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SUMMARY
Macular hole (MH) is a retinal break involving the fovea that causes impaired vision. Although advances in vitreoretinal surgical tech-

niques achieve >90%MH closure rate, refractory cases still exist. For such cases, autologous retinal transplantation is an optional therapy

showing good anatomic success, but visual improvement is limited and peripheral visual field defects are inevitable after graft harvesting.

Here, using a non-human primate model, we evaluated whether human embryonic stem cell-derived retinal organoid (RO) sheet trans-

plantation can be an effective option for treatingMH. After transplantation, MHwas successfully closed by continuous filling of theMH

space with the RO sheet, resulting in improved visual function, although no host-graft synaptic connections were confirmed.Mild xeno-

transplantation rejection was controlled by additional focal steroid injections and rod/cone photoreceptors developed in the graft. Over-

all, our findings suggest pluripotent stem cell-derived RO sheet transplantation as a practical option for refractory MH treatment.
INTRODUCTION

Macular hole (MH) is a retinal break involving the fovea,

which causes impaired vision including distortion and/or

defect in central vision, and most often occurs in the

elderly and females (McCannel et al., 2009). Tangential vit-

reomacular traction is considered as themajor cause of MH

(Gass, 1995). In the past decade, pars plana vitrectomy

(PPV) with internal limiting membrane (ILM) peeling and

gas tamponade became a standard procedure worldwide,

with the initial closure rate of MH reaching >90% (Spiteri

Cornish et al., 2014). However, refractory cases occur

with conditions such as high myopia (Suda et al., 2011;

Morgan et al., 2012) and large/chronic MHs (Ch’ng et al.,

2018). Surgical management of recurrent MHs after pri-

mary surgery is also challenging (Frisina et al., 2022; Lor-

enzi et al., 2022), particularly when the ILM over the foveal

area has been removed.

In such difficult cases, additional surgical techniques

including lens capsular flap transplantation (Chen and

Yang, 2016), free ILM flap transplantation (Morizane

et al., 2014), human amniotic membrane transplantation

(Rizzo et al., 2019), and autologous retinal transplantation

(ART) (Grewal et al., 2019) can be used to increase the MH

closure rate. Among them, ART shows good anatomical

success (Frisina et al., 2022; Lorenzi et al., 2022) and has ad-

vantages such as graft vascularization continuous from the
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host retina (Tabandeh, 2020) and potential graft function

in visual processing by contacting the host retina. How-

ever, as ART requires harvest of the transplant sheet in

the peripheral retina, visual field defects at the harvested

site are inevitable. Additionally, ART grafts from the periph-

eral retina are dominant in rod photoreceptor (PR) cells in

contrast to the cone-dominant foveal part (Hendrickson

et al., 2012), and how rod PRs are integrated in the foveal

area remains unclear.

For retinal degenerative diseases, cell-based therapy is a

promising strategy for restoring visual function in retinal

degenerative diseases (Singh et al., 2013; Mandai et al.,

2017; Gasparini et al., 2019; Ribeiro et al., 2021). We previ-

ously transplanted human embryonic stem cell (ESC)/

induced pluripotent stem cell (PSC)-derived retinal orga-

noid (RO) sheets in retinal degeneration animal models

and observed maturation of graft PRs, potential host-graft

synaptic connections, host retinal ganglion cell (RGC) re-

sponses to light in the grafted area, and functional im-

provements in visual field tests (Shirai et al., 2016; Tu

et al., 2019; Yamasaki et al., 2022). In primate models, hu-

man PSC-derived RO sheets are considered to be useful as

long-term graft survival has been confirmed (Tu et al.,

2019). Additionally, we proved the enhanced functional

integration of graft PRs and host secondary neurons using

ISL1�/�human embryonic stem cell (hESC)-derived RO

sheets, genetically modified grafts lacking ON-bipolar cells
24 The Author(s).
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(BPs) while retaining functional PRs, in rodent models (Ya-

