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Abstract 
Retinal pigment epithelium (RPE) cells grown on a scaffold, an RPE patch, have potential to ameliorate visual impairment in a limited number of ret-
inal degenerative conditions. This tissue-replacement therapy is suited for age-related macular degeneration (AMD), and related diseases. RPE cells 
must be transplanted before the disease reaches a point of no return, represented by the loss of photoreceptors. Photoreceptors are specialized, 
terminally differentiated neurosensory cells that must interact with RPE’s apical processes to be functional. Human photoreceptors are not known 
to regenerate. On the RPE’s basal side, the RPE transplant must induce the reformation of the choriocapillaris, thereby re-establishing the outer 
blood-retinal barrier. Because the scaffold is positioned between the RPE and choriocapillaris, it should ideally degrade and be replaced by the nat-
ural extracellular matrix that separates these tissues. Besides biodegradable, the scaffolds need to be nontoxic, thin enough to not affect the focal 
length of the eye, strong enough to survive the transplant procedure, yet flexible enough to conform to the curvature of the retina. The challenge is 
patients with progressing AMD treasure their remaining vision and fear that a risky surgical procedure will further degrade their vision. Accordingly, 
clinical trials only treat eyes with severe impairment that have few photoreceptors to interact with the transplanted patch. Although safety has been 
demonstrated, the cell-replacement mechanism and efficacy remain difficult to validate. This review covers the structure of the retina, the pathology 
of AMD, the limitations of cell therapy approaches, and the recent progress in developing retinal therapies using biomaterials.
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Graphic Abstract 

Retinal pigment epithelium (RPE), choroidal endothelium, and retinal precursor cells can be differentiated on scaffolds for study, and potentially, 
to treat retinal degenerative diseases. Co-cultures can be used to study tissue-tissue interactions. Clinical trials demonstrate safety, but modest 
(at best) improvement of vision. More pre-clinical studies are needed to delineate the biological mechanisms of graft/host cell interactions fol-
lowing transplantation.

Introduction
Age-related macular degeneration (AMD) affects more than 11 
million people in the United States and is projected to affect 
22 million by 2050.1 AMD is the major cause of visual impair-
ment among the elderly. In its early phase, dry (non-exudative) 
AMD affects the retinal pigment epithelium (RPE) and second-
arily destroys photoreceptors.2 Wet (neovascular) AMD affects 
the RPE but often involves degeneration and aberrant growth 

of the choriocapillaris and deep capillary plexus.3,4 Geographic 
atrophy (GA) is the end-stage of the dry and sometimes wet 
forms and is characterized as the complete loss of photorecep-
tors, RPE, and macular choriocapillaris. Although a therapy 
exists for early wet AMD, therapies for dry AMD and GA are 
inadequate. Cell and tissue replacement is an emerging therapy 
for several retinal degenerative diseases including, and espe-
cially, dry AMD. Phase I clinical trials, which assess safety, 
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demonstrate that tissue replacement therapy is safe and modest 
improvements in vision have been reported.5-8 These successes 
support a move to phase II trials that test efficacy. Nonetheless, 
there remains a need for in-depth, long-term studies in vitro 
and especially in animal models to critically evaluate the bio-
logical mechanisms involved in graft-host retina interactions. 
The lingering and critical question remains whether the re-
ported changes in vision are caused by cell replacement ra-
ther than other mechanisms such as neuroprotection or 
immunomodulation.9-12 The introduction of scaffolds is a big, 
positive step in developing these therapies.

AMD is a multifactorial disease. Unlike gene therapy’s po-
tential to treat retinal disease caused by a single gene mutation, 
for example, Stargardt’s disease (juvenile macular degener-
ation),13,14 AMD is not treatable by correcting a single mu-
tation. Scaffolds provide a platform for reconstituting RPE 
sheets with the neighboring choroid and neurosensory retina 
for preclinical studies and clinical trials. Scaffolds eliminate the 
potential for injected RPE cell suspensions to reflux into the 
vitreous cavity,8 which would cause fibrosis, leading to retinal 
detachment and blindness. Scaffolds can organize the orienta-
tion of photoreceptor cells and ensure close juxtaposition of 
RPE and with photoreceptors.15,16 Ideal scaffolds should pro-
vide a microenvironment that promotes (1) attachment, (2) 
survival, and (3) directed differentiation of RPE and/or retinal 
progenitor cells (RPC). For subretinal implantation, scaffolds 
must be nontoxic. They also need to be thin (<10 µm) to (1) 
avoid changing the focal length of the eye, (2) provide tran-
sient mechanical stability to withstand the implantation pro-
cedure, and (3) flexible to accommodate the curvature of the 
retina. Biodegradable scaffolds are expected to outperform the 
nonbiodegradable ones, as they would leave no foreign ma-
terial in the subretinal space, have no impact on focal length, 
enable better vascularization, and enable the new RPE sheet to 
seamlessly merge with the host’s remaining RPE. Most of the 
natural and synthetic scaffolds for retinal culture have been re-
viewed earlier.17-22 Scaffolds bearing stem cell-derived cells are 
now in clinical trials to treat these retinal diseases. The trials 
have demonstrated safety and modest improvements in vision, 
but the trials have been too small to judge their efficacy (Table 
1). They provide no data regarding whether the implants act 
via cell replacement, neuroprotection, immunomodulation, or 
some other type of mechanism.

Retinal cell and tissue replacement therapies face daunting 
challenges. The complex neural circuitry of the neurosensory 
retina must be rebuilt. Interactions of the apical RPE with 
photoreceptors, and basal RPE with the Bruch’s membrane/
choroid, must be restored, and the outer blood-retinal bar-
rier must be re-established. We will review studies of the past 
several years that reveal the depth of these challenges and the 
substantial progress that has been made with improved scaf-
folds/biomaterials. We discuss recent work with scaffolds in 
preclinical studies and in the few clinical trials that reported 
outcomes for safety and visual acuity.

Structure of the Mammalian Retina
The subretinal space separates the multilayered neurosensory 
retina from the RPE monolayer (Fig. 1). RPE pumps water 
from the subretinal space into the choroid to maintain a po-
tential space in which the photoreceptor outer segments inter-
digitate with microvilli of the RPE. If fluid should accumulate, 
the space enlarges into a real space, forming a serous retinal 
detachment. The macula is ~4  mm in diameter, enriched in 

cone photoreceptors for color vision, and responsible for 
the high-resolution vision needed for reading and for recog-
nizing faces. Principal functions of the nonmacular retina in-
clude distinguishing light and shadow, detecting motion, and 
detecting low intensity light. Injecting fluid into the subretinal 
space creates a localized serous detachment where neo-tissue 
can be inserted before RPE pumps out the fluid to reattach the 
retina (Fig. 1A).29,30

The neurosensory retina’s complex network begins 
processing visual inputs (Fig. 1B). Light captured by photo-
receptors transmit a signal to bipolar cells and on to retinal 
ganglion cells whose axons form the optic nerve. Along the 
way, the visual inputs are refined by horizontal cells, which 
modulate the flow of information from photoreceptors to bi-
polar cells, and amacrine cells, which modulate the flow of 
information from bipolar cells to retinal ganglion cells. The 
details of how this integrated network processes visual inputs 
are only partially understood.

The cell body of photoreceptors is connected by a long 
stalk to inner segments, which house the bulk of the cells bio-
synthetic and catabolic machinery. The outer segments house 
the machinery for capturing a photon of light and converting 
it into an electrical signal. The outer segment is composed of 
a stack of disc membranes, which are synthesized every day 
and added to the base of the outer segment. Disc membranes 
at the tip are shed daily and phagocytized by the RPE (Fig. 
1C). Disruption of phagocytosis leads to an accumulation of 
disc membranes in the subretinal space and subsequent ret-
inal degeneration.

The fenestrated choriocapillaris, Bruch’s membrane, and 
RPE form the outer blood-retinal barrier (Fig. 1C).21,32,34,35 
The RPE distributes various membrane receptors, ion pumps, 
and transporters specifically to either the apical or basolateral 
membranes. This polarity enables RPE to transport nutri-
ents from the choriocapillaris to the neurosensory retina and 
transport wastes in the opposite direction. Polarity enables 
the RPE to maintain an ionic composition of the subretinal 
space that is essential for photoreceptor function. Receptor 
mediated endocytosis at the basolateral membrane takes up 
vitamin A, which is converted to 11-cis-retinal, the cofactor for 
the light-sensitive opsins found in photoreceptors. Interactions 
across the subretinal space mediate the visual cycle, whereby 
11-cis- and all-trans-retinals are shuttled back and forth be-
tween RPE and photoreceptors. Apical proteins phagocytize 
photoreceptor outer segments (POS) shed by the photorecep-
tors.36,37 Studies in frogs and mice indicated RPE was necessary 
for POS to elongate during development.38,39 RPE also main-
tains the structure of the choriocapillaris, and both maintain 
Bruch’s membrane. The structure and functions of Bruch’s 
membrane continue to be active areas of research.32,40 It is 
where drusen, a risk factor for AMD, accumulates. Drusen is a 
yellow conglomerate of lipids and proteins and likely impairs 
the permeability of Bruch’s membrane. Degeneration of either 
the choriocapillaris or the RPE leads to degeneration of the 
other and the subsequent degeneration of photoreceptors.41-46

Figure 1D illustrates processes related to AMD. As RPE 
function degrades, illustrated by fading RPE, layers of photo-
receptors are lost. With the loss of photoreceptors and visual 
inputs, the neural network progressively remodels to form 
aberrant circuits.47,48 The remaining neurons can survive 
for some time and the inner layers of the retina remain evi-
dent histologically or by optical coherence tomography.49 
Eventually, the bipolar cells and interneurons will die or 
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migrate away. When some photoreceptors are still present, 
there is a window of opportunity when transplantation of 
RPE, or RPE with photoreceptors, can have an effect. In that 
window, the neuronal networks of the INL remain intact due 
to continued inputs from photoreceptors. An experimental 
question is whether implanting new photoreceptors at a later 
stage would restore a disorganized neural network. Support 
for that hypothesis comes from a study in which cone cells, 
purified from hiPSC-derived retinal organoids, were im-
planted as a suspension into a mouse model of photoreceptor 
degeneration.50 The implanted cells formed synapses with 
bipolar cells, and electrophysiologic evidence suggested the 
neuronal network was reorganized to some extent. AMD dif-
fers from this model because the RPE must also be replaced to 
restore vision. Nonetheless, this proof of concept encourages 
the use of biomaterials to create a layered structure of RPE 
and photoreceptors, as discussed in the Section “Interactions 
of the RPE and Neurosensory Retina.” The RGC layer will 
remain intact after the INL degenerates if it maintains con-
nections with the visual cortex. An intact RGC layer provides 
hope for other approaches that stimulate RGC directly, such 
as optogenetic or retinal prothesis technologies.51,52

Scaffolds as a Mimetic of Bruch’s Membrane: 
Interactions at the Basal Side of RPE
RPE can be cultured on a wide variety of scaffolds that are 
coated with an extracellular matrix. In vivo, RPE takes up 

nutrients from the choriocapillaris through receptors and 
transporters located in the basolateral membranes. When 
grown on tissue culture plastic, nutrient media is found on the 
apical side of the monolayer, and RPE adapts by depolarizing 
the distribution of those proteins. Like most epithelia, RPE is 
more differentiated when cultured on a porous scaffold that 
is suspended in nutrient medium to expose the basolateral 
membranes to the medium.

