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SUMMARY

When corneal epithelial stem cells residing in the corneal limbus become dysfunctional, called a limbal stem cell deficiency (LSCD),
corneal transparency is decreased, causing severe vision loss. Transplantation of corneal epithelial cell sheets (CEPS) derived from
stem cells, including induced pluripotent stem cells, is a promising treatment for LSCD. However, the potential effect of human leukocyte
antigen (HLA) concordance on CEPS transplantation has not been addressed. Here, we show that there is no difference in the immune
response to CEPS between HLA-matched and -unmatched peripheral blood mononuclear cells in mixed lymphocyte reactions. CEPS
transplantation in cynomolgus monkeys revealed that the immune response to major histocompatibility-unmatched CEPS was not
strong and could be controlled by local steroid administration. Furthermore, programmed death ligand 1 was identified as an immuno-
suppressive molecule in CEPS under inflammatory conditions in vitro. Our results indicate that corneal epithelium has low immunoge-

nicity and allogeneic CEPS transplantation requires mild immunosuppression.

INTRODUCTION

The cornea is a transparent tissue covered by the corneal
epithelium. Corneal epithelial stem cells reside in the basal
epithelial layer of the limbus, between the cornea and the
conjunctiva, and supply corneal epithelial cells (CEC) to
the central part of the cornea to maintain homeostasis.
Limbal stem cell deficiency (LSCD) occurs when the limbus
is damaged and the corneal epithelial stem cells are lost or
become dysfunctional through ocular surface diseases,
such as Stevens-Johnson syndrome or ocular pemphigoid,
or by injury, including thermal or chemical burns. LSCD
leads to conjunctival invasion, decreases ocular surface
transparency, and causes severe vision loss.

LSCD treatment is a prominent issue. Corneal limbal
transplantation (LT) (Thoft, 1984) using a donor cornea
containing the corneal epithelium, stroma, keratocytes,
and antigen-presenting cells (APCs), has been convention-
ally performed to treat LSCD. However, a shortage of donor
corneas (Gain et al., 2016) limits the opportunity for LT,
and rejection owing to the mixed cell types, including
donor APCs, negatively affects clinical outcomes (Ilari
and Daya, 2002). To address these issues, regenerative
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medicine using autologous cell sources, including cultured
corneal epithelial transplantation (Pellegrini et al., 2018)
using somatic stem cells and cultivated oral mucosal
epithelial transplantation (Nishida et al.,, 2004a), has
recently been implemented. However, these treatments
have disadvantages, including the need for the fellow eye
to be healthy and the risk of neovascularization in the
transplanted eye’s cornea (Nakamura et al., 2004).

A solution is corneal epithelium regeneration using
induced pluripotent stem cells (iPSCs). We recently devel-
oped the self-formed ectodermal autonomous multi-zone
method (Hayashi et al., 2016, 2017) to efficiently induce
progenitor cells of various tissues in the eye, including
the corneal epithelium, in vitro. Clinical application of
corneal regenerative medicine using iPSC-derived CEC
sheets (iCEPS) to treat LSCD is in progress. Ideally, autolo-
gous iCEPS would be used to avoid rejection. However,
the cost of such personalized medicine is prohibitive
and exceptionally time consuming. Induction of iCEPS
from allogeneic iPSCs can decrease both the cost and
manufacturing time. While allogeneic transplantation
can be both human leukocyte antigen (HLA)-matched
and -unmatched, access to HLA-matched donors is limited.
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Figure 1. MLR of PBMCs and iPSC-derived iCEPS

(A) Phase-contrast microscopy of iCEPS and sCEPS. Scale bars, 200 pum.

(B) H&E staining and K12 and p63 (green) immunostaining of iCEPS and sCEPS. Scale bars, 100 pm. Nuclei, red (immunostaining).
(Cand D) HLA-I and HLA-II expression of iCEPS and sCEPS with or without rIFN-y (for 48 h) analyzed using flow cytometry. Blue histograms
represent isotype control staining (mouse IgG, C). Representative data (C) and means + SEM (D) of ten experiments are presented.

(legend continued on next page)
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To increase the incidence of HLA-matched transplantation
using tissues derived from iPSCs, an HLA homozygous iPSC
stock (iPSC bank) has been established and is currently in
operation (Gourraud et al., 2012).

The positive effect of HLA adaptation on transplantation
was confirmed by MHC compatibility transplantation
studies using MHC-controlled cynomolgus monkeys (Ishi-
gaki et al., 2018) in retinal pigment epithelial (RPE) cells
(Sugita et al., 2016), cardiomyocytes (Kawamura et al.,
2016), and neurons (Morizane et al., 2017). Regarding so-
matic stem cell-derived CEPS (sCEPS) transplantation, the
lower the degree of HLA compatibility, the greater the pro-
portion of graft failure (Zakaria et al., 2014). Conversely,
Shimazaki et al. reported no such association (Shimazaki
et al., 2002). However, since disease conditions differed in
these studies, the effect of HLA conformity in CEPS trans-
plantation remains controversial.

Many immunomodulatory molecules expressed on the
cell surface of the anterior segment of the eye were reported
(Kunishige and Hori, 2013; Lee et al., 2002). Among them,
programmed death ligand 1 (PD-L1) has recently received
attention for suppressing T cell activation and downregu-
lating pro-inflammatory cytokine production (Dermani
et al., 2019).

Here, we examined in vitro and in vivo effects of MHC
conformity in CEPS transplantation for clinical applica-
tion, focused on PD-L1 among immunosuppressive mole-
cules, and examined its expression in CEPS.

