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SUMMARY
ESC- and iPSC-derived retinal transplantation is a promising therapeutic approach for diseasewith end-stage retinal degeneration, such as

retinitis pigmentosa and age-relatedmacular degeneration.We previously showedmedium- to long-term survival, maturation, and light

response of transplanted human ESC- and iPSC-retina in mouse, rat, and monkey models of end-stage retinal degeneration. Because the

use of patient hiPSC-derived retina with a disease-causing gene mutation is not appropriate for therapeutic use, allogeneic transplanta-

tion using retinal tissue/cells differentiated from a stocked hESC and iPSC line would be most practical. Here, we characterize the immu-

nological properties of hESC- and iPSC-retina and present their threemajor advantages: (1) hESC- and iPSC-retina expressed low levels of

human leukocyte antigen (HLA) class I and little HLA class II in vitro, (2) hESC- and iPSC-retina greatly suppressed immune activation of

lymphocytes in co-culture, and (3) hESC- and iPSC-retina suppressed activated immune cells partially via transforming growth factor b

signaling. These results support the use of allogeneic hESC- and iPSC-retina in future clinical application.
INTRODUCTION

Human embryonic stem cells (hESCs) and induced plurip-

otent stem cells (hiPSCs) have the potential to serve as an

unlimited source of a variety of cell types and tissues,

including retinal cells and retinal pigment epithelium

(RPE) cells. Recently, several clinical studies involving the

use of RPE cells derived from hESCs and hiPSCs have

been conducted for age-related macular degeneration

(AMD) and Stargardt disease (Da Cruz et al., 2018; Kashani

et al., 2018; Mandai et al., 2017a; Mehat et al., 2018;

Schwartz et al., 2015; Song et al., 2015; Sugita et al.,

2020). These studies showed the overall safety of the

pluripotent stem cell-based therapeutic strategy. For retinal

degenerative diseases, protocols for self-organizing, three-

dimensional retinal differentiation from mouse ESCs

(Eiraku et al., 2011) and hESCs (Nakano et al., 2012) have

emerged as a major breakthrough that allows the practical

preparation of retinal tissue/cells for grafting that are

almost comparable with fetal-derived retina in quality.

Several groups, including ours, have further improved

and optimized the differentiation protocols to now stably

supply hESC- and hiPSC-derived retinal tissue/cells for

clinical use (Reichman et al., 2014; Zhong et al., 2014;

Capowski et al., 2019; Kuwahara et al., 2015, 2019).

Retinitis pigmentosa is a group of inherited disorders

that involves the loss of photoreceptors, with more
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than 70 causal genes reported (Maeda et al., 2019).

Several therapeutic approaches are currently being

tested, including gene therapies, optogenetic therapies,

replacement therapies using artificial prostheses, protec-

tive treatment using nutritional proteins, and photore-

ceptor transplantation. In 1990–2005, several clinical

trials were conducted for retinitis pigmentosa and AMD

using fetal retinal cells with or without RPE (Das et al.,

1999; Humayun et al., 2000; Radtke et al., 2008). These

studies showed the safety and feasibility of the use of

transplantation of retinal tissue/cells for retinal degener-

ation. Although some patients showed possible visual

improvement, the efficacy of the treatment needs to be

further confirmed.

In 2006 and later, transplanted post-mitotic rod photore-

ceptor precursors were shown to integrate into the host

retina with functional recovery in retinal degeneration

mousemodels,whichturnedout tobedue to ‘‘material trans-

fer’’ from the donor cells to host photoreceptors (Pearson

et al., 2016; Santos-Ferreira et al., 2016; Singh et al., 2016).

Using end-stage retinal degeneration models with few re-

maining photoreceptors, we and others reported functional

recovery after neonatal or ESC- and iPSC-derived photore-

ceptor transplantation either in the formof a cell suspension

or a retinal tissue (Barnea-Cramer et al., 2016; Iraha et al.,

2018; Lin et al., 2018; Mandai et al., 2017b; Singh et al.,

2013; Tu et al., 2019). The advantages of cell suspension
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transplantation include widespread cell delivery with

minimal surgical invasion and efficient contact between

partially purified graft photoreceptors and host bipolar cells

(Gagliardi et al., 2018; Kruczek et al., 2017). However, iso-

lated photoreceptor cell suspension generally do not survive

for a long time after transplantation and they cannot

develop an outer nuclear layer structure (Gasparini et al.,

2019; Ghosh et al, 1999, 2007; West et al., 2010). On the

other hand, transplanted retinal tissue tends to survive for

a long period in end-stage retinal degeneration models and

develop anouter nuclear layer consisting ofmature photore-

ceptors with inner/outer segment-like structures, although

these often form rosette structures (Akiba et al., 2019;

Assawachananont et al., 2014; Iraha et al., 2018; Mandai

et al., 2017b; Shirai et al., 2015). We previously observed

the survival of abundant grafted hiPSC-derived photorecep-

tors in amonkey retinal degenerationmodel over 2 years (Tu

et al., 2019).

