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SUMMARY

Transplantation of embryonic/induced pluripotent stem cell-derived retina (ESC/iPSC-retina) restores host retinal ganglion cell light re-
sponses in end-stage retinal degeneration models with host-graft synapse formation. We studied the immunological features of iPSC-
retina transplantation using major histocompatibility complex (MHC)-homozygote monkey iPSC-retinas in monkeys with laser-induced
retinal degeneration in MHC-matched and -mismatched transplantation. MHC-mismatched transplantation without immune suppres-
sion showed no evident clinical signs of rejection and histologically showed graft maturation without lymphocytic infiltration, although
immunological tests using peripheral blood monocytes suggested subclinical rejection in three of four MHC-mismatched monkeys.
Although extensive photoreceptor rosette formation was observed on histology, evaluation of functional integration using mouse
models such as mouse ESC-retina (C57BL/6) transplanted into rd1(C3H/He], MHC-mismatched model) elicited light responses in the
host retinal ganglion cells after transplantation but with less responsiveness than that in rd1-2] mice (C57BL/6, MHC-matched model).

These results suggest the reasonable use of ESC/iPSC-retina in MHC-mismatched transplantation, albeit with caution.

INTRODUCTION

Stem-cell-based therapy is a promising approach for
restoring and reconstructing visual function in patients
with retinal degeneration. The development of innovative
protocols for retinal organoid induction from mouse embry-
onic stem cells (ESCs) (Eiraku et al., 2011), followed by those
using human ESCs and induced pluripotent stem cells
(iPSCs) (Kuwahara et al., 2015; Meyer et al., 2011; Nakano
etal., 2012; Tu et al., 2019; Zhong et al., 2014), has acceler-
ated research on the clinical application of stem-cell-based
therapies, with further improvement in differentiation pro-
tocols (Kuwahara et al., 2019; Reichman et al., 2017).

In the past decade, transplantation of photoreceptor pre-
cursors in retinal degeneration models with a residual outer
nuclear layer (ONL) revealed that donor cells can restore the
function of host retinas through both direct integration
and/or supplying the missing proteins in a phenomenon
called “material transfer” (Barber et al., 2013; Gasparini
et al., 2022; Gonzalez-Cordero et al., 2013; MacLaren et al.,
2006; Ortin-Martinez et al., 2017; Pearson et al.,, 2012,
2016; Santos-Ferreira et al., 2016; Singh et al., 2013, 2016;
Waldron et al., 2018; Warre-Cornish et al., 2014). We and
other groups have reported the efficacy of transplantation
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of retinal sheets or purified photoreceptor precursors from
stem-cell-derived retinas for end-stage retinal degeneration
with no remaining ONL (Assawachananont et al., 2014; Bar-
nea-Cramer et al., 2016; Iraha et al.,, 2018; Mandai et al.,
2017; Ribeiro et al., 2021; Shirai et al., 2016; Singh et al.,
2013; Tu et al., 2019). In particular, we 3-dimensionally
identified de novo host-graft synapses using a reporter mouse
line expressing GFP in rod bipolar cells, reporter grafts ex-
pressing the synaptic marker CtBP2:tdTomato in rod photo-
receptors, and immunostaining of postsynaptic marker Cac-
nals. We also showed that host retinal ganglion cells (RGCs)
at the grafted area respond to light using multi-electrode ar-
rays (MEAs) and that transplanted animals better respond to
light in behavioral tests (Mandai et al., 2017; Matsuyama
etal., 2021). The grafted photoreceptor cells mostly form ro-
settes but are consistently photoresponsive, even without
the addition of 9-cis retinal supplementation (Yamasaki
et al., 2022). Based on this proof of concept, a clinical trial
using human iPSC-retinas for transplantation in patients
with retinitis pigmentosa was recently conducted in Japan
(jRCTa050200027).

The management of immunological rejection is
another critical issue in cell-based therapies. The major his-
tocompatibility complex (MHC) or the human leukocyte
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Figure 1. Characterization of monkey 1121A1 MHC homozygous HT1 iPSC retinas
(A) Bright-field image and immunostaining images of the pluripotent stem cell markers in 1121A1-HT1 mkiPSCs.
(B) Bright-field images of DD12-DD120 mkiPSC-retinas during differentiation. Magnified view of a DD120 mkiPSC-retina (white dotted

box) presenting fluffy inner segment-Llike structures.

(C) Immunostaining of DD32 mkiPSC-retinas. (Top panels) PAX6-positive cells are located basal to VSX2-positive retinal progenitor cells.
CRX-positive photoreceptor precursor cells are mostly present on the apical side. (Bottom panels) RXRG-positive cone photoreceptor
precursor cells and Brn3-positive retinal ganglion cells are observed on the apical and basal sides, respectively.

(legend continued on next page)
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antigen (HLA) is a key genetic element in the immune
response after transplantation (Petersdorf, 2013). The
immunological tolerability of HLA-matched allogeneic
transplantation of iPSC/ESC-derived tissues reduces im-
mune cell infiltration and increases graft survival (Mori-
zane et al., 2017; Shiba et al., 2016; Sugita et al., 2016). A
bank project to prepare stocks of donor-derived iPSC lines
homologous to HLA loci that are highly frequent among
the Japanese population now increases the chances of
HLA matching for transplantation (Umekage et al., 2019).
However, it is expensive to prepare sufficient cell lines.

