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Purpose: We generated universal corneal epithelial cells (CEC) from human
embryonic stem cells (hESC) by genetically removing human leukocyte antigens
(HLA) class I from the cell surface.

Methods: The serum-free, growth factor-free, and defined medium E6 was used to
differentiate hESC to CEC. Decellularized murine corneas were recellularized with
hESC-derived CEC. Using CRISPR/Cas9, b-2-microglobulin (B2M) was deleted in hESC to
block the assembly of HLA class-I antigens on the cell surface to generate B2M�/�

CEC.

Results: E6 alone was sufficient to allow hESC differentiation to CEC. A time-course
analysis of the global gene expression of the differentiating cells indicates that the
differentiation closely resembles the corneal development in vivo. The hESC-CEC were
highly proliferative, and could form multilayer epithelium in decellularized murine
cornea, retain its transparency, and form intact tight junctions on its surface. As
reported before, B2M knockout led to the absence of HLA class-I on the cell surface of
hESC and subsequently derived CEC following stimulation with inflammatory factors.
Moreover, B2M�/� CEC, following transplantation into mouse eyes, caused less T-cell
infiltration in the limbal region of the eye than the wild-type control.

Conclusions: CEC can be derived from hESC via a novel and simple protocol free of
any proteins, hESC-CEC seeded on decellularized animal cornea form tight junctions
and allow light transmittance, and B2M�/� CEC are hypoimmunogenic both in vitro
and in vivo.

Translational Relevance: B2M�/� hESC-CEC can be an unlimited and universal
therapy for corneal repair in patients of any HLA type.

Introduction

Corneal diseases affect millions of people world-
wide. For example, limbal stem cell deficiency
(LSCD) is characterized by the loss or deficiency of
stem cells in the limbus that are critical for the
regeneration of corneal epithelial cells (CEC). Limbal
stem cells (LSC) dynamically differentiate into CEC
via intermediate progenitor cells, including transiently
amplifying cells.1 Thus, loss or deficiency of LSC will
lead to corneal conjunctivalization, chronic inflam-
mation, and potential vision loss after the corneal
damage.2 Although medical management to restore

the limbal microenvironment and optimize the ocular
surface has some effects at the early stage of LSCD,3

corneal and LSC transplantation to date have been
the most effective treatment method.4 However,
transplantation of autologous LSC risks the healthy
cornea of the contralateral donor eye, and allogeneic

transplantation is limited by shortage of donors or
immunologic incompatibility.5,6 Interests are rising to
seek therapeutic alternatives using CEC derived from

human pluripotent stem cells (hPSC), including
human embryonic stem cells (hESC)7 and induced
pluripotent stem cells (iPSC).8,9

Many protocols have been developed for the
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differentiation of CEC from hPSC under conditions
that resemble the LSC niche or contain various
promoting factors. For examples, CEC are derived
from hPSC in a culture medium conditioned by
limbal fibroblast or LSC,10–13 or coculture with PA6
stromal cells as feeder,14 or on extracellular matrix
enriched surface15 and engineered biomaterials, such
as de-epithelialized Bowman’s membrane of cor-
neas.16 Recently, defined media have been used to
mimic the conditions in vivo for corneal epithelium
specification via constitution of signaling cues,
including transforming growth factor b (TGFb),
Wnt, and fibroblast growth factor (FGF) signal-
ing.17–20

Efforts also have been explored to seek engineered
biomaterials, for example, modified human amniotic
membrane, collagen, fibrin, poly(epsilon-caprolac-
tone), silk fibroin-chitosan, and chitosan-gelatin as
corneal cell carriers.20–26 However, they often do not
meet the clinic standards for transparency, mechan-
ical strength, biocompatibility, and biosafety. In
contrast, decellularized cornea (DC) have emerged
as a relatively safe and sustainable scaffold for cell
delivery, since it not only maintains the corneal
architecture, strength, and optical properties, but also
retains native matrix ultrastructure. Recellularization
of porcine DC with rabbit corneal cells can build up a
sheet of rabbit corneal equivalent.27 Similar results
were obtained with porcine DC recellularized with
human corneal cells.28 In addition, CEC derived from
hESC in DMEM/F12 mixed at 1:1 with keratinocyte
serum-free medium under 7% O2 are seeded on
decellularized porcine limbal matrix followed by air-
lift culture to induce epithelial stratification.29 Al-
though human DC is a better choice compared to the
animal counterparts, as they possess human corneal
properties and will not cause xenogeneic immune
response,30 the limited availability of the source still
imposes a major hurdle to their use.