The eye is a unique immune-privileged site where exces-

sive inflammation is suppressed to protect the visual

system (Mochizuki et al., 2013; Streilein, 2003). Several

mechanisms have been proposed to explain the ocular im-

mune-privileged status: (1) the presence of two blood-

retinal barriers (BRB), namely the outer BRB as an RPE layer

that separates the retina from choroidal tissue, and the in-

ner BRB as a microvascular epithelium that separates the

retina from the bloodstream (Cunha-Vaz, 2004). The com-

posite cells of these barriers form a tight junction to restrict

transport of cytokines and migration of immune cells

(Streilein, 2003; Sugita, 2009). (2) RPE cells and iris/ciliary

body epithelial cells have immunosuppressive properties

due to secretion of soluble factors, such as transforming

growth factor b (TGF-b), that inhibit activation of immune

cells (Sugita, 2009; Sugita et al., 2006). Recently, we

showed that retinal ganglion cells can suppress bystander

T cells in vitro and produce TGF-b like RPE cells (Edo et al.,

2020).
Figure 1. Differentiation of hESC- and iPSC-Derived Retina and E
(A) Schematic illustration of retinal differentiation from hESCs and iPS
followed by the addition of Y-27632, SAG, and BMP4, and then furth
(B–C) Bright-field image of differentiated hESC- and iPSC-retina show
hESC-retina expressed the Crx::Venus photoreceptor precursor marker.
hESC-retina. Fluorescence-activated cell sorting (FACS) results are re
(D–F) hESC-retina (D–F) and hiPSC-retina (D0–F0) at DD80 were each s
Pax6 (retinal progenitors)/Crx (photoreceptor precursors) (DD0); Brn3
Prox1 (retinal inner cells)/Brn3 (FF0).
(G and H) Flow cytometry analysis of HLA class I and II on hESC- an
absence of rIFN-g (100 ng/mL). hESC- and iPSC-retina and hiPSC-RPE
Isotype control is shown in blue. HLA class I expression in hiPSC-reti
(hESC-retina Crx::Venus+; photoreceptor precursors) shows very sligh
(I–M) Expression of HLA class I in hESC-retina (I and J). HLA class I was
exposed to rIFN-g (K–M). HLA class I immunostaining is shown in a sin
50 mm (D–F, J, and L), and 10 mm (M). RPE, retinal pigment epitheli
However, RPE cells, including iPSC-derived cells, also

have immunogenic properties, and immune rejection after

RPE cell transplantation was reported (Fujii et al., 2020;

Sugita et al., 2020). Although evidence for rejection was

not reported in previous clinical studies using fetus retina

for transplantations (Das et al., 1999; Humayun et al.,

2000; Radtke et al., 2008), whether this was due to the

unique characteristics of the immune-privileged ocular

environment or to immunological properties of native

retinal tissues is not known. Thus, in this study, we investi-

gated the immunologic features of hESC- and iPSC-retina

that were differentiated in vitro, outside the immune-privi-

leged environment, to assess their native immuno-compe-

tency and their clinical usefulness in future allogeneic

transplantation therapy.
RESULTS

Consistent Differentiation of hESC(KhES-1) and

iPSC(TLHD2)-Retina

The Crx::Venus hESC line (KhES-1) that expresses Venus

under the photoreceptor marker promotor and hiPSC line

(TLHD2) established from a healthy donor were used in

this study. These lines consistently expressed the pluripo-

tent stem cell markers Oct3/4, Nanog, and SSEA-4 in

feeder-free maintenance culture (Figures S1A–S1F), and

were differentiated into retina using a modified serum-

free floating culture of embryoid body-like aggregates

with the quick aggregation (SFEBq) method (Figure 1A).

Self-organized retina was consistently differentiated from

these hESC and iPSC lines with a continuous neural epithe-

lium layer (Figures 1B and 1C) expressing Venus in the

hESC Crx::Venus reporter line (Figure 1B0 and 1B00) and

the Crx in both hESC and iPSC lines on differentiation

day 80 (DD80) (Figures 1D–1F and D0–F0). The majority of

cells on DD80 in hESC- and iPSC-retina expressed the
xpression of Molecules Related to Immunogenicity
Cs. The differentiation was pre-conditioned with SB431542 and SAG,
er differentiated by adding CHIR-99021 and SU-5402.
ing the formation of a continuous epithelial structure at DD80. (B0)
(B00) Flow cytometry analysis of Crx::Venus+ cell population on DD80
presentative of three individual experiments (n = 3).
tained with retinal cell markers with nuclear staining DAPI. Chx10/
(retinal ganglion cells)/Crx/RxRg (cone precursors) (EE0); Islet-1/

d iPSC-retina and hiPSC-RPE cultured for 2 days in the presence or
were stained with anti-HLA class I or anti-HLA class II antibodies.
na was lower compared with hiPSC-RPE (G). Crx::Venus+ population
t expression of HLA class I (H) (independent assay, n = 3).
expressed in the whole retina with Crx::Venus+ photoreceptors after
gle channel (I0–M0). Scale bars, 500 mm (B and C), 200 mm (I and K),
um.
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neural retinal progenitormarker Chx10 and Pax6 in the in-

termediate layer (Figures 1D and D0). Most of the Crx+

photoreceptor precursors were located in the apical-most

layer and were positive for the cone photoreceptor marker

Rxrg (Figures 1E and 1E0). During the early differentiation

period, inner retinal cells expressed Islet-1, Prox1, and

Brn3, indicating the presence of retinal ganglion cells, ama-

crine cells, and horizontal cells (Figures 1F and 1F0). All of
these indicated that these hESC- and iPSC-retina resembled

those used in our previous studies thatmatured and elicited

light responses after transplantation, and comply with our

graft quality for transplantation studies (Iraha et al., 2018;

Tu et al., 2019).

