated inchude therapeutic photokeratectomy (aka
phototherapeutic keratectomy (PTK}), which include complications due to Reis-Bueckler's
dystrophia, Grocnouw's palindromia, leukoma, post-therapetic keratitis, pterygium, corncal
foreign body, several keratopathies, noduli post-keratoplasty, corneal erosion, alkali burning, post-
radial keratoplasty and PRX, as well as in the treatment of visual impairment or irritative symptoms
related to corneal scars, opacities, or dystrophies extending beyond the epithelial laver (e.g.,
persistent epithelial defects from anterior stroma dystrophics), recurrent corncal crosions,
superficial corncal dystrophy, epithehial membrane dystrophy, corneal melt, corneal ulcers and

irregular corneal surfaces due to Salzmann’s nodular degeneration or keratoconus nodules.

{t will be appreciated by the artisan that these are intended to serve as non-limitative examples of

prevalent surgical procedures for which the compositions and methods of the invention are useful.
4. Other Anterior Ocular Counditions

An anterior ocular condition 18 g disease, atlment or condition which affects or which involves an
anterior (i.e., front of the eve) ocular region or site, such as a periocular mESCle, an eyelid or an
eyeball tissue or fluid which 1s located anterior to the posterior wall of the lens capsule or ciliary
mLSCles. Thus, an anterior ocular condition primarily affects or fnvolves the conjunctiva, the
cornea, the anterior chamber, the iris, the posterior chamber (behind the iris but in front of the
posterior wall of the lens capsule), the lens or the lens capsule and blood vessels and nerve which

vascularize or inncrvate an anterior ocular region or site.

Thus, an anterior ocular condition can inchude a disease, ailment or condition, such as for example,
aphakia; pscudophakia, astigmatism; blepharospasm;  cataract;  conjunctival  disecases;
conjunctivitis, including, but not limited to, atopic keratoconjunctivitis; corneal inpuries, including,

but not limited to, injury to the corncal stromal arcas; corneal disecases; corneal ulcer; dry eye
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syndromes; cyelid discases; lacrimal apparatus discases; lacrimal duct obstruction; miyopia;
preshyopia; pupil disorders; refractive disorders and strabismus. Glaucoma can also be considered
to be an anterior ocular condition because a clinical goal of glaucoma treatment can be fo reduce

a hypertension of agueous fhuid in the anterior chamber of the eye (1.¢. reduce intraocular pressure).

Other discases or disorders of the eye which may be treated in accordance with the present
invention include, but are not limited to, ocular cicatricial pemphigoid (GCP), Stevens Johnson

syndrome and cataracts.

Dry cye syndrome s one of the most common problems treated by eye physicians. Tt 15 usually
caused by a problem with the guality of the tear film that hubricates the eyes. Tears are comprised
of three layers. The mucus layer coats the cornea, forming a foundation so the tear film can adhere
to the eye, the middie agueous layer provides moisture and supplies oxygen and other important
nutrients to the cornea, and the outer lipid layer is an oily filin that seals the tear film on the eye
and helps to prevent evaporation. Tears are formed by several glands around the eye. The water
layer s produced in the lacriminal gland located under the upper cyelid and several smaller glands
in the lids make the ol and mucus layers. With cach blink, the eyelids spread the tears over the
eve. Excess tears flow into two tiny drainage ducts in the comer of the eye by the nose. These
ducts lead to tiny canals that connect to the nasal passage. Dry eye syndrome has many causes.
One of the most common reasons for dryness is the normal aging process. Many other factors,
such as hot, dry or windy climates, high altitudes, air-conditioning and cigarette smoke also cause
dry eyes. Many people also find their cyes become irvitated when reading or working on a
computer. Contact lens wearers may also suffer from dryness because the contacts absorb the tear
film, causing proteins to form on the surface of the lens, Certain medications, thyroid conditions,
vitamin A deficiency, menopause and discascs such as Parkinson's and Sjogren's can also cause
dryness. The composttions and methods of the present mvention may be effective in treating dry

eve syndrome,
Formulation, Diosage and Administration

Compositions comprising limbal stem cells may be administered to a subject to provide vartous
cellular or tissue functions, for cxample, to freat ophthalmic disorders duc to trauma, surgery,

genetics, disease, etc. As used berein “subject” may mean either a human or non-human animal.
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Such compositions may be formulated in any conventional manner using one or more
physiologically acceptable carricrs, optionally compuising excipients and auxiliaries. Proper
formulation is dependent upon the route of administration chosen. The compositions may be
packaged with written mstructions for their use n ireating ophthalmic disorders or restoring a
therapeutically important metabolic function. The compositions may also be administered to the

recipient in one of more physiclogically acceptable carriers.

Treatment Kits—The invention also provides for an article of manufacture comprising packaging
material and a pharmaceutical composition of the invention contained within the packaging
material, wherein the pharmaccutical composition comprises LSCs alone or in combination with
a carrier. The packaging material corprises a label or package insert which indicates that the LSC

can be used for treating ophthalmic disorders, for example, corneal disorders/diseases/injuries.

in one embodiment, the present invention provides a carrier such as a contact lens product,
comprising a soft disposable contact lens loaded with the invention LSC. lv one embodiment, the
contact lens can be biocompatible lattice. As used herein, the term “biocompatible lattice,” is
meant to rvefer to a sobstrate that can facilitate formation nto three-dimeunsional structures
conducive for tissue development. Thus, for example, cells can be cultured or sceded onto such a
biocompatible lattice, such as one that includes extracellular matrix material or biocoated to
support ESC growth or adherence. The lattice can be molded into desired shapes for facilitating
the development of tissuc types. Also, at least at an carly stage during culturing of the cells, the
medium  and/or substrate is supplerscnted with factors {¢.g., growth factors, cyiokines.
extraceilnlar matrix material, etc.) that facilitate the development of appropriate tissue types and

structures. The LSC can be expanded on the lens or placed oun lens prior to transport to recipient.

Suitable moaterials for forming soft contact lenses using the method of the invention wnclude,
without limitation, siliconc elastomers, stlicone-containing macromers including, without
fimitation, those disclosed i U.S. Pat. Nes, 5,371,147, 5,314,960, and 5,057,578 incorporated in
their entireties herein by reference, hydrogels, silicone-containing hydrogels, and the like and
combinations thereof. More preferably, the lens 18 made from a matenial containing a stloxane
functionality, including, without limitation, polydimethyl  siloxane  macromers,
methacryloxypropy! polyalkyl siloxanes, and mixtures thereof, a silicone hydrogel or a hydrogel

made of monomers containing hydroxy groups, carboxyl groups, or both and combinations thereof.
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Materials for making soft contact lenses are well known and commercially available. For example,
the lens material 1s acquafilcon, etafilcon, genfilcon, lenefilcon, balafilcon, lotrafilcon, or
galyfilcon. The lens may be further enhanced by using additives in the packing solution. An
example of such an additive 15 polyvinylpyrollidine. A suitable lens material is polymethyl
methacrylate. However, other materials, such as gas permeable materials {including silicone, a
combination of polymethyl methacrylate and stlicone, and cellulosc acetate butyrate), may also be

used.

The contact lenses of the present disclosure may be transparent {i.e., having a transmission of
vistble light of at least about 20%), opaque or a combination of both. For example, in certain
embodiments, the coutact lens of the present disclosure voay be trausparent, in which case the

contact lens may or may not provide vision correction for one or both eyes.

The contact lenses of the present disclosure may comprise a soft, flexible material or may comprise
a rigid, gas permeable, roaterial. Examples of soft flexible materials may be forroed using oue or
more polymers such as combination of polymers such as silicones, silicone hydrogels or other
hydrogel matenials (e.g., materials contairung homopolymers or copolymers of two or more
hydroge! monomers, such as 2 -hydroxy ethyl methacrylate, I-vinyl-2-pyrrolidone, methacrylic
acid, ete.). Examples of rigid materials include silicone acrylate {(S/A) copolymers, fluorosilicone

acrylate {(F-S8/A) copolymers, and poly{methy! methacrylate) (PMMA).

The lenses may have a curvature so as to match the natural curvature of the cornea and provide a
standard fit. In the case of a soft contact lens, this may be one size. For example, the contact lenses
may be provided in a range of standard corneal curvatures {e.g., a base curve ranging & mun to 10
mm, among other values) and may have a range of diameters (e.g., a diameter ranging from 8 mim
to 18 mm, arsong other values} to provide a comfortable and safe {it for the patient. An ideal size
for a soft contact lens may be a base curve of 8.8 mm and a diameter of 14 mm, among other

values.

Stll further aspects of the present disclosure pertain to kits that are useful for treating a paticot,
The kits may include ail or a subset of all the components useful for treating a patient in accordance
with the present disclosure. The kits may include, for exaraple: (a) one or more contact lenses in

accordance with the present disclosure, (b} a therapeutic amount of cultured LSC of the invention,
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{c) extraceliular matrix in a fornmulation to support growth of the LSC of the invention, which may
or roay not be biocoated on the contact lens, {d) optionaily, medium to sustain the growth of the
LSC of the invention or buffer the LSC during transport, (¢} instructions for administering the
invention compositions to a patient’s eye and/or for fitting the contact lens, and {f) packaging and
information as required by a governmental regulatory agency that regulates cell therapy products,
pharmuaceuticals and/or medical devices. Additionally, the kit of the mvention can coraprise one
or more containers of a suitable liquid carnier {e.g. sterile water for injection, physiological saline,
phosphate buffer, phosphate buffered saline, c¢tc.) to wash excess medium from the lens of the

nvention.

In certain embodiments, the compounents of the kits are provided m a single sterile package for

convenient use by a health care professional.

i preferred embodiments, the matrix is selected from mammalian amniotic membrane, Matrige]™
and its equivalents, laminin, tenascin, entactin, hyaluron, fibrinogen, thrombin, collagen-IV,
collagen-IV sheet, poly-L-lysine, gelatin, poly-L-ornithine, fibronectin, thrombin sheet (Fibrin

Sealant, Reliseal™, Reliance Life Sciences), and the like, or corabinations thereof.
% E 3

{Ume example of the tissue base for use in generating the tissue system disclosed herein is human
amniotic membrane, which may be prepared using methods well known to those of skill in the art.
The human amniotic membrane may be used intact with the epithelial surface, or denuded of
eptthelial cells. Preferred methods for preparing the human ampiotic membrane are disclosed in
the Examples below. In other embodiments, the tissue base 1s biocoated with an additional support
material, for exaraple a material that facilitates binding of LSCs onto the tissue base. The additional
support material that may be employed can be selected from fibrinogen, laminin, collagen IV,
tenascin, fibronectin, collagen, bovive pituttary exiract, EGF, hepatocyie growth factor,

keratinocyte growth factor, hydrocortisone, or combinations thereof,

Alternatively, in a non-limiting embodiment, the compositions of the present invention may be
administered to the eye topically, such as, for example, in the form of eve drops. In a further non-
limiting embodiment, eye drops includes the LSCs of the invention, which can be administered to

the comea in order to treat a disease or disorder of the cornes.

In various ernbodiments, compositions of the invention can comprise a liquid corprising the iLSC
3 X [+
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of the invention in solution, in suspension, or both. As used herein, liquid compositions include

gels,

fn other ermbodiments, the tissue base is a collagen gel or a fibun gel, and the gel way further
comprisc other desirable cell types for generating the tissue system, including but not limited to
fibroblasts, such as corneal stromal fibroblasts, derivatives of mesenchymal tissue, and epithelial
cells, such as corneal epithelial cells. In still other embodiments, the tissue base is a hydrogel, for
example a synthetic hydrogel, a soft hydrogel contact lens or a poly-HEMA matrix. In certain
embodiments, the tissue base will be gradually resorbed in vive after transplant, implant, or graft
of the tissue systern. In addition, the tissue basc is excroplarily non-antigenie, and facilitates

epithelialization without significant fibrovascualar growth,

The term “suspension” herein ncludes a hquid composition, wherein LSC of the 1oveotion is
present i solution in combination with extracellular matrix and medium. The present invention
can also separate the different components of the mvention, wherein LSC in suspension with
medium and separately a second solution with the extracellular matrix are provided, wherein both
suspension and solution are combined at the point of freatmend, either introduced separately or in

combination (e.g., premixed prior to delivery).

In preferred embodiments, the matrix is selected from mammalian amniotic membrane, Matrigel™
and its cquivalents, laminin, tenascin, entactin, hyaluron, fibrinogen, thrombin, collagen-IV,
collagen-IV sheet, poly-L-lysine, gelatin, poly-L-ornithine, fibronectin, platelet derived growth
factor (PDGF), thrombin sheet (Fibrin Sealant, Reliseal™, Rehance Life Sciences), and the hike,

or combinations thereof,

{Ume example of the tissue base for use in generating the tissue system disclosed herein is human
amniotic membrane, which may be prepared using methods well known to those of skill in the art.
The human amniotic membrane may be used intact with the epithelial surface, or devuded of
epithelial cells. Exemplary methods for preparing the human amniotic membrane are disclosed in
the Examples below. To other embodiments, the tissue base 18 biocoated with an additional support
material, for example a material that facilitates binding of LSCs onto the tissue base. The additional
support material that may be employed is preferably sclected frorn fibrinogen, laminin, collagen

1V, tenascin, fibronectin, collagen, bovine pituitary extract, EGF, hepatocyte growth factor,
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keratinocyte growth factor, hydrocortisone, or combinations thereof.

Preferably the liguid composition is agueous. Alternatively, the composition can take the form of
an ointment. In a preferred embodiment, the composition is an in situ gelable agueous composition,
for cxampie as an in situ gelable aqueous solution. Such a compesition can comprise a gelling
agent in a concentration effective to promote gelling upon contact with the eye or lacrimal fluid in

the exterior of the eve.

Agqueous compositions of the invention have ophthalmically compatible pH and osmolality. These
compositions can incorporate racans to inhibit microbial growth, for example through preparation
and packaging under sterile conditions and/or through inclusion of an antimicrobially effective
amount of an ophthalmically acceptable preservative. Suitable preservatives non-restrictively
include mercury-containing substances such as phenylroercuric salts (e.g., phenylmercuric acetate,
borate and nitrate} and thimerosal; stabilized chlorine dioxide; quaternary ammonium compounds
such as benzalkonium chloride, cetylirimethylaromonium bromide and cetylpyridiniv chloride;
imidazolidinyl urca; parabens such as methylparaben, cthylparaben, propylparaben and
butylparaben, and salts thercof, phenoxyethanol; chlorophenoxyethanol; phenoxypropanol;
chlorebutanol;, chlorocresol; phenylethyl alcohol; disodium EIDTA; and sorbic acid and salts

thereof,

Suitable gelling agents nov-restrictively include thermosetting polymers, such as tetra-substituted
gthylene diamine block copolymers of ethylene oxide and propylene oxide {(e.g., poloxamine
1307y, polycarbophil; and polysaccharides, such as gellan, carrageenan {e.g., kappa-carrageensn
and iota~carragecnan), chitosan and alginate gums. The phrase “in sty gelable” fncludes not only
{tquids of low viscosity that can form gels upon contact with the cye or with lacrimal fluid in the
exterior of the eye, but also more viscous liguids such as semi-tlud and thixotropic gels that exhibit
substantially increased viscosity or gel stiffness upon administration to the eye or area surrounding

the eye.

Une of skill in the art may readily determine the appropriate concentration, or dose, of the LSC of
the invention for a particular purpose. The skilled artisan will recognize that a preferred dose is
one that produces s therapeutic cttect, such as corneal wound healing, in a patient in need thercof.

