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Corneal endothelial dysfunction is a major indication for corneal transplantation. However, a global shortage of
donor corneal tissues and risks associated with corneal surgeries have prompted exploration of alternative op-
tions, including tissue-engineered grafts or cell injection therapy. Nonetheless, these approaches require a
controlled culture of primary human corneal endothelial cells (HCEnCs). Although HCEnCs established from
young donors are generally more proliferative and maintain a better phenotype, corneas from old donors are
more frequently accessible from eye banks due to a lower corneal endothelial cell count than the necessary
threshold required for transplantation.

In this study, we investigated various culture media to evaluate which one is the most appropriate for stim-
ulating the proliferation while maintaining cell morphology and function of HCEnCs derived from old donors
(age >65 years). All experiments were performed on paired research-grade donor corneas, divided for the
conditions under investigation in order to minimize the inter-donor variability. Cell morphology as well as
expression of specific markers were assessed at both mRNA (CD166, SLC4A11, ATP1A1, COL8A1, a-SMA, CD44,
COL1A1, CDKN2A, LAP2A and LAP2B) and protein (ZO-1, a-SMA, Ki67 and LAP2) levels. Results obtained
showed how the Dual Media formulation maintained the hexagonal phenotype more efficiently than Single
Medium, but cell size gradually increased with passages. In contrast, the Single Medium provided a higher
proliferation rate and a prolonged in vitro expansion but acquired an elongated morphology.

To summarize, Single medium and Dual media preserve morphology and functional phenotype of HCEnCs
from old donor corneas at low passages while maintenance of the same cell features at high passages remains an
active area of research. The new insights revealed within this work become particularly relevant considering that
the elderly population a) is the main target of corneal endothelial therapy, b) represents the majority of corneal
donors. Therefore, the proper expansion of HCEnCs from old donors is essential to develop novel personalised
therapeutic strategies and reduce requirement of human corneal tissues globally.

1. Introduction

The corneal endothelium (CE) and its basal membrane (the Desce-
met’s membrane) are the innermost layers of the cornea, located be-
tween the corneal stroma and the anterior chamber. The “barrier and
pump" functions of the CE preserve the dynamic regulation of the
corneal hydration, crucial for maintaining corneal transparency
(Maurice, 1957). In spite of the commonly used terminology, the CE is
most probably not a true endothelial layer but rather a specialized
epithelial layer (Shamsuddin et al., 1986). However, unlike other types
of epithelial cells (Maurizi et al., 2021), human corneal endothelial cells
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(HCEnCs) exhibit nearly complete inhibition of spontaneous prolifera-
tion in vivo (Joyce, 2012) although there are some interventions that
appear to trigger this capacity (Galvis et al., 2013). Thus, in the condi-
tions of non-intervention with these new approaches, HCEnCs loss
related to aging or disease is compensated by migration and enlarge-
ment of the neighbouring cells (Joyce, 2003). However, when the
endothelial cell density falls below the critical threshold of approxi-
mately 500 cells/mm?, this mechanism fails to maintain the corneal
hydration state. Subsequently, corneal oedema occurs, leading to
corneal opacity and visual impairment (Mimura et al., 2013; Mishima,
1982). To date, the most commonly utilized and effective treatment for
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corneal endothelial dysfunctions is corneal transplantation, specifically
posterior lamellar grafts developed over the past two decades, such as
DSAEK and DMEK. These techniques are considered safer and allow for
faster recovery compared to penetrating keratoplasty (Hemaya et al.,
2023; Musa and Zeppieri, 2023; Nanavaty et al., 2014). Despite their
high success rates, these procedures are technically complex and come
with inherent risks, including the potential for primary graft failure and
immune rejection (Galvis et al., 2017; Romano et al., 2023; van Essen
et al., 2015) Moreover, the global shortage of donor corneas has become
a significant concern, with only one cornea available for every 70
needed (Gain et al., 2016). Newer surgical options that do not require
allogeneic grafts, such as Descemet stripping only (DSO), have shown
promising results. However, the relatively low final cell densities ach-
ieved with DSO make these techniques not yet widely adopted (Davies
et al., 2021). The investigation of alternative strategies for treating
corneal endothelial impairments is therefore crucial for developing
innovative therapeutic solutions. It has been known for more than five
decades that HCEnCs have in vitro proliferation potential under appro-
priate conditions (Baum et al., 1979). Tissue engineering approaches,
such as the intracameral injection of HCEnCs, have shown promising
initial results in medium-term human follow-ups (Numa et al., 2021).
However, these approaches require the establishment of a consistent cell
culture protocol for HCEnCs, necessitating the fine-tuning of all involved
procedures (Wongvisavavit et al., 2021).