Minimal and Elevated Expression of HLA Class I in

hESC- and iPSC-Retina with or without Recombinant

Interferon-g

We first examined the expression of molecules related to

immunogenicity in hESC- and iPSC-retina, including

HLA class I, II, and E; a component of major histocompat-

ibility complex/HLA class I molecules, b2-microglobulin

(b2-MG); and the T cell co-stimulatory molecules, CD40,

CD80 (B7-1), CD86 (B7-2), CD274 (PD-L1), and CD273

(PD-L2) with flow cytometry (Figures 1G–H and S1G–

S1H). hiPSC-retina expressed HLA class I and b2-MG at a

lower level compared with hiPSC-RPE, but did not express

HLA class II. The proinflammatory cytokine recombinant

interferon-g (rIFN-g) increased the expression of HLA

class I and b2-MG, and slightly increased that of HLA class

II and HLA-E, but did not lead to the expression of other

immune molecules, such as CD40, CD80, CD86, or PD-

L2 in hESC- and iPSC-retina (Figure S1H). rIFN-g increased

HLA class I expression in hiPSC-retina but in a broader

level compared with that in hiPSC-RPE (Figure 1G).

Among hESC-retina, the expression level of HLA class I

and b2-MG was lower in Crx::Venus+ photoreceptor pre-

cursors than in other populations, indicating the low

immunogenicity of hESC-photoreceptor precursors

(Figure 1H). Also, compared with hiPSC-RPE exposed to

rIFN-g (Figure 1G), there was almost no expression of

HLA class II on the Crx::Venus+ population exposed to

rIFN-g (Figure 1H). Immunohistochemical analysis

confirmed the upregulation of HLA class I in hESC-retina

after rIFN-g treatment but HLA class I was barely detect-

able without rIFN-g (Figures 1I–1M). In addition, hESC-

and iPSC-retina expressed the suggested ‘‘don’t eat me’’

immune ligand CD47 that can interact with several cell

surface receptors to avoid phagocytosis (Jaiswal et al.,

2009) regardless of rIFN-g treatment (Figure S1I).

Since transplanted hESC- and iPSC-retina eventually ma-

tures after transplantation, which may cause different im-

mune responses in the host retina, we also studied if HLA

expression changes along with maturation of hESC-retina.
854 Stem Cell Reports j Vol. 16 j 851–867 j April 13, 2021
hESC-retina on DD30 consisted mainly of Chx10+/Ki67+

neural retinal progenitors, with the first-born cell lineage

being Brn3+/Pax6+ ganglion cells (Figures S2A and S2B).

Rxrg+ cone photoreceptors expressed the bona fide photo-

receptor marker Recoverin on DD90 (Figures S2B and S2C).

Around DD150, Crx::Venus+ photoreceptors in the apical-

most layer further increased in number, but Rxrg+ cone

photoreceptors did not (Figure S2C). Protein kinase C a+

rod bipolar cells, glutamine synthetase (GS)+ cells, and glial

fibrillary acidic protein (GFAP)� Müller glial cells emerged

at this stage and were continuously present on DD200–

DD240 (Figure S2D). Immunohistochemical analysis

showed that the HLA class I and II expression patterns

were similar at all differentiation stages (DD27, DD91,

DD149, and DD239) of hESC-retina (Figures S3A and

S3B). These findings imply that hESC- and iPSC-retina

may consistently show low expression of HLA class I unless

activated, and no detectable HLA class II at the time of

transplantation, and even thereafter, toward the end of

its maturation.

Different Responses of Allogeneic Peripheral Blood

Mononuclear Cells against Single Cells, Semi-

dissociated Cells, and Whole Retina from hESC- and

iPSC-Retina

Because retinal tissues tend to survive longer compared

with a cell suspension after transplantation, we then tested

whether the different forms of retinal tissues/cells prepara-

tions, including (1) single cells, (2) semi-dissociated cells,

and (3) whole retina, showed different immunogenicity.

For this purpose, we conducted a lymphocyte graft im-

mune reaction (LGIR) assay, in which we co-cultured allo-

geneic (HLA mismatched) peripheral blood mononuclear

cells (PBMCs) from healthy donors with each cell form of

DD78–DD100 hESC- and iPSC-retina, the developmental

stage that we consider useful for transplantation in clinical

application (Figure 2A). With graft retina-PBMCs co-

cultured for 4–5 days, dissociated single cells from both

the hESC-retina (Figure 2B) and iPSC-retina (Figure 2C)

weakly enhanced the proliferation of CD4+ cells (helper

T cells), CD8+ cells (cytotoxic T cells), and CD11b+ cells

(macrophages/monocytes), but not natural killer group

2A (NKG2A)+ cells (natural killer cells) compared with con-

trol PBMCs without co-culturing. In contrast, semi-dissoci-

ated or whole retina failed to induce proliferation of any of

these immune PBMC components, with drastic suppres-

sion by the whole retina (Figures 2B and 2C). In addition,

whole tissue strongly suppressed IFN-g secretion by

PBMCs. To assess the difference in immunogenicity, we

examined HLA class I expression in whole retina and single

cells, but HLA class I expression was not increased in the

single cells of hESC-retina (Figure 2D). Then we studied if

the increase in immunogenicity results from a single-cell



(legend on next page)
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culture that may cause some cell death. On day 1 after