The eyes are unique immune-privileged sites (Streilein,
2003) that suppress immune responses and actively induce
tolerance to foreign antigens (Keino et al., 2018); addition-
ally, they have low immunogenetic properties (Hori et al.,
2003). Recently, Yamasaki et al. reported the immunolog-
ical properties of human ESC/iPSC-retinas, showing low
immunogenicity and active features of immunosuppres-
sion, partly by the secretion of transforming growth factor
B (TGF-B) (Yamasaki et al., 2021). In fact, the long-term sur-
vival of transplanted human fetal retinas/retinal cells
without systemic immunosuppression has also been re-
ported in patients with retinitis pigmentosa (Das et al.,
1999; Radtke et al., 2002). To further assess the immune
tolerability of allogenic iPSC-retina transplantation with
or without MHC matching, we optimized a differentiation
protocol for the MHC homologous monkey iPSC-line
(mkiPSC) and compared the immune responses of the
host and the graft development between MHC-matched
and -mismatched transplantations using the monkey
model of laser-induced photoreceptor degeneration (Shirai
et al., 2016). We also studied whether functional integra-
tion was achieved with or without MHC matching using
mouse ESC (mESC) retinas of C57BL/6 for transplantation
into the late-stage retinal degeneration mouse models with
C57BL/6] or C3H/Hej genetic backgrounds.

RESULTS

Monkey iPSC-derived retinal organoids show low
immunogenicity and the potential to functionally
integrate after transplantation in rats

The 1121A1 MHC homozygote HT1 mkiPSC line was differ-
entiated into retinas with a characteristic morphology

similar to previously reported hESC/iPSC-retinas, and fluffy
cilia-like structures were observed on the apical surface at dif-
ferentiation day 70 (DD70) and DD120 (Figures 1A and 1B).
These organoids expressed the retinal progenitor markers
PAX6 and VSX2 and photoreceptor precursor marker CRX
on DD32. The cone marker RXRG and RGC marker B3
were observed in the apical and basal layers, respectively
(Figures 1C and 1D). On DD120, PKCa-positive rod bipolar
cells and Nrl-positive rod photoreceptor cells were present,
and peripherin2 and rhodopsin were localized in the cilia
(Figure 1D). In retinal mkiPSCs, on DD50 and DD239,
MHC class I expression was lower than that in mkiPSC-
retinal pigment epithelial cells (RPEs) or monkey B cells
(positive controls) (Sugita et al., 2016), whereas treatment
with interferon y (IFN-y) enhanced MHC class I expression
in mkiPSC-retinal and RPE cells. MHC class II was expressed
only in mkiPSC-RPE cells but not in mkiPSC-retinal cells
(Figure 1E).

We then examined the competency of the mkiPSC-retina
as a graft by transplanting them to 24-week-old SD-Foxn1
Tg (S334ter) 3LavRrrc nude rats, in which most of the rod
photoreceptors were lost in the first several weeks of life
(Seiler et al., 2014; Tu et al., 2019). We previously showed
that ESC/iPSC-retinas transplanted at younger stages
develop thick inner nuclear/plexiform layers (INLs/IPLs)
to support the ONL, while more developed grafts tend to
lose their integrity after transplantation; however, a thick
INL may simultaneously hinder the host-graft contact
(Assawachananont et al., 2014; Shirai et al.,, 2016). We
therefore tested mkiPSC-retina transplantation at three
developmental stages (DD30, DD41, and DDS5S5). The
grafts consistently developed rhodopsin-positive photore-
ceptors at DD126-DD137. As the DD30 grafts developed
thick IPLs/INLs, we decided to use DD41-DDS5 grafts
for following transplantation studies (Figure S1A). We
then tested the functional potency of mkiPSC-retinas
by isolating dark-adapted grafted retinas from 59- to
60-week-old rats (DD291-DD299) and recorded light re-
sponses from the host RGCs using MEA recording systems
(n = 4). In contrast to the rarely detected light response in
RGCs of degenerated SD-Foxn1 Tg (S334ter) 3LavRrrc rats
aged >60 weeks (Tu et al., 2019; Yamasaki et al., 2022),
two of four transplanted retinas showed evident RGC re-
sponses to light over the grafted area (Figure S1B). These

(D) Immunostaining of DD120 mkiPSC-retinas. A RCVRN-positive photoreceptor layer formed on the apical side, which was positive for Nrl.
RHO and PRPH2 were localized in the inner segment-like structures on the apical surface. The rod bipolar cell marker PKCa was expressed in

the inner cells.