In 1979, the first HCEnCs mass culture was described (Baum et al.,
1979). Over the next decades, several culture media have been reported
with numerous combinations of minimal essential media (Bartakova
et al., 2018; Choi et al., 2014; Ishino et al., 2004; Jackel et al., 2011;
Parekh et al., 2019b; Peh et al., 2011b), enriched for Fetal Calf Serum
(FCS) or Fetal Bovine Serum (FBS) and additional components (such as
insulin, transferrin, hypoxanthine, thymidine, ascorbic acid, calcium
chloride, chondroitin sulphate), growth factors (Beaulieu Leclerc et al.,
2018; Joyce et al., 1989; Lee et al., 2012; Li et al., 2005), and small
molecules (Okumura et al., 2013, 2017). Successful expansion of
HCEnCs represents a balance between the intended stimulation of cell
proliferation and the undesired induction of premature cell senescence
and Endothelial-to-Mesenchymal Transition (EnMT). The EnMT in-
volves the progressive loss of CE hallmarks and contemporary acquisi-
tion of mesenchymal characteristics, such as disassembly of cell-cell
junctions, loss of apical-basal polarity, actin cytoskeleton reorganisa-
tion, increased cell motility and proliferation, increased production of
extracellular matrix (ECM) proteins and loss of CE functions (Lamouille
et al., 2014; Roy et al., 2015b). At low passages in vitro, HCEnCs form a
contact-inhibited monolayer of polygonal-shaped cells that express cell
junction proteins such as ZO-1 and N-cadherin and markers associated
with HCEnCs functionality such as Na™K*/ATPase and SLC4A11 (Chng
et al., 2013; Frausto et al., 2020; He et al., 2016). However, as the
passages increase, HCEnCs change their cell shape, lose contact inhibi-
tion and express characteristic EnMT markers (a-SMA, CD44, etc.)
(Hamuro et al., 2016b; Roy et al., 2015a). Triggering factors leading to
EnMT impact critical intracellular pathways, such as TGF-p/Smad and
TGF-p/non-Smad signalling, canonical Wnt/p-catenin signalling,
PI3K-AKT and ERK-MAPK activation by growth factors, or Notch sig-
nalling (Li et al., 2013; Maurizi et al., 2020; Roy et al., 2015a; Zhu et al.,
2012). Novel culture media supplements involve inhibitors of these
signalling pathways that significantly improve the HCEnCs cultures
outcome. For example, TGF-p pathway could be inhibited by treating
HCEnCs with SB-431542 or LY-2109761 (Okumura et al., 2013; Zhang
et al., 2018). Recently, we proposed the use of CHIR99021 (a GSK-3
Inhibitor) to revert the EnMT that physiologically occurs in primary
HCEnNCs culture of old donors (Maurizi et al., 2023). Other small mol-
ecules used to promote the propagation of isolated primary HCEnCs are
ROCK inhibitors that increase cellular adherence and proliferation while
maintaining cell morphology (Okumura et al., 2011a, 2011b, 2014b;
Peh et al., 2015a; Pipparelli et al., 2013). However, some studies found
that the most used ROCK inhibitor, Y-27632, did not stimulate HCEnCs
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proliferation but confirmed its positive impact on CE healing (Bartakova
et al., 2018; Pipparelli et al., 2013). The effects of ROCK inhibitors on
HCEnCs appear therefore to depend on the cell source and culture
conditions. Furthermore, Y-27632 showed to have an effect in
increasing HCEnCs proliferation and adhesion exclusively in cultures
derived from young donors, as the addition of the ROCK inhibitor was
not found to be advantageous for cultures established by old donor
corneas (Peh et al., 2015a; Pipparelli et al., 2013). Up to date, two of the
main strategies used for primary HCEnCs in vitro expansion are either a
Single medium (Engelmann et al., 1988; Okumura et al., 2013) or Dual
media (Peh et al., 2015b). The former is a mitogenic-rich medium based
on the medium used in the first-in-human clinical trial in 2018
(Kinoshita et al., 2018) while the Dual media method alternates a
mitogenic medium during cell growth, and a maintenance medium
when HCEnCs reach confluency (Peh et al., 2015b).

Donor characteristics such as age, post-mortem time, cause of death,
cell density, background diseases, pre-death drug use, and graft storage
conditions can significantly influence the success of cell culture (Catala
etal., 2022; Choi et al., 2014; He et al., 2011; Konomi et al., 2005; Krohn
and Hgvding, 2005; Lass et al., 2019; Peh et al., 2011a; Redbrake et al.,
1994). HCEnCs derived from young donors (<30 years old) show better
adherence to the culture substrate, a higher in vitro proliferation rate,
and they can reach a greater number of passages without chromosomal
aberrations (Joyce and Zhu, 2004; Konomi et al., 2005; Miyata et al.,
2001; Senoo and Joyce, 2000; Ting et al., 2022; Zhu and Joyce, 2004).
On the other hand, HCEnCs derived from old donor corneas (>50 years
old) have a limited proliferative ability (Enomoto et al., 2006) and
present a senescent phenotype with truncated telomeres and damaged
DNA due to oxidative stress, which is induced by high HCEnCs meta-
bolism rates and ultraviolet (UV) light (Joyce et al., 2009, 2011), as also
observed in other corneal pathologies (Cullen, 2002; Maurizi et al.,
2019). For these reasons, most of the current culture protocols include
isolation of HCEnCs from young donors (Frausto et al., 2020; Kinoshita
et al., 2018; Miyata et al., 2001; Peh et al., 2015b). However, although
primary HCEnCs established from young donors are more easily
expanded in vitro, old donor tissues (i.e., above 65 years of age) are more
frequently available for research since they present a lower density than
the threshold required for transplantation. Moreover, studying HCEnCs
from old donor corneas is more representative of the main therapeutic
target requiring corneal endothelial transplatation. Nevertheless,
culturing cells from old aged donors is far more challenging, and no
protocol specifically designed for their clinical application has been
established so far. It is therefore essential to compare existing culture
systems to determine their efficiency in supporting a long-term culture
of HCEnCs from old donors. Herein, we investigated different culture
media (Kinoshita et al., 2018; Peh et al., 2015b) to evaluate which one is
the most appropriate for stimulating the in vitro proliferation of HCEnCs
from old donors while maintaining their morphology and function.
These studies were performed on paired donor corneas divided for the
conditions studied, in order to minimize the inter-donor variability.
HCEnCs were expanded in vitro and morphology as well as CE markers at
both mRNA and protein levels were examined, in Single and Dual cul-
ture media conditions. This work gives new insights into HCEnCs culture
from old donor corneas and new perspectives for reducing the require-
ment of human corneal tissues globally.

2. Materials and methods
2.1. Ethical statement

Human donor corneas, unsuitable for transplantation, were procured
by Veneto Eye Bank Foundation (FBOV) with written informed consent
for research use from donor’s next of kin. The experimental protocol was
approved by ISS- CNT (Italian National Transplant Centre). The research
protocol on human corneal tissues was approved by the local ethical
committee (Comitato Etico dell’ Area Vasta Emilia Nord, p. 0002956/
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20). The tissues were handled in accordance with the declaration of
Helsinki.