To improve clinical outcomes, scaffolds were introduced 
to promote the survival and structural/functional integra-
tion of the transplanted RPE with the neurosensory retina 
and choriocapillaris. Preclinical studies examined scaffolds 
for their effects on the differentiation of RPE and their suit-
ability for tissue-replacement therapy. The investigations were 
often limited to a cursory characterization of the RPE before 
advancing to clinical trials. Rigorous methods have been de-
veloped to authenticate cultured RPE.53,54 These are based 
on morphology, electrophysiologic properties, mechanism of 
phagocytosis, ability to metabolize retinoids, and the expres-
sion of “signature genes,” genes whose expression is either 
unique to RPE or is expressed at high levels relative to other 
tissues.55,56 Notably, proteomics confirms that expression of 
the corresponding proteins are comparable between cultures 
of highly differentiated RPE and human fetal RPE (hfRPE).57 
Accordingly, hfRPE from 15 to 16-week fetuses were deemed 
to be a gold standard. Most often, the RPE derived from hiPSC 
were not fully authenticated, as the analysis was limited to 
morphology and the expression of a few marker genes and 

Table 1. Clinical trials discussed this reviewa.

Scaffold Size Characteristics # of Patients/ 
disease 

Visual 
Improvement 
In Lettersb (# of 
patients) 

Clinical Trial Ref 

Nonec N/A hESC-RPE: 50-150,000 
cells

9/Stargardt’s  
macular dystrophy

11-15 (6) NCT01345006 114

Nonec N/A hESC-RPE: 50-150,000 
cells

8/dry AMD 12 (3) NCT01344993 114

PET 6 × 3 mm 
(18.0 mm2)

hESC-RPE (~100,000) on 
10 µm-thick PET, coated 
with plasma-derived 
vitronectin.
Non-biodegradable

2/ wet AMD 21, 29 (2) NCT01691261 70

Parylene 6.25 × 3.5 mm
(21.9 mm2)

hESC-RPE (~100,000) on 
ultrathin (0.3 µm-thick), 
parylene membrane on 
a perforated, 6 µm-thick 
parylene support
Biodegradable

5/dry AMD 17 (1) NCT02590692 26, 76

PLGAd 4 × 2 mm 
(8.0 mm2)

hiPSC-RPE (~100,000) 
on10 µm-thick, electrospun 
PLGA with 350 nm mean 
fiber diameter.
Biodegradable 

None Trial in progress NCT04339764 65

hiPSC- secreted 
basal membrane

1.3 × 3 mm 
(3.9 mm2)

hiPSC-RPE on PET coated 
with a collagen-I gel; Conflu-
ent sheets released from PET 
with collagenase
Biodegradable

2/wet AMD No change UMIN000011929 
(Japan)

82

aOf the many clinical trials in progress, these relate to the scaffolds discussed in this review.
bVisual acuity was measured with the Early Treatment Diabetic Retinopathy Study (ETDRS) chart. An improvement of 15 letters is considered significant.
cCell suspension. Included as a benchmark.
dSupporting rat and pig data are discussed in the text.
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proteins. The predominantly hexagonal morphology found 
in young adults in vivo is not always achieved in vitro, due 
to the presence of dividing cells.58 Short of this, investigators 
should demonstrate (preferably using phalloidin with anti-
bodies to claudin-19 and/or occludin) a polygonal lattice that 
has sharp borders and vertices between neighboring cells.58,59 
Although phagocytosis may be used as a criterion, an RPE-
specific mechanism is often not documented. Occasionally, 
a simple measurement of transepithelial electrical resistance 
(TER) is made, but other electrophysiologic measures of RPE 
function are often ignored. These include the transepithelial 
potential and the apical to basal resistance ratio.19 For the 
following studies, the depth of characterization of the RPE 
and in vivo results is summarized in Supplementary Table S1.

The importance of TER as a tool to evaluate RPE derived 
from human induced pluripotent cells (hiPSC-RPE) was 

demonstrated by Ye et al.60 They found that a high TER not 
only correlated with a mature apical junctional complex, it 
also correlated with the morphology of the cultures. The soft-
ware to analyze morphology was developed and tested using 
RPE differentiated from 3 cell lines. The authors’ procedure 
produced pure RPE that was maintained in a serum-free me-
dium. Notably, they cultured their cells on polyethylene ter-
ephthalate (PET) coated with laminin-511 rather than the 
more common laminin-111 or Matrigel coating. The latter 
are embryonic matrixes, whereas laminin-511 is also found 
in mature retinal matrixes, and therefore, more appropriate 
for mature RPE.32 A machine-learning program was trained 
by analyzing the subcellular localization of F-actin in cultures 
with high and low TER. F-actin is more reliable than ZO-1 to 
assess the maturity of the cytoskeleton and apical junctional 
complex.31,61-63 The software predicted the TER of cultures 

Figure 1. Structure of the retina. (A) The retina is a 2-layered cup formed by the RPE monolayer (black) and the neurosensory retina (red). The subretinal 
space is a potential space that lies between them. The choroid lies between the sclera (orange) and the RPE. The ciliary body and iris are shown in 
blue. The needles show 2 surgical approaches to the subretinal space. The trans-scleral approach is used in rodents due to the large lens. To insert 
the implant, the subretinal space is enlarged by injecting fluid to create a localized retinal detachment. RPE removes the subretinal fluid to reattach 
the retina. The pars plana approach to the macula is used in humans. The box is enlarged in panels (B and C). (B) A cartoon of the 5 major classes 
of neurons is superimposed on a toluidine-blue stained section of epoxy-embedded retina. (C) The outer blood-retinal barrier. Photoreceptor outer 
segments (POS), the site of phototransduction, interdigitate with apical microvilli of the RPE. The POS are composed of disk membranes that resemble 
a stack of coins. Daily, new discs are added to the base and old discs shed from the tip are phagocytized by the RPE. The choriocapillaris is fenestrated 
and separated from the RPE by the 2-4 μm-thick Bruch’s membrane. The RPE basolateral membranes are infolded. (D) Progression of AMD from normal 
(left) to GA (right). As disease progresses in the RPE, rows of photoreceptors are gradually lost. Double headed arrows, bidirectional interactions; ILM, 
inner limiting membrane; RGC, retinal ganglion cells; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear 
layer; OLM, outer-limiting membrane. Modified with permission from Rizzolo et al. (A),31 Fields et al. (C),32 and Nasonkin et al. (D).33

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac001#supplementary-data
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that were analyzed with phase-contrast optics, thereby pro-
viding a noninvasive way to evaluate RPE sheets prior to 
transplantation.

Scaffolds Composed of Synthetic Materials
Several types of scaffolds that vary in porosity are shown 
in Fig. 2. In 2 examples, pores of a specified size were en-
gineered into non-porous materials. The commonly used 
Transwell insert (Corning, Inc., Corning, NY) is made with a 
10 μm sheet of polyethylene terephthalate (PET). Radiation 
is used to etch a random distribution of pores with a diam-
eter of 0.45 μm pores (Fig. 2A).64 Manufacturing techniques 
can be used to cast a uniform distribution of pores. An ex-
ample is polycaprolactone (PCL) sheets cast with 0.7 μm 
pores (Fig. 2B).27 The grid superimposed on each image rep-
resents a monolayer of RPE to illustrate the density of pores 
per cell. Alternatively, electrospinning lays down a thread of 
defined diameter to “weave” a mesh of defined thickness and 

“pore size” as shown for poly(lactic-co-glycolic acid) (PLGA) 
(50:50 mixture).65 This approach yields the highest density of 
“pores” (Fig. 2C).

The porosity/permeability of the scaffold may influence 
differentiation of the culture. McHugh et al27 compared the 
PET and PCL scaffolds shown in Fig. 2. They used an hfRPE 
preparation that was poorly differentiated on PET and found 
it was more differentiated on the more porous PCL scaffold. 
The study did not address potential effects of PCL versus PET. 
Nonetheless, porosity did affect RPE culture models of drusen 
formation. Those studies used either highly differentiated 
hfRPE or hiPSC- RPE. One study used a scaffold of mixed cel-
lulose ester that form a fibrous mesh akin to electrospun scaf-
folds. RPE secreted components of drusen that diffused into 
the scaffold.66 Mounds of drusen were not observed. By con-
trast, mounds of drusen-like deposits were found when RPE 
was cultured on PET membranes.67-69 In long-term cultures, 
the mounds of “drusen” increased in size and the overlying 
RPE monolayer was thin, as observed in AMD.68 Notably, 
the permeability of Bruch’s membrane decreases with age, 
which may be a factor in AMD.24 Although RPE grown on 
PET membranes have been implanted in animal models and 
humans,65,70 these drusen models suggest that nondegradable, 
PET scaffolds may be prone to recreate the disease over time.