masaki et al., 2022). This strategy may also be beneficial in

refractory MH cases; therefore, we evaluated whether an

ISL1�/� hESC-derived RO sheet transplantation could be

used to treat MH with the eye of a Japanese Macaque

with MH associated with ILM peeling, which mimics re-

fractory MH.
RESULTS

hESC-derived retinal transplantation in an MHmodel

monkey

We prepared the Japanese Macaque as a primate model

with possible MH (see supplemental experimental proced-

ures) and observed both functional and anatomical out-

comes after hESC-derived retinal transplantation. The

monkey was referred to our laboratory upon discovery of

bilateral MH by fundus examination at the National Insti-

tute of Advanced Industrial Science and Technology (AIST)

in 2019 (Figure 1A). The monkey was transferred to our fa-

cility in 2021. Optical coherence tomography (OCT) re-

vealed an outer nuclear layer (ONL) defect at the size of

approximately 410- and <100-mmdiameter with superficial

connectivity on the top on the right and left eyes, respec-

tively (Figure 1B). This monkey had no history associated

with traumatic or toxic retinal damage. We considered

the aforementioned etiology as spontaneous closure of

MH (Garg et al., 2022) or macular degeneration, the cause

of which is unknown, because fundus autofluorescence

(FAF) showed a slightly hyperreflective area consistent

with fovea and fluorescein angiography (FA) showed no ab-

normality (Figures 1C and 1D, respectively).We planned to

transplant the hESC-derived RO sheet into the subretinal

space of the right eye because this eye lacked ONL at the

fovea; the left eye was followed without intervention

because ONL disruption at the fovea was very small, which

subsequently improved (Figure S1).

Because foveal retina is dominantly composed of PRs

with radially extending axons toward the foveal margins

where BPs align, we used a retinal sheet from a genetically

modified Islet1�/� Crx::Venus hESC cell line (hESC-

KhES-1), which was labeled for PRs and lacked ON-BPs

(Figures 1E–1G) (Yamasaki et al., 2022). Although ILM

peelingwas gently performed after removing a sticky poste-

rior vitreous cortex, intraoperative OCT demonstrated that

the MH was open with a minimum diameter of around

330 mm (left, Figure 1H). We prepared hESC-derived RO

sheets of around differentiation days (DD) 60, as done in

our previous studies (Shirai et al., 2016; Yamasaki et al.,

2022), with different sizes and inserted the appropriate

one by tucking the edge under the host MH space margin

to fill the open space (See Video S1). The surgery was
finished with fluid-air exchange and sub-tenon steroid in-

jection.We did not use silicon oil tamponade because intra-

operative OCT (right, Figure 1H) revealed that the graft

looked fixated under the retina in the whole circumference

of the MH.

Anatomical closure ofMH andmild rejection response

to the retinal graft

One month after surgery, the hyperreflective retinal graft

filled in the MH in the OCT image (Figure 2A). Until

3 months after transplantation, no rejection was observed

in FA/OCT, and Crx::Venus-positive tissue, which has an

excitation peak at 515 nm, was observed under the excita-

tion lights of FA and FAF imaging, indicating the presence

of maturing PRs. We administered cyclosporine orally

with food to the monkey from 1 week before surgery.

Although blood levels of cyclosporine were insufficient,

we continued at the initial dose (20 mg/kg) because

increasing the dose markedly decreased food intake. Four

months after surgery, inner retinal fluids in the host paraf-

ovea and transient graft elevation with hyperreflectivity

were observed by OCT; the Venus-positive area had shrunk

in FA/FAF, although no obvious rejection responses to the

graft, such as vascular leakage, were observed in FA (Fig-

ure 2B). Based on these results, we suspected a mild rejec-

tion response to the graft and conducted a sub-tenon ste-

roid injection. Two weeks after steroid injection, the

retinal edema was resolved with no recurrence until

6 months after surgery (Figure 2C). We conducted preven-

tive sub-tenon steroid injection at 6months after surgery to

prevent further immune responses.