Traditionally, the cornea has been considered as an
immune privileged site in the body. However, immune
rejection remains the leading cause of corneal
allograft failure, accompanied by vascularization,
inflammation, and corneal graft failure.31 Thus,
disparities in the polymorphic human leukocyte
antigen (HLA) molecules between a donor and an
allogeneic recipient can elicit immune responses after
corneal transplantation.32 It is difficult to find HLA-
matched donors and risky to administrate long-term
immunosuppressive agents to recipients of allogeneic
cornea. Although iPSC can be derived from a patient
and differentiate into CEC,8,9 which should be

immunologically compatible for the treatment of the
same patient, it takes a couple of months to
reprogram patient’s cells into iPSC and differentiate
the iPSC into CEC. Besides, it is economically a
burden for patients to pay for all of the procedures.
To address these problems, scientists have conducted
genetic manipulations to generate hPSC without
HLA class-I or -II molecules, so-called ‘‘universal’’
hPSC.33 Allogeneic cells without the surface expres-
sion of the HLA molecules become invisible to
immune cells of a recipient.34

We differentiated hESC into CEC using a simple
E6 medium without cytokines and growth factors.
The gene expression profile of the differentiating
hESC somehow mimics the developmental procedures
during the embryonic corneal formation. Moreover,
we recellularized murine DC with hESC-derived
CEC, which formed multilayered epithelium on the
top of the DC with sustained transparency and
restored tight junctions. More importantly, we
generated hypoimmunogenic CEC by disrupting the
nonpolymorphic gene b-2-microglobulin (B2M) in
hESC as reported by others35-39 except that
CRISPR/Cas9 was used here. B2M�/� CEC lost the
surface expression of HLA class-I and caused less T
cell infiltration than wild-type (WT) CEC after
injection into the anterior chamber of immunocom-
petent mice.

Methods

Ethics Approval and Consent to Participate

Human embryonic stem cell lines were used in this
study in accordance with the National Institutes of
Health (NIH; Bethesda, MD) Guidelines on Human
Stem Cell Research. Animal use and care protocol
was approved by the University of Macau Ethics
Panel.

hESC Culture in E8 and Differentiation into
CEC in E6

hESC were cultured on Matrigel-coated culture
plates in E8 medium (Invitrogen, Carlsbad, CA) and
routinely passaged every 3 to 4 days with ethylene-
diaminetetraacetic acid/Dulbecco’s phosphate buff-
ered saline (EDTA/DPBS).40 The following hESC
lines were used in this study: H1, H9,7 CT3,41 and
Envy (GFPþ) derived from hES3.42

For differentiation into CEC, hESC were split
with EDTA/DPBS as small clumps in a culture plate
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coated with Matrigel. After the cells reached 10% to

15% confluency, the culture medium was replaced

with E6 (Invitrogen) alone (Fig. 1A), or supplement-

ed with IWR1, A83-01, and basic fibroblast growth

factor (bFGF; 3F) or 3F plus bone morphogenetic

protein 4 (4F) (Supplementary Fig. S1A) to initiate

CEC differentiation. Four days later, all media were

replaced with E6 and followed by daily refreshment

of E6 to continue the differentiation. By day 40, the

cells were dissociated with EDTA/DPBS until most

of the epithelial cells became round and detached

(which took up to 1 hour). The dissociated cells were

Figure 1. Generation, characterization, and differentiation efficiency of hESC-derived CEC. CEC were derived from H9 hESC, and three
biological replicates were set up for each sample, and each experiment was repeated at least twice (the same hereafter unless stated
otherwise). (A) A schematic showing the protocol for hESC differentiation into CEC in E6 with the cells split at day 40. (B) Morphology of
the differentiated cells at days 10 and 40. Scale bar: 400 lm (a, b, c) and 100 lm (a’, b’, c’). (C) Flow cytometry analyses for the
pluripotency marker NANOG, the corneal developmental markers PAX6, TP63, and KRT15, and the mature CEC markers KRT3 and KRT12
in hESC that differentiated in E6 for the designated times. (D) Immunostaining for TP63, PAX6, and KRT15 at day 45 of differentiation, and
KRT3 and KRT12 at day 75. Scale bar: 50 lm for all images. (E) Real-time PCR analysis for expression of marker genes for pluripotency, CEC
progenitors, and mature CEC, and transparency-associated genes during hESC differentiation to CEC for 8 weeks.
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harvested gently without disturbing the attached
nonepithelial cells and seeded at 1:3 ratio on a new
coated 6-well plate containing E6 medium and 1-lM
Y27632 (Stemgent, Cambridge, MA). The cells then
were maintained in E6, which was refreshed every
other day.

Real-Time Polymerase Chain Reaction (PCR)

Total RNA was extracted using Trizol reagent
(Ambion, Inc., Austin, TX). cDNA was synthesized
with random primers and Moloney murine leukemia
virus reverse transcriptase (M-MLV RT; Invitrogen)
after removing genomic DNA with DNase I
(Thermo Fisher Scientific, Waltham, MA). Real-
time PCR was performed with the SYRB Green
PCR master kit (Applied Biosystems, Foster City,
CA) on a C1000 Touch Thermal Cycler (Bio-Rad
Laboratories, Hercules, CA) using program: 2
minutes at 508C, 10 minutes at 958C, and 40 cycles
of 15 seconds at 958C and 1 minute at 608C. Primer
sequences for specific genes are presented in
Supplementary Table S1. Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) was tested as an
endogenous reference to calculate the relative
expression level of target genes. The results are
displayed as relative mRNA levels.

