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SUMMARY
Subretinal transplantation of human embryonic stem cell-derived retinal pigment epithelial (hESC-RPE) cells has demonstrated thera-

peutic potential in macular degeneration. However, its efficiency is limited in wet age-related macular degeneration (wet AMD) due to

choroidal neovascularization (CNV). To investigate the feasibility of hESC-RPE cell transplantation, we employed a surgical approach

to induce retinal detachment, which allowed the removal of CNV lesions. After retinal reattachment, hESC-RPE cells were transplanted

into the subretinal space. Ten patients were enrolled and divided into 2 groups. No retinal edema or CNV recurrence was observed in

group 1 (7 patients without bleeding). Group 2 (3 patients with bleeding) had persistent fundus inflammation, and one patient experi-

enced CNV recurrence. All patients were managed effectively without vision loss. These findings suggest that subretinal transplantation

of hESC-RPE cells after CNV removal is safe and well tolerated; however, damage caused during CNV removal may trigger persistent

inflammation and CNV recurrence. This study was registered at ClinicalTrials.gov (NCT02749734).
INTRODUCTION

Age-related macular degeneration (AMD) is the leading

cause of vision loss in the elderly worldwide. Advanced

AMD is characterized by damage to the retinal pigment

epithelium (RPE), Bruch’s membrane, and choroidal capil-

laries, leading to progressive visual impairment. AMD can

be classified as macular neovascularization (wet AMD)

and geographic atrophy (dry AMD), both of which ulti-

mately result in a significant loss of visual function (Fried-

man et al., 2004; Wong et al., 2014). While anti-vascular

endothelial growth factor (anti-VEGF) therapy has

achieved substantial success in managing wet AMD, effec-

tive treatment is still needed for the late-stage form, which

is characterized by submacular neovascularization or disci-

form scar.

Advanced Cell Technology Inc. pioneered the first hu-

man embryonic stem cell (hESC)-derived RPE transplanta-

tion for dry AMD and Stargardt disease, which yielded

promising outcomes (Schwartz et al., 2012, 2015). Subse-

quent studies have suggested that subretinal transplanta-

tion of RPE may offer new hope for the treatment of

non-exudative macular degeneration (da Cruz et al.,

2018; Kashani et al., 2018; Mandai et al., 2017; Song

et al., 2015). However, treating wet AMD with RPE trans-

plantation remains challenging because of the presence

of submacular neovascularization, disruption of the
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blood-retinal barrier (BRB), and associated inflammation

or hemorrhage (Deng et al., 2022; Spraul et al., 1999).

Surgical removal of submacular neovascular membranes

in wet AMD was first attempted decades ago (Merrill et al.,

1999; Thomas et al., 1992). Although the procedure often

achieved anatomic success, visual outcomes were subopti-

mal. This was largely due to the inevitable removal of RPE

cells situated on the surface of the neovascular complex

(Grossniklaus and Gass, 1998) and macular injuries caused

by the use of retinotomy sites near the fovea and laser

photocoagulation.

Recently, studies have explored subretinal transplanta-

tion of hESC-RPE or autologous induced pluripotent stem

cell-derived RPE (iPSC-RPE) in wet AMD, with or without

choroidal neovascularization (CNV) removal. A team

from RIKEN reported a case of autologous iPSC-RPE sheet

transplantation after CNV removal. Although structural re-

covery was achieved, visual function did not improve,

possibly due to the autologous nature of iPSC-RPE carrying

pathogenic mutations (Mandai et al., 2017; Takagi et al.,

2019). Similarly, da Cruz et al. (2018) and Sugita et al.

(2020) reported hESC-RPE transplantation (as a patch or

cell suspension) in wet AMD without CNV removal. In

these studies, the persistence of the CNV membrane

compromised the survival of the transplanted cells and

hindered the recovery of the macular structure. This high-

lights the importance of using allogeneic grafts devoid of
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pathogenic genes and the necessity of CNV membrane

removal for successful RPE transplantation in wet AMD.

In a previous study, we reported three cases of subretinal

transplantation of hESC-RPE in wet AMD. Peripheral reti-

notomy was performed to safely and thoroughly remove

the CNV membrane, avoiding inadvertent damage to the

macular fovea and preventing the transplanted cells from

diffusing into the vitreous cavity. In all three patients, the

procedure demonstrated good safety and tolerability and

improved or stabilized vision.

In the present study, we explored the clinical applica-

tions of subretinal hESC-RPE transplantation for wet

AMD. Our findings underscore the importance of safe

CNV membrane removal to ensure the safety and efficacy

of transplantation. Herein, we report these results in detail.
RESULTS

Safety of one-year postoperative course after

transplantation of hESC-derived RPE

Ten patients with wet AMD (6 males and 4 females;

average age, 61; range 48–71 years; Table 1) were

enrolled. Seven patients previously underwent intraoc-

ular anti-VEGF treatment but developed a submacular

fibrovascular membrane, leading to progressive visual

decline. Nine patients with active CNV lesions presented

with macular edema, subretinal hemorrhage, or leakage

on fundus fluorescein angiography (FFA) preoperatively

(Table 1). Preoperative best-corrected visual acuity

(BCVA) ranged from hand motion (near blindness, 0 Early

Treatment Diabetic Retinopathy Study [ETDRS] letters) to

20/400 (severe vision loss, 15 ETDRS letters), as summa-

rized in Table 1.