2.2. Primary HCEnCs harvesting and culture

Research-grade human corneal tissues were preserved in Eusol-C
(CSM 001-00, Alchimia s.r.l.) at 4 °C and used within 15 days from
the donor’s death. A list of details for each cornea used and relative
experiments is shown in Table 1. Each biopsy was subject to myco-
plasma test (MycoAlert® Mycoplasma Detection Kit), assayed at the
GloMax® Multi Detection System with Instinct ™ Software. Each biopsy
was treated under sterile condition. Corneas were washed three times in
sterile Dulbecco’s phosphate buffered saline (DPBS, Gibco) added with
2 % of antibiotic/antimycotic solution for 10 min (min) each. Primary
HCEnCs were isolated using a two-step, peel and digest method. Spe-
cifically, corneoscleral rims were placed endothelial side up on a dish. A
brief 30 s (s) incubation with Trypan Blue solution 0.1 % (Sigma-
Aldrich) was used prior to stripping off the DM-endothelial layer under
the stereomicroscope (ZEISS Stemi DV4 Stereo Microscope). Paired DM-
endothelial layers obtained were pooled and digested enzymatically in
1.5 mg/mL Collagenase A (Roche Diagnostic) for approximately 3 h (h)
at 37 °C. HCEnGs clusters isolated from DM were further dissociated by
TryPLE (Thermo Fisher Scientific) for 5 min at 37 °C and the resulting
smaller clamps were plated (2.1 x 10%/cm?) in wells treated with 50 pg/
mL Laminin511 (BioLamina). HCEnCs were cultured at 37 °C under 95/
5 % air/CO; atmosphere, changing the growth medium every other day.
Sub-confluent cultures (plated at 0.8 x 10*/cm?) were harvested 48 h
after plating. Growth media used for experiments are described in
Table 2. In the Single Medium w/Rock Inhibitor 10 pM Rock Inhibitor
Y27632 was added during cell plating. In the Dual Media culture
approach, HCEnCs were first established in M5 medium overnight and
then cultured in M4 until they reached 90-95 % confluence (approxi-
mately 2 weeks), when M5 was reintroduced for 2-4 days before
passaging (Peh et al., 2015b). Upon confluency, HCEnCs were rinsed in
DPBS and dissociated with TrypLE for 10-15 min at 37 °C in 5 % COa.

2.3. Cell morphometry analysis

Cell morphometric analysis was performed using ImageJ software.
Morphometric values of cell circularity and area were obtained from

Table 1

HCEnCs donor information. Primary HCEnCs used for the experiments are all
derived from old donors (age above 60 years old). D/P indicates the time (in
hours) between death and preservation start of donor human corneas. ECD =
corneal endothelial cell density. The blanks (—) indicate that ECD examination
was not performed. Columns on the right indicate experiments done for each
strain: A: Morphological assessment and growth profile; B: Real-time PCR
analysis; C: Immunofluorescence staining; D: FACS analysis.

Serial Age D/P ECD (cells/ Experiment
2 - -
Number (years) (hours) mm°~) A B P b
01 74 19 1800 . .
02 72 19 - . ) .
03 67 10 1800 . . .
04 61 5 1900 . .
05 67 14 1800 .
06 69 6 - .
07 77 23 1700 .
08 76 6 1900 . .
09 66 20 - .
10 79 15 1700 .
11 73 6 1800 .
12 69 10 1900 .
13 78 7 1900 . . . .
14 75 7 1800 . e o .
15 69 16 1800 . e o .
16 73 6 - . .
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phase contrast images of the culture at confluence by manually outlined
point-to-point each cell borders (Schneider et al., 2012). A value
approaching 1.0 is equivalent to a cell with a cellular profile closer to a
perfect circle. Therefore, hexagonal HCEnCs will have a profile next to
1.0, whereas elongated fibroblast-like HCEnCs will have a circularity
value closer to zero (Peh et al., 2012). An average of 50 cells for each
condition were analysed, from three different donors each (n = 3, for
each experiment).

2.4. Quantitative real time (RT)-PCR

HCEnCs RNA was extracted by RNeasy Plus Micro Kit (Qiagen),
quantified with the Nanodrop 100 (Thermo Fisher Scientific) and
reverse transcribed into cDNA using the High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher Scientific). RT-PCR assays were per-
formed using 7900HT Fast Real-Time PCR System (Thermo Fisher Sci-
entific). The TagMan Real Time PCR Assays probes and the primers for
SyBr Green are listed Tables 3 and 4. GAPDH was used as housekeeping
control and ACt calculation was performed to evaluate effective RNA
expression. For each condition, all complementary cDNA samples were
run in triplicate. Each gene was evaluated in cells deriving from three
different donors for each condition (n = 3), in two donors for the Rock
Inhibitor analysis (n = 2).

2.5. Immunofluorescence (IF)

Immunofluorescence staining was performed on primary cultured
HCEnCs after fixation in 3 % PFA, 15 min at room temperature (RT) or
Methanol, 10 min at —20 °C, the latter specifically for Na*/K" ATPase.
Triton X-100 (Bio-Rad), used at 1 % for 10 min at RT, allowed cell
permeabilization and a solution of bovine serum albumin (BSA; Sigma-
Aldrich) 2 %, FBS 2 %, Triton X-100 at 0.01 % in PBS was used for 30
min at 37 °C to block the non-specific binding sites. Primary and sec-
ondary antibodies were incubated for 1 h at 37 °C while nuclei were
counterstained with DAPI (Roche Diagnostic) at RT for 5 min before
mounting the glass coverslips using DAKO mounting medium (Agilent).
Primary antibodies used are listed in Table 5 while secondary antibodies
used are Alexa Fluor 488 anti-rabbit and Alexa Fluor 488 anti-mouse,
1:2000, and Alexa Fluor 568 anti-mouse and Alexa Fluor 568 anti-
rabbit, 1:1000 (Thermo Fisher Scientific). Three rinses in PBS were
performed between all steps except before incubation with the primary
antibody. Images were obtained with a confocal microscope (LSM900
Airyscan—Carl Zeiss). Quantification of a-SMA, LAP2 and ki67 staining
was obtained by counting the number of positive cells (primary antibody
signal), relative to the total number of cells in that field (DAPI staining).
The values obtained from cells of different donors were expressed in
percentage with standard deviation. Six (C, confluent) and ten (S, sub-
confluent) fields from three different strains of three different biolog-
ical experiments were used for quantification (n = 3).