RESULTS

Immune responses of HLA-matched and -unmatched
peripheral blood mononuclear cells to iCEPS

Human iCEPSs (Hayashi et al., 2016, 2017) and sCEPSs
(Hayashi et al., 2007) were prepared as previously described
(Figures 1A and 1B). To examine the potential immunoge-
nicity of CEPS for transplantation in humans, HLA expres-
sion was analyzed using flow cytometry. iCEPS and sCEPS
predominantly expressed HLA-I on the cell surface (Fig-
ure 1C). CEPS was incubated with human recombinant
interferon-y (1IFN-y), a pro-inflammatory cytokine, to
mimic surgical inflammation. After this treatment, HLA-I

and HLA-II expression increased in iCEPS and sCEPS
(Figures 1C, 1D, and S1). HLA-I expression without rIFN-y
treatment and HLA-II expression with rIFN-y treatment
were weaker in iCEPS than in sCEPS.

We used amixed lymphocyte reaction (MLR) toinvestigate
the differences in immune response owing to CEPS HLA
compatibility. Human iCEPS were co-cultured with periph-
eral blood mononuclear cells (PBMCs) (three HLA-matched
and three HLA-unmatched) for 7 days, after which IFN-y,
interleukin-17 (IL-17, another pro-inflammatory cytokine),
and IL-10 (an anti-inflammatory cytokine) secretions were
assessed using ELISA, and CD8-Ki67 double-positive cells
were analyzed using flow cytometry. HLA-unmatched iCEPS
induced more IFN-y secretion in PBMCs than HLA-matched
iCEPS in a specific mixing ratio, but the IFN-y levels were
much lower than in transformed B cells (B-LCL) derived
from an HLA-unmatched healthy adult donor (Figure 1E).
HLA-matched and -unmatched iCEPS slightly induce IL-17
or IL-10in a specific mixing ratio, but no significant increase
was observed (Figures S2A and S2B). HLA-matched and -un-
matched iCEPS did not increase the ratios of CD8 and Ki67
double-positive cells (Figure 1F). The observed ratios were
lower than in B-LCL. These results suggest that allogeneic im-
mune reaction against iCEPS in vitro was negligible, irrespec-
tive of HLA compatibility.

CEPS transplantation to cynomolgus monkeys

We used cynomolgus monkeys to examine the immune
response to CEPS and the influence of MHC conformity on
cell engraftment in vivo. Since a corneal epithelial stem cell
induction method from cynomolgus monkey iPSCs has
not yet been established, we used sCEPS (Figures 2A and
2B). The cynomolgus monkey LSCD model was created by
surgical dissection of the limbal tissue (lamellar keratectomy)
(Figure S3A). The absence of corneal epithelium regeneration
and conjunctival invasion into the cornea in the LSCD
model were confirmed by assessing K12 (a specific differenti-
ation marker of CEC) and K13 (a conjunctival epithelial
marker) expression using PCR and immunostaining
(Figures S3B-S3D). The sCEPS was prepared from the limbus
of the cynomolgus monkey (Figure 2C) (details in the exper-
imental procedures). They were stratified (about three cell
layers) similarly to humans, and 3.12 + 0.46 x 10° cells/cm?

*p < 0.05 compared to two groups using the Wilcoxon signed-rank test. **p < 0.05 compared with two groups using the Mann-Whitney

U test. See also Figure S1.

(E and F) PBMCs were co-cultured with allogeneic iCEPS at a ratio of 1 X 10° (1:1) to 2 X 10% (1:1/50) cells/well. As a positive control for
allogeneic immune rejection, isolated and B-LCL were prepared from an HLA-unmatched healthy adult donor, and co-cultured with PBMCs
ataratio of 1 X 10° (1:1, E) and 2 X 10® (1/50:1, F) cells/well. After 7 days, supernatants were harvested and assessed for IFN-y secretion
using ELISA (E), and the PBMCs were harvested for flow cytometric analysis (F). Three healthy adult donors were used for each HLA-
matched and -unmatched experiments. Means + SEM of 12 ELISA determinations (four ELISA determinations in each experiment, E),
and means + SEM data from six flow cytometric analyses (data from two flow cytometric analyses in each experiment, F) are presented.
*p < 0.05 compared two groups using the Mann-Whitney U test. n.s., not significant. n.d., not detected. See also Figure S2.
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Figure 2. sCEPS transplantation and corneal LT in cynomolgus monkeys
(A) Experimental design of sCEPS transplantation and LT in cynomolgus monkeys. In LT (#11 and #12), the donor limbal tissue from healthy
monkeys was divided into two transplanted to the recipient cornea’s upper and lower sides. MHC-unmatched transplantation using healthy

monkeys was performed in #8. See also Figures S3-S5.

(legend continued on next page)
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(mean + SEM) per sheet (Figures 2D-2F). K12 and p63 (a strat-
ified epithelial stem cell marker) were observed in all layers
(Figure 2G). Other differentiation markers of CEC, namely
K3, MUC16 (membrane-type mucin), and ZO-1 (a cell-cell
adhesion protein), were expressed in sCEPS. K13 was
observed locally in the outermost layer of SCEPS. The sCEPS
was transplanted onto the corneas of three MHC-matched
(#1-3) and five MHC-unmatched (#4-8) animals
(Figures 2A and 2B; Tables S1 and S2). To characterize
different immune responses, steroids were systemically
administered only during the perioperative period, and
immunosuppressive agents were not used. In one MHC-un-
matched monkey (#8), steroids were injected subconjuncti-
vally weekly after sCEPS transplantation assuming clinical
practice; topical corticosteroids are usually administered
continuously after corneal transplantation to suppress rejec-
tion. The observation period was 3 months (#1, 2: MHC-
matched monkeys and #4-6: MHC-unmatched monkeys)
or 6 months (#3: MHC-matched monkey, #7: MHC-un-
matched monkey, and #8: MHC-unmatched monkey with
local steroids). When rejection occurred, the monkey was
euthanized, and histological analyses were performed. As
negative controls of rejection, autologous sCEPS transplanta-
tion was performed (#9 and #10, details in Figures S4A-S4F).
To date, there have been no detailed reports on corneal
epithelial transplantation rejection in cynomolgus mon-
keys. Therefore, we performed allogeneic LT (#11 and #12)
beforehand to confirm rejection and determine the corneal
epithelial transplantation rejection signs in cynomolgus
monkeys (Table S3).