Complete removal of the fibrous membrane was

achieved in seven patients, while 3 patients (patients 8, 9,

and 10) experienced fibrovascular hemorrhage during

CNV removal. The fibrovascular membrane was partially

shaved in 1 of the 3 cases, leaving some residual CNV. Post-

operatively, no severe complications such as endophthal-

mitis, secondary glaucoma, or retinal detachment (RD)

occurred. The characteristics of all patients who completed

the study are summarized in Table 1. None of the patients

exhibited adverse systemic effects or uncontrolled prolifer-

ation of transplanted cells throughout the follow-up

period.

Three months after surgery, 7 patients (patients 2, 3, 4, 6,

8, 9, and 10) developed epiretinal membrane (ERM), and

silicone oil removal combined with pre-macular mem-

brane stripping was performed. Five patients (patients 2,

6, 8, 9, and 10) developed late macular edema, which grad-

ually resolved after local anti-inflammatory therapy, except

for 1 patient (patient 10) who experienced persistent
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edema at 9 months. Optical coherence tomography angi-

ography (OCTA) indicatedCNVrecurrence, and the patient

received anti-VEGF treatment, resulting in the resolution

of macular edema.

The changes in visual acuity of all patients are presented

in Table 1 and Figure 1. Overall, postoperative BCVA either

improved or was maintained without a significant decline

in visual acuity. Compared with baseline, BCVA improve-

ment, defined as an increase of >10 ETDRS letters, was

observed in 6 of 10 patients (60%; patients 1, 2, 4, 5, 6,

and 10) at 1 year postoperatively, with 3 patients (30%; pa-

tients 2, 5, and 6) showing an increase of >20 letters. Of the

remaining 4 patients, 3 (30%; patients 3, 8, and 9) had sta-

ble visual acuity after surgery, fluctuating around 5 letters.

One patient (patient 7) initially showed significant

improvement at 6 and 9 months but experienced a sharp

decline to below baseline at 12 months. As shown in Ta-

ble 1, postoperative adverse events, such asmacular edema,

occurred in all 3 patients with intraoperative hemorrhage,

suggesting that intraoperative bleeding and residual CNV

may have negatively affected hESC-RPE cell survival. For

further investigation, we divided the 10 patients into

two groups: group 1, without intraoperative bleeding (7 pa-

tients), and group 2, with intraoperative bleeding (3 pa-

tients). Group 1 showed a lower incidence of macular

edema (2/7 vs. 3/3) and ERM (4/7 vs. 3/3) than group 2 (Ta-

ble 1). Visual acuity improvement was greater in group 1

(average increase of 12 letters) than in group 2 (average in-

crease of 3 letters) (Figure 1).

Structural and functional recovery in group 1

Seven patients (patients 1–7) in group 1 demonstrated sig-

nificant structural and functional recovery after hESC-RPE

cell transplantation. The fibroproliferative membrane was

successfully removed without intraoperative submacular

hemorrhage. The subretinal fluid bleb that formed was

clinically resorbed within 24 h, with no cases of persistent

or unintended RD. A stable RPE-like cell layer formed at the

lesion site, as confirmed by spectral domain optical coher-

ence tomography (SD-OCT), with no signs of recurrent

CNV or retinal inflammation.

For example, patient 1 showed complete resolution of

the preoperative hyperreflectivemass and intraretinal cysts

postoperatively, with no recurrence of hemorrhage or sub-

retinal pigmentation (Figures 2A3, 2B2–2B4, and 2C1).

One month after surgery, hyperreflective punctate signals

began to appear on the bare Bruch’s membrane in the

area where the lesion had been removed and appeared

devoid of native RPE. After three months, these punctate

signals gradually developed into a new cell mass attached

to the host retina, resembling the native RPE outside the

graft region. Additionally, the relative preservation of the

outer nuclear layer (ONL) corresponded to this cell mass



Table 1. Characteristics and clinical information of patients with wet AMD

Group Number Sex

Age

(years) History

Operated

eye

Preop

anti-

VEGF

drugs

Characteristics at screening Visual acuity by ETDRS Complications

Macular

edema

Leakage

on FFA Hemorrhage Baseline

1 m

follow-

up

3 m

follow-

up

6 m

follow-

up

9 m

follow-

up

12 m

follow-

up Hemorrhage

Residual

CNV

Recurrent

CNV

Macular edema

ERMEarly Late

1 P-001 M 62 1 year OD yes U U U 0 41 38 13 16 13 – – – – –

P-002 F 60 2 years OS yes U U 10 24 19 19 29 36 – – – U U U

P-003 M 68 10 years OD no U U U 15 12 14 14 15 19 – – – – – U

P-004 F 71 4 months OD no U U – 5 12 7 8 8 16 – – – – – U

P-005 M 48 1 year OS yes U U – 0 0 2 15 4 23 – – – – – –

P-006 M 59 2 years OS yes U U – 0 7 4 12 23 35 – – – – U U

P-007 M 62 2 years OD yes – 15 9 15 35 33 9 – – – – – –

2 P-008 M 70 6 years OS yes U U – 5 0 0 1 1 2 U – – U U U

P-009 F 65 1 year OS no U U – 11 10 15 15 13 14 U – – U U U

P-010 F 51 8 years OS no U U – 12 10 12 8 8 22 U U U U U U

AMD, age-related macular degeneration; hESC-RPE, human embryonic stem cell-derived retinal pigment epithelium; P, patient; F, female; M, male; OD, right eye; OS, left eye; Preop, preoperative; VEGF,

