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Introduction
Every 20 milliseconds eyes - our windows to the 
world - provide us with information about our 
environment, allowing us to distinguish move-
ments, objects, and thousands of color shades. 
Responsible for the perception and integration of 
sensory information is the retina, a layer of nerv-
ous tissue that in humans contains about 110 mil-
lion rod and 6 million cone photoreceptors.1 
Located underneath the photoreceptor layer of 
the retina, there are two additional neuronal lay-
ers, one containing horizontal cells (HCs), bipolar 
cells (BCs) and amacrine cells (ACs) and another 
containing displaced ACs and retinal ganglion 
cells (RGCs) (Figure 1). In-between those layers, 
two plexiform layers, formed by the axonal and 
dendritic processes of the adjacent neurons, con-
stitute a unique environment within which hori-
zontal and vertical synaptic connections are 
established across the tissue. With little extracel-
lular matrix, comparable to other parts of the cen-
tral nervous system, retinal cytoarchitecture relies 
on Mueller glial cells (MGs). Amidst structural 
support,2 due to the extension of elaborate cellular 
processes from the inner to the outer limiting 

membrane (ILM/OLM) and across both plexi-
form layers, MGs are essential for balancing neu-
rotransmitters, trophic factors, and metabolites.3

Given the immense structural complexity, retinal 
development is evolutionary conserved and highly 
regulated. After the induction of the eye field, two 
distinct domains are established, the retinal pig-
ment epithelium (RPE) and the neural retina. 
Within the latter, the proliferation, differentia-
tion, and interkinetic nuclear migration of retinal 
progenitor cells (RPCs)4,5 shape the distinct lay-
ering of the retina in an inside-out progression.6 
During this process, all subclasses of retinal neu-
rons and MGs are born from one common RPC 
population, whereas astrocytes and microglia 
found in the adult retina do not originate from 
RPCs. During neurogenesis, RGCs are born first, 
then ACs and HCs, shortly followed by cone pho-
toreceptors. Rod photoreceptors and BCs, along-
side MG cells, are generated last and in some 
species, mature only after birth.7 Noticeably, 
while neurogenesis lasts only a few hours in lower 
vertebrates, it can be spaced out over days in 
rodents or even weeks, in pigs, primates, and 
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humans.8 In higher vertebrates, the termination 
of retinogenesis coincides with the complete 
depletion of RPCs.9 On the contrary, in lower 
vertebrates, RPCs become restricted to the ciliary 
margin zone.10

From this point on, intrinsic regeneration upon 
damage/injury to retinal neurons, glia, or RPE 
only occurs in lower vertebrates through one of 
three mechanisms: (1) Cell cycle reentry of 
Mueller glial cells;11,12 (2) Reactivation of pro-
liferation within RPC in the CMZ10 or (3) 
De-differentiation of RPEs into RPCs.13–15 In 
higher vertebrates, the regenerative potential of 
MGs appears diminished, and even though 
recent findings demonstrate that MG-specific 
overexpression of ASCL1, together with his-
tone deacetylase inhibition, can reinstate their 
regenerative potential in young mice,16 the ret-
ina of higher vertebrates remains intrinsically 
vulnerable to disease and injury. Aside from 
slow, age-related loss of neurons over years, 
additional stress or insult results in neurode-
generative disorders, including conditions like 
glaucoma, and age-related macular degenera-
tion (AMD) (Figure 1).

As projected by the National Eye Institute, the 
number of patients affected by neurodegenerative 
conditions is going to double by 2050, increasing 
the need for appropriate care. AMD alone, with a 
global prevalence of 8.7% (age group 45 to 85 
years), is estimated to affect 196 million people by 
2020.17 Likewise, glaucoma is projected to impact 
76 million people worldwide.18,19 While certain 
symptoms of both conditions can currently be 
managed for several years or even decades, the 
underlying neurodegeneration, causing the pro-
gressive loss of vision, cannot be counteracted.

In recent years, driven by advances in stem cell 
biology, cell/tissue replacement has become an 
obvious strategy to halt disease progression and 
recover previously lost vision. Ongoing collabora-
tions between basic researchers and practicing 
ophthalmologists have led to the first clinical tri-
als in the field of cell therapy (Table 1) and the 
promise for more trials in the near future. In this 
review, we will summarize the progress and 
achievements of cell replacement therapies in the 
retina, excluding cell-based therapies primarily 
oriented towards neuroprotection, and discuss 
remaining challenges.

Figure 1. Overview of the healthy and neurodegenerative retina.
Characterized by its ordered, layered anatomy, the retina is lined by both an OLM and ILM and maintains close contact 
with the RPE, which is essential for photoreceptor outer segment recycling. In conditions like AMD, this close interaction 
is disrupted by the formation of drusen, leading to RPE enlargement, detachment and eventually cell death. Likewise, the 
adjacent photoreceptors display outer segment shrinkage, become detached and degenerate. On the basal side of the retina, 
conditions like glaucoma lead to RGC axon damage at the optic nerve head due to raised intraocular pressure. As a result, 
RGC bodies eventually lose synaptic connections and ultimately become apoptotic. While occurring on opposite sides of the 
retina, both AMD and glaucoma can cause the infiltration of microglia and other immune cells into the tissue.
AMD, age-related macular degeneration; GCL, ganglion cell layer; ILM, inner limiting membrane; INL, inner nuclear layer; 
IPL, inner plexiform layer; OLM, outer limiting membrane; ONL, outer nuclear layer; OPL, outer plexiform layer; RGC, retinal 
ganglion cell; RPE, retinal pigment epithelium.
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Table 1. Past and current clinical trials of cell replacement in the retina.
Summary of past and current clinical trials focused on assessing safety and efficacy of cell products for cell 
replacement within the retina. To date, trials are mainly focused on RPE replacement in AMD and Stargardt 
disease using ES-derived RPE. As a leader in the field, Astellas has performed multiple trials, the references 
to which have been limited to the three most recent examples. While subretinal suspension delivery is most 
common, more recent trials are assessing sheet delivery on scaffolds. For photoreceptor replacement, 
ReNeuron and Jcyte are the first to attempt human retinal progenitor transplantation within patients affected 
by retinitis pigmentosa. Trials including the transplantation of central nervous system or bone marrow derived 
stem cells as well as trials aimed at neuroprotection, rather than cell replacement, have been omitted. None 
of the cell products shown has been trialed further than phase II.