2.6. Cell cycle analysis by flow cytometry (FACS)

The cell cycle was studied by staining sub-confluent cultures of
HCEnCs with Propidium Iodide (PI) (Sigma-Aldrich). HCEnCs suspen-
sion from cell culture was washed with DPBS and incubated for 1 h at
4 °C in the dark with 250 pL of a PBS solution containing PI 50 pg/mL,
Triton X-100 (Bio-Rad) at 0.1 %. After staining, cells were analysed
using BD FACS Canto II (BD BIOSCIENCES). For each sample, 20.000
events were counted and considered for the analysis to ensure statistical
relevance. Results were analysed with a ModFit 3.0 software.

2.7. Statistical analysis
Microsoft Excel 2010 and GraphPad Prism 5 software were used for

data and statistical analysis. Values were represented as mean + stan-
dard deviation (SD). Statistical comparison was done using two-tailed
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Table 2
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Cell culture media used for the experiments. Composition and references of the four culture media that have been tested on primary HCEnCs derived from old
donors: Single Media A, Single Medium B, Single Medium C and Dual Media D. FBS = Fetal Bovine Serum; EGF = Epidermal Growth Factor; ITS = Insulin, transferrin,
selenium; p/s = penicillin/streptomycin; bFGF = basic Fibroblast Growth Factor; PMA = Phorbol-12-Myristate-13-Acetate.

Basal medium FBS

Growth factors & Supplements Reference

Single Medium A DMEM & Ham'’s F12 (3:1 ratio) 5%

4 mM Glutamine

50 IU/ml Pen/strep
0.18 mM Adenine

1.1 uM Hydrocortisone
5 pg/ml Insulin

2 nM Triiodothyronine
0.1 nM Cholera toxin
10 ng/ml EGF

1 ng/ml bFGF

10 ng/ml PMA

De Luca et al. (1988)

Single Medium B DMEM & Ham’s F12 (2:1 ratio) 10 % 4 mM Glutamine Pellegrini et al. (1999)
50 IU/ml Pen/strep
0.18 mM Adenine
1.1 pM Hydrocortisone
5 pg/ml Insulin
2 nM Triiodothyronine
0.1 nM Cholera toxin
10 ng/ml EGF
Single Medium C Opti-MEM-I 8% 5 ng/ml EGF Kinoshita et al. (2018)
«Single Medium» 20 pg/ml ascorbic acid
200 mg/L calcium chloride
50 mg/ml gentamicin
0.5 % antibiotic/antimycotic
0.08 % chondroitin sulphate
10 pM ROCK Inhibitor Y27632
Dual Media D STABILIZATION MEDIUM 5% 1 % antibiotic/antimycotic Peh et al., 2015a; 2015b
“Dual media” Human endothelial-SFM 5% 20 pg/ml ascorbic acid
PROLIFERATIVE MEDIUM 1% ITS
Ham’s F12 & M199 (1:1 ratio) 10 ng/ml bFGF
1 % antibiotic/antimycotic
Table 3 Table 5
Probes used for the qRT PCR experiments. TagMan as- Antibodies and relative dilutions used for IF analysis.
says were all purchased from Thermo Fisher Scientific. Primary Antibodies Reference Dilution
Gene Probes 70-1 40-2200 (ThermoFisher) 1:100
CDKN2A (p16) Hs00923894 m1 o-SMA A5228 (Sigma Aldrich) 1:200
GAPDH Hs02786624 g1 Na'/K" ATPase 05-359 (Merck) 1:200
N-cadherin 610920 (BD Biosciences) 1:100
Ki-67 ab15580 (Abcam) 1:50
CK-8 61038 (Progen) 1:200
Table 4 CK-18 ab7797 (Abcam) 1:200
Primers used for the qRT PCR experiments. Primers were all purchased Pankeratin C1145455 (Cell Signaling) 1:200
from Macrogen Europe. LAP2 611000 (BD Biosciences) 1:100
Gene Primers sequence (5-3")
GAPDH F: GTCTCCTCTGACTTCAACAGCG 3. Results
R: ACCACCCTGTTGCTGTAGCCAA
aSMA F: CCGGGAGAAAATGACTCAAA 3.1. Donor information
R: GCAAGGCATAGCCCTCATAG
CD166 F: CCCCAGAGGAATTTTTGTTTTAC . . .
R: AGCCTGATGTTATCTTTCATCCA Research-grade human corneal tissues (n = 32) used in these studies
CD44 F: TCGCTACAGCATCTCTCGGAC were deemed unsuitable for transplantation due to donor characteristics
R: TTCTCCATCTGGGCCATTGTG (i.e., positive infectious serological testing) or corneal quality (i.e., ECD
ATP1AL F: GAAGCTCATCATTGTGGAAGG <2500 cells/mm?) (Table 1). Average ECD before HCEnCs isolation was
COL8AL E :g;ggg;i?ﬁgg;gg:; AG 1816.67 (£71.77) cellsymm?. The mean age of the cadaveric donors was
R: CCTACTTCACCAAGGAAACCTG 71.56 (+4.98) years and the time taken from the donor death to the
SLC4A11 F: TGCTCTATGGCCTCTTCCTC tissue preservation averaged 11.81 (£6.12) hours. Tissues were pre-
R: CCCTCCGGATGTAGTGTGTC served at 4 °C less than 15 days from the donor’s death.
COL1A1 F: TCCAACGAGATCGAGATCC
R: AAGCCGAATTCCTGGTCT
LAP2a and f F: ATT GTG GGA ACA ACC AGG AA 3.2. Morphology and growth of primary HCEnCs in Single Medium and
LAP2a R: CCA CCA GAG GGA GTA GTT C Dual Media
LAP2 R: TTT GCT CTG CCC TTT AGT GG

Student’s t-test, while gene expression data were compared with a
Student t-test. Significance was set at p < 0.05 and the number of rep-
licates is indicated for each experiment in the relative Figure.

