Yu et al. Cell & Bioscience ~ (2023) 13:201 Cell & Bioscience
https://doi.org/10.1186/s13578-023-01145-w

RESEARCH Open Access

Safety and efficacy of human ESC-derived o

corneal endothelial cells for corneal
endothelial dysfunction

Juan Yu'>#" Nianye Yu'?*%" Yao Tian***¢", Yifan Fang’", Bin An?*, Guihai Feng®**°, Jun Wu?>**, Liu Wang®***,
Jie Hao?**, Ligiang Wang’, Qi Zhou?**®, Wei Li***%" Yukai Wang®***"® and Baoyang Hu'**45"

Abstract

Background Research on human pluripotent stem cells (hPSCs) has shown tremendous progress in cell-based
regenerative medicine. Corneal endothelial dysfunction is associated with the loss and degeneration of corneal
endothelial cells (CECs), rendering cell replacement a promising therapeutic strategy. However, comprehensive
preclinical assessments of hPSC-derived CECs for this cell therapy remain a challenge.

Results Here we defined an adapted differentiation protocol to generate induced corneal endothelial cells (iICECs)
consistently and efficiently from clinical-grade human embryonic stem cells (hESCs) with xeno-free medium and
manufactured cryopreserved iCECs. Cells express high levels of typical CECs markers and exhibit transendothelial
potential properties in vitro typical of iCECs. After rigorous quality control measures, cells meeting all release
criteria were available for in vivo studies. We found that there was no overgrowth or tumorigenicity of grafts in
immunodeficient mice. After grafting into rabbit models, the surviving iCECs ameliorated edema and recovered
corneal opacity.

Conclusions Our work provides an efficient approach for generating iCECs and demonstrates the safety and efficacy
of iCECs in disease modeling. Therefore, clinical-grade iCECs are a reliable source for future clinical treatment of
corneal endothelial dysfunction.
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Introduction

The corneal endothelium is a monolayer of polygonal
cells forming the innermost layer of the cornea. The
pump function of CECs is responsible for regulating
stromal dehydration, which plays an important role in
maintaining corneal transparency [1-3]. Loss and degen-
eration of CECs caused by aging, injury or disease leads
to stromal edema and visual impairment [4]. Since adult
human CECs are incapable of regeneration in vivo [5],
endothelial keratopathy caused by corneal endothelial
dysfunction has become one of the most serious blinding
corneal diseases [6]. The current most effective treatment
for corneal endothelial dysfunction is corneal transplan-
tation. It is conservatively estimated that approximately
12.7 million people worldwide need corneal transplanta-
tion, and corneal endothelial dysfunction comprises 50%
of all corneal transplants performed [7]. Due to the severe
shortage of donor corneas, less than 1.5% of patients can
receive a transplant, which restricts the widespread use
of this therapy [7].

An alternative approach is the transplantation of in
vitro expanded primary CECs (pCECs). The results of
recent clinical trials showed that cultured pCECs sus-
pensions injected into the anterior chamber survived
well and alleviated corneal edema. Most patients exhib-
ited clinical improvement and maintained obvious visual
acuity during the 5-year follow-up [8, 9]. However, the
limited expansion ability of primary cells makes this
treatment highly dependent on corneal donation. Impor-
tantly, batch and individual differences in primary cells
might bring uncertainty to cell quality control and func-
tional evaluation.

Human pluripotent stem cells (hPSCs) are capable of
self-renewal and multilineage differentiation [10-12];
therefore, iCECs derived from hPSCs represent an ideal
source for cell replacement therapy. Encouraged by the
findings of primary cell transplantation, several differ-
entiation protocols that induce iCECs from hPSCs have
been established [13-20] and showed corneal function
recovery in animal models of corneal endothelial dys-
function [21-26]. However, challenges remain. There
are several barriers to the preparation of hPSC-derived
iCECs. First, several hPSC-based iCECs protocols utilize
primary cell line coculture or animal-derived compo-
nents to direct the differentiation of hPSCs into iCECs
[13, 15, 17, 18, 23]. To prepare clinical-grade iCECs,
xeno-free protocols are preferred. Second, iCECs fate is
currently not well characterized. The expression ratio of
a single marker is usually used to define iCECs, and com-
prehensive quality tests, especially in vitro identification
of cell function, are lacking. Third, the regulatory criteria
of the quality control (QC) check point and iCECs release
for manufacturing have not been established.
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Here, we developed an efficient xeno-free protocol
to generate iCECs using clinical-grade hESC lines and
manufactured many cryopreserved iCECs. We also
developed a QC system and release criteria for iCECs by
testing multiple cell markers and in vitro pump function.
Notably, predictive markers expressed in mature iCECs
that may correlate with in vitro function were identi-
fied. Finally, we demonstrated that the transplantation of
iCECs had no toxicity or tumorigenicity and grafts that
survived exerted functional recovery in rabbit models of
corneal endothelial dysfunction.

Results

Generation and in vitro assessment of neural crest cells
from hESCs

To generate iCECs, we first established a chemically
defined differentiation protocol for neural crest cells
(NCCs) from hESCs (Fig. Sla). We found that all three
hESC lines differentiated into NCCs after 10 days of
induction, and the cells expressed the NCCs markers
P75, NESTIN, AP2a and SOX10 (Fig. 1a-b). Flow cytom-
etry analysis showed that more than 90% of the cells were
positive for P75, HNK1, NESTIN and SOX2 (Fig. 1c). We
also confirmed that NCCs can be efficiently generated
from two other hESC lines (Fig. S1b-c). qPCR analysis
further showed that pluripotency markers, such as OCT4
(POUSF1) and NONOG, were significantly downregu-
lated, while the expression levels of NCC-specific genes,
including B3GATI, NES, NGFR, SOX10 and TFAP2A,
were significantly increased (Fig. 1d).

Given that NCCs are a multipotent cell population
that is capable of forming a wide diversity of cell types,
including peripheral neurons, Schwann cells and mes-
enchymal stem cells (MSCs), we next sought to investi-
gate the differentiation potential of hESC-derived NCCs
in vitro. As expected, after culture with 10% fetal bovine
serum (FBS) medium for 3 weeks, NCCs were differen-
tiated into MSCs, as evidenced by the expression of the
MSCs markers CD90, CD105, CD73 and CD29 and the
absence of CD19 and CD34 (Fig. 1e). In addition, these
MSCs possess adipogenic, osteogenic and chondrogenic
potential (Fig. 1f). To assess the neural differentiation
potential, hESC-NCCs were induced with media contain-
ing BDNE, GDNE, NT3 and dbcAMP. After 21 days, most
of the cells co-expressed Peripherin and TUJ1, indicative
of peripheral neuron identity. Furthermore, hESC-NCCs
could differentiate into S100p+Schwann cells (Fig. 1g).
These data suggested successful generation of highly
purified NCCs from hESCs.

