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The corneal endothelium covers the inner side of 
the cornea, facing the anterior chamber of the eye, which 
contains aqueous humor. This thin monolayer of hexagonal 
cells forms a leaky barrier, allowing aqueous humor to enter 
the corneal stroma. To maintain stromal deturgescence, endo-
thelial cells pump fluid out of the stroma using ionic pumps 
and cotransporters. This pump–leak balance is essential for 
corneal transparency [1].

Trauma or pathology can cause endothelial dysfunctions 
in which corneal endothelial cells (CECs) are unable to main-
tain the pump–leak balance, resulting in stromal edema and 
vision loss [2]. Currently, graft transplantation is the only 
clinical treatment to restore vision for patients with endothe-
liopathies. The patient’s decompensated corneal endothelium 
is replaced by transplanting a Descemet membrane (with 
the attached corneal endothelium) from a healthy cadaveric 
eye bank cornea. To that end, surgeons perform endothelial 
keratoplasty (EK) procedures, such as Descemet stripping 
automated endothelial keratoplasty (DSAEK) or Descemet 
membrane endothelial keratoplasty (DMEK). Both proce-
dures are safe and provide good clinical outcomes [3]. One 

limitation of these procedures is that a single donor cornea 
can treat only one patient’s eye.

As an alternative to native tissues, we developed a tissue-
engineered corneal endothelium by seeding cultured CECs 
on devitalized corneas [4]. The cultured cells reformed a 
functional corneal endothelium [5,6]. This tissue engineering 
approach, also proposed by others [7-11], could be used in EK 
procedures. Another proposed alternative treatment consists 
of injecting cultured CECs into the anterior chamber of the 
patient’s eye. This approach is currently in clinical trials with 
good clinical outcomes [12]. Whether cultured cells are used 
for tissue engineering or cell injection, the expansion of CECs 
in vitro has the major advantage of increasing the number 
of cells and thus, the number of patients who can be treated 
using a single donor. Cell culture is key to the success of these 
alternative treatments.

Donor age impacts proliferation capacity and endothelial 
phenotype in vitro. It is known that CECs from older donors 
have lower proliferative rates and may generate cells with 
a nonfunctional phenotype [13]. Despite their lower prolif-
erative capacity, CECs from older donors can be expanded 
when using the appropriate culture method [14-16]. The 
endothelial cell density (ECD) of donor corneas decreases 
with age [17-24]. Of course, high ECD allows for more cells 
to be isolated, which favors the successful culture of CECs, as 
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lower cell density is linked to decreased proliferative capacity 
[25]. However, most of the donor corneas available for cell 
isolation come from older donors. Thus, it seems important 
to be able to isolate the maximum number of cells from these 
older corneas to be able to generate a high number of func-
tional CECs.

An important parameter of CEC culture success is the 
cell isolation method, as it is the first step in CEC culture. 
A study demonstrated that the isolation method influences 
the cell attachment capacity of the isolated CECs, resulting 
in a higher rate of culture success, as collagenase A was 
more successful in starting CEC cultures than 0.1% dispase 
or 0.05% trypsin/EDTA [26]. This result is consistent with 
another paper that showed collagenase A digestion is better 
than dispase II for the isolation of human corneal endothelial 
cells based on the quality of the cell–cell junctions of the 
cultured cells and the preservation of the basement membrane 
component [27]. Our laboratory [6,28-34], as well as others 
[35-41], uses Dr. Joyce’s technique for isolating CECs [13], 
which consists of a gentle dissociation of endothelial cells 
from the Descemet membrane using EDTA. However, in 
recent years, the collagenase A method has gained popu-
larity [27,42,43]. Therefore, the aim of this study was to 
compare these two isolation techniques (collagenase A and 
EDTA isolation) in terms of the number of isolated viable 
cells, proliferation capacity, CEC morphology, and functional 
barrier integrity before switching to the collagenase method.

METHODS

This study was conducted according to our institutions’ 
guidelines and the Declaration of Helsinki. The research 
protocol was approved by the ”Bureau de l’éthique de la 
recherche du CHU de Québec – Université Laval” ethics 
committee (DR-002-1382) and adhered to the ARVO state-
ment on human subjects. Twenty-seven pairs of cadaveric 
corneas (see Appendix 1 for a precise description of the speci-
mens and their use), unsuitable for human transplantation, 
were obtained from a local eye bank (Centre Universitaire 
d’Opthalmologie (CUO) Eye Bank, Québec, Canada). Next 
of kin consent was obtained from Hema-Quebec for all the 
tissues provided for research.

Cell populations, cell isolation, and cell culture: Pairs of 
cadaveric corneas (n = 27, donor age range: 42 to 84 years old, 
mean ± SD: 69±10, Appendix 1) were used to compare the two 
isolation methods. For each donor, one Descemet membrane 
was incubated at 37 °C in collagenase A (1 mg/ml, Sigma, 
Oakville, Canada) for 2–4 h, and the other was incubated at 
37 °C in EDTA (0.02%, Sigma) for 45 min, followed by gentle 
pipetting for cell–matrix dissociation. CECs were seeded 

on FNC coating mix ® (a proprietary blend that contains 
albumin, fibronectin and collagen)-coated plates (AthenaES, 
MJS Biolynx, Inc., Brockville, Canada) and cultured in Opti-
MEM (Life Technologies, Burlington, Canada) supplemented 
with 8% fetal bovine serum (Hyclone, Logan, UT), 5 ng/ml 
epidermal growth factor (Austral Biologicals, San Ramon, 
CA), 0.08% chondroitin sulfate (Sigma), 20 μg/ml ascorbic 
acid (Sigma), and penicillin/streptomycin (Corning, NY). At 
confluence, CECs from both isolation methods were passaged 
with trypsin (0.05%)-EDTA (0.53 mM; Corning) and seeded 
at a density of 20,000 cells/cm2. The CECs were expanded 
until P3. At P3, the CECs were further maintained at conflu-
ence for a week to stabilize the phenotype.