Permeability likely played a role when PET was compared 
with electrospun poly(lactic-co-glycolic acid) (PLGA) (50:50 
mixture).65 Using current good-manufacturing-practice 
protocols, hiPSC were derived from CD34+ blood cells 
from 3 donors with AMD and differentiated into RPE. The 
best PLGA scaffold was a monolayer of fused electrospun 
nanofibers (Fig. 2C). The resultant Young’s modulus was 
suitable for implantation into rat and pig models. Both 
cultures exhibited high fidelity to native RPE, as deter-
mined by morphology, gene expression, phagocytosis, and 
electrophysiologic assays. A significant difference between 
cultures on PET and PLGA lay in the morphology of the 
basolateral membranes. On PET, the basolateral membranes 
were flat, but on PLGA there were extensive, in vivo-like, 
infoldings. On PLGA, collagens IV and VIII were deposited 
basally, suggesting that the RPE might synthesize a de novo 
Bruch’s membrane as the PLGA degraded. In the best clones, 
VEGF was secreted principally to the basal side, which would 
enable the reformation of a fenestrated choriocapillaris in 
vivo. The lower amount of VEGF secreted apically would 
benefit the neural retina.71

The RPE/PLGA patch was tested in the Royal College of 
Surgeons (RCS) rat,65 which undergoes a retinal degeneration 
due to a genetic defect in the RPE. The patch integrated with 
the host RPE. Integration was rare when a cell suspension 
was injected into the subretinal space. Optokinetic measure-
ments indicated that cell suspensions and RPE patches were 
both beneficial, which indicates that integrated or not, neuro-
trophic factors appear to preserve function in the absence of 
an outer blood-retinal barrier. Relative to the number of cells 
on the patch, 10-fold more cells needed to be injected for cell 
suspensions to be effective.

Large-eye animal models are critical for testing the surgical 
approach to implant 3D patches in the subretinal space. In 
contrast to rodents, pigs, cats, and dogs have a macula-like re-
gion called the area centralis.72,73 When tested in a pig model, 
substantial differences were observed between RPE patches 
and cell suspensions.65 To selectively damage the RPE, the 
RPE/photoreceptor interface was disrupted with a controlled 

Figure 2. Structure of pores on different scaffolds. (A) A schematic 
diagram of PET made porous by a track-etching process that left a 
random distribution of uniform, 0.45 μm pores.64 (B) A schematic diagram 
of pore-casted PCL with uniform, 0.7 μm pores.27 (C) Electrospun PLGA 
formed a fibrous mesh.65 For comparison, the white dot indicates the 
size of a Transwell pore at this magnification. A lattice the size of an RPE 
monolayer is superimposed on panels (A and B). The image in panel 
(C) represents ~40% of the area occupied by a typical RPE cell. Bars 
A&B, 10 μm; Bar C, 1 μm. Panel (C) reprinted from Sharma et al65 with 
permission.
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laser burn that left the rest of the neurosensory retina intact. 
RPE patches on PET or PLGA preserved multiple functions, 
whereas suspensions of RPE were ineffective. The multifocal 
electroretinogram (ERG) confirmed that the N1P1 ERG 
signal (amplitude from the first trough to the first peak of 
the photopic ERG wave form) recovered over both patches. 
Compared to scaffold-only implants, the ONL and INL were 
preserved. Further, staining for rhodopsin indicated that RPE 
phagocytized shed outer segment discs. Once the PLGA scaf-
fold degraded, the implanted RPE was contiguous with the 
host RPE. Images of the underlying choroid were not shown 
to evaluate whether the complex of RPE/Bruch’s membrane/
fenestrated choriocapillaris was restored. This study repre-
sents one of the most thorough investigations of RPE culture 
and subsequent implantation.

Another laboratory prepared RPE patches on thin (0.3 μm) 
sheets of parylene C.74 The permeability of sheets this thin is 
similar to Bruch’s membrane, which allows cultured RPE to 
draw nutrients through its basolateral membranes. For sta-
bility, the sheets were fused to a supporting mesh and coated 
with Matrigel. RPE derived from human embryonic stems cells 
(hESC-RPE) were seeded on the scaffold and formed a mono-
layer with apical microvilli and an apical junctional complex. 
However, comparison with other scaffolds was limited, be-
cause the study did not examine gene or protein expression, 
electrophysiology, or morphology of the basal plasma mem-
brane. In animal studies, the hESC-RPE were cultured on 
parylene C scaffolds that were coated with human vitronectin 
and implanted in rat and pig models.25,75 Twenty-one weeks 
after implantation into RCS rats, both scaffold-only and 
RPE-culture groups preserved the ONL and improved visual 
acuity. However, the RPE implants exhibited better preserva-
tion of inner and outer segments and more responsive sites 
in the superior colliculus. Rhodopsin immunoreactivity was 
observed in the implanted RPE. Although ultrastructural 
studies of the RPE microvilli and photoreceptor outer seg-
ments were not performed, the rhodopsin immunoreactivity 
suggests functional interactions with the photoreceptors. One 
month after transplantation into normal-sighted pigs, no ad-
verse effects were observed. Phase I clinical trials were per-
formed in patients with advanced dry AMD.26,76 Four of the 
5 patients enrolled in the phase I trial successfully maintained 
the implant (no rejection or surgical complication), and visual 
acuity improved modestly for one patient (Table 1).

Scaffolds Composed of Natural Biomaterials
Amniotic membranes have been used to culture many types 
of cells. A current good-manufacturing-practice protocol was 
developed to culture RPE derived from human embryonic 
stems cells (hESC-RPE).77,78 Gene and protein expression, 
phagocytosis, and cell polarity were assessed to confirm the 
differentiation of the cultures, but the TER was not meas-
ured. Electron microscopy revealed extensive microvilli. 
Despite the porous nature of the scaffold, the basal plasma 
membranes were flat. The principal advances were to encase 
the culture in gelatin to enable handling and to develop a cor-
responding instrument for transplantation. The cultures were 
compared to RPE in suspension using adult nude and RCS 
rats. Optokinetic and whole-field ERG analyses were per-
formed at 5, 9, and 12 weeks. Initially, the amniotic cultures, 
cell suspensions, and sham implants preserved function, but 
with time, only the amniotic cultures sustained beneficial ef-
fects. At 12 weeks, only the amniotic cultures integrated with 

the host RPE. Further, the amniotic cultures best preserved 
the thickness of the ONL and structure of the photoreceptors.

Three-micron thick scaffolds have been fabricated from 
Bombyx mori silk fibroin and coated with collagen-I.79 
Cultures on this scaffold were compared with laminin-111-
coated PET. Similar results were obtained with RPE derived 
from 5 hiPSC cell lines. Differentiation of the RPE was con-
firmed by gene and protein expression. Subtle differences 
were observed. The cultures on fibroin synthesized more of 
the basal lamina components, collagen IV and TIMP3. They 
also appeared to engulf more POS and degrade it faster. TER 
and the morphology of the basal plasma membrane were 
not examined, and the cultures were not transplanted into 
animals.

A protocol was devised to let RPE synthesize its own 
scaffold by seeding hiPSC or monkey iPSC on to collagen-
I-coated Transwell filters.80,81 Four weeks post-confluence, 
the TER for RPE derived from 7 hiPSC lines averaged 280 
Ω×cm2. Proteomics and gene expression for 87 signature 
genes was comparable to hfRPE. Electron microscopy re-
vealed apical microvilli and tight junctions, but the morph-
ology of the basal plasma membrane was not reported (Fig. 
1C). Nonetheless, polyclonal antibodies revealed that col-
lagen IV and laminin were deposited in a neo-basal lamina. 
Collagenase simultaneously removed collagen-I and released 
a sheet of RPE from the filter. The RPE with its neo-basal 
lamina was implanted in RCS rats and monkeys. Safety was 
demonstrated, but data for retina/RPE interactions was min-
imal. Automation of the methodology produced cultures of 
similar quality.28 Transplantation of these patches was re-
ported in 2 patients with wet AMD (Table 1).82 After 1 year, 
the visual acuity was unchanged, and the transplanted sheet 
remained intact with no serious safety issues.

Summary
Two standards have been used to evaluate the effectiveness 
of scaffolds for the maturation of RPE. In culture studies, 
maturation was evaluated against the maturation of RPE on 
PET (which bears great similarity to hfRPE).53,54,57 In trans-
plantation studies, comparisons were made against RPE on 
PET and RPE cell suspensions. However, culture protocols 
vary among laboratories, as does the depth of the analysis 
(Supplementary Table S1). Selecting the best scaffold would 
be aided by standardizing protocols of culture and analysis, 
as has been done for comparing differentiation protocols for 
retinal organoids.83 Given this shortcoming, we lean toward 
biodegradable, porous electrospun meshes for maintaining 
maturation and polarization of the RPE cells. Support for this 
suggestion comes from the study described above that em-
ployed electrospun PLGA for culturing RPE.65 These cultures 
exhibited the best morphology, physiology, and gene/protein 
expression. In vivo, the scaffold degraded, the RPE integrated 
with the host RPE and appeared to be functional. Nonetheless, 
we cannot say unequivocally that this is the best scaffold until 
similarly rigorous studies are made of the other scaffolds.

Co-cultures to Study Interactions of the RPE 
with Neighboring Tissues
Interactions of the RPE and Choriocapillaris
Reliable experimental models for this interface have been 
slow to develop, but recent studies have made substantial 
progress. hfRPE was cultured on the PET membrane of a 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac001#supplementary-data
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Transwell insert and suspended in a culture dish containing 
microvascular endothelial cells.84 Thick fibrils reminiscent of 
the collagen layers of Bruch’s membrane formed below the 
RPE basal lamina (Fig. 1C). Infoldings developed in the RPE 
basal plasma membrane. The TER increased via mechan-
isms involving lysyl oxidase (secreted by the endothelia) and 
β1-integrin on the RPE. Lysyl oxidase helps crosslink collagen 
fibers. β1-integrin transmitted signals from the extracellular 
matrix to increase the expression of occludin in the tight junc-
tions. These findings were corroborated in a mouse model.84

In a second approach, RPE and a choroidal-like vascula-
ture was cultured on a microchip.85 Microchannel-patterned 
polydimethylsiloxane was used to culture human endothelial 
cells and supporting fibroblasts. Perfusable capillaries formed. 
ARPE-19, which form a rudimentary barrier,61 were cultured 
on the opposite side. Barrier function increased, as measured 
by the transepithelial diffusion of tracers and the polarized se-
cretion of VEGF and PEDF. Normally, most VEGF is secreted 
basally, but the choroidal neovascularization of wet AMD is 
treated by injecting anti-VEGF agents into the vitreous. In the 
microchip model, a high concentration of VEGF added to the 
apical (closest to the vitreous) side of the RPE resulted in mi-
gration of endothelial cells across the ARPE-19 monolayer, as 
would occur during choroidal neovascularization.