Study sponsor Cell  product Target disease Cell  delivery Trial reference

FFB Clinical 
Research Institute

fetal RPE/retina Retinitis 
pigmentosa

Sheet (subretinal) NCT00346060
NCT00345917

Nanjing Medical 
University

fetal RPE AMD
Geographic 
atrophy

Suspension 
(subretinal)

NCT02868424

Astellas (Ocata, 
ACT)

hESC-RPE (MA09-
hRPE)

AMD, Stargardt Suspension 
(subretinal)

NCT03167203
NCT02941991
NCT02463344

CellCure 
Neurosciences

hESC-RPE 
(OpRegen)

AMD
Geographic 
atrophy

Suspension 
(subretinal)

NCT02286089

CHA University SCNT-hESC-RPE AMD Suspension 
(subretinal)

NCT03305029

Chinese Academy 
of Sciences 
(Zhengzhou)

hESC-RPE AMD Suspension
(subretinal)

NCT03046407
NCT02755428

Federal University 
Sao Paulo

hESC-RPE AMD, Stargardt Suspension/
Sheet on polymer 
(subretinal)

NCT02903576

London Project to 
Cure Blindness

hESC-RPE AMD
Geographic 
atrophy

Sheet (subretinal) -

Regenerative 
Patch 
Technologies, LLC

hESC-RPE (CPCB-
RPE1)

AMD
Geographic 
atrophy

Sheet on parylene 
(subretinal)

NCT02590692

MEN iPSC-RPE AMD
Geographic 
atrophy

Sheet (subretinal) -

Southwest 
Hospital China

hESC-RPE AMD, Stargardt Suspension
(subretinal)

NCT02749734

University College 
London, Pfizer

hESC-RPE (PF-
05206388)

AMD Sheet on polyester 
(subretinal)

NCT01691261

ReNeuron hRPC Retinitis 
pigmentosa

Suspension
(subretinal)

NCT02464436

Jcyte hRPC (jCell) Retinitis 
pigmentosa

Suspension 
(intravitreal)

NCT02320812

AMD, age-related macular degeneration; ES, embryonic stem cell; hESC, human embryonic stem cells; hRPC, human 
retinal progenitor cells; iPSC, induced pluripotent stem cell; RPE, retinal pigment epithelium.
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The RPE, a story of translational success
In the healthy retina, the apical processes of the 
RPE closely envelope the outer segments of rod 
and cone photoreceptors, mediating diurnal outer 
segment recycling. Outer segments filled with 
stacks of membrane discs containing visual pig-
ment have high metabolic demand and are renewed 
daily through shedding and reforming by 30%. 
Drusen deposits (AMD), accumulation of lipofus-
cin (Stargardt disease), or ischemic insult (choroi-
deremia) can lead to disruption of normal RPE 
function, ultimately slowing photoreceptor metab-
olism and causing cellular damage. Although gene 
therapy was recently proven efficient in restoring 
RPE function in Leber congenital amaurosis 
(LCA),20,21 RPE replacement remains the only 
strategy for multifactorial diseases.

First reports of human RPE cultures date back to 
1980,22 and with the rise of embryonic stem (ES) 
cell culture, RPE was one of the first tissues to be 
differentiated in vitro, opening an unlimited array 
of possibilities for translational development. For 
the first trials in RPE replacement, there were 
attempts of transplanting freshly isolated adult 
and fetal RPE, immortalized adult RPE, and even 
translocation (rotation) of the RPE layer within 
the eye. While these attempts did not result in 
vision recovery, they aided the establishment of a 
strong technological platform for other modern 
therapies. At present, there are several ongoing 
phase I, I/IIa, and II clinical trials for pluripotent 
stem cell-derived RPE replacement (Table 1).

The reasons for the success of RPE replacement 
are multifaceted: (1) RPE cell biology and pheno-
types are well described and conserved among spe-
cies; (2) RPE differentiation from ES cells follows 
default pathways and results in easily identifiable, 
pigmented cells, streamlining readouts for proto-
col modifications; (3) Animal models of RPE dys-
function are readily available (Royal College of 
Surgeons rats, MerTK mice, etc.); (4) RPE cells 
mature in vitro with proper cell contacts and full 
functional phenotype (phagocytosis, polar growth 
factor production, visual pigment recycling); (5) 
The RPE quantity required for functional rescue is 
relatively small compared with photoreceptors; (6) 
RPE layer visualization within the retina is estab-
lished using optical coherence tomography (OCT), 
adaptive optics scanning laser ophthalmoscopy 
(AO-SLO) and fundus imaging.