Of course, proper doses of the L8C may require empirical determination at time of use based on
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several variabices, including but not limited to the severity and type of disease, injury, disorder or
condition being treated; patient age, weight, sex, health; other medications and treatrocnts beng
administered to the patient; and the like A significant amount of LSC is provided to ensure proper
treatment. Oune of skill 1o the art will also recognize that vurober of doses {dosing regimaen) to be
administered needs also to be empirically determined based on, for example, severity and type of
disease, mjury, disorder or condition being treated. In one ernbodirent, one dose is sufficient.
Other embeodiments contemplate, 2, 3, 4, or more doses. In other embodiments, the invention
composttions may be coated onto the inner surface of a contact lens which 1s then placed on the
eye, thus allowing delivery of LSC directly to the ocular surface. The LSC used for coating the

contact lens may be formulated in a liguid, gel or other suitable ophthalmically compatible vehicle.
MEDIA OF THE INVENTION

The invention also provides feeder-free cell culture medium for short term in viers culture of LSC,
LSC-like, SESC or SESC-hike comprising a mimimum esseotial mediom, a growth factor, a
hormone, a soluble factor, and serum or serum substitute. In one embodiment, the shorter term in
vitro cultare 1s used to passage about O to about passage 4 of LSC, LSC-like, SESC or SESC-like

cells.

In an embodiment of the invention, the medium comprises DMEM/F12 medium, DMEM,
penicithin-streptomycin, fetal bovine serurmn, EGF, nsulin, hydrocortisone, cholera toxin, and
3,3 5-triipdo-L-~thyronine, wherein the fetal bovine serum may be substituted with human serum
or a serum substitute, whercin EGF and insulin may be recorabinant EGF and/or recombinant
insultn, respectively, preferably recorobivant bumsan EGF and recombinant human imsulin, and
wherein each of the component may be replaced with a functionally equivalent component so long
as LAC, LSC-like, SESC or SESC-hike cells proliferate and do not differentiate to CEC or skin

epidermal cells.

in another ermbodiment, the medium comprises DMEM/F12 and DMEM (1:1) with fetal bovine
serurn i the range of about 10-20% or a serum substitute for serum 1 the range of about 10-20%,
EGF in the range of 10-20 ng/ml, insulin in the range of 5-10 ug/ml, hydrocortisone in the range
of 0.2-0.8 up/mi, cholera toxin in the range of 3x107!! to 5x10'Y M and 3.3",5-triiodo-L-thyronine

in the range of 107 M to 4x10™ M, wherein EGF and insulin may be recombinant EGF and/or
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recombinant insulin, respectively, preferably recombinant human EGF and recombinant human
tnsulin, and wherein cach of the component may be replaced with a functionally cquivalent
component so long as LSC, LSC-like, SESC or SESC-like celis proliferate and do not differentiate

to CEC or skin epiderroal cells.

In yet a further embodiment, the medivm coraprises DMEM/F12 and DMEM (1:1) with 100 U/ml
peniciliin, 100 ug/ml streptomyein, 10% fetal bovine serum, 10 ng/mlt EGF, 5§ pg/mi insulin, 0.4
ng/ml hydrocortisone, 107" M cholera toxin and 2 x 107 M 3,3",5-triiodo-L-thyronine, wherein
the fetal bovine serom may be substituted with a human serura or 4 scrurn substitute, wherein EGF
and insulin may be recombinant EQF and/or recombinant insulin, respectively, preferably
recombinant human EGF and recombinant human nsulin, and wherein cach of the comaponent
may be replaced with a functionally equivalent component so long as LSC, L8C-like, SESC or

SESC-like cells proliferate and do not differentiate to CEC or skin epidermal cells.

The invention also provides a feeder-free cell culture medium for long term in vitro culture of
LSC, LSC-like, SESC or SESC-like cells comprising a mimimum essential wedium, a growth
factor, a hormone, a soluble factor, serum or serum substitute, and a rho-associated protein kinase
{ROCK) inhibitor. In an embodiment of the invention, the long term in vitro culture 18 used to

passage about 17 or more passages of LSC, L8C-like, SESC or SESC-like celis.

In one embodiment, the medium comprises DMEM/FI2Z medium, DMEM, penicillin-
streptomycin, fetal bovine serum, EGF, insulin, hydrocortisone, cholera toxin, and 3,37, 5-r1iodo-
L-~thyronine, and Y-27632, wherein the fetal bovine serum may be substituted with human serum
or a scrurn substitute, wherein EGF and msulin may be recombinant EGF and/or recombinant
insulin, respectively, preferably recombinant human EGF and recombinant human insulin,
wherein Y-27632 may be replaced with another ROCK inhibitor, and wherein cach of the
component may be replaced with a functionally equivalent comaponent so long as LSC, LSC-hike,

SESC or SESC-like cells proliferate and do not differentiate to CEC or skin epidermal cells.

i another embodiment, the medivm comprises DMEM/F12 and DMEM (1:1) with fetal bovine
serum i the range of about 10-20% or a serum substitute for serum in the range of about 10-20%,
EGF in the range of about 10-20 ng/ml, insulin in the range of about 5-10 pg/ml, hydrocortisone

in the range of about 0.2-0.8 pg/mi, cholera toxin in the range of about 5x10 o 5x107° M, 3,37,5-
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triiodo-L-thyronine in the range of about 107 M to 4x10™° M, and Y-27632 in the range of about

1-10 uM, wherein EGF and insulin may be recombmant EGF and/or recombinant insulin,

-t

espectively, preferably recombinant human EGF and recornbinant human fmsulin, wherein Y-
27632 may be replaced with another ROCK inhibitor, and wherein each of the component may be
replaced with a fonctionally equivalent so long as LSC, LSC-like, SESC or SESC-like cells

proliferate and do not differentiate to CEC or skin epidermal cells.

In yet another embodiment, the medinm comprises DMEM/F12 and DMEM (1:1) with about 100
U/ml penicitiin, about 100 pug/mi streptomycin, about 10% fetal bovine serum, about 10 ng/ml
EGF, about 5 wg/ml insulin, about 0.4 pg/m! hydrocortisone, about 101° M cholera toxin, about 2
x 107 M 3,37, 5-triiodo-L-thyronine, and about | pM Y-27632 wherein the fetal bovine serum may
be substituted with a human serum or a serum substitute, wherein EGF and insulin may be
recombinant EGF and/or recombinant insulin, respectively, preferably recombinant human EGF
and recombinant human insulin. Y-27632 may be replaced with another ROCK inhibitor. Further,
cach of the component roay be replaced with a functionally cquivalent so long as LSC, LSC-hike,

SESC or SESC-like cells proliferate and do vot differentiate to CEC or skin epidermal cells.

The invention additiovally provides a feeder-free cell culture maedivm for long term in vitro culture
of LSC or LSC-like cells comprising a minimum essential medium, a growth factor, a hormone, a
soluble factor, serum or serum substitute, a rho-associated protein kinase (ROCK) inhibitor and
leukemia inhibitory factor (LIF). The long term in vitre culture may be used to passage about 17

or more passages of LSC or LSC-like cells.

In onc embodiment, the medium comprises DMEM/FI2 medivm, DMEM, penicillin-
streptomycin, fetal bovine serum, EGF, insulin, hydrocortisone, cholera toxin, and 3,37, 5-triiodo-
L-thyronine, Y-27632, and LIF, wherein the fetal bovine serum may be substituted with huroan
serum or a serum substitute, wherein EGF, insulin, and LIF may be recombinant EGF, recombinant
insulin, and/or recombinant LIF, respectively, preferably recombinant hurman EGF, recombinant
human 1osulin, and recombinant human LIF, wherein Y-27632 may be replaced with another
ROCK inhibitor, and wherein cach of the component may be replaced with a functionally
equivalent component so long as L8C or LSC-like celis proliferate and do not differentiate to

CECs.
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i another embodiment, the medivm comprises DMEM/F12 and DMEM (1:1) with fetal bovine
serum i the range of about 10-20% or a serum substitute for serum in the range of about 10-20%,
EGF in the range of about 10-20 ng/mi, insulin in the range of about 5-10 ug/ml, hydrocortisone
in the range of about 0.2-0.8 pg/ml, cholera toxin in the range of about 5x10 ! to Sx101° M, 3,37,5-
triiodo-L-thyronine in the range of about 107 M to 4x10¢7 M, Y-27632 in the range of about 1-10
uM, and about 5-20 ng/ml LIF. Further, EGFE, insulin, and LIF may be recombinant EGF,
recombinant msulin, and/or recorabinant LIF, respectively. Preferably recombinant human EGF,
recombinant human insulin, and recombinant human LIF i3 used. Further, Y-27632 may be
replaced with another ROCK inhibitor.  Further still, each of the components may be replaced
with a functionally equivalent so long as LSC, L8C-like, SESC or SESC-like cells proliferate and

do not differentiate to CECs.

in yet another embodiment, the medium comprises DMEM/F12 and DMEM (1:1) with about 100
U/mi penictllin, 100 ug/mi streptomycin, 10% fetal bovine serum, 10 ng/ml EGF, 5 ug/mi insulin,
0.4 ng/ml hydrocortisone, 107'° M cholera toxin, 2 x 10 M 3,3",5-triiodo-L-thyronine, 1 pM Y-
27632 and 10 ng/ml LIF. The fetal bovine serom way be substituted with a human seram or a
serum substitute; EGF, insulin, and LIF may be recombinant EGF, recombinant insulin, and/or
recombinant LIF, respectively, preferably recombinant human EGF, recombinant human msulin,
and recombinant buman LIF. Y-27632 may be replaced with another ROCK inhibitor.
Additionally, in other embodiments, cach of the component may be replaced with a functionally

equivalent so long as LSC or LSC-like cells proliferate and do not differentiate to CECs.

Examples of suitable ROCK inhibitors inchude, but are not limited to, (R)-{(+)-trans-4-(1-
aminocthyl}-N-{(4-Pyridylicyclohexanccarboxamide  dihydrochloride wonohydrate (Y-27632;
Sigma-Aldrich}, S-(1,4-diazepan-1-yisulfonyl} isoquinoline (fasudil or HA 1077, Cayman
Chemical), H-1152, H-1152P, (8)-{+3-2-Methyl-1-[{(4-methyl-5-
isoquinohinylsuifonyl jhomopiperazine dihydrochlonde, Pimethylfasudil (A1MF; H-1152P), N-(4-
Pyridyli-N'-(2,4,0-trichlorophenyliurea, Y-39983, WH536, SNJ-1636, and (S)-(+)-2-methyl-1-
[{(4-methyl-5-isoquinolimylsulfonyl]-hexahydro-1H-1,4-diazepine  dihydrochloride  (H-1152;
Tocris  Bioscience), imidazole-containing benzodiazepines, imidazopyridine  derivative,

compound comprising an indazole core, a 2-aminopyridine/pyrimidine core, a 9-deazagnanine

67



WO 2015/200920 PCT/US2015/038384

derivative, benzamide, or aminofurazan, and derivative and analog thereof, and a combination

thereof

fn accordance with the practice of the invention, fetal bovine serum roay be substituted with buman
serum or another serum substitute (depending on the mammalian original of the stem cells so
obtained and/or expanded). For example, the stem cells may be from a maramal such as a buroan,

rat, dog, cat, pig, horse, rabbit, cow, monkey or mouse.

In one embodiment, EGF, insulin or LIF is recombinant EGF, recombinant insulin or recombinant
LIF, respectively,  For cxample, EGF may be recombinant human EGF. Merely by way of
example, insulin may be recombinant human insulin. In another example, LIF may be recombinant

human LIF.

In an embodiment, the invention provides a culture medium of the invention having the
components of any of the embodiments described above but without an inhibitor of glycogen

synthase kinase 3 (GSK3) and/or inhibitor of transforming growth factor § (TGF-).

i another embodiment, the invention provides a culture medium of the invention consisting

essentially of the components of any of the embodiments described above,

fn yet another ermbodiment, hormones as used i the nvention imclude glucocorticoids,
hydrocortisone, glucocorticoid receptor agonists, thyroid hormone, 3,37, 5-triiodo-L-thyronine or
T3, thyroid receptor agonsts, and insulin, Hormones may be synthesized to reflect the structure of
the hormones found in nature or may be synthetic/artificial hormones which are not found in nature
but arc able to modulate the activity of a particular hormoune receptor, such as a glucocorticoid

receptor, thyroid receptor or insulin receptor.

The following examples are included to demonstrate preferred embodiments of the disclosure. it
should be appreciated by those of skill in the art that the techniques disclosed in the examples
which follow represent techniques discovered by the inventor to function well in the practice of
the invention, and thus can be considered to constitute preferred modes for its practice. However,
those of skill in the art should, 1o hight of the present disclosure, appreciate that maany changes can
be made in the specific embodiments which are disclosed and still obtain a like or similar result

without departing from the spirit and scope of the fnvention.
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EXAMPLES

The following exarnples are put forth so as to provide those of ordinary skill 1o the art with a
complete disclosure and description of how to make and use the methods and compositions of the
invention, and are not mtended to himit the scope of what the inventors regard as their invention.
Efforts have been made to ensure accuracy with respect to numbers used {(e.g., amounts,
temperature, ¢te.) but some experimental errors and deviations should be accounted for. Unless
indicated otherwise, parts are parts by weight, molecular weight is average molecular weight,

teraperature 18 in degrees Centigrade, and pressure 18 at or near atmospheric,

Example 1

Materials and Methods

Human pathology samples

Corneal epithelium squamous metaplasia and all other tissues were obtained as de-identified
surgical specimen, fixed in 5% formalin, embedded into paraffin, sectioned and stained for

rrmunefluorescence studies.

Isplation and culture of mbal stem cells and skin epidermal stem celis

Postmortern human eyeballs were obtained from cye banks and himbus region were taken and
washed tn cold PBS with 1001U Penicillin and 100ug/mi Streptomyciv, and cut into small pieces.
Cell clusters were obtained by 0.2% Collagenase IV digestion at 37 °C for 2h, single cells were
obtamned by further digestion with 8.25% Trypsin-EDTA at 37 °C for 15min. Primary cells were
sceded on plastic plates coated with 2% Growth factor reduced Matrigel (354230, BD Biosciences,
Inc.). Limbal stern cells from GFP-labeled Rats and Rabbits were isolated and cultured using the

same method as for Human LSCs.

Human epidermis was obtained from donor skin biopsy of eye lids, and hair follicles were removed

under microscope. Primary human and rabbit cpidermal stera cells were isolated from
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interfollicular epidermis using the same method as described for human himbal stem cells. Culture
moediam as following: DMEM/FI2 and DMEM (1:1) with /100 Peo-Strep, 10% fetal bovine
serum, 10 ng/ml EGF, 5 ug/ml insulin, 0.4 pg/ml hydrocortisone, 16°Y M cholera toxin and 2 x

109 M 3,3 " S-triiodo-L-thyronine.

All cells used in this Example 1 are from primary cultured cells roade in our labs. The mycoplasma

contamination test were routinely done and were negative.
Fu vitre 3 dimensional (3-D) differentiation protocol

3-D differentiation was performed on a 24-well plate or an &-well chamber. Briefly, dissociated
single stem cells were erobedded in Matrigel® at 2x10% cells/50 ul gel. 3-D structures were formed
after 14-18 day culture in a differentiation medivra CnT-30 (hmbal stem cell differentiation) or

CnT-02 {skin epidermal stem cell differentiationy {(CellnTec, Inc.}.
Immunofluorescence and laser confocal microscopy

To detect the localization of proteins in cultured cells, cells were fixed with 4% paraformaldehyde
for 20 min, then perrmeablized with 0.3% Triton X-100-PBS for 5 min twice and blocked m PBS
solution containing 5% bovine serum albumin and 0.3% TritonX-100, followed by an overnight
incubation in privnary antibodies at 4 “C. Afier 3 washes in PBS, cells were incubated with
secondary autibody. Cell vuclei were counterstained with BAPL  For framunofluorescence of
paraffin-embedded tissuc sections, de-paraffinization was performed, followed by the same

immunoftuorescence protocol described above.

