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Abstract 
 

Retinal degenerative diseases (RDDs) affecting light-sensitive photoreceptors (PRs) are 

a leading source of incurable blindness worldwide. Due to a lack of endogenous repair 

mechanisms, functional cell replacement of PRs is among the most promising 

approaches for restoring vision in advanced RDD. Human pluripotent stem cell (hPSC)-

derived retinal organoid (RO) technologies have accelerated development of cell 

replacement therapies, providing a virtually unlimited source of photoreceptor precursors 

(PRPs), the preferred type of donor cell. First-in-human hPSC neuroretinal replacement 

safety and efficacy trials have recently begun, but a number of questions regarding 

efficiency, reproducibility, and functional mechanisms remain. This dissertation 

addresses remaining challenges in PR replacement, exploring issues of donor cell 

survival, organization, and connectivity to advance retinal regenerative therapies.  

Survival and maturation of hPSC-PRP using two different delivery forms—single 

cell suspension and cellular aggregates—were characterized via quantitative histologic 

assessment in a rat model of advanced retinal degeneration. Donor cell engraftment was 

markedly improved with aggregate transplantation, suggesting that survival of donor cells 

can be optimized by modulating the form of delivery. Transplanted hPSC-PRP 

aggregates survived for at least 6 months in vivo, maturing into rod and cone PRs with 

synaptic protein expression and formation of outer segment-like structures. However, 

aggregate transplants resulted in varying degrees of graft organization and did not restore 

reflexive or electrophysiologic light-evoked responses. Poor graft organization and lack 

of direct evidence for synapse formation were identified as possible contributing factors 

to suboptimal transplant outcomes. A novel micro-patterned polymeric scaffold was thus 
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developed to support a dense layer of hPSC-PRP, achieving organized expression of 

presynaptic and outer segment proteins in vitro. Finally, an in vitro monosynaptic 

retrograde tracing assay was optimized to determine whether hPSC-derived retinal 

neurons could form new synaptic connections after dissociation from retinal organoids. 

Synaptic tracing revealed remarkable plasticity of RO-derived retinal neuron synapse 

formation and identified hPSC-PRP among traced presynaptic cells, providing direct 

evidence of synapse re-formation by hPSC-PRP.  

In conclusion, these studies outline complementary approaches to traditional 

preclinical animal model testing and provide strategies for directly studying survival, 

organization, and synaptic re-connectivity in further studies of hPSC-PRP replacement.   

Collectively, the results of this dissertation demonstrate strong potential for the 

advancement of next-generation retinal cell therapies and provide a clear path forward 

for future translational studies aimed at PR replacement and photoreceptive circuit 

restoration.
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Highlights 

• Vertebrate cellular reaggregation studies provide insight into retinal histogenesis 

• 3D retinal structures produced in vitro depend largely on environmental 

constraints 

• Histogenetic mechanisms uncovered with in vitro reaggregation systems may 

prove useful for advancing human retinal organoid-based technologies and 

therapies 
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Introduction 

In the decades since human induced pluripotent stem cells (iPSCs) and embryonic stem 

cells (ESCs) (collectively, human pluripotent stem cells, or hPSCs) became widely available, the 

seemingly improbable quest for organ regeneration has been realized through ground-breaking 

biomedical research and technologies1–3. Organoids, the spherical products of suspension-based 

three-dimensional (3D) tissue engineering, have been successfully cultured through propagation 

of tissue-specific lineages of stem and precursor cells for all major body systems4,5. The 

envisaged applications of organoids in biomedicine are seemingly innumerable, with scientists 

worldwide advancing diverse organoid technologies for disease modeling, drug discovery, 

precision medicine, and cell replacement therapy. In ophthalmology these applications have 

progressed rapidly toward clinical use due to intrinsic features of the eye (surgical accessibility, 

low required dose, and relative immune privilege) and a wealth of foundational research on the 

basic biology of 3D cellular aggregates (or, spheroids, see Glossary).  

With the recent initiation of several clinical trials using stem and/progenitor cell-based 

transplantation for retinal degenerative disease, the hope that these technologies will lead to 

treatments for blinding diseases finally appears to be within reach6–8. Despite increasingly 

sophisticated organoid techniques and substantial progress toward organoid-derived therapies, 

many basic developmental mechanisms these approaches rely upon—proliferation, 

differentiation, cell migration, lamination, and synaptogenesis—are incompletely understood in 

the context of human retinal development. Numerous questions as to how hPSC-derived 

organoids achieve a highly organized histological structure, why some organoids form laminar 

tissue while others do not, what leads to rosette formation among engrafted cells in retinal 

replacement, and which histogenic mechanisms are behind these observed phenomena remain. 
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Regenerative therapies and organoid technologies have fortunately been established on 

a bedrock of historic research examining tissue formation in retinal 3D spheroids from other 

vertebrate species. As the field moves forward, a revisiting of the developmental biology that it 

was built upon is prudent and perhaps necessary to unlocking the next phase of retinal 

regenerative medicine. To that end, this review provides a history of relevant lessons learned 

from avian and rodent studies of retinal cellular reaggregation predating stem cell technologies, 

with a strong focus on lamination and histogenesis related to issues of incomplete or disorganized 

histological structures in organoid-based technologies. 

I. Cellular reaggregation: History, definitions, and mechanisms 

Given rapidly advancing modern culture methods, it is somewhat surprising that the history of cell 

culture began before the 19th century. Reaggregate cultures are a method by which a singularized 

population of cells is re-associated—that is, reaggregated—in suspension or rotational cultures 

to generate 3D tissue structures. So-called "shaking cultures" represented the first reaggregation 

experiments and established some of the most basic tenets of cell biology. Before the turn of the 

20th century, Hans Driesch discovered the phenomenon of totipotency by dissociating sea urchin 

embryos at the 4-cell stage9, using a  suspension culture approach in what may be regarded as 

the very beginnings of stem cell biology. A subsequent experiment by Henry van Peters Wilson 

using similar methods deserves mentioning here10. 

Wilson dissociated sponges by passing them through a mesh cloth, transferring the cell 

suspension into glass dishes and shaking them softly in salt water to follow their growth into cell 

clusters ("reaggregates"). To his surprise, his reaggregates eventually developed into complete, 

viable sponges. Even more surprisingly, when he combined suspensions from two different 

sponge species (marked by distinct colors), cells of the same color were either found within 

separate, singly-colored reaggregates or amassed in distinct areas of the same reaggregate. 

Differently-colored cells that were initially intermixed would migrate to form species-specific 
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clusters (Fig. 1). Although Wilson himself largely disregarded the result at the time—noting that 

“it would be idle to discuss further the nature of the hypothetical dual organism”—what became 

known as the phenomenon of "sorting-out" amounted to the discovery of cell-cell recognition 

(distinction of self vs. non-self). Townes and Holtfreter later documented striking sorting effects of 

epidermal cells from neural plate cells of the amphibian embryo, whereby their relative position 

within reaggregates mimicked native embryonic structure11. Such recapitulation of embryonic 

development undoubtedly required sophisticated tissue-specific differentiation processes to occur 

in vitro.  

In the years that followed, reaggregation studies painted a picture of a central theme in 

modern developmental biology—that maturing cells in each tissue are highly dependent on 

physicochemical conditions, which in turn influence a variety of forces (attraction, repulsion, 

expansion, rotation, etc.) contributing to organized tissue formation. Classical reaggregation 

analyses using the slime mold (Dictyostelium d), the frog embryo (Xenopus), and the chick 

embryo (Gallus g. domesticus) uncovered the roles of cell adhesion molecules (CAMs), cell 

migration, and tissue patterning in histogenesis12–15. It was during this period that retinal 

reaggregation from embryonic chicken eyes arose (Fig. 2) and became a preferred model for 

studying retinal histogenesis in vitro14,16–18. The successful transformation of rosetted spheroids 

(Fig. 2b) into fully laminar stratified spheroids (Fig. 2c) in 1984 marked a critical milestone for 

modern retinal regeneration, demonstrating for the first time that near-complete reconstruction of 

a neural tissue from progenitor cells was possible19.  

Conventional 2D and 3D cell cultures  

As the study of immortalized and proliferative cells increased, less labor-intensive methods for 

maintaining such cells grew in popularity, and over decades reaggregation procedures were 

practiced in the laboratories of few researchers. Plated 2D cultures became the standard in most 

fields, including retinal development, for many years beginning in the early 1970s20.  
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In traditional 2D culture, plastic dishes or flasks are coated with extracellular matrix-

mimicking substrates (poly-lysine, laminin, etc.) to encourage cell adhesion to 2D surfaces. Under 

appropriate in vitro conditions, cells with proliferative capacity (e.g., pluripotent, malignant, or 

immortalized cells) divide and expand until they reach confluency. Relatively benign cells stop 

dividing at this point, while tumorigenic cells often continue to proliferate upward without restraint. 

In most cases, pluripotent cells also stop dividing and begin differentiating upon reaching 

confluence. 

 Thus, when kept at low densities, proliferative stem and progenitor cells in 2D cultures can 

and will migrate along flat surfaces to contact one another, assembling into clusters with 

rudimentary spatial organization and rosetted structures. Rudimentary instances of retinal cell 

sorting have historically been observed in 2D cultures. For example, when dissociated neonatal 

rabbit retinal cells were cultured on laminin-coated glass slides, two separate cell clusters quickly 

separated, containing cells of the inner and outer retina, respectively (Layer, unpublished 

observation). Nonetheless, 3D structures that closely mimic native tissue formation—particularly 

for a structure as complex as the vertebrate retina—are rarely achieved using 2D culture methods. 

Reaggregates are a combination of cell sorting and development 

In contrast to conventional 2D cultures, higher degrees of tissue formation are readily achievable 

with 3D reaggregate cultures. To successfully generate 3D spheroids, several critical features of 

cell isolation—the first step toward reaggregation—must be considered. The process begins with 

physical isolation of a developing tissue from its surroundings to produce a cell suspension. In 

the case of retinal reaggregation, it is essential to ensure that tissues are free of retinal pigment 

epithelium (RPE), mesenchyme, and/or neural crest. Enzymatic dissociation of the tissue 

(depending upon reagents, incubation times, and temperature) is followed by quite harsh 
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dispersal procedures, often stripping off surface receptors and other membrane-bound 

components of the extracellular matrix. 

 For reaggregation to occur, dishes containing singularized cells are kept in constant 

motion through rotation or shaking, employing an assortment of devices to introduce additional 

kinetic energy into the system. This movement keeps individual cells in suspension, preventing 

adherence to the base of the dish and increasing the likelihood for encounters with other cells. 

Adhesion can and often does result from such encounters, promoting aggregation and cell sorting. 

Cell clusters gradually become small spheres and grow larger. In this dynamic environment, in 

vitro proliferation arises, and differentiation can begin.  

3D cultures often follow distinct mechanisms of differentiation relative to 2D cultures21 and 

can thereby initiate tissue reconstruction. Notably, volume growth of spheroids is relatively limited. 

In fact, the size of spheroids is often surprisingly fixed—that is, they experience size regulation. 