Highly efficient differentiation of hRESC-NCCs into iCECs

To develop a xeno-free iCECs differentiation protocol, we
used medium without any animal-derived components
and tested numerous combinations of small molecules
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Fig. 1 Direct differentiation of hESCs into neural crest cells. a hESC-derived NCCs have the typical morphology of neural crest cells. Scale bars: 100 pm.
b Immunofluorescence staining showing that hESC-derived NCCs expressed P75, NESTIN, AP2a, and SOX10. Nuclei were stained with DAPI. Scale bar:
50 pum. ¢ Quantification of the percentage of P75+, NESTIN+, AP2a+and SOX10+cells at day 12 of differentiation. d Flow cytometry analysis of P75,
HNK1, NESTIN and SOX2 expression in hESC-derived NCCs. These images are representative of n=3 biological replicates. e The expression of pluripo-
tency genes (POU5F1, NANOG) and NCCs markers (B3GATI, NESTIN, NGFR, SOX10, TFAP2A) in hESCs and hESC-derived NCCs was detected by qPCR. n=3,
'p<005, "p<001, “p<0.001, "p<0.0001. f Flow cytometry analysis of CD90, CD105, CD73, CD29, CD19 and CD34 expression in hESC-NCC-derived
mesenchymal stem cells. n=3. g hESC-NCCs could be differentiated into mesenchymal derivatives, including Oil Red O-stained adipocytes (red), Alizarin
red-stained osteocytes (red), and Alcian blue-stained chondrocytes (blue). Scale bars, 100 um. h Immunofluorescence staining showing that hESC-
derived NCCs could be differentiated into peripherin neurons, which expressed TUJ1 and Peripherin. Nuclei were stained with DAPI. Scale bar: 50 ym. i
S100B + Schwann cells were detected in differentiated hESC-derived NCCs. Nuclei were stained with DAPI. Scale bar: 50 um

and factors related to the pivotal pathways of eye devel-
opment involving TGEfB, WNT and FGER [27, 28]. We
first assessed the efficiency of inducing iCECs using the
TGEFp inhibitor SB431542 and the WNT inhibitor DKK2
(SD). Treatment with SD resulted in high expression of
ZO-1 by day 12 and a complete lack of Na* K* ATPase
expression (Fig. S2a). Fibroblast growth factor 2 (bFGF)
has been reported to stimulate endothelial-mesenchymal
transition of iCECs during in vitro culture [29, 30]. In
subsequent optimization, we found that NCCs failed to
produce ZO-1+or Na* K* ATPase+iCECs after treat-
ment with SD medium supplemented with bFGF (SDB)

for 12 days. However, ZO-1 and Na* K* ATPase were
robustly induced in SDU (SD medium supplemented
with FGFR inhibitor SU-5402)-treated cultures (Fig. S2a),
suggesting that inhibition of WNT and TGEFp signaling
in combination with inhibition of the FGFR pathway can
efficiently convert NCCs to iCECs (Fig. 2a).

After induction for 12 days, the cells exhibited polygo-
nal morphology with tight junctions (Fig. 2b). Immu-
nofluorescence staining revealed that CEC-specific
markers, including tight junction protein 1 (ZO-1), Na*-
and K*-dependent adenosine triphosphatase (Na* K*
ATPase), N-cadherin, AQP1 and CD166, were highly
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Fig. 2 Differentiation of hESC-derived NCCs into corneal endothelial cells. a Schematic illustration of the differentiation conditions used to generate cor-
neal endothelial cells from NCCs. b The hexagonal morphology of iCECs differentiated from hESC-derived NCCs. Scale bar: 50 um. ¢ Immunofluorescence
staining showing that iCECs expressed ZO-1, Na™ K* ATPase, AQP1 and N-cadherin. Nuclei were stained with DAPI. Scale bars: 50 um. d Quantification of
the percentage of ZO-14, Na* K* ATPase+, AQP1+and N-cadherin+ cells at day 24 of differentiation. e Flow cytometry analysis of ZO-1/Na* K* ATPase,

N-cadherin and CD166 expression in iCECs. n=3

expressed (Fig. 2c-d). We also established a fluorescence-
activated cell sorting (FACS) assay system to enable the
quantification and enrichment of differentiated iCECs
(Fig. 2e). The robustness of the protocol across cell lines
was confirmed by repeated experiments using two addi-
tional hESC lines (Fig. S2b).

Molecular characterization and in vitro functional assay of
iCECs during differentiation

We next performed RNA sequencing (RNA-seq) to iden-
tify the transcriptional expression signatures of cells at
different stages from hESCs. Globally, gene expression
analysis revealed the progressive differentiation and mat-
uration of hESCs into iCECs by day 24 of differentiation
(Fig. 3a). Principal component analysis (PCA) and clus-
ter dendrogram both supported the marked transcrip-
tional changes in the time course of differentiation and
demonstrated similar transcriptional profiles of three
iCECs groups (days 16, 19 and 24) (Fig. S3a-b). Analysis
of pluripotent and differentiated genes confirmed that
all groups of iCECs started to express the barrier-associ-
ated gene CDH2 (N-cadherin) and membrane transport
genes ATPIA1 and CLCN3, which were distinct from
those of hESCs and NCCs, showing a cell fate transition
toward corneal endothelial identities. Moreover, to bet-
ter define the differentiation of iCECs from hESCs as well
as NCCs, gene set enrichment analysis (GSEA) showed

that the significantly upregulated gene sets in the pCECs
compared with hESCs as well as NCCs, were enriched
in the high expression region of iCECs. Conversely, the
significantly downregulated gene sets in the pCECs were
enriched in the low expression region of iCECs (Fig. S3c-
f). The sequencing date of pCECs was from the previous
study [15]. These comprehensive results provided valu-
able insights into the transcriptional differences among
pCECs with hESCs as well as NCCs, highlighting the
similar gene expression patterns of iCECs with pCECs.
Notably, iCECs only at day 24 highly expressed the
known CECs markers COL8A2, AQP1, ALCAM, ZP4 and
SLC4A4, confirming an authentic CECs phenotype, while
other groups displayed lower or no expression of these
genes. We also found that there was almost no expres-
sion of SLC4A11 in day 24 cells (FPKM<1) (Fig. 3b). A
recent study showed that CEC precursors didn’t express
SLC4A11 until 7 days after transplantation [26]. Given
that SLC4A11 is a marker of mature iCECs, our day 24
cells may need further maturation in vivo.