vascular endothelial growth factor; FFA, fundus fluorescein angiography; ETDRS, Early Treatment Diabetic Retinopathy Study (ETDRS) visual acuity test (best-corrected visual acuity); m, month; CNV,

choroidal neovascularization; ERM, epiretinal membrane.
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Figure 1. Changes in the BCVA over time of the operated eyes
BCVA was recorded preoperatively and at 1, 3, 6, 9, and 12 months
postoperatively. Group 1 showed a progressive improvement in
BCVA, while group 2 demonstrated relatively stable or slight de-
creases from 3 to 9 months after surgery. Both group 1 and group 2
patients achieved visual improvement at 12 months follow-up, but
the visual outcome in group 1 was better than that in group 2. Note
that group 2’s visual acuity decreased to a certain extent, but it
improved after appropriate treatment. Green line: group 1 (patients
1–7); red line: group 2 (patients 8–10).
structure. One year later, structural recovery persisted (Fig-

ure 2C3). Furthermore, no recurrent active CNV, additional

vascular leakage, or local inflammation was observed at the

graft site, as shown by FFA and indocyanine green angiog-

raphy (ICGA) imaging (Figure 2C2). BCVA improved by 41

letters one month postoperatively and remained 13 letters

higher than the preoperative baseline with significance

(Table 1).

Patient 2 also developed a new cell mass formation at the

lesion site (Figure S2D3). However, postoperative irregular

ERM led to retinal traction and edema 1 month after sur-

gery. Mild vascular leakage was observed during the late

phase of FFA (Figure S2C3). After silicone oil removal and

pre-macular membrane peeling at 3 months, the fluores-

cence leakage resolved, and all intraretinal fluid was ab-

sorbed (Figure S2D2 and S2D3). BCVA was improved by

36 letters at the last follow-up (Table 1).

At 12 months, 5 of 7 patients in group 1 had significant

vision improvement, with 2 patients gaining >20 letters,

all without the need for additional anti-VEGF injections

after surgery. Two patients maintained their baseline

vision but experienced transient improvement earlier

during the follow-up period. Patient 7 initially had a

BCVA of 15 ETDRS letters in the treated eye, which

improved to 35 letters by 6 months postoperatively

but sharply declined to 9 letters by the last visit (Table 1).

Microperimetry showed improvement from baseline at

3–6 months after transplantation but regressed to base-

line at 12 months. The multifocal electroretinogram

(mfERG) showed no significant change during follow-

up (Figures S3–S6).
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Persistent macular edema and CNV recurrence in

group 2

Group 2 patients (those with intraoperative bleeding; pa-

tients 8, 9, and 10) developed a more chaotic subretinal

structure, showing a mixture of blood, transplanted cells,

and residual CNV. Persistent macular edema was observed

in 2 patients (patients 8 and 9) due to unresolved inflam-

mation, while 1 patient had CNV recurrence (patient 10).

Treatment was individualized based on the underlying

cause of the complications: either inflammation or CNV

recurrence.

For example, patient 8 presented with a typical CNV

lesion preoperatively, as revealed by ICGA andOCTA imag-

ing (Figures 3A2 and 4A1). During surgery, hemorrhage

occurred when removing the CNV (Figure 3B2 and 3B3).

After removing the blood, we completed the procedure

and subsequently transplanted hESC-RPE cells into the

subretinal space (Figure 3B4). One month after surgery, a

small amount of submacular bleeding was observed, as

well as minor fluorescence leakage on FFA (Figures 3C1

and 3C2), suggesting that CNV removal may have caused

structural damage to the retina and Bruch’s membrane.

At the 3- and 6-month follow-ups, patient 8 experienced

persistent macular edema despite immunosuppressive

and local anti-inflammatory therapies (Figure 3D3).

Increased fluorescence leakage was observed in the late

phase of FFA (Figure 3D2), although no neovascularization

was detected on OCTA (Figure 4D2). This indicated that

macular edema was not caused by CNV recurrence but

was likely due to a chronic inflammatory response. Given

the disruption of the BRB, we suspect that immune rejec-

tion was inevitable and was the cause of the prolonged

edema despite normal systemic blood tests, including pe-

ripheral blood T cell/T cell subclass counts and cytokine

levels. Treatment with oral immunosuppressants and intra-

vitreal triamcinolone acetonide (IVTA) eventually resolved

the edema (Figure 3E3), and the patient’s vision remained

stable comparedwith preoperative levels. The clinicalman-

ifestations and management of patient 9 were similar to

those of patient 8. Persistent macular edema was the pri-

mary issue, with FFA showing fluorescence leakage and

OCTA revealing no neovascularization, suggesting chronic

postoperative inflammation.