The size of tumor spheroids is known to be self-regulated by the ratio of surface area to volume22. 

Tumorigenic cells in 2D culture with unlimited space and fresh culture medium will continue to 

grow, as the ratio of surface area to volume remains constant. In contrast, a tumor spheroid grown 

in unlimited space and fresh medium will eventually reach a dormant phase. At a certain size, 

there is insufficient surface area relative to its volume for the spheroid to absorb nutrients and 

remove catabolites, and the inner zone consequently undergoes necrosis. Transverse gradients 

of nutrients and growth factors appear to play a role in the spatial organization of cell types in 

non-tumorous reaggregates as well23. 

 A change in terminologies: from retinal reaggregates to spheroids to organoids 

Originally, pattern formation in reaggregate was thought to be exclusively a result of sorting-out 

processes. Malcolm Steinberg provided an explanation of the simple sorting-out phenomenon 

based solely on physicochemical properties of cells17,24. Citing relatively simple mathematical 

rules of morphogenesis, Steinberg explained pattern formation in reaggregates mainly in terms 
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of rheology and proposed that the cells comprising an aggregate behaved like a two-phase fluidic 

system. Accordingly, different cell types in a mixture were assumed to segregate primarily 

because of differential intercellular adhesion strength—the differential adhesion hypothesis.  

In addition to simple sorting-out, retinal development is also initiated in the earliest days 

of retinal cell reaggregation. In this sense, the term "reaggregate" does not accurately express 

what it intends to convey. Reaggregate insinuates that aggregation and sorting-out are the only 

necessary processes required to generate these structures. The contributions of development, 

proliferation, and differentiation are discounted. To address these shortcomings, Layer and 

colleagues proposed a “rebranding” of sorts in the late 1990s. “Retinal reaggregates” were instead 

referred to as “retinal spheroids or “retinospheroids,” indicative of the smooth spherical structure 

not typically seen in simple reaggregates and the histological resemblance to the original retinal 

tissue. The term “spheroid” originally arose from research on “tumor spheroids”22,23,25,26.  In the 

specific case of these tumor structures, "spheroid" was merely intended to indicate their smooth 

spherical shape. Major topics of research in this field were not focused on developmental 

processes, but rather on space restrictions within spheroids (oxygen supply, nutrient 

supplementation, etc.) and their relation to angiogenesis. For clarity, throughout this review 

"retinal spheroids" is intended to refer to all "retinal reaggregates" derived from primary embryonic 

or postnatal dispersed retinal cells, while all ESC/iPSC-derived structures are referred to as retinal 

organoids (ROs). 

Reaggregation vs. retinal explant cultures 

The uniqueness of retinal spheroids lies in the fact that this model begins with a fully dispersed 

cell population. These relatively simple structures reveal an individual cell’s autonomous tissue-

forming capacity with greater clarity than what is typically achievable amid the complex milieu of 

normal retinal development. In this regard, both explant cultures and pluripotent stem cell (PSC) 

cultures are fundamentally distinct from spheroid cultures. In explants, a sample is extracted from 
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the primary tissue at a certain developmental stage and then placed in culture intact. Cell-cell 

contacts and spatial relationships are thus largely preserved, though retinal explants cultured in 

suspension often eventually roll into spherical morphologies. Spheroids represent a simpler, albeit 

more artificial system relative to explants for modeling development. Spheroids and explant 

cultures both fill an important niche in understanding retinal morphogenesis, but as with all model 

systems, conclusions about retinal developmental drawn from these approaches should be 

carefully interpreted in the context of their inherent limitations.  

Reaggregate model systems 

The wide availability of developing avian retinal and RPE tissue initially made chick retina the 

preferred model for reaggregation studies27,28. Due to the ease with which quail and chicken nuclei 

can be distinguished from one another, chimeric quail/chick retinal reaggregate models have been 

especially useful. Extensive effort has also been invested into the generation of retinal spheroids 

from rodents, largely from rats and (less frequently) gerbils or mice. While a plethora of available 

genetic models would make mice appear most preferable, a low yield of cones and comparatively 

small eye size have limited widespread use in reaggregation research; rats are thus one of the 

more common mammalian models utilized in reaggregation. 

In the first described rat study, spatial sorting of glycine- and GABA-positive cells was 

detected in neonatal rat retinal spheroids29,30. In a subsequent study, many rosettes with 

photoreceptors (PRs) forming disc-containing outer segments and layers containing ribbon 

synapses were found. All neuronal types were present except retinal ganglion cells (RGCs), many 

of which were found in locations comparable to the retina in vivo30. A series of subsequent studies 

using mixed rat retinal spheroids by both the Raff and Cepko groups provided further insight to 

the degree of tissue formation possible with rat spheroids31. Watanabe and Raff characterized the 

morphology and histology of what they called pellet cultures (Watanabe et al., 1997). All cell types 

were identified, including PRs with inner and outer segments. Most were organized in so-called 
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pale and dark rosettes, mimicking the INL (inner nuclear layer) and ONL (outer nuclear layer), 

respectively. Moreover, areas resembling both an OPL (outer plexiform layer) and an IPL (inner 

plexiform layer) were noted. Cepko´s rat reaggregate studies documented determination and 

plasticity of various retinal cell types32–34. Collectively, these studies demonstrated that both 

intrinsic properties of neuroepithelial cells and cell-cell interactions determined cell fates in rat 

retina. Moreover, this work demonstrated that rat spheroids could attain an advanced stage of 

outer tissue formation comparable to that of chicken rosetted spheroids, though IPL sublamination 

had not yet been assessed in rat spheroids. To the best of our knowledge, there are no published 

reports on retinal spheroids from mice nor rabbits. However, retinal cells readily form spheroids 

from the Mongolian gerbil, a diurnal rodent with a cone-dominant retina35,36, providing an excellent 

model for studying retinogenesis in the context of cone-rich development. 

 

The zebrafish (Brachydanio rerio) has become one of the premier models of developmental 

biology. Several advantages for its use as a model include relatively short development, 

translucent embryos, and large numbers of transgenic lines available to label cell types. Laminar 

spheroids were generated from developing SoFa1 transgenic zebrafish eyes (stage 24 and 32 

hours post-fertilization) using a specially designed 3D Petri dishes; revealing a remarkable 

reversal of retinal cell layers with arrangement of RGCs on the outer surface of spheres37. 

Zebrafish spheroids developed all major retinal cell types and differentiated on a time scale 

comparable to in vivo; though neuropil formation and stratification remained rudimentary. 

Reaggregation was inhibited by PACMA31, an inhibitor to the cell adhesion molecule R-cognin. 

Similar to chicken spheroids, patterning was severely affected by the ablation of Müller glial cells 

with application of Notch-inhibitory DAPT. 
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There are very few documented attempts at spheroid generation from amphibian retinae, which 

is somewhat surprising given the wide use of amphibia (Xenopus, newt, etc.) for regenerative and 

transplant-based studies38. Since newts and frogs are highly amenable to amenable to in vivo 

studies39,40, it is likely that reaggregation approaches were deemed unnecessary. 

 

II. Retinal architecture and development 

In this section, a brief introduction to the general structure of the vertebrate retina and its 

embryonic development is provided, but only to the extent necessary for the unacquainted reader 

to become familiar with major topics of the present review. Readers are directed to more detailed 

reviews of parallel processing41, photoreceptors42, and circuit assembly in the developing 

retina43,44 for further information. 

Cell types that delineate the mature retinal architecture 

All vertebrate retinae exhibit a highly laminar and evolutionarily conserved basic plan consisting 

of three distinct layers of cell bodies: the outer nuclear layer (ONL), the inner nuclear layer (INL), 

and the ganglion cell layer (GCL), which are separated from each other by two sequential synaptic 

layers, the outer plexiform layer (OPL) and the inner plexiform layer (IPL) (Fig. 3). The apical 

surface of the retina is bound by the outer limiting membrane (OLM) and interdigitation with the 

retinal pigmented epithelium (RPE), with which it is structurally and functionally interconnected 

(see below), while the innermost surface is bound by the inner limiting membrane (ILM).  
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A multitude of subtypes for each major retinal cell type 

The cellular composition of the retina is also highly conserved and consists of six major neuronal 

cell types: rod and cone photoreceptors (PRs), horizontal cells (HCs), bipolar cells (BCs), 

amacrine cells (ACs), and ganglion cells (GCs). The retina also contains Müller glia (MG), the 

radial glial cells of the retina. PRs are sensory neurons residing in the outermost layer of the retina 

(the ONL) that receive incoming light and transform it into electrical signals. There are two types 

of PRs: rods, which mediate vision in dim light, and cones, which mediate high-acuity daylight 

and color vision. Signaling from PRs is transmitted to HCs and BCs through synaptic connections 

in the OPL. HCs are located at the outer border of the INL and integrate signals from several 

neighboring rod and cone PRs (converging signal transmission), thereby modulating signals 

between PRs and BCs.  

HCs are distinguished by the presence or absence of an axon and the number of distinct 

subtypes varies by species [e.g. mouse (1), primate (2), Zebrafish (≤4)]45. Cell bodies of ACs 

(whose name loosely translates to "axonless") are located in the inner half of the INL. They receive 

input from one or more BCs and relay signals via synaptic connections to a group of GCs 

(diverging signal transmission) at specific sublaminae of the IPL. ACs represent a vast group of 

large interneurons, with more than 60 distinct subtypes classified by morphological and 

physiological criteria in some vertebrate species. BCs can be separated into either rod BCs or 

cone BCs as defined by their inputs. Cone BCs are further categorized into diffuse, flat midget, 

and invaginating BCs, depending on the type of synapse formed with their respective cone PRs. 

Physiologically, BCs can be subdivided into so-called OFF bipolar cells, which project to the outer 

half of the IPL and hyperpolarize as light increases, and depolarizing ON bipolar cells which 

synapse in the inner ON-half of the IPL.  
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The GCL represents the innermost nuclear layer and is separated from the vitreous body 

by an inner limiting membrane (ILM). The GCL contains GC soma and displaced amacrine cells 

(dACs). GCs have large cell bodies and come in three morphologically distinct subtypes, α-, β- 

and γ-type GCs46. GCs are the final cell type in the retinal circuit, receiving highly integrated 

signals from BCs and ACs at the level of the IPL. GCs make exclusive use of classical action 

potentials for retinal output; all other synaptic activities within the retinal circuitry elicit only small 

potential changes. 