A more direct interaction was established between RPE and 
endothelial cells by using a hydrogel as a scaffold.86 Human 
iPSC were used to derive RPE, endothelial cells, and mesen-
chymal stem cells (MSC). Variations of the following basic 
culture system were examined. MSC were cultured on a 
Transwell (PET) filter. Endothelial cells were encapsulated in a 
polyethylene glycol hydrogel and layered on to the MSC. RPE 
were cultured on top of the hydrogel layer. The RPE secreted 
components of Bruch’s membrane basally, but the authors did 
not report whether infolding of the basolateral membranes 
had formed. Capillary-like structures were observed that re-
quired factors secreted by both the RPE and MSC. Whether 
these structures were capillaries or parallel cords of endo-
thelial cells is debatable. The fenestrae-associated protein, 
plasmalemma-vesicle-associated protein, was evident by im-
munocytochemistry hinting at the presence of formed capil-
laries. Although the plasma membrane that faced the RPE 
exhibited thinned foci, these foci did not fuse with the pu-
tative luminal-facing plasma membrane to form fenestrae. 
Atrophy of the capillary-like structures and invasion of the 
RPE was induced with (1) autologous serum from AMD pa-
tients, or (2) RPE that expressed TIMP3 (Tissue Inhibitor of 
Metalloproteinases-3) with a mutation that is associated with 
AMD-like pathology.

A second example of direct RPE and endothelial cells was 
recently reported as an unreviewed preprint on Research 
Square.87 These authors extended their studies with the 
electrospun PLGA scaffold (see the Section “Scaffolds 
Composed of Synthetic Materials”, Fig. 2B),65 by bioprinting 
endothelia, fibroblasts, and pericytes on the side of the scaf-
fold opposite the RPE. The bioprinted cells formed lumens 
that were perfused when the culture was implanted in rats. 
Electron microscopy demonstrated that co-cultures with RPE 
resulted in the formation of fenestra in the capillaries. RNA-
sequencing demonstrated that the neo-choroid expressed 
RNAs for choroidal signature genes and the RPE increased 
expression of 46 signature genes. As the PLGA degraded, it 
was replaced with a thick matrix that contained many com-
ponents of Bruch’s membrane.

Interactions of the RPE and Neurosensory Retina
Until recently, attempts to use scaffolds to differentiate planar, 
laminar retinal organoids have not been successful (eg, Yao 
et al88). Instead, protocols to differentiate spherical retinal 
organoids that manifest the layers of the neurosensory retina 
were inspired by the seminal work of the Sasai laboratory.89-93 
Recently, Capowski et al83 and Singh et al94 used hiPSC and 
hESC lines, respectively to explore the capabilities and limi-
tations of this technology. These studies showed that mature 
RPE is not required to elongate photoreceptor inner seg-
ments and form rudimentary outer segment disks.39,83,91,94 A 
limiting factor was the RPE-photoreceptor interface was not 
reconstituted. Consequently, growth and maturation of POS 
might have stalled without the structural support and niche 
provided by the RPE. This niche nurtures the elongation, 
disk shedding, and regrowth of POS and complete the visual 
cycle.38,39 A reconstituted subretinal space would concentrate 
the neurotrophic factors secreted by RPE,95 especially Pigment 
Epithelium-Derived Factor (PEDF).96 PEDF is instrumental in 
the maturation and survival of photoreceptors.97-99 The posi-
tive impact of RPE on photoreceptor maturation is suggested 
by the effects of the subretinal space on retinal precursors 
transplanted into the subretinal versus epiretinal space.100 The 
subretinal space promoted the formation of photoreceptors, 
whereas the epiretinal space promoted integration with the 
INL and RGC layers.100 Below, we outlined the recent pro-
gress in rebuilding the photoreceptor-RPE interface using in 
vitro, ex vivo, and in vivo studies.

The initial, straightforward approach was to co-culture ret-
inal organoids derived from hiPSC with primary cultures of 
mouse RPE. The rationale was that normally, elongation of 
POS requires a relatively short time, and when a serous ret-
inal detachment is resolved, POS usually reattach to RPE (Fig. 
1A). Organoids isolated at different stages of differentiation 
(Fig. 3) were seeded on the RPE and cultured for 2 weeks. 
Examination of mRNA markers for the neurosensory retina 
revealed that only the expression of photoreceptor opsins was 
affected. The effect required direct contact of the organoid 
with the RPE. Shortcomings of the study were that the dif-
ferentiation of the RPE was not assessed, and the cells were 
cultured on laminin-coated plastic, unable to draw nutrients 
from the basolateral side.101

These shortcomings were overcome by culturing RPE and 
mature retinal organoids on one side of a permeable micro-
chip that was designed to have a vascular-like flow on the 
opposite side.103 By controlling the rate of perfusion, nutrients 
were provided to the RPE and the wastes removed. The lam-
inin coating of the chip facilitated the culture of hiPSC-RPE in 
a serum-free medium. A thin hyaluronic acid-based hydrogel 
separated the RPE from the retinal organoids to emulate the 
subretinal space. The differentiation of RPE on the microchip 
was verified by morphology, pigmentation, polarized secre-
tion of VEGF, and polarized distribution of tight junction 
and apical membrane markers. Apical microvilli were evident 
but not infolding of the basolateral membrane. Nonetheless, 
expression of RPE markers were either comparable or en-
hanced on the chips. Similarly, expression of markers for 
the inner retinal and RGC layers were unaffected in the ret-
inal organoids. By contrast, the expression of photoreceptor 
markers increased. Immunofluorescence and microscopy re-
vealed evidence of elongated POS. The hydrogel prevented 
the interdigitation of POS with RPE microvilli, which might 
adversely affect various functions that were not explored, 



276 Stem Cells Translational Medicine, 2022, Vol. 11, No. 3

such as the visual cycle. Nonetheless, there was evidence that 
RPE phagocytized photoreceptor disc membranes.

Because the macula is relatively flat, it would be valuable 
to develop a retinal organoid that was a sheet rather than a 
sphere. Partial success was achieved by basing the design of 
the scaffold on the extracellular matrix of the neurosensory 
retina. On day 21 of differentiation (the beginning of stage 
1, Fig. 3), RPC were harvested, dissociated, and cultured on 
a scaffold composed of gelatin, hyaluronic acid, chondrotin 
sulfate, and laminin-521 (GCH-521).102,104 For co-culture, 
RPE monolayers (hfRPE or hiPSC-RPE) were established on 
laminin-111-coated PET. Differentiation of the co-culture 
is compared to the differentiation of spherical retinal 
organoids in Fig. 3. The differentiation protocol was like 
that of the spherical retinal organoids, with the exception 
that a cocktail of factors that included serum, retinoic acid, 
taurine was not added at the beginning of stage 2 (Fig. 3 top). 
The hypothesis was that anatomically placed RPE would re-
place the need for those factors. Differentiation proceeded 
in similar fashion to the spherical retinoids through stage 1, 
but thereafter the RGC layer diminished, and the intervening 
layer was dominated by glial-like cells (Fig. 3 bottom). 
Although morphologically identifiable photoreceptors were 
not evident, the expression of opsins increased, consistent 
with the co-culture studies described above. Unfortunately, 
the RPE and partially developed neurosensory retina simply 
lay side-by-side rather than interdigitating their apical sur-
faces. In contrast, there were notable effects on the RPE. The 
expression of RPE markers increased, as did the TER. The 
data were consistent with earlier studies of chick embryos in 
which the immature neurosensory retina affected the differ-
entiation of RPE.105

To advance this model, the cocktail of factors used in stage 
2 (Fig. 3, top) might be added to the basolateral chamber.83 
This would allow the RPE to perform its barrier function as 
in vivo. A further improvement would be to apply advanced 
methods for generating hiPSC-retinal organoids.94 The goal is 
for co-maturation to result in elongated POS interdigitating 
with RPE microvilli. For more discussion of photoreceptor-
RPE co-growth as a sheet, see Radisic.106

A related approach was to culture photoreceptor pre-
cursors on a planar scaffold (eg, Yao et al88). These efforts 
have met limited success. A recent study described a flexible, 
ultrathin scaffold that shows great promise.16 Biodegradable 
poly(glycerol-sebacate) was engineered to form a thin sheet 
with an array of pores to orient inner and outer segments. 
A chamber was added above the array for seeding photo-
receptor precursors isolated from stage-2 retinal organoids 
(Fig. 3, top). As differentiation proceeded, a multilayer of 
photoreceptor nuclei formed in this chamber with inner and 
outer segments projecting into the pores. The scaffold has the 
flexibility to accommodate the curvature of the retina, yet the 
stiffness needed for transplantation. Although no studies have 
been reported, the culture would be suitable for co-culture 
with RPE. Implanting a bioengineered, layered outer retina 
into the subretinal space of patients with AMD may im-
prove upon the outcomes reported for implanting suspen-
sions of photoreceptors in mouse models.50 As a cautionary 
note, sheets of poly(glycerol-sebacate) that were implanted 
in the subretinal space of rabbits caused a selective loss of 
photoreceptors.107

Assuming a nontoxic substitute for poly(glycerol-sebacate) 
could be found, a further concern stems from an observa-
tion made in rodents. Instead of integration with the host 
photoreceptors, there was cytoplasmic and nuclear exchange 
between the implanted retinal precursors and host photo-
receptors.104,108 While studying this phenomenon is of interest 
to advance cell replacement therapies, the effect may only be 
transient. Studies in non-human primates and a recent study 
in mice indicated that integration of retinal precursors with 
host photoreceptors predominated.50,109 Cytoplasmic/nuclear 
transfer may be less relevant to transplantation in patients 
with advanced retinal degeneration.