Differentially expressed genes (DEGs) analysis com-
paring the two stages (day 19 and day 24) showed a
total of 8039 genes that were differentially expressed (p
value adjusted<0.05). The upregulated genes on day
24 (ALCAM, PCDHI9, ATP1B2) were associated with
cell adhesion and migration, osmotic regulation and
ion transportation. However, the downregulated genes
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Fig. 3 In vitro maturation and functional characteristics of iCECs. a Heatmap of RNA expression at different time points in differentiated iCEC. There were
2 independent biological replicates in each sample. b Heatmap of selected gene sets from RNA-Seq at different time points of iCECs differentiation. The
unit of the color in each gene is log (FPKM+ 1). Blue indicates downregulated transcripts, and red indicates upregulated transcripts. ¢ Volcano plot of
differentially expressed genes between day 19 and day 24 of iCECs differentiation. Blue indicates upregulated transcripts on day 19, and red indicates
upregulated transcripts on day 24. d GO analysis from RNA-Seq within day 19 versus day 24 iCECs differentiated cells. @ gPCR of CECs markers during
iCECs differentiation of hESC-derived NCCs. f The potential differences in hESCs, day 19 and day 24 of differentiated iCECs. The image presents the mean
value of 10 times per second. g Changes in the potential difference before and after adding 10 uM ouabain to day 24 iCECs. Total time is 120 min (f, g)

(BEX1, TAGLN, ATCA2) were associated with the forma-
tion of neural cells and smooth muscle, which are deriva-
tives of NCCs (Fig. 3c). Gene Ontology (GO) analysis
revealed that genes enriched at day 24 relative to day
19 were largely associated with regulation of membrane
potential, anion membrane transport and inorganic
anion transport, consistent with the specific characteris-
tic of mature iCECs that had been reported in previous
work [15], which may be the functional features that dis-
tinguish early and mature iCECs (Fig. 3d). qPCR analy-
sis confirmed the dramatic decrease in NCCs markers
(NGFR and SOX1I10) and a time-dependent increase in
CECs markers (TJP1, CDH2 and AQPI) (Fig. 3e).

Given that TJP1 (Z0O-1), CDH2 (N-cadherin), ATP1A1
(Na*K*ATPase) and AQPI play critical roles in the func-
tion of CECs, we hypothesize that a prolonged matura-
tion culture might be needed for functional acquisition
of iCECs. To demonstrate the functional capacity of
iCECs, we performed transendothelial electrical poten-
tial difference recording of day 19 and day 24 cells using
a Transwell system as described previously [31]. This
transendothelial potential is dependent on continuous
tight junctions and the activity of Na* K* ATPase, which
is of fundamental importance for the osmotic activity
of iCECs. Compared with the hESCs control, the time
course of the potential difference of day 24 cells showed
a rapid increase after recording. The plateau value was

approximately 42 mV within 45 min, while the potential
difference of day 19 cells only rose to 14 mV slowly until
120 min (Fig. 3f). Notably, the potential difference can be
partially blocked by ouabain, a Na* K* ATPase inhibitor
that is used to treat heart failure and arrhythmias [32]
(Fig. 3g). These data indicate that day 24 cells subjected
to our differentiation protocol acquire the key functional-
ity of iCECs.

Generation of a clinically available off-the-shelf iCEC
products

The workflow diagram for the overall cell manufacturing
process is shown in Fig. 4a. Briefly, the hESCs master cell
bank (MCB) was established using the CB0019 cell line
(passage 30) under current good manufacturing practice
(cGMP) conditions. For NCCs production, one frozen
vial from MCB was thawed and expanded for 3 passages
prior to differentiation. After differentiation for 12 days,
the NCCs working cell bank (WCB) was established.
For iCECs production, one of the vials from WCB was
thawed and directly differentiated into iCECs. The final
products were harvested and cryopreserved at differenti-
ation day 24. In the process of cell manufacturing, quality
control check points were placed to ensure the quality of
the MCB and WCB intermediate products, and the final
products had to pass the release test before it could be
used (Fig. 4a and Table S1).
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Fig. 4 Characterization of clinically available iCEC products. a Scheme of the cell production process for clinical use. b Viability of cryopreserved iCEC
products postthawing in several commercial cryopreservation reagents. Cell viability was measured by the AOPI system. c Immunofluorescence staining
showing that the iCEC products expressed ZO-1 and Na* K* ATPase. Nuclei were stained with DAPI. Cells were analyzed after 5 days of further iCECs dif-
ferentiation postthawing the day 24 iCEC products. The reagents used for each cell freezing are shown at the bottom. Scale bars: 50 um. d Quantification
of the positive rate of ZO-1/Na* K* ATPase and N-cadherin cells in cryopreserved iCECs after flow cytometry analysis. e The viability of postthawing iCEC
products was measured at 0 h and in cells placed on ice for 6 h before and after simulated injection. These lines represent 3 independent experiments.
f Immunofluorescence staining of ZO-1 and Na* K* ATPase for iCEC products, which were cultured for 5 days from e. Cells were on ice for 6 h prior to
stimulation injection. Nuclei were stained with DAPI. Scale bars: 50 um

To ensure the long-term stability of the cryopreserved
iCEC products in a ready-to-use format, we first com-
pared various commercial cryopreservation media and
determined the postthaw viability of the iCEC prod-
ucts after 6 months. CELLBANKER 2 yielded the high-
est viability after thawing, which ranged from 93.73 to
95.91% (average 94.64% * 0.94% n=5 vials/lot) (Fig. 4b).

Immunofluorescence staining showed that cells in the
CELLBANKER 2 group exhibited robust ZO-1 and Na*
K* ATPase expression with the expected CECs morphol-
ogy (Fig. 4c). Flow cytometry analysis confirmed the high
percentages of ZO-1, Na* K* ATPase double-positive
(95.4%) and N-cadherin (95.1%) positive cells (Fig. 4d).
Moreover, cells can maintain a viability of more than 80%
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for 6 h post-thawing in injection solution at 4°C. Impor-
tantly, according to our cell transplantation protocol,
iCECs can be easily aspirated with a 30G insulin needle
(0.3 mm inner diameter) and yield high postinjection
viability (85.1%), allowing the transport of iCEC products
to the surgical site (Fig. 4e). There was no significant dif-
ference in the expression of ZO-1 and Nat* K* ATPase
before and after injection (Fig. 4f). Overall, this off-the-
shelf platform enables a rigorously quality controlled
batch of cells for clinical use.