Isolation efficiency: To determine isolation efficiency, we 
used corneas with known ECD (provided by the eye bank; 
see Appendix 1). The center of the corneas was cut out using 
a biopsy punch (7.5 mm diameter). The theoretical initial cell 
quantity within that cut tissue was calculated to serve as the 
total cells’ reference value (theoretical cell count = 3.752π × 
ECD). Each central cornea was digested with EDTA or colla-
genase A, as described above. Aggregates were dissociated 
with a short trypsin-EDTA incubation to count the isolated 
cells using a hemacytometer. Cells were counterstained 
with trypan blue coloration to assess mortality immediately 
following isolation from Descemet membranes before cell 
seeding (% of dead cells; donor age = 70±5.0 years old). 
Isolation efficiency (% of isolated cells) was calculated by 
the ratio of the number of isolated cells and the theoretical 
initial cell quantity (donor age = 70±5.0 years old). Cell 
viability 2 h after cell seeding was also assessed using the 
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS) cell viability assay 
(Promega, Madison, WI; donor age ± SD = 77±8.0 years old). 
The MTS assay absorbance results were normalized to the 
EDTA condition value for each population (relative viability).

Immunostaining: Immunof luorescence analysis was 
performed on P0 or P3 cells cultured on FNC-coated glass 
coverslips (AthenaES). The 1-week postconfluent CECs 
were fixed with 4% paraformaldehyde (EMS, Hatfield, PA) 
for 10 min at room temperature. Cells were permeabilized 
with 0.2% Triton X-100 (Fisher Scientific, Ottawa, Canada) 
for 10 min before blocking with 1% bovine serum albumin 
(BSA; Sigma) diluted in PBS (1X; 137 mM NaCl, 2.7 mM 
KCl, 6.5 mM Na2PO4, 1.5 KH2PO4, 0.9 mM CaCl2.2H2O, 
2.4 mM MgCl2.6H2O) for 1 h. Samples were labeled with 
the primary antibody directed against ZO-1 (mouse mono-
clonal; Thermo Fisher Scientific, Burlington, Canada), Ki67 
(mouse monoclonal; BD Biosciences, San Jose, CA), or 
N-cadherin (mouse monoclonal; Dako, Agilent Technologies, 
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Mississauga, Canada) for 1 h at room temperature. The cells 
were rinsed and then incubated with the secondary antibody 
(anti-mouse immunoglobulin type G [IgG] Alexa Fluor 594; 
Invitrogen, 1/400), Hoechst 33,258 (Sigma, 1/100), and phal-
loindin 488 (Invitrogen, 1/200) for 1 h in the dark. Coverslips 
were mounted on glass slides with mounting media and kept 
at 4 °C until observation. Micrographs were acquired using 
a confocal microscope (LSM-800, Zeiss, Toronto, Canada) 
and Zen 2.3 system software (Zeiss). Ki67 relative expression 
(donor age = 65±11 years old) was determined from immu-
nostaining images by measuring the area recovered by Ki67 
and reporting it to the area recovered by Hoechst (nuclei).

Morphology assessment: Morphology was assessed by 
calculating the cell circularity index. Randomly selected 
cells from the phase-contrast images (n = 3 images/cell 
population) of confluent CECs were used to measure cellular 
circularity (n = 4 images/condition/donor; 50 cells per condi-
tion). Cell area and perimeter were measured with ImageJ 
software (National Institutes of Health and the Laboratory 
for Optical and Computational Instrumentation, University of 
Wisconsin, WI), and then circularity was determined with the 
following formula: Circularity index = (4π × Area) / Perim-
eter2. Hexagonal cells, a hallmark of endothelial morphology, 
have a circularity index of 0.87, and cells with fibroblastic 
morphology have a score closer to 0.

Transendothelial electric resistance (TEER): At passage 3, 
CECs were seeded on semipermeable 60 mm2 filter inserts 
(EMD-Millipore, Etobicoke, Canada; n = 6; donor age = 
60±10 years old) coated with the FNC-coating mix (Athe-
naES, Baltimore, MD). First, the medium was changed, and 
then TEER (Millicell ERS-2 voltohmmeter; EMD-Millipore) 
was measured after letting the fresh medium equilibrate 
for at least 30 min. During the TEER measurements, the 
CEC cultures were kept at 37 °C on a warming plate. Three 
measurements per insert were made, and three inserts were 
used per condition. Inserts without cells containing only the 
medium were used as blanks to normalize the measurements. 
Ten TEER measurements were taken after every medium 
change.

Statistical analyses: The results are presented as the mean 
of all measurements and standard deviation (SD). Statistical 
significance was calculated with ANOVA and a paired 
Student t test with GraphPad Prism 7. A p value of less than 
0.05 was considered statistically significant.

RESULTS

Comparison of isolation methods at passage 0: As the isola-
tion method can influence the quantity of seeded cells and 
their morphology, we first compared two isolation methods, 

the classic EDTA method and the collagenase A method, on 
P0 CECs. We compared the two isolation methods using pairs 
of corneas from the same donors.