The following antibodies were used: mouse anti-P63 monoclonal antibody, Rabbit anti-K3
monocional antibody, mouse anti-K10 monoclonal antibody, mouse anti-K14 monoclonal
antibody with biotin labeled, mouse anti-K19 mouvoclonal antibody, (MA1-21871, RM2106580,
MS611P0, MSTI5BO, MS1902P0, Thermo Fisher Scientific, Inc.}, Rabbit anti-PAXS6 polyclonal
antibody (PRB-278P, Covance, Inuc.}, mouse anti-K1 monoclonal antibody (sc-376224, Santa
Cruz, Inc.}, Rabbit anti-WNT7A polyclonal antibody, mouse anti-K3/12 monoclonal antibody,
Rabbit anti-K 12 monoclonal antibody (ab100792, ab68260, ab124975, Abcam, Inc.), mouse anti-
Ki67 monocional antibody (550609, BD Sciences, Inc), anti-GFP rabbit monoclonal antibody and

anti-GFP mouse monoclonal antibody (G10362, A11120, Invitrogen, Inc}. The sccondary
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antibodies, Alexa Fluor 48 or S6%-conjugated anti-mouse or rabbit immunoglobulin G (Ig()
{Invitrogen, Inc.) were used at a dilation of 1:500. hnages were obtained using Olyropus FV1000

Confocal Microscope.
Real-Time PCUR (Q-PCR)

RNA was isolated using an RNeasy kit {Qiagen, Inc.) and subjected to on colummn DNase digestion.
cPNA synthesis was performed using a Superscript T reverse transcriptase kit according to the
manufacturer’s instructions {Invitrogen, Inc.). Quantitative PCR was performed by 40 cycle
amplification using gene specific primers (Table 1) and Power SYBR Green PCR Master Mix on
a 7500 Real Time PCR System (Applied Biosystems, Inc.). Measurements were performed in
triplicates and normalized to endogenous GAPDH levels. Relative fold change in expression was
calculated using the AACT method (CT values < 30). Data showu as woean £ SD based ou three

replicates.

Table 1. Primer sequences

CASZI GITCTACGGACAGAAGACCACG TCTTGAAGCUGICCTTGGCGTA

sCCTGUATCACCAGAG AGCCACACAGTGCTTTGCIGIC

Kig CCTGUTTCAGATCGACAATGCC ATCTCCAGGTUAGUCTTGGTCA

PPARG AGCCTGCGAAAGCCTTTTGGET GGCTTCACATTCAGCAAZACCTGE
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FTGFRE AAC TOCGCTAACCAGGATTTUATCA

ACTGACGGAGACCUTC

Gene {Rabbit) Forward Primer Reverse Primer

PAXS InF

Genome wide gene expression microarray and data analysis

Total RNA was solated from LSCs, SESCs and ditferentiated CECs from 3-D differentiation
assay. Gene expression microarray analysis was performed using an IHumina human genome
roicroarray system, with each sample 1o biological replicate (n = 2 per group; Human HT-12 v4
Expression BeadChip; Hiumina, San Dicgo, CA}). Raw data was deposited into the GEO database
under accession number GSE32145. Expression level data were generated by the Hluming
BeadStudio version 3.4.0 and normalized using quartile normalization. Probes whose expression
icvel exceeded a threshold value of 64 in at least one sample were considered detected. The
threshold value was found by inspection from the distribution plots of log2 expression levels.
Detected probes were sorted according to their g-value, which is the smaliest false discovery rate
{FDR) at which the probe is called significant. FDR was evaluated using Significance Analysis of
Microarrays and its implementation in the official statistical package sam'®. To avoid false positive

calls due to spuriously small variances, the percentile of standard deviation values used for the
exchangeability factor sG in the regularized t-statistic was set to 50. We combined the LESCs and
CECs samples into one group of four samples, and looked for differentially cxpressed gences
between this group and SESCs samples. The top 100 significant genes in this comparison are
presented i Fig, 4. All genes in this figure are significant at the FDR level of 0.01 or less. A
heatmap was created using in-house hicrarchical clustering software, and colors qualitatively

correspond to fold changes.
RNA-seq and hierarchical cluster analysis

Total RNA was purified by a Picropure RNA iselation kit {Life Technology). RNA-seq was
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performed as previous described®™. Briefly, 600ng of total RNA was first converted to cDNA by
superscript HI first strand syothesis kit with privaer Biotin-B-T. The ¢DNA was purified by
NucleoSpin Gel and PCR Clean-Up Kit column {Clontech} to remove free primers and enzyme,
Then, termiuval transferase (NEB) was applied to block the terminal of a ¢DNA 3end.
Streptavidin-coaged magnetic beads (Life Technology) were further applied to isolate cDINAs.
After RNA degradation by sodium hydroxide, second strand ¢DNA was synthesized by random
priming with primer A-NB. The second strand ¢cDNA was cluted from beads by heat denaturing.
The cDNA was then used as teraplate to construct Hbraries by araplifics with barcode primers and

primer PB. The sequencing was done on Hiseq 2000 system.

Hierarchical cluster analysis was performed with cluster and Java TreeView?! The raw data was
first filtered using default parameters provided by Cluster program, the filtered data was further
adjusted by log transformation, centered gene and arvay with roedian, and theo hierarchically
cluster both gene and array with Euclidean and average linkage. The hierarchical trees and gene

matrix was visualized and generated by Java Treeview.
Lentiviral RNAI and PAX6 transduction

Lentiviral shRNAs targeting PAX6, WNT7A, and FZDS geues were either cloned wnto pLKO.1
plasmid between Age | and EcoR 1 or directly purchased from Sigma. ShRNAs-targeting
sequences for gene specific knockdowns were as follows: PAXS,
CGTCCATCTTTOCTTGOGAAA and AGTTTGAGAGAACCCATTATC, WNTTA,
CGTGUTCAAGGACAAGTACAA and GCGTTCACCTACGCCATCATT, FZD35,
COCCAGCCCTTCGTGCCCATT and TCCTAAGGTTGOCGTTGTAAT. We used a lentiviral
pLKO. 1-pure Non-Target shRNA control plasmid encoding a shRNA that did not target any
knowu genes frotn any species as a negative control 1o ali gene knockdown experiments (Sigma,

inc.).

Lentiviral shRNA particles were prepared according to a previous described protocol™. Briefly,
Replication-incorapetent lentiviral particles were packaged wn 2937 cells by co-transfection of
shRNA counstructs with packaging mix {(pCMV-dRR.2 and pCMV-VEVE at 9:1 ratio). Virus was

harvest two tirnes at 48 hrs and 72 hrs post-transfection.

For transduction, PAX6a ORF was PCR amaplified from cDNAs purchased from Thermo Secientific
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{MHS6278-202756612) and inserted into pLenti CMV-GFP Pure vector between BamH1 and
BsrGl. P4X6H was generated by PCR mediated point muutation strategy with primers PAXS InF
and PAX6 InR (Table I). For GFP-labeling, pLenti CMV-GFP Hygro (656-4) purchased from
Addgene was used. The lentiviral particles were packaged by co-transfection with packaging

plasmids psPax2 and pMDZ.G.

For lentiviral infection, cells were infected for 16-20 hrs with fresh media containing individual
virus and polybrene at a tinal concentration of 8 pg/ml. The infected cells were further selected by

2 pg/mi puromyein for 48 hrs or 200 pg/ml hygromyein for 72 hrs.
Western blot and Co-lmmunoprecipiiation (Co-1P)

For western blotting, cells were washed once with PBS and then collected 1u cell Tysis buffer (50
mM Tris-HCL, pH6.8; 2% SDS; 10% glycerol; 100 mM DTT). Protein concentration was
quantified by Nanodrop and Bromophenol blue was added to a final concentration of 3.1%, then
25 ug of total lysate was fractionated on a 4-12% NUPAGE gel (Life Technology, Inc). Proteins
were transferred to a nitrocellulose membrane at 100V for 1 hour. The membrane was blocked
with 5% wilk and probed with relevant antibodies and mouse auti-B-activ wounocloval antibody

{A5316, Sigma, Inc.).

To detect interaction between FZDS and WINTTA, a 10-cm dish of limbal stem cells at 90%
contflucnce was collected; the cell pellet was resuspended 1o 700ul of Co~IP buffer (10mM Tris-
HCL pH 7.4, 100mM NaCl, 2.5mM MpCls, 0.5% NP-40, 1X proteinase inhibitor) and incubated
on ice for 20 winutes, then centrifuge at 13,000 rpm at 4°C for 20 ronutes. The 600 pl of
supernatant was aliquot futo two pre-chilled eppendorftubes, 5 pug of rabbit anti-FZD5 mouvoclonal
antibody (#5266, Cell signaling, Tnc.) or WNT7A antibodies was added to cach tube and incubated
at 4°C overnight. 50 pl of protein A/G magnetic beads (Thermo Fisher, Inc.) were added to cach
tube, and incubated at 4°C for two hours, washed with a Co-IP buffer and cluted in 1X SDS sample
buffer {Life Technology, Inc.) at 70°C. The input and elutes were fractionated on 4-12% NUPAGE
gel and blotted with FZDS and WNT7A antibodies.

Cell Transplantation

All animal studies were performed in full accordance with the ARVO statement for the Use of

74



WO 2015/200920 PCT/US2015/038384

Animals in Ophthalmic and Vision Rescarch and approval of Institutional Animal Care

Comrnitiees were obtained.

New Zealand white rabbuts (2.0 kg-2. kg, male) were used in the study. Rabbits were anesthetized
with intramuscular injection of xylazine hydrochloride (2.5 mg/mL) and ketamine hydrochloride
{37.5 mg/ml). To create a himbal stem cells deficiency model (Fig. 11§), coroneal and limobal
epithelium was removed by 360 degree conjuntival peritomy and lamellar dissection to remove
anterior scleral and corneal stromal tissues, 2 mm posterior from limbus towards the center of the
cornea. This dissection ensured removal of LSC and the entire corneal epithelium. 5x10° rabbit
GFP-labeled LSCs, PAX6+ SESCs or shPA X6 LSCs cells were mixed with fibrin (25 mg/rol) and
thrombin (25 U/mi) and sceded onto the exposed stromal bed of a recipient cornea and limbal avea;
the surface was then covered by a human amniotic membrane (Bio-tissue, Inc. USA) which is

secured with 10.0 VICRYL sutures (ETHICON, USA) (Table 2).

Table 2. Summmary of rabbit transplantation results

Rabhit number

{Upague and Bied from systemic
GFP-labeled donor Regeneration and re- vascularized infection or unrelated
cells ¢pithelization corneal surface complications
ESCs 3 & ¢
PAXG+ SESCs 5 8 2
shPAXS LSCs 8 4 i

As a negative control, only amniotic membrane was applied to the denuded cornea. Antibiotics
{levefloxacin) and steroids (betamethasone) were applied to both cyes imnediately after the cell
transplant procedures, and was administered three times a day for 2 weeks. Animals were
randomly assigned into cach experimental group. The investigator who performed cell
transplastation was blinded by the identity of cells used.  Another nvestigator was used for
assessment of effect of corneal epithelial repair in rabbits and was blinded by the identity of celis
used in the transplantation. For analysis, we only exclude animals that died of post-operative
complications such as infection, as they did not reach an end point for assessment of effect of cell

transplantation; this criteria is pre-cstablished.
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Results and Discussion

Corneal and skin epithelium share many similarities, inchuding a typical morphology of stratified
eptthelium and maintenance of their stem celis by p63 1n the Keratind/Keratinl4+ (K5/K 14) basal

cell layer in limbus and epidermis™ (Figs. la, 1b, 2a and 2b). However, there arc marked
differences between them. Skin epithelial stem cells (SESCs) move upward from a deep to
suprabasal layers vertically during differentiation”™'?, where K5 and K14 are replaced by skin
specific KI/K10 (ref. 11; Fig. 2¢ and 2d). In contrast, LSCs (defined by K19 at the limbus'?, see
Figs. 1a and 2¢) migrate centripetally for several millimeters to the central comnea during which it

undergoes differentiation and KS/K 14 are replaced by corneal specific K3 and K12 (ref. 13, 14;

Figs. 1¢ and 26).

A clear, transparent cornea roaintained by CECs s essential for vision. Pathological conversion of
CECs into skin-like epithelial cells, as indicated by morphological changes and switches in keratin
expression {e.g. replacement of coroeal specific K3/K12 by skin specific K1/K10 along with K3
positive celis at the basal layer, see Fig. 1d), leads to the loss of transparency in the cornea and
causes millions of people around the world to suffer from partial or coraplete blindness’, but the

underlying mechanism has remained largely unknown.

To clucidate potential disease mechanisms, we successfully developed a feeder-free cell culture
protocol to expand LSCs from human donors, enabling us to generate s homogeneous cell
population to delineate key factors involved in controlling LSC cell fate determination and CEC
differentiation. Proliferating LSCs were characterized by positive p63 and K19 with a high
percentage of mutotic marker Ki67 (Figs. 2g and 3a). We next established a 3 divoensional (3-13)
LSC differentiation protocol to establish a 3-D CEC sphere structure from a single LSC within 14-
I8 days, as evidenced by strong expression of the CEC specific markers K3/K12 (Fig. 3b). The 3-
D differentiation sphere was further characterized by key differences in gene expression between
L.8Cs and CECs, the latter of which showed increased expression of K3 {1 31.2 foldy and K12 (
1 24.7 fold) and concomitant decreased expression of K19 ( { 6.2x, all p<0.01; see Fig. 2h). We
took a similar strategy to expand SESCs and observed strong expression of typical SESC markers
P63 and K5 in cultured SESCs (Fig. 3¢). As expected, we detected increased expression of

epidermal differentiation markers K1 ( 1 16.6 fold) and K10 (] 225.8 fold) in 3-D differentiated
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skin epithelial cells (SECs) compared to SESCs (Figs. 21, 2j and 3d).

To identify additional genes unigquely expressed in LSCs, CECs and SESCs, we performed
genorne-wide gene expression analysis (Figs. 3¢, 4a and 4b). Awong genes that were differentially
expressed, we focused on signaling molecules and transcription factors because of their central
roles in cell fate determination and differentiation. We identified WNT7A and PAXS6 that were
highly expressed in LSCs and CECs when compared to SESCs (PAXS, T 8.8 fold in LSCs and |

12.3 fold in CECs, p< 0.001; WNT7A, T4.5 fold in L8Cs, 1 6.0 fold in CECs, p<0.001) (Figs.
3¢ and 4¢). We observed that WNTTA cxpression precisely mirrored the cxpression pattern of
PAXSG in in vitro L.SC and CEC cultures, and in in-vivo epithelial layers of cornea and limbus from

infant to adult, while both of these genes were undetectable in skin epidermis (Figs. 3f and 4d).

To determine the clinical relevance of WNT7A and PAX6 expression in LSCs and CECs, we
examined several types of human corneal diseases, comneal epitheliurmn sguamous metaplasia,
inflammatory keratopathy, trauma and alkaline burn. We observed the localized expression of p63
and K3 at the basal layer (Figs. 3a and 6), and the expression of K10 in the suprabasal layer (Figs.
1d and 6). We also found that WNT7A/PAXG and K3/12 expression were conspicuously absent in
arcas of metaplasia, while they were positive in surrounding corneal epitheliur (Figs. 5a and 6).
These results suggest cornea epithelial cells were switched to skin-ltke epithelial cells in patient

tissues with these disease conditions.

Wnt molecules are secrcted signaling proteins that play a critical role 1n controlling cell fate

decisions and tissue specification!. PAX6 is also a well-known control gene for eve development
. 16 . . : . p

and discase’™. However, it has remained unclear whether the loss of PAXG6 is the cause or the

cousequence of abnormal skiv epidermal differentiation in ocular surface diseases.

To demonstrate WNTTA and PAX6 are necessary for LSC and CEC cell fate determination and
differentiation, we used lentiviral shRNAs to specifically knock them down in LSCs. While LSCs
with knockdown of either WNTTA or PAX6 did not chavge proliferation and worphological
properties {Fig. 7a}, these treatments significantly diminished the expression of corneal K3/K12
under the 3-D differentiation conditions (WNT7A knockdown: | 24.7 fold in K3, | 22.6 fold in
K12; PAX6 knockdown: | 208 fold in K3, | 21.4 fold in K12; all P<0.05), and concurrently, the

expression of skin-specific K1/K10 became more prominent (WNT7A knockdown: 1 3.9 fold in
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K1 and 5.7 fold in K10; PAXS knockdown: | 3.1 fold Ki and 1 6.1 fold in K1¢; all P<0.05),
indicative of more skin-like differentiation (Fig. 5b and 5¢). Moreover, knockdown of WNT7A
reduced PAXG expression in LSCs (| 1.8 fold, p< 0.001); this repressive effect was even stronger
in differentiated CECs { | 8.0 fold, p< 0.01). In contrast, there was no significant difference in
WNTTA expression when PAXS was knocked down in either LSCs or CECs (Figs. 5¢, 7b and 7¢).