hESC-derived retinal tissue showed improvements in

eye fixation test and electrophysiological response

A fixation test of each eye (Figures 3A and 3B) was per-

formed in September 2019 with very low correct ratios of

1.5% (7/461) and 12.8% (130/1,013) for the right and left

eyes, respectively (window size: 4� by 4�). After surgery,

the same fixation tests were conducted on February 15–

17, 2022. Invisible eye windows (Figure 3C) were set at 8�

by 8�, and postoperative results were calculated under

the same conditions as used preoperatively (4� by 4�).
Compared with that before surgery, the correct ratio was

significantly increased on all testing days after surgery (Fig-

ure 3D, p < 0.0001, Pearson’s chi-squared test against cor-

rect/error trials before surgery, R version 3.1.0 [R Develop-

ment Core Team, 2014]). This increase in the correct ratio

on the left eye (non-transplanted eye) could be explained

by a spontaneous recovery of the foveal structure (Fig-

ure S1). In Figure 3E, the position of the right eye across

time was aligned for day 1 (February 15, 2022). Forty five

out of 102 trials (red lines, Figure 3E) were distributed be-

tween �4� and 4� from the screen center.
Stem Cell Reports j Vol. 19 j 1524–1533 j November 12, 2024 1525



A B C D

E F G

H

Figure 1. Macular hole model monkey, human embryonic stem cell-derived retinal graft, and intraoperative surgical procedures
(A–D) Preoperative conditions of the foveal area. Fundus photograph (A) was taken in 2019. Optical coherence tomography (OCT) (B),
fundus autofluorescence (FAF) (C), and fluorescein angiography (FA) images at the early phase (D) were taken one week before surgery.
(E) Bright-field image (top) and Venus-fluorescent image (bottom) of Islet1�/� Crx::Venus retinal organoids (left) and retinal graft for
transplantation (right).
(F and G) Immunostaining images of representative retinal organoids of the same batch as the graft on around DD60 with low and high
magnification, respectively. PAX6 (white, top) and BRN3 (magenta, bottom; retinal ganglion cell marker) were expressed on the basal side,
whereas VSX2 (magenta, top), RCVRN (white, bottom; photoreceptor marker), and CRX (green; photoreceptor marker) were expressed
mainly on the apical side.
(H) Intraoperative OCT image of the foveal area after gentle ILM peeling (left) and retinal transplantation to the MH space (right). Scale
bars: 500 mm (E), 200 mm (B, F, and H), and 50 mm (G).
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Figure 2. In vivo objective ophthalmic examinations after retinal transplantation to macular hole model monkey
(A–C) Fundus photographs, fundus autofluorescence (FAF) image, and fluorescein angiography (FA) image at the early phase, and optical
coherence tomography (OCT) images of the foveal area at 1, 4, and 6 months after transplantation, respectively. Crx::Venus fluorescence
can be observed in FAF and FA images. Red arrows in OCT images correspond to arrow directions, horizontal and vertical, on the fundus
photographs.
(B) At 4 months after transplantation, inner retinal fluids were observed around the graft (white arrows).
(C) At 6 months after transplantation, inner retinal fluids around the graft were resolved after steroid injection. Scale bars: 500 mm (A–C).
We also recorded focal macular electroretinograms

(ERGs) using the 200 times averaging of 5� spot stimula-

tion before and 6–7months after surgery (Figure 3F). Focal

macular ERGs were recorded on the left eye as a positive

control (right, Figure 3F). The b-wave amplitudewas deter-

mined as the amplitude from the trough of the a-wave to

the peak of the b-wave (Terasaki et al., 1998). The ampli-

tude of the a-wave (white arrow, Figure 3F) was small

and showed no remarkable differences before and

after transplantation (0.47 vs. 0.40 mV, respectively). The
b-wave amplitude (black arrow, Figure 3F) increased

from 0.43 mV before surgery to 0.70 mV at 6 months after

surgery; in contrast, the b-wave amplitude of the positive

control was 1.01 mV.

hESC-derived retinal tissue showed graft survival and

maturation and a mild immunological response in an

MH model monkey

We performed immunohistochemical (IHC) evaluation

and electron microscope (EM) analysis to evaluate the
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Figure 3. Eye fixation tests and electrophysiological responses of the monkey before and after transplantation
(A and B) Schematic images of test settings (A) and test for one eye (B).
(C) Sequence of events in a trial of the fixation test. Red dots and black-broken-line squares indicate example eye positions of the monkey
and the invisible eye windows, respectively.
(D) Correct ratios of the fixation test before and after surgery (4� 3 4� eye window). The correct answer ratio was significantly increased on
all testing days after surgery. ***p < 0.0001, Pearson’s chi-squared test against correct/total trials before surgery.
(E) Horizontal (top) and vertical (bottom) eye positions of the right eye across time axis aligned at either the onset of the pre-stim (left
panel) or stim-on (middle and right panels) on day 1 (D). Each curve represents data from each trial in which eye positions were within an
8� 3 8� eye window. Eye position data were averaged across 10 samples along the time axis and plotted. Red line shows the result of the
test using an estimated 4� 3 4� eye window.
(F) Focal macular ERGs recorded with a 5�-circle stimulus spot on the right eye (left and middle, preoperative and postoperative ones,
respectively) and left eye (right). Pre-stim, pre-stimulus period; Stim-on, stimulus on period; ITI, inter-trial interval.
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host retina and graft status. At approximately 200 days af-