A total of six pairs of donor corneas (Table 1, serial numbers 01 to 06)
were used to compare cells growth in Single Medium and Dual Media
(Fig. 1). At low passages, no significant morphological differences were
observed between HCEnCs grown in Single medium and Dual media. At
confluence, HCEnCs formed a compact monolayer, presenting a general
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Fig. 1. Morphological assessment and growth profile of HCEnCs in Single Medium and Dual media. a) Representative sets of phase-contrast photomicrographs
showing HCEnCs morphology from passage (P) O to P 4 (n = 6). b) HCEnCs yield at harvesting from PO to P4 (n = 6). Total cell numbers are expressed as values + SD.
c) Delta of HCEnCs yield at harvesting between Single Medium and Dual Media conditions, studied across passages (PO to P4) (n = 6). d) Cell circularity of HCEnCs at
subsequent passages in culture at confluence. Cell circularity is expressed as values & SD (n = 3). e) Cell size of HCEnCs from P1 to P4 at confluence. Quantitative
data are expressed as values & SD (n = 3). Statistical significance was assessed using a Student t-test and set at p < 0.05. p values are indicated as following: ns (not
significative) when p > 0.05, * when p < 0.05, ** when p < 0.01, *** when p < 0.001.

homogeneous cell size and shape in both culture conditions. However, at
higher passages (P4), HCEnCs cultured in Dual media appeared more
polygonal/hexagonal than their counterparts cultured in Single me-
dium, where HCEnCs showed a typical fibroblast-like morphology
(Fig. 1a). The HCEnCs number at harvesting was constantly lower in
Dual media than in Single medium, starting from P2 (p = 0.03) and
increasing progressively until P4 (p = 0.001) (Fig. 1b). Furthermore, this
difference in HCEnCs yield within the two culture conditions increased
gradually at the first passages and then more rapidly at each following
passage starting from P2-P3 (Fig. 1c). As such, an insufficient number of
HCEnCs were obtained from Dual media for carrying on cell expansion
after P4. The cell circularity measurements from P1 to P4 (Fig. 1d)
confirmed the morphology observed in Fig. 1a: HCEnCs grown in Single
medium were more elongated than their counterparts cultured in Dual
media from P2 (p = 0.01) to P4 (p = 0.04). However, HCEnCs grown in
Dual media at high passages (P3 and P4) were found to be larger (p =
0.03 and p = 0.04, respectively) than their counterparts cultured in
Single medium (Fig. le), in accordance with the low yield obtained in
Dual Media (Fig. 1c).

3.3. Characterization of HCEnCs propagated in Single Medium and Dual
Media at mRNA level

To get novel insights into the effect of the two cell culture media on
HCEnCs expression, nine genes were analysed using quantitative Real-
time PCR in three separate sets of HCEnCs at low (P1) and higher (P4)
passages grown in Single medium or Dual media (n = 3) (Table 1, serial

numbers 02 to 04) (Fig. 2).

HCEnCs expanded in Dual media expressed higher level of SLC4A11
and COL8AL at both low (P1, respectively p = 0.022 and p = 0.002) and
high passages (P4, respectively p = 0.027 and p = 0.002) if compared to
Single medium (Fig. 2b-d). Conversely, HCEnCs expanded in Single
medium expressed higher levels of ATP1A1 at low passage (P1, p =
0.019) when compared to their counterparts propagated in Single me-
dium and comparable levels at high passage (P4, p = 0.489) (Fig. 2c).
While ATP1Al remained invariant during passages, the other CE-
associated markers CD166 and SLC4Al1l decreased in both culture
media conditions from P1 to P4. Differently, COL8A1 increased during
passages only in HCEnCs expanded in Dual media condition (p = 0.001).
The EnMT associated marker genes a-SMA (Fig. 2e) and CD44 (Fig. 2f)
showed an increase during passages in both conditions while no dif-
ferences were observed between Single and Dual Media. Intriguingly,
COL1A1, an important mediator of tissue wound healing (Mathew--
Steiner et al., 2021), resulted upregulated in HCEnCs expanded in Single
medium at both low (p = 0.013) and high (p = 0.001) passages when
compared to their respective counterparts propagated in Dual media
(Fig. 2g). Moreover, COL1A1 expression remained at negligible levels in
HCEnCs expanded in Dual media over passages, whereas significantly
increased (p < 0.001) from P1 to P4 in HCEnCs expanded in Single
medium. Finally, the cell-senescence marker gene CDKN2A (Fig. 2h)
showed no statistically significant differences between the two media at
both low and high passages and during prolonged culture remained
invariable in Single medium but increased in the Dual media condition
(p = 0.011).



A. Merra et al.

a CD166 b SLC4A11
-
.
g 0.204 . § 015 -
-
= 0.154 g -
§ §0104 »
< 0.10 4
i £ .n
€ - % 0.054 |»
2 0.004 2 0.00 roha "‘,
P1 P4
e aSMA f CD44
-
-
§ 0.06 0.25+ s Sari
~ _:_ i Kl ~
2 . £ 0.20+
§ 0.04+ o {
FA & 0.15+ o
g ~ g ore
£ 0024 3 £ 2
$ . 0.054 B n
3 0.00 nuﬁ T « 0.00 q 1)
P1 P4 P1 P4
i LAP2A

bl bl
g
I ]

Relative mRNA quantification
o
S
L

0.01+
& A
° u
L0~ r-rrrrTrrrrrrTrTrT
SsCSC

P7 P8

Experimental Eye Research 240 (2024) 109815

c ATP1A1 d COL8A1
= s
0.25+ ns 1.50-
§ . § e
g 0.204 T e s g e
1.004 .
3 o151 : : r
< I < .
£ 0.10 &
B € 0.50
£ 0.054 : ﬂ . !
f..0010 (1M
P1 P4 P1 P4
g COL1A1 h CDKN2A
e
§ 060+ . 0.05+ ecxs
® % . ns
é £0044 — T
g 0.40+ s
4 083 — )
<
-] 2 0.02+
€ 0201 € - r .
: il
s A E
& 0.00- & 000 r r
P1 P4
j LAP2B
§ 0.15+
é 8  Dual Meca
éo.to- ® Single Medium
% 0.05-
2
s
& 0.004
C'8$C8C8.C8C 3CSC
PO P1 P2 P3 P P7 P8