These results suggest that WNTTA acts upstream of PAXS6 during CEC differentiation.

To further study the role of the Wnt signaling pathway in cornecal fate determination and
differentiation, we investigated the functional requirement of Frizzled receptors (FZD), which has
been shown to interact and transduce WNT7A signaling based on co-immunoprecipitation’’. We
found that WNTTA mteracted strongly with FZDS i LSCs (Fig. 7d and 7¢), and as predicted,
knockdown of FZD¥5 in LSCs also led to reduced PAX6 expression { | 1.7 fold in L8Cs and | 3.0
fold in differentiated CECs {(p < 0.001) (Fig. 7§). Together, these data demonstrated that loss of
WNTT7A or PAXS led to a switch of corneal epithelial cells to skin-like epidermal cells and that

WNT7A/FZDS acted as the upstream regulators of PAXGS cxpression in corneal differentiation.
I £

Given the central role of PAX6 in eye development!®, we next tested the possibility that engineered
expression of PAX6S might be able to convert SESCs into LSC-like cells (Fig. Ba). Indeed, we
found that the expression of cither PAX6a or PAX6b 1in SESCs was sufficient to convert them into
LEC-like cells, as evidenced by the induced K19 expression on the surface, coincident with the
expression of both P63 and PAXG in the nucleus (Fig. 9a). When placed in 3-D culture, PAX6-
transduced SESCs showed dramatic increase in corneal K3/K12 expression{ 1 9.4 foldand T 72.7
fold, ali p< 0.05) with concomitant decrease in skin K1/K10 expression { | 20.8 fold and | 20.0
fold, all p< 0.01) (Figs. &b, ¥c, 9b and 9¢}). To obtain global evidence for successtul cell fate
conversion, we performed gene expression profiling by RNA-seq'® on CECs, SECs, and LSCs
after knocking down PAX6 and on SESCs transduced with PAX6 upon 3-D differentiation. We
generated 3 to 7 million reads from cach biological saraple that were uniguely mapped to the
Refseq database (Fig. 10a}. Pair-wise comparison demounstrated that the data were very
reproducible within the same group of samples (Fig. 10b), in contrast, when compared between
cells with different fates, the data demounstrate remarkable differences based on the statistical cut~

off of FDR <0.001 (Fig. 10c). We displayed the entire datasets that recorded the expression of
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>10,000 genes in various cell types (Fig. 9d), demonstrating that both induced (red) and repressed
{grecn) genes were clearly co-segregated between CECs and PAX6+ SESCs and between
shPAX6-treated LSCs and SECs. These data therefore provided global evidence for a role of the
WNTTA/PAXS axis in cell fate conversion from SESCs to CECs. Together, these data suggest
defects in the WNTTA/PAXS axts are likely responsible for metaplastic conversion of corneal
cells to skin epidermal-like cells in corneal discases i humans (iHustrated in Fig. 9¢), although
further studies need to be performed to determine the signtficance of the WNT7 and PAX6 axis in

corneal epithelial differentiation.

Finally, we tested the potential that SESCs with engincered expression of PAX6 (Fig. 1a, 1b
and 11c) might be used to treat and repair corueal epithelial defects on a rabbit LSC deficiency
model (Fig. 111}, which mimics a common corneal discase condition in humans. We showed that
rabbit SESCs with PAX6 transduction formed a continuous sheet of eptthelial cells with positive
staining of corneal specific K3/12 (Fig. 14a) and successfully repaired epithelium defect of the
entire corneal surface to restore and maintain norroal cornea clarity and transparcucy for over 3
months (Figs. 14b-14g and 12). By following the time course of corneal epithelial surface repair
by using GFP-lgbeled PAX6+ SESCs, we observed that these PAX6-reprogramumed SESCs were
initially only located at the limbal region and then moved progressively towards the central cornea
with corresponding arcas of restored cornea clarity (Fig. 13a). Importantly these grafted cells were
indeed able to repopulate Hmbus as evidenced by culture and re-isolation of PAX6+ SESCs from
itmbal region (Fig. 13b). Strikingly, these reprogramumed SESCs were capable of repairing large
corneal epitheliur defects after repeated corneal epithelial scraping (Fig. 13¢). In sharp contrast,
transplanting rabbit LSCs with PAX6 knockdown (Fig. 11a, 11d and 11e) onto denuded corneal
surface resulted 1n a K10 positive skin-like epitheliom with opacity and vascularization (Fig. 146).
Together, these data demounstrate that SESCs with PAX6 expression are able to transdifferentiate

into corneal-like epithelinm and repair corneal surface defects.

In summary, this work establishes the feasibility of expanding LSCs under feeder-free conditions
and its therapeutic potential, and demonstrates key roles of WNT7A and PAX6 in corneal lincage
specification.  Importantly, SESCs or other cell types converted into a corncal fate by PAX6G
expression may serve as a potential source for corveal surface vepatr and regeneration, particularly

in patients with total LSC deficiency. This would overcome a major feasibility problem in using
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patent’s own LSCs for transplantation, thus pointing to a potential therapeutic strategy for treating

roany common corncal diseases in humans.
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Example 2
Materials and Methods
Animals

ROSA™™S mice were described previously (PMID: 17868096; 28) and maintained as
homozygotes. The P0-3.9-GFPCre mice, expressed an EGFP-Cre recombinase fusion protein

under the control of the Paxs PO enhancer, were maintained on s FVB background and PCR
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genotyped as described (29).
Lineage tracing

Lineage tracing experiments were performed by crossing homozygous GFP reporter mice
(ROSA™T™5Y with lens specific Cre transgenic mice (P0-3.9-GFPCre) in which Cre expression is
under the control of mouse Paxd cctoderm cnhancer. Eyes were dissected at postnatal day (P) 1
and P60 and fixed n 4% formaldehyde overnight. Tissues were then meubated in 10% sucrose
and embedded in optimal cutting termperature medium for cryosectioning. Frozen sections were

washed in PBS and imaged on a Zeiss Axio Imager fluorescence microscope.
Isolation and culture of human L5Cs and skin epidermal stem cells (SESCs)

Postmortem hurnan eyeballs were obtained frorn oye banks; human cpidermis was obtained from
donor skin biopsy of eyelids. Limbus regions were excised and washed in cold PBS with 160 1U/ml
penicitlin and 100 ug/ml streptomycein, After limbus regions were cut into small pieces, cell
clusters were obtained by 0.2% collagenase 1V digestion at 37 °C for 2 h. This was followed by
further digestion with 0.25% trypsin/EDTA at 37 °C for 15 min to obtain single cells. Primary
cells were seeded on plastic plates coated with 2% growth factor-reduced Matrigel® (354230, BD
Biosciences, Inc.). Primary huran SESCs were isolated from interfollicular epidermis using the

same treatment.

Culture medium for both limbal stem cells (LSCs) and skin epidermal stem cells (SESCs)
contained DMEM/nutricut mixture F-12 and DMEM (1:1) with 100 [U/vol penicithin, 100 pg/nl
streptomycin, 10% fetal bovine serum, 10 ng/ml epidermal growth factor (EGF), 5 ug/ml insulin,
0.4 ug/ml hydrocortisone, 101" M cholera toxin, and 2 x 10° M 3,3",5-triiodo-L-thyronine. To

e )

differentiate LSCs, cells were cultured in CaT-30 (Celintee, Inc.) for 8-12 days.
Real-time guantitative PCR (gPCR)

An RNeasy kit (Qiagen, Inc.} was used to isolate RNA. On-column DNase digestion was
performed. A Superscript 11 reverse transcriptase kit {Invitrogen, Inc.} was used for ¢cDNA
synthesis according to the manufacturer’s instructions. A real-time PCR system {Applied
Biosysterns, Inc.) was used to perform quantitative PCR. Forty cycles of amplification were carried

out using gene specific primers {Table 3) and Power SYBR Green PCR Master Mix,
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Measurements were performed in triplicates and normalized to endogenous GAPDH levels.
Relative fold change in expression was calculated using the AACy method (Cr values < 30). Data

are shown as means + 5.1, based on three replicates.

Table 3. Primers used for real-time PCR

Gene Forward Primer Heverse Primer
GAPDH GAGTCA4CGGATITGGTCGT GACAAGCTICOCGTTICTCAG
K7 CAGCATCATTGCTGAGGTCAAGG CATGTCTGCCAGCAGTGATCTG
K3 ACGTGACTACCAGGAGCTGATG  ATGCTGACAGCACTCGGACACT
Kig CCTGUTTCAGATCGACAATGCC  ATCTUCAGGTCAGCCTTGGTCA
K12 AGCAGAATCGGAAGGACGCTGA ACCTCGCTCTTGCTGGACTGAAL
PAXS TGTCCAACGGATGTGTGAGT TTTCCCAAGUCAAAGATGGAC

Lentiviral RMNA1

The PAXS gene was targeted using lentiviral shRNAs that were cloned nto a pLKO. 1 plasrmd
between Age I and EcoR 1. shRINA targeting sequences for gene-specific knockdowns were 57-
COTCCATCTTTGCTTGGGAAAS and ST-AGTTTGAGAGAACCCATTATC-3. In all gene
knockdown experiments, we used a lentiviral pLKO. 1-puro nou-target shRNA control plasmid
{Sigma, Inc.) cncoding a shRINA that does not target any known genes from any specics as a
negative control. For preparation of lentiviral shRNA particles, replication~-incompetent lentiviral
particles were packaged in 2937 cells by co-transfection of shRNA constructs with a packaging
mixture {(pCMV-~dRE.2 and pCMV-VEVG at 9:1 ratio). Virus was harvested twice at 48 brs and
72 hrs post-transfection. Cells were infected with the lentivirus for 16-20 hrs with fresh media
countaining dividual virus and Polybrene at a final concentration of 8 pg/ml. The infected cells

were further selected with 2 pg/mi puromycin for 48 hrs.
Immunofiuorescence and confocal microscopy

Cells were fixed with 4% paraformaldehyde for 15 min at room temperature, permeabilized with
phosphate buffered sahine (PBS) containing 0.3% Triton X-100 for 10 min, and blocked in PBS
containing 5% bovine serum albumin and 8.3% Triton X-100. The cells were incubated with

primary antibodies for 18 hrs at 4 °C, washed three times i PBS, and incubated with secondary
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antibody for 1 hr. Cell nuclei were counterstained with DAPL Immunofluorescence of paraffin-
embedded fissue sections was accomplished by standard de-paraffinization, followed by the same

immunofluorescence protocol as described above.

The following antibodies were used: mouse anti-p63 monoclonal antibody, rabbit anti-K35
monoclonal antibody, and mouse anti-K 10 wonocional antibody (MAT-21871, RMZ10650, and
MS611P0, Thermo Fisher Scientific, Inc.); rabbit anti-PAX6 polyclonal antibody (PRB-278P,
Covance, Inc. ), mouse anti-K 1 monoclonal antibody (s¢-376224, Santa Cruz Biotechnology, Inc.);
and mouse anti-K3/12 monoclonal antibody and rabbit anti-K12 monoclonal antibody (ab68260
and abl24975, Abcam, Inc.). Sccondary antibodics, Alexa Fluor 488 or 568—conjugated anti—
mouse or rabbit immunoglobulin G (IgG) (Invitrogen, Inc.), were used at a dilution of 1:500.

fmages were obtained using an Olympus FV 1000 confocal microscope.
Microarray data analysis

Total RNA was isolated from LSCs and SESCs as in our previcus study (15). Raw data were
deposited in the Gene Expression Omuubus {(GEO) database under accession number GSE32148.
Microarray-based gene expression data produced in this study were normalized across samples
and subjected to average linkage hierarchical clustering using the Cluster 3.0/Tree View software
package (16}. Selection of genes belonging to Wit and Notch pathways was performed based on
previous studies. Expression values were overlaid on a network generated using the GeneSet
analysts tool for the Reactome network (17} using the Reactome Functional Interaction (FI) plugin

for Cytoscape 3 (18).

Results
PAX6 and p63 expression during ocular development in mice

To clucidate the function of PAX6 and p63 duning cornea developruent, we first studied thewr
expression profiles from embryonic day {(E) 12.5 to E18.5 in mouse embryos. At E12.5, strong
PAX6 cxpression was detected in the eye field and particularly in the early corneal epithelium,
whereas p63 expression was negative (Fig. 13A). To contrast, p63-positive cells appeared at the

ocular surface and expanded to the limbus and cornea later, at E14.5, following the development
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and fusion of the cyelid (Fig. 15B). PAXG6 expression was restricted to the eye ficld during ocular
development (Fig. 15A-D). In addition, we performed hinecage tracing experimacuts using a Paxt
promoter driving a GFP reporter. We observed intensive GFP expression in the corneal epithelium
of ROSATT™S, pANE6-GFPCre mice at P1 and P60 (Fig. 15E). These results suggest a central role
of PAX6 in the limbal stem cells and the comeal epithelium, from early developmental stages to

adulthood.
PAX6 and P63 expression in human corneal and skin epithelium

We observed that p63, a master regulator of squamous epithelial cell developruent, 18 mainly
expressed in the basal layer of both the limbus and skin epidermis, suggesting the stmilarity of
these two epithelial cell types. However, while PAX6 was highly expressed in the epithelial layers
of the cornea, it was undetectable in the skin epidermis in adult hamans (Fig. 16). For further
characterization of skin epidermal epithelium and corneal epithelium, we performed
immunpostaining  for tissue~specific keratins. LSCs migrate to the central coroea upon
differentiation, with K3 and K12 as corneal specific markers (Fig. 16A), whereas skin epidermal-
specific keratins, K1 and K10, are expressed in the saprabasal epidermal layers (Fig. 16B), and
PAX6 and p63 co-localized tn the corneal imbus (Fig. 17A). We further isolated and cultured
LSCs and skin epiderrnal stera cells (SESCs) in vitro. LSCs could be expanded and identified by

PAXS and p63 expression {Fig. 17B), SESCs could be identified by p63 and K5 expression (Fig.

PAXS is essential In corneal cell fate determination

To investigate the role of PAX6 m determining corneal cell fate, we used a lentiviral-mediated
PAX6 knockdown in huran LSCs. We puritfied the PAX6 shRNA LSCs by puromycio selection.
RINA was extracted from both stem cells and differentiated cells; the expression levels of related
genes were compared by quantitative PCR. Two different shRNAs for PAXS were used and
showed similar results. Although 4.5-fold knockdown of PAXS in LSCs did not produce a
proliferation defect with active Ki67 expression (Fig. 184), the corneal-specific warkers K3 and
K12 were significantly down-regulated upon differentiation by 17.7-fold and 14.5-fold (p < .05},
respectively, compared to countrols. In contrast, skin-specific K1 and K10 expression was up-

regulated by 4.1~ and 4.4-fold {(p < 0.05}, respectively (Fig. 18B). These results indicate that loss
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of PAX6 in L8Cs leads to skin-like differentiation.
Loss of PAXS in human congenital imbal dermoid tissue

To determine the clinical relevance of PAXS expression in L8Cs and corneal epithelial cells
{CECs), we studied human corneal limabal dermoids, which exhibited skin epidermis pathology
with vascularization and disorganized cells in the stroma (Fig. 19A). We found that PAXS
expression was completely absent 1 an arca of comeal dermoids (Fig. 19B), Moreover, we
observed localized expression of p63 and K35 in the basal layer (Fig. 19B), and skin-specific
keratins K1 and K10 in the suprabasal layer (Fig. 19B). These results suggest a conversion of
cornea epithelial cells to skin-like epithelial cells in patient tissues during development and

strongly support the essential role of PAX6 in corneal opithelial cell-fate determination,

Signaling pathways in LSC fate determination

To further determine functional characteristics that control corneal cell-fate commitment, we
sought to tdentify signaling pathways that might be differentially activated in LSCs and SESCs.
We performed RNA expression analyscs using microarrays on LSCs and SESCs, followed by gene
ontology and pathway avalyses using DAVID (19, 20). Wedentified sabsets of genes that showed
at least 2-fold expression differences between LSCs and SESCs, resulting in a total of 1185 genes.
This analysis identified numerous GO terms and signaling pathways affecting many cellular and
metabolic processes. In particular, however, Notch, Wnt and TGF-beta pathways emerged as
important pathways from this analysis, consistent with their critical roles 1n the self-rencwal and
lincage commitment of stem cells from a vartety of tissues {21-23), including the epithelium.
Graphical representation of expression changes for distinct members of these pathways is provided

in Figure 20.