While for surgical delivery, RPE suspension injec-
tion into the subretinal space minimizes surgery 

time and damage to the adjacent tissues, animal 
studies have undoubtedly demonstrated an 
advantage of sheet transplantation over single-cell 
suspension. ES/induced pluripotent stem cells 
(iPSC)-derived RPE sheets can be supported by 
naturally produced Bruch’s membrane23–25 or 
polymer,26 allowing to deliver RPE as a ‘tissue’, 
thereby avoiding epithelial to mesenchymal tran-
sition and preserving the extracellular matrix 
(ECM), cell contacts, cell polarity and hemides-
mosomes, connecting RPE to the basal lamina. 
Although RPE, delivered as a suspension, survive 
and mature in the subretinal space, in vitro studies 
suggest that reacquisition of proper morphology 
and function is delayed by weeks, hence, further 
delaying the halt of ongoing neurodegeneration. 
Overall, the progress within the RPE replacement 
field, demonstrating transplant survival, integra-
tion, and the positive metabolic effect of trans-
plants stands as the first demonstration of the 
advancement of the ES/iPS technology to the 
level of clinical relevance and applicability.27,28

Making neural retina and RPE: From 2D 
culture to 3D mini retinas
For cell replacement to become a clinically appli-
cable therapy, the generation of purified, func-
tionally competent retinal cells in therapeutically 
relevant quantities is essential. To achieve this 
goal, several distinct sources for retinal cells have 
been explored, including primary cells, in vitro 
differentiated cells from both ES and iPS cells as 
well as ex vivo and in vivo transdifferentiation 
from MGs29,30 or RPE.31 Overall, high efficiency 
of differentiation, functional integration after 
delivery, safety profile, scalability, and cost-effi-
ciency of the cell manufacture are prerequisites 
towards therapeutic application, as defined by the 
2016 International Society for Stem Cell Research 
Guidelines for Stem Cell Research and Clinical 
Translation. While for RPE, as discussed above, 
most of these concerns have been addressed; the 
proper strategy for photoreceptor and RGC cul-
ture remains debated.

Animal studies of photoreceptor transplantation 
have shown that RPCs, postmitotic precursors, 
and mature photoreceptors all hold potential for 
cell replacement, challenging the use of a single 
default strategy as employed for the generation of 
RPE. While isolating photoreceptor precursors 
from developing tissue abolishes risks of trans-
planting nondifferentiated pluripotent cells, mul-
tiple donors are needed to retrieve the quantities 
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required for a successful transplant, making this 
approach nonrelevant for clinical translation. 
Further in vitro expansion of RPCs32,33 to date 
does not provide the level of functional rescue, 
seen in primary cell transplants,34 eliminating it as 
a potential solution.

With the dawn of stem cell research, the con-
straints posed by the reliance on primary tissue 
were lifted by the possibility for maintenance of 
retinal neurons in vitro,35 closely followed by the 
de novo differentiation of retinal neurons from 
either ES or iPS cell lines, the strategy for which 
turned out to be functionally conserved across 
species, including humans.36,37 Initially relying on 
two-dimensional adherent neural rosette structures 
or simple monolayers [Figure 2(c) and Table 2],38–42 
retinal differentiation protocols quickly diversi-
fied to suspension cultures, utilizing the forma-
tion of simple embryoid bodies (spheroids) or 
complex three-dimensional retinal organoids 
[Figure 2(a) and (b) and Table 2].37,43–47 Aside 
from those physical aspects, critical for scale-up 
and manufacture of clinical grade products,  
culture strategies vary with respect to their under-
lying molecular approach to differentiation.

While Sasai and colleagues46,47 rely on default 
developmental pathways, and thus do not depend 
on artificial guidance for cell specification and 
fate commitment, other protocols direct cell fate 
determination by either the expression of tran-
scription factors or modulation of growth fac-
tors40 and cellular signaling pathways, including 
Wnt and Notch.44,48,49 Therefore, most directed 
approaches increase the relative abundance of 
specific cell types, but whether this level of artifi-
cial guidance might prove counterproductive for 
deriving bona fide retinal cells remains to be 
debated. Overall, despite collective efforts to opti-
mize and standardize retinal differentiation within 
three-dimensional retinal organoids, the repro-
ducibility of retinal induction remains variable, 
both with respect to cellular maturation, retinal 
structure, and layering.50 External sheer stress, 
limitations in oxygen diffusion, and general batch 
dependencies with respect to cellular potency are 
the main culprits, rendering retinal organoids 
suitable for only a handful of high throughput 
screening applications. To address the sensitivity 
of retinal organoids to sheer stress, the addition of 
scaffolds is currently explored as an option to 
enhance structural stability and to improve han-
dling in long-term cultures. Proposed scaffold 
matrices include: Matrigel,51 RGD-alginate,52,53 

laminin motif hydrogels,54 methyl cellulose and 
gelatin.

Furthermore, since three-dimensional organoids 
recapitulate in vivo development, the duration of 
differentiation matches retinogenesis time in utero. 
Hence, in human-derived cultures, the time 
required for functional maturation of retinal orga-
noids ranges in order of months, making develop-
ment of a potential therapy time- and resource- 
consuming (Table 2). Nevertheless, the call to 
shorten culture times should be viewed with cau-
tion as modifications shortcutting differentiation 
time might alter cell identity.

Following differentiation, the next step for generat-
ing a clinically relevant cell product is the isolation 
of desired cell populations (rod/cone photorecep-
tors or RGCs). Contrary to RPE differentiation, 
yielding purity levels of 99.5%, cultures of neural 
retina, differentiated from pluripotent cells, contain 
RPC, multiple retinal and brain neuron and glia 
types, as well as single pluripotent cells.55 Hence, 
targeted selection is essential for multiple reasons, 
with the depletion of proliferative cells being a top 
priority. Protocols developed for cell extraction are 
based on adhesive properties or expression of gen-
eral surface markers, such as SSEA1 in pluripotent 
cells,56 CD73 (ecto-5’-nucleotidase) in rod precur-
sors and Thy1 in RGCs (Figure 3).39,57 To improve 
isolation specificity, the use of marker panels58 
instead of single markers has been suggested as well 
as the use of novel, more specific surface markers 
for the isolation of rod versus cone photoreceptors, 
including Kcnv2, Cacna2d4, and Cnga1.59,60  
As for the actual technology used for pulldown, 
fluorescence activated cell sorting, immunopan-
ning or magnetic activated cell sorting (MACS)  
are options, all of which can be performed under 
current good manufacturing practice (CGMP) 
conditions.37,61,62

In summary, the progress within the field of ES/
iPS retinal culture to date has overcome the trans-
lational limitations of primary cells. Although still 
restricted to a certain extent, it allows for the gen-
eration of large quantities of retinal neurons, ena-
bling translational studies.