(E) Expression of MHC class I and IT by mkiPSC-retinas of immature (DD50) and more mature (DD239) mkiPSC-retinas. MHC class I expression was
low in the mkiPSC-retinas (NR), which increased with rIFN-y treatment, and there was almost no expression of MHC class II. The MHC expression
levels of mkiPSC-RPE and B cells (positive control) are presented for comparison. Blue line; isotype control; red line: HLA class I or class II.
Scale bars: (A) 100 um; (B) 200 um; bottom right panel, 50 um; (C and D) 30 um. mkiPSC, monkey iPSC; mkiPSC-retina, monkey iPSC-
derived retina; DD, differentiation day; NR, neural retina; MHC, major histocompatibility complex.
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indicated that mkiPSC-retinas are useful to study host im-
mune responses to allogenic grafts.

Transplanted MHC-matched grafts survived with no
clinical signs of rejection and with negative
lymphocyte graft immune reaction tests

We first transplanted mkiPSC-retina into an MHC-matched
(10154C) monkey eye after focal laser ONL ablation (Fig-
ure 2A). In vivo imaging showed stable graft survival with
no clinical signs of rejection, such as fluorescein leakage
on fluorescein angiography (FAG) or inflammatory re-
sponses on optical coherence tomography (OCT) (Fig-
ure 2B). Intra-graft speckles on OCT are likely to represent
photoreceptor rosettes with inner/outer segment (IS/OS)
components and microglia (MG) in later months. We
then conducted a lymphocyte graft immune reaction
(LGIR) test, which evaluates the proliferation of recipient
peripheral blood monocular cells (PBMCs) against
mkiPSC-retinas (Sugita et al., 2016) (Figures 2C and S2).
Up to 3 months postoperatively, only natural killer cells
(NKG2A) exceeded the 2-fold LGIR score, which was
judged as negative for rejection (Figures 2C’, 2C"”, and
S2C). Immunohistochemical staining was positive for
mature retinal cell markers, including photoreceptor cells
(recoverin and rhodopsin) and rod bipolar cells (PKCa)
(Figure 2D). The photoreceptor cell layers developed
mostly in a rosette form, showing enhanced rhodopsin
expression in the IS/OS-like structures, while some cells ex-
pressed rhodopsin on cell membranes. Some photorecep-
tors in the rosettes were observed to contact the host bipo-
lar cells (Figure 2D’). This was considered important, as we

previously observed that contact between the host bipolar
cells and graft photoreceptor cells, even in rosette forms,
was correlated with host RGC light responses (Yamasaki
et al., 2022). Infiltration of CD3-positive T cells in or
around the graft were not observed, even in the displaced
portion of the choroid. In contrast, ionized calcium-bind-
ing adapter molecule 1 (Ibal)-positive MG cells were
distributed throughout the graft and inside the graft photo-
receptor rosettes (Figures 2E-2E").

LGIR test revealed subclinical rejection in MHC-
mismatched transplantation

Next, we conducted transplantation in four MHC-mis-
matched monkeys and an additional MHC-matched mon-
key following the refined study design presented in
Figures 3A and 3B. In clinical settings, some patients may
wish toreceive transplantation in both eyes or do so multiple
times; however, a second transplantation may trigger rejec-
tion. To test this, the second eye was planned for mkiPSC-
retina transplantation 3 months after the first transplanta-
tion. A maximum of two retinal grafts were transplanted
when the situation allowed for optimization of the multiple
sheet transplantation in preparation for clinical application.
Table 1 presents the list of monkeys with the observed char-
acteristic features. The haplotypes of the monkeys are sum-
marized in the Table S1. All transplanted eyes (MHC matched
or mismatched and without immune suppression) showed
no evident clinical signs of rejection, even with repeated
transplantation (Figure 3C, and other images in Figures S3
and S4). However, LGIR tests judged that three MHC-mis-
matched monkeys had subclinical rejection (mismatched

Figure 2. Graft maturation and immune responses in MHC-matched transplantation
(A) Summary of experimental outline for MHC-matched transplantation (top) and in vivo examinations and LGIR tests (bottom).

(B) Time course of color fundus photographs and FAG and OCT images after transplantation. Orange circles in fundus images indicate the
transplanted graft areas. FAG shows hyper-fluorescence due to RPE atrophy in the laser photocoagulated area. Each OCT image shows the
sectional view of the line indicated by the white arrow in the color fundus image. The eye developed a macular hole following the vit-
rectomy surgery. Grafts survived up to 6 months without evident clinical signs of rejection.

(C-C"") Schematic images of LGIR test (C). Flow cytometry analysis of recipient PBMCs in LGIR test. Fluorescence-activated cell sorting
(FACS) plot results of the proliferative population (Ki-67-positive) in each immune cell type as labeled on the left with LGIR score shown
above each FACS plot (C'). Ratio changes in LGIR scores of recipients PBMCs at 1, 2, and 3 month posttransplantation (C”). LGIR score
increased by more than 2-fold only in NKG2A, and overall LGIR judgment was negative.

(D and D') Immunostaining of RCVRN (photoreceptors),RHO (rod photoreceptors), and PKCa (rod bipolar cells) after transplantation. Low-
magnification image of the transplantation site. Dashed white line indicates the area of the transplant, part of which strays into the
choroid (D). Graft photoreceptor cells mostly form rosettes. Magnified view of the photoreceptor rosette adjacent to the host INL (white
dotted box in D) (D). Some photoreceptors express RHO at the outer segment-like structures inside the rosette, whereas others express
rhodopsin on the cell membrane. Host PKCa + bipolar cells contact the graft photoreceptor cells.