dissociation of hESC-retina, approximately 70%of the cells

were positive for either or both of Annexin Vand SYTOX in

a single-cell condition, whichwas also the case for less than

15% of the cells freshly prepared from the whole retina. On

days 3–5, surviving cells seemed to proliferate and form

small aggregates, thereby presenting an apparently

improved cell viability, although this was with the absence

of PBMCs, providing a less severe condition than co-culture

assay (Figure S4). This implied that dying cells, although

mostly apoptotic, after a single-cell dissociation may

moderately enhance an immune response in co-culture as-

says. Another possibility for the low immunogenicity of

hESC- and iPSC-retinas may be derived from the externally

located Crx+ photoreceptor precursors that express lower

levels of HLA class I and b2-MG compared with that in

the other cell composites in hESC-retinas (Figure 1H),

because these external cells are considered to be the major

population to be exposed to PBMCs in co-culture assay. So,

we sorted Crx::Venus+ cells in hESC-retina by fluorescence-

activated cell sorting to co-culture with PBMCs. There was

no significant difference between the Crx::Venus+ and

Crx::Venus� cells, and the mixture of the 2, and unsorted

single cells, suggesting that the low immunogenicity of

the hESC- and iPSC-retinas is not due to the intrinsic prop-

erty of the externally located Crx::Venus+ cells (Figure S5).

These results indicated that hESC- and iPSC-retina as a

whole may have an advantage in low immunogenicity,

with some suppressive properties on allogeneic lympho-

cytes partly because of their better survival when compared

with single-cell dissociation.

Immunogenicity of Single Cells from hiPSC-Retina on

Allogeneic PBMCs

Because single cells from hESC- and iPSC-retina activated

allogeneic T lymphocytes, we confirmed if this activation

was due to immune reaction by directly comparing the pro-

liferation of autogenic and HLA-mismatched allogeneic

PBMCs (TLHD2 donor) against a dissociated form of iPSC-

retina (Figure 3A). In the HLA-mismatched LGIR assay, pro-

liferation of CD4+ cells and CD11b+ cells were increased,

whereas the proliferation of immune cells was decreased

by co-culture with autogenic iPSC-retina (Figure 3B), sug-

gesting that single cells from iPSC-retina are immunogenic

to elicit sufficient allogenic immune response.
Figure 2. hESC- and iPSC-Retina Elicited an Immunological React
(A) Three types of hESC-retinal conditions, single cells, semi-dissociat
(LGIR) assay at DD78.
(B and C) Flow cytometry analysis of PBMCs after co-culture with hESC-
anti-NKG2A, anti-Ki-67 antibodies, and each isotype control antibod
was examined with enzyme-linked immunosorbent assay (ELISA) (n =
(D) HLA class I expression level of whole retina and single-retinal cells
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Active Immunosuppressive Property of hESC- and

iPSC-Retina on PBMCs

Several reports have demonstrated that RPE cells and hESC-

and iPSC-RPE have active immunosuppressive properties on

activated immune cells (Sugita et al., 2006, 2016a, 2016b).

However, immunomodulatory features of the retina have

not beenwell studied. Because hESC- and iPSC-whole retina

suppressed allogeneic PBMC proliferation, we postulated

that hESC- and iPSC-retina may have some active immuno-

suppressive properties in addition to simply having low

immunogenicity. Thus, we further tested if hESC- and

iPSC-retina actively suppressed activated PBMCs, including

activated Tcells. PBMCswere activatedby anti-humanCD3/

CD28 agonistic antibodies. hiPSC-retina significantly sup-

pressed the proliferation of all immune cells, including

CD4+, CD8+,CD11b+,CD19+, andNKG2A+ cells (Figure 4A).

The extent of the suppression by iPSC-retina was similar to

that by RPE cells established from iPSCs (Figure 4A).We also

examined whether hESC-retina and hESCs as a control sup-

pressed activated inflammatory cells in vitro. Control hESCs

failed to suppress PBMCs thatwere activated by anti-human

CD3/CD28 antibodies, whereas hESC-retina suppressed

activated CD4+ cells and CD8+ cells in PBMCs (Figure 4B).

In microscopy observation after the co-culture, control

PBMCs without whole retina proliferated and formed large

aggregates, whereas PBMCs that were co-cultured with

hESC-retina formed smaller aggregates (Figure 4C). The sup-

pressive effect was evident close to the hESC-retina in a co-

culture dish, and was tissue number-dependent (5, 10, 15,

and 20 retinal tissues), indicating the direct relevance of

the presence of hESC-retina with the suppressive effect

(Figures 4C and 4D).