Retinogenesis: Formation of a laminar, highly integrated retinal network 

Formation of eye stalk and optic cup 

Early eye development begins as part of the differentiation of the rostral neural tube, the latter 

becoming morphologically evident by emergence of brain vesicles (Fig. 4A). The optic stalk 

represents a lateral outgrowth of the second brain vesicle, the diencephalon. The optic stalk 

extends until it physically contacts the surface ectoderm, which immediately induces the 

production of a lens placode in the ectoderm and is followed by lens formation. Partially driven by 

physical/mechanical forces, the neuroepithelium at its outer tip turns inwardly (inversion of 

neuroepithelium; Fig. 4B). Due to its robust mitotic activity, the neuroepithelial tissue further 

expands (a process later called "lateral growth", see below), and the future optic cup, composed 

of an outer and an inner layer, begins to appear (Fig. 4C). These two tissue sheets will form the 

RPE and the retina, respectively. As both sheets enlarge, they come into close physical contact 

with each other at their apical surfaces, facilitating a unique histo-formative interaction 

representing the onset of complex interactions between the two mature structures. Differentiation 

advances under the control of both intrinsic and extrinsic mechanisms47, with a network of eye 

field transcription factors (EFTFs: Rx, Lhx2, Pax6, Six3, and Six6) and distinct developmental 

programs guiding specification48–55. The two layers begin to follow distinct developmental 

pathways dictated by specific gene expression programs, regulated in part by MITF for RPE and 
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VSX2 (CHX10) for the neurosensory retina56,57. Morphological differences between the inner and 

outer layers soon become evident (Fig. 4D)—the RPE remains as a single cell layer-wide 

epithelium, while the retina widens to form three nuclear layers through a process termed "radial 

growth.” As retinal spheroid studies have shown, tissue formation within the retina is not only 

driven by specific genetic-molecular actions; mechano-physical effects act in concert with gene 

regulatory networks to guide decisive formative steps. 

 

Production periods of retinal cell types overlap  

The inner layer of the optic cup is comprised of distinct neural retina progenitor cells (RPCs), 

which are capable of generating all six neuronal cells as well as Müller glia of the future retina 

(the competence model of retinal cell fate determination)58. Applying different experimental 

approaches, many studies have clearly established an evolutionarily conserved temporal 

sequence in which the different retinal cell types are “born” (these and other classical studies 

contributing to our current understanding of retinogenesis are highlighted in Figure 5). Large 

retinal neurons are generally born before smaller ones—GCs ACs, HCs and PRs complete their 

final mitoses far before BCs. Retinal development occurs in overlapping waves of waxing and 

waning cell type genesis. In the mouse, GCs are produced from E10/11until E18, HCs until E14, 

ACs and cones until P3; while BCs are generated only from E14 until P10, and MCs until P1159,60. 

In chick, the earliest GCs exit the cell cycle at late E2/early E3 (stage HH12-13)61,62 and continue 

to be produced until E7 (with a small number as late as E12). The other three large cell types 

(ACs, HCs, PRs) follow in short order, and their genesis overlaps substantially with that of GCs61. 

BCs and MG are born far later in development, with no MG detected before E862. Across all 

species, early-stage retinogenesis is traditionally characterized by the birth of RGCs, HCs, cone 

PRs and HCs, while late-phase retinogenesis is characterized by the birth of BCs and MG. A 
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small number of MG and/or their precursors are likely present much earlier and may also function 

during development. Notably, rod PRs are born across both periods58.  

 

Spatio-temporal gradients of retinal differentiation 

The broad window for cell type production can be explained by the fact that distinct spatiotemporal 

gradients dictate the development of the retinal tissue. In all vertebrate retinas, cells in central 

positions near the fovea are older (e.g., are born earlier) than more peripheral ones (the central-

to-peripheral gradient). In chick, the first postmitotic GCs will be found in a central position at the 

ILM (the future vitreal border) at E3.5, and the last ones will be produced 3-4 days later at the 

outer periphery61,62. Some species variations in this progression have been noted; for example, a 

temporal to nasal and ventral to dorsal developmental progression has been documented in the 

chick63–65. Hence, retinal differentiation and growth spreads continually from a central spot to the 

eye peripheries ("lateral growth"; Fig. 4C). In parallel, retinal cell types are sequentially produced 

and find their positions in the radial (e.g., vertical and transversal) dimension of the growing retina 

(“radial growth”). The ora serrata marks the peripheral retinal position where both lateral and radial 

growth terminates. In the chick, the regulation of growth in this region is in part mediated by a 

unique type of retinal neuron termed the bullwhip cell, which can modulate RPC proliferation 

through the secretion of neuropeptides66. At the far periphery (containing future iris tissue), retinal 

stem cells capable of self-renewal reside in a single cell layer-wide neuroepithelium39,67. A few 

cells of this nature remain in the more mature (or even adult) ciliary margin and are capable of 

initiating retinal regeneration in multiple species (e.g. salamanders, frogs, fish, birds, etc.)39,67. For 

a time, such cells were also thought to reside in mammalian retinas, sparking interest in their use 

for regenerative therapies, but their existence in the human and mouse retina has since been 

refuted68.  
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The cell cycle and mechanisms of retinal lamination 

What we refer to as "radial growth" within the retina includes a variety of distinct and complex 

mechanisms for laminar network formation. A critical first question is how a particular cell finds its 

position within the radial dimension (e.g., a retinal laminar arrangement). Multipotent RPCs 

capable of forming all retinal cell types reside within the outermost aspect of the early retina 

(equivalent to mitotic/ventricular zone vs. mantle layer in brain)69. These mitotic RPCs engage in 

a degree of restricted interkinetic movement, but generally remain in this outer zone. 

Consequently, cells in G1 and S-phase are oriented near the innermost half of the retina, while 

cells in the outermost half (toward the RPE) are predominantly in G2 and M phase. There are 

ambiguities in the exact delineation of each zone, but generally speaking, each postmitotic cell 

derived from an RPC may migrate further inward (GCs, HCs, ACs) or outward (as is the case for 

rod and cone PRs). GCs and ACs migrate basally as they are born, forming a postmitotic inner 

half, while mitotic RPCs remain in the outer half of the tissue. Due to varying ONL architecture 

between species, different positioning mechanisms are required. In the chick and zebrafish, the 

ONL may be just one cell layer thick, while the mammalian ONL may contain 10 or more neatly 

stacked PR cell bodies70. To accommodate the large number of PR outer segments within one 

confluent lattice, processes from the PR cell nuclei extending toward the synaptic terminal are 

variable in length. After completing the last mitotic cycle, PRs remain in the outer half and take 

their position in the future ONL. Horizontal cells (HCs) may take an unusual route to their final 

destination. In the chick, HC progenitors become arrested in G2-phase and migrate inward to 

complete their terminal mitotic cycle, but only migrate back outward to their final position at the 

future INL/OPL border after their final division71. 

Thus, radial growth is the generation of sequential cell clones derived from RPCs which, 

in their simplest form, remain arranged in radial cell columns. This process was first demonstrated 

by viral labeling of chick retina72, and also in rosetted spheroids in vitro73,74 (see Fig. 6 and below). 
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Lateral intermingling of cells appears to be much restricted in avians, but is more prominent in 

some mammals75. Transverse processes of neuroepithelium, MG precursors, and mature MG 

(see below) are hypothesized to serve as the stabilizing structure that keeps cell clones within 

columns. 

 

Formation of plexiform layers and stratification 

Individual cells thus find their relative position within stacked cell columns as a result of their 

sequential birthdates. A logical next question is how various retinal cell types become 

interconnected with one another to establish a retinal neuronal network. Although the onset of 

inner retinal neuron (GCs, ACs) and of outer retina neuron (HCs, PRs) genesis widely overlaps, 

formation of the IPL significantly precedes that of the OPL; for example, IPL genesis occurs 

approximately 2 days prior to OPL genesis in the chick76. 

 

Differentiation of photoreceptors and formation of OPL 

Photoreceptors undergo a lengthy process to achieve their final morphology and functionality, the 

entirety of which is beyond the scope of this review (see Swaroop, et al. 2010 for further detail)77. 

In brief, all PRs arise from photoreceptor precursors (PRP) which have the potential to become 

short wavelength (S) cones (considered the “default” PR program), medium-long wavelength 

cones (ML) cones, and rod PRs. A series of six transcription factors (OTX2, CRX, NRL, NR2E3, 

RORΒ, and THRΒ2) regulate one another via a stepwise process of lineage restriction that guides 

RPCs from commitment throughout differentiation of mature rod and cone PRs (the transcriptional 

dominance model of PR fate determination)77. 

The OPL harbors glutamatergic synapses between PRs, BCs and HCs. Its formation is 

temporally delayed relative to the IPL. In the chick, segregation between the ONL and INL is 

detectable from E9 onwards78,79. Similar to ACs, differentiation of HCs displays an initial radial 
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outgrowth of processes that becomes laterally oriented80. This transition appears to be dependent 

upon the presence of rods, but not cones81,82. With their wide lateral plane of dendritic processes, 

HCs cover a huge circular field of rod and cone synaptic terminals. During development, the 

number of terminals is distributed relatively evenly over the entire field, but terminals become 

more concentrated near the HC cell body towards maturity. In the absence of cones, a transition 

of terminal branching does not occur82.  

 

IPL network formation 

The IPL is a cell-free zone filled with complex synaptic interactions. A multitude of laterally 

arranged parallel sublaminae can be histologically documented in which synaptic connections 

between specific subpopulations of GCs, ACs, dACs and BCs are formed at discrete locations in 

the IPL (see Fig. 3). Major synaptic sublaminae are conventionally denoted by small letters (a-d) 

or numbers (1-5), although the definitive number of sublaminae is still debated41. The outermost 

and innermost sublaminae are most prominent, are likely the first to be established44. A given 

sublamina represents synaptic connections between specific cell subpopulations and contains 

synapses using the same neurotransmitter (glutamate, GABA, ACh, glycine, etc.). Individual 

sublamina may also facilitate distinct physiological functions, as observed in distinct OFF and ON 

channels. 

 

How and when are these sublaminae established? Which cells are first to project their processes 

into a future IPL (e.g., RGCs, ACs, or BCs)? Some neurotransmitters are expressed long before 

synapses occur83 and appear to play important roles for IPL stratification. The only cholinergic 

cell type in retina is the starburst amacrine cell (SAC), which is amongst the first cell types born 

in the inner retina and is therefore of particular developmental interest. Since RGCs are the very 

first retinal cells to be born, one might suppose that they would also be the first to extend dendrites 
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into the IPL, thereby initiating and dictating IPL stratification. Indeed, interference with RGC 

differentiation affects their branching pattern within the IPL. For instance, dendritic stratification 

patterns of α- and ß-RGCs in cat and ferret were disturbed after injection of 2-amino-4-

phosphonobutyrate (ABP, an agonist of mGluR6 receptors)84–86. Blocking glutamatergic or 

cholinergic transmission in chick and turtles, respectively, also decreased the branching sizes of 

RGCs87,88. Surprisingly, however, the branching pattern of ACs was largely undisturbed after optic 

nerve crush in rodents (destroying all RGCs), or similarly, in mice and zebrafish mutants lacking 

RGCs89–91. Clearly, establishment of specific sublaminae and arborization of ACs do not depend 

on RGCs92, and while neurotransmitter systems are important drivers of IPL stratification, RGCs 

do not play an essential role in its development. 

 

III. Formation of outer retina in vitro 

Retinal spheroid research has proven instrumental to revealing the interdependence of 

differentiation between outer and inner retinal laminae. These interactions include those between 

PRs and HCs or BCs, ACs with GCs, and MG that span the outer and inner retina (Fig. 7). The 

emergence of inner and outer retinal structures in retinal spheroids has revealed remarkable 

differences across several vertebrate models. Three questions are particularly instructive: 1) How 

is histological structure achieved in retinal spheroids? 2) How do cells find their final relative 

position within spheroids (radial laminar polarity)? 3) To what degree do outer retinal structures 

mature in vitro? 