As shown in Figure 1A, collagenase A isolation produced 
a higher viability rate (EDTA = 1.0±0.7, collagenase A 
= 3.1±1.9, p = 0.03), which can be explained by the higher 
number of isolated cells (isolation efficiency). As shown in 
Figure 1B, a lower percentage of isolated cells was obtained 
using EDTA (40.5%±5.40) than collagenase A (54.4%±7.45). 
Furthermore, more dead cells were obtained using EDTA 
(70.5%±6.80; Figure 1C) than collagenase A (26.0%±4.90). 
We also investigated proliferation capacity with Ki67 immu-
nostaining. Cells in both conditions showed the same relative 
expression of positive Ki67-expressing cells (Figure 1D,E).

Collagenase A isolation initially generated small cell 
aggregates, as shown in Figure 1F, while EDTA-isolated cells 
were individually dispersed. After 7 days of culture, CECs 
isolated with collagenase A were less fibroblastic and smaller 
than EDTA-isolated CECs (Figure 1F). The circularity index 
was higher for confluent P0 CECs isolated with collagenase 
A (Figure 2B; 0.67±0.07 for EDTA; 0.80±0.03 for collagenase 
A, p = 0.01).

Cell–cell junctions play an essential role in the corneal 
endothelium barrier function. We next compared the expres-
sion of the adherens junction protein N-cadherin and the tight 
junction protein ZO-1 at 7 days after seeding. Collagenase 
A–isolated CECs had more defined junctions, as N-cadherin 
and ZO-1 staining was strongly expressed at cell–cell borders 
(Figure 1G). The collagenase A condition also had well-
formed actin rings at their apical side, and had fewer stress 
fibers, than the EDTA-isolated CECs (Figure 1G).

Comparison of initial isolation method throughout cell 
passages: Maintaining a functional phenotype throughout 
cell expansion is also an important parameter for successful 
cell therapies. Following EDTA or collagenase treatment, 
cells were passaged using trypsin/EDTA, seeded, and culti-
vated up to passage 3 (the isolation methods followed the 
same expansion protocol). At the third passage, the CECs 
were kept postconfluent for a week before the morphology 
and functionality assessments. CECs adhered to and gener-
ated a culture using both approaches. Cell morphology was 
evaluated using phase-contrast images of confluent cultures. 
As shown in Figure 2A,B, at P0 and P3, CECs isolated with 
EDTA had a lower circularity index than collagenase A (P0: 
0.67±0.07 for EDTA and 0.81±0.03 for collagenase, p=0.01; 
P3: 0.59±0.04 for EDTA and 0.71±0.05 for collagenase, p = 
0.02). The P1 and P2 cells had similar circularity indexes 
regardless of the isolation method.
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TEER was used to measure endothelial barrier integrity 

because a low TEER is associated with a loss of barrier func-

tion [44,45]. There was no significant difference in TEER 

values between CECs isolated using EDTA or collagenase A 

at any of the time points (Figure 2C) or after the tenth media 
change (Figure 2D).

CECs were also seeded on FNC-coated glass coverslips 
and immunostained for the tight junction protein ZO-1. 
Overall, ZO-1 expression was similar regardless of the 

Figure 1. Primary (P0) cultures of corneal endothelial cells isolated with EDTA or collagenase A. A: Cell viability, 2 h after cell isolation, 
relative to the EDTA condition. n = 6. B: Percentage of cells isolated from native Descemet membranes. n = 4. C: Percentage of dead cells 
immediately following cell isolation from Descemet membranes. n = 4. D: Representative images of indirect immunofluorescence staining 
of Ki67 (red), actin (green), and nuclei (blue) at 24 h postseeding. Scale bar = 100 μm. E: Relative expression of Ki67-expressing cells 
(reported on nuclei). n = 3. F: Phase-contrast images of P0-cultured corneal endothelial cells at 24 h and 7 days postseeding. Scale bar = 
200 µm. G: Representative images of indirect immunofluorescence staining of ZO-1 (red), N-cadherin (red), and actin (green) at 7 days 
postseeding. Scale bar = 50 µm. Results are expressed as mean ± standard error of the mean (SEM). Two-way ANOVA was performed with 
GraphPad Prism 7. *p≤0.05.
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isolation method used at P3, as both conditions exhibited scat-
tered cytoplasmic ZO-1 (Figure 2E).

DISCUSSION

This study compared two common isolation methods to iden-
tify which one generated a successful cell culture of CECs 
from donors more than 40 years old. The results demon-
strated that collagenase A isolation generated more viable P0 
CECs that expressed junction-related proteins than EDTA, 
showing that collagenase A should become the technique of 
choice over EDTA for isolating CECs. However, the benefits 

of collagenase isolation were lost after serial passages in 
trypsin-EDTA. Interestingly, P3 trypsin-passaged CECs, 
whether initially isolated using EDTA or collagenase, did not 
form tight junctions as quickly as in P0, as demonstrated by 
the cytoplasmic expression of ZO-1 after 7 days of postcon-
fluency, as well as similar TEER values.

