Cell culture and expansion

Field of the invention

The present invention relates to the field of cell culture. In particular, the present

invention relates to culture of corneal endothelial cells.

Background of the invention

The human corneal endothelium forms an essential layer of the cornea,
maintaining corneal transparency through the regulation of corneal hydration. The
endothelial cell layer does not actively regenerate in vivo. Hence, there remains a
need for corneal allograft transplantation in cases of accelerated endothelial cell
loss due to genetic disease, generic eye infection, or more acute cell loss caused
by accidental and surgical trauma or previous corneal surgery. Although current
corneal transplantation is successful in the short term, there is a risk of graft
rejection, and long-term graft failure is a problem. Moreover, global shortage of

cornea donors greatly restricts the number of corneal transplantation performed.

It is now possible to isolate and culture human corneal endothelial cells (HCECs)
in vitro, thus providing new opportunity for in-depth cell biological studies and
development of potential tissue-engineered human corneal endothelium graft
alternative. In order to generate the required numbers of HCECs for further
biological studies and future development of tissue-engineered human corneal
endothelium, isolated primary HCECs must be propagated for at least three
rounds of passages to achieve a sizeable amount of cells for experimental
research. However, on repeated passages, the human corneal endothelial cells

may develop into fibroblastic-like cells.

It is therefore desirable to develop effective techniques (for example either a
novel approach or a single culture medium) to support the propagation of isolated

HCECs, as well as to maintain their characteristic morphology.



Summary of the invention

According to a first aspect, the present invention relates to a method for culturing

isolated corneal endothelial cells comprising the steps of:

(i) contacting isolated corneal endothelial cells with a proliferative

medium to propagate and/or expand corneal endothelial cells; and

(i) contacting the propagated and/or expanded corneal endothelial
cells with a maintenance medium to substantially preserve the

morphology and characteristics of the corneal endothelial cells.

The present invention also relates to a combination comprising a proliferative
medium comprising a supplemented basal medium to propagate and/or expand
corneal endothelial cells; and a maintenance medium comprising a basal medium
to substantially preserve the morphology and characteristics of corneal

endothelial cells.

The invention further relates to a maintenance medium for substantially
preserving the morphology and/or characteristic of an isolated population of
corneal endothelial cells subsequent to expansion and/or propagation of the

corneal endothelial cells with a proliferative medium.

The corneal endothelial cells may be derived from any animal source. For
example, the corneal endothelial cells could be from a mammal. Examples of
suitable sources include but are not limited to, bovine, equine porcine or primate
(for example: human, simian). In particular, the corneal endothelial cells may be

from a human.

The invention also relates to an isolated population of corneal endothelial cells.
The isolated population of corneal endothelial cells may comprise at least one
cell. In particular, the invention relates to an isolated population of corneal
endothelial cells prepared/preparable by a method according to any aspect of the

invention.



Brief description of the figures

Figure 1. (A) Coronet vacuum suction cup (or vacuum donor punch) with a
research cornea held in place (insert); (B) Peeled Descemet's Membrane and
corneal endothelium (DM-CE) layer (200um); (C) DM-CE layer showing the
unique morphology of corneal endothelial cells (50um); (D) Collagenased DM-CE
layer ~2 hours (100um); (E) Tightly compacted Corneal Endothelial (CE) clusters
after collagenase treatment >2 hours (100um); (F) Clusters of CE after further
dissociation using TryPLE Express for approximately 5 minutes (100um); (G)
Attachment and morphology of Human Corneal Endothelial Cells (HCECSs)
without FNC coating (6hrs | 42hrs); (H) Attachment and morphology of HCECs
with FNC coating (6hrs | 42hrs); (I) Graph - attachment with and without FNC
coating as analyzed by xCELLigence real-time impedance-based cell analyzer

system (Roche).

Figure 2. Comparison of the morphology of HCECs grown in the 5 culture media.
At P1, morphology of HCECs cultured in M2 and M4 appeared to be small and
compact. HCECs cultured in M1 and M3 appeared to be retaining their polygonal
morphology, but appeared to be larger in cell size. HCECs cultured in M5
appeared to retain morphology relatively comparable to the naive corneal

endothelium (Scale bar ~100 pm).

Figure 3 HCECs cultured in M2 or M4 at P3, P4 and P5 showing heterogeneous
fibroblastic cellular morphology (Scale bar ~100 pm).