Immunosuppressive Property ofNative Primate Retina

To confirm if this is a consistent characteristic of in vivo

native retinal tissues that are freshly harvested, we isolated

retinal tissue from a postmortem adult monkey (8 years

old) to test the immunomodulatory properties. We co-

cultured the adult monkey retinal tissue with activated

allogeneic monkey PBMCs by anti-human CD3 agonistic

antibodies. Compared with the control PBMCs without

co-culturing, adult monkey retinal tissue dramatically sup-

pressed the proliferation of all CD4+, CD8+, CD11b+,

CD19+, and NKG2A+ cells in conditions that triggered

PBMC proliferation (Figure 5A). Four adult monkey retinal
ion in Co-culture
ed cells, and whole retina of the lymphocyte graft immune rejection

retina (B) and iPSC-retina (C) using anti-CD4, anti-CD8, anti-CD11b,
y. IFN-g concentration in the supernatant of LGIR culture medium
6 independent experiments).
with or without rIFN-g. PBMCs, peripheral blood mononuclear cells.



Figure 3. Lymphocyte Reactions of Autogenic or Allogeneic iPSC-Retina
(A) Schematic of autogenic and allogeneic LGIR assay. hiPSC-retina (TLHD2) in the single-cell condition was co-cultured with PBMCs from
a TLHD2 donor or another healthy donor. The healthy donor was completely HLA mismatched.
(B) PBMCs were analyzed with flow cytometry using immune cell marker antibody FACS results are representative of independent assay (n = 2).
tissue consistently suppressed the proliferation of T, CD4+,

and CD8+ cells (Figure 5B). In co-culture, PBMCs formed ag-

gregates withoutmonkey adult retinal tissue, but did not do

so with adult monkey retinal tissue (Figures 5C and 5D). In

addition, PBMCs cultured in the fresh posterior eye cup that

contained retina and RPE also suppressed allogeneic PBMCs

in vitro (Figure 5A). Taken together, these data suggested

that, not only the posterior eye environment, but retinal tis-

sue alone and retinal tissue differentiated from hESCs and

iPSCs in vitro have strong immunosuppressive properties.

TGF-b Is the Major Immunomodulatory Molecule

Secreted by hESC- and iPSC-Retina

To investigate the mechanism of the immunosuppressive

properties of hESC- and iPSC-retina, we first tested if direct

contact between hESC-retina and PBMCs was required for
immune suppression. The immunosuppressive pattern of

hESC-retina did not change in a separate co-culture using

a Transwell (Figure 6A). hESC-retina greatly suppressed

activated immune cells in the Transwell condition. These

results indicate that the immune suppression was due to

humoral molecules/factors secreted by hESC-retina.

To identify the secreted molecule(s), we screened for the

expression of immunosuppressive molecules with quanti-

tative real-time PCR (Figure S6A). Compared with iPSCs

(as a control), iPSC-retina highly expressed TGF-b1, TGF-

b2, and TGF-b3, and these molecules were also expressed

by immunosuppressive iPSC-RPE cells (Figure 6B). Levels

of TGF-b2 in the supernatant collected from hESC-retina

were tissue number-dependent as seen with an enzyme-

linked immunosorbent assay (ELISA) (Figure 6C), and

TGF-b2 was also secreted from iPSC-retina (32.4 ± 2.0 pg/
Stem Cell Reports j Vol. 16 j 851–867 j April 13, 2021 857



Figure 4. hESC- and iPSC-Retina Have Immunomodulatory Function against Activated Allogeneic PBMCs in the Same Manner as RPE
(A) Flow cytometry analysis of activated PBMCs using anti-CD3/CD28 agonistic antibody after co-culture with hESC-retina using anti-CD4,
anti-CD8, anti-CD11b, anti-CD19, anti-NKG2A, anti-Ki-67 antibodies, and each isotype control antibody. FACS results are representative of
independent experiments (n = 2).
(B) Percentage of Ki-67+ proliferating CD4+, CD8+, CD11b+, CD19+, and NKG2A+ cells compared with control were determined with flow
cytometry analysis (n = 3). **p > 0.05, compared with PBMCs + hESCs. Student’s t test. Data are the means ± SEM of three independent
experiments.

(legend continued on next page)
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mLper whole retina) at the same levels as hESC-retina (29.6

± 2.8 pg/mL per whole retina) (Figure 6D).

Since transplanted hESC- and iPSC-retina mature after

transplantation, we then examined whether these immu-

nosuppressive properties and TGF-b2 secretion level

changes during the maturation process of hESC-retina.

TGF-b2 was consistently secreted at different develop-

mental stages of hESC-retina between DD50 and DD240,

with the highest values at DD100 and DD160. The peak

secretion level of TGF-b2 by hESC-retina was similar to

that by iPSC-RPE cells (Figure 6E). hESC-retina of DD50–

DD200 consistently suppressed activated immune cells,

and the suppression was most evident with hESC-retina

of DD80 and DD150 (Figure 6F).

To see if the immunosuppressive activity of hESC- and

iPSC-retina is mediated by TGF-b, we then tested if

TGF-b-neutralizing antibody or TGF-b receptor inhibitor

SB431542 abolish the suppressive effect. In amixed lympho-

cyte reactionassayusingfivesamplesofmixedhealthydonor

PBMCs, the immunosuppressive activity by hESC-retina

was partially inhibited by adding anti-TGF-b-neutralizing

antibody (Figure 6G). Similarly, the immunosuppressive ac-

tivity was blocked by adding TGF-b receptor inhibitor

SB431542 (Figure 6G). These data suggested that secreted

TGF-b from hESC- and iPSC-retina played a significant role

among other, as yet unidentified, factors in the immunosup-

pressive mechanism.