An alternative to RPE-photoreceptor co-culture was 
co-injection of RPE and photoreceptor precursors in a 
temperature-sensitive hydrogel composed of hyaluronan 
and methylcellulose.110 In a mouse model, sodium iodate 
was used to remove the RPE and all but 4 layers of the ONL. 
The mixture of hydrogel and cells thinned as it was injected 
through a 34G needle, and re-gelled in the subretinal space. 

Figure 3. Comparison of the differentiation of RPC in spherical and planar co-cultures. The timeline is in months. Above the timeline, Capowski et al83 
used the protocols from multiple studies to compare the time course for the differentiation of spherical retinal organoids. They observed 3 distinct 
stages of development, as indicated by the double-headed arrows. All times are rough approximations, as they varied with cell line and culture protocol. 
The characteristics of stages 1 and 2 are shown below the arrows. The characteristics of stage 3 are listed above its arrow. Below the timeline are 
approximate times for events observed for co-cultures of RPC cultured on the GCH-521 scaffold with RPE cultured on laminin-111 coated PET.102 
Reprinted from Singh et al102 (CC BY-NC-ND 4.0).
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This property would prevent cells from leaking through the 
retinotomy of a pars plana approach. Compared to sham 
and single-cell implants, co-implantation improved vi-
sion as measured by optokinetics, behavioral studies, and 
whole-field ERG, suggesting a potential cell replacement-
based mechanism. However, neuroprotection and/or 
immunomodulation-based mechanisms cannot be excluded 
because evidence was not presented for the formation of 
photoreceptor and RPE layers, phagocytosis of POS, or res-
toration of the visual cycle.

Summary
Inadequate attention has been paid to developing co-cultures 
that recreate RPE-choroid interactions and re-establishing the 
outer blood-retinal barrier. Recent breakthroughs have over-
come the frustrations of past attempts and have already iden-
tified potential therapeutic targets.84,86,87,102 These novel data 
support continued exploration of RPE-choroid co-cultures 
by in vivo testing to determine their potential as a tissue-
replacement strategy. Further development of these models 
should also provide a platform to test potential therapeutic 
agents before committing to expensive animal studies.

The challenge facing studies of the RPE-photoreceptor 
interface is the difficulty of demonstrating a functional, mean-
ingful interaction in a long-term culture and/or following 
transplantation.23,29,111 Although POS can appear and begin to 
elongate without RPE,33,83,91 co-culture models indicate that 
RPE has beneficial effects on the maturation of photorecep-
tors.101,103 The role RPE might play in fostering maturation of 
photoreceptors needs further study to develop adjuvant ther-
apies that might augment transplantation of photoreceptor 
precursors. In contrast to the studies of Singh et al102 that used 
RPC (Fig. 3), Lee et al16 devised a method to culture purified 
photoreceptor precursors on a micro-engineered scaffold. The 
scaffold promoted the maturation of polarized photorecep-
tors as a flat sheet. This approach may be more suitable for 
grafting and for RPE-photoreceptor co-culture. Hopefully, 
co-culture data will soon emerge from this group.

Future Directions: The Conundrums Facing 
Retinal Tissue Replacement Therapy
Phase I clinical trials of RPE on scaffolds demonstrated 
safety with modest improvements of visual acuity and en-
courage larger phase II trials to test efficacy. Nonetheless, suc-
cesses and failures are difficult to interpret in clinical trials, 
where tissue cannot be examined directly by routine high-
resolution histological and immuno-histological techniques. 
There is insufficient information from in vitro and labora-
tory animal studies where detailed analyses can be performed 
postmortem. Several of the studies listed in Supplementary 
Table S1 exhaustively evaluated the ability of their scaffold to 
generate highly differentiated RPE. These studies are valuable 
to help narrow down which scaffolds would best promote 
the maturation of implanted RPE and to delineate biological 
mechanisms that impact the results obtained in vivo. Left un-
answered is whether it is better to transplant immature or 
mature RPE to rebuild the RPE-photoreceptor outer segment 
niche. One might predict that mature RPE have higher po-
tential for achieving positive clinical results, especially when 
co-grafted with RPC, because in humans, RPE matures be-
fore RPC. Mature RPE may have a better potential to mature 
RPCs and control proliferation. However, 2 studies suggest 

that it is better to transplant immature RPE,112,113 as these 
cells are more developmentally plastic and might better sur-
vive during transplantation. Most investigations listed in 
Supplementary Table S1 have not rigorously determined the 
maturity of the RPE used for transplantation in laboratory 
animals or in patients.

Although cell suspensions were not as effective as planar 
sheets of RPE in laboratory animals, the issue needs to be 
revisited. Cell suspensions modestly improved vision in a 
clinical trial that focused on safety (Table 1).114,115 This ap-
proach has the advantage that a much smaller cannula size 
lessens the negative surgical impact on the neurosensory 
retina. However, when the cannula is withdrawn, reflux of 
transplanted cells into the vitreous cavity is common because 
the retinotomy size is large enough for cells to spill into the 
vitreous cavity (Fig. 1A).8 Those cells can form a fibrotic scar 
on the inner (vitreal) surface of the retina. The scar can exert 
traction to trigger proliferative vitreoretinopathy and cause 
a retinal detachment.116,117 To avoid this complication, a pro-
cedure was developed to use the trans-scleral approach to 
enter the subretinal space. Under optical guidance, the cath-
eter is threaded through the subretinal space until the macula 
is reached.118,119 Although this approach was originally devel-
oped to inject umbilical cord cells, it could be used to de-
liver cell suspensions of RPE or RPC. To summarize thus far, 
head-to-head comparisons of the various scaffolds have not 
been done, and the efficacy of cell suspensions needs to be 
revisited.

A greater understanding of the biological mechanisms, 
driving the establishment of the RPE/photoreceptor interface 
is needed in both long-term in vitro and in vivo experiments. 
For cell-replacement mechanisms to account for clinically 
significant improvements in vision, photoreceptor outer seg-
ments need to interdigitate and interact with RPE micro-
villi on a large scale. Transplant models for RPE and clinical 
trials show minimal evidence for restored photoreceptor-RPE 
interactions regardless of whether the RPE was implanted 
as a sheet or a suspension. In laboratory animal and clin-
ical studies, optical coherence tomography revealed that 
the implanted RPE was closely juxtaposed to the recipient’s 
neuroretina. Occasionally small changes were reported in 
the ellipsoid zone of photoreceptor inner segments. The ac-
cumulated data on transplantation hint at potential roles 
for other mechanisms that modulate the results, such as 
neuroprotection.9,10 Neuroprotection contributed to preser-
vation of the ellipsoid zone in patients with macular degen-
eration.120 Immunomodulatory mechanisms can contribute 
to rescuing degenerating photoreceptors.11,12 Likewise, trans-
planted RPE might enable some host RPE cells to undergo 
division and contribute to the outcomes.10 Furthermore, im-
mature (partially differentiated) RPE expressed higher levels 
of neuroprotective factors and were superior to fully differen-
tiated RPE in the RCS rat model.112 These findings make it even 
harder to parse neuroprotection versus immunomodulation 
versus cell replacement-based mechanisms.

Clinicians are exploring the neuroprotective effect as a 
transient solution to attenuate the onset of blindness caused 
by the degeneration of photoreceptors. As factories that pro-
vide an ongoing source of neuroprotective factors, umbilical 
tissue-derived cells were implanted in the subretinal space, 
as described above.119 Although vision did not improve, the 
trial was performed on a patient with advanced GA and only 
existing photoreceptors at the edges of the atrophied region 

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac001#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac001#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac001#supplementary-data
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would be able to respond. Another approach avoids incising 
or puncturing the retina by transplanting human fetal retinal 
cells into the vitreous as epiretinal grafts (NCT03073733). In 
this phase IIB trial of 37 patients with retinitis pigmentosa (a 
collection of over 3000 genetic retinal degenerations), visual 
acuity improved by 37 letters.121 An improvement >15 letters 
is considered clinically significant. Therefore, the mechanisms 
of neuroprotection likely make a major contribution to the 
effects of transplanted RPE patches or cell suspensions.

Co-culture models can explore some of the complex issues 
that surround transplantation and might also provide trans-
plantable tissue.16,33,102,122 The impetus for this approach comes 
from the pioneering studies by the team of Drs. Aramant and 
Seiler.123 In animals that suffered complete loss of their photo-
receptors, implanted sheets of fetal neurosensory retina plus 
RPE improved vision. These studies led to promising phase II 
trials for retinitis pigmentosa and dry AMD (NCT00345917, 
NCT00346060).124 The hope is that rare, fetal tissue will be 
replaced by continued development of hiPSC-derived planar 
sheets of RPE with neurosensory retina.104,125 With the help 
of flexible, biodegradable scaffolds, there is great promise for 
this next generation of 3D transplants.16,126

Scaffolds for retinal cell replacement is a rapidly developing, 
promising direction for translational ophthalmology research. 
Although still in the experimental stage, scaffolds have rapidly 
found their way into pilot clinical trials. Surgical techniques 
for impeccably implanting RPE and neuronal patches26,76 are 
outpacing our understanding of retinal biology. Advances in 
surgical delivery solves the mechanistic (surgery) and regu-
latory (safety) problems of retina replacement, but not the 
biological (efficacy) problems, including restoring retinal cir-
cuitry, reestablishing retinal interactions across the subretinal 
space, and reestablishing the outer blood-retinal barrier. 
Improved retina replacement strategies can be developed by 
solving these problems with laboratory animals and in vitro 
models. Increasingly sophisticated culture and animal models 
with improved synthetic and natural scaffolds are closing the 
gap between surgery and biology. Scaffolds that promote and 
maximize the functions of retinal patches, including func-
tional RPE-photoreceptor interactions, will continue to play a 
critical role in developing novel tissue-replacement therapies 
to ameliorate impaired vision.

Funding
The work in the authors laboratory has been funded by the 
Alonzo Family Fund (L.J.R.), Newman’s Own Foundation 
and Leir Foundation (R.A.A.), and Research to Prevent 
Blindness (Yale University).

Conflict of Interest
I.N declared Phythera Therapeutics (not compensated, no 
commercial interest); Research funding from Phase2a SBIR 
grant, ended May 31, 2020. 1R44EY027654-01A1. The 
other authors indicated no financial relationships.