Cell replacement therapy: a tale of single 
cells and sheets
Given the success of RPE sheet transplants, dem-
onstrating the technical feasibility of the replace-
ment surgery, and the complicated cytoarchitecture 
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Figure 2. Comparative overview of standard 2D and 3D retinal cell culture protocols.
(a) Standard 3D cell culture protocol for the generation of retinal organoids, following the timeframe of in vivo 
development according to the general Sasai protocol. Spheroids are initiated by fast aggregation of dissociated ES/iPS 
cells in 96-well plates, followed by Matrigel addition for optic vesicle induction. Cultures are subsequently differentiated 
without chemical or genetic manipulations within scalable suspension culture. Yield of optic cups can be increased by 
manual separation of early optic vesicles from the remaining spheroid.46,47 (b) Intermediate 2D/3D protocol involving 
spontaneous stem cell colony formation as a starting point for spheroid formation. Following manual detachment, 
spheroids are cultured in adherent cultures. Maturing organoids are ultimately transferred to suspension.37 (c) Adherent 
retinal cell cultures focus on the generation of single-cell-type populations (i.e. RGCs or RPE) and are mainly aided 
by selective expansion and passaging to isolate pure cell populations.42 For all protocols the overall differentiation 
timeframe is species-dependent, therefore varying from the order of weeks for mouse cell lines to months up to one year 
for human tissues.
2D, two-dimensional; 3D, three-dimensional; ECM, extracellular matrix; ES, embryonic stem cell; iPS, induced pluripotent 
stem cell; KSR, knockout serum replacement; PR, photoreceptors; RGC, retinal ganglion cell; RPE, retinal pigment 
epithelium.
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of the retina itself, retinal patches remain an 
intriguing idea for treating late stage neurodegen-
erative diseases. Unfortunately, following the first 
full thickness transplants, it became clear that 
amidst limited axonal outgrowth from mature neu-
rons and the lack of proper tissue conservation 
protocols, full retinal patch replacement was una-
ble to succeed.63,64 While animal studies using fetal 
and adult retinal sheets demonstrated significant 
survival, synaptogenesis between donor and recipi-
ent tissue was absent.65–67 Conceptually, causing 
further disruption within an already neurodegen-
erative retina to integrate a full thickness patch 
appears questionable. Nevertheless, this approach 
is still currently explored,68 though focused towards 
the use of bioprinting and scaffolds69,70 including 
iPSC-derived cells to engineer ‘sandwiches’, com-
prised of choroid, RPE, and neural retina.

Technically less challenging, and surgically less 
disruptive, is the targeted replacement of individ-
ual retinal cell types (i.e. photoreceptors and 
RGCs), delivered as single layer sheets or cell sus-
pension. While single layer sheets allow the con-
trol of cell density, alignment, and polarity, the 
formation of neural rosettes can impede outer 
segment alignment and thereby abolish transplant 
function.24 On the other hand, single-cell delivery 
relies on migratory capacity of donor neurons to 
‘fill in’ empty spots within the degenerating host 
retina.71,72 With respect to synaptogenesis, the 
presence of neighboring host cells can be assumed 
to enhance donor cell integration, addressing the 
pitfall of retinal patch transplants. It is notable 
that though devoid of regenerative potential, the 
vertebrate retina itself can remodel synaptic con-
tacts as shown in ablation studies73–75 and during 

Table 2. Comparison of 2D and 3D cell culture systems.
Comparison of advantages and disadvantages of 3D versus 2D retinal cell culture, focusing on general aspects 
including cell purity and yield as well as high throughout adaptability. While 2D culture remains competitive 
with respect to cell yield and purity, novel 3D approaches are largely free of chemical additives driving 
differentiation, thereby recapitulating in vivo development more closely. In addition, due to a more complex 
tissue architecture, 3D cultures are paving the way towards more complex disease modeling in vitro.

Cell culture system comparison

3D retinal organoid culture  

Advantages Disadvantages

- complex 3D tissue architecture - differentiation efficiency batch dependent

- independent of growth factor addition - highly heterogenous cell populations

- enhanced cell–cell/cell–matrix interactions - available high throughput assays limited

- cultures recapitulate in vivo development - low cell viability following isolation

- scalable for high throughput applications - time and resource intensive

- suitable for complex disease modeling  

- nonlabor intense  

2D adherent retinal culture  

Advantages Disadvantages

- high purity/yield of target cell populations - very limited cell–matrix interactions

- high viability of cells after isolation - limited capacity for disease modeling

- suitable for high throughput imaging - differentiation nonreflective of development

- shortened differentiation timeframe - additives may affect downstream processes

2D, two-dimensional; 3D, three-dimensional.
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early neurodegeneration,76,77 as well as AMD,78 
arguing for the potential to integrate new neurons 
to existing circuits.