Because the preparation of single cells from hESC- and

iPSC-retina involves enzymatic digestion with papain,

we also tested the influence of enzymatic digestion

on different forms of hESC- and iPSC-retina used in

Figure 2 by preparation under four tissue conditions:

(1) hESC-whole retina with no enzymatic treatment, (2)

hESC-whole retina with enzymatic treatment, (3) semi-

dissociated hESC-retina, and (4) hESC-retina in single

cells (Figure S6B). After 2 days in culture, we measured

TGF-b2 secretions with ELISA and gene expression with

real-time PCR. TGF-b2 was not detected in the culture

medium of any of the three forms of hESC-retina after

enzymatic treatment, whereas gene expression of TGF-

b2 was reduced but present, implying that the reduction

in secretion would be transient (Figures S6C and S6D).

We further investigated if this effect was specific to

papain-based neuron dissociation solution or due to

enzymatic digestion in general by using other digestive

reagents. We found that, similar to a papain digestion,
(C) Bright-field image of aggregate formation of PBMCs. Control PBMC
culture dish with hESC-retina, PBMCs formed small aggregates. In pa
PBMCs in the presence of anti-CD3/CD28 antibodies were co-cultured w
co-cultured iPSC-retina or iPSC-RPE.
(D) CD4+ and CD8+ cells were immune suppressed according to the nu
independent experiments).
TrypLE Select and Accumax also reduced the secretion

of TGF-b2 (Figures S6E and S6F). Consistently, in PBMC

co-culture assay, the dissociated cells with any enzymatic

treatment increased the immunogenicity compared with

non-treated retinas, which was accompanied by the

simultaneous increase in the secretion of IFN-g (Figures

S7A–S7C). Thus, the absence of TGF-b seems to be a

result of enzymatic digestion, which may have enhanced

the immunogenicity of dissociated single cells of hESC-

retinas in the LGIR assay. It is noteworthy that the

immunogenicity of enzyme-treated whole retina still re-

tained immunosuppressive property despite the evident

reduction of TGF-b2 secretion and the increase in IFN-g

secretion, again suggesting the presence of some other

factors contributing to the immunosuppressive mecha-

nism other than TGF-b2. In addition, the levels of anti-

inflammatory interleukin-10 secretion were low in all

samples (Figure S7B).

HLAExpression Level andDistribution of hESC-Retina

after Transplantation

Finally, we investigated HLA expression by hESC-retina af-

ter transplantation in a retinal degeneration model of Rho-

mutant nude rats (Seiler et al., 2014). After transplantation,

HLA class I expression was not apparent on day 1 but was

weakly upregulated in non-Crx::Venus+ grafted cells after

7 days (Figures 7A and 7B). After 5 months, HLA class I

was expressed between photoreceptor rosettes and host

RPE, whichwas co-labeled with human-specific GFAP, indi-

cating the activated status of distal part of grafted Müller

glial cells, probably due to surgical injury, impairment of

some cells in the graft, or inflammation of background dis-

ease (Figure 7D). It is at the same time noteworthy that

either GFAP or HLA class I was negative in the retinal cells

integrating or proximal to host retina, which was consis-

tent with our previous report (Tu et al., 2019) thatHLA class

II was not expressed in any part of the graft at any of the

observed time points (Figure 7C). Although transplanta-

tion was performed in lymphocyte-depleted nude rats

and we could not evaluate the host immune response in

this model, we also observed that hESC-retina prestimu-

lated by IFN-g to induce HLA class I did not activate alloge-

neic lymphocytes (Figure 7E). These results suggest that

hESC-retina may express HLA class I in Müller glial cells af-

ter transplantation but not at the integration site, and

immunogenicity may be still low.
s proliferated and formed large aggregates. In the center of the co-
rticular, PBMCs were almost single cells near the hESC-retina. (C)
ith iPSC-retina. These immune cells were immune suppressed when

mber of whole retina cells (5, 10, 15, and 20 retinal tissues) (n = 2
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DISCUSSION

The eye, a part of the central nervous system, is a well-

known immune-privileged tissue but the immunomodu-

latory characteristics of isolated retina, particularly

human retina, have not been studied so far. In view of

recent advances in regenerative therapy and clinical appli-

cation of hESC- and iPSC-retinal tissue or cells, we closely

investigated the immunological characteristics of hESC-

and iPSC-retina that were differentiated in vitro outside

the immune-privileged site. Here, we present three unique

features of hESC- and iPSC-retina. First, hESC- and iPSC-

retina expressed low HLA class I and little HLA class II.

Second, hESC- and iPSC-retina had low immunogenicity,

and only single cells, but not tissue or semi dissociate

cells, partially activated allogeneic PBMCs. Third, adult

fresh monkey retina and hESC- and iPSC-retina showed

active immunosuppressive properties on activated alloge-

neic lymphocytes, and the secretion of TGF-b was sug-

gested to be a key mechanism. These features suggested

a low risk of immune rejection after transplantation of

hESC- and iPSC-retina in clinical applications, which

may reduce the need for use of systemic immunosuppres-

sive medication.