Author Contributions
L.J.R.: Conception and design, manuscript writing, final ap-
proval of manuscript. I.O. N.: Conception and design, manu-
script writing. R.A.A.: Manuscript writing.

Data Availability
No new data were generated or analyzed in support of this 
research.

Supplementary Material
Supplementary material is available at Stem Cells Translational 
Medicine online.

References
1. Pennington KL, DeAngelis MM. Epidemiology of age-related mac-

ular degeneration (AMD): associations with cardiovascular disease 
phenotypes and lipid factors. Eye Vis (Lond). 2016;3:34.

2. Ambati J, Fowler BJ. Mechanisms of age-related macular degener-
ation. Neuron. 2012;75(1):26-39.

3. Yeo NJY, Chan EJJ, Cheung C. Choroidal neovascularization: 
mechanisms of endothelial dysfunction. Front Pharmacol. 
2019;10:1363.

4. Spaide RF, Jaffe GJ, Sarraf D, et al. Consensus nomenclature for 
reporting neovascular age-related macular degeneration data: con-
sensus on neovascular age-related macular degeneration nomencla-
ture study group. Ophthalmology. 2020;127(5):616-636.

5. Higuchi A, Kumar SS, Benelli G, et al. Stem cell therapies for 
reversing vision loss. Trends Biotechnol. 2017;35(11):1102-1117.

6. Nazari H, Zhang L, Zhu D, et al. Stem cell based therapies for 
age-related macular degeneration: the promises and the challenges. 
Prog Retin Eye Res. 2015;48:1-39.

7. Nommiste B, Fynes K, Tovell VE, Ramsden C, da Cruz L, Coffey 
P. Stem cell-derived retinal pigment epithelium transplantation for 
treatment of retinal disease. Prog Brain Res. 2017;231:225-244.

8. Sharma R, Bose D, Maminishkis A, Bharti K. Retinal pigment epi-
thelium replacement therapy for age-related macular degeneration: 
are we there yet? Annu Rev Pharmacol Toxicol. 2020;60:553-572.

9. McGill TJ, Cottam B, Lu B, et al. Transplantation of human central 
nervous system stem cells - neuroprotection in retinal degeneration. 
Eur J Neurosci. 2012;35(3):468-477.

10. McGill TJ, Osborne L, Lu B, et al. Subretinal transplantation of 
human central nervous system stem cells stimulates controlled pro-
liferation of endogenous retinal pigment epithelium. Transl Vis Sci 
Technol. 2019;8(3):43.

11. Neves J, Zhu J, Sousa-Victor P, et al. Immune modulation by MANF 
promotes tissue repair and regenerative success in the retina. Sci-
ence. 2016;353(6294):aaf3646.

12. Idelson M, Alper R, Obolensky A, et al. Immunological properties 
of human embryonic stem cell-derived retinal pigment epithelial 
cells. Stem Cell Reports. 2018;11(3):681-695.

13. Wiley LA, Burnight ER, Mullins RF, Stone EM, Tucker BA. Stem cells 
as tools for studying the genetics of inherited retinal degenerations. 
Cold Spring Harb Perspect Med. 2014;5(5):a017160.

14. Nasonkin I, Illing M, Koehler MR, Schmid M, Molday RS, Weber 
BH. Mapping of the rod photoreceptor ABC transporter (ABCR) 
to 1p21-p22.1 and identification of novel mutations in Stargardt’s 
disease. Hum Genet. 1998;102(1):21-26.

15. McUsic AC, Lamba DA, Reh TA. Guiding the morphogenesis of dis-
sociated newborn mouse retinal cells and hES cell-derived retinal 
cells by soft lithography-patterned microchannel PLGA scaffolds. 
Biomaterials. 2012;33(5):1396-1405.

16. Lee I-K, Ludwig AL, Phillips MJ, et al. Ultrathin micromolded 3D 
scaffolds for high-density photoreceptor layer reconstruction. Sci 
Adv. 2021;7:eabf0344.

17. Jha BS, Bharti K. Regenerating retinal pigment epithelial cells to 
cure blindness: a road towards personalized artificial tissue. Curr 
Stem Cell Rep. 2015;1(2):79-91.

18. White CE, Olabisi RM. Scaffolds for retinal pigment epithelial cell 
transplantation in age-related macular degeneration. J Tissue Eng. 
2017;8:2041731417720841.



Stem Cells Translational Medicine, 2022, Vol. 11, No. 3 279

19. Hotaling NA, Khristov V, Wan Q, et al. Nanofiber scaffold-based 
tissue-engineered retinal pigment epithelium to treat degenerative 
eye diseases. J Ocul Pharmacol Ther. 2016;32(5):272-285.

20. Abedin Zadeh M, Khoder M, Al-Kinani AA, Younes HM, Alany 
RG. Retinal cell regeneration using tissue engineered polymeric 
scaffolds. Drug Discov Today. 2019;24(8):1669-1678.

21. Ghareeb AE, Lako M, Steel DH. Coculture techniques for modeling 
retinal development and disease, and enabling regenerative medi-
cine. Stem Cells Transl Med. 2020;9(12):1531-1548.

22. Stern JH, Tian Y, Funderburgh J, et al. Regenerating eye tissues to 
preserve and restore vision. Cell Stem Cell. 2018;22(6):834-849.

23. Shirai H, Mandai M, Matsushita K, et al. Transplantation of human 
embryonic stem cell-derived retinal tissue in two primate models of 
retinal degeneration. Proc Natl Acad Sci USA. 2016;113(1):E81-
E90.

24. Hussain AA, Starita C, Hodgetts A, Marshall J. Macromolecular 
diffusion characteristics of ageing human Bruch’s membrane: 
implications for age-related macular degeneration (AMD). Exp 
Eye Res. 2010;90(6):703-710.

25. Koss MJ, Falabella P, Stefanini FR, et al. Subretinal implantation 
of a monolayer of human embryonic stem cell-derived retinal pig-
ment epithelium: a feasibility and safety study in Yucatán minipigs. 
Graefes Arch Clin Exp Ophthalmol. 2016;254(8):1553-1565.

26. Kashani AH, Lebkowski JS, Rahhal FM, et al. A bioengineered ret-
inal pigment epithelial monolayer for advanced, dry age-related 
macular degeneration. Sci Transl Med. 2018;10:eaao4097.

27. McHugh KJ, Tao SL, Saint-Geniez M. Porous poly(ε-caprolactone) 
scaffolds for retinal pigment epithelium transplantation. Invest 
Ophthalmol Vis Sci. 2014;55(3):1754-1762.

28. Matsumoto E, Koide N, Hanzawa H, et al. Fabricating retinal pig-
ment epithelial cell sheets derived from human induced pluripotent 
stem cells in an automated closed culture system for regenerative 
medicine. PLoS One. 2019;14(3):e0212369.

29. Singh RK, Occelli LM, Binette F, Petersen-Jones SM, Nasonkin 
IO. Transplantation of human embryonic stem cell-derived ret-
inal tissue in the subretinal space of the cat eye. Stem Cells Dev. 
2019;28(17):1151-1166.

30. Occelli LM, Marinho F, Singh RK, et al. Subretinal transplantation 
of human embryonic stem cell-derived retinal tissue in a feline large 
animal model. J Vis Exp. 2021;174:e61683 .

31. Rizzolo LJ, Peng S, Luo Y, Xiao W. Integration of tight junctions 
and claudins with the barrier functions of the retinal pigment epi-
thelium. Prog Retin Eye Res. 2011;30(5):296-323.

32. Fields MA, Del Priore LV, Adelman RA, Rizzolo LJ. Interactions 
of the choroid, Bruch’s membrane, retinal pigment epithelium, and 
neurosensory retina collaborate to form the outer blood-retinal-
barrier. Prog Retin Eye Res. 2020;76:100803.

33. Singh RK, Winkler PA, Binette F, Petersen-Jones SM, Nasonkin IO. 
Comparison of developmental dynamics in human fetal retina and 
human pluripotent stem cell-derived retinal tissue. Stem Cells Dev. 
2021;30(8):399-417.

34. Lakkaraju A, Umapathy A, Tan LX, et al. The cell biology of the 
retinal pigment epithelium. Prog Retin Eye Res. 2020;78:100846.

35. Strauss O. The retinal pigment epithelium in visual function. 
Physiol Rev. 2005;85(3):845-881.

36. Finnemann SC, Bonilha VL, Marmorstein AD, Rodriguez-Boulan 
E. Phagocytosis of rod outer segments by retinal pigment epithe-
lial cells requires alpha(v)beta5 integrin for binding but not for 
internalization. Proc Natl Acad Sci USA. 1997;94(24):12932-
12937.

37. Molday RS, Moritz OL. Photoreceptors at a glance. J Cell Sci. 
2015;128(22):4039-4045.

38. Hollyfield JG, Witkovsky P. Pigmented retinal epithelium involve-
ment in photoreceptor development and function. J Exp Zool. 
1974;189(3):357-378.

39. Nasonkin IO, Merbs SL, Lazo K, et al. Conditional knockdown of 
DNA methyltransferase 1 reveals a key role of retinal pigment ep-
ithelium integrity in photoreceptor outer segment morphogenesis. 
Development. 2013;140(6):1330-1341.

40. Murali A, Krishnakumar S, Subramanian A, Parameswaran S. 
Bruch’s membrane pathology: a mechanistic perspective. Eur J 
Ophthalmol. 2020;30(6):1195-1206.

41. Blaauwgeers HG, Holtkamp GM, Rutten H, et al. Polarized vas-
cular endothelial growth factor secretion by human retinal pigment 
epithelium and localization of vascular endothelial growth factor 
receptors on the inner choriocapillaris. Evidence for a trophic par-
acrine relation. Am J Pathol. 1999;155(2):421-428.

42. Chirco KR, Sohn EH, Stone EM, Tucker BA, Mullins RF. Struc-
tural and molecular changes in the aging choroid: implications for 
age-related macular degeneration. Eye (Lond). 2017;31(1):10-
25.