(E and E’) Immunostaining of CD3 (T cells) and Ibal (MG). Low-magnification image of the transplantation site (E). The graft is outlined
with a dotted white line. There is no evident infiltration of lymphocytes within or around the grafts. MG are observed throughout the graft,
mostly inside the rosette. Magnified view of the displaced graft in the choroid in the white dotted box in (E), with no infiltration of
lymphocytes (E'). Positive immunostaining for CD3 in a monkey spleen (E”).

Scale bars: (B) 1 mm; (D and E) 200 um; (D', E/, and E”) 30 um. DD, differentiation day; LGIR, lymphocyte graft immune reaction; FAG,
fluorescein angiography; OCT, optical coherence tomography; MG, microglia; INL, inner nuclear layer; PBMC, peripheral blood mononuclear
cell.
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nos. 1 and 2 after the first transplantation and mismatched
no.4 after the second transplantation; Figures 3D and 3E).
As the grafts were transplanted at the retinal progenitor stage
and further developed after transplantation, the LGIR test
was conducted against the mkiPSC-retinas of both DD41-
DDS55 and DD120 <. The results were mostly consistent be-
tween the immature and developed retinas.

Transplanted grafts developed photoreceptors and
expressed synapse markers irrespective of MHC
matching

We then evaluated graft maturation using immunohisto-
chemistry. A low-magnification image of the left eye
(3 months after transplantation) of mismatched no.2 is
representatively shown. Recoverin-positive photoreceptors
were mostly deleted in the ONL-ablated area, and the
graft was placed within the lesion (Figure 4A). Transplanted
mkiPSC-retinas consistently developed recoverin/rhodopsin-
positive photoreceptors in the left (3 months after trans-
plantation) and right eyes (6 months after transplantation)
of all MHC-matched and mismatched monkeys, except for
the unexamined right eye of mismatched no.2, which
developed retinal detachment after oil removal/cataract
surgery at 5 months (Table 1). Well-organized photore-
ceptor rosettes expressed rhodopsin/cone opsins and pe-
ripherin II at the OS-like structures inside the rosette,
whereas some disorganized rosettes expressed opsins on
the cell membrane (Figures 4B and 4C"). The ratio of the
well-organized rosettes varied from eye to eye, indicating
that there may still be room for optimization in mkiPSC-
retinal differentiation. Rarely, part of the mkiPSC-retinas
developed a retina with a full IPL/INL/ONL, with the pres-
ence of photoreceptor synapses positive for CtBP2 and
mGluR6 (mismatched no. 4; Figures 4D and 4FE’). Pairs of
pre-and postsynaptic markers CtBP2 and mGluR6 were
also observed on the margin of the graft photoreceptor ro-
settes at the host-graft interface and inside the graft (MHC-
matched no. 2; Figures 4F-4F").

Presence of activated MG was observed in MHC-
matched and -mismatched transplantations

Next, we performed histological assessment of immune cell
infiltration. Although subclinical immune rejection was
indicated in three of four mismatched monkeys by LGIR,
histologically, we observed no evident infiltration of
CD3-positive T cells into the subretinal graft in these
eyes. However, clusters of CD3-positive cells were observed
in the displaced graft in the choroid, and the strayed graft
was absent only in the MHC-mismatched monkey that
was negative for LGIR (Figures SA and 5B’; Table 1).

We then took a closer look at the MG by staining sections
with a marker for Ibal. MG were present in both the MHC-
mismatched and -matched grafts. Interestingly, most MG
in the subretinal graft had ramified shapes (Figures 5C
and 5D), while those in the displaced grafts in the choroid
presented ameboid shapes (Figures 5A” and 5B’). We then
co-stained an activation marker, MHC class II, with Ibal
to determine whether there was site-specific MG activation
in three regions: the transplant, untreated, and laser injury
sites (Figures 5C’, 5C”, 5D/, and 5D”"). MHC class II-positive
MG were not observed in the untreated area, but some MG
seemed activated in laser injury and transplant sites. We
analyzed the degree of MG migration in the subretinal graft
by quantifying the area of Ibal-positive regions within the
grafts. There was no evident difference between the eyes
due to the large variance (Figures SE and 5F).

These results suggest that MG activation or accumulation
was not evidently different between MHC-matched
and -mismatched transplantation; however, activated MG
after laser injury may trigger rejection in mismatched
transplantation.

mESC-retina transplantation in an MHC-mismatched
strain elicited host light responses to a lesser degree
than matched transplantation

MHC class I molecules are expressed by neurons and
contribute to synapse elimination or modification during

Figure 3. LGIR tests detected subclinical rejection in repeated MHC-mismatched transplantation
(A) Schematic overview of MHC homozygote mkiPSC-retina transplantation in 4 MHC-mismatched monkeys and 1 matched monkey.

(B) Experimental schedule of in vivo experiments and LGIR tests. The second transplantation (left eye) was planned 3 months after the first
transplantation (right eye).