MHC-unmatched LT-evoked rejection in cynomolgus
monkeys

In MHC-unmatched LT, similar to humans (Daya et al.,
2000), sharply increased central corneal thickness (CCT),
risen conjunctival injection (CI) grade, and expanded
corneal neovascularization (CNV) area were simulta-
neously observed at 28 days in #11 or at 20 days in #12
(details in Figures S5A-SS5D). Therefore, we determined
these findings as indicators of rejection.

Immune reaction after sCEPS transplantation in MHC-
matched or -unmatched recipients

We summarize the clinical findings after sCEPS transplanta-
tion in all monkeys (#1-#8) in Tables 1 and 2 and show the
representative anterior segment photograph and clinical

datain Figure 3. The corneal surface covered by transplanted
sCEPS became clear and smooth with no corneal epithelial
defects, and ocular surface inflammation was slight in all
monkeys examined by ophthalmoscopy 2 weeks after trans-
plantation (Figures 3A and 3B). Until 3 months, none of the
MHC-matched monkeys (#1-#3) showed rejection, while
two of three monkeys presented an increased CI grade or
an expanded CNV area (Table 1). In MHC-unmatched mon-
keys (#4-#8), one of four monkeys (#6) presented a sharply
increased CCT, an increased CI grade, and expanded CNV
area simultaneously, similar to monkeys with rejection after
allogeneic LT, indicating rejection (Figure 3C). The eye
showing rejection was enucleated for histological analyses.
In other MHC-unmatched monkeys, rejection did not occur,
while two of three monkeys presented an expanded CNV
area. MHC-unmatched monkey with continuous local ste-
roids did not show rejection or immune response during
3 months if follow-up. At 3 months, histological analyses
were performed on two of three MHC-matched and two of
three MHC-unmatched monkeys. One MHC-matched mon-
key (#3), one MHC-unmatched monkey (#7), and one MHC-
unmatched monkey with local steroids (#8) were followed
until 6 months. In the MHC-matched monkey, slowly
increased CCT was observed, but no rejection occurred. In
the MHC-unmatched monkey, immune responses such as
slowly increased CCT, increased CI grade, and expanded
CNV area were observed, but no rejection occurred. The
MHC-unmatched monkey treated with continuous topical
steroids did not show rejection and had less immune
response than the MHC-unmatched monkey (Figure 3D
and Table 2). To summarize, MHC-matched monkeys and
MHC-unmatched monkey with local steroids did not show
rejection, but presented the same degree of immune re-
sponses as autologous sCEPS transplantation. In MHC-un-
matched monkeys, one of the four monkeys showed
rejection. Furthermore, the immune response in MHC-un-
matched monkeys without rejection was similar to that of
MHC-matched monkeys at 3 months, but was stronger at
6 months.

Histological analyses after sCEPS transplantation at

3 months

Hematoxylin and eosin (H&E) staining and immunostain-
ing were performed to examine the difference in donor
engraftment and inflammatory cell infiltration owing
to MHC conformity after sCEPS transplantation. H&E

(B) Transplantation schedule. See also Tables S1-S3.
(C) Schematic representation of sCEPS preparation. P, passage.
(D) Phase-contrast image of sCEPS. Scale bar, 200 pm.

(E) Image of harvested sCEPS with PVDF membrane. Scale bar, 5 mm.

(F) H&E staining of sCEPS. Scale bars, 100 um.

(G) K12, p63, K13, K3, MUC16, and Z0-1 immunostaining of sCEPS (green). Nuclei, red. Scale bars, 100 pum.
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Table 1. Summary of clinical findings until 3 months after sCEPS transplantation to cynomolgus monkeys

Evaluation time Expanded

No. MHC compatibility point (months) Sharply increased CCT Risen CI grade CNV area Rejection
1 Matched 3 No No No No
2 Matched 3 No Yes No No
3 Matched 3 No No Yes No
4 Unmatched 3 No No Yes No
5 Unmatched 3 No No Yes No
6 Unmatched 1° Yes Yes Yes Yes
7 Unmatched 3 No No No No
8 Unmatched(+steroids) 3 No No No No
9 Autologous 1° No No No No
10 Autologous 3 No No Yes No

@Histological analyses were performed at 1 month owing to rejection.

PHistological analyses were performed at 1 month as a negative control of rejection.

staining revealed a uniformly stratified epithelium on the
central corneal surface in all monkeys scheduled for a
3-month observation period (Figure 4A). The stratified
epithelium was thinner in MHC-unmatched monkey
with clinical rejection (#6) than in monkey after autolo-
gous sCEPS transplantation (#9, Figure S4C). Although in-
filtrated inflammatory cells were found in the corneal
stroma, no difference was observed between MHC-
matched (#1 and #2) and -unmatched monkeys (#4 and
#5), except for #6, in which numerous infiltrated inflam-
matory cells were noted in the corneal stroma (Figure 4A).
Immunostaining revealed that the stratified epithelium in
the central cornea was positive for K12 and locally posi-
tive for K13 in the outermost layer, similar to sCEPS, in
all monkeys (Figure 4B). In #6, there was no K12-positive
stratified epithelium defects, but the K12-positive area was
smaller than that in #9 (Figure S6). In addition, unlike
other monkeys (#1, #2, #4, #5, and #9), many CD8 posi-
tive cells (cytotoxic T cells) were observed in the stratified
epithelium and stroma of the central cornea. Many infil-
trated CD8-positive cells, and no defect of K12-positive
stratified epithelium suggest the condition immediately
after rejection and before the donor sCEPS dropping
out. Among MHC-matched (#1 and #2) and -unmatched
(#4 and #5) monkeys at 3 months, there was no difference
in the K12-positive area and CD45 (a marker for pan-leu-
kocytes) and CD8-positive cell counts (Figure 4C). Histo-
logical analyses and clinical findings indicate that the
same degree of immune response occurred in MHC-
matched and -unmatched monkeys without rejection at
3 months.