Figure 4 Human Corneal Endothelial Cells (CECs) established and propagated in
M4 only and in M5 only. Representative sets of photomicrographs showing
morphology of confluent human CECs (PO) established in (A): M4 only; (insert)
percentages of proliferative human CECs (at the first passage) as assessed by
the Click-IT EdU assay; and in (B): M5 only; (insert) percentages of proliferative
human CECs (at the first passage). (C): Bar graphs showing total cell numbers

obtained for the passage of five independent sets of human CECs cultured in M4
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only (green) compared to M5 only (blue). (D): Representative photomicrograph
showing a typical fibroblast-like morphology of cultivated human CECs at the third
passage cultured using M4 only.

Figure 5. Proliferative capacity of primary HCECs in the 5 culture media. HCECs
cultured in M2 and M4 are the most proliferative. Neither M1 nor M3 was able to
support the propagation of HCEC beyond P2. M5 was able to support some the

proliferation of HCECs, predominately those established from younger donors.

Figure 6. Schematic diagram depicting the propagation of human CECs using a
dual media approach. A: Procurement - pairs of research-grade corneas used in
this study were procured from Lions Eye Institute for Transplant and Research
Inc. (Tampa, FL). Research corneas were preserved and transported in Optisol-
GS, and processed within 14 days from preservation. B: Process and isolation -
once received, corneas were processed within 1 day where the CECs were
isolated and plated as passage O culture. C to C’: Stabilization - isolated human
CECs were seeded and allowed to attach and stabilize in M5 medium overnight.
C’ to C”’: Proliferation - to promote the proliferation of the adhered CECs, M4
medium was utilized throughout the expansion phase. C” to D: Stabilization and
maintenance - when expanding human CECs became approximately 80%
confluent, M5 medium was re-introduced for at least seven days, which aided in
the preservation of the cellular morphology of cultivated human CECs. Thereafter,
confluent human CECs were dissociated using TE, seeded at a density of 1 x 10*
cells per cm? and subjected to the same inter-switching dual-mediamedium

approach for subsequent passages.

Figure 7(A): Single media propagation of HCECs; After the isolation (A.l) of
primary HCECs, the isolated HCECs were expanded from (A.Il) PO to (A.lll) P1
using one culture medium. In the dual media approach (B): Dual media
propagation of HCECs; After processing (B.l), the isolated HCECs were left to
attach in M5 (Il) for around 24 hours. On the following day, the adhered HCECs

were switched into a more proliferative culture medium, usually M2 or M4 for
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another 7 to 14 days or until the primary HCECs became 80% confluent. Once
80% confluency was attained, the culture medium was reverted back into M5 for

at least 7 day before (lll) passaging into the next passage.

Figure 8 Primary HCECs (P2, week 4) cultured in either (A) M2 only as compared
to (B) M2 with exposure to M5, and (C) M4 only as compared to (D) M4 with
exposure to M5 (Scale bar ~100 pm).

Figure 9 Cellular morphology and circularity of human CECs cultured over three
passages. Representative sets of photomicrographs showing morphology of
confluent human CECs propagated in either M4 only as compared to cells
propagated using the dual media approach, and a bar-chart comparing cell
circularity for both conditions during (A): the first passage, (B): the second
passage, and (C): the third passage.

Figure 10 Established HCECs from donors of varies ages using the Dual media

approach at P1 (Scale bar ~100 um).

Figure 11 Primary HCEC expanded in the dual media culture system express
markers characteristic of human corneal endothelium ZO-1 and Na+Ka+ATPase
(Scale bar ~100 um).

Figure 12 Measurement of average resistance of cultivated P3 HCECs (n=3) after
seeding. Resistance rapidly increases two days after seeding and slowly plateaus

as an intact monolayer is formed.

Figure 13 Hierarchical clustering shows that the samples cluster according to the
culture condition, indicating that HCECs cultured in M4 medium have more similar
gene expression profiles compared to their counterparts after they were exposed

and maintained in M5 medium.



Definitions

Basal medium refers to a medium comprising a carbon source and salts for cell

culture.

Cell culture refers to the maintenance or growth of isolated cells in vitro, typically

in an artificial environment. Cell culture includes cell expansion or propagation.

Cell expansion refers to cell culture where there is an increase in the number of

cells. Cell expansion and cell propagation may be used interchangeably.