Fig. 2. Gene expression in HCEnCs in Single Medium and Dual Media. Panel of genes, a) CD166, b) SLC4A11, c) ATP1A1, d) COL8A1A, e) a-SMA, f) CD44, g)
COL1A1, h) CDKN2A, whose mRNA expression has been evaluated on primary HCEnCs at low (P1) and high (P4) passages in Single Medium and Dual Media by
quantitative (q) RT-PCR. i) LAP2A and j) LAP2B gene expression evaluated in HCEnCs cultured in Dual Media and Single medium on primary HCEnCs at all cell
passages in vitro by qRT-PCR. mRNA levels for each gene are shown as relative expression + SD (n = 3). Statistical significance was assessed using a Student t-test and
set at p < 0.05. p values are indicated as following: ns (not significative) when p > 0.05, * when p < 0.05, ** when p < 0.01, *** when p < 0.001.

Lastly, LAP2a and LAP2 mRNA expression was evaluated for each
subsequent passage, either when HCEnCs were sub-confluent (S, 50 %
confluency) or confluent (C, 100 % confluency) in Dual media (Fig. 2i)
and Single medium (Fig. 2j). In each passage, HCEnCs exhibited an
increased expression of both LAP2o and LAP2f in S condition, when
compared to the C cultures both in Single and Dual media, with no
significant differences between the two conditions. Moreover, since an
insufficient number of HCEnCs were obtained from Dual media for cell
expansion beyond P4, HCEnCs were expanded up to P8 only in Single
medium. Results demonstrated that LAP2a and B expression levels
drastically dropped at high passages to a value close to zero (P7 and P8)
and with no difference in LAP2 expression between S and C cultures at
high passages (p > 0.05).

3.4. Characterization of HCEnCs propagated in Single Medium and Dual
Media at protein level

Immunofluorescence analysis was carried out on multiple sets of
HCEnCs (Table 1) to evaluate differences in protein expression between
Single medium and Dual media. Polygonal morphology and CE-
associated markers were maintained at low passages in HCEnCs

propagated in both conditions, as shown by the expression of panker-
atin, cytokeratin (CK)-8 and CK-18, of functional markers such as
Na'K'/ATPase or tight junction markers as ZO-1 and N-Cadherin
(Supplementary, Fig. 2). However, as shown in Fig. 3a, at high passages
(P4) HCEnCs displayed an increased a-SMA expression level both in
Single medium and Dual media. The quantification of a-SMA™ cells
highlighted that primary HCEnCs expanded in both culture media lost
their unique hexagonal/polygonal morphology and acquired a mesen-
chymal phenotype (Fig. 3b). However, the greater degree of EnMT
process was observed in HCEnCs expanded in Single medium, as out-
lined by higher levels of a-SMA™ HCEnCs at P4 (Single medium = 32.75
% and Dual media = 18.72 %), in agreement with the phase contrast
images and the measurement of cell circularity shown in Fig. 1.

LAP2 expression was further evaluated at protein level by immuno-
cytochemistry, together with expression of the Ki67 proliferation
marker (Fig. 3c). Quantification of immunofluorescence analysis on
HCEnCs allowed observing that LAP2 protein expression decreased
significantly at C in both Single medium and Dual media (p-value
respectively <0.05 and < 0.01), if compared with the same cells at the
same passage but at S (Fig. 3d). This LAP2 protein modulation between S
and C reflected the changes at mRNA level as previously measured
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(Fig. 2i and j). In parallel, ki67 expression analysis confirmed that the
HCEnCs were actively proliferating at S, when the cells showed a
significantly higher LAP2 expression if compared with the C counterpart
(Fig. 3€).

3.5. Effect of Y-27632 on HCEnCs derived from old donor corneas
cultured in Single Medium

Three pairs of old donor corneas (Table 1, serial numbers 13 to 15)
were used to compare HCEnCs cultured in Single Medium with (w/) or
without (w/0) 10 uM of Y-27632 (Fig. 4). Representative phase contrast
micrographs showed no significant morphological differences in
HCEnCs grown in Single medium w/or w/0 Y-27632 at both low (P1)
and high (P4) passages (Fig. 4a), as well as no significant differences
were observed in cell circularity (Fig. 4b) and cell area (Fig. 4c). HCEnCs
were counted upon confluency at P1 and P4 (Fig. 4d): the number of
HCEnCs grown in Single medium w/o Y-27632 was constantly compa-
rable to their counterpart w/Y-27632 at each analysed passage (p >
0.05). Identification of cell cycle phases using flow cytometry showed
that at 60 % confluence, both cell populations were distributed among
different phases of the cell cycle: 32.1 % and 34 % of the population
cultured w/and w/o Y-27632, respectively, was in G2/M phases, in
agreement with the cell yields (Fig. 4e).

Seven genes were analysed at mRNA level using quantitative Real-
time PCR in three separate sets of HCEnCs at low (P1) and high (P4)
passages (Fig. 4g). Intriguingly, all selected genes showed no statistically
significant differences (p > 0.05) between the two media at both low and
high passages. Similarly, at protein level, a-SMA expression was not
different in HCEnCs treated with 10 pM of Y-27632, if compared with
the untreated control (Fig. 2f).