To the best of our knowledge, this study is the first to 
compare the isolation of CECs using EDTA and collagenase 
A for corneas from donors more than 40 years old. Both treat-
ments have advantages and drawbacks. EDTA is a nonen-
zymatic approach that chelates calcium and magnesium, 

Figure 2. Cell functionality throughout the cell expansion of corneal endothelial cells isolated with EDTA or collagenase A. A: Phase-contrast 
images of cultured corneal endothelial cells throughout cell expansion. n = 4. Donor age ± standard deviation (SD) = 55±11 years old. B: 
Circularity index of cultured corneal endothelial cells throughout cell expansion. n = 4; 100 cells (four images) per condition per population 
were measured. White bars = EDTA, black bars = collagenase A. C: Transendothelial electrical resistance (TEER) measurements throughout 
time. TEER was measured for ten media changes (Δ; media changes were performed every 2 days). Mean ± Standard error of the mean 
(SEM) of one representative cell population. D: TEER measurements at the final media change, where nine measures per population per 
condition were taken. Mean ± SEM of four different cell populations. Two-way ANOVA was performed with GraphPad Prism 7. *p≤0.05. E: 
Indirect immunofluorescent staining of ZO-1 (red). Cell nuclei were counterstained with Hoechst (blue). Negative control (primary antibody 
omitted). n = 4. Scale bar = 50 μm.
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inducing misconformation of cadherins and disrupting lateral 
junctions [46]. Following the EDTA treatment, CEC can be 
detached from the Descemet membrane using light mechan-
ical stress. However, pipetting cells up and down can generate 
cell mortality by physically damaging the cells, as well as 
anoikis [47], programmed cell death, which occurs when 
cells are no longer attached to their basal membrane. This 
could explain the high cell mortality rate. As an advantage, 
it has been shown that disruption of cell junctions activates 
proliferation by releasing sequestered transcription activators 
such as β-catenin and ZONAB, known to promote cell prolif-
eration [48,49]. As the amplification of CECs is the main goal 
of culturing them, it is of interest to unlock the mitotic block 
caused by mature junctions observed on the native corneal 
endothelium. Zhu et al. (2012) previously showed that nuclear 
p120 can restart the cell cycle without disrupting cell–cell 
junctions [48]. On the other hand, collagenase A acts by 
digesting collagen bounds that form the Descemet membrane. 
Extracellular matrix digestion releases cells without junction 
disengagement, and it appears to advantage CEC culture 
by delaying endothelial–mesenchymal transition [50] while 
inducing cell proliferation as Ki67 staining showed (Figure 
1D). Small cell aggregates obtained with collagenase A allow 
for more cells to attach to the culture plate; however, they 
affect cell distribution. To avoid clumps of cells adhering to 
the cell culture plasticware, some research teams have added 
a brief trypsin step before cell seeding [27,51].

Of course, cell isolation is only the first step, and many 
other variables influence CEC expansion, such as the coating 
on which cells are seeded (FNC [13,52,53], type IV collagen 
[52,53], laminin [54,55]), the initial seeding cell density [25], 
the culture medium [35,56-58], and the adjustment of the 
culture medium composition according to their proliferating 
or maturing states [28,59,60]. Low mitotic agents in culture 
media also delay CEC senescence during cell expansion [61]. 
With an optimal combination for CEC culture, a maximum 
of high-quality cells could be generated from cadaveric pairs 
of corneas, even from donors who are now discarded because 
of their age.

In summary, this study showed that CEC isolation using 
collagenase A would be optimal for future cell therapies, as 
it yields higher morphology and a higher number of viable 
isolated cells at P0. Furthermore, P3 CECs isolated with 
collagenase A had an increased endothelial phenotype and 
similar barrier functionality as the same cells isolated using 
EDTA. These results were obtained using older donors, which 
is encouraging for the availability of corneas suitable for 
expanding functional CECs. Therefore, collagenase A will 
be used in our subsequent studies. This study is a small step 

toward obtaining clinical-grade CECs for the treatment of 
endotheliopathies.

APPENDIX 1. TISSUE DONORS DETAILS

To access the data, click or select the words “Appendix 1.”

ACKNOWLEDGMENTS

The authors report no conflicts of interest. Procurement 
of eyes and corneas for research from the CUO Eye bank 
was possible thanks to an infrastructure from the Vision 
Health Research Network (S.P.), a network supported by the 
FRQS. The authors would like to thank the CUO Eye Bank’s 
personnel for ongoing collaboration, and Mathieu Thériault 
for technical assistance. Funding: This project was Supported 
by the Natural Sciences and Engineering Research Council 
of Canada (NSERC) RGPIN201806268 (SP).

REFERENCES
1. Bonanno JA. Identity and regulation of ion transport mecha-

nisms in the corneal endothelium.  Prog Retin Eye Res  2003; 
22:69-94. [PMID: 12597924].

2. Corneal endothelial photography. Three-year revision. Amer-
ican Academy of Ophthalmology.  Ophthalmology  1997; 
104:1360-5. .

3. Li S, Liu L, Wang W, Huang T, Zhong X, Yuan J, Liang L. 
Efficacy and safety of Descemet’s membrane endothelial 
keratoplasty versus Descemet’s stripping endothelial kera-
toplasty: A systematic review and meta-analysis.  PLoS One  
2017; 12:e0182275-[PMID: 29252983].

4. Proulx S, Audet C, Uwamaliya J, Deschambeault A, Carrier 
P, Giasson CJ, Brunette I, Germain L. Tissue engineering of 
feline corneal endothelium using a devitalized human cornea 
as carrier.  Tissue Eng Part A  2009; 15:1709-18. [PMID: 
19125643].

5. Proulx S, Bensaoula T, Nada O, Audet C, d’Arc Uwamaliya J, 
Devaux A, Allaire G, Germain L, Brunette I. Transplantation 
of a tissue-engineered corneal endothelium reconstructed on 
a devitalized carrier in the feline model.  Invest Ophthalmol 
Vis Sci  2009; 50:2686-94. [PMID: 19151378].

6. Haydari MN, Perron MC, Laprise S, Roy O, Cameron JD, 
Proulx S, Brunette I. A short-term in vivo experimental 
model for Fuchs endothelial corneal dystrophy.  Invest 
Ophthalmol Vis Sci  2012; 53:6343-54. [PMID: 22915029].