Also towards therapy development, the use of 
single cells is favorable as it allows for better iso-
lation, characterization, cryopreservation, and 

quality control of the final product. However, 
cell delivery within biodegradable matrices, 
including hydrogels, poly(lactide-co-glycolide) 
(PLGA) scaffolds or ethylene-vinyl acetate 
(EVA)-copolymer holds the potential to tempo-
rarily protect donor cells, minimize rapid wash-
off away from the site of injection, and might 

Figure 3. Delivering a cell product: from stem cells to cell therapy.
Starting from either fertilized oocytes or somatic cells (i.e. peripheral blood), embryonic and induced pluripotent stem 
cell lines can be established. Using those cell lines, retinal differentiation is initiated employing a variety of culture setups 
and conditions to derive retinal neurons and RPE. Once differentiated, target cell populations need to be isolated and 
enriched to ensure cell product purity and depletion of proliferative cells to prevent tumorigenesis. At present, isolated cell 
populations are often delivered as suspensions or sheets embedded into diverse scaffolding materials to improve localized 
cell delivery and viability. During the formulation of the cell product, prior to its delivery to the patient, a mechanism for 
quality control will have to be established. At this point in time, the means of such control are still largely undefined, though 
they are essential to ensure cell product quality and safety. For transplantation both intra-vitreous and subretinal routes 
are explored, depending on whether photoreceptors/RPE or RGCs are to be delivered. Once transplanted, tracing of donor 
cells is currently limited within the clinic, raising the question of how to precisely evaluate clinical measures and potential 
cotreatments with respect to safety and efficacy.
RGC, retinal ganglion cell; RPE, retinal pigment epithelium.
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even provide structural guidance to enhance 
axonal outgrowth.70,79,80

Bringing back the light: photoreceptor 
replacement
High acuity vision is mediated by only 0.5% of 
the retinal area due to the distinct spatial distribu-
tion of rod and cone photoreceptors throughout 
the retina. While both photoreceptor types are 
aligned within tightly packed layers below the 
OLM, the 750μm center of the macula is exclu-
sively formed of cone photoreceptors.81 Hence, 
the foveal region, comprising only 5 out of 1000 
mm2 of the retinal area, is the main region of 
interest for photoreceptor replacement. Distinct 
with respect to their outer segment morphology 
and photo pigment expression, rod and cone pho-
toreceptors are also functionally different. While 
cones are essential for color vision and high visual 
acuity, rods are required for night vision and the 
perception of luminance.82 To mediate the meta-
bolic demands of outer segment turnover, as 
mentioned earlier, close interaction between RPE 
and outer segments is essential. Any disruption of 
RPE/photoreceptor proximity leads to progres-
sive degeneration of photoreceptors, starting from 
the rods in the periphery, and eventually extend-
ing towards the cone-dense macula. Furthermore, 
various genetic defects affecting photoreceptor 
development can cause loss of photoreceptors 
and vision reduction in patients. Neuroprotective 
treatments and gene therapy can prevent such 
single-factor diseases or compensate for initial 
stages of degeneration, but remain inefficient in 
treating late stage degeneration. For cases of 
severe vision loss, retinal prosthesis devices were 
approved by the United States Food and Drug 
Administration (US FDA).83,84 However, those 
devices rely on external sensors to detect light, 
and only provide subthreshold resolution below 
the level required for functional vision.85,86

Targeted replacement of photoreceptors can 
overcome those challenges,57,87–89 and similar to 
RPE replacement, has been aided by the availa-
bility of a plethora of differentiation protocols 
involving the use of both ES and iPSC-derived 
cultures.46,90–93 Inspired by the early trials of 
RPE replacement, photoreceptor replacement 
was initially attempted using full thickness reti-
nal sheets or patches.94–97 Later on, direct sub-
retinal transplantation was attempted using 
undifferentiated RPCs,98–100 photoreceptor pre-
cursors56,57,72 and forebrain-derived neuronal 

progenitors (NPCs),34,101–103 which were 
expected to differentiate into photoreceptors 
due to the subretinal space microenvironment. 
While the integration of donor NPC progeny 
indeed influences gene expression within the 
subretinal space itself,101 many research groups 
challenge the ability of NPCs to differentiate 
towards retinal lineages.104–106 Nevertheless, 
subretinal NPC transplantation is explored in 
the clinical setting for its neuroprotective mode 
of action.

For cell manufacture, the production of both 
NPCs and RPCs is scalable, with RPCs posing 
only minimal safety concerns since they are 
already pre-committed towards the retinal line-
age. Though currently explored in clinical trials, 
the ability of RPCs to repopulate the retina and 
mature into functional photoreceptors remains 
questionable, partially because reliable func-
tional readouts within the xenotransplant setting 
remain a challenge.23,107 When further address-
ing the concern of functional maturation, recent 
studies conclude that both primary and ES/
iPSC-derived postmitotic photoreceptor precur-
sors achieve structural and functional integra-
tion almost indistinguishable from host 
neurons.56,72,108–111. Initially focused on rods, 
more recent experiments also demonstrated fea-
sibility of cone transplantation,87,88 often 
employing three-dimensional organoid cultures 
as a source of photoreceptors.

Despite the apparent progress in mouse and 
higher vertebrate models, the observation of cell 
fusion and cytoplasmic transfer between donor 
and host photoreceptors has called many results 
into question.112–116 While to achieve neuropro-
tection, the fusion of donor and host cells might 
proof functional to ‘rejuvenate’ damaged neu-
rons, this outcome must be regarded as clearly 
distinct from actual cell replacement. First, since 
it requires the presence of remaining host photo-
receptors, and secondly, because it does not 
address the actual challenge of functional integra-
tion, as it relies on previously established synaptic 
connections. Experimental options to distinctly 
address this issue are available, in the shape of 
cellular ploidy analysis, Y-chromosome tracing, 
and the assessment of human nuclear antigens 
when performing xenotransplants, but so far 
these have not been employed exhaustively. 
Interestingly, the observed cytoplasmic exchange 
has resulted in the proposal of targeted cell fusion 
as a treatment strategy involving, for example, 
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MGs,117 potentially changing the overall concep-
tual basis of photoreceptor replacement.