Microarray Gene Expression Analysis

For microarray experiment, RNA was isolated
from undifferentiated H9 and differentiated and
harvested H9 cells for various time points (2, 4, 6, 8
weeks), using Purlink RNA mini kit (Life Technolo-
gies, Carlsbad, CA) and cDNA libraries were
synthesized and processed using a single HumanHT-
12 v4 Expression Beadchip in the genomics core of
Faculty of Health Sciences. Further analysis was
performed using Beads Studio Software (Illumina,
San Diego, CA), Cluster, TreeView, and Excel
software. First, we used the quantile normalization
method to normalize each data point against the other
intra-array samples data. The normalized dataset for
CEC was filtered to remove data points with detection
a P value , 0.95 in all samples. The dataset was
further normalized by calculating the fold change for
each probe intensity of analyzed genes, compared to
the probe intensity of each gene in undifferentiated
H9 cells.

Flow Cytometry Analysis

Cells in adherent culture were dissociated into
single cells with 13 TrypLE and fixed by 4%

paraformaldehyde (PFA) for 30 minutes at room
temperature. The fixed cells were incubated in 0.1%
Triton X-100 solution for 10 minutes, blocked in 5%
bovine serum albumin (BSA) for 1 hour, and
incubated with antibodies against NANOG (Cell
Signaling Technologies), PAX6 (Invitrogen), TP63
(Boster, Pleasanton, CA) or KRT15 (Santa Cruz
Biotechnology, Inc., Dallas, TX), HLA-A/B/C
(ebioscience, San Diego, CA), B2M (Sigma-Aldrich
Corp., St. Louis, MO) at the dilution ratio of 1:100
overnight in a cold room. The cells then were washed
in cold PBS for 15 minutes twice to remove the
residual antibody, and incubated for 30 minutes with
secondary antibodies, for example, goat anti-mouse,
goat anti-rabbit, or donkey anti-goat IgG (Invitro-
gen), according to the isotype of the primary
antibodies. Control cells were incubated with the
secondary antibody only. Cells were washed with
cold PBS and analyzed on an Accuri C6 Flow
Cytometer (BD Biosciences, Franklin Lakes, NJ)
and the FlowJo software (Treestar, Inc., Ashland,
OR).

Hematoxylin and Eosin (H&E) Staining

Recellularized DCs were embedded with paraffin
and sectioned at 5 lm thickness. The paraffin-
embedded DC sections were stained with H&E for 5
minutes and 30 seconds, respectively, and visualized
under a light microscope (Carl Zeiss Meditec, Inc.,
Dublin, CA).

Immunocytochemistry

Cells were fixed with 4% PFA for 20 minutes and
permeabilized with 0.1% Triton X-100 for 10
minutes. Subsequently, the cells were blocked with
5% BSA for 60 minutes and incubated with primary
antibodies against PAX6 (Thermo Fisher Scientific),
TP63, Ki67 (Boster), KRT19, KRT15, KRT12 or
KRT3 (Santa Cruz Biotechnology, Inc.) at instruct-
ed dilutions overnight in a cold room. Cells were
washed with PBS at least 3 times and 15 minutes
each time before incubation with the isotype-
matching secondary antibodies (all from Invitrogen).
The cell nuclei were counterstained with 4, 6-
diamidino-2-phenylindole (DAPI). Bright-field and
fluorescent images were captured using the Carl
Zeiss Axio Observer. To check the expression of
CEC markers on the recellularized DC and in
sections of mouse skin tissues as controls, we
processed the samples the same way and incubated
with antibodies against human PAX6, KRT1,
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KRT10, KRT12, KRT14, KRT15, and VINCULIN
(Abcam, Cambridge, United Kingdom), and mouse
MHC Class I (Abcam), followed by secondary
antibodies against the isotype of the primary
antibodies and counterstaining with DAPI. Bright
field and fluorescent images were captured with Carl
Zeiss Axio observer. All primary and secondary
antibodies above were used at the dilution of 1:200
and 1:1,000, respectively.

IncuCyte Life-Cell Imaging

Cell proliferation was measured on the IncuCyte
Live Cell Analysis Imaging System (Essen BioScience
Inc., Ann Arbor, MI). Cells were seeded in a Matrigel
coated 6-well plate at 105 cells per well and images
were captured in nine positions per well every 2 hours
over a 4-day period. Proliferation was determined by
calculating the total area (% confluence) occupied by
cells, starting when cell confluence reached approxi-
mately 16%.

Cell Cycle Analysis

Cells were trypsinized and fixed in 70% ethanol at
�208C overnight. Fixed cells were pelleted at 250g
for 5 minutes, then incubated with the staining
solution containing 50-lg/mL Propidium iodide I
(PI), 0.1-mg/mL RNase A, and 0.005% Triton X-100
in PBS, for 1 hour on ice. Then, the cells were
pelleted and the supernatant was removed. PI-
stained cells were suspended in 300-lL PBS and
analyzed on Accuri C6 and further analyzed by
ModFIT LT 5.0 software (Verity Software House,
Inc., Topsham, ME).