(C) In vivo images of the color fundus photographs and FAG and OCT images of the eyes that received the second transplantation 3 months
after transplantation (see Figures S3 and S4 for the first eye images and for the different timings). Orange circles indicate graft areas. Each
0CT image shows the sectional view of the line indicated by the white arrow on the color fundus image.

(D) Schematic image of LGIR test for the repeat experiment. Recipient PBMCs are co-cultured with mkiPSC-retinas at two developmental
stages (DD41-DD55 and DD120<).

(E) Line plotting results for LGIR tests following transplantation. Vertical lines indicate post/pre-transplantation LGIR scores. Horizontal
lines indicate months after transplantation. Magenta arrows show the time points when the post/pre-LGIR scores were above 2-fold in 2 or
more cell types after transplantation (subclinical rejection).

LGIR test, lymphocyte graft immune reaction test; DD, differentiation day; FAG, fluorescein angiography; OCT, optical coherence to-
mography. Scale bars: (C) 1 mm.
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Table 1. Summary of LGIR test and immunological features of transplanted eyes in histology

MHC Mismatched Matched

Monkey number 1 2 3 1 2

Operate eye R L R L R L R L R R L
Postsurgical events  no retinal detachment no cataract no no retinal  no no no

after cataract/oil
removal surgery

Immunohistology cryosection  cryosection

LGIR test positive positive negative
Ibal-positive cell + + ND + +
infiltration in

choroidal tissue

Ibal-positive cell + + ND + +
infiltration in graft

Graft maturation + + ND + +
Strayed graft cells + - ND + -
in choroid

T cellinfiltrationin  + - ND + -
choroidal graft tissue

T cell infiltration +/— - ND - -

in subretinal graft

damage

paraffin cryosection paraffin cryosection paraffin cryosection cryosection paraffin

positive negative negative
+ + + + + +
+ + + + + +
+ + + + + +
- + + + + -
- + + - _ _

ND, not determined. Indicated immunohistology was not evaluated in these eyes (mismatched 2R had retinal detachment). Immunohistology features the
state of 6 months after transplantation in the right eye and 3 months after transplantation in the left eye.

CNS development (Huh et al., 2000), and MG are known to
play a role in synapse maintenance (Wang et al., 2016).
Thus, although MHC matching may not affect graft devel-
opment, it may still affect functional host-graft integra-
tion. To investigate this, we used the mESC-retina of the
C57BL/6] line that expresses CtBP2:tdTomato under the
Nrl promoter (Matsuyama et al., 2021) and transplanted
them into 10- to 12-week-old rd1-2] (C57BL/6J) and
C3H/Hej mice with end-stage retinal degeneration (Fig-
ure 6A). The transplanted mice were administered indo-
methacin per our routine protocol; however, no immuno-
suppressive drugs were administered. The transplanted
grafts developed recoverin- and rhodopsin-positive photo-
receptor rosettes in both strains (Figure 6B). Host bipolar
cells extended dendrites to graft rod photoreceptor cells ex-
pressing the reporter CtBP2:tdTomato in synaptic termi-
nals (Figures 6B and 6B’), some of which were also stained
for the postsynaptic marker mGluR6 (Figures 6C-6C").
CD3-positive lymphocyte infiltration was not evident at
14 or 28 days after transplantation in either strain, while
Ibal-positive MG were present similarly around and inside
photoreceptor rosettes in both strains (Figure S5). Retinas
were then isolated for MEA recordings 8-10 weeks after
transplantation. Figure 6D shows an example of a peri-
stimulus time histogram of the host RGC light responses

overlaid on the mapped graft location. The probabilities
of host RGC responses to different light intensities from
all retinas in each group are plotted in Figure 6E. We then
modeled the response probability using a logistic regres-
sion as described previously (Matsuyama et al., 2021),
considering the host (whether the transplanted animal
was rd1-2j [matched] or C3H [mismatched]), stimulus
strength (weak, medium, strong), L-AP4 treatment (before,
L-AP4, after), sample bias, and spontaneous RGC firing
(spiking rate before light stimulation). The transplanted
retinas showed a higher probability of RGC responses to
light than the untransplanted controls in both the rdl
and C3H samples, although the response probability
was generally lower in C3H, i.e., mismatched, retinas
(Figure S6).

DISCUSSION

Among cell-based therapies for degenerative diseases with a
genetic background, allogeneic transplantation is the pri-
mary approach in which immunological control is an
essential issue. We have previously shown that mESC/
iPSC- and hESC-retinas can form synapses with host bipo-
lar cells and significantly enhance light responses in host
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RGCs (Matsuyama et al., 2021; Yamasaki et al., 2022). In
this study, we specifically investigated immunological re-
sponses in primates by optimizing a differentiation proto-
col for mkiPSC-retinas using homologous MHC cell lines
to transplant them in MHC-matched or -mismatched mon-
keys. mkiPSC-retinas were functionally similar to hESC/
iPSC-retinas in xeno-transplantation in rat retinal degener-
ation models, eliciting light responses in the host RGCs in
roughly half of the transplanted rat retinas. The reason for
this limited ratio is considered partly due to the presence of
graft bipolar cells because genetic deletion of graft ON-bi-
polar cells in hESC-retinas further improved RGC respon-
siveness when transplanted in rats (Yamasaki et al., 2022).