Discussion

A clear, transparent cornea is maintained by self-renewal of L8Cs and their differentiation into

CECs (24, 25). These two processes must be highly orgamized in order to maintain the integrity
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and homeostasis of the corncal epithelinm. Pathological changes in LSCs can lead to a loss of
transparency in the cornea and cause partial or complete blindness (2, 15). In this study, we found
that PAX6 is cssential for the maintenance of L8C characteristics and their further commitment to
the CEC lineage. Of note, although p63 1s well documented as a master gene of self-renewal and
differentiation for common squamous epithelia such as that in cormnea, epidermis and prostate (4-
63, we observed that p63 was expressed after PAXS, which mmplicates PAX6 expression as a

central event in corneal cell-fate control.

PAXO-deficient L8Cs in culture exhibit a skin-like epithelaom cell fate as indicated by a switch in
keratin cxpression upon differentiation, spectfically replacement of corncal-specific K3/KI12 by
skin-specific K1/K10. Furthermore, PAXG 1s absent from cormeal dermotd tissue, a congenital
teratoma that switches cornea into the skin lineage. This is consistent with the recent finding of
PAX6 down-regulation in abnormal epidermal differcutiation, such as that seen in Stevens-

Johnson syndrome, chemical burn, aniridia and recurrent pterygium (2).

Wnt and Notch signaling have been shown to be critical for the self-rencewal and lincage
comumitment of epithelial cells in embryogenesis and stern cells from a variety of tissues (21-23).
Both signaling pathways are complex, with different receptors, ligands, co-activators and
inhibitory proteins. For cxample, Notchl helps maintain corncal epithelial cell fate during repair
in injured mice cornga {26). The influence of Wt signaling on ocular surface development has
also been cxtensively reported. Witd s expressed in human fetal cornea and in adult basal LSCs
{273, Dkk2, an antagonist of canonical Wnt signaling, is required for accurate development of the
ocular surface epithelium in mice by regulation of Wnt/B-catenin activity (14}, In addition, our
previous work has suggested a ceniral role of the Wnt7A-PAXS axis in corneal epithelial cell fate
determination, in which SESCs could be converted to LSC-like cells by overexpression of PAX6
{15). In the current study, we have provided further evidence for the importance of the Wnt and
Notch signaling pathways by comparison of gene expression profiles between L8Cs and SESCs.
Further mnvestigation to define the function of these genes in cornceal epithelium specification may

allow us to better understand and manipuiate the corneal diseases.

Taken together, our data indicate a critical role of PAX6 i LSCs and corneal epithelial fate
determination. Furthermore, we identified a key role for PAXS6 in determination of the corneal

epithelial phenotype. Understanding how PAX6 conirols corneal cell fate will provide important
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insight into corneal homeostasis and discase and aid in developing new therapeutic strategies for

the treatment of cormmon corneal diseases.
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Example 3

A method for preparing donor corneal repair material
1. Materials

Lirobal stem cell culture wedivm or himbal stem cell maintenance medium: DMEM/vutrient
mixture F-12 (volumevolume of DMEM:F-12 at 3:1 ratio) basic medium, supplemented with the
following: 10% fetal bovine serur, 0.4 ug/ml hydrocortisone, 101 M cholera toxin, 5 pg/mi
transferrin, 2x107 M 3,37,5-tritodo-L-thyronine, 5 pg/ml insulin, 10 ng/ml epidermal growth
factor (EGF), 100 U/l penicillin and 100 ug/l streptoraycin. After cell passage 4, a ROCK
inhibitor is added to the himbal stem cell culture medium to maintain LSCs in a proliferative state,
such as by the addition of 1pM Y-27632. The above components, DMEM, F12 medium and fetal
bovine serum are purchased from GIBCO® (Life Technologics), the remaining components are

purchased from Sigma, USA.

Limbal stem cell differentiation medivm: CnT-30 or equivalent {CellnTec Advanced Cell Systems
AG, Bern, Switzerland). Other linbal stern cell differentiation media which could be used in place
of CnT-30 are CnT-02, CnT-02-3DP5, RegES (Regea 06/015, Regea (7/046, and Regea (8/313;
Rajala er a¢f,, 2010, PLOS One 5{(4):¢10246).

Eyeballs: from the donors.
2. Methods

Lirabal stem cell isolation and expansion: Specimens of the imbus were 1solated from eyeballs,
washed with 100 [U/ml penicillin and 100 pg/mi streptomycin in PBS, chopped to small pieces

(around 2x2 mm” tissue sizes), and digested with 0.2% collagenase TV at 37 °C for one hour. Then,
s 2 =
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single cells are obtained by further ftreatment with (.25% wypsin and 1| mM
ethylenediaminetetraacetic acid (EDTA} at 37 °C for 15 minutes. Primary cells were sceded on
plastic dishes coated with 2% growth factor reduced (GFR) Matrigel™ matrix (BD Biosciences
catalog no. 354230}, Cells are cultored in Hmbal stem cell culture medium with no feeder cells

{(feeder-free) and passaged at 70-90% confluence to 15-20% confluence after passage.

Corneal repair material for transplantation: A suspension of passage 3 (P3) generation of cultured
fimbal stem cells (also called human corneal stem cells) at 2x10* cells is mixed with Matrigel® in
a final volume of 50 ul to form a three diraensional cell culture, and the Matrigel™-embedded
corneal stem cells are cultured 1o differentiation-inducing medivm CoT-30 (CellnTec Advance

Cell Systems AG, Bern, Switzerland) for 14 days to differentiate to corneal epithelial cells as donor

cells for transplantation.

Example 4

A method for preparing doner corneal repair material
1. Materials

Same as in Example 3,

2. Methods

Limbal stem cell isolation and expansion: Specimens of the Hmbus were isolated from eyebalis,
washed with 100 IU/ml of penicillin and 100 pug/mi streptomycin in PBS, chopped to small picces
{around 2x2 mm? tissue sizes), and digested with 0.2% collagenase IV at 37 °C for two hours.
Then, single cells are obtained by further treatment with 0.25% trypsin and lraM EDTA at 37 °C
for 15 minutes. Primary cells were seeded on plastic dishes coated with 2% growth factor reduced
Matrigel® matrix (BD Biosciences catalog no. 354230). Cells are cultured in limbal stem cell
culture medium with no feeder cells (feeder-tree) and passaged at 70-90% coufluence to 15-20%

confluence after passage.

Preparation of cell source for transplantation: A suspension of passage 3 (P3) generation cultured

human LSCs at 410" cells is mixed with Matrigel® in a final volume of 530 ul, and the embedded
g ¢

LSCs are cultured in corneal epithelial differentiation~-mducing medum CnT-30 (CelinTec
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Advanced Cell Systemis AG, Bern, Switzerland) for 3 days to obtain transplantation donor cells.
Example 5

A method for preparing donor corneal repair material

1. Materials

Same as in Example 3.

2. Methods

Limbal stemn cell isolation and expansion: Limnbal tissue 1s dissccted from cyeball and washed with
100 U/l of penicillin and 100 pg/ml streptomycin in PBS. Limbal tissue is cut into 2 mm x 2
mm pieces and incubated and digested with (.2% collagenase IV at 37 °C for 2.5 hours, then
treated with 0.25% trypsin and 1 mM EDTA at 37 °C for 20 minutes to obtain a single cell
suspension. These digested primary cells are then seeded in a Matrigel®-coated dish (growth factor
reduced Matrigel™; BD Biosciences catalog no. 354230). Cells are cultured in limbal stem cell
culture medium without feeder cells (feeder-free) to expand LSCs, passaging at 70-90%

confluence to 15-20% contluence afier passage.

Preparation of cell source for transplantation: A suspension of third passage cultured human
corneal stem cells at 1+10% is mixed with collagen in CnT-30 medium (CellnTec Advanced Cell
Systems AG, Bern, Switzerland) at a final volume of 50 ul, and the collagen-cmbedded corneal
stern cells arc incubated in differentiation-inducing medium CoT-30 (CellnTec Advanced Cell

Systems AG, Bern, Switzerland) for 1R days to obtain dounor corneal repair material.
Example §

A method for preparing donor covrneal repair material

. Materials

Same as in Hxample 3.

2. Methods
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Limbal stem cell isolation and expansion: Specimens of the limbus were isolated from cyeballs,
washed with 100 1U/ml of penicillin and 100 pg/ml streptomycin in PBES, chopped into small
pieces {around 2 mm X 2 mm) of tissues, and digested with 8.2% collagenase IV 37 °C for 3.5
hours. Then, the cells and cell ruasses are further treated with 0.25% trypsin and 1 mM EDTA at
37 °C for 10 minutes to obtain a single cell suspension. The single primary cells are then cultured
in dishes coated with 2% growth factor reduced Matrigel® (BD Biosciences catalog no. 354230).
Cells are cultured in limbal stem cell culture medium without feeder-cells (Feeder-free) to expand
LSCs, passaging at 70-90% confluence to 15-20% confluence after passage. Typically, ROCK

inhibitor, Y-27632 is added to LSC culture medium after P4 to maintain ESC proliferation.

Preparation of cell source for transplantation: A suspension of third passage cultured human
corneal stem cell at 3 x 10% is mixed with amniotic wmembrane in CnT-30 mediom (CelinTec
Advanced Cell Systems AG, Bern, Switzerland} at a final volume of 50 wl. The amniotic
membrane-treated human corneal stem cell mixture is placed in culture in differentiation-inducing

raedium CnT-30 medinm for 14 days to obtain donor comneal repair material.

Although third passage (P3) LSCs are used i Examples 3-6, other LSC passages may also be
used. For L8{s obtained after passage 4, these LSCs would have been maintained in LSC culture
medium or maintenance medium supplemented with 8 ROCK mhibitor, such as Y-27632 used at

a concentration of 1uM Y-27632.
3-b differentiation of cultured LSCs.

Plastic plates are treated by coating with 2% growth factor reduced Matrigel® (354230, BD
Biosciences, Inc for 30min at 37 °C, before seeding LSC cells. LSC culture rocdium or
raintenance medivrn 151 DMEM/F12 and DMEM (1:1} with 1/100 Pen-Strep, 10% Fetal bovine
serum, 10 ng/ml EGF, 5 ug/ml insulin, 8.4 ng/mi hydrocortisone, 107'° M cholera toxin and 2 x
10 M 3,37, 5-triiodo-L-thyronine to which is added 1uM Y-27632 only when the LSC celis are
growing slowly. Cells are passaged at 70-90% contluence, and for continuous culture in growth
factor reduced Matrigei®-coated dishes, cell confluence immediately after passage is about 15-
20% confluence. To differentiate L8Cs in vitro, L8CUs are dissociated to obtain a single cell

suspension and the individual LSCs are embedded in Matrigel® at 2x10% cells/50 ul gel. 3-D
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structures were formed after 14-18 day culture in a differentiation medium CnT-30 (CelinTec
Advanced Cell Systems AG, Bern, Switzerland) or an equivalent differcotiation moedwum which

supports differentiation of LSCs to CECs.

The present invention may be embodied in other specific forms without departing from the spirit
or essential atiributes thereof, Any equivalent embodiments are niended to be within the scope of
this invention. Indeed, various modifications of the invention in addition to those shown and
described herein will become apparent to those skilled in the art froro the foregoing description.

Such modifications are also intended to fall within the scope of the appended claims.

Throughout the specification various publications have been referred to. It is intended that cach

publication be incorporated by reference in its entirety into this specification.

94



WO 2015/200920 PCT/US2015/038384

What is claimed is:

3

An isolated limbal stem or progenitor cell (LSC) population or LSC-like population
corprising a chemically synthesized, recombinant or solated nacleic acid encoding PAXS
integrated into a chromosome, or alternatively, not integrated remaining as an
extrachromeosomal genctic material, wherein the 1solated LSC population is substantially
free of non-LSC cells or wherein the LSC-like population is substantially free of non-LSC-
like cells, or wherein the isolated LSC or LSC-like population is substantially free of non-

LSC and non-L3C-like cells.

The isolated LSC population or LSC-like population of claim 1, wherein the cherncally
synthesized, recombinant or isolated nucleic acid can cxpress PAX6 or a fragment thereof,
whercin PAX6 or a fragment thereof can maintain LSC or LSC-like state or can direct a
stera cell or progenitor cell to a LSC or LSC-like state, and wherein LSC or LSC-like state
restricts g cell population to a differentiation pathway resulting in corncal epithehial cells

(CECs).

The 1solated LSC population or LSC-like population of claima 2, wherein the chemically
synthesized, recombinant or isolated nucleic acid expresses PAX6G or a fragment thereof,
wherein PAX6 or a fragment thereof maintains LSC or LSC-like state or directs a stem cell
or progeattor cell to a LSC or LSC-like state, and wherein LSC or LSC-like state restricts

a cell population to a differentiation pathway resulting in corneal epithelial cells.

An isolated skin cpithelial stem cell (SESC) population or SESC-like population
comprising a chemically synthesized, recombinant or isolated vucleic acid encoding PAX6
integrated into a chromosome, or alternatively, not integrated remaining as an
extrachromosomal genetic material, wheren the 1solated SESC population 1s substantially
free of non-SESC cells, or wherein the SESC-like population is substantially free of non-
SESC-like cells, or wherein the selated SESC or SESC-like population is substantially

free of non-SESC and non-SESC-like cells, or wherein the isolated SESC or SESC-like
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population is substantially free of non-8ESC, non-SESC-like, non-LSC and non-LSC-like

cells.

The isolated SESC or SESC-hke population of claim 4, wherein the chemically
synthesized, recombinant or isolated nucleie acid can express PAX6 or a fragment thereof,
wherein PAXS or g fragment thereof can maintain LSC or LSC-like state or can direct a
stem cell or progenitor cell to a LSC or LSC-like state, and wherein LSC or L8C-like state

restricts a cell population to a differentiation pathway resulting in corneal epithelial cells.

The isolated SESC or SESC-like population of ¢laim 5, wherein the chermmically
synthesized, recombinant or isolated nucleic acid expresses PAXS or a fragment thereof,
wherein PAX6 or a fragment thereof divects SESC or SESC-like celi to a LSC or LSC-
like state, wherein L8C or LSC-like state restricts a cell population to a differentiation

pathhway resulting in corneal epithelial cells.

A pharmaceutical composition comprising the LSC population or LSC-like population of

claim 1 and a suitable carrier,

A pharmaceutical coraposition comprising the SESC population or SESC-like population

of claim 4 and a suitable carrier.

The LSC population or LSC-like population of claim 1, which can be culiured for at least 17

passages without differentiating to CECs.

The LSC population or LSC-like population of claim 1, wherein the percentage of cells

expressing PAXG and p63 at passage 3 is the same as the percentage at passage 17.

The LSC population or L8C-like population of claim 1, wherein the percentage of cells
expressing K19 and Ki67 at passage 3 is shightly greater than the percentage at passage 17

or later,

. The LSC population or LSC-like population of claim 1, which comprises cells that can be stably

propagated for 40-60 generations without differentiating to CECs.
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The LSC population or LSC-like population of claim 1, that differentiates into a corneal

epithelial cell population.

The SESC population or SESC-hke population of claim 4, which can be cultured for at

least 17 passages without differentiating to skin epidermal cells or corneal epithelial cells.

. The SESC population or SESC-like population of claim 4, which comprises cells which

can be stably propagated for 40-60 generations without differentiating to skin epidermal

cells or corneal epithelial cells.

The SESC population or SESC-like population of claim 4, which comprises SESC or
SESC-like cells that have switched cell fate to a LSC or LSC-like cell fate.

The SESC population or SESC-like population of claim 16, wheremn the SESC population
or SESC-like population has adopted a LSC or LSC-like cell fate and wherein the SESC
or SESC-like cell fate is absent.