4. Discussion

The isolation and culture of primary HCEnCs have been described in
many reports (Engelmann and Friedl, 1989; Joyce et al., 1989; Ong and
Ang, 2021; Parekh et al., 2015; Peh et al., 2011a; Wongvisavavit et al.,
2021), even though the results obtained to date on cell growth have been
variable. In particular, no protocols specifically designed for clinical
application of HCEnCs derived from old donor corneas has been estab-
lished so far, since expanding these cells results far more challenging
(Miyata et al., 2001; Parekh et al., 2017; Wongvisavavit et al., 2021; Zhu
and Joyce, 2004). In response to a mitogenic stimulation, HCEnCs from
old donors are capable of both entering and completing the cell cycle but
respond more slowly and to a lesser extent than cells from young donors
(Senoo and Joyce, 2000; Zhu and Joyce, 2004). The low proliferative
capacity of HCEnCs derived from old donors is associated to a shorter
life span in culture and to a cell size heterogeneity (Enomoto et al., 2006;
Joyce and Zhu, 2004; Miyata et al., 2001; Zhu and Joyce, 2004),
together with a reduced pump function (O’Neal and Polse, 1986), an
altered expression of proteins involved in cell metabolism, protein
folding, and protection against oxidative stress (Zhu et al., 2008), as well
as truncated telomeres and damaged DNA (Joyce, 2012; Joyce et al.,
2011). All these features persuaded researchers to use HCEnCs from
young donors to obtain in vitro culture that would better resemble an
optimal and functional CE (Wongvisavavit et al., 2021). However, the
majority of patients requiring treatment for endothelial dysfunction are
of elderly age and there are more corneas available for research purposes
from old donors, since they are not suitable for transplantation. For this
reason, it becomes relevant to investigate effects of different culture
media on the growth and morphology of old derived HCEnCs.

Importantly, the present study compares cells isolated from a single
donor, which were equally divided between the selected media in order
to reduce biases associated with inter-donor variability.

Our results demonstrated that both Single Medium and Dual Media
(Kinoshita et al., 2018; Peh et al., 2015b) sustain the culture of HCEnCs
derived from old donors, without showing significant morphological
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(Fig. 1a—d, e) and protein expression (Supplementary Fig. 2) differences
at low passages (P1-P2). At P4, HCEnCs cultured in Dual Media
appeared more polygonal/hexagonal than their counterpart grown in
Single Medium, in line with a higher circularity (Fig. 1a-d). On the other
hand, HCEnCs grown in Dual media were found to be larger than those
cultured in Single Medium (Fig. le), feature that hampered the pro-
gression of the culture in Dual Media beyond P4. The increase in cell size
is generally related to a senescence-associated proliferation arrest (Lanz
et al., 2022; Schmitt et al., 2022), consistently with a lower HCEnCs
yield found at harvesting (Fig. 1b and c) and with the up-regulation of
cell senescence-associated marker CDKN2A (Fig. 2h)(Hernandez-Segura
et al., 2018).

Analysis of gene expression suggested that the Dual Media better
preserve a corneal endothelial phenotype, showing a higher SLC4A11
expression than the Single Media at both low and high passages in vitro
(Fig. 2b). Similarly, COL8A1 expression, secreted by HCEnCs as a
component of the Descemet’s membrane (Chen et al., 2001), was higher
in Dual Media than Single Medium (Fig. 2d). Descemet’s membrane is
composed by a precise pattern of hexagonal collagen structures that
serve as a supportive scaffold for HCEnCs (Walckling et al., 2020). Since
COLS8 is an essential component of this pattern, an elevated expression of
this marker found in Dual Media might reflect the maintenance of
hexagonal shape in this culture condition. On the other hand, ATP1A1l,
an important functional marker used to detect CE pump function, pre-
sented a higher expression in HCEnCs grown in Single Medium at low
passages (Fig. 2c). Fibroblastic markers associated with the EnMT,
namely o-SMA (He et al., 2016) or CD44 (Okumura et al., 2014a),
showed a similar expression profile in the two media (Fig. 2e and f).
Importantly, CD44 plays a critical role as a major adhesion molecule of
the ECM and in TGF-p-mediated mesenchymal phenotype induction,
and loss of CD44 reportedly arrests those changes (Nagano and Saya,
2004). Absence of CD44 has been considered the hallmark of high
quality cultured HCEnCs (Frausto et al., 2020), associated with a mature
phenotype (Frausto et al., 2020; Ueno et al., 2016). A subpopulation of
cultured HCEnCs found with high positivity for CD44 expression marker
has been associated with anaerobic glycolysis and cell-state transition,
differently from the CD44 negative subpopulation that presented
disposition for mitochondria-dependent oxidative phosphorylation
(Hamuro et al., 2016a). Moreover, the latter subpopulation was found
with less secreted pyruvic and lactic acid in the culture supernatants
than CD44 positive subpopulation, suggesting a possible metabolic
rewiring and cell state transition between the two subpopulation
(Hamuro et al., 2020). COL1A1, a marker associated to tissue wound
healing (Mathew-Steiner et al., 2021), was more expressed in cells
grown in Single Medium than in Dual media (Fig. 2g). These data are
consistent with Mehta’s results (Peh et al., 2015b) in which HCEnCs
cultured with the Dual media approach expressed higher levels of
SLC4A11, and COL8A1, whereas those grown in proliferation medium
alone showed higher levels of COL1A1. An immediate visualization and
comparison of gene expression between the two conditions is shown in a
representative HeatMap (Fig. 5b).