In this section, we briefly address what may be learned from retinal spheroids regarding 

these questions. Since most of these processes are highly dependent on specific culture 

conditions, the following section deals with "plasticity" (e.g., with indeterminate aspects of retinal 

spheroid formation). 
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The outer retina consists of PRs, an OPL and horizontal cells (HCs). In the chick, stratified 

and rosetted retinal spheroids can both yield these components (Fig. 7a), depending on culture 

conditions. Although HCs are seldom detected, both types of PRs (rods and cones) and an OPL 

are consistently formed. Both rod and cone PRs reside within a well-delineated ONL in stratified 

spheroids (Fig. 7b) and appear within organized cellular rosettes in rosetted spheroids (Fig. 7a, 

right; 7c, 7e). PR precursors are often more loosely distributed throughout the spheroid space 

(Fig. 7c), in areas called "non-organized zones" (noz); (Fig. 7e). 

How is histological structure achieved in retinal spheroids?  

Immediately after primary reaggregation of chick retinal cells, cells replenish their surface markers 

and a subset of RPCs begin to proliferate. RPCs form primary rosettes via sorting-out (scheme in 

Fig. 6A), though this effect is generally much less pronounced with rodent retinal cells than in the 

chick. These rosettes increase consistently in size and diameter via cell division to form a one 

cell-wide layer. From an early stage, these rosettes appear to provide an "anchor structure" upon 

which newly produced daughter cells emanate radially outwards (Fig. 6B).  

How do cells find their final relative position within spheroids? 

Newly born cells produced from rosettes remain arranged within stable radial cell columns, as 

demonstrated in chimeric spheroids produced from mixtures of dissociated chick and quail retinal 

cells (Fig. 6B, C). Nomarski optics in chick/quail chimeric rosetted spheroids and stratospheroids 

established the clonal cell production of cell columns74,93. Spherical building modules are 

consequently formed rather rapidly by an assembly of cell columns, each containing cells of a 

future ONL and INL (Fig. 7). A narrow cell-free space within building modules indicates the 

presumptive OPL prior to its emergence. After 2-3 days in vitro, each single rosetted spheroid 

contains several spherical building modules (Fig. 7c, 7e, 7f). 
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In chicken spheroids derived from E5/6 retina, many rod and cone PRs reside within one-

cell-wide rosettes (Fig. 7c, 7e), while varying numbers of wayward PRs (predominantly rod 

precursors) are found within non-organized zones (Fig. 7e). Morphologic observations suggest 

that all PRs in rosettes are derived from mitotic cells within early rosettes (Fig. 6). However, it 

appears unlikely that all PRs in noz are derived from mitoses in rosettes; immunolabeling of noz 

revealed that the very first cones were actually detected outside of rosettes94,95. In fact, a large 

fraction of disorganized cells in two day-old spheroids (Fig. 7e) already expressed XAP-1 or 

visinin, both early markers of PR precursors96. In primary rosettes consisting of approximately 10 

cells, roughly half expressed visinin. Notably, whenever rosetted spheroids of the chick had fully 

matured into laminar stratospheroids, all PRs became well integrated into a proper ONL (Fig. 6B). 

To what degree do outer retinal structures mature in vitro? 

There is evidence to suggest that both rod and cone photoreceptors develop to varying 

degrees in retinal spheroids, depending on species, embryonic age, and tissue organization. In 

chicken rosetted spheroids, putative outer segments with PR disc formation were detected by 

electron microscopy97, but complete maturation of PRs including well-developed outer segments 

was never achieved in any of the reported models (chick, rat, gerbil, fish). These cells thus 

represent immature PRs at various stages of development and are best defined as PR precursors 

rather than PRs. In fully laminar stratospheroids outer segments were largely absent (though 

stumps reminiscent of their structure remained), likely lost as result of shearing due to constant 

rotation.   
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IV. Plasticity of retinal tissue formation in spheroids 

The availability of different types of retinal spheroids provides a unique platform to analyze the 

basics of retinal tissue formation in vitro. In particular, the fact that four distinct morphologies can 

be produced from chicken embryonic retinae (e.g., non-organized zones, PR rosettes, IPL-like 

areas in rosetted spheroids, and laminar tissue in stratospheroids), shows that retinal tissue 

formation in vitro is regulated by non-autonomous environmental constraints. These structures 

have proved most instrumental when testing a wide spectrum of culture conditions affecting retinal 

histogenesis. Based on analyses of all four tissue types, we will briefly discuss the dependence 

of these formations on the species of original cells, embryonic age, relative origin of cells (central, 

peripheral, or ciliary margin), and the molecular and cellular tissue environment (e.g., growth 

factors, RPE cells or supernatants). 

 

Age and location of original cells dictate spheroid morphology 

The age and the retinal location of cells from which spheroids are generated is a decisive factor 

in the type of spheroid that will be preferentially formed in vitro. The percentage of proliferating 

cells contained in the original cellular dispersion decreases with age. More peripheral regions also 

appear to contain a higher percentage of proliferative cells. Since each retinal area holds cells of 

different developmental stages due to a central-to-peripheral gradient of retinal differentiation 

(Fig. 4C), a retinal cell population derived from a central retinal area at a younger stage (e.g., E5) 

will lead to spheroids that resemble spheroids from more peripheral parts from older tissue (e.g., 

E6). For instance, spheroids from chicken E5 retinae display a higher proportion of PR rosettes, 

while cells from E6 retinae present larger proportions of IPL areas. By 6 days in vitro, these IPL 

areas become assembled below the spheroid surface, where eventually protrude as distinct tissue 

bulges from the surface96. Thus, the ratio of cells from the outer to inner retina in chicken 

spheroids is dependent upon the age and/or location of the original cell population. 



22 

 

 

Photoreceptor plasticity in retinal spheroids 

In spheroids from embryonic rat retina, rods differentiate along a similar developmental timeline 

as observed in vivo. When retinal cells from rat embryos were grown in mixed-age culture with an 

abundance of neonatal retinal cells, the relative ratio of rods increased among embryonic 

neuroepithelial cells. Neonatal cells were less proliferative and attained rod features at a much 

earlier time point, indicating some degree of plasticity for rod development98. As in normal rat 

retinas, two distinct phases of rod production were also detected in in vitro spheroids. The early 

phase appeared to be unaffected by in vitro exposure of spheroids to a postnatal retinal cell 

environment, indicative of intrinsic (cell-autonomous) determination of early rods33. When RPCs 

from embryonic rat retina were labeled and cultured as spheroids in mixed-age cultures with an 

excess of postnatal retinal cells, the postnatal cells appeared to inhibit AC production and affect 

cone production. ACs also inhibited production of additional ACs by feedback inhibition32. In a 

reverse experiment with RPCs from postnatal rat retina cultured with excess of embryonic retinal 

cells, a change in cell fates was documented with fewer rods produced34. More BCs were also 

detected, possibly due to LIFR-ß signaling by embryonic cells. 

For avian spheroids, a comparative immunohistochemical study on the development of 

ML cones and of rods revealed notable differences between noz, rosetted spheroids, and 

stratospheroids95 (Fig. 7a-c). In both rosetted and stratified spheres, the total ratio of ML-cones 

was similar to that observed in vivo, suggesting that cones genesis was autonomous in all tissue 

conditions. In contrast, a distinct rod differentiation appeared to be dependent on the presence of 

cones and the degree of tissue organization. In stratified spheres, rods appeared approximately 

one day after cones and were consistently located within clusters of existing cones. The ratio of 

rods to cones increased as tissue organization decreased; that is, in stratified spheres the rod-to-

cone ratio was 0.5 (1 rod/2 cones); in rosetted spheroids it was 0.74 (3 rods/4 cones), and in noz 

it was 1.09 (1 rod/1 cone). It therefore seems that cones may foster rod development and appear 
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to dictate the number of rods produced in a given tissue environment, suggesting multiple 

potential pathways for rod cell lineages. Paradoxically, in many retinal dystrophies rods 

degenerate before cones, and it is now well-established that cone maintenance depends on the 

secretion of trophic factors by rods99,100. Thus, while rod development in vivo depends on 

preexistence of cones, long-term survival of cones relies on functional rods. The fixed rod-to-cone 

relations observed in spheroids with varying degrees of organization appear to hint at mutual 

regulatory effects between rods and cones.  

Environmental organization of tissues: How does a rosetted structure become a laminar retinal 

tissue? 

The retina develops continuously within a growing eyecup. As the eyecup increases in volume, 

the retina expands in the planar dimension (i.e., as a sheet). In a reaggregate system arising from 

singularized cells, a tissue can only develop in 3D (i.e., as a spheroid), since reaggregation of 

cells in suspension leads to clustering of cells. As outlined above, such retinal reaggregates can 

still achieve a high degree of tissue differentiation, including histotypic modules akin to the normal 

retina, though the polarity of layered structures is often inverted (as in PR rosettes). A fundamental 

question thus arises as to whether and how such spheroids might be transformed into planar 

retinal tissues. 

Which conditions were most effective to induce stratified spheroids from chick retina? The RPE 

is closely opposed to the retina in situ, and both tissues mutually influence one another during 

development and upon maturation. In 1984, a landmark study demonstrated the reconstruction 

of a fully laminar spheroid when dispersed retinal cells were co-cultured with RPE cells from the 

chick embryo19. In subsequent experiments, individual cultures of central and peripheral retina, 

central and peripheral RPE, and all potential combinations of these four tissues were analysed to 

determine which types of retinal spheroids were produced101. The highest proportion of stratified 
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spheroids (up to 90%) was detected from ciliary marginal tissue, containing both RPE plus 

adhering neuroepithelial stem cells (cf. Fig 0/1d). In this case, transdifferentiation from RPE into 

retinal cells appeared to contribute to spheroid formation. Furthermore, co-culture with MG or 

supplementation with supernatants from RPE or from isolated Müller glia were highly effective in 

successful spheroid production102.  

The histological transformations from a rosetted into a stratospheroid could were analyzed 

in detail in chicken rosetted spheroids due to the early occurrence of PR rosettes, columnar cell 

organization, and IPL formation. These transformations included polarity inversions of large 

sections of laminar structure, initiated either by fusion of PR rosettes, or by fusion of IPL areas. 

When PR rosettes dominate the spheroid, the rosettes will enlarge and eventually combine with 

one another, resulting in concomitant fusion of corresponding INL/IPL sections. Eventually, 

voluminous PR rosettes will fuse with the surface of the sphere, and thereby induce a complete 

reversal of all cell layers. Under conditions where PR rosettes remain small, larger organized 

INL/IPL subunits act as building blocks which fuse with one another to form large laminar 

stretches. In these cases, fusion is initiated by long MG processes extending from one IPL area 

to an adjacent one, thus mediating contacts between individual building blocks. Dramatic fusion 

of IPL areas could be achieved through treatment with FGF296. 