Although the eye is an immune-privileged site, it is well
estimated that in diseased eyes, the immunological envi-
ronment is also altered when the blood-retinal barrier is
impaired. Here, laser-induced ONL ablation disrupted the
blood-retinal barrier (Berkowitz et al., 1991); however,
transplants consistently developed rod- and cone-opsin-
positive photoreceptor cells in both MHC-matched and
-mismatched transplantations, even without immune sup-
pression. However, using the LGIR test, three of four mis-
matched monkeys were judged to have subclinical rejec-
tion. LGIR has already been used in our clinical study of
hiPSC-RPE transplantation for neovascular age-related
macular degeneration (AMD), which sensitively detected
immune rejection associated with a very early clinical
manifestation (Sugita et al., 2020). Histologically, CD3 lym-
phocytes were rarely observed in the subretinal graft but
were detected in or around the strayed grafts only in the
choroid in mismatched monkey eyes. As we sometimes
experienced technical difficulties inserting multiple grafts
in these experiments, the strayed grafts could have been a
surgical artifact, in addition to the effect of laser injury.
Notably, strayed graft in choroid was absent only in the
MHC-mismatched monkey that was negative for LGIR.
This suggests that displaced allogenic grafts evoked im-
mune responses outside the immune-privileged ocular
site and that the LGIR test sensitively reflected these mild

immune responses (Table 1). Inversely, disruption of the
blood-retinal barrier by laser injury or mechanical surgical
trauma could alter the immune-privileged environment
and may increase the risk of subretinal graft rejection.
From our limited results, we could not conclude that a sec-
ond transplantation may boost the immune response.
Altogether, despite the low immunogenicity and suppres-
sive nature of hESC/iPSC-retinas, they may evoke an
immune response, and LGIR may be a sensitive tool that
detects such subclinical rejection. The use of immunosup-
pressants based on LGIR results may help prolong the sur-
vival of the graft. Additionally, LGIR tests using immature
and developed retinas suggested that the risk of rejection
did not seem to change according to the developmental
stage of the graft after transplantation. It is also notable
that in our LGIR tests, lymphocyte proliferation was
initially suppressed shortly after transplantation in three
of four mismatched monkeys. This may be consistent
with our previous report that hESCs/iPSCs and monkey ret-
inas actively suppress lymphocyte activation in vitro (Yama-
saki et al., 2021).

Histologically, MG were consistently present in the grafts
of both matched and mismatched transplantations.
Retinal MG are important for immune modulation, such
as antigen presentation, phagocytosis of dead cells, and
pruning synapses in neural networks (Rathnasamy et al.,
2019). MG in the graft may also eliminate damaged or
non-integrating cells in the graft and contribute to host-
graft or intra-graft synapse remodeling; however, they
may also evoke host immune responses to donor-specific
antigens. Here, MG were activated at the laser injury site
in both MHC-mismatched and -matched eyes, implying
that the blood-retinal barrier was disrupted by laser treat-
ment. This may make MG more responsive to antigens in
mismatched transplantations, and modulation of MG
may reduce the risk of rejection.

A fully developed retina is rarely observed, typically
appearing when the graft is young enough to develop a
thick IPL/INL, such as in a DD30 graft that develops thick

Figure 4. Maturation of photoreceptors and photoreceptor synapses in the grafts for MHC-mismatched transplantation

(A) The low magnification image of the left eye of MHC-mismatched no. 2 representatively shows the ONL-ablated area and the graft.
(B and C) Graft photoreceptor rosettes in MHC-matched (B and B') and mismatched (C-4C) eyes. OPN1SW/LW/MW and PRPH2 are localized
at the outer segment-like structures inside the well-organized photoreceptor rosettes and are expressed on the cell membrane in
disorganized rosettes.

(D and D’) Rarely, the graft develops an almost full retina with IPL and INL, including synapse formation within the graft, as suggested by
the localization of the presynaptic marker CtBP2 at the contact site between graft bipolar dendrites and graft photoreceptor axons
(mismatched no. 4). CtBP2 has a nuclear background staining. Magnified view of the box in (D) (D’).

(E and E') The pre- and postsynaptic markers CtBP2 and mGLluR6 were localized at the photoreceptor synapses in the same eye in (D).
Magnified view of the box in (E) ().

(F-F""") Pairs of mGLuR6 and CtBP2 (arrows) on the margin of the graft photoreceptor rosettes, adjacent to the host INL (F') and within the
graft (F’). Magnified views of boxes in (F) (F-F"').