Residual hESCs and teratoma formation assays of iCECs
Teratoma formation caused by undifferentiated pluripo-
tent cells is considered to be a major concern for the
application of hPSC-derived cells. Our immunofluo-
rescence staining showed that no residual OCT4+or
KI67 +cells remained in the final products (Fig. 5a). To
further examine the existence of residual hESCs, a qPCR
assay for POUSFI (OCT3/4) was performed. Samples
containing 100% hESCs (positive control), human fore-
skin fibroblasts (HFF, negative control) and iCECs spiked
with 0.00001-10% hESCs were used to determine the
limit of detection. The results reveal that the detection
limit for this assay is approximately 0.001%, which is con-
sistent with a recently published article [33]. Importantly,
the expression level of POUSFI in the HFF negative con-
trol was significantly higher than that in day 24 iCECs
("p<0.01) (Fig. 5b), suggesting that POUSFI mRNA was
undetectable in the final products.

a b
OCT4/DAPI

40
KI67/DAPI

Quantification cycle (Cq)
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To examine the long-term safety of iCECs in vivo, we
transplanted day 24 cells (1x10° cells per mouse) into
the subcutaneous space of NOG SCID mice, which is the
same dose used in the subsequent efficacy test. The hESC
line CB0019 (1x10° cells per mouse) was used as a posi-
tive control. As expected, hESCs gave rise to teratomas
in all 10 mice at approximately 4—10 weeks. Histologi-
cal analysis showed typical teratomas containing cells in
3 germ layers. In contrast, no teratoma formation was
observed for over 6 months in the iCECs group (n=20)
(Fig. 5¢-d). Moreover, no unexpected death was observed
in this group. These results suggest that day 24 iCECs do
not contain undifferentiated hESCs or teratomas.

In addition, to determine the survival and in vivo bio-
distribution of transplanted iCECs, we injected Lucifer-
ase-labeled iCECs into the anterior chamber of rabbits
with corneal endothelial dysfunction. The biolumines-
cence intensity of graft-surviving rabbits decreased from
day 14 to day 28, indicating that the number of trans-
planted iCECs was decreasing. However, there was no
bioluminescence signal in the vehicle group (Fig. S4a-b).
Meanwhile, no bioluminescence signal was observed in
other parts of the body (Fig. S4a). These results indicate
that the transplanted iCECs were distributed in the eyes
without overgrowth.

In vivo survival and efficacy study of iCECs in rabbit models
To evaluate the in vivo potential of differentiated iCECs,
we transplanted iCECs into unilaterally lesioned rab-
bit models. All studies were performed under good

hESCs

iCECs

Endoderm

Ectoderm

Fig. 5 Results of the in vivo safety study. a Immunofluorescence staining of OCT4 and KI67 for iCEC products. Nuclei were stained with DAPI. Scale bars:
50 um. b gPCR analysis of POU5FT in iCEC products spiked with different concentrations of hESCs. The data are represented as quantification cycle values
(Cg) (mean+SD, n=9) and normalized to GAPDH. ¢ Tumorigenicity study of hESCs (number of animals=10) and iCEC products (number of animals=20).
d Representative images of hematoxylin and eosin staining showing the endoderm (respiratory epithelium), mesoderm (cartilage) and ectoderm (pig-
mented retinal epithelium) from a single teratoma in the subcutaneous space of NOG mice injected with hESC lines (CB0019). Scale bars: 100 um
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laboratory manufacturing practice (GLP) conditions.
First, we mechanically scraped unilateral corneal endo-
thelium from Descemet’s membrane of rabbits as
described previously to construct a rabbit corneal endo-
thelial dysfunction model [34]. To confirm that rabbit
cornea endothelium was completely scrapped off after
modeling, we performed alizarin red staining of the cor-
neas immediately after surgery. The results showed that
there were no residual CECs in rabbit models, while
CECs of WT group showed obvious hexagonal cell mor-
phology (Fig. S5a). Moreover, confocal microscopy exam-
ination (HRT3) examination of vehicle group rabbits
(n=6) showed that no CECs were observed 1 day after
surgery (Fig S5b).

Then, iCECs (1 x10° cells per rabbit) labeled with Dil (a
red fluorescence probe) were immediately transplanted
into the rabbit anterior chamber (iCECs, n=12; vehicle
control, n=12). Corneal transparency observation and
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corneal thickness measurement were evaluated at 1, 4, 7,
14, 21 and 28 days after surgery. No animal died during
the postsurgery observation period. By the end of 28 days
after surgery, rabbits were euthanized for grafts analy-
sis. In 6 of the 12 rabbits in the graft group, a continuous
monolayer of Dil-labeled cells was observed behind Des-
cemet’s membrane in corneal slices. The grafts expressed
Z0-1 and the human marker STEM121 (Fig. 6a and Fig.
S6), indicating that grafted cells retained the CECs phe-
notypes in vivo. Moreover, no STEM121-/Z0O-1+cells
were observed (Fig. S6b-d). Therefore, we speculated that
the transplanted iCECs formed a new corneal endothe-
lium layer in different areas of the cornea. However, there
were no human cells or iCECs in the other 6 animals in
the graft group (Fig. 6b). In line with this, HE staining
also showed a continuous layer of cells attached to the
inner side of the cornea in the graft-surviving (n=6) and
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Fig. 6 Transplantation of iCEC products improves corneal functional recovery after corneal endothelial dysfunction. a b Immunohistochemistry staining
showing that the injected iCEC products survived and coexpressed a human-specific marker (STEM 121), corneal endothelial cell marker (ZO-1) and red
membrane fluorescence probe (Dil) in the graft-surviving group a, while these markers were not expressed in the graft-absence group b. Nuclei were
stained with DAPI. Scale bar: 50 um. ¢ Representative images of hematoxylin and eosin staining showing that the injected iCEC products were adher-
ent to Descemet’s membrane. The corneal thickness was thinner in the graft-surviving group than in the graft-absence and vehicle groups. Scale bars:
100 um. d The anterior segment images of rabbits showing that corneal transparency was improved with iCEC products injection, while corneal edema
was maintained without iCEC products injection from day 1 to day 28 after surgery. e Slit-lamp microscopic images (i) showing that corneal clarity was
improved after iCEC products transplantation, while corneal opacity was maintained in the vehicle group. confocal scanning laser ophthalmoscopy im-
ages (ii) showing that the number and morphology of corneal endothelial cells were recovered in the graft-surviving group, while there were no cells
observed in the vehicle group. Visante OCT images (iii) showing that corneal thickness was decreased in the graft-surviving group, while there was no
change in the vehicle group. f Changes in corneal thickness in the graft-surviving and vehicle groups at different time points after surgery. n=6, p < 0.05,
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WT groups (n=3) but not in the graft-absence (n=6) or
vehicle groups (Fig. 6¢).