Cell passage refers to the splitting (dilution) and subsequent redistribution of a
monolayer or cell suspension into culture vessels containing fresh medium. This
is performed when the cells reached a desired level of density (for example ~
90% -100% confluency).

The term passage number refers to the number of times that a cell population has

been removed from the culture vessel and undergone a passage process.

In cell culture biology, confluency is the term commonly used as a measure of the
coverage of the dish or the flask by the cells. For example, 100 percent
confluency means the dish is completely covered by the cells, and therefore no
more room is left for the cells to grow; whereas 50 percent confluency means

roughly half of the dish is covered and there is still room for cells to grow.



Detailed description of the invention

The present invention generally relates to a dual medium method for culturing

isolated corneal endothelial cells.

Accordingly, the present invention relates to a method for culturing isolated

corneal endothelial cells comprising the steps of:

(i) contacting isolated corneal endothelial cells with a proliferative

medium to propagate and/or expand corneal endothelial cells; and

(i) contacting the propagated and/or expanded corneal endothelial
cells with a maintenance medium to substantially preserve the

morphology and characteristics of the corneal endothelial cells.

With the dual medium method, the isolated corneal endothelial cells are cultured
in the proliferative medium for a suitable number of passages. The isolated
corneal endothelial cells are allowed to propagate and/or expand in the
proliferative medium. However, before further differentiation and/or changes in
the morphology of the corneal endothelial cells occur, the isolated corneal
endothelial cells are contacted with the maintenance medium. The morphology
and characteristics of the corneal endothelial cells are substantially preserved in

the maintenance medium.

For example, step (i) comprises culturing the isolated corneal endothelial cells in

the proliferative medium.

Step (ii) is performed before the isolated corneal endothelial cells differentiate or
change morphology and/or characteristics. In one example, step (ii) comprises
replacing the proliferative medium with the maintenance medium. In particular,
step (ii) comprises culturing the propagated and/or expanded corneal endothelial
cells in the maintenance medium. Accordingly, step (ii) includes passaging the
propagated and/or expanded corneal endothelial cells in the maintenance

medium.
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In addition, the invention also relates to a combination comprising a proliferative
medium comprising a supplemented basal medium to propagate and/or expand
corneal endothelial cells; and a maintenance medium comprising a basal medium
to substantially preserve the morphology and characteristics of the corneal

endothelial cells.

Further, the invention also relates to a composition comprising a maintenance
medium for substantially preserving the morphology and/or characteristic of an
isolated population of corneal endothelial cells subsequent to expansion and/or

propagation of the corneal endothelial cells with a proliferative medium.

The proliferative media has a different formulation from the maintenance media.
For example, the components of the proliferative media supports expansion
and/or propagation of cells while the components of the basal media supports
the viability of cells with little changes but does not support expansion and/or

propagation of cells.

Any suitable proliferative medium may be applicable for any aspect of the
invention. The proliferative medium is used for propagating and/or expanding the
corneal endothelial cells. The proliferative medium may comprise a supplemented

basal medium.

For example, the supplemented basal medium may be a commercial basal
medium supplemented accordingly to support expansion and/or propagation of
cells. Examples of supplemented basal media include but are not limited to
supplemented Minimum Essential Medium (MEM); supplemented Dulbeco’s
Modified Eagles’ Medium (DMEM), Opti-MEM-I, supplemented Supplemental
Hormonal Epithelial Medium (SHEM), Medium 199 (M199) or F99 medium.

Examples of supplemented basal media are listed in Tables 1 and 2.

In particular, the proliferative medium comprises a basal medium supplemented
with serum. The proliferative medium may comprise a basal medium

supplemented with any suitable amount of serum. For example, the proliferative
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medium may comprise a basal medium supplemented with at least 2% serum.
Other examples of serum amount in the basal medium for the proliferative
medium include 2% to 30%. Accordingly, the serum amount in the basal medium
for the proliferative medium includes 2%, 2.5%, 3%, 3.5%, 4%, 4.5%, 5%, 5.5%,
6%, 6.5%, 7%, 7.5%, 8%, 8.5%, 9%, 9.5%, 10%, 10.5%, 11%, 12%, 12.5%, 13%,
13.5%, 14%, 14.5%, 15%, 15.5%, 16%, 16.5%, 17%, 17.5%, 18%, 18.5%, 19%,
19.5%, 20%, 20.5%, 21.5%, 22%, 22.5%, 23%, 23.5%, 24%, 24.5%, 25%,
25.5%, 26%, 26.5%, 27%, 27.5%, 28%, 28.5%, 29%, 29.5% and 30%. In
particular, the proliferative medium comprises a basal medium supplemented with

5% serum.