Scale bars: (A, D, E, and F) 200 pum; (B, B/, and C- ') 30 um; (D', ¥, and F-F"’) 20 pum.
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IPLs/INLs and large photoreceptor rosettes. These thick
INL/IPL structures seem to block host-graft synaptic con-
tact; therefore, we used a later-stage graft that could still
form a photoreceptor layer, albeit mostly in a rosette
form (Assawachananont et al., 2014; Shirai et al., 2016).
These rosettes are considered disadvantageous in terms of
retinoid cycling as they do not contact RPEs. However,
host RGCs are ready to respond to light in MEA experi-
ments without 9-cis retinal supplementation (Yamasaki
et al.,, 2022), which implies that visual pigments are
restored in photoreceptor cells, even in rosettes, after dark
adaptation. This also suggests that the photoreceptor cells
in rosettes can function in vivo. Additionally, Miiller cells,
which aid in retinoid recycling in cone photoreceptors,
and horizontal cells, which are part of the photoreceptor
triad synapses, are present in ESC/iPSC retina grafts (Mat-
suyama et al., 2021; Yamasaki et al., 2022). This implies
that ESC/iPSC-retina provides a supportive environment
for graft photoreceptor function. Interestingly, in our pre-
vious study, the expression of glial fibrillary acidic protein
(GFAP) and/or HLA class I was enhanced in the non-inte-
grating, reversely oriented parts of the rosettes. In addition,
long-surviving graft photoreceptors presented hemispheri-
cal structures with the OSs correctly oriented toward the
RPE, implying that the reversed parts of photoreceptor ro-
settes are prone to degeneration over time (Tu et al.,
2019; Yamasaki et al., 2022).

Whether host and graft cells can form de novo synapses is
a major concern in retinal sheet transplantation. We have
shown the presence of host-graft synapse formation in
mice with reporter bipolar cells and in a graft with the
CtBP2-tdTomato reporter at the photoreceptor synaptic
terminal (Mandai et al., 2017; Matsuyama et al., 2021). In
another study, we used hESC-retinas with genetically
reduced ON-bipolar cells, in which ON-bipolar cells of
mostly host origin contacted graft photoreceptors present-
ing various pre-and postsynaptic markers (Yamasaki et al.,
2022). These results suggest the potency of mkESC/iPSC-

retinas to form host-graft synapses in monkey eyes, and
our results showed that mkiPSC-retinas express photore-
ceptor synapse markers. However, it was difficult to clearly
define the host-graft synapses in the present experimental
setting.

Although MHC-mismatched transplantation seems
acceptable, MHC molecules in the CNS are known to
participate in synaptic pruning and the plasticity of the
developing visual cortex in an activity-dependent manner
(Zhang et al., 2013). Thus, we studied the functional as-
pects of MHC-matched and -mismatched mouse models.
The overall mouse transplantation results were consistent
with those of the monkey transplantations: there was no
lymphocyte infiltration even with MHC-mismatched
transplantation, and synaptic markers were present in
the grafts of both MHC-matched and -mismatched trans-
plantations, suggestive of host-graft synaptic contact.
However, RGC light responsiveness was better in the
C57BL/6 (matched) strain than in the C3H (mismatched)
strain, possibly due to the MHC-matching process or dif-
ferences in the pathological backgrounds of the host mice
or in the host strain itself. If available, experiments using
wild-type C3H grafts in rd1-2] and rd1(C3H) host mice
would help clarify the effect of MHC matching on graft
functional integration. We previously showed that
C57BL/6] iPSC-retinas elicit host RGC light responses in
immune-deficient NOG-rd1 mice, suggesting that host-
graft functional integration is also achieved with MHC-
mismatched transplantation, provided that immune
rejection is controlled. Whether MHC matching affects
the efficiency of functional integration requires further
study.

In conclusion, we showed that in non-human primate
(NHP) and mouse models, MHC-mismatched transplanta-
tion of ESC/iPSC-retinas could achieve graft maturation
without evident clinical signs of rejection, even without
systemic immune suppression, and that functional integra-
tion may be achieved. However, subclinical immune

Figure 5. Histological immune responses after transplantation

(A and B) Immunostaining of lymphocytes (CD3) and MG/macrophages (Ibal) at 3 months (MHC-mismatched no. 2, left eye) and 6 months
(MHC-mismatched no. 4, right eye) after transplantation. Lymphocytes were barely observed in the subretinal graft, but lymphocytes and
MG/macrophages were accumulated in the choroid near the graft (A, A’, B, and B') or within the strayed graft in the choroid. Magnified
view of the box in (A) and (B) (A" and B’).

(Cand D) Some MG co-localized with an activated marker MHC II in MHC-mismatched no. 4 and MHC-matched no. 2. Immunostaining of
MG/MHC IT in the graft, laser, and untreated areas, from top to bottom, with magnified view of graft site from the white box in (C) and (D)
(C" and D’). MG in the normal area is not activated, while some MGs were positive for MHC II at grafted and laser sites.

(E) Quantitative analysis of the glial area of Ibal-positive regions plotted against the areas of the grafts (dots). The model's (linear
regression) posterior predictions are superimposed, with lines indicating the mean values and shaded areas indicating the 95%
compatibility intervals.

(F) Posterior distributions for the intercept and slope of the linear regression, with bars on top indicating the mode and 95% compatibility
intervals.

Scale bars: (A-D) 200 um; (A" and B’) 30 pum; (C" and D’) 50 um.
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rejection has been implied by LGIR assays in MHC-mis-
matched transplantation in primates, which may affect
long-term survival and functional integration. This sug-
gests that with allogenic ESC/iPSC-retinal transplantation,
even with stable graft survival, careful observation through
LGIR monitoring is useful, and the effect of MHC matching
on functional integration should be further investigated.