To determine the reason for the variable outcomes in
cell surviving, we further examined the pathology of the
sections. We found that a large number of a-SMA +cells
with fibrous morphology were located in the corneas of
all the rabbits without grafts (n=6) (Fig. S7a). In contrast,
no SMA +cells were observed in graft-surviving animals
(n=6) (Fig. S7b). Also, we examined a-SMA expression
in the vehicle and WT groups. The results showed that
the graft group had a similar pattern to the vehicle group,
that is, half of the animals underwent stromal fibrosis,
while no a-SMA+cells were observed in WT corneas
(Fig. S7c-e). Numerous studies have demonstrated that
corneal injury, especially the Descemet’s membrane
injury may lead to corneal fibrosis and scar formation,
which is characterized by the expression of a-SMA [35—
39]. HE staining showed that there was a continuous Des-
cemet’s membrane in graft-surviving group, while it was
absent in graft-absence group (Fig. 6¢). We also found
that the vehicle corneas expressing a-SMA lacked Des-
cemet’s membrane and formed fibrosis after injury, but
the corneas of the vehicle-a-SMA- group and WT group
had continuous Descemet’s membrane (Fig. S7f). These
results indicated that the fibrosis of the corneal stroma
may be caused by the loss of Descemet’s membrane.

Next, we assessed the effects of iCEC grafts by slit
lamp, HRT3 and Visante optical coherence tomography
(OCT) examination. We found that the clarity of the
cornea decreased dramatically 1 day after surgery. Until
day 28, graft-surviving eyes showed a time-dependent
recovery of corneal transparency, while the graft-absence
and vehicle groups showed no recovery (Fig. 6d). Slit
lamp examination revealed that the cornea maintained
edema in the vehicle group, while the light transmit-
tance was improved in the graft-surviving group at day
28. Confocal microscopy examination showed polygo-
nal iCECs on Descemet’s membrane in the graft-surviv-
ing group, while there were no detectable iCECs in the
vehicle group. OCT analysis also showed a decreased
corneal thickness in the grafted group relative to the
vehicle group (Fig. 6E). We compared differences of cor-
neal thickness between the graft-surviving group (n=6)
and the vehicle-a-SMA +group (n=6). All rabbits in the
graft-surviving group showed gradual improvement
after day 7 and marked reduction in corneal thickness
at days 21 ("p<0.01) and 28 (" p<0.001). The mean cor-
neal thickness of the graft-surviving group at day 28 was
887.7+144.91 mm, which improved by approximately
32.02% compared with the vehicle (a-SMA+) group
(Fig. 6f). These results indicated that corneal edema
could be rescued by grafted iCECs.
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Discussion

Human PSC-based replacement therapy is a promising
strategy for treating corneal endothelial dysfunction [40].
For the application of cell therapy, it is critical to develop
robust differentiation protocols and quality control
schemes through the manufacturing process, resulting in
quality-controlled therapeutic cell products. In this study,
we developed a novel xeno-free protocol for the genera-
tion of transplantable human iCECs. We confirmed that
SB431542, DKK2 and SU-5402 can efficiently convert
NCCs into iCECs within 12 days, leading to improved
expression of CECs markers, such as ZO-1, Na© K*
ATPase, N-cadherin and CD166 (>95%). The robustness
of this method was further validated by successful differ-
entiation of iCECs with 2 other hESC lines. Such multiple
markers would be useful to completely define cell purity
in the cell products.

The most important concern of hPSC-based therapy is
undifferentiated PSCs in the final products, which may
lead to tumorigenicity. We analyzed residual hESCs by
immunofluorescence staining and qPCR but detected no
pluripotent or proliferative cells. Further in vivo safety
analysis was performed with NOG SCID mice, and the
results of histological analysis after 6 months showed no
teratoma in the injection sites. As additional evidence
of the safety of our cells, we did not observe cell prolif-
eration in our rabbit graft models. Another important
quality issue facing cell-based therapy is the cell formu-
lation. We also established a robust cryopreservation
and cell stability scheme by screening cryopreservation
solutions. The development of off-the-shelf iCEC prod-
ucts allows for the storage of a large number of cells in
the same batch and extensive testing prior to application.
Notably, the serum-free cell cryopreservation medium
CELLBANKER 2 had the highest recovery rate and
batch-to-batch stability.