A bridge to the brain: retinal ganglion cell 
replacement
Within the retina, RGCs comprise the most 
diverse class of neurons, with about 30 sub-
types described to date.118 Aside from morpho-
logical features like their brain projection 
pattern,119 dendritic field, and plexiform layer 
stratification,120 RGC subclasses can be distin-
guished by their distinct transcription profile 
and physiological properties.121,122 Notably, 
distinct RGC subtypes are also different with 
respect to their intrinsic susceptibility to dam-
age and regenerative potential.123,124 Compared 
with the other retinal neurons, RGCs are 
unique as their axons exit the eye through the 
optic nerve to connect all the way to the brain, 
where they are mapped in retinotopic fashion 
onto the visual cortex. Consequently, when 
considering the underlying challenges of cell 
therapy with respect to RGC replacement, it 
quickly becomes apparent that physical cell 
replacement in situ will not necessarily result in 
functional integration. While newly integrated 
photoreceptors only require establishing short 
range connections with the underlying horizon-
tal and bipolar cells, RGCs must extend long 
axons and reestablish functional connections to 
their specific targets in the brain. Therefore, 
RGC replacement only became a theoretical 
option in the treatment of glaucoma and other 
optic neuropathies, following recent advances 
within the field of axon regeneration.125,126

Comparable with photoreceptor replacement, the 
first RGC transplantation attempts used either 
undifferentiated RPCs127 or trans-differentiated 
glial cells,29,30 demonstrating some functional 
recovery in retinas of N-Methyl-D-aspartate 
(NMDA)- induced RGC damage/death. 
However, the observed functional rescue can be 
explained by neuroprotective effects. To date, the 
only successful transplants of RGCs, resulting in 
the integration of electrophysiologically func-
tional neurons have been described for primary 
RGCs, with an overall success rate of only 
10%.128,129 Additionally, only 1% of primary 
donor cells survived after transplantation, fur-
thermore illustrating the low efficiency of RGC 
replacement achieved so far. For ES/iPSC-
derived RGCs, no successful transplantations 
have been reported, probably due to 

the remaining challenges in the generation and 
isolation of large quantities of differentiated neu-
rons from retinal organoid cultures.

As alluded to earlier, the initial integration of 
donor cells is only the first hurdle to functionally 
relevant RGC replacement. Therefore, advances 
within the field of axon regeneration must be con-
sidered as closely tied to RGC therapy success or 
failure. In recent years, factors like osteopontin, 
PTEN inhibitors and a variety of trophic factors, 
like pigment epithelium-derived factor (PEDF)130 
and ciliary neurotrophic factor (CNTF),131 have 
been described to aid RGC survival, axon elonga-
tion, and regeneration after optic nerve injury/
crush. Aside from those mainly cell autonomously 
regulated factors, a recent study proposed an 
effect of mobile zinc dysregulation within neigh-
boring interneurons as primary factor in the death 
of RGCs after injury, demonstrating that zinc 
chelators had a beneficial effect towards neuro-
protection and axon regeneration.132 While those 
studies are encouraging with respect to the physi-
cal aspect of bridging the distance between the 
eye and the brain, they do not address the ques-
tion whether in vitro-derived RGC axons will be 
able to form target-specific synapses once they 
reach beyond the eye. Interestingly, in vitro 
human induced pluripotent stem cells (hiPSC)-
derived RGCs displayed some target-specific 
responses when cocultured with different brain 
regions,133 arguing intrinsic target selectivity, 
though the overall evidence remains limited. 
Furthermore, all studies addressing the rewiring 
of the retinal network are heavily focused towards 
the reestablishment of connectivity between the 
newly integrated RGCs and the brain, leaving 
aside the fact that also within the retina, the donor 
RGCs are required to establish selective synaptic 
connections to enable functional integration. 
While the spatial proximity of synaptic targets 
clearly suggests for this step to be more likely to 
occur spontaneous than the rewiring of axonal 
connections to a far out target like the brain, the 
assumption of simplicity might be ill-guided.

To address this gap, it might be advised to refo-
cus research attention towards the development 
of the retina and the initial establishment of syn-
aptic circuits within. Following the logic of retinal 
circuit assembly occurring over temporally dis-
tinct phases in development, the microenviron-
ment instructing RGC and amacrine cell or 
photoreceptor and bipolar cell wiring can be 
assumed to be vastly different. Since in contrast 
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with lower vertebrates in which neurogenesis 
might only last a few hours, human neurogenesis 
extends over several weeks, it appears imminent 
to assume for synaptogenesis to be cell type spe-
cific and to assess factors involved in each of its 
phases. Furthermore, the development of a meth-
odology for single-cell functional studies in vivo 
will be required to improve functional assessment 
of transplantation outcome. This is crucial due to 
the immense diversity among RGC subtypes, 
rendering it difficult to assess which subtypes are 
essential to which aspects of vision, especially 
when trying to compare across different species 
where subtypes might be distinct from one 
another. Taken together with the recognition of 
their subtype-specific susceptibility to damage, 
RGC replacement poses the biggest challenges 
yet in the field of retinal cell replacement, far sur-
passing the obstacles previously addressed when 
replacing homogenous, single-cell type tissues 
like the RPE.

To replace and rewire: the promise of 
combinatorial therapy
Arising from the success in photoreceptor/RGC 
neuroprotection studies and discussed advances 
in axon regeneration, the use of various combina-
torial treatments has become a new focus within 
cell replacement studies. The nature of tested 
cotreatments is manifold, as are their aims, 
including the improvement of donor cell survival, 
integration and axon outgrowth by modification 
of the host microenvironment or the enhance-
ment of donor cell resilience to handling 
pre-transplantation.