The SESC population or SESC-like population of claim 4, 16 or 17, which differentiates
into corneal epithelial cells.

The SESC population or SESC-like population of claim 18, which differentiates into

corneal epithelial cells, substantially free of skin epidermal cells,

. The LSC population or LSC-like population of claim 1, wheremn 906-95% of the LSC

population or LSC-like population expresses p63, PAXS, K19 and Ki67.

The LSC population or LSC-like population of claim 1, wherein less than 5% of the LIC
population expresses K5 and K14,

The LSC population of claim 1, wherein greater than 95% of the LSC population expresses

WNT7A and FZDS.

v, The LSC-hike population of claim 1, wherein less than 3% of the LSC-like population

expresses WNTTA.

. The SESC population or SESC-like population of claim 4, wherein 90-95% of the cell

population expresses p63, KS and Ki67 while remaining i a SESC or SESC-like cell fate.

. The SESC population or SESC-like population of claim 4, wherein K3 or K1Zexpression

1s not detected in cells remaining n a SESC or SESC-like cell fate.
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The SESC population of claim 4, wherein WNT7A 13 expressed in cells romaining in a

SESC or SESC-like cell fate at about 4-5 fold lower level than the level in LSC cells.

. The SESC population or SESC-like population of claim 4, wherein PAX6 is not expressed

or expressed in cells remairung 1 a SESC or SESC-like cell fate af a level less than about
one eighth of the level in L8C cells.
The SESC-like population of claim 4, wherein WNTTA s expressed i more than 70% of

cells remaining in a SESC-like fate.

. The SESC population or SESC-hike population of claim 16, wherein 90-95% of cells in the

population that switched to a LSC or LSC-like cell fate expresses p63, PAX6, K19 and
Ki67.

. The LSC population or LSC-hike population of claim 2, or 18, wherewn the corneal

epithelial cells express PAX6 and corneal epithelial markers, K3 and K12,

. The SESC population or SESC-like population of claim 19, wherein the skin epidermal

cells express skin epidermal differentiation markers, K1 and K19,

. The L8C population or L8C-like population of claim | which is human.

3. The SESC population or SESC-iike population of claim 4 which is human,

. The LSC population or L8C-like population of claim 1, which is genetically modified.

5. The SESC population or SESC-like population of claim 4, which is genetically modified.

. The LSC population or LSC-like population of claim 1, which remains or is maintained

as L8C or LSC-like cell fate.

. The SESC population or SESC-like population of claim 4, which switches from a SESC

or SESC-like cell fate to a LSC or LSC-like cell fate.

A defined cell population comprising a plurality of the cells of claim 1 or 4.

The defined cell population of claim 38 which is homogenous.

The defined cell population of claim 38 which is heterogeneous.

The defined cell population of claim 38 which is clonal or derived from a single cell.
A progeny cell of the stem cell of claim 38, committed to develop into a corneal

epithelial cell.

3. Tissue comprised of the cells of claim 38.
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A method of forming tissue in a subject comprising introducing the progeny cell of
claim 42 into or onte a subject in a sufficient amount to form corneal epithelial cells

in said subject.

. Amethod of regenerating or repairing tissue in a subject comprising introducing the

cell of claim 1 or 4 into or onto a subject in a sufficient amount {o regenerate or repair
tissue.

The method of claim 45, wherein the tissue regenerated or repaired comprises tissues
of corneal epithelial cell lineage comprising limbal stem or progenitor cell {L5C) and

corneal epithelial cell.

. A method for obtaining lirabal stera cell or progenttor (LSC)-like cclis from skin epithelial

stem cells (SESCs) of a subject, the method comprising introduction of a PAX6 gene or
up-regulating PAX6 gene expression in SESCs, in order to increase PAX6 protein in
SESCs to a sufficient level so as to convert SESCs to LSC-like cells, thereby obtaining
L8C-like cells from SESCs of a subject.

The method of claim 47, wherein introduction of a PAX6 gene or up-regulating PAX6 gene
expression in SESCs for obtaining limbal stem or progenitor cell (LSC)-like cells from
skin epithelial stera cells (SESCs) of & subject comprises:

{a) obtaining SESCs from the subject;

(b} culturing the SESCs 1n a feeder-free cell culture in vitro or ex vivo;

{¢) introducing at least one PAX6 gene or up-regulating PAXS gene expression in
the SESCS so as to increase PAXG6 protein in SESCs to a sufficient level so as
to convert SESCs to limbal stem cell or progenitor (LSC)-like cells, thereby
obtaining mammalian Himbal stem cell or progenitor (LSC)-like cells from skin

eptthehial stem cells (SESCs) from a subject.

The method of claim 47, wherein the method 18 an in virro mcethod, ex vive method or in

situ or directly applied on a subject.

. The method of claim 47, whercin the subject 18 treated with an agent that introduces a

nucleic acid encoding PAX6 protein, up-regulates PAX6 gene expression, or increases

PAXG activity.
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The method of claim 47, wherein the agent comprises a gene therapy vector, viral particle,
fentivirus, adenovirus, adeno-associated virus, recombinant nucleic acid, recombinant
protein, PAX6 protein, small molecule regulator of PAXS expression, inhibitor of a
negative regulator of PAXS6 expression, a small molecule inhibitor of a negative regulator

of PAX activity, a small molecule enbancer of PAX6 activity, or a combination thereof.

. The method of claim 47 or 48, wherein the PAXS gene is sclected from a st of PAX6a

gene, PAX6OD gene, engineered PAXGa gene, enginecred PAXD gene, any member of the
PAX6 gene farntly, nucleic acid cncoding all or part of PAX6a protein, nucleie acid
encoding all or part of PAX6D protein, and any nucleic acid encoding a protein with PAXS

or PAX6-like activity.

. The rocthod of claira 47 or 48, wherein the PAX6 protein is selected from a set of PAX6a

protein, PAX6b protein, any member of the PAX6 family of proteins, and any protein with

PAX6 or PAX6-like activity,

54. The method of claim 52 or 53, wherein a protein with PAXG6 or PAX6-like activity is any

protein which can cause incrcascd cxpression of endogenous K19, wherein the K19
upregulated SECS may differentiate to corneal epithelial cell (CEC) or CEC-like cells with

increased expression of K3 and K12 genes and decreased expression of K1 and K10 genes.

. A vocthod for obtaining comeal epithelial cell (CEC)-like cells from LSC-like cells of claim

48, further comprising differentiating cells of (¢} in a feeder-free LSC differentiation

medium so as to convert LSC-like cells to CEC-lke cells,

56. The method of claim 55, wherein the feeder-free LSC differentiation medium is chemically

defined.

. The method of claim 56, wherein the medium is xeno~-free or free of components other than

components derived from the same species as the cultured cells.

. The method of clairn 56, wherein the mediom is serum-free.
. The method of claim 36, wherein the medium is devoid of any animal or human product.

. A method for obtaining limbal stem or progenttor cell (LSC)-like celis from skin epithelial

stem cells (SESCs), comprising the steps of:
{a) obtaining SESCs from a subject;

{b} culturing the SESCs in a feeder-free cell culture in vitro;
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{c}) contacting the SESCs with an agent to up-regulate PAXS gene expression in
the SESCs so as to increase PAXS protein in SESCs to a sufficient level to
convert SESCs to limbal stem cell or progenitor (LSC)-like cells, thereby
obtaining maromalian Hbal stem cell or progentior (LSC)-like cells from skin

epithelial stem cells (SESCs) from a subject.

The method of claim 60, wherein the agent is selected from a group consisting of a nucleic
acid cornprising a PAX6 gene, a gene therapy vector, viral particle, lentivirus, adenovirus,
adeno-associated virus, recorabinant protein, PAXS protein, small molecule regulator of
PAXG6 expression, inhibitor of a negative regulator of PAX6 expression, a small molecule
whibitor of a negative regulator of PAX activity, a small molecule enhancer of PAX6

activity, and a combination thereof.

The method of claim 61, wherein the PAX6 gene 1s selected from a sct of PAX6a gene,
PAX6b gene, engineered PAX6a gene, engineered PAXD gene, any mermber of the PAX6
gene family, nucleic acid encoding all or part of PAX6a protein, nucleic acid encoding all
or part of PAX6b protein, and any nucleic acid encoding a protein with PAX6 or PAX6-

tike activity.

The method of claim 61, wherein the PAX6 protein is selected from a set of PAX6a protein,
PAX6b protein, any member of the PAXE family of proteins, and any protein with PAXG6

or PAX6-like activity and fragment thereof.

An in vitro method for obtaining mammalian LSCs from a subject, comprising the steps

of:

{a) obtaining a sample of tissue from the limbus region of an eye from the subject;

(b} dissociating the tissuc 80 s to obtain single cells; and

{c} culturing single cells of (b} in a feeder-free cell culture medium so as fo permit L8Cs
to prolifcrate, wherein the proliferated LSCs have a potential to differentiate into
corneal epithelial cells {CHCs), thereby obtaining mammalian LSCs from a subject in

Vitro.
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65. The method of claim 64, wherein the limbus region comprises corneal limbus of an eye.

66. The method of claim 64, wherein dissociating the tissue in {b) comprises treating with a
dissociation ageot ot agents wherein the dissociation agent or agents is an cquipment or
tool to mechaunically dissociate tissue to smaller masses and single cells, enzyme, protease,

a chemical, a metal chelator, laser or combination thereof.

67. The method of claim 60 or 64, wherein the feeder-free cell culture medium further
comprises a tho-associated protein kinase (ROCK)) mhibitor or leukemia inhibitory factor

(LIF) or both.

68. The method of claim 67, wherein the ROCK inhibitor 18 Y-27632 (4-{(1R}-1-aminoecthyl]-

MN-4-pyridinvi-trans-cyclohexanccarboxamide, dibydrochloride).

69. The method of claim 60 or 64, further comprising a step of converting the LSCs or LSC-

tike cells to CEC-like cells by culturing on a matrix or an extracellular matrix.

~3
<

. A method for obtaining and expaundivg in vitro oammalian limbal stem or progenttor cells
(LSCs) from a subject in a feeder-free LSC culture medium, wherein the method
COMPIISes:

{a) obtaining a sample of tissue from the limbus region of an eye from the subject;

{b) dissociating the tissue so as to obtain single cells; and

{c) culturing single cells of (b) in a feeder-free cell culture medium so as to permit
LSCs to proliferate, wherein the proliferated LSCs have a potential to
differentiate into corneal epithelial cells (CECs), thereby oblaining and

expanding in vitro mammalian limbal stem cells from a subject.

71. The method of claim 48 or 70, wherein in (¢}, single cells arc cultured on a matrix or an
extracelinlar matrix,
72. The method of claim 71, wherein the matrix or extracelinlar matrix is selected from a group

consisting of Matrigel® or its equivalent, growth factor reduced Matrigel® or its equivalent,
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collagen, collagen IV, collagen IV sheet, mammalian amniotic membrane, hurman amniotic
membrane, fibrinogen, thrombin, perlecan, laminin, fibronectin, recombinant fibronectin,
proteoglycan, procollagens, hyaluronic acid, entactin, heparan sulfate, tenascin, poly-L-
tysine, gelatin, poly-L-ornithine, extraceliular matrix proteins, thrombin sheet, fibrinogen

and thrombin sheet , and any combination thereof.

v, The method of claim 70, further comprising step {d), wherein the proliferated LSCs or

LSC-like cells are passaged at 70-90% confluence before passage and 15-20% confluence

after passage.

. The method of claim 73, wherein mumber of fimes the proliferated L3Cs or LSC-like cells

may be passaged stably as LSCs or LSC-like cells is 17 or more passages.

. The method of claim 73, wherein the LSCs proliferate with a generation tivoe of about 16~

20 hrs,

76. The method of claim 73, wherein the LSC or LSC like cells propagate stably for 40-60

generations without differentiating to CECs.

. The method of claim 70, wherein the feeder-free LSC culture medium 18 changed overy

other day.

. The method of claim 70, wherein the limbus region compriscs corneal limbus of an eye,

margio between cormnea and conjunctiva, border of cornea and sclera, comeoscleral imbus,
a region comprising interpalisade rete ridge, or a region comprising Palisades of Vogt.
The method of claim 70, wherein dissociating the tissue in {(b) comprises treating with a
dissociation agent or agents wherein the dissociation agent or agents is an equipment or
tool to mechanically dissociate tissue to smaller masses and single cells, enzyme, protease,
a chemical, a metal chelator, laser or combination thercof,

The method of claimm 79, wherein the protease comprises trypsin, collagenase IV, or

combination thereof,

. The method of claim 79, wherein the metal chelator comprises EDTA, EGTA, or

corbination thercof,
The method of claim 70, wherein the feeder-free cell culture medium comprises a

minimum essential medium, a growth factor, a hormone, and a soluble factor.
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3. The method of claim 82, wherein the feeder-free cell culture medium further comprises

serurn, preferably serum from a species from which the LSCs are being obtained and
expanded or a serum substitute.
The method of claim 82, wherein the feeder-free cell culture medium further comprises a

rho-associated protein kinase (ROCK) inhibitor,

5. The method of claim 84, wherein the ROCK inhibitor 1s sclected from the group consisting

of (R)-{+)-trans-4-( 1 -aminoethyl}-N-(4-Pyridytcyclohexanecarboxamide dihydrochloride
monohydrate (Y-27632), 5-(1,4-diazepan-1-ylsultonyl) isoquinoline (fasudil or HA 1077},
H-1152, H-1152P, (S)-(+)-2-Methyl-1-[{4-methyl-5-
isoquinolinyl}sulfonyllhomopiperazine dihydrochloride, Dimethylfasudil {(diMF; H-
T152P), N-(4-Pyridyh-N'-(2,4,6~trichlorophenylyurea, Y-39983, W-536, SNIJ-1656, and
{S)-{+}-2-methyl-1-{(4-methyl-5-isoquinolinyl sulfonyl-hexahydro- 1 H-1,4-diazepine

dihydrochloride (H-1132), imidazole-containing  benzodiazepines, troidazopyridine
derivative, compound comprising an indazole core, a Z-aminopyridine/pyrimidine core, a
O-deazaguanine derivative, benzanude, or ammofurazan, and derivative and analog

thereof, and a combination thercof.

The method of claim 84, wherein the ROCK inhibitor s added to the feeder-free cell culture

medium after passage four (4) of LSCs, following isolation of LSCs from the subject.

The method of claim 82, wherein the feeder-free cell culture medium further comprises

Leukemia Inhibitory Factor (LIF).

. The method of clatm 87, wherein LIF is added to the fecder-free cell culture medium after

passage four {(4) of LSCs, following isolation of LECs from the subject.

The method of claim 70, wherein the feeder-free cell culture medium comprises
DMEM/F12 medium, DMEM, penicillin-streptomycin, serum, EGF, insulin,
hydrocortisone, cholera toxin, 3,3, 5-triiodo-L-thyronine, or cornbination thereof, wherein
serum may be fetal bovine serum but preferably serum from same species as LSC being

cultured or a serum substitute.
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The method of claim 70, wherein the feeder-free cell culture medium comprises
DMEM/F12  medium, DMEM, penicillin-streptomycin, serum, EGF, insulin,
hydrocortisone, cholera toxin, and 3,3, 5-tritodo-L-thyronine, wherein seruro may be fetal
bovine serum but preferably serum from same spectes as LSC being cultured or a serum

substitute.

The method of claims 89 or 90, wherein the feeder-free cell culture medinm further

comprises a ROCK inhibitor, Y-27632.

. The method of claim 91, wherein the ROCK mnhibitor, Y-27632, is added to the fecder-

free cell culture medium after cell passage 4.

3. The method of claim 89 or 90, whercin the feeder-free cell culture medium further

comprises Leukemia Inhibitory Factor (LIF).

The method of claim 93, wherein LIF is added to the feeder-free cell culture medium after

passage four (4) of LSCs, following solation of LSCs from the subject.

. The method of claira 70, wherein LSCs express a set of markers comprising WNTTA,

FZD3, PAXG, p63, keratin 5 (K5), keratin 14 (K14), keratin 19 (K19} and Ki67.

The method of claim 70, wherein 90-95% of the LSCs express p63, PAXS, K19 and Ki67.