The ion pump function of CECs is crucial for driving
water movement across the endothelium, which ensures
a relatively dehydrated state of the cornea, thereby main-
taining clarification [41]. We also established in vitro
functional assessment methods to control for batch vari-
ation and predict the therapeutic efficacy of iCECs. The
results demonstrated that the differentiated iCECs on day
24 were mature iCECs. Our data presented here support
prior reports that the membrane potential of cells can be
measured by the combination of oscilloscope and Tran-
swells to evaluate cell maturity [31]. Moreover, RNA-seq
data identified potential molecular markers of mature
iCECs, which may serve as surrogates for predicting their
functional properties. Notably, the trend of the potential
difference changed significantly after adding ouabain,
which further proved the reliability of ensuring cell func-
tional maturation by this method.
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We further demonstrated that transplanted iCECs
formed a cell layer attached to host tissue, and the cor-
neal transparency was increased, indicating that the
iCECs layer functions in the cornea. The results also
showed that the graft did not survive in some rabbits,
and further analysis revealed the expression of the fibro-
sis marker a-SMA in the corneas of these animals, sug-
gesting that fibrosis might affect the survival of the grafts.
Similar results were seen in other previous reports that
found a-SMA expression in corneal endothelial precur-
sor grafts, and the survival and function of grafted cells
were largely reduced [26]. Although numerous studies
have shown the therapeutic effect of hPSC-derived CECs
in rabbit or nonhuman primate models [24—26, 42], the
method of modeling in most of them is to scrape off parts
of the iCECs of the hosts [25, 26, 42]. In clinical trials of
pCECs transplantation, the human corneal endothelium
is completely scraped off [8]. In the current study, to
enable consistency with clinical applications, we scraped
all the rabbit corneal endothelium, which may have
caused additional damage. In our vehicle group, a-SMA
expression was also found in half of the rabbits, indicat-
ing that the fibrosis was caused by scraping of Descemet’s
membrane during surgery. Therefore, to develop anti-
fibrosis strategies, we established an in vitro cell model
as described previously [43]. The results showed that
iCECs exhibited fibroblast morphology after treatment
with TGEP1, while SB431542 could effectively inhibit cell
fibrosis (Fig. S8). Next, we will further explore the feasi-
bility of SB431542 combination with iCECs transplanta-
tion to reduce the effect of corneal stromal fibrosis in the
future animal experiments. Moreover, the New Zealand
white rabbit has been widely used for corneal endothelial
cell degeneration models because it shares similar CECs
density, corneal diameter and central corneal thickness
with humans. However, rabbit CECs can regenerate
after injury, making it difficult to evaluate the efficacy
of the tested treatment. In this case, cells need to be
transplanted immediately after modeling, which causes
the cells to face an acute inflammatory environment. It
seems that surgical injury and inflammatory reactions
are the main obstacles to the success of iCECs replace-
ment. Therefore, an important issue to be improved in
the future is the development of strategies to solve the
limited survival of transplant cells, suggesting that fur-
ther studies are needed to address fibrosis after injury
and inflammation.

Overall, our study provides a novel and comprehensive
strategy suitable for translational applications of iCECs.
Our data also indicate that fibrosis due to surgery might
be informative of the treatment outcomes.
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Materials and methods

Neural crest cell differentiation of hESCs

The hESC lines CB0017, CB0018 and CB0019 were
obtained from the National Stem Cell Resource Cen-
ter, Institute of Zoology, Chinese Academy of Sciences
(Beijing, China) and prepared as described previously
[44]. The hESCs were maintained on vitronectin-coated
(Gibco) plates with E8 medium (Gibco). Cells were pas-
saged every 4-5 days with TrypLE™ Select CTSTM™
(Gibco) to new vitronectin-coated plates. All cells were
cultured in a 37 °C and 5% CO, incubator. The culture
medium was changed every day.

The NCCs differentiation protocols used in this
study are from previous work [45]. Briefly, hESCs in E8
medium were dissociated into single cells with TrypLE™
Select CTS™ and seeded onto vitronectin-coated plates
containing E8 medium and 10 uM Y27632 (Selleck) at a
density of 6 x 10* cells/cm?.

Differentiation potential of hESC-derived NCCs

For peripheral neurons, hESC-derived NCCs were dis-
sociated into single cells with TrypLE™ Select CTS™ and
seeded onto vitronectin-coated plates at a density of
3x10* cells/cm? in N2B27 medium. The N2B27 medium
consisted of Neurobasal™ Medium CTS™ (Gibco), 1x
N-2 Supplement CTS™ (Gibco), 1x CTS™ B-27™ Supple-
ment XenoFree (50%) (Gibco), 10 ng/mL EGF (R&D Sys-
tems) and 10 ng/mL bFGF (Peprotech). The next day, the
N2B27 medium was switched into peripheral neuron
differentiation medium, which contained 1x N-2 Sup-
plement CTS™, 1x CTS™ B-27™ Supplement XenoFree
(50x%), 200 uM ascorbic acid (AA) and 2 pM dibutyryl-
cAMP (dbcAMP) (both from Sigma-Aldrich), as well
as 25 ng/mL brain-derived neurotrophic factor (BDNF),
25 ng/mL neurotrophin-3 (NT3) and 50 ng/mL glial
cell line-derived neurotrophic factor (GDNF) (all from
Peprotech). Half of the medium was changed every 2-3
days. The expression of peripheral neuron markers was
detected at day 20.

For Schwann cell differentiation, hESC-derived NCCs
were seeded onto vitronectin-coated plates at a density
of 5% 10* cells/cm? in N2B27 medium for 2 weeks. Then,
the medium was changed to N2B27 medium without
EGF and bFGF and supplemented with 10 ng/mL ciliary
neurotrophic factor (Peprotech), 20 ng/mL neuregulin
(R&D Systems) and 0.5 mM dbcAMP. The medium of the
cells was changed every 2—-3 days. Then, the expression of
Schwann cell markers was identified at day 28.

For MSCs differentiation, hESC-derived NCCs were
seeded onto vitronectin-coated plates at a density of
1x10* cells/cm? in differentiation medium consist-
ing of a-MEM and 10% FBS (both from Gibco) for
approximately 3 weeks. For MSCs derivative differen-
tiation, a Human Mesenchymal Stem Cell Functional
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Identification Kit (R&D Systems) was used. MSC-derived
adipogenic cells were stained with Oil Red O (Solarbio)
for lipid droplet analysis. MSC-derived osteogenic cells
were stained with Alizarin Red (Solarbio) for analysis of
mineralized nodule formation. MSC-derived chondro-
genic pellets were first embedded in paraffin, cut into
10 pum sections, and then stained with Alcian Blue (Solar-
bio) to evaluate glycosaminoglycan content.

Generation of iCECs from hESC-derived NCCs
hESC-derived NCCs were dissociated into single cells
with TrypLE™ Select CTS™ and seeded onto vitronectin-
coated plates containing iCECs differentiation medium
and 10 pM Y27632 at a density of 5x10* cells/cm?
Basal medium consisted of KNOCKOUT™ DMEM/F-12
CTS™, KNOCKOUT™ SR XenoFree CTS™, 1% Gluta-
MAX™ CTS™ 1% MEM Non-Essential Amino Acids
(NEAA) and 1% Insulin-Transferrin-Selenium (ITS) (all
from Gibco), as well as 0.1% ascorbic acid (AA) (Sigma-
Aldrich). iCECs differentiation medium included basal
medium and 10 pM SB431542, 10 ng/mL DKK2 (R&D
Systems) and 100 nM SU-5402 (Biovision). Cells were
cultured in differentiation medium for 12 days. The
medium was changed every day.