Decellularization and Recellularization of
Mouse Cornea

Under an animal use and care protocol for this and
following experiments on murine eyes, approved by
the University of Macau Ethics Panel, mouse corneas
were isolated from the eyeballs of BALB/c mice,
treated with 0.5-M sodium hydroxide for 10 minutes,
washed thoroughly before they were placed at three
corneas/well in a 96-well plate, and treated with
ultraviolet light (UV) for 30 minutes to obtain DC.
Next, three DC were recellularized in one well (96-
well plate) with 2.53 105 either CEC derived from the
GFPþEnvy hESC or with the same number of HaCat
keratinocytes. Corneas were fixed in 4% PFA
overnight at 48C for further experiments within 1
week.

Light Transmittance Through DC

The light transmission spectra of fresh mouse
corneas, DC, and recellularized DC were detected via
a UV-Vis-NIR spectrophotometer (Thermo Fisher
Scientific) with the spectral distribution range from
400 to 800 nm. Transmittance of PBS was used to
normalize the results.

Generation of B2M�/� hESC

B2M�/� hESC were derived from H1 hESC line
using the CRISPR/Cas9 technology. B2M-specific
sgRNA oligos were annealed and cloned into
pSpCas9n(BB)-2A-GFP (PX461) and pSpCas9n(BB)-
2A-Puro (PX462) V2.0 (Addgene: #48140 and #62987),
respectively.43 H1 hESC were transfected with the
B2M sgRNA/nickase Cas9 pair. B2M�/� hESC were
sorted via FACS and individual clones validated by
genotyping and flow cytometry. Clone #1 was used in
the further experiments. All procedures for handling
recombinant DNA followed the NIH guidelines.

Cell Injection into the Anterior Chamber of
Murine Eye

BALB/c mice were anesthetized with Tribromo-
ethanol at 0.25 mg/g. 105 CECs in 2-lL PBS or PBS
alone as a control was injected into the anterior
chamber of the right eye of BALB/c mice using a
microliter syringe. After 4 days, the mice were
euthanized via CO2 inhalation, and the injected
eyeballs were isolated and fixed with 4% PFA
overnight for immunohistochemistry.

Immunohistochemistry

Fixed eyeballs were dehydrated, paraffin embed-
ded, and sectioned. Slides with the sections were
stained with rabbit anti-mouse CD3 (1:500; R&D
Systems, Minneapolis, MN), followed by incubation
with rabbit antibody conjugated with Biotin (Jackson
Laboratories, Bar Harbor, ME) was added and
incubated for 1 hour. Strep-Tactin-HRP Conjugate
(Bio-Rad Laboratories) at 1:500 dilution was used to
amplify the signals. The substrate solution including
3,30-diaminobensidine was added for visualization of
positive cells by light microscopy.

Statistical Analysis

Data were analyzed using Prism 6 software
(GraphPad Software, San Diego, CA). Statistical
analysis for real-time PCR data was based on
unpaired Student t-test with P , 0.05 considered
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statistically significant. Microarray data were ana-
lyzed via one-way analysis.

Results

Generation of CEC from hESC in a Defined
and Albumin-Free Medium E6

Recently, human iPSC were differentiated into
CEC-like cells using an all-defined and serum-free
corneal epithelial culture medium CnT-30, supple-
mented with two small chemical molecules IWP2 (an
inhibitor of Wnt/b-catenin signaling) and SB-505124
(an inhibitor of TGFb signaling), and bFGF.17 The
E8 medium developed for hPSC culture is also xeno-
free, serum-free, and all defined. More importantly,
it is free of albumin, a carrier for many unknown
proteins, lipids, and small chemicals from the
serum.40 E6 is a derivative of E8 depleted of bFGF
and TGFb, formulated as a basal medium for hPSC
differentiation. We reasoned that E6, supplemented
with IWR1 (an equivalent of IWP2), A83-01 (an
equivalent of SB-505124), and bFGF, might be a
better choice than CnT-30 for hESC differentiation
into CEC.

As shown in the schematic, H9 hESC, routinely
cultured in E8 and in a Matrigel-coated plate, were
allowed to differentiate in E6 (Fig. 1A), 3F, or 4F
(Supplementary Fig. S1A). Four days later, all media
were replaced with E6, which was refreshed daily
thereafter. By day 10 of the differentiation in E6, the
cells developed epithelial-like morphology and some
of them possessed polygonal morphology (Fig. 1B).
Flow cytometry shows that the ratios of cells positive
for the ocular surface ectoderm markers PAX6 and
TP63 remarkably increased to approximately 90%
(Fig. 1C). Similar morphologic changes (data not
shown) and PAX6þ and TP63þ cell ratios (Supple-
mentary Fig. S1B) were observed with hESC lines (H1
and H9) that differentiated in E6, 3F, or 4F for 10
days. After further differentiation, the ratio of cells
positive for the pluripotency marker NANOG dra-
matically declined from 96.9% (for hESC) to 3.0%,
whereas the ratio of cells positive for the limbal stem
cell marker KRT15 reached 65.2% in E6 at day 40
(Fig. 1C). Similar ratios of KRT15þ cells were
observed with H1 and H9 hESC that differentiated
in E6, 3F, or 4F for 30 days (Supplementary Fig.
S1B).