ter transplantation (graft DD 259), the transplanted eye

(right eye) was harvested and cut into two pieces (sides A

and B, respectively, Figure 4A).

In IHC analysis, the human cytoplasmmarker STEM121-

positive tissue, including PR marker RCVRN-positive

cells, continuously fills the host MH space (Figure 4B).

Transplanted hESC-derived retina developed rod, L/M-,

and S-cone PRs, as indicated by the expression of RHO

(rhodopsin), OPN1LW/OPN1MW (L/M-cone opsins), and

OPN1SW (S-cone opsin) (Figure 4C). Some SCGN-positive

graft cone BPs aligned with the host retina, suggesting a

possible interaction with host inner retinal cells such as

RGCs or amacrine cells, although this has not been

confirmed so far (Figure 4D). Protein kinase C (PKC)a-pos-

itive rod BPs were rarely observed within the Islet1�/� graft

as previously reported (Figure 4B) (Yamasaki et al., 2022).

The graft also includes other retinal interneurons such as

VSX2-positive BPs and PAX6-positive amacrine cells, hori-

zontal cells, or RGCs (Figures 4E and S2). Cells positive for

activated glial cell marker GFAPwere observed in some part

of the choroidal side of the graft possibly in response to a

mild immune rejection (Figure 4F), because a trace of infil-

tration of CD4-positive and CD3/CD4-positive T cells was

observed in or around the graft (bottom, Figure 4G). Major

histocompatibility complex (MHC) II/AIF1-positive acti-

vated microglia were not observed in and around the graft

(Figure 4H).

We also observed the graft-host retina junction area by

EM (see Video S2). The graft PR rosette with mitochon-

dria-rich structures indicated the presence of inner seg-

ments (white arrows, Figure 4G). However, well-aligned

outer segment discs were not observed, partially due to a

mild immune rejection. Synaptic connections were not

confirmed with limited EM analysis, where we could not

trace all the graft PRs at the host-graft interface.
Figure 4. Histological examination of the graft using immunohis
(A) At approximately 200 days after transplantation, the eyeball was c
dashed lines indicate the cutting line between the IHC and EM sampl
(B–F) IHC images of the graft with low (B, D–F) and high (C and G) mag
(magenta) was present in the host MH space. Rosette structures consi
in the graft. PKCa-positive rod bipolar cells (BPs, green) were present
in the graft expressed RHO (magenta), OPN1LW/OPN1MW (white), an
rosette structures, and SCGN-positive cone BPs (white) were observed i
aligned with the host inner and outer plexiform layers, partly indicati
and PAX6-positive cells (green and white, respectively). (F) The pres
interface is probably related to xenograft rejection responses.
(G and H) CD4-positive T cells (green, G) were observed in the graft, an
T cells (white/green, G) were observed in the graft-choroid interface. I
(white, H) microglia were not observed in the graft.
(I and J) EM images of the host-graft interface with low (I) and high
detailed rosette structure (red square). Blue arrowheads indicate th
chondria, and red contain external limiting membrane. Scale bars: 10
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DISCUSSION

The presentMHwas associated with ILM peeling and had a

moderate size, and thus was not strictly a refractory MH

model; however, the post-transplantation course was

considered as a mimic for such MHs with PSC-derived RO

transplantation. The MH was closed by the seamless inte-

gration of the hESC-derived retinal graft that genetically

lacksON-BPs at 7months after transplantation in themon-

key eye. Graft PRs differentiated into rod, L/M-, and S-cone

PRs in rosette forms, but we could not confirm the synaptic

contact between these PRs and host BPs. The graft cells

were not invasive and did not affect the structural align-

ment of the surrounding host PRs. Althoughmild immune

rejection occurred following the xeno-transplantation,

additional focal steroid injection resolved it, and postoper-

ative visual function was subsequently improved in both

subjective and objective examinations.