7. Bayyoud T, Thaler S, Hofmann J, Maurus C, Spitzer MS, 
Bartz-Schmidt KU, Szurman P, Yoeruek E. Decellularized 
bovine corneal posterior lamellae as carrier matrix for culti-
vated human corneal endothelial cells.  Curr Eye Res  2012; 
37:179-86. [PMID: 22335804].

8. Amano S. Transplantation of cultured human corneal endothe-
lial cells.  Cornea  2003; 22:SupplS66-74. [PMID: 14703710].

http://www.molvis.org/molvis/v28/331
http://www.molvis.org/molvis/v28/appendices/mv-v28-331-app-1.doc
http://www.ncbi.nlm.nih.gov/pubmed/12597924
http://www.ncbi.nlm.nih.gov/pubmed/29252983
http://www.ncbi.nlm.nih.gov/pubmed/19125643
http://www.ncbi.nlm.nih.gov/pubmed/19125643
http://www.ncbi.nlm.nih.gov/pubmed/19151378
http://www.ncbi.nlm.nih.gov/pubmed/22915029
http://www.ncbi.nlm.nih.gov/pubmed/22335804
http://www.ncbi.nlm.nih.gov/pubmed/14703710


337

Molecular Vision 2022; 28:331-339 <http://www.molvis.org/molvis/v28/331> © 2022 Molecular Vision 

9. Chen KH, Azar D, Joyce NC. Transplantation of adult human 
corneal endothelium ex vivo: a morphologic study.  Cornea  
2001; 20:731-7. [PMID: 11588426].

10. Insler MS, Lopez JG. Extended incubation times improve 
corneal endothelial cell transplantation success.  Invest 
Ophthalmol Vis Sci  1991; 32:1828-36. [PMID: 2032804].

11. Peh GSL, Ong HS, Adnan K, Ang HP, Lwin CN, Seah XY, Lin 
SJ, Mehta JS. Functional Evaluation of Two Corneal Endo-
thelial Cell-Based Therapies: Tissue-Engineered Construct 
and Cell Injection.  Sci Rep  2019; 9:6087-[PMID: 30988373].

12. Numa K, Imai K, Ueno M, Kitazawa K, Tanaka H, Bush JD, 
Teramukai S, Okumura N, Koizumi N, Hamuro J, Sotozono 
C, Kinoshita S. Five-Year Follow-up of First 11 Patients 
Undergoing Injection of Cultured Corneal Endothelial Cells 
for Corneal Endothelial Failure.  Ophthalmology  2021; 
128:504-14. [PMID: 32898516].

13. Zhu C, Joyce NC. Proliferative response of corneal endothelial 
cells from young and older donors.  Invest Ophthalmol Vis 
Sci  2004; 45:1743-51. [PMID: 15161835].

14. Parekh M, Peh G, Mehta JS, Ramos T, Ponzin D, Ahmad S, 
Ferrari S. Passaging capability of human corneal endothelial 
cells derived from old donors with and without accelerating 
cell attachment.  Exp Eye Res  2019; 189:107814-[PMID: 
31560924].

15. Parekh M, Ahmad S, Ruzza A, Ferrari S. Human Corneal 
Endothelial Cell Cultivation From Old Donor Corneas With 
Forced Attachment.  Sci Rep  2017; 7:142-[PMID: 28273942].

16. Parekh M, Ramos T, O’Sullivan F, Meleady P, Ferrari S, 
Ponzin D, Ahmad S. Human corneal endothelial cells from 
older donors can be cultured and passaged on cell-derived 
extracellular matrix.  Acta Ophthalmol  2021; 99:e512-22. 
[PMID: 32914525].

17. Heinzelmann S, Hüther S, Böhringer D, Eberwein P, Reinhard 
T, Maier P. Influence of donor characteristics on descemet 
membrane endothelial keratoplasty.  Cornea  2014; 33:644-8. 
[PMID: 24675376].

18. Roszkowska AM, Colosi P, D’Angelo P, Ferreri G. Age-related 
modifications of the corneal endothelium in adults.  Int 
Ophthalmol  2004; 25:163-6. [PMID: 15847315].

19. Bourne WM, Nelson LR, Hodge DO. Central corneal endothe-
lial cell changes over a ten-year period.  Invest Ophthalmol 
Vis Sci  1997; 38:779-82. [PMID: 9071233].

20. Williams KK, Noe RL, Grossniklaus HE, Drews-Botsch C, 
Edelhauser HF. Correlation of histologic corneal endothelial 
cell counts with specular microscopic cell density.  Arch 
Ophthalmol  1992; 110:1146-9. [PMID: 1497530].

21. Kwon JW, Cho KJ, Kim HK, Lee JK, Gore PK, McCartney 
MD, Chuck RS. Analyses of Factors Affecting Endothelial 
Cell Density in an Eye Bank Corneal Donor Database.  
Cornea  2016; 35:1206-10. [PMID: 27310882].

22. Møller-Pedersen T. A comparative study of human corneal 
keratocyte and endothelial cell density during aging.  Cornea  
1997; 16:333-8. [PMID: 9143808].

23. McGlumphy EJ, Margo JA, Haidara M, Brown CH, Hoover 
CK, Munir WM. Predictive Value of Corneal Donor Demo-
graphics on Endothelial Cell Density.  Cornea  2018; 37:1159-
62. [PMID: 29912038].

24. Galgauskas S, Norvydaite D, Krasauskaite D, Stech S, Asoklis 
RS. Age-related changes in corneal thickness and endothelial 
characteristics.  Clin Interv Aging  2013; 8:1445-50. [PMID: 
24187493].