We passaged H9 hESC that differentiated in E6 for
40 days, and the KRT15þ cell ratio increased to 90.1%
(Fig. 1C). Immunostaining showed that the cells were

positive for TP63, PAX6, and KRT15 in E6 (Fig.
1D), 3F, and 4F (Supplementary Fig. S2A). After
prolonged differentiation, the cells were stained
positive for two mature CEC markers KRT3 and
KRT12 at day 75 in E6 (Fig. 1D) and 3F and 4F
(Supplementary Fig. S2A). However, the ratios of
KRT3þ and KRT12þ cells (detected via flow cytom-
etry) were only 55.6% and 28.2%, respectively, among
the cells differentiated in E6 (Fig. 1C). TP63, PAX6,
KRT15 (at day 45), KRT3, and KRT12 (at day 75)
also were detected among cells differentiated from
H1, CT3, and Envy hESC lines in E6 (Supplementary
Fig. S3), indicating no obvious intercell line varia-
tions.

The immunostaining data were supported by RT-
qPCR analysis for expression of lineage-specific
marker genes in the differentiating hESC harvested
every two weeks. The expression of a pluripotency
marker, OCT4, was down-regulated during the
differentiation, whereas expression of the aforemen-
tioned CEC markers PAX6, TP63, KRT15, KRT12,
and KRT3, as well as the transparency markers
CRYAA, CRYAB, and ALDH1A1 was up-regulated
time-dependently (Fig. 1E).

It has been known that KRT15 (but not KRT3
and KRT12) also is expressed in keratinocytes.44 To
verify the quality and specificity of the antibodies for
these markers, we conducted immunostaining on
HaCat, a human keratinocyte line, and found that
HaCat cells were indeed positive for KRT15 and
negative for KRT3 and KRT12 as expected (Supple-
mentary Fig. S2B). All data suggest that E6 alone is
sufficient to allow hESC to differentiate into CEC-
like cells. Thus, we used E6 throughout the study
hereafter.

Gene Expression Profiling during hESC
Differentiation into CEC

To gain a mechanistic insight into the cell fate
specification and major signaling events involved in
hESC differentiation into CEC, we performed global
gene expression analysis of differentiating hESC. H9-
derived CEC were harvested every 2 weeks during the
differentiation and total RNA was isolated for
microarray assay. The data were analyzed (Fig. 2)
based on an embryonic development database Life-
Map (available in the public domain at https://
discovery.lifemapsc.com).

As expected, expression of pluripotency genes
significantly decreased by week 2 of the differentia-
tion and remained low. We detected elevated expres-
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sion of preplacodal surface ectoderm markers by
week 2, ocular surface ectoderm markers by week 4,
and LSC and embryonic CEC markers by weeks 6
and 8, respectively. Concurrently, expression of
neural and retinal markers increased by week 2 and
peaked by week 4, and then gradually declined,
whereas expression of lens progenitor markers in-
creased continuously during all 8 weeks of differen-
tiation. However, expression of adult CEC markers
remained low in the differentiating cells. These data

suggested that expression of the eye developmental
genes, especially those related to the surface ectoderm
and embryonic CEC was induced in the differentiat-
ing cells in E6, and the multistep differentiation
process somehow recapitulates the embryonic pro-
cesses for CEC development (Fig. 2). Pathway
analysis reveals that the target genes in the Wnt and
IGF signaling pathways were highly upregulated early
in the differentiation then downregulated over the
course of the differentiation, consistent with their

Figure 2. Dynamic gene expression profiles during hESC differentiation into CEC. Total RNA was isolated from cells differentiated from
H9 hESC at various times and the global gene expression profiles were assayed via microarray. The expression of marker genes for various
cell types involved in the development of the neural, corneal, and other ocular cells is displayed. Each marker gene and its corresponding
data point in a relevant column scatter plot are color-matched. Statistical analysis was conducted using a paired t-test with two-tailed. *P
, 0.05, **P , 0.01, ***P , 0.001, and ns: nonsignificant.
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roles during CEC development45–50 (Supplementary
Fig. S4).

Proliferative Capability of hESC-Derived CEC

LSC give rise to transient amplifying cells as CEC
progenitors, migrate to the basal layer of the cornea,
and terminally differentiate into CEC during corneal
regeneration and homeostasis.1 One characteristic of
CEC progenitors is their ability to proliferate rapidly.
Thus, we analyzed whether hESC-derived CEC are
proliferative. First, we monitored the growth of two
independent CEC lines differentiated for approxi-
mately 50 days from H9 and CT3 hESC lines.
Although both CEC lines did not proliferate as fast
as the parental hESC, CEC remained proliferative at
a relatively high rate during the entire 3-day
observation (Fig. 3A). Second, cell cycle assay
demonstrated that approximately 40% CEC were in
S and G2/M phase (Fig. 3B). Third, nearly half of
KRT15þ cells were Ki67þ (Figs. 3C, 3D) among H9-
or CT3-derived CEC. These data suggested the
proliferative nature of the hESC-derived CEC.