Despite themild rejection, the grafted retina in this study

(graft DD 259) showed a similar potency in PR maturation

as those in previous non-human primate studies, but syn-

aptic connections with the host BPs, which was consis-

tently observed in retinal degeneration models, were not

confirmed (Shirai et al., 2016; Tu et al., 2019). In retinal

transplantation for MHs, the graft PR connectivity requires

lateral contact with BPs at the host MHmargin that may or

may not have been deprived of the host’s own PRs. Possible

reasons for the lack of synaptic interactions include (1) the

period from transplantation to histological examination

was too short to evaluate host-graft synapse formation,

(2) immune rejection may have caused the formation of

secondary gliosis and affected differentiation of some

retinal cells in the graft (Figure 4F), and (3) with MH,

most host BPs still have partner PRs. Other potential

host-graft synaptic connectivities that are not yet studied

are the ones between other cell types such as RGCs and
tochemical and electron microscope analysis
ut it into two pieces for IHC (side A) and EM analysis (side B). White
es; each sample was sectioned along the direction of magenta line.
nification on DD60–70. (B) STEM121-positive human grafted tissue
sting of RCVRN-positive photoreceptors (PRs, white) were observed
in the host inner retinal layer but not in the Islet1�/� graft. (C) PRs
d OPN1SW (green). (D) GFP-positive graft PRs (green) consisted of
n the graft. Presynaptic protein marker CtBP2 (magenta, right) well-
ng the extent of the host retina. (E) The graft tissue contains VSX2-
ence of activated glial cell marker GFAP (white) at the host-graft

d MHC II-positive macrophages (magenta, G) and CD3/CD4-positive
n contrast, MHC II-positive (green, H) activated state AIF1-positive

(J) magnification. Figure 4I demonstrates the EM analysis on the
e PR nucleolus composing rosette structures, white contain mito-
0 mm (B–I).



BPs, and also lateral gap junctions between retinal cells in

the host and graft.

PSC-derived retinal transplantation partially improved

visual function in the refractory MHmimic model animal.

Improvement of the b-wave in focal macular ERGs after

transplantation (Figure 3F) indicates that the presence of

graft tissue positively supported the subsequent recovery

of host ON-BP function. These results were consistent

with an improvement in eye fixation function after trans-

plantation (Figures 3D and 3E). Interestingly, for L/M-

and S-cone opsins, a large number of cone PRs were present

in the graft occupying the host MH space after transplanta-

tion. Currently, whether transplanted PR precursor cells

preferentially differentiated into cones in the foveal envi-

ronment remains unknown. Further studies will be

required to understand how cell composition in the graft

influences the visual function.

Using a PSC-derived retinal graft, MH was closed with

retinal cells but not by gliosis (Figures 4B–4F), unlike other

surgical techniques such as lens capsule, ILM, and amniotic

membrane transplantation. The major advantage of our

method compared with ART is that it requires no graft har-

vesting, which may reduce the surgery time and the risks

associated with surgical procedures; importantly, this

method can spare peripheral visual field defects. Other

possible advantages may include the use of PR precursor

cells as a major composite of the RO graft, which may

potentially enable more efficient host-graft integration

compared to mature rod PRs in ART grafts (Assawachana-

nont et al., 2014), and a higher cone content in the PSC-

derived RO than that in ART grafts. If cone content can

make any difference, further improvement of visual func-

tion may be achieved by preparing cone PR-dominant

grafts such as by using other differentiation methods

(Eldred et al., 2018).