The proliferative medium may further comprise a basal medium supplemented
with at least one supplement selected from the group consisting of amino acids,
antimicrobials, cholera toxin, chondroitin, Dimethyl sulphoxide (DMSO),
Endothelial Cell Growth Supplement (ECGS), growth factors, insulin, steroids,

minerals, pituitary extract, transferrin and vitamins.

Any suitable maintenance medium may be used for substantially preserving the
morphology and/or characteristic of the corneal endothelial cells. For example,
the maintenance medium comprises a basal medium. In particular, the
maintenance medium comprises a basal medium supplemented with serum. For
example, the maintenance medium may comprise a basal medium supplemented
with at least 2% serum. Other examples of serum amount in the basal medium for
the maintenance medium include 2% to 30%. Accordingly, the serum amount in
the basal medium for the maintenance medium includes 2%, 2.5%, 3%, 3.5%,
4%, 4.5%, 5%, 5.5%, 6%, 6.5%, 7%, 7.5%, 8%, 8.5%, 9%, 9.5%, 10%, 10.5%,
11%, 12%, 12.5%, 13%, 13.5%, 14%, 14.5%, 15%, 15.5%, 16%, 16.5%, 17%,
17.5%, 18%, 18.5%, 19%, 19.5%, 20%, 20.5%, 21.5%, 22%, 22.5%, 23%,
23.5%, 24%, 24.5%, 25%, 25.5%, 26%, 26.5%, 27%, 27.5%, 28%, 28.5%, 29%,
29.5% and 30%. In particular, the maintenance medium comprises a basal
medium supplemented with 2.5% or 5% serum.
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The maintenance medium or basal medium may be a commercially available
maintenance medium or basal medium. For example, the maintenance or basal
medium comprises Human Endothelial-Serum Free Medium (Human Endothelial-
SFM).

The maintenance medium may also be supplemented with at least one

antimicrobial.

The serum for the proliferative media or the maintenance media may be from any
suitable animal source. For example, the serum could be from a mammal.
Examples of suitable animal sources include but are not limited to, bovine, equine
porcine or primate (for example: human, simian). Additionally, the serum may be

from a fetal source or an adult source.

The amino acids may comprise essential (for example glutamine or L-glutaimine)

and/or non-essential amino acids.

The antimicrobials may comprise antibiotics, antifungals and/or antimycotics.
Examples of antimicrobials include but are not limited to amphotericin B,

doxycycline, fungizone, gentamicin, penicillin, primocin or streptomycin.
Chondriotin may be in the form of chondroitin sulphate.

Examples of growth factors include but are not limited to basic fibroblast growth

factor (bFGF), epidermal growth factor (EGF) or nerve growth factor (NGF).

The insulin may be derived from any suitable source, including but not limited to
bovine, equine, porcine or primate (for example: human, simian). The insulin may

also be recombinant insulin.
Examples of steroids include but are not limited to hydrocortisone.

Examples of minerals include but are not limited to calcium chloride, sodium

chloride or sodium selenite.
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Examples of vitamins include but are not limited to ascorbic acid.

EXAMPLES

Having now generally described the invention, the same will be more readily
understood through reference to the following examples, which are provided by

way of illustration, and are not intended to be limiting of the present invention.

Standard molecular biology techniques known in the art and not specifically
described were generally followed as described in Green and Sambrook,
Molecular Cloning: A Laboratory Manual, Cold Springs Harbor Laboratory, New
York (2012).