V. Reaggregates and retinal organoids 

Spheroids are the product of a short primary period of sorting-out among dispersed cells, and a 

longer period of development including cell proliferation and differentiation. The emergent tissue 

properties depend on ever-changing physicochemical conditions further mediated by complex 

genetic and molecular cascades, which begs the question of whether findings gained from 

spheroids reliably explain in vivo development. Spheroids are in many aspects highly artificial 

models, and results must be interpreted with due caution. The use of extreme, non-physiologic 
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culture conditions (environment, chemical supplies, stress, etc.)—whether intentional or 

unintentional—may lead to results which bear no significance for any in vivo situation. Though 

spheroids are an artificial system, valuable information can also be garnered from them, and many 

classical studies of retinogenesis have used spheroids to uncover central themes of retinal 

differentiation19,32–34. It is thus clear that a variety of external forces and cell-autonomous factors 

direct primary steps of spheroid tissue formation in an artificial in vitro space. Comparing and 

contrasting observations between spheroids and retinal organoids provides an additional layer of 

rigor in distinguishing relevant histogenic mechanisms from oddities of 3D culture systems. 

Are PSC-derived organoids reaggregates? 

Retinal organoids as they are presently produced from mouse and human PSCs103–106 share some 

similarities to the above-described retinal spheroids but are also fundamentally distinct, largely 

due to differences in the developmental stage of the original cell source and the specific 

experimental procedures required for development to occur. PSCs are cells that have—by 

definition—two capacities: 1) the ability to proliferate in vitro indefinitely, and 2) the ability to 

differentiate into all bodily cell types. PSC retinal organoid cultures thus begin with cells 

corresponding to the very earliest developmental stages. They are subsequently guided in a 

stepwise manner through distinct developmental stages107,108 (e.g., neural tube, optic stalk, 

retina/RPE, etc.) to form 3D retinal structures. Almost immediately, PSCs establish appropriate 

cell-to-cell interactions within maturing cell formations (e.g., embryoid bodies, neurospheres, 

etc.). As they proliferate and begin to differentiate, PSCs can and do form a developmentally 

appropriate molecular-cellular environment106, following relatively normal developmental 

pathways. While PSC-derived retinal organoids are grown in similar suspended culture 

conditions, they are not "reaggregates" in the above-described sense. Cells of a PSC-derived 

aggregate are rarely exposed to the harsh conditions used to make spheroid cultures. Given these 
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distinct differences in origin, it is often remarkable how similar spheroids and organoids can 

appear. 

Human retinal organoid technology 

Since the isolation of hESCs2 and subsequent generation of hiPSCs1,3, many protocols for 

differentiation of 3D retinal organoids (ROs) from hPSCs have been described109. The earliest 

and most recent variations on RO differentiation are alike in that both follow cues from classical 

retinal development studies in spheroids and other model systems (Fig. 3). PSC-derived retinal 

culture initially began with 2D approaches; exogenous expression of Wnt and BMP antagonists 

were used to direct ESCs toward an anterior neural cell fate for production for RPCs110,111. 

However, these first studies required co-culture with mature retina or transplantation into the 

subretinal space to reach a PR fate, suggesting that critical cell-to-cell interactions or signaling 

factors were missing. Subsequent methods were successful in generating PR precursors112 from 

PSCs in the absence of retinal tissue, albeit with relatively low efficiency. Approaches which 

approximated the timeline of normal human retinogenesis in a stepwise manner were the first to 

successfully generate spherical cultures now known as retinal organoids containing early retinal 

cell types from two-dimensional neural rosettes103,104,108.  

The general approach to nearly all current protocols involves aggregating PSCs in 

suspension culture to form spherical embryoid bodies (EBs) with subsequent neuralization of 

EBs109,113 toward an anterior neuroectodermal fate through inhibition of Wnt and BMP signaling 

pathways109. The introduction of BMP4 during neuralization drastically increases the yield of 

RPCs in such cultures106,109,114. Over time, phase-bright laminar optic vesicle-like structures arise 

and are isolated from non-retinal tissues for long-term 3D culture103,105,106,115.  RO differentiation 

occurs across three distinct stages that mirror epochs of human fetal retinal development and 

follow developmentally conserved spatiotemporal retinogenesis106,116. Stage 1 is characterized by 

dominance of RPCs and genesis of early-born RGCs and ACs, with a classic phase-bright 
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neuroepithelial rim. Stage 2 is characterized  by a peak in PRP production with rising numbers of 

BCs and other interneurons; a lobed appearance with or without tufts of RPE is relatively common. 

The final stage (Stage 3) extends indefinitely and is characterized by relative maturation of PRs 

and MG genesis106 with a re-emergence of bright outer lamination and the appearance of hair-

like outer segment projections. 

Numerous studies in recent years have documented the authenticity of PSC-derived ROs. 

We now know that PSC-derived ROs pass through classic stages of retinogenesis106, mature to 

form all classes of retinal neurons, form characteristic laminae115, are capable of responding to 

light105, and form functional synapses within organoids117. Moreover, PRs from ROs form 

characteristic histological and ultrastructural features of PRs, including synaptic ribbons106,117,118 

and stacked discs within outer segments106,117,119. These findings have led to their rapid 

deployment toward neuroretinal cell replacement, though there are limitations of this approach 

that remain to be addressed. A discussion of the similarities and differences between spheroids 

and retinal organoids provides a useful framework for exploring strengths and weaknesses of 

current organoid technologies. 

 

Similarities and differences between retinal spheroids and retinal organoids 

Striking similarities exist between spheroids and retinal organoids, particuarly in the context of the 

outer retinal laminae and development of PRs. Both provide an excellent system for modeling 

PR-specific development, as production of many rod and cone PRP is a hallmark of spheroid and 

organoid approaches. Early 2D protocols and 3D protocols for RO generation that predate the 

introduction of BMP4 often resulted in rosetted organoids that were highly remniscent of the 

organization of rosetted spheroids103,108,115. Newer methods are characterized by an advanced 

degree of outer lamination over months in culture that bear a stronger resemblance to laminar 

spheroids, although inner regions of wayward displaced cones (akin to the noz in spheroids) are 
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also present. The nature and origin of such cells is of interest to many within the field, and a 

revisiting of mechanisms leading to the production of the noz in spheroids my provide further 

insight to the mysteries of displaces cones in RO cultures. Moreover, the appearance (and 

potential disappearance) of outer segment-like structures between both systems is quite similar. 

Though the appearance of hair-like projections at the outermost surface of ROs is common by 

stage 3, such structures may be sheared off as a result of being grown in suspension as has been 

observed in stratified spheroids. Immunohistochemical analyses of such structures in ROs are 

inconsistently successful, and strategies for preserving their structure is a priority of ongoing 

research. 

Maturation of spheroid-derived PRs is particularly useful in understanding and accurately 

defining PSC-derived retinal neurons. While a surprisingly high degree of anatomic and functional 

similarity exists between PSC-derived neurons and mature human retinal neurons, PSC-derived 

neurons generally do not reach “maturity“ in the classical sense, as they are at most months old 

(rather than years). While PSC-derived RO cultures appear to recapitulate development in a less 

artificial manner relative to spheroids, caution regarding interpretation of developmental studies 

is still warranted. As RO technologies continue to evolve, is has become apparent that even 

seemingly small alterations to the physicochemical conditions of 3D cultures can profoundly affect 

the maturity, structure, and function of ROs106,120. 

In ROs, the GCL and “displaced” starburst amacrine cells are the first to arise from RPCs 

(RGCs are largely absent from retinal spheroids). Longer-term organoid cultures eventually lose 

RGCs, hypothesized to occur in response to poor oxygen and nutrient exchange in the centre of 

the RO over time (>100 days) rather than the immediate loss occurring in spheroids. Both 

approaches do suggest that high degrees of lamination in outer retinal structures may still be 

achieved in the absence of substantial RGC involvement. Formation of the OPL is prevalent in 

more mature spheroids and organoids106, and while spheroids often develop some degree of IPL 
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structure, this layer is largely absent in most organoid cultures over time. At least one example of 

a fully laminated (i.e., three-layered) organoid with IPL formation has been reported, though it 

appears to be a phenomenon of cell line rather than protocol development.117 Various labs have 

sought to address these issues by revisiting shaking cultures or employing higher-technology 

bioreactors109, though the implications of such approaches for long-term reproducibility remain to 

be seen. 

Developmental lessons from retinal spheroids 

Many of the most critical developmental lessons to be learned from spheroids relate to 

applications in cell transplantation using PSC-derived retinal tissues. The formation of rosetted 

morphologies following PSC organoid sheet transplantation is an ongoing source of investigation. 

The development of rosettes in PSC-derived grafts seems to most closely mirror the histological 

transformations documented between rosetted and stratified spheroids. Indeed, sheets of tissue 

from PSC-derived retinas—whose PRP reside along the outermost rim—almost invariably 

produce “inverted” rosettes in the subretinal environment and display minimal interaction with host 

retinal tissue. These rosettes bear a striking resemblance to columnar formations arising from 

RPCs in rosetted spheroids and thus appear to be a result of residual RPCs within grafted PSC 

retinal tissues; whether this mechanism can effectively be harnessed to further guide graft 

organization remains to be seen. 

Furthermore, spheroids have demonstrated the potential to capitalize on co-culture of 

retinal laminae with RPE and/or MG to further guide morphogenesis. While there is substantial 

interest in the application of RO technologies for co-delivery of retinal neurons and RPE121, such 

methods are still in their infancy. While some organoids eventually develop their own “tufts” of 

attached RPE, this process is not yet easily regulated in cultures. Further efforts to facilitate 

apposition between PSC-derived ROs and RPE will likely benefit from the mechanisms outline in 
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classical spheroid studies of laminar and rosetted structures, which demonstrated remarkable 

responses to modulation by adjacent RPE and/or MG.  