Patient 10 presented preoperatively with relatively dense

CNV and close adhesion to the choroid, making complete

removal challenging (Figure 5A3). To minimize the risk of

uncontrollable bleeding and structural damage, as much

CNV tissue as possible was removed, although a small

amount remained (Figure 5B3). One month after surgery,

the macular structure had recovered well; however, by

the 3-month follow-up, significant macular edema had

developed (Figure 5D3). FFA showed slight late-phase fluo-

rescence leakage, and the macular edema did not improve



Figure 2. Retinal morphological changes in the operated eye of patient 1
Retinal examination before and after CNV removal coupled with hESC-derived RPE suspension transplantation, at preoperative (A1–A3),
intraoperative (B1–B4), and postoperative (C1–C3) stages.
(A) Preop (A1–A3): (A1) fundus photography showing the fibrous membrane and the extensive paramacular submacular hemorrhage
secondary to wet AMD. The injection site is marked by red dots, and the formed subretinal bleb is indicated by a black circle. (A2) FFA
images highlighting the obscured shape of subfoveal CNV due to the hemorrhage (early phase) and the leakage with hyperfluorescence and
areas of nonperfusion (late phase), suggesting the lesion was active. (A3) SD-OCT scan shows a hyperreflective mass of retinal edema and
subretinal deposits (arrow). The signal beneath the CNV was hypo-transmission.
(B) Intraop (B1–B4): (B1) intraoperative image before incising the peripheral temporal quadrant retina. (B2) After incising the retina, the
fiber membrane is visible and easy to peel off without choroidal vessel damage. (B3) No fundus hemorrhage was observed after complete
removal of the CNVmembrane. (B4) A subretinal bleb was formed after subretinal injection of transplanted cells, marked by a dashed circle.
(C) Postop 12 months (C1–C3): (C1) fundus photo showing no subretinal pigmentation, hemorrhage, or recurrent CNV, but macular
geographic atrophy had developed. (C2) FFA with expanded transmitted-fluorescence area and no fluorescence leakage. (C3) SD-OCT image
demonstrating complete removal of CNV and the hyperreflective cell layer-like structure (arrowheads) over the bare but almost intact
Bruch’s membrane, with excellent restoration of the outer nuclear layer (ONL, asterisk) compared to adjacent regions.
despite continuous anti-inflammatory therapy (Fig-

ure 5E3). Although the initial postoperative recovery was

promising, CNVrecurrence was detected at 6months using

OCTA (Figure 6D2), which led to further macular edema.

After 3 consecutive anti-VEGF injections, the macular

edema resolved (Figure 5F3), and the patient’s visual acuity

improved by 22 letters from the baseline (Table 1). Repre-

sentative images of all patients are shown in the supple-

mental information (Figures S3–S6).
DISCUSSION

In this study, we confirmed the safety and tolerability of

transplanted hESC-RPE cells in the subretinal space when
the CNV lesions were removed without complications.

We found that safe CNV removal is a prerequisite for suc-

cessful hESC-RPE transplantation in patients with wet

AMD. Close adhesion of the CNV to the choroid resulted

in intraoperative bleeding and persistent inflammation or

CNVrecurrence. Therefore, a safemethod for CNVremoval

was designed.

In the 1990s, ophthalmologists used temporal macular

retinotomy to remove CNVs. This technique involved us-

ing a surgical pick to disconnect the CNV and choroid

through a small incision adjacent to the macula (Thomas

et al., 1992). However, this approach poses a significant

risk of injuring the macula and choroid surrounding the

CNV. In this study, we performed a peripheral retinotomy

and flipped the detached temporal retina toward the nasal
Stem Cell Reports j Vol. 20 j 102424 j March 11, 2025 5



Figure 3. Retinal morphological changes in the operated eye of patient 8
Retinal examination before and after CNV removal coupled with hESC-derived RPE suspension transplantation; preoperative (A1–A3),
intraoperative (B1–B4), and postoperative images at 1 month (C1 and C2), 6 months (D1–D3), and 12 months (E1–E3) are shown.
(A) Preop (A1–A3): (A1) fundus photography showing the fibrovascular disciform scar and pigment changes in the foveal area. The in-
jection site is marked by red dots, and the formed subretinal bleb is indicated by a black circle. (A2) FFA images highlighting the typical
CNV shapes without obvious late fluorescence leakage. (A3) SD-OCT scan showing fibrotic neovascular membrane breaks (arrow) through
the RPE layer. The signal beneath the CNV was hyper-transmission.
(B) Intraop (B1–B4): (B1) intraoperative image before incising the peripheral temporal quadrant retina. (B2) After incising the retina, the
fiber membrane was tightly adhered, and hemorrhage occurred during the membrane peeling process (asterisk). (B3) Significant fundus
hemorrhage was observed (asterisk) and subsequently cleaned after complete removal of the CNV membrane. (B4) A subretinal bleb
(dashed circle) formed after subretinal injection of transplanted cells. A small amount of subretinal blood remains visible in the macula.
(C) Postop 1 month (C1 and C2): (C1) the blood is still present, and pigmentation has appeared at the original lesion site on fundus
photography. (C2) A small amount of fluorescence leakage is visible at the nasal side of the macula, which intensified at the late phase.