Example 1 Isolation of primary HCECs

A working protocol for the isolation and establishment of primary HCECs was
adapted for this study (Figure 1). Isolation of primary HCECs involved a two-step,
peel-and-digest method. Firstly, the thin corneal DM-endothelial layer was
carefully peeled off under the dissecting microscope with the aid of a vacuum
suction cup (or vacuum donor punch) to hold the cornea in place [Figure 1(A)].
Much caution was taken in the peeling process to prevent the potential
contamination of the posterior corneal stroma. Isolated DM-endothelial layer
sheet [Figure 1(B)] was subsequently subjected to an enzymatic digestion using
collagenase (2mg/mL) for at least 2 hours, and up to 4 hours to release the
corneal endothelium from the DM [Figure 1(D) and (E)]. Length of collagenase
treatment is variable and is believed to be donor dependent. Clusters of
collagenase-treated HCECs can be dissociated further with a brief treatment of
TrypLE Express [Figure 1(F)]. Following a quick rinse in PBS+, isolated HCECs
were plated onto FnC mixture coated tissue culture surfaces and expanded in the

various medium for comparison (Table 2).
Example 2: Comparison of culture media

There are various serum-supplemented culture media reported for the in vitro

culture of HCECs (Table 1). To optimize the HCECs expansion protocol, four
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serum-supplemented culture media were compared (Table 2), each developed
from a different basal medium coded here as M1-DMEM (10% serum); M2-
OptiMEM-I (8% serum); M3-DMEM/F12 (5% serum), & M4-Ham’s F12/M199 (5%
serum). It was shown that cultured HCECs can be established in all four culture
media [Passage 1 (P1), Figure 2] but only M2 and M4 were able to promote and
support their continual proliferation beyond the second passage. However,
HCECs cultured in M2 and M4 became heterogeneous, usually by the third
passage (sometimes as early as the second passage), taking up a more
fibroblastic morphology [see later; Figure 3]. In particular, although HCECs grown
in M4 can be propagated beyond the second passage, the formation of

fibroblastic-like cells became evident [Figure 4(D)].

The inventors found that a maintenance medium could be used for the limited
propagation of HCECs derived from donor corneas. For example, the inventors
were the first to use a maintenance medium M5 consisting of a basal medium
known as human Endothelial-Serum Free Medium (Human Endothelial-SFM;
Gibco BRL) supplemented with 5% fetal bovine serum (FBS), This formulation
allows the isolation and limited propagation of HCECs derived from donor
corneas. More importantly, the unique morphology of HCECs established in M5 is
preserved, and is far superior compared to the other four media M1-M4 [Figure
2]. Although homogeneous culture of HCECs can be established in M5 without
the formation of fibroblastic-like cells when compared to M2 or M4, the rate of
proliferation as gauged by Click-IT EdU showed slower growth when compared to
cultures grown in M4. Data obtained from 5 independent donors confirmed these
results and limited numbers of HCECs can be obtained when using M5 alone
(Figure 5). However, due to the lower number of cells obtained when grown in M5
alone, HCECs could not be effectively passaged beyond the second round of

passage.

In terms of the proliferative rate of HCECs cultured (for three passages) in M5,
preliminary results showed that it is superior to M1 or M3, but is not as good as
M2 or M4 (Figure 5).
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Table 1. Supplemented media used in the culture of human corneal endothelial cells

Basal Medium

Serum*

Growth Factors /
Supplements

Reference

MEM

10%

5upg/ml insulin

5ug/ml transferrin

5ng/ml sodium selenite
150pg/ml ECGS

50ug/ml gentamicin
100U/ml penicillin
100pg/ml streptomycin
0.25ug/ml amphotericin B

Blake et al., 1997

MEM

15%

200mM glutamine
2% essential amino acids

1% non-essential amino acids

10ug/ml gentamicin
1.2pug/ml amphotericin B

Yue et al., 1989

DMEM

15%

30mg/L L-glutamine
2.5mg/L Fungizone

2.5mg/L doxycycline
2ng/mL bFGF

Miyata et al., 2001
Amano 2003

M199

20%

4mM glutamine
200ug/ml ECGS
100pg/ml penicillin
100pg/ml streptomycin

Pistsov et al., 1988

DMEM (M1)

10%

2ng/ml bFGF
50U/ml penicillin
50ug/ml streptomycin

Ishino et al., 2004

Opti-MEM-I (M2)

8%

20ng/ml NGF

5ng/ml EGF

20pg/ml ascorbic acid
200mg/L calcium chloride
100pg/ml pituitary extract
50ug/ml gentamicin

1 X antibiotic/antimycotic
0.08% chondroitin sulphate

Zhu and Joyce, 2004

SHEM (M3)
Ham’s F12 &
DMEM

(1:1 ratio)

5%

0.5% DMSO

2ng/ml EGF

5upg/ml insulin

5ug/ml transferrin

5ng/ml ng/ml

0.5ug/ml hydrocortisone
1nM cholera toxin
50ug/ml gentamicin
1.25ug/ml amphotericin B