Finally, classical spheroid studies have highlighted a multitude of physicochemical, 

environmental, and cell-autonomous factors that can contribute to the in vitro development of 

highly organized retinal tissue. Retinal organoids have provided an avenue for expanding upon 

these studies, opening the door to studies of disease modelling, cell therapy, and human retinal 

development that were previously unavailable. As the field advances further into these arenas, 

spheroid studies serve as an excellent example of how to maximize translation of in vitro systems 

to better understand and guide the development of organized retinal structures.  
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Figures 

 
Figure 1. The sponge sorting experiments of Henry Van Peters Wilson. Following singularization of 
sponges, Wilson observed remarkable sorting effects when mixing sponges of distinctly colored species. 
Sponges formed single-color reaggregates (a, a’) or self-organized within a single reaggregate (b) but did 
not remain intermixed (c). Photograph of Henry Van Peters Wilson (credit: Johns Hopkins Sheridan 
Libraries; https://jscholarship.library.jhu.edu/handle/1774.2/52096). 
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Figure 2. Generation of spheroids from the dissociated chick retina. (a) Chick retinas are isolated 
and singularized for reaggregation in shaking cultures. Spheroids were initially rosetted in morphology 
(b), but generation of stratified spheroids (c) was a critical milestone, as it demonstrated proof-of-concept 
for reformation of organized retinal tissues from stem/progenitor cells. 
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Figure 3. Anatomy and functional circuitry of the retina. Seven major cell types delineate the mature 
vertebrate retina: rod and cone photoreceptors (PRs), horizontal cells (HCs), bipolar cells (BCs), 
amacrine cells (ACs), and retinal ganglion cells (RGCs). A host of morphologic and physiologic features 
define subtypes for each major type of retinal cell. Müller glia (MG) span the entirety of the retina, forming 
the inner and outer limiting membrane (ILM and OLM). The retinal pigment epithelium (RPE) lies in close 
interdigitation with rod and cone PRs. Three layers of cell bodies—the outer nuclear layer (ONL), inner 
nuclear layer (INL), and ganglion cell layer (GCL)—are sequentially connected by the outer plexiform 
layer (OPL) and inner plexiform layer (IPL). The IPL contains several sublaminae with synapses of ON 
and OFF retinal circuits. 
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Figure 4. Vertebrate optic cup morphogenesis. (A) The optic stalk initially forms as an outpouching of 
the diencephalon, extending until it reaches the overlying surface ectoderm. (B) Induction at the site of 
contact between the optic stalk and surface ectoderm results in the formation of a lens placode and optic 
cup. As the optic cup invaginates, the basal aspect (highlighted in red) faces outward. (C) Inner and outer 
layers of the presumptive optic cup, which eventually form the presumptive neural retinal and RPE, 
respectively (D). As the presumptive neural retina and RPE develop, the apical aspect of both layers face 
one another, with the basal aspect of presumptive RPE facing outward and the basal aspect of 
presumptive neural retina facing inward (highlighted in red).  
  



35 

 

 

F
ig

u
re

 5
. 

H
is

to
ri

c
 s

tu
d
ie

s
 o

f 
re

ti
n

a
l 
d
e
v
e

lo
p

m
e

n
t 
fo

u
n
d

a
ti
o

n
a

l 
to

 m
o

d
e
rn

 s
p
h

e
ro

id
 a

n
d
 o

rg
a
n

o
id

 s
tu

d
ie

s
 o

f 
re

ti
n
o
g
e

n
e
s
is

. 
 



36 

 

 

 
Figure 6. (A) Scheme of PR rosette and cell column formation in stratified spheroids. (B) A rosette with 
confluent cell columns in a chick/quail spheroid. (C) Sectors of stained quail cells in a chimeric 
stratospheroid, derived from a mixture of dispersed chick and quail cells. 
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Figure 7. Retinal spheroids from EE5/6 chick embryo. (a) Stratified spheroids (left) and rosetted 
spheroids (right) contain distinct regions corresponding to various layers of the chick retina (middle). (b, 
b’, d) Further examples of stratified spheroids. (c, c’, e, f) Further examples of rosetted spheroids.  Rising 
structures are encircled: PR rosettes (yellow circles, c, e, f), IPL (red circle, e). (d) Columnar organization 
by MG precursor processes. 
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Introduction 

The retina is a complex tissue whose anatomy and circuitry (Fig. 1A) is predicated on the function 

of rod and cone photoreceptors (PRs), specialized neurons (Fig. 1B) that have evolved over 

millions of years to optimally harness light for navigating diverse environments1,2. In healthy 

retinas, PRs are the initiators of visual activity; they are defined by their ability to capture light 

entering the eye and generate an electrical signal through a cascade of biochemical activity 

known as phototransduction2. Sparking this signal is not solely enough to confer vision—PRs 

must also successfully relay light sensory information via synapses with interneurons to begin a 

stepwise process of conveying visual stimuli to the brain along retinal ganglion cell (RGC) axons. 

The biochemical processes within PRs require extensive metabolic activity, largely mediated by 

their interactions with the retinal pigment epithelium (RPE)3. Together with Müller glia (MG), the 

RPE plays a crucial role in supporting PRs to maintain outer retinal structure, function, and 

homeostasis3–5. 

Like all retinal cells, both PRs and RPE arise from a common retinal progenitor cell (RPC) 

(Fig. 2); intrinsic6 and extrinsic factors work in concert to guide cells through distinct 

developmental stages7,8 to reach functional maturity. In outer retinal degenerative diseases 

(RDDs) the interdependent nature of PRs and RPE becomes a weakness; primary dysfunction in 

either population often causes secondary damage in the other9-12. Regardless of the inciting 

cause, PR damage instigates a predictable cascade of degenerative changes within the retina12, 

progressing from widespread PR malfunction to cell death, retinal remodeling, and—in the 

absence of successful intervention—inner retinal neurodegeneration13. Like most neurons, 

human PRs are non-regenerative, and these processes ultimately lead to irreversible vision loss. 

Retinitis pigmentosa (RP) and age-related macular degeneration (AMD) are the most common 

inherited and acquired RDDs, respectively, and collectively affect millions of individuals 

worldwide. Blinding outer RDDs affect an increasing proportion of the global population,14-16 and 
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beyond being a source of visual morbidity, can cause severe emotional distress in some 

individuals.17,18 The estimated global economic impact of potential productivity lost due to 

moderate and severe visual impairment is a staggering $411 billion USD annually17. In response, 

the National Eye Institute launched the Audacious Goals Initiative (AGI) in 2015 to accelerate 

development and deployment of ocular stem cell-based therapies for incurable RDDs20,21. 

Specifically, the AGI aims to restore “usable vision in humans through the regeneration of neurons 

and neural connections” through endogenous or exogenous replacement20.  

Gene therapies developed for individuals across the RDD spectrum have made 

remarkable progress in recent years22; however, with more than 200 distinct causative genes16, 

curative interventions remain out of reach for most patients. Cell therapies—the delivery of live 

cells to treat or cure disease—have emerged as a promising alternative (or adjunct23) to gene 

therapy, offering a broad-spectrum and gene-independent strategy for restoring vision. There are 

currently no U.S. Food and Drug Administration (FDA)-approved cell therapy applications for 

retinal disease, although several approaches have reached early phases of translational research 

(Box 1). Cell therapies come in many varieties, but are fundamentally characterized in the context 

of their source (patient-derived or donor-derived), their capacity to become other types of cells22, 

and their purity (Table 1). Of the many varieties proposed for use in RDDs, several autologous 

(patient-derived) and allogeneic (donor-derived) cell therapies have reached clinical trials23,24. 

Human pluripotent stem cells (hPSCs) have proven to be an indispensable source of cells for 

such therapies as they can, by definition, self-replicate almost indefinitely and form virtually any 

type of cell. hPSC-based therapies advancing most rapidly toward clinical translation are aimed 

at supporting surviving host PRs, either through neuroprotective approaches (e.g., delivery of 

trophic factor-secreting stem/progenitor cells) or replacement of defective underlying RPE23,24. 

Exogenous replacement of photoreceptors has progressed comparatively slowly, as it relies upon 
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survival of a sufficient number of properly polarized, light-sensitive cells and establishment of 

functional synaptic connections with host interneurons. 

Exogenous PR replacement currently appears best poised to reach the National Eye 

Institute's (NEI's) audacious goal first, although several key hurdles remain as the field advances 

into clinical trials. With the initiation of a first-in-human safety study of hiPSC-derived neuroretinal 

sheets in advanced RP (RIKEN, JRCT ID jRCTa050200027)27, a critical appraisal of where the 

field currently stands with respect to PR replacement is warranted. This review summarizes 

relevant historic literature and highlights recent developments in exogenous hPSC-derived PR 

replacement therapies, identifying remaining challenges and emerging strategies. Therapies 

aimed at rescue of remaining PRs have recently been reviewed extensively elsewhere and, for 

the purposes of this review, are largely discussed in the context of principles relevant to PR 

replacement. Readers interested in PR rescue are directed to several excellent reviews of RPE 

replacement27,28 and other approaches including stem/progenitor trophic cell therapies29. In 

addition, recent reviews of biomaterial transfer30, outer retinal scaffolds31,32, immune responses in 

subretinal cell therapies33, PR replacement in rodents34, and clinical trials of cell transplantation 

in RDDs25,26 may also aid the reader in gaining a comprehensive understanding of the field.  

The Rise of Photoreceptor Replacement Therapy 

1950s to 1990s: Early Studies in Primary Cell Transplantation 

The number of published studies aimed at retinal cell replacement has increased in recent years, 

but the field itself is far from new. Retinal regeneration stands on the shoulders of giants in many 

regards, building upon more than a century of research in regenerative medicine and retinal 

development (Fig. 3). While intraocular delivery of retinal tissue began in the late 1950s35,36, proof-

of-principle for neuroretinal cell replacement (i.e., retina-into-retina transplantation) was 

established by a series of landmark studies by del Cerro, Turner, and Blair in the late 1980s37–41. 
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Turner and Blair were the first to transplant primary retinal tissue from neonatal rats into the 

subretinal space (SRS) of adult rats with outer retinal lesions37, reporting survival and 

differentiation of neonatal grafts at 4 weeks post-transplant. These experiments documented 

some of the earliest evidence of “integration” between donor cells and host retinal tissue, a 

phenomenon that would eventually grow to become a source of significant debate in retinal 

regenerative therapies (Box 2). 

Retinal developmental biology saw unprecedented progress throughout the 1980s and 

1990s; the introduction of cell birth dating and advanced molecular biology techniques uncovered 

uncovered mechanisms of cell specification, organization, and neuronal maturation within the 

retina6–8,42. As the developmental trajectory of PRs was defined (see Fig. 2), investigators 

continued to experiment with primary cell isolation to determine the optimal donor stage for cell 

replacement 43–45. Those studies led to the observation that donor cell suitability for transplantation 

decreased with age. That is, in both allografts (i.e., same-species transplants) and xenografts 

(i.e., cross-species transplants), embryonic and early postnatal retinal grafts incorporated into 

lesioned retinas far more readily than their older counterparts45,46. Given these findings, 

dissociated suspensions of multipotent neural47–52 or retinal progenitor cells53–56—were initially 

preferred by many. However, limited survival due to reflux and cell death (often less than 0.01% 

of the starting dose53,57) in addition to unpredictable differentiation led to low rates of PR 

engraftment, making translation to human therapies difficult51. 