To induce normal iCECs to fibroblast morphology, we
used basal medium supplemented with 10 ng/ml TGFf1
(Peprotech) to culture normal iCECs for 5 days. Next,
replacing TGFB1 with SB431542 and cultured the iCECs
for another 7 days, then evaluated the expression of cell
markers.

Quantitative real-time PCR

RNA extraction was performed using TRIzol (Ambion)
according to the manufacturer’s instructions. A Nano-
Drop ND-1000 spectrophotometer (NanoDrop Tech-
nologies) was used to measure the concentration of
extracted RNA. RNA was converted into cDNA by a two-
step protocol using the PrimeScript 1st strand ¢cDNA
synthesis kit (TaKaRa). Real-time PCR was performed
using SYBR Green reagent (TOYOBO) on a LightCycler
480 Detection System (Roche Diagnostics). The PCR
conditions were 1 min at 95 °C followed by 40 cycles of
95 °C for 15 s and 60 °C for 30 s. The expression of spe-
cific genes was normalized to that of GAPDH, and the
changes in expression were calculated as fold changes by
AACt. All primer sequences are listed in Table S2.

Flow cytometry

Cells were dissociated into single cells with TrypLE™
Select CTS™ and then resuspended in DPBS (Gibco). For
surface marker staining, cells were incubated with 2%
BSA (Sigma-Aldrich) for 30 min. Then, cells were incu-
bated with primary antibody diluted in 100 pL 2% BSA
per sample for 30 min as indicated in Table S3. After
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washing with DPBS 3 times, the cells were incubated in
2% BSA-diluted secondary antibody for 45 min. The cells
were washed with DBPS 3 times, and then the samples
were run on a cytometer for analysis. For intracellular
marker staining, cells were first fixed in 4% paraformalde-
hyde (PFA) for 10 min. Primary and secondary antibod-
ies were diluted in 2% BSA and 0.3% Triton (Invitrogen)
instead. Appropriate isotype-matched monoclonal anti-
body controls were selected to identify subset gating and
positive populations.

Immunofluorescence staining

Cells were fixed in 4% PFA at room temperature for
30 min and washed 3 times with DPBS. Cells were treated
with 2% BSA (surface primary/secondary antibody dilu-
ent) or 2% BSA and 0.3% Triton (intracellular primary/
secondary antibody diluent) at room temperature for
2 h. Then, cells were incubated with diluted primary anti-
bodies overnight at 4 °C. On the next day, the cells were
washed 3 times with DPBS and incubated with diluted
secondary antibodies for 2 h at room temperature. Then,
the cells were washed 3 times with DPBS and stained
with DAPI (Invitrogen) for 10 min. Samples were affixed
to glass slides dripped with anti-fluorescence attenuation
solution and fixed with clear nail polish.

The corneal tissue was cut into several parts and
embedded with optimal cutting temperature compound
after being treated with 4% PFA. The samples were sliced
into 10 pm-thick sections and then used for immuno-
fluorescence staining. The expression of markers was
observed by confocal laser-scanning microscopy (LSM-
880, Carl Zeiss). All antibodies used are listed in Table S4.

RNA sequencing and analysis

Total RNA from samples (different time points of CEC
differentiated cells) harvested from monolayers or micro-
carriers was extracted using TRIzol. RNA-seq libraries
were built for Illumina® using the NEBNext°Ultra™ RNA
Library Prep Kit. Sequencing was performed on an Illu-
mina HiSeq X-Ten sequencer with a 150 bp paired-end
sequencing reaction. After the sequencing data were fil-
tered, they were mapped to the reference genome hg38
using STAR. Gene expression levels were estimated
by counting sequencing sequences (reads) mapped to
genomic regions or exon regions and FPKM (Fragments
per Kilobase of exon model per Million Mapped Frag-
ments). DESeq2 was used for DEGs analysis, and the
screening criteria for DEGs in this project were [log2-
fold change| > 1 and p value<0.05. PCA of RNA-seq data
from differentiated iCECs at different time points was
performed using the prcomp function in R. The heatmap
and volcano map were generated with the pheatmap and
ggscatter functions in R. The Pearson correlation coef-
ficient was calculated by cor.test in R. Gene Ontology
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pathway analysis for DEGs was performed with the clus-
terProfiler package. The pCECs data was obtained from
the GEO database (GSE41616). RNA sequencing data of
iCECs, hESCs and NCCs were analyzed to identify DEGs
using a fold change threshold of 50. DEGs were classified
as upregulated or downregulated and GSEA was per-
formed to determine the enrichment of these gene sets in
pCECs. Significant enrichment was defined as |normal-
ized enrichment score (NES)| > 1, p value<0.05 and false
discovery rate (FDR)<0.25.

Hematoxylin & eosin staining

The corneal tissues were embedded in paraffin and sliced
into 10 pm-thick sections. After paraffin removal with
xylene (Aladdin), the sample was hydrated with gradient
concentrations of ethanol. The samples were washed with
tap water and stained with hematoxylin (ZSGB-BIO),
washed with 0.1% aqueous ammonia, and finally stained
with eosin (ZSGB-BIO). The samples were dehydrated
by gradient ethanol, treated with xylene and affixed to
cover slips dripped with neutral balsam. The tissues were
observed with a Leica Aperio VERSA8 Fluorescent Slide
Scanner.

Transendothelial electrical potential difference recordings

hESC-derived NCCs were seeded onto a vitronectin-
coated Transwell (Corning) insert in plates containing
iCECs differentiation medium. Cells were washed with
DBPS 3 times before recording. The black (or reference)
alligator clip was connected to a copper electrode, which
was inserted into the lower compartment. The red (or
positive) alligator clip was connected to a cooper elec-
trode, which was inserted into the upper compartment.
Alligator clips connected to the wires, respectively con-
nected to an oscilloscope (Tektronix), red channel 1,
black channel 2. At this time, iCECs differentiation
medium was added to the upper and lower compart-
ments. The oscilloscope was turned on and set to 10
times per second for a total of 2 h. Control hESCs were
also seeded onto Transwell inserts in a plate for 5 days,
and the potential difference was measured. The final
potential difference was calculated by subtracting black
channel 2 from red channel 1.