43. Marneros AG, Fan J, Yokoyama Y, et al. Vascular endothelial 
growth factor expression in the retinal pigment epithelium is es-
sential for choriocapillaris development and visual function. Am J 
Pathol. 2005;167(5):1451-1459.

44. Biesemeier A, Taubitz T, Julien S, Yoeruek E, Schraermeyer U. 
Choriocapillaris breakdown precedes retinal degeneration in age-
related macular degeneration. Neurobiol Aging. 2014;35(11):2562-
2573.

45. Seddon JM, McLeod DS, Bhutto IA, et al. Histopathological 
insights into choroidal vascular loss in clinically documented 
cases of age-related macular degeneration. JAMA Ophthalmol. 
2016;134(11):1272-1280.

46. Bhutto I, Lutty G. Understanding age-related macular degenera-
tion (AMD): relationships between the photoreceptor/retinal pig-
ment epithelium/Bruch’s membrane/choriocapillaris complex. Mol 
Aspects Med. 2012;33(4):295-317.

47. Jones BW, Marc RE. Retinal remodeling during retinal degenera-
tion. Exp Eye Res. 2005;81(2):123-137.

48. Singh RK, Kolandaivelu S, Ramamurthy V. Early alteration of 
retinal neurons in Aipl1-/- animals. Invest Ophthalmol Vis Sci. 
2014;55(5):3081-3092.

49. Ebneter A, Jaggi D, Abegg M, Wolf S, Zinkernagel MS. Relation-
ship between presumptive inner nuclear layer thickness and geo-
graphic atrophy progression in age-related macular degeneration. 
Invest Ophthalmol Vis Sci. 2016;57(9):OCT299-OCT306.

50. Ribeiro J, Procyk CA, West EL, et al. Restoration of visual func-
tion in advanced disease after transplantation of purified human 
pluripotent stem cell-derived cone photoreceptors. Cell Rep. 
2021;35(3):109022.

51. Ghezzi D. Retinal prostheses: progress toward the next generation 
implants. Front Neurosci. 2015;9:290.

52. McClements ME, Staurenghi F, MacLaren RE, Cehajic-Kapetanovic 
J. Optogenetic gene therapy for the degenerate retina: recent 
advances. Front Neurosci. 2020;14:570909.

53. Peng S, Gan G, Qiu C, et al. Engineering a blood-retinal barrier 
with human embryonic stem cell-derived retinal pigment epithe-
lium: transcriptome and functional analysis. Stem Cells Transl 
Med. 2013;2(7):534-544.

54. Miyagishima KJ, Wan Q, Corneo B, et al. In pursuit of authenticity: 
induced pluripotent stem cell-derived retinal pigment epithelium 
for clinical applications. Stem Cells Transl Med. 2016;5(11):1562-
1574.

55. Strunnikova NV, Maminishkis A, Barb JJ, et al. Transcriptome 
analysis and molecular signature of human retinal pigment epithe-
lium. Hum Mol Genet. 2010;19(12):2468-2486.

56. Liao JL, Yu J, Huang K, et al. Molecular signature of primary ret-
inal pigment epithelium and stem-cell-derived RPE cells. Hum Mol 
Genet. 2010;19(21):4229-4238.

57. Hongisto H, Jylhä A, Nättinen J, et al. Comparative proteomic 
analysis of human embryonic stem cell-derived and primary human 
retinal pigment epithelium. Sci Rep. 2017;7(1):6016.

58. Ach T, Huisingh C, McGwin G Jr, et al. Quantitative 
autofluorescence and cell density maps of the human retinal pig-
ment epithelium. Invest Ophthalmol Vis Sci. 2014;55(8):4832-
4841.

59. Gambril JA, Sloan KR, Swain TA, et al. Quantifying retinal pigment 
epithelium dysmorphia and loss of histologic autofluorescence 



280 Stem Cells Translational Medicine, 2022, Vol. 11, No. 3

in age-related macular degeneration. Invest Ophthalmol Vis Sci. 
2019;60(7):2481-2493.

60. Ye K, Takemoto Y, Ito A, et al. Reproducible production and image-
based quality evaluation of retinal pigment epithelium sheets from 
human induced pluripotent stem cells. Sci Rep. 2020;10(1):14387.

61. Rizzolo LJ. Barrier properties of cultured retinal pigment epithe-
lium. Exp Eye Res. 2014;126:16-26.

62. Tarau I-S, Berlin A, Curcio CA, et al. The cytoskeleton of the retinal 
pigment epithelium: from normal aging to age-related macular de-
generation. Int J Mol Sci. 2019;20:3578.

63. Bonilha VL. Retinal pigment epithelium (RPE) cytoskeleton in vivo 
and in vitro. Exp Eye Res. 2014;126:38-45.

64. Apel P. Track etching technique in membrane technology. Radiat 
Meas. 2001;34:559-566.

65. Sharma R, Khristov V, Rising A, et al. Clinical-grade stem cell–de-
rived retinal pigment epithelium patch rescues retinal degeneration 
in rodents and pigs. Sci Transl Med. 2019;11:eaat5580.

66. Johnson LV, Forest DL, Banna CD, et al. Cell culture model that 
mimics drusen formation and triggers complement activation asso-
ciated with age-related macular degeneration. Proc Natl Acad Sci 
USA. 2011;108(45):18277-18282.

67. Galloway CA, Dalvi S, Hung SSC, et al. Drusen in patient-derived 
hiPSC-RPE models of macular dystrophies. Proc Natl Acad Sci 
USA. 2017;114(39):E8214-E8223.

68. Chen X, Singh D, Adelman RA, Rizzolo LJ. Unstimulated, serum-
free cultures of retinal pigment epithelium excrete large mounds of 
Drusen-like deposits. Curr Eye Res. 2020;45(11):1390-1394.

69. Pilgrim MG, Lengyel I, Lanzirotti A, et al. Subretinal pigment ep-
ithelial deposition of Drusen components including hydroxyapa-
tite in a primary cell culture model. Invest Ophthalmol Vis Sci. 
2017;58(2):708-719.

70. da Cruz L, Fynes K, Georgiadis O, et al. Phase 1 clinical study of 
an embryonic stem cell-derived retinal pigment epithelium patch in 
age-related macular degeneration. Nat Biotechnol. 2018;36(4):328-
337.

71. Saint-Geniez M, Maharaj AS, Walshe TE, et al. Endogenous VEGF 
is required for visual function: evidence for a survival role on 
müller cells and photoreceptors. PLoS One. 2008;3(11):e3554.

72. Winkler PA, Occelli LM, Petersen-Jones SM. Large animal models 
of inherited retinal degenerations: a review. Cells. 2020;9:882.

73. Sommer JR, Estrada JL, Collins EB, et al. Production of ELOVL4 
transgenic pigs: a large animal model for Stargardt-like macular 
degeneration. Br J Ophthalmol. 2011;95(12):1749-1754.

74. Lu B, Zhu D, Hinton D, Humayun MS, Tai YC. Mesh-supported 
submicron parylene-C membranes for culturing retinal pigment ep-
ithelial cells. Biomed Microdevices. 2012;14(4):659-667.

75. Thomas BB, Zhu D, Zhang L, et al. Survival and functionality of 
hESC-derived retinal pigment epithelium cells cultured as a mon-
olayer on polymer substrates transplanted in RCS rats. Invest 
Ophthalmol Vis Sci. 2016;57(6):2877-2887.

76. Kashani AH, Uang J, Mert M, et al. Surgical method for implanta-
tion of a biosynthetic retinal pigment epithelium monolayer for ge-
ographic atrophy: experience from a phase 1/2a study. Ophthalmol 
Retina. 2020;4(3):264-273.

77. Ben M’Barek K, Habeler W, Plancheron A, et al. Human ESC–de-
rived retinal epithelial cell sheets potentiate rescue of photore-
ceptor cell loss in rats with retinal degeneration. Sci Transl Med. 
2017;9:eaai7471.

78. Niknejad H, Peirovi H, Jorjani M, Ahmadiani A, Ghanavi J, 
Seifalian AM. Properties of the amniotic membrane for potential 
use in tissue engineering. Eur Cell Mater. 2008;15:88-99.

79. Galloway CA, Dalvi S, Shadforth AMA, et al. Characterization of 
human iPSC-RPE on a prosthetic Bruch’s membrane manufactured 
from silk fibroin. Invest Ophthalmol Vis Sci. 2018;59(7):2792-
2800.

80. Kamao H, Mandai M, Ohashi W, et al. Evaluation of the surgical 
device and procedure for extracellular matrix-scaffold-supported 
human iPSC-derived retinal pigment epithelium cell sheet trans-
plantation. Invest Ophthalmol Vis Sci. 2017;58(1):211-220.

81. Kamao H, Mandai M, Okamoto S, et al. Characterization of 
human induced pluripotent stem cell-derived retinal pigment 
epithelium cell sheets aiming for clinical application. Stem Cell 
Reports. 2014;2(2):205-218.

82. Mandai M, Watanabe A, Kurimoto Y, et al. Autologous induced 
stem-cell-derived retinal cells for macular degeneration. N Engl J 
Med. 2017;376(11):1038-1046.

83. Capowski EE, Samimi K, Mayerl SJ, et al. Reproducibility and 
staging of 3D human retinal organoids across multiple pluripo-
tent stem cell lines. Development. 2019;146:dev171686.

84. Benedicto I, Lehmann GL, Ginsberg M, et al. Concerted regula-
tion of retinal pigment epithelium basement membrane and bar-
rier function by angiocrine factors. Nat Commun. 2017;8:15374.

85. Chung M, Lee S, Lee BJ, et al. Wet-AMD on a chip: mod-
eling outer blood-retinal barrier in vitro. Adv Healthcare Mater. 
2018;7:1700028.

86. Manian KV, Galloway CA, Dalvi S, et al. 3D iPSC modeling of 
the retinal pigment epithelium-choriocapillaris complex identifies 
factors involved in the pathology of macular degeneration. Cell 
Stem Cell. 2021;28(5):846-862.e8.

87. Bharti K, Song MJ, Quinn R, et al. Bioprinted 3D Outer Retina 
Barrier Uncovers RPE-dependent Choroidal Phenotype in Ad-
vanced Macular Degeneration. Research Square; 2021. https://www.
researchsquare.com/article/rs-135775/v1. Accessed February 2, 2022.