To improve donor cell integration, enzymes and 
chemical modulators of glial response have been 
tested successfully. Matrix metalloprotease 2 
(MMP2), which causes the selective digestion of 
the ILM/OLM, helps to eliminate the physical 
border to cell entry to the RGC or outer nuclear 
layer.134–136 Similarly, low doses of aminoadipic 
acid (AAA) enhance donor cell integration by 
causing glial end foot retraction from the ILM/
OLM, thereby weakening its barrier integ-
rity.137,138 Aside from its glial toxic effect, AAA 
also reduces gliosis, leading to a reduction in 
donor cell clearance from the tissue upon trans-
plantation, consequently improving overall 
survival.139

Cytokines and trophic factor supplementation, 
including factors like brain-derived neurotrophic 

factor (BDNF)140, glial cell-derived neurotrophic 
factor (GDNF)141, platelet-derived growth factor 
(PDGF)142, CNTF131,143 and interleukin (IL)-
6144 have shown to be broadly successful in pro-
longing/enhancing neuron survival in various 
animal models of photoreceptor and RGC death, 
including retinal detachment, optic nerve crush, 
and laser-induced ocular hypertension.145

Currently, routes of small or large compound 
delivery to the retina pre-, mid- or post-transplant 
are being explored, including: adeno-associated 
virus (AAV)-mediated delivery,143 light-activated 
or thermosensitive liposome transfection146,147 
and other sustained release systems.148,149 Trans-
plantation of cells overexpressing growth factors is 
another option; CNTF150,151, GDNF152, insulin-
like growth factor (IGF)-1153 and nerve growth 
factor (NGF)154 have been delivered by ARPE19, 
neural stem cells (NSC) and mesenchymal stem 
cells (MSC) cells respectively. Furthermore, a 
vast spectrum of neuroprotective small molecules 
is being tested, including anti-apoptotic drugs, 
histone deacetylase inhibitors, RIP kinase inhibi-
tors and antioxidants.155–157 Some of them are also 
being used as cotreatments for cell delivery, such 
as N-acetyl-L-cysteine.158 Taken together, cotreat-
ments allow to optimize distinct facets of the pro-
cess from cell delivery, to cell integration, and 
network rewiring, and should be expected to 
improve the odds towards the generation of an 
effective neuronal cell replacement therapy for the 
retina within the next decade.

Current challenges

Understanding the role of the (disease) 
microenvironment
Although retinal structure and metabolism is highly 
conserved among mammals, and the eye has an 
active immune privilege mechanism, the functional 
integration of xenotransplants into rodent retinas is 
not comparable to syngeneic and allogeneic trans-
plants in patients. Furthermore, retinal immune 
privilege should not be overstated when consider-
ing transplantation into a neurodegenerative  
environment, within which ongoing gliosis,159 
inflammation and immune infiltration can change 
the microenvironment significantly from what is 
being observed within healthy hosts.160

To overcome the limitations of xenotransplants, 
two approaches have been developed: the use of 
analogous cell models, and xenotransplantation 
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into humanized models. While the first approach 
requires adaptation of cell culture and differentia-
tion protocols for primate or pig cells, it provides 
the advantage of a similar surgical setting and 
allows to test additional parameters, including 
delivery strategies and tools, volume, concentra-
tion, and total dosage of cells, as well as the 
requirement for immune suppression. Humanized 
mouse models have been very effective in under-
standing the immunology of transplantation,161 
and Rag2 knockouts have been effective hosts for 
human embryonic stem cells (hESC)-derived 
photoreceptor precursors. Nevertheless, while the 
latter allows testing of the exact cell product to be 
used in the clinic, functional integration studies 
are limited. Additionally, addressing the immune 
component of the therapy isolated from the dis-
ease environment might be shortsighted.

Studies tracking survival of transplanted retinal 
sheets showed them being targeted by the immune 
system and ultimately becoming fragmented and 
apoptotic. Other studies using RPCs as donor 
cells for photoreceptor replacement do not report 
any immune response nor improvement of trans-
plant integrity after transient immune suppressive 
treatment in allotransplants.162 Noticeably, the 
hosts used in this study, experienced no prior 
insult to the retinal microenvironment, proposing 
intact immune privilege prior to transplant. In 
contrast, within hosts subject to ongoing neuro-
degeneration, infiltration of immune cells can be 
assumed as apparent even prior to transplanta-
tion, increasing the likelihood of donor cells being 
targeted. One way to circumvent immune target-
ing and further improve allotransplantation alto-
gether is the use of major histocompatibility 
complex (MHC)-matched iPSCs for the genera-
tion of donor cells, as demonstrated within the 
field of RPE replacement.163 Likewise, to the 
changes observed within diseased retinas and 
associated differences in transplantation success 
depending on the used disease model,108 the reti-
nal microenvironment also changes upon aging, 
affecting transplant outcome. In mice, transplan-
tation into younger animals was more successful 
than in adults, underlining this assumption.164

Another independent factor to consider are extra-
cellular matrix components, not only as a hin-
drance towards cellular integration in the shape of 
the ILM/OLM, but also as essential, instructive 
cues required for cell polarity and spacing, as well 
as dendritic arborization and axonal guidance.165 
Hence, while disruption of those membranes 

appears conducive to enhancing donor cell inte-
gration, it might have to be considered that with 
ongoing neurodegeneration, causing host neu-
rons to die, remaining extracellular matrix might 
contain the only remaining cues for newly inte-
grating cells. Consequently, when assessing ani-
mal models of retinal damage, the ability of donor 
cell integration should not only be correlated to 
remaining cell numbers within the host.

Developing and delivering clinical grade 
products from iPSC/ES
Although cell therapy is a century behind stand-
ard pharmacological drug development, RPE and 
limbal stem cell transplantation studies have 
demonstrated the requirements for the design of 
cell products. While standard drug development 
criteria, like safety and efficacy, are applicable, 
the living nature of cell products slightly shifts 
priorities.