Li et al., 2007

F99 (M4)
Ham’s F12 &
M199 (1:1 ratio)

2% -
5%

20pg/ml ascorbic acid
20pg/ml bovine insulin
2.5ug/ml transferrin
0.6ng/ml sodium selenite
10ng/ml bFGF

Engelmann and
Friedl, 1989
Engelmann and
Friedl, 1995




Table 2. Supplemented media used in the comparison culture of human corneal

endothelial cells
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Basal Medium Serum*

Growth Factors / Reference

Supplements

DMEM (M1) 10%

2ng/ml bFGF
50U/ml penicillin
50ug/ml streptomycin

Ishino et al., 2004

Opti-MEM-| 8%
(M2)

20ng/ml NGF Zhu and Joyce,
5ng/ml EGF 2004

20pg/ml ascorbic acid

200mg/L calcium chloride

100ug/ml pituitary extract

50ug/ml gentamicin

1 X antibiotic/antimycotic

0.08% chondroitin

sulphate

SHEM (M3) 5%
Ham’s F12 &

DMEM

(1:1 ratio)

0.5% DMSO
2ng/ml EGF
5ug/ml insulin

Li et al., 2007

5ug/ml transferrin

5ng/ml ng/ml

0.5ug/ml hydrocortisone
1nM cholera toxin
50ug/ml gentamicin
1.25ug/ml amphotericin B

F99 (M4) 2% -
Ham’s F12 & 5%
M199 (1:1

ratio)

Engelmann and
Friedl, 1989
Engelmann and
Friedl, 1995

20ug/ml ascorbic acid
20ug/ml bovine insulin
2.5ug/ml transferrin
0.6ng/ml sodium selenite
10ng/ml bFGF

Endothelial- 5%
SFM (M5)

100ug/ml primocin SERI
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Example 3: Dual media culture

The use of a dual media culture was then investigated. Interestingly, exposure
of HCECs cultured in the proliferative medium M2 or M4 to M5 improved the
morphology of HCECs. Interestingly, when Endothelial-SFM was used with
either 2.5% [Endo2.5%] or 5% [Endo5%] fetal bovine serum (FBS) as the
respective maintenance medium, long-term (>30 days) maintenance of HCECs

is possible with a regular medium change every 48 to 72 hours.

Exposure of HCECs expanded in the proliferative medium M4 to the
maintenance medium M5 in 80%-90% confluent HCECs cultured were found to
be beneficial to the cultivated cells and improvement to the morphology of the
HCECs were observed. For example, the use of both M4 and M5 in the culture
of HCECs as a dual media approach relies on the timely incorporation of M5 as
depicted in the schematic diagram in Figure 4. When placed in M5 after
culturing in proliferative medium, long-term (>30 days) maintenance of HCECs

is possible with a regular medium change every 48 to 72 hours.

It was found that the use of a dual media culture system for the expansion of
HCECs is (1) to be able to obtain sizeable numbers in the expansion of isolated
primary HCECs expanded over at least three passages using a medium that is
able to support the proliferation of HCECs, and (2) to be able to prevent
fibroblastic transformation of cultivated HCECs using a medium that has the
capacity to maintain the classical hexagonal and/or polygonal cellular appearance
of cultivated corneal endothelial cells, similar to cells of the naive corneal

endothelium layer.

Accordingly, this invention encompasses the in vitro serial cultivation of primary
HCECs using a novel two media approach. For example, medium A (proliferative
medium - M4) is a medium that supports the proliferation of HCECs and medium
B (maintenance medium — M5) is a medium that stabilizes and maintains the

unique cellular morphology of the expanded HCECs for at least three rounds of
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passages. An alternative dual media approach using the dual media culture
system in the expansion and maintenance of isolated primary HCECs is depicted
in figure 7(B). For comparison, Figure 7(A) shows an example of the single media

approach.

As mentioned, exposure of HCECs expanded in the proliferative media M2 or M4
to M5 significantly improved the morphology of HCECs. When cultured in either
M2 or M4 only, isolated primary HCECs lose their unique polygonal morphology
and turn fibroblastic. This form of transformation is rather unpredictable, but
generally occurs from P3 onwards. In some cultures, signs of this occurrence of
fibroblastic transformation in culture can be detected as earlier as P1.
Interestingly, exposure to M5 in sets of HCECs that were expanded in either M2
or M4, significantly improved and preserved the unique morphology of HCECs
(Figure 8). In this aspect, it appeared that M5 acts as a maintenance medium that
stabilized the cellular structure of HCECs. This has been consistent over various

donor samples (Figure 8).