1990s to Early 2000s: Improving on Dissociated RPC Delivery 

Two main approaches emerged to address the issue of poor engraftment. Studies building on the 

findings of del Cerro, Turner, and Blair suggested that human fetal RPC (fRPC) microaggregates 

(i.e., clusters of cells) and retinal sheets offered improved survival relative to dissociated cell 

transplants58, likely due to enhanced structural support and maintenance of cell-cell contacts 



57 

 

 

(reviewed by Seiler and Aramant, 2012). Anoikis, the anchorage-dependent death of cells 

following loss of extracellular matrix (ECM) contacts, was thought to play a role in the poor survival 

of subretinally transplanted dissociated cells59. Tissue-engineered scaffolds were introduced as a 

customizable approach for mimicking the native structure of retinal tissue to improve survival in 

RPC transplants57,60–66. A variety of naturally-occurring gelatinous matrices, hydrogels, and 

decellularized tissues were initially used; however, graft organization was limited and concerns 

regarding batch-to-batch variability restricted future clinical use31,67–69. Among others, the Young 

laboratory developed criteria for an ideal neuroretinal scaffold: biodegradable and/or 

biocompatible, optically clear, porous, flexible yet strong, and thin enough for relatively easy 

subretinal delivery (<50µm)57,60–66. Synthetic biomaterials optimally met these criteria, and a 

variety of polymers including poly(e-caprolactone) (PCL), poly(L-lactic acid) (PLLA), poly(lactic-

co-glycolic acid) (PLGA), poly(methyl methacrylate) (PMMA), polydimethylsiloxane (PDMS), and 

poly(glycerol sebacate) (PGS) were found to be well-tolerated in the SRS and supportive of 

improved RPC delivery in pigs and rodents 60,62–65,70,71. However, RPCs were not limited to 

producing PRs (see Fig. 2), and despite enhanced survival the efficiency of PR engraftment 

following RPC scaffold delivery remained relatively low57,64. 

The second approach—enrichment of committed PR precursors (PRPs)—was introduced 

by MacLaren et al. in 2006 with transplantation of green fluorescent protein (GFP)-labeled rod 

precursors (Nrl-gfp+/+ cells) in mice72. Characterized by a defined cell fate, PRPs offered 

substantial improvement in apparent PR engraftment in the retinas of wild type and rhodopsin-

null mice. MacLaren and colleagues observed recovery of light sensitivity in rhodopsin-null mice, 

providing some of the earliest evidence of functional rescue following cell replacement and 

sparking broad interest within scientific and lay communities alike. Though the study (and at least 

one subsequent report73) referenced fusion between donor and host cells as a potential 

alternative explanation for their results72, it was not believed to occur to a significant degree in the 
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retina at the time. Indeed, as a control, Nrl-gfp+/+ cells were transplanted into transgenic cyan 

fluorescent protein (CFP) reporter mice, and on the basis of qualitative data showing a lack of 

multinucleate or double-labeled GFP+/CFP+ cells, MacLaren et al. argued that cell fusion—at 

least in the classical sense—was unlikely. 

Studies within the Ali, Wallace, and Ader laboratories (among others) replicated the 

findings of MacLaren et al. in the years that followed, primarily in rodent models with an intact or 

partially degenerating outer nuclear layer (ONL). Manipulation of the degenerative retinal 

environment by disrupting potential barriers to integration—including the outer limiting membrane 

(OLM)74,75, glial scarring76,77, and chondroitin sulfate proteoglycan deposition78–80—was proposed 

to further enhance PRP incorporation. Fluorescence-activated cell sorting (FACS)72,81–83 and 

magnetic-activated cell sorting (MACS)84–86 were optimized to obtain relatively uniform batches of 

transplantable cells. The developmental window paradigm, which proposed that effective PRP 

cell replacement could only be achieved through delivery of postmitotic cells at the precise peak 

of PRP genesis (E15 to P4 in mice), was introduced during this time87. With mounting evidence 

of their success in cell replacement—including improvements in light-mediated activity76,82,88 even 

in advanced degeneration89—PRP became the preferred developmental stage for primary cell 

transplantation among most investigators73,81–86,88–91. As in MacLaren et al.72, integration was 

assumed to be the predominant mechanism in these studies; however, the MacLaren lab first 

raised concerns regarding PRs double-labeled with donor and host fluorescent reporters in 

201492, suggesting that fusion between donor and host cells was indeed possible. 

 

Limitations of Primary Cells 

Both strategies—scaffolds and PRP enrichment—offered apparent improvements relative to 

dissociated RPC delivery, but primary cells presented major challenges to translation beyond 
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animal studies. Phase I and II clinical trials of human fetal-derived retinal cells93, 

microaggregates94, and retinal sheets with RPE95–97 in advanced RP and AMD began in the late 

1990s, but ultimately reported mixed effects on visual outcomes in humans. A phase 2 study led 

by Radtke and colleagues reported transient visual acuity improvement in 7 of 10 subjects with 

long-term stabilization in a single subject95, but the study did not distinguish trophic effects from 

functional integration, and interpretations of the underlying mechanism varied26,58,98,99. These 

early studies (conducted without immunosuppression) provided evidence of safety for future cell 

therapies, demonstrating a clear path to clinical trials through careful preclinical study planning, 

but the primary cell approach to replacing PRs faced a difficult road to widespread application.  

Procurement of human fetal retinal tissue for transplantation proved controversial from its 

introduction in the early 1980s100, and debate around its use in biomedical research continues101. 

The developmental window paradigm for PRP (E15-P4 in mice) coincided with the second 

trimester of pregnancy in humans, presenting an ethical minefield for translation to clinical use. 

Attempts to expand102,103 and immortalize104 human fetal retinal cells were largely unable to 

circumvent the issue as RPCs were, by definition, not restricted to the PR lineage (see Fig. 2) 

and generated few PRs. In most cases, human fRPCs lost neurogenic potential over time in 

culture105,106 and demonstrated poor long-term survival following transplantation104. Improvement 

under low-oxygen culture conditions was reported in some cases53,107–110, eventually resulting in 

the recent initiation of a phase 1/2a clinical trial of subretinal fRPC delivery in late-stage RP 

(Reneuron, clinicaltrials.gov identifier NCT02464436, recruitment ongoing). Although this trial is 

expected to yield valuable safety and efficacy data24, results have not yet been published26, and 

difficulty in distinguishing trophic support from functional PR replacement remains24. Ethical 

constraints and ambiguous mechanisms aside, primary cells and their derivatives continued to 

present a yield dilemma: with millions of potential patients14,16, reproducible manufacturing was 

expected to be a bottleneck for larger phase 3 clinical trials and beyond26,58.  
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Early 2000s-late 2010s: Expanding Potential With Human Pluripotent Stem Cells 

The isolation of human embryonic stem cells (hESCs) in 1998111 ushered in a new era for retinal 

cell replacement. The first completely in vitro differentiation of RPE was achieved in relatively 

short order112, but PR differentiation proved more challenging. Building on existing mouse ESC 

protocols113,114, studies by the Reubinoff and Reh laboratories showed hESCs could be guided 

toward a PR fate, but only when transplanted into the SRS115 or co-cultured with retinal tissue116. 

Osakada et al. were the first to achieve in vitro generation of hPSC-derived PRP in the absence 

of mature retinal tissue117 in 2008. The earliest neuroretinal differentiation protocols yielded few 

PRP, however (just 12-20% of all cells116,117) and accordingly, generated even fewer maturing 

PRs (<0.01-10% of all cells116,117). Induced pluripotent stem cells (iPSCs) were introduced shortly 

thereafter118,119, and expanding on earlier approaches106,113,117,120,121, our laboratory and the 

Takahashi laboratory soon reported successful differentiation of RPE, RPCs, and putative PRPs 

from both ESCs and iPSCs121,122. Lamba and colleagues demonstrated that transplantation of 

retinal cells derived from both classes of hPSCs was feasible,123,124 reporting results strikingly 

similar to that of MacLaren et al., though donor cell survival and light responses were 

comparatively low123,124. 

Protocols introduced by our laboratory and the Sasai laboratory in the early 2010s125,126 

enabled hPSC-derived 3D retinal organoid production, overcoming the yield barriers of fetal-

derived primary tissues and earlier differentiation protocols. Organoid cultures produced PRP far 

more efficiently—40 to 80% of all cells122,125—and proved to be a breakthrough technology for the 

field. For the first time, bulk production of PRs from a single donor source was achievable. 

Methods to further bias organoids toward robust PR production were refined in the years that 

followed127–129, demonstrating a surprising degree of anatomic and functional authenticity in cells 

along the PR lineage127,129–135 (see Bell et al., 2020133 for further discussion). With growing 

evidence of PSC-derived retinal cells as a reliable and reproducible source of donor cells, the 
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field shifted toward rodent136–143 and human90,144,145 PSC-derived cells and tissues for PR 

replacement. The preference to use PRP-rich donor cells and retinal sheets146–149 over RPC donor 

material largely persisted, given the greater degree of proliferation, disorganization, and 

uncontrolled migration observed in transplants using the latter150,151.  

Late 2010s: The Paradigm-Shifting Discovery of Material Transfer 

The field effectively experienced a reset with the revelation of widespread fluorescent material 

transfer between conspecific donor and host PRs, independently reported by several groups 

between 2016 and 2017152–156. In a subsequent transplant study by Waldron et al., nearly all GFP+ 

cells (99%) found in wildtype host retinas and most GFP+ cells (>75%) in degenerative Nrl-/- and 

Prph2rd2/rd2 retinas were estimated to result from material transfer157, calling the results of several 

previous rodent studies into question72,76,82,88,123,145,158. Although the exact mechanism and 

longevity of this phenomenon remains to be determined, at present, several points are clear. First, 

material transfer is more likely to occur in degenerating retinas with remaining host PRs152–156 

than in models of end-stage retinal degeneration89,141,146,147,149,159–163. Second, a variety of PR-

specific proteins (cone arrestin, opsins, and peripherin-2 [PRPH2], see Fig. 2) as well as 

cytoplasmic reporters can be passed via material transfer in mice34, leading to a re-evaluation of 

how the field identifies and defines integration (see Box 2 for further discussion). Third, PSC-

derived PRP do not appear to be exempt from this phenomenon34,137,140,157; however, at least one 

study has suggested that the capacity for material transfer is lower within human-into-rodent 

xenografts than in allogeneic transplantation144. Finally, many of the central tenets of successful 

cell replacement—including the developmental window paradigm, estimated donor cell survival 

rates, evidence of a dose response, integration, and synaptogenesis—are currently being re-

examined in the context of material transfer. 

Lessons Learned From Historic Studies of PR Replacement 
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Collectively, early studies in retinal cell replacement identified several guiding principles for 

carrying PR cell therapies closer to the clinic. Multiple strategies, including the use of enriched 

donor cell populations and biomaterial-based scaffolds, have been shown to enhance cell survival 

in the face of low PR engraftment34,70,72. The PRP stage of differentiation remains preferred for 

replacing PRs, although the window of transplant competence is likely not so narrow as previously 

estimated34. Three-dimensional retinal organoids are the most often used source of authentic 

donor cells and tissue sheets, and have in some cases been associated with modestly 

improvements in host retinal light sensitivity following transplantation26,34. Finally, rodent PSC 

allografts and human-into-rodent PSC xenografts have established unequivocal proof-of-concept 

for PR survival and anatomic engraftment following transplantation. They have also identified 

remaining hurdles for the field to overcome. Surviving donor cells often remain disorganized within 

the subretinal space, and the mechanisms by which they affect vision remain unclear. With many 

prior studies now known to result from material transfer rather than functional integration, there is 

substantial interest in the development of quantitative methods for assessing integration, 

organization, and synaptogenesis. 