Protein expression of a-SMA at P4 increased in both conditions, even
though with a larger extent in Single medium than Dual Media (Fig. 3a
and b). These results reflect the elongated morphology (Fig. 1) and
correlate with an elevated proliferation rate at P4 (Fig. 3c and d)
observed in Single medium, a direct consequence of a higher mitogenic
stimulation if compared to the Dual media (Fig. 5c). LAP2, as previously
described by our research group (Maurizi and Merra, 2022), confirmed
its up-regulation in sub-confluent cultures both in Single Medium and
Dual Media at P1 and P4 (Fig. 2i and j). Moreover, as the passages in-
crease further and the cells become more fibroblastic (P7-P8 in Single
Medium), the LAP2 expression drastically decreased (Fig. 2i and j),
confirming how LAP2 regulation correlates with the quality of HCEnCs
culture, as previously observed (Maurizi and Merra, 2022). The data
obtained at high passages for LAP2 need further confirmation in a larger
cohort of HCEnCs, as human donors are highly heterogeneous.
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Fig. 4. Comparison of HCEnCs in Single Medium w/and w/o Rock Inhibitor. a) Representative sets of phase—contrast photomicrographs showing morphology of
HCENCs at P1 and P4 (n = 3). b) Cell circularity of HCEnCs at P1 and P4 at confluence. Cell circularity is expressed as values & SD (n = 3). ¢) Cell size of HCEnCs at
P1 and P4 at confluence. Quantitative data are expressed as values + SD (n = 3). d) HCEnCs yield at harvesting at P1 and P4 (n = 3). Total cell numbers are expressed
as values + SD. e) Cells distribution in the cell cycle phases identified by Propidium Iodide flow cytofluorometric analysis and plotted in a representative graph for
each condition on the left. The cell cycle phases were assessed when HCEnCs were at 60 % confluence (subconfluence, sub). The panel on the right represents a bar
chart of the flow cytofluorometric analysis shown on the left comparing HCEnCs at P5 in Single Medium w/and w/o Rock Inhibitor. Experiments were performed n =
2. Results are presented as mean =+ SD. f) Representative immunofluorescence microscopy images of HCEnCs at P5, showing the expression of a-SMA (green) and ZO-
1 (red). DAPI (blue) counterstains nuclei. Scale bar 20 pm. Quantification of the percentage of HCEnCs expressing a-SMA protein (+SD), as seen shown on the left (n
= 3). g) Panel of genes (CD166, SLC4A11, ATP1A1, COL8A1A, a-SMA, CD44, COL1A1) whose mRNA expression has been evaluated on primary HCEnCs at P1 and P4
by qRT-PCR. Statistical significance was assessed using a Student t-test and set at p < 0.05. p-values are indicated as following: ns (not significative) when p > 0.05, *
when p < 0.05, ** when p < 0.01, *** when p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 5. Schematic representation of results obtained in this study. a) Schematic representation of the morphology of HCEnCs derived from old donors cultured
for several passages in vitro in Dual Media and Single Medium. Image created with Biorender.com. b) Heatmap illustrating the differentially expressed genes in Dual
Media and Single Medium at P1 and P4 in vitro. ¢) Heatmap illustrating the differentially expressed proteins in Dual Media and Single Medium at P1 and P4 in sub-
confluent and confluent state in vitro. Heatmap scale colours represent expression values that have been normalised within each gene/protein. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)

The effects of Y-27632 on HCEnCs derived from old donor corneas et al., 2011b). In particular, low-mitogenic media allow HCEnCs to
were studied since ROCK inhibitor has been previously reported to recover hexagonal morphology, preserve cell function over multiple
inhibit apoptosis and increase cellular adhesion and proliferation of passages (as measured by higher trans-endothelial electrical resistance)
both primate and human CEnCs (Okumura et al., 2009, 2014b). We did while obtaining an increased cell yield (Bartakova et al., 2018), main-
not find any difference between the Single Medium with/without tain a robust HCEnCs-specific gene expression profile and functional
Y-27632 on cell adhesion, proliferation and CE-associated markers barrier as well as pump activity (Frausto et al., 2020). In this study, we
expression (Fig. 4). A similar observation was previously reported by have shown that, for old donor derived HCEnC s, either Single medium or
Mehta and colleagues in Dual media (Peh et al., 2015a) and by Pipparelli Dual Media preserve the typical CE features at low passages, while
and colleagues, showing that Y-27632 had no effect on the proliferative maintaining cell morphology and functional phenotype at high passages
capacity of HCEnCs from donors aged 73 + 3 years (Pipparelli et al., remains a challenge.

2013). Thus, the use of Y-27632 in Single medium may be appropriate Additional measures that could improve the success rate of HCEnCs
exclusively for cultures of HCEnCs established from young donors cultures from old donor corneas need to be taken into consideration in
(Bartakova et al., 2018). the next future. Based on the CE metabolic recovery observed upon

Overall, our results showed that the Dual Media maintained more organ culture of old donors (mean age 62-65 years) (Redbrake et al.,
efficiently the hexagonal phenotype but increased cell size of old donor 1999), an initial step of DM-CE sheet stabilization was introduced
derived HCEnCs in vitro, while the Single Medium allowed a higher overnight (Zhu and Joyce, 2004) or for several days in growth
proliferation rate and a longer term culture at the expense of factor-depleted culture medium prior to cell isolation, showing increase
morphology maintenance (Fig. 5a). Similar studies on HCEnCs from in viable HCEnCs deriving from donors (mean age of 69 years) (Spinozzi
young donors (age <40 years) proposed the Dual Media as a valid etal., 2018). Indeed, the removal of apoptotic cells prior to cell isolation
alternative to Single Medium, providing evidences of maintaining a is beneficial as apoptotic factors released into the media negatively
polygonal morphology, expression of critical markers and cell functions impact their viable neighbours (Gregory and Pound, 2010). In addition,
for several passages (Bartakova et al., 2018; Frausto et al., 2020; Peh accelerating adhesion of HCEnCs with the assistance of a viscoelastic
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solution has shown an increased proliferation rate for HCEnCs isolated
from old donors (Parekh et al., 2019a), the same effect obtained by
reducing the incubator partial pressure of oxygen to the physiological
value of approximately 21 mmHg (~2.8 %) (Carreau et al., 2011), due to
reduced oxidative stress (Patel et al., 2022; Sheerin et al., 2012).

The described precautions could be introduced to compare culture
media in order to introduce more parameters and define an optimised
protocol for old derived HCEnCs.

5. Conclusion

A culture media capable to ameliorate preservation of old donor
derived HCEnCs, more frequently available from eye banks, could have a
broad impact for HCEnCs based therapies. This work revealed novel
aspects of HCEnCs derived from old donors when cultured with different
media and leads the path for further investigations towards using these
cells for clinical applications in order to reach a larger cohort of patients.
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