As mentioned, exposure of HCECs expanded in the proliferative medium M4 to
M5 significantly improved the morphology of HCECs. When cultured in M4
alone, isolated primary HCECs lose their unique polygonal morphology and turn
fibroblastic. This phenomenon has been described as an endothelial-to-
mesenchymal (EMT) transformation, resulting in an alternation of HCECs
towards a more fibroblast-like morphology (Lee and Kay 2012). This form of
transformation is rather unpredictable, but generally occurs from P2 onwards. In
some cultures, signs of such occurrence can be detected as earlier as P1.
Interestingly, exposure to M5 in sets of HCECs that were expanded in M4,
significantly improved and preserved their unique cellular morphology as
gauged by the cell circularity comparison between HCECs cultured in M4 only
and those cultured using the dual media approach (Figure 9). In this aspect, it
appeared that M5 acts as a maintenance medium that stabilized the cellular
structure of HCECs. This observation is consistent over several donor samples

(Figure 10). Based on cell counts performed following cell dissociation at each
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passage and using a seeding density of at least 1.0 X 10* cells per cm?, the
projected numbers of HCECs obtainable at the end of the third passage range

from between 1.0 X 107 to 2.5 X 10’ cells per pair of donor corneas (Table 3).

Table 3. Projection of the range of HCECs obtainable each passage at
confluent.

Passage No Projected HCECs at each passage
PO 8.0 X 10° to 1.0 X 10° cells
P1 2.1 X 10°to 3.2 X 10° cells
P2 45X 10°t0 7.5 X 10° cells
P3 1.0 X 10" t0 2.5 X 10" cells

Based on the isolation protocol, the cultivation methodology described in this
paper, and a seeding density of not less than 1.0 X 10* cells per cm?, it is
possible to scale up the number of HCECs to a range between 1.0 x 10’ to 2.5
x 107 cells at confluence, bt the third passage from a pair of donor corneas.

Primary HCECs expanded via the dual media culture system retained
characteristic expression of ZO-1, a tight junction-associated protein, as well as
Na+K+/ATPase which is associated to the fluid pump function of the corneal
endothelium (Figure 7). Functionality of HCECs is currently being assessed in a
rabbit model of bulbous keratopathy. Further in vitro characterisation at the
molecular level and in vivo validation of HCECs cultured using the dual media

approach is currently underway.

The electrical resistance of cultivated HCECs (Passage 3) was measured using a
hand-help epithelial/endothelial volt-ohm meter (EVOM). Cells were seeded at
high density onto permeable ‘Snapwell’ support and resistance of the monolayer
formed was measured for four weeks (Figure 12). A plateau in the resistance
levels was taken to indicate resistive stability and the formation of a complete and

intact monolayer.

As shown earlier (Figure 9), the polygonal morphology of primary HCECs could
be consistently maintained for each of the three rounds of expansion when the

confluent cells grown in M4 were switched to M5. In order to better understand
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the observed morphological changes at the molecular level, high throughput
microarray analysis was performed on human CECs isolated from two donor
corneas and cultivated to the third passage. Here, global gene expression profile
of the confluent human CECs expanded in M4 for the first and second donor,
were compared to the same set of the confluent human CECs maintained in M5
medium for a further seven days. Hierarchical clustering showed that HCECs
from the two donors cultured in M4 had more similarities in their gene expression
profiles than cells from the same donors maintained in M5 for seven days more
(Figure 13). In all, we found a total of 1,485 genes that were up-regulated, and
1,420 genes down-regulated. Additionally, the top 10 up-regulated and down-
regulated genes are listed in Table 4 and Table 5, respectively. Further analysis
of the microarray data is currently underway and future in vivo validation of
HCECs cultured using the dual media approach will be assessed in an animal

model of bullous keratopathy.