In general, neural tissues are recognized as low antigen-

presenting tissues, and several neural tissues derived from

hESC- and iPSC, such as neural stem/progenitor cells, neural

crest cells, anddopaminergicprogenitors, also showlowHLA

expression (Fujii et al., 2019; Itakura et al., 2017; Morizane

et al., 2017; Ozaki et al., 2017). hESC- and iPSC-retina simi-

larly showed low immunogenicity, and this was consistent

throughout the different developmental/differentiation

stages. Although low immunogenicity of the retina was

conceptually recognized, transplanted retinal cell suspen-

sions reportedly survive rather poorly comparedwith retinal

sheet transplants, particularly in inflammatory conditions

(Ghosh et al, 1999, 2007; West et al., 2010). In this study,

although cell suspensions dissociated from hESC- and

iPSC-retina had mild immunogenicity in contrast to immu-

nosuppressive hESC- and iPSC-whole retina, the expression

level of HLA was not significantly different between these

two forms.

Interestingly, hESC- and iPSC-retina showed not only

low immunogenicity but actively suppressed activated in-

flammatory immune cells. Because the inflammatory
Figure 5. Immunosuppressive Property of Native Primate Retina
(A) Allogeneic monkey PBMCs were co-cultured in the presence of anti-
monkey, or incubated in a freshly prepared posterior eyecup that inclu
retina, monkey adult retina dramatically suppressed the proliferation o
(B) Four adult monkey retinas consistently suppressed the proliferati
(C and D) Control PBMCs formed aggregates in the presence of anti-C
cultured with adult monkey retina (donor, n = 4). Scale bars, 500 mm
process is involved in diseases, such as AMD and retinitis

pigmentosa (Ambati et al., 2003; Edwards et al., 2005;

Mandai et al., 2012; Wooff et al., 2019), as well as the

transplantation procedure itself, these suppressive proper-

ties of hESC- and iPSC-retina are likely advantageous for

successful cell therapy. Interestingly, activated Müller

marker GFAP and HLA class I were positive only in the

distal to host part of the graft and were absent at the

host-graft integration site. This was consistent with our

previous observation that GS+ Müller glia span the entire

graft, but that activated Müller marker GFAP was only

positive on the distal to host part of the rosettes and

was not observed at the host-graft integration site (Tu

et al., 2019). Thus, we postulate that the Müller cells,

which are important to retain the photoreceptor layer

structure, glutamate uptake, and visual pigment recycling,

may not necessarily be harmful when considering the

graft immunoreaction. At the same time, tri-laminated

whole retina may not be an ideal graft form for photore-

ceptor replacement, and we have to consider a way to

retain the advantage of hESC- and hiPSC-retinas but yet

facilitate the graft integration by eliminating the unneces-

sary retinal layers/components. In addition, hESC- and

iPSC-retinas prepared in vitro entirely lack retinal micro-

glia and vascular cells, and this may also affect the graft

immunogenicity.

TGF-b is an immune modulatory factor secreted by both

hESC- and iPSC-retina and iPSC-RPE. These immunosup-

pressive properties of hESC- and iPSC-retina contribute

not only to immune rejection but also may protect

against the proinflammatory status of background dis-

eases. In this study, TGF-b played an important role in

the immune modulatory properties of hESC- and iPSC-

retina, and the loss of TGF-b secretion due to enzyme

digestion during cell dissociation despite the presence of

TGF-b mRNA may lead to lower immunogenicity or loss

of immunosuppressive properties of these cells. We previ-

ously reported that iPSC-RPE induces immune tolerance

and regulatory T cells (Sugita et al., 2015), which suggests

a similar role for hESC- and iPSC-retina. However, in our

several experiments, hESC- and iPSC-retinas is unable to

induce regulatory T cells in vitro unlike RPE cells (data

not shown). These finding show that the difference of im-

mune properties between the hESC- and iPSC-retina and

RPE cells.
CD3 antibody with a freshly isolated retina from a postmortem adult
ded retina, choroid, and sclera. Compared with the control without
f immune cells. Data are representative of n = 2 independent assays.
on of CD4+ cells and CD8+ T cells stimulated by anti-CD3 antibody.
D3 antibody but no significant aggregates were observed when co-
(C and D).
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A previous clinical trial that assessed allogeneic RPE cell

transplantation for AMD patients reported a loss of trans-

plants in 75% of the cases over 2 years when no immune

suppressants were administered (Algvere et al., 1999). Inter-

estingly, however, co-transplantation of a combination of

allogeneic RPE cells with retina showed no immune rejec-

tion, even in the absence of administration of immunosup-

pressants (Radtke et al., 2008). In some retinal degenerative

diseases, the immune-privileged environment is impaired

(Welge-Lüßen et al., 1999; Lin et al., 2018). RPE cells were

previously considered to have immunosuppressive proper-

ties, and RPE cells and the microvascular epithelium

maintained immuneprivilege.However,wedirectlydemon-

strated that hESC- and iPSC-retina also have immunosup-

pressive properties. These findings suggest that hESC- and

iPSC-retinamay also contribute tomaintenance of immune

privilege and that transplantation of healthy hESC- and

iPSC-retina in retinal degenerative diseases may also help

reconstruct the ocular immune environment.
EXPERIMENTAL PROCEDURES

Retinal Differentiation Derived from Human ESCs/

iPSCs
We used one hESC line (KhES-1) with Venus cDNA knocked in at

the locus of the early photoreceptor marker gene Crx (Chen

et al., 1997; Furukawa et al., 1997; Nakano et al., 2012) and a

human iPSC line (TLHD2). TLHD2 iPSCs were established from

skin fibroblasts of a healthy donor after informed consent was ob-

tained. The research followed the tenets of the Declaration of

Helsinki, and the study was approved by the Institutional Ethics

Committees of the Center for Developmental Biology, RIKEN. An

episomal vector with several genes, including, OCT3/4, SOX2,

KLF4, L-MYC, LIN28, and p53 small hairpin RNA was used as

described (Sugita et al., 2015). Undifferentiated hESCs and iPSCs

were used and maintained in feeder-free conditions on LM511-

E8 matrix (Matrixome) in Stem Fit medium (Ajinomoto) as

described previously (Nakagawa et al., 2014).