Recellularization of Decellularized Mouse
Corneas with hESC-Derived CEC

One biological hallmark of normal cornea is the
transparency mainly due to the biochemical compo-
sition of corneal cells. To characterize whether ex vivo

cultured or in vitro derived CEC are transparent,
many tissue engraftment models use artificial matrices
to seed CEC.21–25 Here, we isolated corneas from
mice and decellularized them with 0.5-M NaOH to
generate DC as a corneal scaffold, and recellularizing
the DC with hESC-derived CEC. Specifically, we
seeded CEC that differentiated for 70 days from the
GFPþ Envy hESC line onto the surface of the DC
(Fig. 4A). As expected, Envy hESC-derived CEC also
expressed PAX6, TP63, KRT15, KRT3, and KRT12
(Supplementary Fig. S3C).

Seven days after the recellularization, we observed
that the recellularized DC formed multilayered
epithelium, as determined by H&E staining of a
paraffinized section (Fig. 4B). Mouse DC seeded with
the CEC, like the control unseeded DC, appeared a
bit swollen but remained largely transparent with an
underneath letter A clearly seen. However, the letter
A appeared fuzzy underneath a DC seeded with
human keratinocytes from the HaCat cell line (Fig.
4C). The swelling of the DC might result from the loss
of the corneal endothelial cells that can pump out
water from the cornea. Following dehydration in
glycerol overnight, DC became crystal-clear and no
longer swollen (data not shown). Furthermore, to
determine the structural integrity of the CEC layers,
which typically are held by desmosomes and tight
junctions,51 we tested the expression of ZO-1 in the

Figure 3. Proliferation of hESC-derived CEC. (A) Growth curve of hESC and hESC-derived CEC monitored on IncuCyte for 66 hours (n¼
3). (B) Flow cytometric cell cycle analysis of PI-stained hESC and hESC-derived CEC. (C) Immunostaining for KRT15 and Ki67 on CEC. Scale
bar: 50 lm. (D) Quantification of Ki67þ/KRT15þ cells among CEC derived from two hESC lines H9 and CT3 (n¼ 5).
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Figure 4. Recellularization of mouse DC with hESC-derived CEC. (A) A scheme for the corneal decellularization and recellularization. (B)
H&E staining for determination of the multilayered structure of recellularized DC. Scale bar: 50 lm for both images. (C) Opacity and
epithelial cell integrity of the three engineered samples DC, DC recellularized with HaCat keratinocytes, and DC recellularized with CEC.
The opacity is reflected as the fuzziness of a letter A underneath the samples (upper), whereas the epithelial cell integrity was detected
based on ZO-1 expression in the samples detected via whole-mount immunostaining. Scale bar: 50 lm for all. (D) The average of %

!
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recellularized DC using whole mount immunostain-
ing. The tight junction marker ZO-1 was found per
immunostaining to encircle CEC seeded in DC (Fig.
4C).

Consistently, transmittance of light at various
wavelengths from 400 to 800 nm through the CEC-
seeded DC was similar to that through the unseeded
DC; however, it was 2- to 3-fold higher than that
through the HaCat-seeded DC (Fig. 4D). Following
immunostaining on frozen sections of the recellular-
ized DC, all CEC seeded in the DC were positive for
PAX6, KRT15, KRT12, and VINCULIN, a protein
for focal cell-to-substrate attachments of spreading
CEC52 (Fig. 4E). However, it does not appear that the
seeded CEC proliferated and differentiated to form
multiple layers of the epithelium in DC as all were
positive for KRT14, a marker for the suprabasal
layers of human CEC (Supplementary Fig. S5).
Furthermore, we checked expression of the keratino-
cyte markers KRT1 and KRT10 in the recellularized
DC, which was found negative for these markers. In
contrast, strong KRT1 and KRT10 expression was
detected in sections of mouse skin tissues as a positive
control (Fig. 4F).

To assure the absence of murine cells in the
recellularized DC, we stained the sections with an
antibody specific for mouse MHC class-I antigen. The
CEC seeded-DC was stained negative while a normal
murine cornea was positive for mouse MHC class-I
molecules (Fig. 4E). Together, these data suggested
that hESC-derived CEC possessed the transparency
and tight junction features of corneal cells and
retained CEC markers after seeding into the DC,
and murine cells were totally removed from the DC.