(legend continued on next page)
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side of the optic disc. Thismethod directly exposes the sub-

retinal CNV membrane to the surgeon, thereby providing

ample space for a precise excision. In addition, this proced-

ure minimizes damage to the macular neuroretina (e.g.,

macular hole) and unnecessary RPE-choroid injury (hem-

orrhage) by offering a sufficient surgical field of view and

facilitating the use of both hands for the procedure. As a

result, neither macular holes nor uncontrolled choroidal

hemorrhages occurred in this study. Postoperatively,

some patients developed ERM, likely due to proliferative

vitreoretinopathy (PVR). However, no serious complica-

tions such as RD occurred. The ERM was successfully

removed during the silicone oil removal surgery, which

was performed 3 months after transplantation.

Since Matthew Thomas first reported CNV excision in

wet AMD in 1992 (Thomas et al., 1992), at least 31 studies

on this surgical approach alone were published between

1992 and 2004 (Falkner et al., 2007). Some studies have

suggested that CNV excision might provide potential ben-

efits compared to the natural progression of CNV in wet

AMD (Guthoff and Schrader, 2004; Merrill et al., 1999).

However, in 2004, the Submacular Surgery Trials (SST)

research group performed two large randomized clinical tri-

als comparing surgical removal with observation (Bressler

et al., 2004; Hawkins et al., 2004). Both trials concluded

that CNVexcision did not significantly improve visual acu-

ity in patients with wet AMD. Although surgery effectively

removes CNV, it also results in an unavoidable loss of RPE

cells in the macular area. RPE loss is particularly detri-

mental to the functional recovery of the macular photore-

ceptors, severely limiting visual restoration after surgery.

Therefore, an alternative source of RPE cells is required to

support the recovery of macular function.

In previous studies of RPE transplantation for wet

AMD, various forms of RPE cells were utilized, including

autologous RPE-choroid patches, iPSC/hESC-derived RPE

patches, and iPSC/hESC-derived RPE suspensions (Alex-

ander et al., 2015; da Cruz et al., 2018; Mandai et al.,

2017; Mehat et al., 2018; Sugita et al., 2020). Autologous

RPE-choroid patches, once a viable option, caused signifi-

cant damage to the peripheral retina and choroid and

were no longer considered a mainstream treatment. iPSC/

hESC-derived RPE patches demonstrated a more robust

monolayer RPE structure and higher cell survival rates in

subretinal transplantation (Diniz et al., 2013). However,

RPE cell death within the transplanted patch often resulted
(D) Postop 6 months (D1–D3): (D1) the pigmentation area at the
fluorescence leakage in the late phase, observed after ERM peeling
(arrowheads).
(E) Postop 12 months after oral immunosuppressants and intravitrea
hemorrhage and pigmentation have disappeared. (E2) Fluorescence
heads).
in localized cell defects because of the single-layer struc-

ture. Furthermore, the prolonged preparation time

required for RPE sheet transplantation posed the additional

risk of irreversible visual damage (Uppal et al., 2007).

Although RPE suspension transplantation is associated

with lower cell survival rates and challenges in forming a

monolayer RPE structure, it offers a significant advantage

in that it allows for the transplantation of a large number

of cells. Although there is a risk of RPE cell suspension

leakage into the vitreous cavity, a large peripheral retinot-

omy facilitates safer CNVremoval,minimizesmacular neu-

roretina damage, and reduces the likelihood of RPE cell

leakage. These surgical strategies proved effective as post-

operative examinations revealed no evidence of trans-

planted cells in the vitreous cavity or anterior chamber,

confirming the success of the procedure.

In group 1, CNV removal was safe and successful. A cell-

like structure formed in the RPE transplantation area and

may support the surrounding retinal structure.Morpholog-

ically, we observed the transplanted cells as a new cell-like

mass in the transplantation area on SD-OCT, forming a

layered structure in some patients (Figure 2C3 of patient 1).

Therewas no sign of an inflammatory reaction, such as sub-

retinal fluid or fluorescence leakage on FFA or ICGA. In

addition, the ONL within the new cell mass area showed

relatively good restoration compared with the regions

outside the graft, indicating that the transplanted cells

may have survived and provided support to the host retina.

Functionally, BCVA improved in some patients and re-

mained stable in others during the follow-up period; the

mfERG and microperimetry were also stable. These find-

ings are consistent with those of preclinical (Lu et al.,

2009; Wang et al., 2008) and clinical reports (da Cruz

et al., 2018; Mehat et al., 2018; Song et al., 2015). This indi-

cated that the transplanted RPE cells protected themacular

photoreceptors and promoted functional recovery. In this

group, the incidence of postoperative ERM formation and

macular edema was low, and visual function improvement

was more favorable.