In conclusion, PSC-derived retinal transplantation

contributed to MH closure with continuously integrated

tissue containing rod, S-, and L/M-cone PRs and improved

visual function. This approach simplifies the ART proced-

ure with advantages of (1) no need for harvesting the pe-

ripheral retina, (2) preparation of different sizes of sheets,

including the one for a large MH, and (3) inclusion of

cone PR precursor cells in the graft. Further studies are

needed to validate the functional advantage of the PSC-

derived retina including the synaptic connectivity with

and protective effect for host retinal cells.
EXPERIMENTAL PROCEDURES

Eye fixation test
Themonkeywas seated in a primate chair in dim lightwhile an eye

fixation test was performed. Before this test, themonkeywas under

step-by-step water restriction for 1 week. In each trial of the eye fix-
ation test, a blue target (0.2� 3 0.2�, 9.03 candelas [cd]/m2) ap-

peared in the center of the screen (Figure 3C, eye-wait; gray back-

ground, 30.7 cd/m2). After the monkey had fixated on the blue

target for 0.4–0.5 s (pre-stim), one of the test stimuli was presented

for 0.35–0.45 s (stim-on). After disappearance of the test stimulus, a

drop of water was delivered as a reward from a drinking spout (Fig-

ure 3A). If themonkey broke eye fixation froman invisible eyewin-

dow (described in the following) during the pre-stim and stim-on

periods, an error was registered (left and middle, Figure 3E), and

the monkey had to repeat the trial from the beginning with the

identical test stimulus. Eye positions were measured using an

infrared pupil-position monitoring system (iRecHS2, http://staff.

aist.go.jp/k.matsuda/iRecHS2/) (Matsuda et al., 2017). The sizes

of the invisible eye windows for the fixation were 4� 3 4� and

8� 3 8� square (width 3 height) before and after surgery, respec-

tively, placed at the center of the screen. The behavioral perfor-

mance post-surgery was adjusted to a window size 4� 3 4� post

hoc (Figure 3D). The fixation test was performed on three days

approximately 6 months after transplantation.
In vivo objective ophthalmic examinations
At 1 week before surgery and at 1 and 2 weeks and thereafter every

month after surgery, fundus photographs, FA, and FAF imageswere

acquired using a fundus camera (CX-1; Canon), and OCT images

using OCT (RS3000; NIDEK). FA images were taken at approxi-

mately 1 min (early phase) and 5 min (late phase) after injection

of sodium fluorescein. We also performed focal macular ERG tests

before and at six months after surgery.
Surgical procedures in retinal transplantation
All surgical procedures were performed by one experienced sur-

geon (Y.K.) with an OPMI Visu 200 (Carl Zeiss) and a Constellation

Vision System (Alcon Laboratories, Inc.). We performed 25-gauge

PPV with one 20-gauge infusion port sutured on sclera under gen-

eral anesthesia for the safe and stable surgical procedure on deep-

set macaque eyes with narrow palpebral fissures. A 27-gauge

disposable twin light chandelier illuminator (DORC) was used to

facilitate bimanual maneuvers. The complete posterior vitreous

detachment was induced, and a sticky posterior vitreous cortex

on the fovea-parafovea area, suggesting that there was some

tangential traction, was removed using a diamond-dusted sweeper

(DORC). The ILM was stained with brilliant blue G and gently

peeled in the posterior pole area, and the MH was confirmed

open by RS3000 (left, Figure 1H).

The sclera was cut with a 23-gauge V-lance ophthalmic knife

(MANI, Inc.), and the retinal graft sheet was placed in the posterior

pole area using a 24G cannula tip, whichwas covered by perfluoro-

n-octane heavy liquid for stable manipulation (Perfluoron; Alcon).

The graft edge was grasped with 25-gauge Grieshaber Revolution

DSP forceps (MAXGrip and ILM forceps; Alcon) and gently moved

toward theMH and flattened at the edge to tuck into theMH space

also using a diamond-dusted sweeper (See Video S1). Thereafter,

Perfluoron was removed, and the graft position was confirmed us-

ing RS3000 (right, Figure 1H). Fluid-air exchange was performed,

and all surgical wounds were sutured where necessary.

The procedures for hESC maintenance, retinal differentiation of

hESCs and graft preparation, the monkey model, details of eye
Stem Cell Reports j Vol. 19 j 1524–1533 j November 12, 2024 1531
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fixation test, focal macular ERG recording, monkey sacrifice/eye

cup preparation, IHC techniques, and electron microscopy are

described in the supplemental experimental procedures.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents

should be directed to and will be fulfilled by the corresponding

author, Michiko Mandai (e_lab.mandai@kcho.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The raw eye fixation testing data are available on AIST repository

(https://aist.repo.nii.ac.jp/records/2003248).
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