25. Peh GS, Toh KP, Ang HP, Seah XY, George BL, Mehta JS. 
Optimization of human corneal endothelial cell culture: 
density dependency of successful cultures in vitro.  BMC 
Res Notes  2013; 6:176-[PMID: 23641909].

26. Choi JS, Kim EY, Kim MJ, Khan FA, Giegengack M, 
D’Agostino R Jr, Criswell T, Khang G, Soker S. Factors 
affecting successful isolation of human corneal endothelial 
cells for clinical use.  Cell Transplant  2014; 23:845-54. 
[PMID: 23461892].

27. Li W, Sabater AL, Chen YT, Hayashida Y, Chen SY, He 
H, Tseng SC. A novel method of isolation, preservation, 
and expansion of human corneal endothelial cells.  Invest 
Ophthalmol Vis Sci  2007; 48:614-20. [PMID: 17251457].

28. Beaulieu Leclerc V, Roy O, Santerre K, Proulx S. TGF-beta1 
promotes cell barrier function upon maturation of corneal 
endothelial cells.  Sci Rep  2018; 8:4438-[PMID: 29535350].

29. Bourget JM, Proulx S. Characterization of a corneal endothe-
lium engineered on a self-assembled stromal substitute.  Exp 
Eye Res  2016; 145:125-9. [PMID: 26658713].

30. Goyer B, Theriault M, Gendron SP, Brunette I, Rochette PJ, 
Proulx S. Extracellular Matrix and Integrin Expression 
Profiles in Fuchs Endothelial Corneal Dystrophy Cells and 
Tissue Model.  Tissue Eng Part A  2018; 24:607-15. [PMID: 
28726551].

31. Jay L, Bourget JM, Goyer B, Singh K, Brunette I, Ozaki T, 
Proulx S. Characterization of tissue-engineered posterior 
corneas using second- and third-harmonic generation micros-
copy.  PLoS One  2015; 10:e0125564-[PMID: 25918849].

32. Proulx S, d’Arc Uwamaliya J, Carrier P, Deschambeault A, 
Audet C, Giasson CJ, Guérin SL, Auger FA, Germain L. 
Reconstruction of a human cornea by the self-assembly 
approach of tissue engineering using the three native cell 
types.  Mol Vis  2010; 16:2192-201. [PMID: 21139684].

33. Theriault M, Gendron SP, Brunette I, Rochette PJ, Proulx S. 
Function-Related Protein Expression in Fuchs Endothelial 
Corneal Dystrophy Cells and Tissue Models.  Am J Pathol  
2018; 188:1703-12. [PMID: 29698634].

34. Zaniolo K, Bostan C, Rochette Drouin O, Deschambeault A, 
Perron MC, Brunette I, Proulx S. Culture of human corneal 
endothelial cells isolated from corneas with Fuchs endothelial 
corneal dystrophy.  Exp Eye Res  2012; 94:22-31. [PMID: 
22134119].

35. Bartakova A, Alvarez-Delfin K, Weisman AD, Salero E, 
Raffa GA, Merkhofer RM Jr, Kunzevitzky NJ, Goldberg JL. 
Novel Identity and Functional Markers for Human Corneal 

http://www.molvis.org/molvis/v28/331
http://www.ncbi.nlm.nih.gov/pubmed/11588426
http://www.ncbi.nlm.nih.gov/pubmed/2032804
http://www.ncbi.nlm.nih.gov/pubmed/30988373
http://www.ncbi.nlm.nih.gov/pubmed/32898516
http://www.ncbi.nlm.nih.gov/pubmed/15161835
http://www.ncbi.nlm.nih.gov/pubmed/31560924
http://www.ncbi.nlm.nih.gov/pubmed/31560924
http://www.ncbi.nlm.nih.gov/pubmed/28273942
http://www.ncbi.nlm.nih.gov/pubmed/32914525
http://www.ncbi.nlm.nih.gov/pubmed/24675376
http://www.ncbi.nlm.nih.gov/pubmed/15847315
http://www.ncbi.nlm.nih.gov/pubmed/9071233
http://www.ncbi.nlm.nih.gov/pubmed/1497530
http://www.ncbi.nlm.nih.gov/pubmed/27310882
http://www.ncbi.nlm.nih.gov/pubmed/9143808
http://www.ncbi.nlm.nih.gov/pubmed/29912038
http://www.ncbi.nlm.nih.gov/pubmed/24187493
http://www.ncbi.nlm.nih.gov/pubmed/24187493
http://www.ncbi.nlm.nih.gov/pubmed/23641909
http://www.ncbi.nlm.nih.gov/pubmed/23461892
http://www.ncbi.nlm.nih.gov/pubmed/17251457
http://www.ncbi.nlm.nih.gov/pubmed/29535350
http://www.ncbi.nlm.nih.gov/pubmed/26658713
http://www.ncbi.nlm.nih.gov/pubmed/28726551
http://www.ncbi.nlm.nih.gov/pubmed/28726551
http://www.ncbi.nlm.nih.gov/pubmed/25918849
http://www.ncbi.nlm.nih.gov/pubmed/21139684
http://www.ncbi.nlm.nih.gov/pubmed/29698634
http://www.ncbi.nlm.nih.gov/pubmed/22134119
http://www.ncbi.nlm.nih.gov/pubmed/22134119


338

Molecular Vision 2022; 28:331-339 <http://www.molvis.org/molvis/v28/331> © 2022 Molecular Vision 

Endothelial Cells.  Invest Ophthalmol Vis Sci  2016; 57:2749-
62. [PMID: 27196322].