Safety is a top criterion for cell therapy design 
and development, partially due to the novelty of 
the approach and limited availability of historical 
data. Major concerns for cell manufacture are 
microbiological contamination, the presence of 
nondifferentiated cells, acquired mutations (pri-
marily tumorigenic) and potential genetic trans-
fer. Quality assurance criteria and tools are very 
sensitive and specific for detecting viruses, bac-
teria, and fungi. However, the threshold for 
pluripotent and partially differentiated cells pre-
sent in cell drug products is not yet established. 
Importantly, these criteria require tight control 
of manufacture conditions since they cannot be 
dealt with later. Similarly, treatment efficacy cri-
teria need to be addressed early on, but so far 
have often not been the primary focus during the 
development process.166 Consequently, though 
it is possible to probe donor cell function indi-
vidually, the actual contribution of the trans-
plant to vision is difficult to assess, and visual 
function rescue in rodent disease models often 
can be attributed to trophic factor release. To 
disentangle the contribution of neuroprotective 
effects and actual cell replacement in animal 
models, donor cells are traced by the introduc-
tion of fluorescent probes or iron micro parti-
cles, allowing further insights into the mechanism 
of action.

Within clinical trials, the tracing of donor cells 
has yet to be resolved since there are no US FDA-
approved technologies to do so to date. Hence, 
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the mode of action and clinical decisions about 
post-transplantation therapy adjustments, includ-
ing the need for repeated treatment in the same or 
adjacent areas, immune suppression or other co-
treatments, are inherently difficult to derive. 
While transplanted RPE can be seen on OCT due 
to the hyperreflectivity of the pigment,166,167 other 
retinal neurons are transparent and therefore 
indistinguishable. Consequently, though donor 
cell placement at the initial side of transplantation 
can be established in case of subretinal trans-
plants due to an immediate local retinal thickness 
increase in OCT, it is impossible to determine 
what happens post-transplantation. While ideally, 
donor cells integrate into the transplanted area 
over time, they might be phagocytosed or have 
migrated away from the transplant area.

Overall, the clarity and accessibility of the retina 
for structural and functional imaging is remarka-
ble, with high resolution fundus imaging, OCT 
and spectral domain optic coherence tomography 
(SD OCT), heidelberg retinal tomography 
(HRT) and adaptive optics scanning laser oph-
thalmoscopy (AO-SLO) combined providing 
unprecedented resolution up to single-cell resolu-
tion in all dimensions. Therefore, complications 
including inflammation, ischemia, or neovascu-
larization can be monitored efficiently, aiding the 
assessment of therapy safety. With respect to the 
delivery/surgical procedure, potential complica-
tions overall are expected to be comparable with 
other ocular surgeries. The Limited space of the 
eye and high metabolic demand of neural tissue 
renders spatial interactions between neurons, 
glia, RPE and vasculature very important, thus 
disruptions by retinal detachment or tear, partial 
vein occlusion, or glial scar formation can lead to 
irreversible alterations and damage. One of the 
initial concerns for subretinal delivery, the persis-
tent detachment of the retina from the RPE in the 
transplant area, has been resolved, as for hun-
dreds of patients treated by now with cells or gene 
vectors, the initial detachment was observed to 
spontaneously resolve within 48 hours.

Further potential complications in the procedure 
are associated with the cell material itself or its 
carrier medium (delivery solution or hydrogel), 
which may be prone to cause immune responses, 
especially once certain structural barriers, like 
vessels, are compromised either due to age-
related/disease-associated degeneration or by the 
procedure. In addition, parts of the delivered cell 
product can result in the formation of clusters 

and clots; to address the latter, cells are formu-
lated right before the injection in buffers without 
bivalent ions. Overall, the procedure itself, aside 
from the expertise needed to perform vitreoreti-
nal surgery, also presents the additional challenge 
of on-time preparation of the cell product. A 
potential solution is the use of ‘thaw-and-inject’ 
formulations that do not require synchronized 
cell manufacture at a good manufacturing prac-
tice facility, delivery scheduling and formulation 
of the cell product for injection on site.

Since the ongoing clinical studies are focused on 
safety (Table 1), it is premature to draw conclu-
sions on the efficiency of cell therapy. Nevertheless, 
it should be noted that readouts of visual and reti-
nal function are diverse, but not universal: they 
usually do not cover the whole range of sensitiv-
ity. Thus, the proper selection of several methods 
for clinical trial design is crucial for future suc-
cess. Objective methods to quantify low vision are 
only starting to develop with the dawn of gene 
and cell therapy, and currently are primarily 
focused on rod rescue (RPE transplants) and 
replacement (RPC transplants). While within 
those trials, readouts for contrast sensitivity, maze 
tests, perimetry, and microperimetry are informa-
tive measures to detect changes, ultimately longi-
tudinal imaging of both structure and function 
with proper mapping of the region of interest 
should be employed to track the tissue structure 
and assess repopulation and functional restora-
tion or delay in disease progression.

All the factors mentioned above will influence the 
length of future clinical trials. While for RPE/
photoreceptor replacement, 6 months might be 
sufficient to detect changes in vision, it will 
undoubtedly take years to complete similar stud-
ies for the replacement of RGCs.168

Concluding remarks
Leading to the clinic, in recent years many funda-
mental obstacles in cell manufacturing and retinal 
disease modeling have been addressed. At pre-
sent, the methodological development and criti-
cal evaluation of functional outcome measures, as 
well as the integration of combinational therapies, 
will be essential to drive the current momentum 
of the field towards clinical translation. To tackle 
the most difficult of the underlying challenges, 
including synaptogenesis and retinal rewiring, 
reflecting on developmental concepts might be 
advised.
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While clinical translation of retinal cell replace-
ment is currently shaped by the experience gained 
from RPE, the overall critical advances, moving 
the replacement of retinal neurons from a labora-
tory model to a clinically relevant treatment, are 
still lacking. Largely fueled by excitement arisen 
from the outcome of cell transplantation into ani-
mal models of retinal disease, the next steps 
towards clinical translation must be approached 
with care. Considering the discovery of artifacts 
like cytoplasmic transfer and the ongoing quest to 
distinguish neuroprotective effects from func-
tional improvements attributed to actual cell 
replacement, planning and execution of clinical 
trials needs to be based on a maximum inclusion 
of objective metrics for safety, efficacy, and mech-
anism of action.
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