Derivation of CEC from Low Immunogenic
B2M�/� hESC

The eye generally is considered as an immune-
privileged organ,53 which supports the high success
rate of corneal transplantation.54 However, immune
rejection still presents a serious threat, especially to
high-risk recipients with ocular inflammation and
abnormal angiogenesis.55 Moreover, HLA class-I
matching significantly increases the survival of
allogeneic corneal grafts.32,56 To minimize the poten-

tial immune rejection due to HLA mismatching, we
generated a universally compatible hESC line by
knocking out B2M, which encodes a subunit of the
major histocompatibility complex I (or HLA class I in
humans) on the surface of most nucleated cells. We
knocked out B2M in both alleles in H1 hESC using
the CRISPR/Cas9 technology and confirmed B2M
mutations by Sanger sequencing of the targeted alleles
(Fig. 5A). Flow cytometry analysis confirmed that
B2M and HLA-A/B/C were absent from the cell
surface of the B2M�/� hESC, while WT hESC
expressed B2M and HLA-A/B/C (Fig. 5B).

The B2M knockout did not affect the pluripoten-
cy, as pluripotent markers were expressed in B2M�/�

hESC (Supplementary Figs. S6A, S6B), and markers
for the three germ layers expressed in differentiating
B2M�/� hESC following embryoid body formation
(Supplementary Fig. S6C). In addition, B2M knock-
out did not affect the CEC-generating capability,
evidenced by the expression of PAX6, TP63, and
KRT15 at day 45, and KRT3 and KRT12 at day 75 in
CEC differentiated from the B2M�/� hESC (Fig. 5C)
comparable to that in CEC from the WT H1 hESC
(Supplementary Fig. S3A). More importantly, the
KRT15þ cell ratio (49.9%) among the B2M�/� hESC
that differentiated for 30 days in E6 (Supplementary
Fig. S6D) is almost identical to that of the H1 WT
control (49.2%; Supplementary Fig. S1B). These data
suggested that the efficiency of CEC differentiation of
the B2M�/� hESC was similar to that of the WT
hESC.

In Vitro and In Vivo Assays on CEC Derived
from B2M�/� hESC

To confirm a low immunogenicity of the B2M�/�

CEC, we treated the WT and B2M�/� CEC with 100-
ng/mL recombinant human interferon-c (IFNc), 100-
ng/mL tumor necrosis factor-a (TNFa), or 100-ng/
mL lipopolysaccharides (LPS) for 48 hours, respec-
tively. After the stimulation, cells were analyzed by
flow cytometry for B2M and HLA-A/B/C expression
on the cell surface. WT CEC expressed B2M and
HLA-A/B/C even in the absence of inflammatory
factors, and the expression levels slightly increased
upon the stimulations, evidenced by an increase of the

 
transmittance of light at various wavelengths through DC, CEC- and HaCat-seeded DC (n¼ 3). (E) Fluorescent immunostaining for PAX6,
KRT15, KRT12, VINCULIN, and mouse cell-specific MHC class I (mMHC-I) in CEC-seeded DC (upper five rows) with nondecellularized mouse
cornea as a positive control for mMHC-I (bottom row). Scale bar: 50 lm for all. (F) Fluorescent immunostaining for keratinocyte markers
KRT1 and KRT10 in CEC-seeded DC and sections of mouse skin tissues as a positive control. Scale bar: 50 lm for all.
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fluorescent intensity. However, there was no expres-
sion of B2M and HLA-A/B/C in B2M�/� CEC,
whether or not they were stimulated (Fig. 6).

A previous study showed that microinjection of
syngeneic pancreatic islets into the anterior chamber
of the murine eye caused no T-cell infiltration;
however, injection with allogeneic islets resulted in
an allorejection.57 To test whether the B2M�/� CEC
were less immunogenic in vivo than the WT control,
we injected the cells into the anterior chamber of the
murine eye to induce T lymphocyte (CD3þ) infiltra-
tion into the eye. Four days after injection, we
observed significantly fewer CD3þ cells in the limbal
regions of the B2M�/� CEC-injected eyeball, com-
pared to that of the WT CEC-injected eyeball (Fig. 7).
Together, these data suggested that B2M�/� CEC are
less immunogenic in vitro and in vivo.

Discussion

It was reported previously that inhibition of Wnt
and TGFb signaling, in combination with activation

of FGF signaling promotes CEC derivation from
human iPSC in a defined medium containing human
serum albumin.17 In this study, we have shown that
the basal medium E6 was sufficient to induce hESC
differentiation into CEC. While an exact mechanism
by which E6 differentiates hESC into CEC is not
known at present, the time-course gene expression
data of the differentiating cells indicated that down-
regulation of Wnt/b-catenin signaling between weeks
2 and 4 of the differentiation may be important for
the differentiation of CEC. Indeed, several findings
previously demonstrated that inhibition of Wnt/b-
catenin and TGFb signaling is required for the
development of the ocular surface ectoderm, CEC
specification, and formation of the corneal epitheli-
um.48,49,58 Considering crosstalk between IGF-1 and
Wnt/b-catenin signaling, it also is possible that the
presence of insulin in E6 also has a role in modulating
Wnt/b-catenin signaling through GST3b as shown in
the head formation and development of ocular
structures from hESC.50