Group 2 patients faced greater challenges in macular

structure restoration due to the complex nature of CNVs

and intraoperative bleeding, which led to persistent

inflammation and macular edema. A review of the surgical

videos for group 2 revealed that the fibroproliferativemem-

brane was difficult to remove because of its close adhesion

to the choroid. This removal process caused damage to the
injection site has expanded. (D2) FFA images showing increased
at 3 months. (D3) Retinal edema persists with subretinal deposits

l TA (Triamcinolone Acetonide) injections (E1–E3): (E1) subretinal
leakage has subsided. (E3) The retinal edema has resolved (arrow-

Stem Cell Reports j Vol. 20 j 102424 j March 11, 2025 7



Figure 4. CNV changes before and after surgery over a 12-month period in patient 8
(A) Preop (A1 and A2): (A1) early (left side) and late (right side) phase of ICGA images. (A2) OCTA images reveal significant choroidal
neovascularization blood signal in the macular area preoperatively.
(B–E) Postoperative images at 1 month (B1 and B2), 3 months (C1 and C2), 6 months (D1 and D2), and 12 months (E1 and E2): after
surgery, ICGA images (C1, D1, and E1) and OCTA images (C2, D2, and E2) show progressive reduction in macular edema, with continued
retinal architecture improvement and decreased hyperreflective material over the 12-month follow-up. There was no blood signal from
residual (B2) or recurrent choroidal neovascularization (C2–E2).
choroidal vessels, resulting in significant hemorrhage that

took >1 month to resolve, and part of the CNV could not

be completely removed. Hemorrhage and residual CNV re-

sulted in BRB damage and failure of ocular immune privi-

lege (Zhou and Caspi, 2010). Therefore, we observedmacu-

lar edema on OCT, fluorescence leakage on FFA/ICGA, and

CNV recurrence on OCTA in this group. The most likely

cause of the apparent inflammatory response in these pa-
8 Stem Cell Reports j Vol. 20 j 102424 j March 11, 2025
tients was immune rejection owing to BRB damage. Resid-

ual CNV was the direct cause of CNV recurrence. For

example, in patient 10, FFA and ICGA showed obvious

fluorescence leakage due to immune rejection (Figure 5D2).

OCTA revealed residual CNV (Figure 6B2), and the residual

CNV grew rapidly until relapse.

The treatment regimens were adjusted based on

whether the patient experienced CNV recurrence. The



Figure 5. Retinal morphological change in the operated eye of patient 10
Retinal examination before and after CNV removal coupled with hESC-derived RPE suspension transplantation; preoperative (A1–A3),
intraoperative (B1–B4), and postoperative images at 1 month (C1 and C2), 3 months (D1 and D3), 6 months (E1–E3), and 12 months
(F1 and F3) are shown.
(A) Preop (A1–A3): (A1) fundus photography showing the fibrotic membrane in the macular area. The injection site is marked by red dots,
and the formed subretinal bleb is indicated by a black circle. (A2) FFA images highlighting the typical CNV shapes without obvious late
fluorescence leakage. (A3) SD-OCT scan shows fibrotic neovascular membrane breaks (arrow) under the RPE layer.

(legend continued on next page)
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patient without CNV recurrence was treated with IVTA,

and this therapy was highly effective. The patient with

CNV recurrence was administered IVTA and anti-VEGF

(ranibizumab) therapy, and the condition was well

controlled (Brown et al., 2009). Although the anatomic re-

covery was not as good as that in group 1, the anti-inflam-

matory treatments reduced macular edema and fluores-

cence leakage in the FFA and prevented significant

vision loss. CNV recurrence was also controlled with

anti-VEGF treatment. This indicated that local immune

rejection and CNV recurrence were controllable, and the

transplantation of hESC-RPE cells combined with CNV

removal was safe.

In our previous clinical trials of RPE transplantation for

Stargardt macular degeneration (Li et al., 2021), we used a

suspension of 1 3 105 RPE cells for transplantation. This

low cell count was sufficient because the procedure tar-

geted only the macular edge, which required a relatively

small number of cells. However, in the present study,

CNV removal resulted in a substantial loss of the RPE layer

in themacular area, necessitating a significantly large num-

ber of RPE cells to adequately restore the damaged layer.

Given the extremely low cell survival rates (less than

10%) observed in preclinical studies (Klassen et al., 2012;

West et al., 2012), the dose of transplanted cells was

increased by an order of magnitude. In a previous study,

we transplanted 13 106 retinal progenitor cell suspensions

into the macula of patients with retinitis pigmentosa.

These findings confirmed the safety and tolerability of

1 3 106 cell transplantations in the macular area (Liu

et al., 2017). In addition, previous studies have suggested

that the standard dose for RPE transplantation in rats is

approximately 1 3 105 cells/injection (Liu et al., 2018,

2023; Zhu et al., 2022). Considering the size difference be-

tween the rat retina (�80 mm2) and the human retina

(�10 cm2) (Mayhew and Astle, 1997), we propose that an

appropriate cell count for human RPE transplantation is

�1 3 106 RPE cells per eye.
(B) The signal beneath the CNV was hyper-transmission. Intraop (B
temporal quadrant retina. (B2) After incising the retina, the fibrous
nificant fundus hemorrhage and residual lesion (asterisk) were obse
membrane. (B4) A subretinal bleb (marked by a dotted circle) formed
subretinal blood remained visible in the macula.
(C) Postop 1 month (C1 and C2): (C1) blood is still present at the origin
leakage at the macula on FFA.
(D) Postop 3 months (D1–D3): (D1) the subretinal hemorrhage has b
phase. (D3) Retinal edema persisted with ERM (asterisk).
(E) Postop 6 months after ERM peeling (E1–E3): (E1) spontaneous sub
by a significant amount of exudate surrounding the macula. (E2) Persis
intraretinal deposits were observed. Postoperative images taken 12 m
(F) Postop 12 months (F1–F3): (F1) spontaneous bleeding has subside
the late phase. (F3) The retina has flattened, and the edema has sign
See also Figure S6.
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Our results demonstrate that safe removal of CNV tissue