Histological analyses after sCEPS transplantation at

6 months

H&E staining in all monkeys at 6 months (#3, #7, and #8)
revealed a uniformly stratified epithelium on the central
corneal surface in an MHC-matched monkey (#3) and
MHC-unmatched monkey with local steroids (#8) (Fig-
ure 4D). In MHC-unmatched monkey (#7), the central
corneal surface was mainly covered with stratified epithe-
lium, but partly with monolayer epithelium (as shown by
the arrowheads in Figure 4D). Inflammatory cell infiltra-
tion in the corneal stroma was observed in all monkeys. Im-
munostaining revealed that the epithelium of the central
cornea, including the monolayer epithelium in #7, was
K12 positive and locally positive for K13 in the outermost
layer, similar to sCEPS, indicating that the donor remained
(Figure 4E). The K12-positive area in #7 was smaller than
that in #3 (Figure 4F). Combined with the results at
3 months, these histological findings indicate that the im-
mune response in MHC-unmatched monkeys was slightly
stronger than that in MHC-matched monkeys. CD45- and
CD8-positive cell counts in #8 were less than that in #7,
and the K12-positive area in #8 was larger than in #7 and
almost equal to #3. These histological findings indicate
that the immune response in MHC-unmatched monkeys
with local steroids was weaker than that in MHC-un-
matched monkeys and was about the same strength as
that in MHC-matched monkeys. These data suggest that
the immune response to MHC-unmatched sCEPS can be
controlled by the continuous administration of local ste-
roids to the same extent as the immune response to
MHC-matched sCEPS.
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Table 2. The summary of clinical findings 6 months after sCEPS transplantation to cynomolgus monkeys

Evaluation time

No. MHC compatibility point (months) Sharply increased CCT Risen CI grade Expanded CNV area Rejection
3 Matched 6 No® No No® No
7 Unmatched 6 No? Yes Yes No
8 Unmatched(+steroids) 6 No Yes No No
10 Autologous 6 No No No® No

Slowly (not sharply) increased CCT was observed.
bExpanded CNV area was observed until 3 months, but not after 3 months.

PD-L1 expression in human iCEPS and sCEPS

IFN-y expression was negligible in MLR, even when PBMCs
were co-cultured with HLA-unmatched iCEPS. Moreover,
we have shown that rejection is unlikely to occur in sCEPS
transplantation, even when MHC is unmatched. There-
fore, we hypothesized that CEPS express immunosuppres-
sive molecules. To address this hypothesis, we performed
RNA sequencing of human iCEPS and sCEPS with or
without rIFN-y treatment. Examination of immunomodu-
latory molecules expressed on the cell surface of the ante-
rior segment of the eye (Kunishige and Hori, 2013; Lee
et al., 2002) (Figure S7) revealed that, in the presence of
rIFN-y, PD-L1 expression increased in both iCEPS and
sCEPS. PD-L1 is an immunosuppressive molecule and is a
ligand of PD-1. Flow cytometric analyses also revealed
that PD-L1 expression was similarly increased in both
iCEPS and sCEPS after rIFN-y treatment (Figures SA and
5B). PD-L2 expression, another PD-1 ligand, was not
observed. Immunostaining revealed PD-L1 expression in
all iCEPS and sCEPS layers after rIFN-y treatment (Fig-
ure 5C). These data suggest that PD-L1 is one of the mole-
cules involved in suppressing the immune response to
HLA-unmatched CEPS under inflammatory conditions.

DISCUSSION

Transplantation of CEPS derived from stem cells, including
HLA homozygous iPSCs, is a promising treatment for
LSCD. In this study, we obtained two novel findings related
to the effects of MHC conformity on CEPS transplantation.
First, the difference in immune response after CEPS trans-
plantation owing to MHC conformity was not large, and
the immune response to MHC-unmatched CEPS could be
controlled by the continuous administration of local ste-
roids. Second, PD-L1 is expressed in CEPS and could be
involved in suppressing the immune response to HLA-un-
matched CEPS.

In this study, the rejection rate in MHC-unmatched CEPS
transplantation was very low (one in four monkeys),

1720 Stem Cell Reports | Vol. 17 | 1714-1729 | July 12,2022

compared with MHC-unmatched LT (two of two monkeys)
as a positive control. Moreover, the immune response
in MHC-unmatched CEPS transplantation could be
controlled by local steroid administration. In organ trans-
plantation, including the cornea, donor APCs in the graft
directly present the donor MHC to recipient T cells, allow-
ing the recipient to recognize donor alloantigen (direct
pathway) (Denton et al., 1999; Hos et al., 2019). Therefore,
the number of APCs in the graft is a critical risk factor for
rejection (Miller et al., 2016). In many organ transplanta-
tions, such as kidneys (Opelz et al., 1992) and heart (Opelz
and Wujciak, 1994), where the graft contains many APCs,
the lower the HLA compatibility, the more graft failure.
Similarly, in corneal transplantation, the lower HLA
compatibility, the higher the rejection rate in LT (Kwitko
etal., 1995), where the graft consists of corneal epithelium
and limbal stroma with many mature APCs (Mayer et al.,
2007). In contrast, in CEPS transplantation, the graft is a
cell sheet of cultured corneal epithelium and contains
almost no mature APCs from the donor (Shortt et al.,,
2007), which is probably a reason why MHC-unmatched
CEPS transplantation had a lower rejection rate than LT
and a controllable immune response with local steroid
administration.