88. Yao J, Ko CW, Baranov PY, et al. Enhanced differentiation and de-
livery of mouse retinal progenitor cells using a micropatterned bi-
odegradable thin-film polycaprolactone scaffold. Tissue Eng Part 
A. 2015;21(7-8):1247-1260.

89. Eiraku M, Takata N, Ishibashi H, et al. Self-organizing optic-
cup morphogenesis in three-dimensional culture. Nature. 
2011;472(7341):51-56.

90. Nakano T, Ando S, Takata N, et al. Self-formation of optic cups 
and storable stratified neural retina from human ESCs. Cell Stem 
Cell. 2012;10(6):771-785.

91. Wahlin KJ, Maruotti JA, Sripathi SR, et al. Photoreceptor outer 
segment-like structures in long-term 3D retinas from human plu-
ripotent stem cells. Sci Rep. 2017;7(1):766.

92. Zhong X, Gutierrez C, Xue T, et al. Generation of three-dimen-
sional retinal tissue with functional photoreceptors from human 
iPSCs. Nat Commun. 2014;5:4047.

93. Hallam D, Hilgen G, Dorgau B, et al. Human-induced plu-
ripotent stem cells generate light responsive retinal organoids 
with variable and nutrient-dependent efficiency. Stem Cells. 
2018;36(10):1535-1551.

94. Singh R, Winkler P, Binette F, et al. Comparison of developmental 
dynamics in human fetal retina and human pluripotent stem cell 
derived retinal tissue. Stem Cells Dev. 2021.

95. Li R, Wen R, Banzon T, Maminishkis A, Miller SS. CNTF mediates 
neurotrophic factor secretion and fluid absorption in human ret-
inal pigment epithelium. PLoS One. 2011;6(9):e23148.

96. Steele FR, Chader GJ, Johnson LV, Tombran-Tink J. Pigment 
epithelium-derived factor: neurotrophic activity and identification 
as a member of the serine protease inhibitor gene family. Proc 
Natl Acad Sci U S A. 1993;90(4):1526-1530.

97. Volpert KN, Tombran-Tink J, Barnstable C, Layer PG. PEDF and 
GDNF are key regulators of photoreceptor development and ret-
inal neurogenesis in reaggregates from chick embryonic retina. J 
Ocul Biol Dis Infor. 2009;2(1):1-11.

98. Jablonski MM, Tombran-Tink J, Mrazek DA, Iannaccone A. Pig-
ment epithelium-derived factor supports normal development of 
photoreceptor neurons and opsin expression after retinal pigment 
epithelium removal. J Neurosci. 2000;20(19):7149-7157.

99. Hernández-Pinto A, Polato F, Subramanian P, et al. PEDF peptides 
promote photoreceptor survival in rd10 retina models. Exp Eye 
Res. 2019;184:24-29.

100. Hambright D, Park KY, Brooks M, McKay R, Swaroop A, 
Nasonkin IO. Long-term survival and differentiation of ret-
inal neurons derived from human embryonic stem cell lines in 
un-immunosuppressed mouse retina. Mol Vis. 2012;18:920-936.

https://www.researchsquare.com/article/rs-135775/v1
https://www.researchsquare.com/article/rs-135775/v1


Stem Cells Translational Medicine, 2022, Vol. 11, No. 3 281

101. Akhtar T, Xie H, Khan MI, et al. Accelerated photoreceptor differ-
entiation of hiPSC-derived retinal organoids by contact co-culture 
with retinal pigment epithelium. Stem Cell Res. 2019;39:101491.

102. Singh D, Chen X, Xia T, et al. Partially differentiated neuroretinal 
cells promote maturation of the retinal pigment epithelium. Invest 
Ophthalmol Vis Sci. 2020;61(13):9.

103. Achberger K, Probst C, Haderspeck J, et al. Merging organoid 
and organ-on-a-chip technology to generate complex multi-
layer tissue models in a human retina-on-a-chip platform. Elife. 
2019;8:e46188.

104. Singh D, Wang SB, Xia T, et al. A biodegradable scaffold enhances 
differentiation of embryonic stem cells into a thick sheet of retinal 
cells. Biomaterials. 2018;154:158-168.

105. Sun R, Peng S, Chen X, Zhang H, Rizzolo LJ. Diffusible retinal 
secretions regulate the expression of tight junctions and other 
diverse functions of the retinal pigment epithelium. Mol Vis. 
2008;14:2237-2262.

106. Radisic M. Building a better model of the retina. Elife. 
2019;8:e51183.

107. Ghosh F, Neeley WL, Arnér K, Langer R. Selective removal of 
photoreceptor cells in vivo using the biodegradable elastomer 
poly(glycerol sebacate). Tissue Eng Part A. 2011;17(13-14):1675-
1682.

108. Nickerson PEB, Ortin-Martinez A, Wallace VA. Material exchange 
in photoreceptor transplantation: updating our understanding of 
donor/host communication and the future of cell engraftment sci-
ence. Front Neural Circuits. 2018;12:17.

109. Aboualizadeh E, Phillips MJ, McGregor JE, et al. Imaging 
transplanted photoreceptors in living nonhuman primates with 
single-cell resolution. Stem Cell Reports. 2020;15(2):482-497.

110. Mitrousis N, Hacibekiroglu S, Ho MT, et al. Hydrogel-
mediated co-transplantation of retinal pigmented epithelium and 
photoreceptors restores vision in an animal model of advanced 
retinal degeneration. Biomaterials. 2020;257:120233.

111. Assawachananont J, Mandai M, Okamoto S, et al. Transplanta-
tion of embryonic and induced pluripotent stem cell-derived 3D 
retinal sheets into retinal degenerative mice. Stem Cell Reports. 
2014;2(5):662-674.

112. Davis RJ, Alam NM, Zhao C, et al. The developmental stage of 
adult human stem cell-derived retinal pigment epithelium cells 
influences transplant efficacy for vision rescue. Stem Cell Reports. 
2017;9(1):42-49.

113. Schwartz SD, Hubschman JP, Heilwell G, et al. Embryonic stem 
cell trials for macular degeneration: a preliminary report. Lancet. 
2012;379(9817):713-720.

114. Schwartz SD, Tan G, Hosseini H, Nagiel A. Subretinal transplan-
tation of embryonic stem cell-derived retinal pigment epithelium 
for the treatment of macular degeneration: an assessment at 4 
years. Invest Ophthalmol Vis Sci. 2016;57(5):ORSFc1-ORSFc9.

115. Lu B, Malcuit C, Wang S, et al. Long-term safety and function of 
RPE from human embryonic stem cells in preclinical models of 
macular degeneration. Stem Cells. 2009;27(9):2126-2135.

116. Idrees S, Sridhar J, Kuriyan AE. Proliferative vitreoretinopathy: a 
review. Int Ophthalmol Clin. 2019;59(1):221-240.

117. Chaudhary R, Scott RAH, Wallace G, Berry M, Logan A, 
Blanch RJ. Inflammatory and fibrogenic factors in prolifera-
tive vitreoretinopathy development. Transl Vis Sci Technol. 
2020;9(3):23.

118. Baldassarre JS, Joseph A, Keane M, et al. Subretinal delivery of 
cells via the suprachoroidal space: Janssen trial. In: Schwartz SD, 
Nagiel A, Lanza R, eds. Cellular Therapies for Retinal Disease: A 
Strategic Approach. Springer International Publishing; 2017:95-
104.

119. Heier JS, Ho AC, Samuel MA, et al.; Prelude Study Group. Safety 
and efficacy of subretinally administered palucorcel for geo-
graphic atrophy of age-related macular degeneration: phase 2b 
study. Ophthalmol Retina. 2020;4(4):384-393.

120. Chew EY, Clemons TE, Jaffe GJ, et al.; Macular Telangiectasia 
Type 2-Phase 2 CNTF Research Group. Effect of ciliary neu-
rotrophic factor on retinal neurodegeneration in patients with 
macular telangiectasia type 2: a randomized clinical trial. Oph-
thalmology. 2019;126(4):540-549.

121. News. jCyte Reports Promising Results for Phase 2b Clin-
ical Trial of its Cellular Therapy for RP. Eye On the Cure Re-
search News. Foundation Fighting Blindness; 2020. https://www.
fightingblindness.org/research/jcyte-reports-promising-results-
for-phase-2b-clinical-trial-of-its-cellular-therapy-for-rp-132. 
Accessed February 2, 2022.

122. McLelland BT, Lin B, Mathur A, et al. Transplanted hESC-derived 
retina organoid sheets differentiate, integrate, and improve visual 
function in retinal degenerate rats. Invest Ophthalmol Vis Sci. 
2018;59(6):2586-2603.

123. Seiler MJ, Aramant RB. Cell replacement and visual restoration 
by retinal sheet transplants. Prog Retin Eye Res. 2012;31(6):661-
687.

124. Radtke ND, Aramant RB, Petry HM, Green PT, Pidwell DJ, Seiler 
MJ. Vision improvement in retinal degeneration patients by im-
plantation of retina together with retinal pigment epithelium. Am 
J Ophthalmol. 2008;146(2):172-182.

125. Singh RK, Binette F, Seiler M, Petersen-Jones SM, Nasonkin IO. 
Pluripotent stem cell-based organoid technologies for developing 
next-generation vision restoration therapies of blindness. J Ocul 
Pharmacol Ther. 2021;37(3):147-156.

126. Seiler MJ, Aramant RB, Jones MK, Ferguson DL, Bryda EC, 
Keirstead HS. A new immunodeficient pigmented retinal degen-
erate rat strain to study transplantation of human cells without 
immunosuppression. Graefes Arch Clin Exp Ophthalmol. 
2014;252(7):1079-1092.

https://www.fightingblindness.org/research/jcyte-reports-promising-results-for-phase-2b-clinical-trial-of-its-cellular-therapy-for-rp-132
https://www.fightingblindness.org/research/jcyte-reports-promising-results-for-phase-2b-clinical-trial-of-its-cellular-therapy-for-rp-132
https://www.fightingblindness.org/research/jcyte-reports-promising-results-for-phase-2b-clinical-trial-of-its-cellular-therapy-for-rp-132