without hemorrhage is a critical factor for successful trans-

plantation of RPE cells in wet AMD. CNV removal creates a

more stable microenvironment for the survival and inte-

gration of the transplanted RPE cells. Close adhesion of

the CNV to the underlying tissue, as detected using OCT

preoperatively, is a significant surgical risk factor. Patients

with close CNV adhesions should be carefully evaluated,

and alternative treatments may be more appropriate in

such cases. Intraoperative hemorrhage resulting from

choroid injury can adversely affect prognosis by increasing

the risk of immune rejection and CNV recurrence due to

severe breakdown of the BRB and the presence of residual

CNV tissue. Although some patients in this study experi-

enced hemorrhage during surgery and subsequently

developed inflammation and CNV recurrence, these com-

plications were effectivelymanagedwith appropriate inter-

ventions. Despite the theoretical increase in surgical risk,

severe complications, such as RD and severe PVR, were

not observed in our study. In contrast, the SST reported

RD rates of 6% and 16%, with approximately half of these

patients developing PVR (Bressler et al., 2004; Hawkins

et al., 2004). Notably, all patients in our study remained sta-

ble or improved postoperatively, highlighting the reli-

ability and potential benefits of this treatment approach.

In conclusion, our results suggest that surgical CNV

removal coupled with hESC-derived RPE cell transplanta-

tion is a potentially safe treatment for wet AMD. We also

report the factors contributing to unsatisfactory outcomes

and share our experiences in managing complications in

this study, which could help inform the preoperative

screening of participants and postoperative management

in future studies.

Limitations of the study

A limitation of this study is that patients needed to take im-

munosuppressants for 4 months, which is consistent with

the findings of Schwartz et al. (2012). Although hESC-RPE
1–B4): (B1) intraoperative image before incising the peripheral
membrane was tightly adhered to the underlying tissue. (B3) Sig-
rved due to the tight adhesion after complete removal of the CNV
after subretinal injection of transplanted cells. A small amount of

al lesion site on fundus photography. (C2) Late-phase fluorescence

een fully absorbed. (D2) Increased fluorescence leakage in the late

retinal hemorrhage was observed beneath the macula, accompanied
tent fluorescence leakage. (E3) Retinal edema did not improve, and
onths after 3 consecutive anti-VEGF treatments.
d, and the exudate remains. (F2) Fluorescence staining is visible in
ificantly subsided.



Figure 6. CNV changes before and after surgery over a 12-month period in patient 10
(A) Preop (A1 and A2): (A1) early (left side) and late (right side) phase of ICGA imaging. (A2) OCTA images revealing significant choroidal
neovascularization blood signal in the macular area preoperatively.
(B–F) Postoperative images at 1 month (B1 and B2), 3 months (C1 and C2), 6 months (D1 and D2), 9 months (E1 and E2), and 12 months
(F1 and F2): (B2) 1 month after surgery, the ICGA images show residual blood signal located at the original lesion site that has gradually
developed into a new vessel network. OCTA scan suggests progressive retinal edema (C2–D2). After 3 consecutive intravitreal ranibizumab
injections, the recurrent CNV was significantly reduced, leading to decreased blood flow signals beneath the retina and a noticeable
reduction in retinal edema (E2–F2).
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cells are considered hypoimmunogenic (Idelson et al.,

2018), the risk of chronic immune rejection still exists.

The strategy for immunosuppressive use in elderly patients

after allograft cell transplantation remains inconclusive,

and long-term immunosuppressant use may pose a higher

risk of severe infections and cancer.

Compared with other embryonic stem cell-derived cell

transplantation therapies, such as pancreas islet b cell

transplantation for type 1 diabetes, hESC-RPE cells can

be engineered using genome-editing techniques to allow

escape from alloimmune and autoimmune reactions in

the recipient (Loretelli et al., 2020). The human leuko-

cyte antigen class I and II profiles of hESCs can be modi-

fied in vitro, and they can be induced to overexpress

immunoregulatory factors such as PD-L1 and CD-47

(Han et al., 2019). These modified hESC-RPE cells would

be invisible to both T and natural killer cell responses in

all patients. This strategy could provide an off-the-shelf

universal cell product that would avoid acute rejection

and a chronic inflammatory response, and the patient

would not require immunosuppression.
METHODS

Study design and participants

This phase 1, open-label, investigator-initiated trial

enrolled 10 adult participants who met the inclusion and

exclusion criteria. All patients provided written informed

consent, and the trial was approved by the Ethics Commit-

tee of Southwest Hospital. The study was registered at

ClinicalTrials.gov (NCT02749734).