Our results indicate that local steroid administration
could control the immune response in MHC-unmatched
CEPS transplantation to the same extent as MHC-matched
CEPS transplantation. In addition to the direct pathway, in
alloantigen recognition in organ transplantation,
including cornea, recipient APCs recognize donor antigens
and transport them to the lymph nodes (indirect pathway)
(Hos et al., 2019). Therefore, the recipient APC infiltration
from blood vessels in the graft bed is an important risk fac-
tor for rejection. Steroids are administered after organ
transplantation to suppress rejection, and the mechanisms
include repression of hemangiogenesis and lymphangio-
genesis (Hos et al., 2011) by obstructing pro-inflammatory
cytokine expression and decreasing immune cell infiltra-
tion (Brostjan et al., 1997) by inhibiting adhesion molecule
expression on vascular endothelial cells. In our study, the
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Figure 3. Clinical findings after sCEPS transplantation to MHC-matched or MHC-unmatched cynomolgus monkeys

(A and B) Representative anterior segment photograph after sCEPS transplantation to MHC-matched or MHC-unmatched monkeys
scheduled for 3 months (A) or 6 months (B) observation period. MHC-matched, #1; MHC-unmatched, #4; MHC-unmatched (rejection), #6
(A). MHC-matched, #3; MHC-unmatched, #7; MHC-unmatched (+steroids), #8 (B).

(legend continued on next page)
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CNV area in #8 (MHC-unmatched monkey with local
steroids) did not change, expanding gradually in #7
(MHC-unmatched monkey). Moreover, the number of in-
flammatory cells infiltrating into the recipient cornea in
#8 was less than in #7. These effects of suppressing the
recipient APC infiltration into the graft by steroids was
observed in CEPS transplantation by local administration.
This is probably one of the reasons why the immune
response in MHC-unmatched CEPS transplantation could
be controlled by only local steroid administration.

In MLR, we found that the immune response of PBMCs
to MHC-unmatched CEPS was negligible. In addition,
rejection is unlikely to occur in CEPS transplantation,
even when MHC is unmatched. These results indicate
that CEPS express immunosuppressive molecules and sup-
presses the immune response. We focused on PD-L1 among
immunosuppressive molecules. PD-L1 is expressed on hu-
man corneal endothelial (HCE) cells (Sugita et al., 2009a)
and RPE cells (Sugita et al., 2009b) and has recently
received attention for suppressing T cell activation and
downregulating pro-inflammatory cytokine production
(Dermani et al., 2019). PD-L1 is a PD-1 ligand and belongs
to the B7 family. PD-L1 binds to PD-1 expressed on the sur-
face of activated T cells and suppresses cellular responses,
inducing immune tolerance. Moreover, as Francisco and as-
sociates have reported, PD-L1 is involved in suppressing
immune rejection by introducing regulatory T (Treg) cells
from naive T cells (Francisco et al., 2009). Whether or not
PD-L1 is expressed on normal corneal epithelium depends
on the report (Hori et al., 2006; Shen et al., 2007). However,
PD-L1 expression is enhanced when human CEC are
cultured with rIFN-y (Yang et al.,, 2009). In the current
study, we found that iCEPS and sCEPS express PD-L1 in
the same manner after rIFN-y treatment. Therefore,
PD-L1 could be involved in suppressing the immune
response to HLA-unmatched CEPS, as it does in HCE and
RPE cells. Since iCEPS did not induce significant IL-10
secretion in MLR, PD-L1 pathways, other than Treg cell in-
duction, could be involved in suppressing the immune
response. Further studies on molecules including PD-L1

and secreted cytokines are expected to elucidate the immu-
nosuppressive mechanisms of CEPS.

MHC-unmatched CEPS transplantation had a lower
rejection rate than MHC-unmatched LT and a controllable
immune response with local steroid administration. Like
other transplanted organs, allogeneic LT, as a conventional
treatment, requires immunosuppressants such as cyclo-
sporin (Ilari and Daya, 2002) and tacrolimus (Sloper et al.,
2001) in addition to systemic steroids to suppress rejection,
but the side effects of these agents are clinically challenging.
For example, local and systemic immunocompromised
conditions increase the risk of eye and systemic infections.
In addition, systemic side effects, such as renal damage and
myelosuppression, require a decrease in or discontinuation
of immunosuppressants, increasing the risk of rejection.
Our results indicate that systemic immunosuppression
could be decreased in allogeneic CEPS transplantation
than conventional corneal transplantation in clinical prac-
tice. In that case, therisks of the above complications owing
to the side effects decrease, and clinical outcomes are ex-
pected to improve. Furthermore, the indication may be
extended to patients who could not receive immunosup-
pressants owing to systemic diseases. Further studies are
needed to determine the extent of immunosuppression af-
ter allogeneic CEPS transplantation in clinical practice.

Our results suggest that allogeneic CEPS transplantation
is a useful treatment to decrease post-operative immuno-
suppression compared with allogeneic LT, conventional
treatment. When allogeneic CEPS transplantation is
considered, sCEPS, prepared by culturing donor corneal
epithelium, and iCEPS, prepared by culturing corneal
epithelial progenitor/stem cells differentiated from alloge-
neiciPSCs, are candidates for the graft. Differentiated deriv-
atives from embryonic stem cells and iPSCs generally show
a lower HLA-I expression and are less antigenic than so-
matic cells (Araki et al., 2013; Drukker et al., 2006; Liu
et al., 2013). Consistently, HLA-I expression was weaker in
iCEPS than in sCEPS in the current study. Moreover, iCEPS
with 1IFN-y treatment showed weaker HLA-II expression
than sCEPS. RNA sequencing results showed that iCEPS af-
ter rIFN-y treatment had higher expression levels of HLA-E,

(Cand D) Graphs of CCT, CI grade, and the CNV area in the central cornea after sCEPS transplantation in the same monkeys as Figures 3A, 3C,
or Figures 3B, 3D. The value of difference from the CCT (um) at 1 week (as the baseline) was displayed. The severity of CI was assessed from
0 through 3: CI grade 0 = none, grade 1 = mild, grade 2 = moderate, and grade 3 = severe. The value of difference from the CNV area (%) at

1 week (as the baseline) was displayed.

(C) In MHC-matched monkey (blue), CCT, CI grade, and CNV area did not change. In MHC-unmatched monkey (green), CCT and CI grade did
not change, but the CNV area expanded to the baseline from 1 to 3 months. In MHC-unmatched (rejection) monkey (red), CCT increased
sharply, CI grade rose, and CNV area expanded simultaneously at 1 month.