. The method of clatm 70, wherein less than 5% of the LSCs express KS and K14,

The method of claim 70, wherein greater than 95% of the LSCs express WNTTA and

FZDS.

The method of claim 70, wherein CECs express a set of markers comprising WNT74,

FZD3, PAXG, keratin 3 (K3}, and keratin 12 (K12) with statistically significant higher
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expression of K3 and K12 over LSCs and statistically significant lower expression of K19

over LRCs.

160, The roethod of claim 70, wherein CECs do not express or express significantly lower
level of p63 than LSCs and do not express or express significantly lower level of keratin 1

(K1) and keratin 10 (K10} than skin or epidermal cells.

101. A method for differentiating iselated L8Cs to corneal epithelial cells (CECs) in vifro
comprising:

{a) obtaming previously caltured LSCs, preferably dissociated to a single cell state,
which originated initially from a subject;

(b} placing wsolated LSCs n and/or on a matrix or extracetalar matrix to form or
allow formation of three dimensional cell culture suitable for differentiation;
and

{c) culturing LSCs in a LSC differentiation medium so as to permit differentiation
of 1solated LSCs to CECs in vitro, thereby differcntiating isolated LSCs to

corneal eptthelial cells in vitro.

162, The method of ¢laim 101 wherein the matrix or extracellular mairix is selected from

& ®

a group consisting of Matrigel® or its equivalent, growth factor reduced Matrigel
or its equivalent, collagen, collagen IV, collagen IV sheet, mammalian amniotic
rmembrane, human amniotic membrane, fibrinogen, throrbin, perlecan, laminin,
fibronectin, recombinant fibronectin, proteoglycan, procollagens, hyaluronic acid,
entactin, heparan sulfate, tenascin, poly-L-lysine, gelatin, poly-L-ornithine,
extracellular matrix proteins (Fischer or Life Tech), thrombin sheet (Fibrin Sealant,
Reliseal™, Rehiance Life Sciences), fibrinogen and thrombin sheet (Rehance Life),
and any combination thereof.

103. The method of claim 101, wherein the matrix or extracellular matrix comprises
growth factor reduced Matrigel® or its equivalent, or collagen.

104. The method of claim 101, wherein the livabal stem cell differentiation medium 18

feeder-free and chemically defined medium.
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The method of claim 104, wherein the feeder-free and chemically defined medium
comprises CnT-30 medium (Celintec Advavced Cell Systews AG, Bem,
Switzerland), CnT-0Z (Cellntec), CnT-02-3DPS (Celintec) or functionally
equivalent, wherein the raedium promotes differentiation of LSCs to CECs.

The method of claim 101, wherein CECs express a set of markers comprising
WNT7A, FZDS, PAXG, keratin 3 (K3), and keratin 12 (K12} with statistically
stgnificant higher expression of K3 and K12 over LSCs and statistically significant
lower cxpression of K19 over LSCs.

The method of claim 106, wherein CECs do not express or express significantly
lower level of p63 than L8Cs and do not express or express significantly lower
level of kevatin 1 (K1) and keratin 10 (K10} than skin or epidermal cells.

The method of claim 101, wherein the LSC differentiation medium i changed
every other day.

A population of isolated limbal stem cells {L.5Cs) or L8C-like cells derived from
the methods of claims 60 or 64,

The cells of claim 109, wherein the LSCs express a set of markers comprising
WNTTA, FZD35, PAXS6, p63, keratin § (K5}, keratin 14 (K14}, keratin 19 (K19},
and Ki67.

A population of isolated comneal epithelial cells {CECs) derived from the method
of claim 101,

The cells of claim 111, wherein the CECs express (1) a set of markers comprising
WNTT7A, FZDS, PAX6, keratin 3 (K3) and keratin 12 (K12) with statistically
significant higher expression of K3 and K12 than L8CUs and statistically significant
lower expression of K19 than LSCs, and (11) do not express or express significantly
lower level of p63 than LSCs and do not express or express significantly lower
icvel of keratin 1 (K1) and keratin 10 (K10} than skin or epidermal cells.

A kit for corneal tissue repair comprising L3Cs, LSC-like cells, or CECs produced
by the method of claim 60, 64 or 101, or combination of said cells thercof, a packing
material and an instruction for use.

The kit of claim 113, further comprising a pharmaceutically acceptable carrier.
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The kit of claim 114, wherein the pharmaceutically acceptable carrier is a contact
lens or its equivalent used to support cell attachment or growth in a curvatore as a
curvature of a human or animal eye.

The kit of clamo 113, further coraprising bursan aroniotic membrane or aniwal
ammniotic membrane.

A method for treating a subject with a discase associated with malfunctioning
limnbal stem cells or corneal epithelial cells, wherein the method comprises:

a. transplanting LSCs, LSC-hike, CECs or CEC-like cells of claim 1, 6, 7, or
8 to an affected eye of a subject, wherein the transplanted cells populate cornea or
limbus of the affected eye of the subject and restore normal cornea clarity and

fransparency,

thereby treating the subject with the disease associated with malfunctioning limbal

stern or progenitor cells or corneal epithelial cells.

A method for treating a subject with a discase associated with malfunctioning

limbal stem cells or corneal epithelial cells, wherein the method coraprises:

transplanting LSCs, LSC-like, CECs or CEC-like cells produced by the method of
claims 47, 48, 53, 60, 64, 70, or 101 to an affected eye of a subject, wherein the
transplanted cclls populate cornea or limbus of the affected eye of the subject and

restore normal cornea clarity and transparency,

thereby treating the subject with the disease associated with malfunctioning limbal

stem or progenitor celis or corneal epithelial cells.

The method of claim 117 or 11¥, wherein the disease or condition is a deficiency
of lirabal stern or progeunitor cells, a deficicncy of comneal epithelial cells, damage
to corneal limbus, damage to cornea of an eye, damage to limbal stem cells, damage
to corncal epithelial cells, congenttal defect affecting corneal development or
function, acquired defect affecting corneal development or function, congenital
defect affecting cell fate determunation switching corneal to skin lincage, acquired

defect atfecting cell fate determination switching corneal to skin fineage, abnormal
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epidermal  differentiation, Stevens-Johnson syndrome, aniridia, recurrent
pterygium, corneal disease, cormeal epitheliur squamous metaplasia, inflammatory
keratopathy, trauma, chemical burns, alkaline burn, partial blindness, or complete
blinduess,

The method of claim 117 or 118, wherein the disease or condition is a partial
blindness, complete blindness, comneal surface discase, corneal disease, comneal
epithelium squamous metaplasia, inflammatory keratopathy, trauma or alkaline
burn.

A method for restoring normal comea clarity and transparency of a subject with
partial blindness, complete blindness, corneal surface discase, corneal disease,
corneal epithelium squaroous metaplasia, inflarowatory keratopathy, traursa or

alkaline burn, wherein the method comprises:

transplanting LS8Cs, LSC-like, CECs or CEC-like cells of claim 1, 6, 7, or 8 to an
affected eye of a subject, wherein the transplanted cells populate cornea or limbus
of the affected eye of the subject and restore normal cornea clarity and

transparency,

thereby restoring normal cornea clarity and transparency of a subject with partial
blindness, complete blindness, corneal surface disease, corneal disease, corneal
eptthelium squamous metaplasia, inflammatory keratopathy, trauma or alkaline

burn.

A macthod for restoring nowroal cornea clarity and transparency of a subject with
partial blindness, complete blindness, cornecal surface disease, corneal disease,
corneal epithelium squamous metaplasia, inflammatory keratopathy, travma or

alkaline burn, wherein the method comprises:

transplanting LSCs, LSC-like, CHCUs or CEC-like cells produced by the method of
claim 47, 48, 35, 60, 64, 70, or 101 to an affected cye of a subject, wherein the
transplavnted cells populate cornea or limbus of the affected eye of the subject and

restore normal cornea clarity and transparency,
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thereby restoring normal cornea clarity and transparency of a subject with partial
blindness, complete blindness, comeal surface disease, comeal disease, comneal
epithelium squamous metaplasia, inflammatory keratopathy, trauma or alkaline

burn.

A method of regenerating or repairing cormneal tissue 1o a subject coroprising
introducing isolated LSC, LSC-like, CECs or CEC-like cell population of claim 1,
6, 7, or & mto the subjoct i a sufficient amount to regenerate or repair cormneal
tissue.

A method of regenerating or repairing corneal tissue in a subject comprising
introducing wsolated LSC, LEC-like, CECs or CEC-like cell population produced
by the method of claim 47, 48, 55, 60, 64, 70, or 101 into the subject in a sufficient
amount to regencrate or repair coroeal tissue.

The method of claim 121, 122, 123 or 124, wherein the cells are from an individual
other than the subject.

The method of claim 121, 122, 123 or 124, wherein the cells are from the subject
being treated with cells produced by the said method.

The method of ¢laim 121, 122, 123 or 124, wherein the subject is a mammal,

The method of claim 127, wherein the mammal is a2 human, rat, dog, cat, pig, horse,
rabbit, cow, monkey or mouse.

A method to determine if a patient with ocular metaplasia may benefit from
treatment with PAX6 gene or gene product, wherein the method comprises
assessing gene expression or protein level of WNT7A, PAX6, K3 and/or K12 in
arca of metaplasia, abscnce of WINTTA, PAX6, K3 and/or K12 in arca of
metaplasia indicates the patient with ocular metaplasia may benefit from treatment
with PAX6 gene or gene product or cells of clairn 1 or 4.

A method to determine whether a subject with ocular metaplasia may benefit from
treatment with WNT7A gene or gene product, wherein the method comprises
assessing gene expression or protein level of WNTT7A, PAX6, K3 and/or K12 in
arca of metaplasia, absence of WNTT7A, PAX6S, K3 and/or K12 in arca of
metaplasia indicates the patient with ocular mctaplasia may benefit from treatment

with WNT7A gene or gene product.
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A method to determine whether a subject with ocular metaplasia may benefit from
treatment with both WNT7A and PAX6E genes or gene products, wherein the
method comprises assessing gene cxpression or protein level of WNTTA, PAXG6,
K3 and/or K12 in area of metaplasia, absence of WNTTA, PAXS6, K3 and/or K12
in arca of metaplasia indicates the patient with ocular metaplasia may benefit from
treatment with both WNT7A and PAX6 genes or gene products.

A method to determine whether a subject with ocular metaplasia may benefit from
treatruent with PAX6 gene or gene product or cells produced by the method of
claiva 47, 48, 55, 60, 64, 70, or 101, wherein the method comprises assessing gene
expression or protein level of WNTTA, PAX6, K3 and/or K172 in area of metaplasia,
absence of WNTT7A, PAX6, K3 and/or K12 in arca of metaplasia indicates the
patient with ocular metaplasia may benefit from treatment with PAX6 gene or gene
product or cells produced by the method of claim 47, 48, 55, 60, 64, 70, or 101,

A method of regenerating or repairing corneal tissue in a subject comprising
introducing the isolated LSC population of claim 1, 64 or 70, into the subject in a
sufficient amount to regenerate or repair corneal tissue.

The method of claim 133, wherein the subject is a mammal.

The method of claim 134, wherein the mammal 1s human, rat, dog, cat, pig, horse,
rabbit, cow, monkey or mouse.

A pharmaceutical coraposition comprising av effective amouant of LSCs, LIC-like,
CECs or CEC-like cells produced by the method of claim 47, 48, 53, 60, 64, 70, or
101, or combination of said cells thereof, and a suitable pharmaceutical carrier.

A method for treating an eye disease comprising administering the isolated LSC or
LBC-like population of claim I or SESC or SESC-like population of claim 4 to a
subject 1n a sufficient aroount so that the isolated LSC or LSC-like population of
claim 1 or 4 produces or overexpresses PAXG in a sufficient amount 50 as to
produce or mammtain LSC or LSC-like state permitting differentiation to CEC or
CEC-like cells, thereby treating the eye disease.

The method of claim 137, wherein the cye discasc 1s a human cormneal disease,
corneal epithelium squamous metaplasia, inflammatory keratopathy, trauma and

alkaline burn.
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The method of claim 137, wherein the cye discase is a human eye discase.

A woethod of regenerating or repairing corveal fissue in a subject comprising
contacting corneal tissue, presumptive location of corneal tissue or anterior surface
of an eve of a subject with PAX6 1n a sufficicnt amount to regenerate or repair
corneal tissue.

A method of regencrating or repairing corncal fissue in g subject comprising
administering LSCs, LSC-like, CECs or CEC-like cells produced by the method of
claim 47, 48, 55, 60, 64, 70, or 101, or combination of satd cells thereof, on a comes
or anterior surface of an eve 1o a sufficient amount to regenerate or repair corneal
tiSSUC.

A woethod of regenerating or repairing corveal fissue in a subject comprising
administering PAX6 protein onto corneal tissue, presumptive location of corneal
tissue or anterior surface of an eye in a sufficient amount to regencrate or repair
corneal tissue.

A kit for growing and maintaining LSC or LSC-like population of claim 1 or 6
comprising a cell culture medium for maintaining LSC population, wherein the
medinm is cssentially feeder-free.

A kit for growing and maintaining LSC or LSC-hike population of SESC or SESC-
like population of claim 4 comprising a cell culture medium for maintaining LSC
population, whercin the mediurn is essentially feeder-free.

The kit of claim 143 or 144, wherein the medium is essentially xeno-free.

The kit of clatm 143 or 144 further cornprising a LSC differentistion medium for
differentiating LSC or LSC-like population to CEC or CEC-like population.

The kit of claim 143 or 144, wherein the medium is essentially serum-free.

The kit of claim 143 or 144, wherein the medium is essentially free of animal
product.

The kit of clairo 143 or 144, wherein the voedium 1s essentially free of human
product.

The kit of claim 143 or 144, wherein the medium is chemically defined.
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A kit for corneal tissue repair comprising L8Cs, LSC-like, CECs or CEC-like cells
produced by the method of claiva 47, 4R, 55, 60, 64, 70, or 101, or combination of
said cells thereof, a packing material and an instruction for use.

The kit of claim 151 further cormaprising a pharmaceutically acceptable carrier.

The kit of claim 152, wherein the pharmaceutically acceptable carrier is a contact
lens or 1ts equivalent used to support cell attachment or growth in a curvature as
curvature of a human or animal eye.

The kit of claim 153 further comprising human ammiotic mernbrane or aniraal
amniotic merobrane.

A method for assessing risk of developing an cye disease affecting cornea or cornea
function 1o a subject, wherein said wethod comprises (a) assessing activity of
WNTZTA, FZDS and PAXG6 or combination thercof, in LSCs or corneal epithelial
cells, wherein lower activity or no activity of WNTZTA, FZDS and PAX6 or
combination thereof indicates a higher risk of developing an eye disease affecting
the cornea or cornea function in a subject, thereby assessing the risk of developing
an eye disease affecting cornea or cornea fumction in a subject.

A method for identifying a patient population suitable for cell-transplantation with
L.SCs, L8C-like, CECs or CEC-hike cells produced by the method of claim 47, 48,
55, 60, 64, 70, or 101, or combination of said cells thereof, or treatment with PAX6
protein or PAX6-encoding vucleic acid, whercin the patient population has
abnormal skin epidermal-like cells in the cornea and associated keratinization and
loss or decreased expression of WNTZT7A, FZDS and PAX6 genes or comabination
of gene{s).
A mcthod for repopulation limbus with LSC or L5C-like cells i a subject with a
deficiency of lumbus stem cells comprising administering LSC or LS8C-like cells
produced by the method of claim 47, 48, 64 or 70 to the anterior surface of an eye
of a subject and perrotiting the cells to voigrate to a LSC niche, thereby repopulation
the limbus with LSC or LSC-like cells in the subject.

The method of claira 157, wherein admunistering LSC or LSC-like cells comprises

grafting a sheet or sheets of LSC or LSC-like cells onto a surface of an eye of the
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subject, or alternatively, administering a cell or tissue suspension comprising LSC
or LSC-like cells.

The method of claim 158, wherein after administering LSC or LSC-like cells to an
eve of the subject, the LSC or LSC-like cells are covered with an ammiotic
membrane, preferably buman ammniotic membrane.