Patients with binocular wet AMD were selected for inter-

vention in the poorer-seeing eye (according to dominance

and visual acuity) and were followed up for at least

12 months. Q-CTS-hESC-2 cells were obtained from the

National Stem Cell Resource Center of China and verified

by the Chinese National Institutes for Food and Drug Con-

trol (report number SH201402035) (Gu et al., 2017). The

differentiation of Q-CTS-hESC-2-RPE cells followed estab-

lished protocols to ensure safety and confirm RPE-specific

properties prior to transplantation (Wu et al., 2016). After

differentiation until passage 3 (120 days), the hESC-RPE

cells exhibited typical cobblestone-like morphological

characteristics and pigmentation. Biosafety analyses

including fungal, bacterial, and viral examinations

confirmed that the cells were free of microbial contami-

nants and endotoxins (Table S1). Immunostaining verified

the proper differentiation of hESC-RPE cells, based on pos-

itive expression of RPE markers such as MITF, ZO-1,

Bestrophin-1, REP-65, and CRALBP. Quantitative PCR

further demonstrated high expression levels of RPE-related

genes, includingMITF, Bestrophin-1, REP-65, and CRALBP.
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Flow cytometry (fluorescence-activated cell sorting) anal-

ysis confirmed that the purity of the hESC-RPE cell cultures

exceeded 99% for R1 RPE marker. Tumorigenicity tests

were conducted on severe combined immunodeficiency

mice, including a positive control group injected with un-

differentiated hESCs. Subcutaneous injections of Q-CTS-

hESC-2-RPE cells showed no signs of hyperproliferation

or abnormal growth, whereas undifferentiated Q-CTS-

hESC-2 cells developed into teratomas (Figure S1). These

findings demonstrated that the hESC-RPE cells are suitable

for clinical use.

Surgical procedure

The procedure involved 3-port pars plana vitrectomy with

complete posterior vitreous detachment and total vitreous

excision. RD in the superior temporal retina was achieved

by injecting a balanced saline solution into the subretinal

space, followed by peripheral retinotomy in the superior

temporal quadrant. The subretinal CNV membrane was

then exposed and carefully excised. Perfluorodecalin was

applied to reattach the retina, and photocoagulation

was used to seal the retinal breaks. Silicon oil tamponade

was used, followed by an infusion of 100 mL of hESC-RPE

cell suspension (containing 106 hESC-RPE cells) into the

macular region using a 39-gauge cannula, creating a

dome-shaped RD (Video S1). After surgery, patients were

advised to remain in a supine position overnight until

the subretinal fluid was absorbed, followed by a face-

down position for 1 week.

Postoperative management

The patients were prescribed an oral immunosuppressive

regimen based on Schwartz et al. (2012) with minor modi-

fications (Liu et al., 2018). Silicone oil removal surgery was

performed during the third month of follow-up.

Clinical evaluation

Patients were followed up periodically with comprehensive

ophthalmic examinations, including BCVA using the

ETDRS test, slit-lamp bio-microscopy, fundus examination,

SD-OCT, FFA, ICGA, mfERG, microperimetry, and OCTA.

Systemic health wasmonitored through physical examina-

tions, vital sign assessments, electrocardiography, chest

radiography, and hematological testing.

FFA and ICGA

A solution of sodium fluorescein (Alcon Laboratories, Inc.,

USA) and indocyanine green (Dandong Yichuang Pharma-

ceutical Co., Ltd, China) was injected intravenously. A

confocal laser scanning system (Heidelberg Retina Angiog-

raphy II, HRII, Heidelberg, Germany) was used to capture

FFA and ICGA fundus images at the early, mid, and late

time points.

http://ClinicalTrials.gov


SD-OCT

A Heidelberg SPECTRALIS HRA + OCT device (Heidelberg

Engineering, Germany) was used, and all SD-OCT scans

were obtained by the same experienced operator. Images

were generated using a high-speed volumetric raster scan

pattern over a 30� 3 25� area. Each raster scan consisted

of 61 horizontal line scans spaced 127 mm apart.
OCTA

An OCTA device (Carl Zeiss Meditec, Jena, Germany) was

used, and 6 3 6-mm images were centered on the fovea

(512 A-scans 3 512 B-scans) of the participants. For each

OCTA 6 3 6-mm volume, the inner retinal vascular net-

works, foveal avascular zone, and choriocapillaris were

evaluated.
Immunosuppression protocol

Immunosuppressive drugs were administered according to

the protocol described by Schwartz et al. (2012), with mi-

nor modifications. One week postoperatively, tacrolimus

(serum concentration, 10 ng/mL), mycophenolate mofetil

(200 mg, twice daily), and prednisone (30 mg, once daily)

were administered and continued for 1month. Onemonth

post-transplant, tacrolimus was slowly reduced to a serum

level of 3–7 ng/mL. By 2 months post-transplant, predni-

sone was decreased to 15 mg/day, and mycophenolate mo-

fetil was discontinued. Prednisone was discontinued

3 months post-transplant, and tacrolimus was reduced to

a serum level of 3 ng/mL. All immunosuppressive drugs

were discontinued 4 months post-transplant.
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