(D) In MHC-matched monkey (blue), CCT slowly increased from 3 to 6 months, CI grade did not change, and CNV area expanded from 1 to
3 months and then reduced to 6 months. In MHC-unmatched monkey (green), CCT slowly increased from 3 to 6 months, CI grade rose at
6 months, and CNV area expanded to the baseline from 3 to 6 months. In MHC-unmatched (+steroids) monkey (red), CCT and CNV area did
not change, and CI grade rose at 6 months. See also Tables S1 and S2.
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Figure 4. Histological analyses after sCEPS transplantation to MHC-matched or MHC-unmatched cynomolgus monkeys

Histological analyses on monkeys, scheduled for a 3 months (A-C) or 6 months (D-F) observation period.

(A) H&E staining of the central cornea after sCEPS transplantation in the same monkeys as Figure 3A. The arrowheads show strong cell
infiltration in the corneal stroma and sub-epithelium. Scale bars, 200 pum.

(B) Immunostaining of the central cornea for K12, K13, and CD8 (green) after sCEPS transplantation in the same monkeys as Figure 3A.
Arrowheads indicate CD8-positive cell infiltration in the central cornea. Nuclei, red. Scale bars, 100 pm.

(C) K12-positive area and CD45- and CD8-positive cell counts in the central cornea (4 mm diameter central zone) at 3 months after
transplantation. Means + SEM of the data from 10 slides are presented. The intervals between each sample were more than 70 pum.

(D) H&E staining of the central cornea after sCEPS transplantation. The arrowheads indicate monolayered epithelium covering part of the
central corneal surface. Scale bars, 200 pum.

(E) Immunostaining of the central cornea for K12 and K13 (green) after sCEPS transplantation. Nuclei, red. Scale bars, 100 um.

(F) K12-positive area and CD45- and CD8-positive cell counts in the central cornea (4 mm diameter central zone) at 6 months after
transplantation. Means + SEM of the data from 10 slides are presented. The intervals between each sample were more than 70 um. See also
Figures S4 and S6; Tables S1 and S2.

-F, and -G, CDSS5, CD46, and CD276 and lower expression
levels of TNFSF10 than sCEPS. These results indicate that
immunomodulatory molecule expression is higher in
iCEPS than in sCEPS. In addition, while sCEPS may contain
mature APCs from donors, iCEPS is grown from a pure pop-
ulation of corneal epithelial progenitor/stem cells obtained
by fluorescence-activated cell sorting and is unlikely to
contain APCs. Therefore, recipients are less likely to recog-

nize alloantigens in iCEPS transplantation than in sCEPS
transplantation. Altogether, the risk of rejection in alloge-
neic iCEPS transplantation is expected to be less than in
allogeneic sCEPS transplantation. Regarding the graft sup-
ply, allogeneic sCEPS transplantation requires quality con-
trol for each donor owing to the limited number of grafts
that can be prepared from one donor, making it difficult
to provide a stable graft supply. In contrast, for allogeneic
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Figure 5. PD-L1 expression in human iCEPS and sCEPS

(A and B) PD-L1 and PD-L2 expression of iCEPS and sCEPS with or without rIFN-y (for 48 h) analyzed using flow cytometry. Blue histograms
represent isotype control staining (mouse IgG, A). Representative data (A) and means + SEM (B) of 10 (PD-L1 in iCEPS and sCEPS), 9 (PD-L2
in iCEPS), or 8 (PD-L2 in sCEPS) experiments are presented. *p < 0.05 compared with two groups using the Wilcoxon signed-rank test.

(C) Immunostaining for PD-L1 (green) on iCEPS and sCEPS with or without 48 h rIFN-y treatment. Nuclei, red. Scale bars, 100 pum. See also

Figure S7.

iCEPS transplantation, a stable graft supply is feasible once
master cells with guaranteed quality are established. There-
fore, allogeneic iCEPS transplantation using an iPSC bank
may be amore appropriate treatment than allogeneic sSCEPS
transplantation, because it can stably supply quality-guar-
anteed grafts to many patients.
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Our experimental system has some limitations. First,
owing to the small number of MHC-matched monkeys, we
were unable to perform statistical analyses in each interven-
tion group. However, by performing detailed analyses on
each monkey (clinical and histological assessments), we ob-
tained novel results regarding the immune response after



CEPS transplantation. Second, we did not include animals
with LSCD that received no donor cells as a negative control
group. Since the objective of this study was to examine the
difference in immune response owing to MHC conformity,
autologous transplantation alone was considered sufficient
as anegative control. Third, we could not directly distinguish
between donor and recipient monkeys after transplantation.
However, all K12-positive cells on the ocular surface after
CEPS transplantation are considered to be derived from the
donor cells, because we confirmed that there were no K12-
positive cells on the cornea before CEPS transplantation in
all monkeys. Fourth, since there is no anti-PD-L1 antibody
that cross-reacts with cynomolgus monkeys, its expression
in the cornea after transplantation could not be investigated.
Further studies on the expression of PD-L1 in the cornea and
the effect of PD-L1 neutralizing antibody on transplantation
are needed.

In conclusion, we found that the difference in immune
response after CEPS transplantation owing to MHC
conformity was not large, and the immune response to
MHC-unmatched CEPS could be controlled by continuous
administration of local steroids. Our results indicate that
allogeneic CEPS transplantation can reduce post-operative
immunosuppression compared with allogeneic LT, con-
ventional treatment. Moreover, further studies on the
immunological properties of CEPS, including PD-L1
expression, are expected to elucidate the immune reaction
mechanism in CEPS transplantation.