36. Schmedt T, Chen Y, Nguyen TT, Li S, Bonanno JA, Jurkunas 
UV. Telomerase immortalization of human corneal endothe-
lial cells yields functional hexagonal monolayers.  PLoS One  
2012; 7:e51427-[PMID: 23284695].

37. Vianna LM, Li HD, Holiman JD, Stoeger C, Belfort R Jr, 
Jun AS. Characterization of cryopreserved primary human 
corneal endothelial cells cultured in human serum-supple-
mented media.  Arq Bras Oftalmol  2016; 79:37-41. [PMID: 
26840165].

38. Pipparelli A, Arsenijevic Y, Thuret G, Gain P, Nicolas M, Majo 
F. ROCK inhibitor enhances adhesion and wound healing of 
human corneal endothelial cells.  PLoS One  2013; 8:e62095-
[PMID: 23626771].

39. Han SB, Shin YJ, Hyon JY, Wee WR. Cytotoxicity of voricon-
azole on cultured human corneal endothelial cells.  Antimi-
crob Agents Chemother  2011; 55:4519-23. [PMID: 21768517].

40. Shin YJ, Cho DY, Chung TY, Han SB, Hyon JY, Wee WR. 
Rapamycin reduces reactive oxygen species in cultured 
human corneal endothelial cells.  Curr Eye Res  2011; 
36:1116-22. [PMID: 21999191].

41. Joyce NC, Harris DL. Decreasing expression of the G1-phase 
inhibitors, p21Cip1 and p16INK4a, promotes division of 
corneal endothelial cells from older donors.  Mol Vis  2010; 
16:897-906. [PMID: 20508865].

42. Peh GSL, Ang HP, Lwin CN, Adnan K, George BL, Seah XY, 
Lin SJ, Bhogal M, Liu YC, Tan DT, Mehta JS. Regulatory 
Compliant Tissue-Engineered Human Corneal Endothelial 
Grafts Restore Corneal Function of Rabbits with Bullous 
Keratopathy.  Sci Rep  2017; 7:14149-[PMID: 29074873].

43. Kinoshita S, Koizumi N, Ueno M, Okumura N, Imai K, Tanaka 
H, Yamamoto Y, Nakamura T, Inatomi T, Bush J, Toda M, 
Hagiya M, Yokota I, Teramukai S, Sotozono C, Hamuro 
J. Injection of Cultured Cells with a ROCK Inhibitor for 
Bullous Keratopathy.  N Engl J Med  2018; 378:995-1003. 
[PMID: 29539291].

44. Shivanna M, Srinivas SP. Microtubule stabilization opposes 
the (TNF-alpha)-induced loss in the barrier integrity of 
corneal endothelium.  Exp Eye Res  2009; 89:950-9. [PMID: 
19695246].

45. Santander-Garcia D, Ortega MC, Benito-Martinez S, Barroso 
S, Jimenez-Alfaro I, Millan J. A human cellular system 
for analyzing signaling during corneal endothelial barrier 
dysfunction.  Exp Eye Res  2016; 153:8-13. [PMID: 27697549].

46. Senoo T, Obara Y, Joyce NC. EDTA: a promoter of prolifera-
tion in human corneal endothelium.  Invest Ophthalmol Vis 
Sci  2000; 41:2930-5. [PMID: 10967047].

47. Gilmore AP. Anoikis.  Cell Death Differ  2005; 12:Suppl 
21473-7. [PMID: 16247493].

48. Zhu YT, Chen HC, Chen SY, Tseng SC. Nuclear p120 catenin 
unlocks mitotic block of contact-inhibited human corneal 
endothelial monolayers without disrupting adherent junc-
tions.  J Cell Sci  2012; 125:3636-48. [PMID: 22505615].

49. Balda MS, Garrett MD, Matter K. The ZO-1-associated Y-box 
factor ZONAB regulates epithelial cell proliferation and cell 
density.  J Cell Biol  2003; 160:423-32. [PMID: 12566432].

50. Su CC, Chen CW, Ho WT, Hu FR, Lee SH, Wang IJ. Pheno-
types of trypsin- and collagenase-prepared bovine corneal 
endothelial cells in the presence of a selective Rho kinase 
inhibitor, Y-27632.  Mol Vis  2015; 21:633-43. [PMID: 
26097378].

51. Parekh M, Peh G, Mehta JS, Ahmad S, Ponzin D, Ferrari S. 
Effects of corneal preservation conditions on human corneal 
endothelial cell culture.  Exp Eye Res  2019; 179:93-101. 
[PMID: 30414971].

52. Engler C, Kelliher C, Speck CL, Jun AS. Assessment of attach-
ment factors for primary cultured human corneal endothelial 
cells.  Cornea  2009; 28:1050-4. [PMID: 19724204].

53. Choi JS, Kim EY, Kim MJ, Giegengack M, Khan FA, Khang 
G, Soker S. In vitro evaluation of the interactions between 
human corneal endothelial cells and extracellular matrix 
proteins.  Biomed Mater  2013; 8:014108-[PMID: 23353814].

54. Engelmann K, Bohnke M, Friedl P. Isolation and long-term 
cultivation of human corneal endothelial cells.  Invest 
Ophthalmol Vis Sci  1988; 29:1656-62. [PMID: 3182201].

55. Okumura N, Kakutani K, Numata R, Nakahara M, Schlotzer-
Schrehardt U, Kruse F, Kinoshita S, Koizumi N. Laminin-
511 and −521 enable efficient in vitro expansion of human 
corneal endothelial cells.  Invest Ophthalmol Vis Sci  2015; 
56:2933-42. [PMID: 26024079].