Table 4. Top 10 up-regulated genes after exposure of human CECs to M5 medium

Gene Brief Description GeneBank
Accession
No.
ANGPTL7 Angiopoicetin-like 7: modulates extracellular matrix NM 021146.2
deposition.
HI9 H19: imprinted maternally expressed transcript. NR 002196.1
PTGDS Prostaglandin D2 synthase 21kDa: mediators of ultraviolet NM 000954.5

B light toxicity in cornea.

SLC4A411 Solute carrier family 4, sodium borate transporter, NM 032034.3
member 11: essential for cellular boron homeostasis, as
well as cell growth and proliferation.

ALPL Alkaline phosphatase: membrane bound glycosylated NM 000261.1
enzyme.

OLFMLI Olfactomedin-like 1: secreted glycoprotein, regulation of NM 198474.3
cell proliferation in vitro.

APLN Apelin: involves in different tissue specific signaling NM_000261.1
pathways that regulate diverse biological functions
including fluid homeostasis and insulin secretion

ZP4 Zona pellucida protein 4: glyocoprotein. NM 021186.3
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MYOC Myocilin: secreted glycoprotein: modulates organization NM 000261.1
of actin cytoskeleton, stimulating formation of stress
fibers through Wnt signaling components.

SFRPI Secreted frizzled-related protein 1: soluble modulator of NM 003012.4

Wnt signaling, and known to regulate cell growth and
differentiation.

Table 5. Top 10 down-regulated genes after exposure of human CECs to M5 medium

Gene Brief Description GeneBank
Accession No.
LAMC?2 Laminin, gamma 2: major non-collagenous ECM NM 005562.2
glycoproteins constituent of basement membranes.
ESM1 Endothelial cell-specific molecule 1: secreted protein NM 007036.4
with a stipulated role in endothelium-dependent
pathological disorder.
GRP Gastrin-releasing peptide: involved in smooth muscle NM_002091.3
cell contraction, and epithelial cell proliferation.
RGS4 Regulator of G-protein signaling 4: inhibits signal NM_001102445.2
transduction by increasing the GTPase activity of G
protein alpha subunits.
DKK] Dickkopf 1 homolog: secreted protein known to NM 012242.2
antagonize canonical Wnt signaling by inhibiting
LRP5/6.
LRRN3 Leucine-rich repeat neuronal protein 3: a single-pass NM 003641.3
type I membrane protein containing 12 leucine-rich
repeats.
VCAN Versican: Chondroitin sulfate proteoglycan, a major NM 005556.3
component of the extracellular matrix
MFAPS microfibrillar associated protein 5: a 25-kD microfibril- NM 001102445.2
associated glycoprotein rich in serine and threonine
residues. Component of the elastin-associated
microfibrils
ISG15 ISG15 ubiquitin-like modifier: a ubiquitin-like protein NM _005101.3
conjugated to many cellular proteins upon activation by
interferon-alpha
DDIT4L DNA-damage-inducible transcript 4-like: mediates cell NM 145244.3

growth by regulation of TOR signaling pathway.
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A method for culturing isolated corneal endothelial cells comprising

the steps of:

maintaining isolated corneal endothelial cells which have not been
transformed to immortalized cells with a maintenance medium
comprising Human Endothelial-Serum Free Medium (Human
Endothelial-SFM) and serum to stabilize the corneal endothelial

cells;

culturing the isolated stabilized corneal endothelial cells with M2 or
M4 medium as defined in Table 2 of the specification to propagate

and/or expand corneal endothelial cells; and

H
o
1

maintaining the propagated and/or expanded corneal endothelial |

cells with said maintenance medium to substantially preserve the

morphology and characteristics of the corneal endothelial cells.

2. The method according to claim 1, wherein step (iii) is performed before the

isolated corneal endothelial cells differentiate or change morphology

and/or characteristics.

3. The method according claim 1 or 2 wherein step (iii) comprises replacing

said M2 or M4 medium with the maintenance medium.

4. The method according to any one of the preceding claims wherein step (iii)
comprises culturing the propagated and/or expanded corneal endothelial
cells in the maintenance medium.

5. The method according to any one of claims 1 to 3, wherein step (iii)

comprises passaging the propagated and/or expanded corneal endothelial

cells in the maintenance medium.
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The method according to any one of the preceding claims, wherein the
maintenance medium comprises at least 2% serum.

The method according to any one the preceding claims, wherein
maintenance medium comprises 2.5% or 5% serum.

The method according to any one of the preceding claims, wherein

maintenance medium is supplemented with at ieast one antimicrobial.