The potential difference of iCECs on the day 24 of dif-
ferentiation was recorded. After the potential difference
was stable, 10 uM of the Na™ K* ATPase inhibitor oua-
bain (Sigma-Aldrich) was added to the upper compart-
ment, and then the change in potential difference was
observed.

iCECs cryopreservation and thawing

For iCECs cryopreservation, cells were dissociated into
single cells with TrypLE™ Select CTS™ and counted with
CountStar Rigel S5. Then, the cells were resuspended in
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freezing solutions and divided into cryogenic vials (Corn-
ing). All cryogenic vials were placed in CoolCell® con-
tainers (Corning), placed in a -80°C refrigerator (Thermo
Fisher) for gradient cooling, and transferred to liquid
nitrogen the next day. For iCECs thawing, the cells were
thawed with an automated thawing system (BioLife) and
immediately added to warm medium. After centrifu-
gation, the supernatant was discarded, and the thawed
iCECs were washed 3 times with DPBS. To determine the
viability of iCECs after thawing, we resuspended cells in
injection solution, placed them at 4 °C for 6 h, and then
measured the cell viability with a cell counter every 2 h to
simulate the cell transplantation procedure.

Teratoma formation

For the in vivo safety study, 7-week-old male NOG
SCID mice from Vital River Laboratory Animal Tech-
nology Co., Ltd. were used. iCECs were dissociated into
single cells, and then 100 pL solutions containing 1x10°
cells and ice-cold Matrigel (Corning) were injected into
the subcutaneous space of the back of NOG SCID mice
(n=20). Additionally, 1x10° control cells (hESC line
CB0019) were injected into NOG SCID mice (n=10). All
mice injected with iCECs were observed for 6 months.
The subcutaneous tumors were fixed with 4% PFA, paraf-
fin embedded and sliced at 5 um for staining.

Cell transplantation

Dil staining solution (1 mM Dil:differentiation
medium=1:200) was added to the iCECs 3 days before
transplantation and incubated at 37 °C for 6 h. The cells
were washed with warm medium 3 times and observed
with a confocal laser-scanning microscope to deter-
mine whether the staining was successful. The rabbit
in vivo study following GLP regulations was performed
at JOINN Laboratories (Suzhou) Inc., Suzhou, China.
The animals were kept at 18-26 °C, relative humidity
40-70%, good ventilation and alternating light and dark
for 12 h. Male New Zealand white rabbits 3—4 months
old weighing 2.0-2.5 kg were used. Tacrolimus eye drops
(Senju Pharmaceutical Co., Ltd) were given to animals 3
days before the operation, 3 times a day. On the day of
operation, the animals were anesthetized intramuscularly
with ketamine hydrochloride (50 mg/mL, 10 mg/kg) and
xylazine hydrochloride (20 mg/mL, 3.2 mg/kg). Topical
anesthesia was performed with benoxinate hydrochloride
during the operation. All rabbits were randomly divided
into two groups (n=12/group). The right eye was the
operative eye. After eye disinfection, the anterior cham-
ber was incised with a 1.2 mm slit knife at 9 o'’clock, and
the corneal endothelium was completely scraped off
from Descemet’s membrane with a homemade 20G sili-
cone needle. The residual corneal endothelial cells in the
anterior chamber were rinsed slowly with sodium lactate
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Ringer’s injection. During debridement, air was injected
to maintain the anterior chamber. The lenses of all rab-
bits were preserved.

The iCECs were dissociated into single cells. Then,
1x10° cells were suspended in 100 pL iCECs basal
medium supplemented with 10 pM Y27632. The cell
suspension was injected into the center of the anterior
chamber with a clean 30G insulin needle. The rabbit
was turned and the eye was kept down for at least 3 h to
ensure cell attachment. Tacrolimus eye drops were given
daily for 1 week, and levofloxacin eye drops and tobra-
mycin dexamethasone ophthalmic ointment were given
daily for 2 weeks after the operation. The vehicle eyes
were injected with iCECs basal medium supplemented
with 10 uM Y27632.

The anterior segment of the eyes and corneal transpar-
ency were examined with a slit lamp, the central corneal
thickness was measured by OCT, and the central corneal
endothelial cells were observed by confocal scanning
laser ophthalmoscopy on days 1, 3, 5, 7, 14, 21, and 28
after surgery. Photos were collected and saved at each
inspection point. The measured data had three readings
at a time, and the average value was taken.

In vivo tracing of iCECs

Luciferase-labeled hESC line (CB0019) was prepared as
described previously [46]. The differentiation protocol
of luciferase-labeled iCECs has been mentioned above.
Male New Zealand white rabbits 3—4 months old weigh-
ing 2.0-2.5 kg were used. 1x 10° luciferase-labeled iCECs
were suspended in 100 puL iCECs basal medium supple-
mented with 10 pM Y27632. And the cell suspension was
injected into the center of the anterior chamber. Then,
the rabbit was anesthetized intramuscularly with ket-
amine hydrochloride and xylazine hydrochloride at day
14, 21, 28 after surgery. Immediately after anterior cham-
ber administration of 100 puL of 30 uM Akalumine-HCl
(TokeOni), bioluminescent images of eyes were acquired
using IVIS Lumina III (PerkinElmer). The images were
analyzed by Living Image 4.3 software (PerkinElmer).

Statistical analysis

All experiments were performed using at least 3 biologi-
cal replicates. The data are presented as the mean+SD.
Statistical analysis was performed by using GraphPad
Prism 8 and OriginPro 2022 software. Image] 1.52a and
ImageScope x64 were used to analyze immunofluo-
rescence staining and HE staining, respectively. Flow
cytometry results analysis was performed by using Cyt-
Expert 2.3 and FlowJo V10.0. The statistical significance
(p value) of differences between mean values was deter-
mined using Student’s ¢ test, one-way analysis of variance
(ANOVA) or two-way ANOVA. p<0.05 was considered
significant.
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List of abbreviations

hPSCs human pluripotent stem cells
hESCs human embryonic stem cells
NCCs neural crest cells

CECs corneal endothelial cells

iCECs induced corneal endothelial cells
pCECs primary corneal endothelial cells
MSCs mesenchymal stem cells

FBS fetal bovine serum

dbcAMP  dibutyryl-cAMP

BDNF brain-derived neurotrophic factor
NT3 neurotrophin-3

GDNF glial cell line-derived neurotrophic factor

NEAA Non-Essential Amino Acids

ITS Insulin-Transferrin-Selenium

AA ascorbic acid

PFA paraformaldehyde

GO Gene Ontology

FPKM Fragments per Kilobase of exon model per Million Mapped
Fragments

GSEA gene set enrichment analysis

ES enrichment score

NES normalized enrichment score

FDR false discovery rate

oCT optical coherence tomography

GLP good laboratory manufacturing practice

Qc quality control
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