EXPERIMENTAL PROCEDURES

Non-human primates

Sixteen female cynomolgus monkeys (Macaca fascicularis;
33-150 months old, 2.3-4.0 kg) purchased from Ina Research
(Shiga, Japan) or Shiga University of Medical Science (Shiga, Japan)
were used. Animals were individually housed in species-specific
rooms with environmental controls set to maintain 25 + 1.5°C,
45 + 15% relative humidity, and a 12-h light-dark cycle (light:
8:00 am to 8:00 pm). The daily diet consisted of about 80-100 g feeds
(PS-A; Oriental. Yeast Co., Ltd., Tokyo, Japan), fresh fruit, and water
ad libitum. All animal experimentation was performed per the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research and was approved by the animal ethics committees of
Osaka University (reference no. 27-091-007).

Preparation of non-human primate sCEPS

Portions of the corneal limbus were collected, shredded with micro
scissors, processed with Accutase (ThermoFisher Scientific, Wal-
tham, MA) for 70 min, seeded on LN511E8 (Nippi, Tokyo, Japan)
coated (0.5 ug/cm2 for 1 h) plates, and cultured in corneal
epithelium maintenance medium (CEM; DMEM/F12 [2:1],
ThermoFisher Scientific) containing 2% B27 supplement
(ThermoFisher Scientific), 1% penicillin-streptomycin solution,
10-20 ng/mL KGF, and 10 pM Y-27632 (primary culture). Once

the epithelial cells became subconfluent, they were passaged and
cryopreserved using STEM-CELLBANKER (Nippon Zenyaku Kogyo
Co., Ltd, Fukushima, Japan) at passage two. For transplantation,
epithelial cells were thawed on a 12-well temperature-responsive
culture plate (UpCell, CellSeed, Tokyo, Japan) coated with
LN511E8 (0.5 ug/cm2 for 1 h) and cultured in CEM until confluent.
To promote maturation, the epithelial cells were cultivated in the
corneal epithelium maturation medium (Hayashi et al., 2016,
2017) (KCM medium containing 10-20 ng/mL KGF and 10 uM
Y-27632) for an additional 4 or 5 days after CEM culture. After con-
firming the stratification of the sheet using a phase-contrast micro-
scope as an index, transplantation was performed. We identified
passage three as optimal for use based on preliminary experiments
on CEC culture from other monkeys, in which cell proliferation
slowed down, the morphology became irregular after four passages,
and cells could not be sheeted after five passages in some strains.
The corneal limbus of the cynomolgus monkey with almost homo-
zygous MHC haplotypes (HT-1 and part of HT-2) was indepen-
dently collected five times to generate cell lines for sCEPS.

Transplantation of sCEPS

sCEPS transplantation was performed more than 5 weeks after
LSCD model preparation. To prepare the graft bed, the tissue
covering the corneal surface was removed and scraped using a
scleral knife for 3 min and a quick medical absorber for 1 min
sCEPS cultivated on temperature-responsive dishes were released
from their substrate by reducing the temperature to 20°C (PVDF
membrane; Merck KGaA, Hessen, Germany) was used as the carrier
(Nishida et al., 2004b), and the sCEPS were transplanted.

The sCEPS was prepared from the limbus of the cynomolgus
monkey with almost homozygous MHC haplotypes (HT-1 and
part of HT-2) and was transplanted onto the corneas of three
MHC-matched (#1-#3) and four MHC-unmatched (#4-#7) ani-
mals. MHC-unmatched sCEPS transplantation using a healthy
monkey was performed in #8 (MHC-unmatched monkey with
local steroids).

Systemic steroid was administered for 4 days (#1, #2, #4, #5, #6,
and #8) from the preoperative day to the second post-operative
day, or for 7 days (#3 and #7: the preoperative day, and the base-
line, first, second, third, seventh, and 10th post-operative days).
Only #8 received additional steroid treatment. In #8, subconjunc-
tival steroid injections were performed once a week after sCEPS
transplantation. After transplantation, ocular surface observation
using a slit lamp or fluorescein staining, and CCT measurement us-
ing anterior segment optical coherence tomography (SS-1000,
CASIA, Tomey Corporation, Aichi, Japan), were performed once
a week for 2 weeks, then twice a week for 6 weeks (until 8 weeks),
and once a week thereafter. The severity of CI was assessed from
0 to 3 based on the grading system for Stevens-Johnson syndrome
(Sotozono et al., 2007): CI grade O = none, grade 1 =mild, grade 2 =
moderate, and grade 3 = severe. The proportion of the CNV area in
the central cornea (8-mm diameter) was measured using ImageJ
software at 1-4, 6, 8, 10, 12, 16, 20, and 24 weeks.

Immunostaining and histological analyses
Abraded cynomolgus monkey corneal epithelium samples were
fixed in 4% paraformaldehyde (PFA), mounted in O.C.T.
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Compound (Sakura Finetek Japan. Co., Ltd., Tokyo, Japan), and 5-
um frozen sections were prepared using a CM3050 S cryomicro-
tome (Leica Biosystems, Tokyo, Japan). Frozen sections were
washed with Tris-buffered saline (TBS, TaKaRa Bio. Inc., Shiga,
Japan) for 5 min and incubated with TBS containing 5% donkey
serum and 0.3% Triton X-100 for 1 h to block non-specific reac-
tions. Sections were then incubated at 4°C overnight with the an-
tibodies: cytokeratin 12 (N-16, 1 ng/mL, Santa Cruz Biotechnology,
Dallas TX), cytokeratin 13 (AE8, 5 pg/mL, Abcam, Cambridgeshire,
UK), and p63 (4A4, 1 pg/mL, Santa Cruz Biotechnology). Sections
were washed twice with TBS for 10 min and incubated with Alexa
Fluor 488-, 568-, and 647-conjugated secondary antibodies as
appropriate (20 pg/mL, ThermoFisher Scientific) for 1 h at room
temperature (20-28°C). Counterstaining was performed with
Hoechst 33342 (Merck KgaA) before fluorescence microscopy
(ELYRA S.1, Zeiss, Baden-Wiirttemberg, Germany).