Our protocol achieved the generation of up to 90%

Figure 5. Generation of B2M�/� hESC and subsequent differentiation into CEC. (A) A schematic diagram for B2M knockout in H1 hESC
using CRISPR/Cas9 and genotyping of the two alleles of B2M knockout clones. (B) Flow cytometry analysis for B2M and HLA-A/B/C on the
cell surface of WT and B2M�/� hESC. (C) Immunostaining on cells differentiated from the B2M�/� hESC for the corneal developmental
markers at day 45 and 75 of the differentiation. Scale bar: 50 lm.
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KRT15þ cells in a two-step procedure. Expression of
TP63 (92%) and PAX6 (81%), as early as day 15 of
the differentiation, was followed by expression of the
mature CEC markers, KRT3 and KRT12, by
differentiation day 40, at similar levels to what was
demonstrated previously.17 Cell proliferation, cell
cycle assays, and immunostaining for Ki67 showed
a highly proliferative nature of the cells, suggesting
that hESC-derived CEC in E6 may be more like CEC
progenitors, including LSC and transiently amplifying
cells than terminally differentiated CEC.

Animal DC recellularized with hESC-derived CEC
may help address the problem of the shortage of
corneal donors. Many alternative methods, such as
keratoprostheses, xenografts, tissue-engineered con-
structs, DC, and DC recellularized with human
corneal cells, have been developed. However, kerato-
prostheses require rigorous device maintenance, often
causing wound leaks, tissue melting, and glauco-
ma.59–62 Xenograft transplantation has a high rate of
rejection63 and cross-species transmission of animal
viruses.64,65 Tissue-engineered constructs lack the
corneal architecture and properties of various corneal
cell types. DC did not elicit any immune or
inflammatory response in vivo.27,66 Porcine DC

transplanted onto damaged rabbit cornea can be
repopulated by host CEC.67 However, DC grafts
cannot be properly recellularized in patients suffering
from total LSCD. Thus, xenogeneic DC recellularized
with hESC-derived CEC might be a viable solution.

We demonstrated that hESC-derived CEC effi-
ciently recellularized murine DC as evidenced by
stable expression of the CEC markers and formation
of the tight junction barrier. Furthermore, one of the
most critical features of the cornea, transparency, was
clearly demonstrated on the recellularized DC. DC
from larger animals, such as pig, or transparent
biomaterials cellularized with hESC-derived CEC
may eventually be applicable for transplantation to
LSCD patients.

Another major concern for cell transplantation is
immune rejection. Although the eye is considered as a
relatively immune-privileged organ and the success
rate of allogeneic cornea transplantation is greater
than 90% in low-risk patients, immune rejection
remains the leading cause of graft failure in high-risk
patients. HLA antigens present on allogeneic corneas
can trigger immune response in the recipient eye,
leading to epithelial, chronic stromal, hyperacute, and
endothelial rejections.6,68 To our knowledge, our
study for the first time addressed this problem by
knocking out B2M in hESC before differentiating
them into CEC. As expected, the B2M�/� hESC and
their derived CEC lacked HLA class-I molecules on
their cell surface, even after stimulation with inflam-
matory factors IFNc, TNFa, and LPS. Nonetheless,
no expression of HLA class-I in B2M�/� hESC-
derived CEC in the presence or absence of immune
stimulatory molecules suggested that the cells have
lower potential for immune rejection than WT
control. Indeed, much reduced lymphocyte infiltra-
tion was observed in the limbal region of mice with
the anterior chamber injected with B2M�/� CEC than
WT CEC, indicating a great advantage of B2M�/�

CEC, especially for high-risk patients.

Conclusions

We established a simple and efficient protocol to
induce hESC differentiation into CEC, recellularized
DC with the CEC, and demonstrated reduced
immune response of CEC differentiated from
B2M�/� hESC to inflammatory factors. Some impor-
tant questions remain to be addressed. First, it is
critical to test the efficacy of the CEC recellularization
on animal models for corneal epithelial damage and
LSCD. Second, our data suggested that hESC-derived

Figure 6. Expression of HLA class-I molecules on the cell surface of
WT and B2M�/� H1 CEC. CEC stimulated with IFNc (A) TNFa (B), or
LPS (C) were subjected to flow cytometry for B2M and HLA-A/B/C.
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CEC contained more progenitor (KRT15þ) CEC than
mature CEC (KRT3þ/KRT12þ), although all CEC
seeded on DC appeared KRT12þ (Fig. 4E) possibly as
a result of further maturation in the natural matrix
for CEC. It is important to further characterize the
nature of the cells before transplantation. Develop-
ment of a CEC reporter line may help isolate a pure
CEC population for therapeutic application and
insertion of a suicide gene in the hESC before
differentiation into CEC for inducible expression will
eliminate any residual hESC to avoid teratoma
formation. Finally, B2M�/� CEC, although they
reduce T and B cell-mediated immune rejection,
may encounter natural killer cell-mediated cytotoxic-
ity, especially in xenogeneic animal models. In that
case, transgenic expression ofHLA-E fused with B2M
may solve the problem as reported.34 Addressing
these remaining questions will facilitate the applica-

tion of B2M�/� hESC-derived CEC, which could be

transplanted directly or via recellularization of DC, to

patients with corneal epithelial damage or LSCD.
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