56. Okumura N, Kay EP, Nakahara M, Hamuro J, Kinoshita S, 
Koizumi N. Inhibition of TGF-β signaling enables human 
corneal endothelial cell expansion in vitro for use in regen-
erative medicine.  PLoS One  2013; 8:e58000-[PMID: 
23451286].

57. Nakahara M, Okumura N, Kay EP, Hagiya M, Imagawa K, 
Hosoda Y, Kinoshita S, Koizumi N. Corneal endothelial 
expansion promoted by human bone marrow mesenchymal 
stem cell-derived conditioned medium.  PLoS One  2013; 
8:e69009-[PMID: 23894393].

58. Peh GS, Toh KP, Wu FY, Tan DT, Mehta JS. Cultivation of 
human corneal endothelial cells isolated from paired donor 
corneas.  PLoS One  2011; 6:e28310-[PMID: 22194824].

59. Bartakova A, Kuzmenko O, Alvarez-Delfin K, Kunzevitzky 
NJ, Goldberg JL. A Cell Culture Approach to Opti-
mized Human Corneal Endothelial Cell Function.  Invest 
Ophthalmol Vis Sci  2018; 59:1617-29. [PMID: 29625488].

60. Peh GS, Adnan K, George BL, Ang HP, Seah XY, Tan DT, 
Mehta JS. The effects of Rho-associated kinase inhibitor 
Y-27632 on primary human corneal endothelial cells propa-
gated using a dual media approach.  Sci Rep  2015; 5:9167-
[PMID: 25823914].

61. Frausto RF, Swamy VS, Peh GSL, Boere PM, Hanser EM, 
Chung DD, George BL, Morselli M, Kao L, Azimov R, Wu 
J, Pellegrini M, Kurtz I, Mehta JS, Aldave AJ. Phenotypic 
and functional characterization of corneal endothelial cells 

http://www.molvis.org/molvis/v28/331
http://www.ncbi.nlm.nih.gov/pubmed/27196322
http://www.ncbi.nlm.nih.gov/pubmed/23284695
http://www.ncbi.nlm.nih.gov/pubmed/26840165
http://www.ncbi.nlm.nih.gov/pubmed/26840165
http://www.ncbi.nlm.nih.gov/pubmed/23626771
http://www.ncbi.nlm.nih.gov/pubmed/21768517
http://www.ncbi.nlm.nih.gov/pubmed/21999191
http://www.ncbi.nlm.nih.gov/pubmed/20508865
http://www.ncbi.nlm.nih.gov/pubmed/29074873
http://www.ncbi.nlm.nih.gov/pubmed/29539291
http://www.ncbi.nlm.nih.gov/pubmed/19695246
http://www.ncbi.nlm.nih.gov/pubmed/19695246
http://www.ncbi.nlm.nih.gov/pubmed/27697549
http://www.ncbi.nlm.nih.gov/pubmed/10967047
http://www.ncbi.nlm.nih.gov/pubmed/16247493
http://www.ncbi.nlm.nih.gov/pubmed/22505615
http://www.ncbi.nlm.nih.gov/pubmed/12566432
http://www.ncbi.nlm.nih.gov/pubmed/26097378
http://www.ncbi.nlm.nih.gov/pubmed/26097378
http://www.ncbi.nlm.nih.gov/pubmed/30414971
http://www.ncbi.nlm.nih.gov/pubmed/19724204
http://www.ncbi.nlm.nih.gov/pubmed/23353814
http://www.ncbi.nlm.nih.gov/pubmed/3182201
http://www.ncbi.nlm.nih.gov/pubmed/26024079
http://www.ncbi.nlm.nih.gov/pubmed/23451286
http://www.ncbi.nlm.nih.gov/pubmed/23451286
http://www.ncbi.nlm.nih.gov/pubmed/23894393
http://www.ncbi.nlm.nih.gov/pubmed/22194824
http://www.ncbi.nlm.nih.gov/pubmed/29625488
http://www.ncbi.nlm.nih.gov/pubmed/25823914


339

Molecular Vision 2022; 28:331-339 <http://www.molvis.org/molvis/v28/331> © 2022 Molecular Vision 

during in vitro expansion.  Sci Rep  2020; 10:7402-[PMID: 32366916].

Articles are provided courtesy of Emory University and the Zhongshan Ophthalmic Center, Sun Yat-sen University, P.R. China. 
The print version of this article was created on 2 October 2022. This reflects all typographical corrections and errata to the 
article through that date. Details of any changes may be found in the online version of the article.

http://www.molvis.org/molvis/v28/331
http://www.ncbi.nlm.nih.gov/pubmed/32366916
http://www.ncbi.nlm.nih.gov/pubmed/32366916

	Reference r1
	Reference r2
	Reference r3
	Reference r4
	Reference r5
	Reference r6
	Reference r7
	Reference r8
	Reference r9
	Reference r10
	Reference r11
	Reference r12
	Reference r13
	Reference r14
	Reference r15
	Reference r16
	Reference r17
	Reference r18
	Reference r19
	Reference r20
	Reference r21
	Reference r22
	Reference r23
	Reference r24
	Reference r25
	Reference r26
	Reference r27
	Reference r28
	Reference r29
	Reference r30
	Reference r31
	Reference r32
	Reference r33
	Reference r34
	Reference r35
	Reference r36
	Reference r37
	Reference r38
	Reference r39
	Reference r40
	Reference r41
	Reference r42
	Reference r43
	Reference r44
	Reference r45
	Reference r46
	Reference r47
	Reference r48
	Reference r49
	Reference r50
	Reference r51
	Reference r52
	Reference r53
	Reference r54
	Reference r55
	Reference r56
	Reference r57
	Reference r58
	Reference r59
	Reference r60
	Reference r61