EXPERIMENTAL PROCEDURES

Animal experiments were approved by the RIKEN Biosystems Dy-
namics Research Ethics Committee (A2008-02-19). All animals
were treated in accordance with the Association for Research in
Vision and Ophthalmology Statement for Animals in Ophthal-
mology and Vision Research.

Animals

Cynomolgus macaques (Macaca fascicularis) were obtained from
Ina-Research or Eve Bioscience. SD-Foxn1 Tg (S334ter) 3LavRrrc
nude rats were obtained from the Rat Resource and Research Cen-
ter. C3H/HeJ mice were obtained from Japan SLC, and rd1-2] mice
were obtained from Jackson Laboratory. Animals were exposed to a
12 h light/dark cycle, and mice and rats had free access to food and
water.

MHC typing of monkeys

Genotyping of two MHC-controlled monkeys (10154C, 9471 B)
and two other monkeys (DrpZ11-34C-F, DpC16-8B-]J) was con-
ducted by Ina-Research, and the other monkeys were genotyped
by Tokai University based on a previous report (Shiina et al,,
2015).

Retinal organoid induction from mkiPSCs

The 1121A1 mkiPSC (HT1 homo) line was established and pro-
vided by the Center for iPS Cell Research and Application (CiRA)
(Okamoto and Takahashi, 2011; Sugita et al., 2016). For retinal dif-
ferentiation, based on previous reports, we adapted the serum-free
floating culture of embryoid body-like aggregates through quick
reaggregation (SFEBQ) using induction-reversal culturing (Kuwa-

hara et al., 2015; Nakano et al., 2012), with modifications. The
detailed culture protocol is described in the supplemental experi-
mental procedures.

LGIR test for monkeys

The detailed procedure of the LGIR test has been described previ-
ously and in the supplemental experimental procedures (Sugita
et al., 2016). The LGIR test was conducted at the time points
described for each experiment. PBMCs were isolated from the blood
and stored at —80°C in CELLBANKER1 plus (Nippon Zenyaku Ko-
gyo) freezing medium until use. Two different developmental stages
of iPSC-retinas were used as immunogens: cells at DD41-DDS5 as
the retinal progenitor stage for transplantation, and cells at
>DD120 as the more developed stage. We evaluated the ratio of
Ki67-positive lymphocytes to other immune cell markers such as
CD4-positive helper T cells, CD8-positive cytotoxic T cells, CD20-
positive B cells, CD11b-positive monocytes/macrophages, and
NKG2A-positive NK cells using flow cytometry. We evaluated the
proliferating populations of these five types of immune cells among
PBMC:s co-cultured with mkiPSC-retinas. Compared with O W, it was
considered as “rejection” when there was a 2-fold or greater Ki-67-
positive population in at least two of the above cell types.

MEA recordings

As described previously and in the supplemental experimental
procedures, MEA recordings were conducted with isolated retinas
8-10 weeks after transplantation using the USB-MEA60-Up-
System (Multi-Channel Systems, Reutlingen, Germany) (Iraha
et al., 2018; Tu and Matsuyama, 2020; Tu et al., 2019).

The procedures for the focal photoreceptor ablation in the
monkey eyes, transplantation of mkiPSC-retinas in the monkey
eyes, in vivo imaging after transplantation, quantification of Ibal-
positive cells, statistical analysis, retinal organoid induction from
mkESCs, transplantation in rd1 mice, immunostaining, and analysis
of MEA data are described in the supplemental experimental
procedures.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.09.014.

Figure 6. C57BL/6J mouse ESC-derived retinas functionally integrate in the host rd1 C57BL/6J and C3H/HeJ mice

(A) Schematic images of experimental design for transplantation of mouse ESC-derived retinal organoids in rd1-2J (C57BL/6), i.e.,
matched or mismatched, mice.

(B and B’) Immunohistology of graft cells 4 weeks after transplantation. ESC-retinas have matured in both the rd1-2J and C3H/HeJ strains,
and the dendrite tips of the host PKCa-positive bipolar cells contact the CtBP2:tdTomato reporter expressed at the synaptic terminal of the
graft photoreceptors. Magnified views of the white box in (B) (B').

(C-C"") Pairs of graft CtBP2:tdTomato reporter and mGluR6 immunostaining at the host rod bipolar dendrites. Magnification of white box in
(€ (C-C).

(D) Representative peristimulus histograms at each channel, with overlaid graft mapping of the electrodes in the retinas of both host
strains, of before, during, and after washing of pharmacological ON-blocker treatment.

(E) The probability that the RGCs would respond to light was plotted for each retina with three different light stimuli before, during, and
after washing with L-AP4 treatment. This was performed in each group of two strains with and without transplantation (rd1-trans-
plantation: n = 15; rd1-control: n = 5; C3H/HeJ-transplantation: n = 29; C3H/HeJ-control: n = 9).

Scale bars: (B and C) 50 um; (B’, ', and C”') 20 um.
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