We used a retinal differentiation method with the serum-free

floating culture of embryoid body-like aggregates with the quick
Figure 6. TGF-b2 Expression in hESC- and iPSC-Retina and the Ef
(A) Flow cytometry analysis of the LGIR assay using a Transwell cult
nosuppressive patterns in tissues grown in a normal well and Transw
(B) Expression of TGF-b1, TGF-b2, and TGF-b3 by iPSC-retina was dete
control iPSC = 1.0) (n = 2).
(C) Concentration of TGF-b2 was increased according to the number of
(D) hESC- and iPSC-retina (10 retinas each) secreted the similar leve
(E) Secretion level of TGF-b2 at d50, d100, d160, and d240 of retina
(F) hESC-retina showed immune modulatory properties regardless o
prominent with d80–d150 retina.
(G) LGIR neutralizing co-culture assay using TGF-b antibody or the TG
PBMCs stimulated with anti-CD3/CD28 antibodies in the presence of t
and TGF-b receptor inhibitor decreased immune suppression of hESC-re
aggregation protocol (Kuwahara et al., 2015) with aminormodifica-

tion (Kuwahara et al., 2019). In brief, at DD1,hESCand iPSC in Stem

Fit (Ajinomoto) medium were treated with 5 mM TGF-b receptor in-

hibitor (SB431542: Tocris Bioscience) and 300 nM Smoothened

agonist (Enzo) for 24 h before differentiation in sub-confluent cul-

ture. Dissociated hESCs and iPSCs (1.2 3 105 cells/100 mL gfCDM

with 10 mM Rock inhibitor [Y-27632; Wako Pure Chemical Indus-

tries]) were reaggregated in low cell adhesion V-bottom 96-well

plates (Sumilon Prime Surface plate: Sumitomo Bakelite). On DD3,

1.5 nM recombinant human BMP4 (R&D Systems) was added to

the medium. Thereafter, half the mediumwas refreshed every third

day until day 15. Retinal tissuewas then transferred to low-adhesion

Petri dishes (Sumitomo Bakelite) in DMEM/F12 (Gibco) containing

1% N2 supplement (Gibco), 3 mM GSK-3 inhibitor (CHIR99021;

Wako Pure Chemical Industries), and a vascular endothelial growth

factor receptor/fibroblast growth factor receptor inhibitor (SU5402;

Wako PureChemical Industries). Then themediumwas changed on

day 18 to long-term medium (Nukaya et al. in preparation;

WO2019017492A1, WO2019054514A1). The culture medium was

changed every 3–4 day.

This study followed the tenets of theDeclaration of Helsinki, and

was approved by the Institutional Ethics Committee of the RIKEN

BDR (Approval No. Kobe1 2013-01(10), 29March 2019). Please see

supplemental materials for other methods.
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fect of TGF-b on Immune Suppression
ure insert for separately culturing hESC-retina and PBMCs. Immu-
ell were similar (n = 2).
rmined with quantitative real-time PCR compared with iPSCs (DDCt:

retina tissues in the supernatant of hESC-retina as seen with ELISA.
l of TGF-b2 as determined by ELISA. Data are the means ± SEM.
and RPE. ELISA results are representative of assay (n = 3).
f the differentiation day. Immune suppression ability was most

F-b receptor inhibitor, SB431542. hESC-retina was co-cultured with
he 1 mg/mL TGF-b antibody or 1 mM SB431542. The TGF-b antibody
tina. FACS data are representative of two independent experiments.
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Figure 7. Distribution of HLA Expression
of hESC-Retina after Subretinal Transplan-
tation in SD-Foxn1 Tg (S334ter) 3LavRrrc
Nude Rats
(A) Low HLA class I expression of hESC-retina
in the host subretinal space after 1 day of
transplantation. Stem121+ hESC-retina was
confined to the area in close proximity to the
transplantation site.
(B and C) Immunostaining for rat retinal
sections with Stem121 and HLA class I and II
after 7 days of transplantation. Crx::Venus+

photoreceptors formed rosette structures.
HLA class I expression in cells was limited,
and no HLA class II+ cells were seen.
(D) Rat retinal sections were stained for
Stem123, human-specific GFAP, and HLA
class I. Co-expression of HLA class I and
Stem123 after 5 months of transplantation.
Immunohistochemical analysis are repre-
sentative of six animals.
(E) hESC-retina cultured for 2 days in the
presence of rIFN-g (100 ng/mL), was used
for LGIR assay. hESC-retina was still sup-
pressive on immune cells in the prestimu-
lated rIFN-g (independent assay, n = 2).
Scale bars, 150 mm (A), 50 mm (B and C), and
100 and 50 mm (D).
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