A mcthod for repopulating limbus with LSC or LSC-like cells in a subject with a
deficiency of limbus stem cells comprising administering an agent that increases
PAX6 activity or expression to an arca of conjunctiva, presumpiive corneal
location, eye or eyelid 1n a subject so as to convert skin epithelial stem cells
(SESCs) in the conjunctiva, presumptive corneal location, eye or eyelid to LSC or
LSC-like cells which upon nugration to the lirabus repopulates the limbus with LSC
or LSC-like cells in the subject, thereby repopulating the imbus with LSC or LSC-
itke cells 1n a subject.

A feeder-free cell culture medium for short term in vigro culture of LSC, LSC-like,
SESC or SESC-like comprising a minurmurn essential mediur, a growth factor, a
hormone, a soluble factor, and serum or serum substifute.

The feeder-free cell culture medium of claim 161, wherein shorter term in vitro
cultare is passage 0 to about passage 4 of LSC, LSC-like, SESC or SESC-like cells.
The feeder-free cell culture medium of claim 161, wherein the medium comprises
DMEM/FI2 mediura, DMEM, penicillin-streptorycin, fetal bovine serurn, EGF,
insulin, hydrocortisone, cholera toxin, and 3,3°,5-tritodo-L-thyronine, wherein the
fetal bovine scrurn may be substituted with human seram or a scrum substitute,
wherein EGF and insulin may be recombinant EGF and/or recombinant insulin,
respectively, preferably recombinant human EGF and recombinant human insulin,
and wherein each of the component may be replaced with a functionally equivalent
component 50 long as LSC, LSC-like, SESC or SESC-like cells proliferate and do
not differentiate to CEC or skin epidermal cells.

The feeder-free cell culture medium of claim 161, wherein the medium comprises
DMEM/F12 and DMEM (1:1} with fotal bovine serurn in the range of 10-20% or a
serum substitute for serum in the range of 10-20%, EGF in the range of 10-20

ng/ml, fnsulin in the range of 5-10 ug/rl, hydrocortisone in the range of 0.2-0.8
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ug/ml, cholera toxin in the range of 5x107H to 5x107° M and 3,3",5-triiodo-L-
thyronine in the range of 107 M to 4x10” M, wherein EGF and insulin may be
recombinant EGF and/or recombinant insulin, respectively, preferably recombinant
human EGF and recombinant huoan insulin, and wherein each of the component
may be replaced with a functionally equivalent compounent so long as LSC, LSC-
itke, SESC or SESC-like cells proliferate and do not differentiate to CEC or skin
epidermal cells.

The feeder-free cell culture medium of claim 161, wheretn the medium comprises
DMEM/FI2 and DMEM (1:1) with 100 U/mli penicillin, 100 pg/mi streptomycin,
10% fetal bovine serum, 10 ng/ml EGF, § pug/ol iosubin, 0.4 pg/mi bhydrocortisone,
1071 M cholera toxin and 2 x 10 M 3,3, 5-triiodo-L-thyronine, wherein the fetal
bovine serura may be substituted with a human serum or a serum substitute,
wherein EGF and insulin may be recombinant EGF and/or recombinant insulin,
respectively, preferably recombinant human EGF and recombinant human insulin,
and wherein each of the component may be replaced with a functionally equivalent
component so long as LSC, LSC-like, SESC or SESC-like cells proliferate and do
not differentiate to CEC or skin epidermal cells.

A feeder-free cell culture medium for long term in vitro culture of LSC, L8C-like,
SESC or SESC-like cells comprising a minimum essential medivm, a growth
factor, a hormone, a soluble factor, serum or serum substitute, and a rho-associated
protein kinase (ROCK) inhibitor,

The feeder-free cell culture medium of claim 166, wherein long term in vitro culture
is to passage 17 or more passages of LSC, LSC-like, SESC or SESC-like cells.
The feeder-free cell culture mediom of claim 166, wherein the medium comprises
DMEM/FI2 medinm, DMEM, penicillin-streptomycin, fetal bovine serum, EGF,
insulin, hydrocortisone, cholera toxin, and 3,3’ 5-triigdo-L-thyronine, and Y-
27632, wherein the fetal bovine serum may be substituted with human serum or a
serurn substitute, wherein EGF aund insulin may be recombinant EGF and/or
recombinant insulin, respectively, preferably recombinant human EGF and
recombinant haman insulin, wherein Y-27632 may be replaced with another ROCK

inhibitor, and wherein cach of the component may be replaced with a functionally
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equivalent component so long as LSC, LS8C-like, SESC or SESC-like celis
profiferate and do not differentiate to CEC or skin epidermal cells.

The feeder-free cell culture medium of claim 166, wherein the medium comprises
DMEM/F12 and DMEM (1:1) with fetal bovine serum 1o the range of 10-20% or a
serum substitute for serum in the range of 10-20%, EGF in the range of 10-20
ng/ml, insulin 1 the range of 5-10 ug/ml, hydrocortisone in the range of 6.2-0.8
ug/ml, cholera toxin in the range of 5x107 to 3x107 M, 3,3, 5-triiodo-L-thyroning
in the range of 10° M to 4x10° M, and Y-27632 in the range of 1-10 pM, wherein
EGF and msulin may be recombinant EGF and/or recombinant insulin,
respectively, preferably recombinant human EGF and recombinant human msulin,
wherein Y-27632 may be replaced with another ROCK inhibitor, and wherein each
of the component may be replaced with a functionally equivalent so long as L3C,
L8C-like, SESC or SESC-like celis proliferate and do not differentiate to CEC or
skin epidermal cells.

The feeder-free cell culture mediom of claim 166, wherein the medium comprises
DMEM/F12 and DMEM (1:1} with 100 U/md pentcillin, 100 pg/ml streptomycein,
10% fetal bovine serum, 10 ng/mid EGF, § ug/rol insubin, 0.4 pg/mi hydrocortisone,
107'% M cholera toxin, 2 x 107 M 3,37 5-triiodo-L-thyronine, and 1 uM Y-27632
wherein the fetal bovine serum may be substituted with a human serum or a serum
substitute, wherein EGF and insulin may be recombinant EGF and/or recombinant
insulin, respectively, preferably recorabivant human EGF and recombinant buroan
insulin, wherein Y-27632 may be replaced with another ROCK mhibitor, and
wherein each of the component may be replaced with a functionally equivalent so
long as LSC, L8C-like, SESC or SESC-like cells proliferate and do not differentiate
to CEC or skin epiderroal cells.

A feeder-free cell culture medium for long term in vitro culture of LSC or LSC-like
cells comprising a nunirurn cssential mediom, a growth factor, g hormone, a
soluble factor, serum or serum substitute, a rho-associated protein kinase (ROCK)
inhibitor and leukemia inhibitory factor (LIF).

The feeder-free cell culture wmediom of claim 171, wherein long termiin vitro culture

is to passage 17 or more passages of LSC or L8C-like cells.
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The feeder-free cell culture medium of claim 171, wherein the medium comprises
DMEM/FI2 mediura, DMEM, penicillin-streptorycin, fetal bovine serurn, EGF,
insulin, hydrocortisone, cheolera toxin, and 3.,37,5-triiodo-L-thyronine, Y-27632,
and LIF, wherein the fetal bovine serum may be substituted with human serum or
a serum substitute, wherein EGF, insulin, and LIF may be recombinant EGF,
recombinant insulin, and/or recornbinant LIF, respectively, preferably recombinant
human EGF, recombinant human insulin, and recombinant human LIF, wherein Y-
27632 may be replaced with another ROCK inhibitor, and wherein cach of the
component may be replaced with a functionally equivalent compounent so long as
LSC or LSC-like cells proliferate and do not differentiate to CECs.

The feeder-free cell calture mediom of claim 161, wherein the medium comprises
DMEM/FI2 and DMEM (1:1) with fetal bovine serum in the range of 180-20% or a
serum substitute for serum in the range of 10-20%, EGF in the range of 10-20
ng/ml, fusulin in the range of 5-10 ug/mi, hydrocortisone in the range of 0.2-0.8
¢/ml, cholera toxin in the range of 5x10° ! to 5x1079 M, 3,37, 5-triiodo-L-thyronine

<

in the range of 107 M to 4x107 M, Y-27632 in the range of 1-10 uM, and 5-20

w

ng/ml LIF, wherein EGF, insulin, and LIF may be recombinant EGF, recombinant
insulin, and/or recombinant LIF, respectively, preferably recombinant human EGF,
recombinant burnan wnsulin, and recombinant huwan LIF, wherein Y-27632 roay
be replaced with another ROCK inhibitor, and wherein cach of the component may
be replaced with a functionally equivalent so long as L8C, LSC-like, SESC or
SESC-like cells proliferate and do not differentiate to CECs.

The fecder-free cell culture medium of claim 161, wherein the medium comprises
DMEM/F12 and DMEM (1.1} with 100 U/md peniciilin, 100 pg/mi streptomycin,
10% fetal bovine seram, 10 ng/mil EGF, 5 pg/mi insulin, 0.4 pg/mi hydrocortisone,
1071 M cholera toxin, 2 x 107 M 3,37, 5-tritodo-L-thyronine, 1 uM Y-27632 and 10
ng/ral LIF, wherein the fetal bovine serum may be substituted with a human serum
or a serum substitute, EGF, insulin, and LIF may be recombinant EGF, recombinant
insulin, and/or recombinant LIF, respectively, preferably recombinant human EGF,
recombinant burnan wnsulin, and recombinant huwan LIF, wherein Y-27632 roay

be replaced with another ROCK inhibitor, and wherein cach of the component may
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be replaced with a functionally cquivalent so long as LSC or LSC-like celis
profiferate and do not differentiate to CECs.

The feeder-free cell culture medium of claim 166 or 171, wherein the ROCK
inhibitor is selected from the group consisting of (R)-(+)-trans-4-(1-aminocthyl)-
N-{4-Pyridylcyclohexanecarboxamide dibydrochloride monohydrate (Y-27632;
Sigma-Aldrich), 5-(1,4-diazepan-1-visulfonyl} 1soquinoline (fasudil or HA 1077;
Cayman Chemical), H-1152, H-1152P, (8)}-(+}-2-Methyl-1-{{4-methyl-5-
isoguinolinylsulfonylihomopiperazine dihydrochlonide, Dimethylfasudil (diMF;
H-1152P), N-(4-Pynidyh-N'-{2 4,6-trichlotophenyljurea, Y-39983, W{-336, SNI-
1656, and {(8)-{+}-2-methyi-1-[(4-methyi-S-isoquinclinyljsulfonyl-hexahydro-
T1H-1,4-diazepine  dihydrochlonide, inudazole-containing  benzodiazepines,
imidazopyridine derivative, compound comprising an indazole core, a 2-
aminopyridine/pyrimidine core, a 9-deazaguanine derivative, benzamide, or
aminofurazan, and derivative and analog thereof, and a combination thereof,

The feeder-free cell culture medium of claim 163, 164, 165, 168, 169, 170, 173,
174, or 175, whercin fetal bovine serum is substituted with human serum or a serum
substitute.

The feeder-free cell culture medium of claim 163, 164, 165, 168, 169, 174, 173,
174, or 175, wherein EGF, insulin or LIF is recombinant EGF, recombinant insulin
or recorabivant LIF, respectively.

The feeder-free cell culture medium of claim 178, wherein EGF is recombinant
human EGF.

The feeder-free cell culture medium of claim 178, wherein imsulin is recombinant
human insulin

The feeder-free cell culture medium of claim 178, wherein LIF 1s recombinant
human LIF.

A method for obtaining and expanding SESCs in vifro in a feeder-free cell culture
medium comprising culturing isclated SESCs skin in the feeder-free cell culture
medium of claim 161 or 166,

The method of claim 102, whercin SESCs are isolated from interfollicular

epidermis.
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The method of claim 102, wherein SESCs arce isolated from any SESC niche

harboting SESC 0 a huwoan or animal.

A method for obtaining epithelial stem cell (SESC) or SESC-like celis from limbal

stera cells (L.SCs) comprising: (a) knocking down expression ot activity of WNTTA

or PAX6 gene or protein sufficiently so as to change the cell fate from LSC to SESC

fate, thereby obtaining SESC or SESC-like cells frora LSC cells.

The method of claim 185, wherein L8Cs are contacted with an shRNA directed to

WNTTA or PAX6, or alternatively, LSCs express an introduced gene producing

shRNA, RNA1 or anti-sense RNA directed to WNTTA or PAX6 gene so as to

sufficiently reduce expression of WNT7A or PAXS to convert LSCs to SESC or

SESC-like cells.

A method for obtaining and expanding skin epithelial stem cell {SESC) in vitro

from a subject in a feeder-free cell culture medium, wherein the method coraprises:

{a) obtaining a sample of tissue from the imnterfollicular epidermis or any SESC
stern ccll niche harboring SESCs n the subject;

{b} dissociating the tissue so as to obtain single cells; and

{c) culturing singic cells of (b) in a foeder-free cell culture medium so as to permit
SESCs to proliferate, wherein the prohiferated SESCs have a potential to
differentiate into skin cpidermal cells, thereby obtaining and expanding in vitre
skin epithelial stem cells in vitro from a subject,

The method of claim 1X3, wherein SESCs are cultured in vitro in a feeder-free cell

culture acdium of claim 161, 163, 164, 165, 166, 168, 169 or 170

A method for obtaining skin epidermal cells or skin epidermal-like cells from SESC

or SESC-like cells in virro comprising culturing isolated SESC or SESC-like cells

in cheroically defined differentiation mediurn which support differentiation of

SESC or SESC-like cells to skin epidermal cells or skin epidermal-like cells,

therehy obtaining skin epidermual cells or skin epidermal-like cells from SESC or

SESC-like cells in vitro.

The method of claim 189, wherein the chemically defined differentiation medium

is CnT-02 (CelinTec) or equivalent medivm.
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A method for treating a subject in need of new skin, wherein the method comprises
admunistering SESC cells, SESC-like cells, skin epidermal cells or skin epidermal-
itke cells obtained by the method of claim 185 or obtained and expanded by the
rocthod of claiva 182, 187 or 189 to the subject, such as to repopulate SESC cell
population or skin epidermal cell population of the subject and provide new skin
for the subject, thereby treating a subject 1n need of new skin.

The method of claim 191, wherein the subject in need of skin suffers from skip
dystrophy, skin discase, skin infection, burn wmjury, skin ulcer, abrasion, melanoraa,
carcinoma, wound, aging, genetic disorder of the skin, skin biopsy, surgery,
cosmetic defect, or reconstructive surgery affecting the skin or the subject in need
of skin is a subject needing skin replacement or undergoing cosmetic surgery or
reconstructing surgery affecting the skin.

A racthod of changing a limbal stem or progenitor cell (LSC) and/or its progeny to
a SESC or SESC-like cell, wherein the method comprises downregulating
expression of WNTTA or PAX6 gene in the LSC sufficiently so as to change the
LSC and/or its progeny to SESC or SESC-like cell, thereby changing the LSC
and/or its progeny to a SESC or SESC-like cell.

A method of changing a LSC-like cell and/or its progeny to a SESC or SESC-like
cell, wherein the method comprises downregulating expression of WNT7A or
PAX6 gene in the LSC-hike cell sufficiently so as to change the LSC-like cell and/or
its progeny to SESC or SESC-like cell, thereby changing the L.S8C-like cell and/or
its progeny to a SESC or SESC-like cell.

A method of changing a skin epithelial stem cell (SESC) and/or its progeny to a
LSC or LSC-like cell, wherein the method comprises upregulating or
overexpressing PAXSO or WNTT7A n the SESC sufficiently so as to change the
SESC cell and/or its progeny to LSC or LSC-like cell, thereby changing the SESC
and/or its progeny to a LSC or LSC-hike cell.

A method of changing a SESC-like cell and/or its progeny o a LSC or LSC-like
cell, wherein the method coraprises upregulating or overexpressing PAX6 or

WNT7A in the SESC-like cell sufficiently so as to change the SESC-like cell and/or
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its progeny to LSC or LSC-like cell, thereby changing the SESC-like and/or its
progeny to a LSC or L8C-like cell.
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Figure 4a-d
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