Cynomolgus monkeys were euthanized by intravenous admin-
istration of sodium pentobarbitone, after which their eyes were
immediately enucleated for histological analyses. The cornea,
containing the limbus, was divided into two. One piece of the
cornea containing limbus was mounted in O.C.T. compound
for immunostaining, and the other was fixed with 10% formal-
dehyde neutral buffer solution (Nacalai Tesque, Kyoto, Japan)
and embedded in paraffin for H&E staining. The paraffin-
embedded cornea and CEPS (sCEPS of cynomolgus monkey,
and iCEPS and sCEPS of human origin) were cut into 7- and 5-
um-thick sections, respectively. Sections were stained with
H&E after deparaffinization and hydration and observed with a
NanoZoomer-XR C12000 (Hamamatsu Photonics, Shizuoka,
Japan). Sections were also immunoassayed using cytokeratin
12 (N-16, Santa Cruz Biotechnology), cytokeratin 13 (AE8, Ab-
cam), CD45 (D9MSI, 0.25 pg/mlL, Cell Signaling Technology,
Danvers, MA), purified anti-human CD8a (2.5 pg/mlL,
BioLegend, San Diego, CA), Keratin K3/K76 (AES, 5 pg/mlL,
PROGEN Biotechnik GmbH, Baden-Wiirttemberg, Germany),
anti-MUC16 antibody (OC125, 0.25 pg/mL, Abcam), mouse
anti-ZO-1 (2.5 pg/mL, ThermoFisher Scientific), and CD274
(PD-L1, B7-H1) monoclonal antibody (MIH1, 10 pg/mlL,
ThermoFisher Scientific). For samples from #8, frozen sections
were fixed in 4% PFA and stained with H&E.

The K12-positive area and CD45- and CD8-positive cell counts
in the central cornea (4-mm diameter central zone) were
compared from ten slides of each sample with intervals of more
than 70 pm.

Preparation of human iCEPS or sCEPS

All human studies were performed according to the Declaration of
Helsinki and were approved by the ethics review committee of
Osaka University (reference no. 16279-6). The HLA homozygous
human iPSC strain (YZW]14) was provided by the Center for iPS
Cell Research and Application, Kyoto University. The methods
for maintenance, differentiation, and CEPS preparation from hu-
man iPSCs were previously described (Hayashi et al., 2016,
2017). Human somatic stem cells obtained from corneoscleral
rims (CorneaGen, Seattle, WA) were cultivated on LNS511E8
(Nippi) coated (0.5 pg/cm?, 1 h) temperature-responsive culture
plates as reported previously (Hayashi et al., 2007). Maturation
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promotion and removal of the sCEPS were performed similarly
to the non-human primate sCEPS above. iCEPS or sCEPS were
co-cultured with human recombinant IFN-y (100 ng/mL) (Bio-
Techne, Minneapolis, MN) for 48 h before flow cytometric analysis
or RNA sequencing. iCEPS or sCEPS were treated with 0.25%
trypsin-EDTA (ThermoFisher Scientific) for 15-20 min at 37°C
to obtain single cells for MLR or flow cytometric analysis. Total
RNA was obtained from iCEPS or sCEPS using the RNeasy
total RNA kit and the QIAzol reagent (Qiagen, Hilden, Germany)
for RNA sequencing.

MLR with human iCEPS

After informed consent was obtained, PBMCs (1 x 10° cells/well in
96-well plates) were isolated from healthy adult donors and co-
cultured with single iCEPS cells for 7 days. As a positive control
of allogeneic immune rejection, B-LCL were prepared from
HLA-unmatched healthy adult donor, as previously reported
(Fujiki et al., 2007). The culture medium used was RPMI-1640
medium (Nacalai Tesque) containing 10% fetal bovine serum
(ThermoFisher Scientific), 10 IU/mL human recombinant IL-2
(Shionogi & Co., Ltd., Osaka, Japan), 55 uM 2-mercaptoethanol
(ThermoFisher Scientific), 1% MEM non-essential amino acids so-
lution (ThermoFisher Scientific), 1% Glutamax Supplement
(ThermoFisher Scientific), 1 mM sodium pyruvate (ThermoFisher
Scientific), and 1% penicillin-streptomycin (ThermoFisher Scienti-
fic). Before the assay, B cells and single iCEPS cells were incubated
for 45 min at 37°C with 50 pg/mL mitomycin C to inactivate their
proliferative activity. Supernatants were harvested after 7 days and
assessed for IFN-y secretion using ELISA (Bio-Techne). The PBMCs
and PBMCs co-cultured with single iCEPS cells or B-LCL were har-
vested for flow cytometric analysis.

Flow cytometry

iCEPS or sCEPS single-cell suspensions were stained for 20 min
on ice with antibodies: fluorescein isothiocyanate anti-HLA-A, -B,
and -C antibody (mouse IgG2a, k, Biolegend); Alexa Fluor 647
anti-HLA-DR, -DP, and -DQ antibody (mouse IgG2a, k, Biolegend);
PE anti-CD274 antibody (PD-L1, B7-H1, Mouse IgGl1, «,
ThermoFisher Scientific); and PE anti-CD 273 antibody (PD-L2,
MIH1, Mouse IgG1, «, ThermoFisher Scientific). The harvested
PBMCs in MLR were incubated with APC anti-CD8a antibody
(mouse IgG1, k, ThermoFisher Scientific) for 1 h at room tempera-
ture. Intracellular staining by PE anti-human Ki-67 antibody
(mouse IgG1, k, BioLegend) was performed after using fixation
and permeabilization solution (BD Biosciences, Franklin Lakes,
NJ). All samples were analyzed on a FACSAria II or FACSVerse
flow cytometer (BD Biosciences). Data were analyzed by FlowJo
software (TreeStar, Ashland, OR).

Statistics and reproducibility

At least four independent experiments were performed for all
in vitro assays. All data were presented as means + SEM. Statistical
analyses in flow cytometry were Wilcoxon signed-rank test or
Mann-Whitney U test as appropriate. Statistical analyses in MLR
were Mann-Whitney U tests. Values were considered statistically
significant if the p value was less than 0.0S.
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