Current Status and Remaining Questions for Retinal Cell Therapies 

As outlined above, cell replacement therapies in the retina have been studied for decades (see 

Fig. 3), and hPSC-RPE and hPSC-PRP cell products are now in the T1 translational research 

phase (which spans preclinical studies through phase II clinical trials). Thus far, the majority of 

clinical trials have used hESC or hiPSC-RPE, inserted into the SRS either as dissociated cell 

suspensions or as monolayer sheets with or without scaffolds (see Uyama et al., 2021 for further 

discussion98). Early reports suggest that these therapies are feasible, safe, and well-tolerated in 

individuals with advanced retinal degenerative disease26,98. However, functional outer retinal cell 

replacement—and more particularly PR replacement—remains a complex puzzle of cell 

manufacturing and preclinical testing challenges, some of which may not be fully surmountable 
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ahead of human trials (Fig. 4). Even so, efforts to address each piece of this puzzle in a deliberate, 

stepwise manner would help build confidence in the potential for success. This section discusses 

these pieces in detail, comparing and contrasting major strategies and identifying areas where 

additional research is necessary to advance outer retinal cell therapeutics. 

Clinical-Grade Production  

Clinical hPSC-derived cell therapies must be sterile and free from infectious agents, impurities, 

residual pluripotent cells, unidentified cell types, and genomic instabilities28. Such criteria can only 

be met under strict Good Manufacturing Practice (GMP)-compliant conditions28,164–166 and must 

also be scalable far beyond the capacity of the average laboratory setting to be feasible for clinical 

trials and commercialization. Although detailed discussions of stem cell source (ES or iPS) and 

culture technique are beyond the scope of this review, proper induction and/or maintenance of 

PSCs is fundamental to any successful retinal differentiation program. Advantages and 

disadvantages of autologous and allogeneic cell replacement should be weighed early in product 

development to avoid the need for correction mid-program. Preclinical safety studies for 

autologous products emphasize the safety of the manufacturing process in addition to the final 

clinical product, whereas safety studies for allogeneic products focus on the latter. Thus, 

programs are effectively “locked in” very early to an autologous or allogeneic approach25. 

Autologous therapies are subject to fewer infectious disease testing requirements and are 

theoretically less likely to result in immune rejection28, though cost (an estimated $800,00/cell line 

for clinical-grade iPSC production167) and reproducibility across patient-specific iPSC lines are 

often limiting factors. “Off-the-shelf” human leukocyte antigen (HLA)-matched168 or HLA 

knockout169 allogeneic products offer a scalable, more cost-effective production pipeline; 

however, immune rejection and long-term safety become a greater concern, and many dozens of 

HLA “super donor” cell lines would still be needed depending on the genetic diversity of the target 

population167.  
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Lessons learned from existing Investigational New Drug (IND)-enabling studies, 

particularly those from investigators with experience in cell therapies and Biologics License 

Applications with the FDA26, should be considered early in product development to mitigate 

additional “known unknown” risks for scaling regenerative therapies170 (for further discussion of 

quality control for clinical-grade hPSC retinal cell production, see Wright et al., 2014171 and 

Sharma et al., 202028). Current methods for generating hPSC retinal organoids are both time and 

labor-intensive, limiting their utility in clinical production pipelines. The use of bioreactors172, 

microfluidics166,173, and automated culture systems27 are all promising approaches currently under 

investigation for scaling clinical-grade organoid-based technologies.  

Donor Cell Enrichment 

Reproducible methods for purifying or enriching PRP from stem cell-derived retinal organoids are 

a critical bottleneck in the regenerative medicine pipeline for PR degenerative diseases34. MACS 

and FACS-based enrichment strategies originally developed in mouse models174 have not yet 

translated into consistent success for enrichment of hPSC-PRP for transplantation161, possibly 

due to species- or maturation stage-specific differences in PR cell surface markers. Although 

some groups have reported successful development of hPSC-PRP enrichment protocols, most 

have not been widely adopted outside individual labs, possibly due to low yield (<1 million cells)175–

177 and/or suboptimal purity (40-70%) across various differentiation protocols135. A fully 

homogenous cell product is not necessarily a prerequisite for clinical trial initiation26 because the 

FDA allows study sponsors to set their own release criteria for product purity, but a highly enriched 

PRP product (>80%) would be desirable. Some groups have proceeded with unsorted cell 

populations or retinal sheets in the absence of reproducible sorting methods145,149, but residual 

proliferating cells (e.g., immature RPE, RPCs, etc.) often remain. Unsorted populations thus 

contain cells that may continue to divide, leading to PRs being outnumbered by off-target cell 
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types178 or to the development of disorganized, rosetted grafts following tissue sheet 

transplants136,146–149,179. 

Human PSC reporter lines135,177,180–183 and viral labeling constructs144 have been 

generated as an alternative approach to enable rapid PRP enrichment via FACS. Although 

precedent exists for FDA allowance of biologics expressing fluorescent proteins in clinical trials184 

(GenSight Biologics’ optogenetic GS030 [clinicaltrials.gov identifier NCT03326336] encodes a 

tdTomato-linked fusion protein), nontherapeutic inclusions add safety and regulatory hurdles to 

an already complex approval process. Sorting via cell surface markers162,176 (e.g., MACS) or label-

free microfluidics175 offer a more favorable approach to obtaining enriched PRP for cell 

replacement. Given the current lack of consensus on optimal PRP sorting strategies, particularly 

for cones34, further investigations of human PRP-specific cell surface markers and enrichment 

approaches are warranted. 

Functional Validation of Donor Cells 

The advancement of hPSC-RPE therapies has been accelerated in part by the relative ease with 

which RPE donor cell identity and function can be validated28. A battery of biomarkers and assays 

including cobblestone morphology, pigmentation, transepithelial resistance (TER), photoreceptor 

outer segment (POS) phagocytosis, electrophysiology, apical-basal polarization, tight junction 

marker expression and microvilli formation, are all indicative of healthy, maturing hPSC-

RPE28,31,98,185,186. Standardized methods for PRP validation have proven less straightforward, 

partly due to cell heterogeneity (rods; short-, medium-, and long-wavelength sensitive cones) and 

complexity, and partly due to the range in donor cell maturation used across studies. Neuronal 

age is a simple and widely used metric for estimating maturation in hPSC culture systems187, and 

functional maturation is associated with age in hPSC-derived retinal neurons114,117,122 regardless 

of the differentiation protocol used. However, the rate of maturation is often asynchronous across 



66 

 

 

protocols, cell lines, and even differentiation batches129. Age can serve as a rough surrogate 

marker of maturation, but this metric provides a somewhat false sense of assurance for 

consistency between lines or differentiations129,188. A recent study by Capowski et al. 

demonstrated the utility of morphology for assessing maturation, introducing a light microscopic 

staging system for classifying ROs129. Stage 1 ROs contain RPCs, early-born inner retinal 

neurons, and an outer neuroblastic layer, whereas stage 2 ROs are characterized by 

differentiation of an abundance of PRs and inner retinal neurons. The hallmarks of stage 3 ROs 

are the development of PR outer segments and increased outer neuroretinal organization along 

with production and maturation of Müller glia and ongoing deterioration of the innermost retinal 

layers129. 

Because the characteristic light-sensitive components of PRs, outer segments, often 

appear months past the peak of PRP genesis in ROs (stage 2, approximately day 80-D120 of 

differentiation), development of in vitro potency assays for validating hPSC-PRP remains a high 

priority. One intriguing approach to this conundrum is the use of optogenetically engineered 

hiPSC-PRP, which have recently been shown to generate modest responses to bright light in vitro 

and in vivo163,189. However, such a genetic modification presumes that hPSC-derived PRs cannot 

innately respond to light and also introduces aforementioned regulatory hurdles. In the absence 

of genetic modification of hPSC-PRP, other potency assays may prove useful for authenticating 

batches of transplantable hPSC-PRP, including examinations of cell polarity, synaptic marker 

expression190, PR marker expression, axon outgrowth, and membrane electrophysiology135. 

Cell Preparation, Delivery, and Organization 

A number of recent xenograft studies have demonstrated proof-of-concept for PR survival and 

anatomic engraftment (see Box 2) following transplantation of dissociated hPSC-derived cell 

suspensions or retinal sheets in rodents146,149,161–163,179,189 and non-human primates (NHPs)147,160 



67 

 

 

using controls for biomaterial transfer. Dissociated cell injections have the advantage of being 

relatively simple, cost-effective, rapid, and minimally invasive, although graft organization and cell 

survival is often suboptimal34. Retinal sheet delivery can afford a striking degree of self-

organization relative to dissociated cells34,98,146,147,149,179, but the surgical technique requires 

specialized instrumentation and is more complex and invasive than simple subretinal injections. 

Furthermore, rosetted PRs, formation of ectopic inner retinal laminae, and lack of apposition to 

host RPE remain limitations to this approach26. 

PRs and RPE are both highly specialized cells for which apical-basal polarity plays a 

crucial role in function; there is thus substantial interest in cell delivery strategies supportive of 

donor cell organization. Polymeric retinal patches or scaffolds are among the most promising 

solutions for improving cell retention191 and maintaining 3D distribution192–194. Added benefits also 

include a defined dose, targeted delivery to a discrete region, and potential for customization of 

scaffold size, shape, and material. Scaffold-based hPSC-RPE delivery has thus far been well-

tolerated in clinical trials, and despite more complex surgical procedures, there is evidence to 

suggest that scaffold delivery may be achievable in an outpatient setting195. Neuroretinal scaffold 

approaches are still in their infancy but appear to be similarly advantageous for PR replacement. 

Current hPSC approaches include two-photon polymerized PCL scaffolds seeded with clinical-

grade RPCs191,196 and micromolded PGS scaffolds seeded with hPSC-PRPs192,193. Both scaffolds 

are sterilizable, biodegradable, and have a desirable elastic and/or compressive modulus, which 

play a critical role in ease of surgical handling193,196,197. Extensive in vivo safety testing has been 

performed for the former, though the use of RPCs rather than PRPs was a limiting factor in 

determining capacity for PR delivery. Micromolded scaffolds are capable of pre-organizing 

polarized PRPs even at high cell densities, although it remains to be seen whether such 

organization can be retained in vivo. Optimization of scaffold delivery requires the use of clinically 

relevant large animal models to simulate targeted subretinal scaffold implantation in the human 
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macula. In addition to delivery of PRP-only scaffolds, envisaged applications include co-delivery 

of hPSC-RPE and PRPs, as replacement of both cell types will likely be necessary for individuals 

suffering from late-stage AMD198 or inherited maculopathies, such as Stargardt and Best disease. 

Assessment of Donor Cell Survival  

Dissociated cell survival in RPC199 or allogeneic PSC-PRP transplants in rodents143 is extremely 

low (1-4%), and because these studies predate the discovery of material transfer, may be 

overestimated. Given the widespread use of percentages rather than discrete cell counts in 

published datasets, it is often difficult to obtain an approximation of cell survival relative to the 

starting dose. Standardized methods for counting cells or regions of interest, like the QUANTOS 

workflow developed for synapse identification190, will be critical for studying such outcomes. 

Where possible (and with appropriate controls), unbiased stereology and automated image 

analysis can also provide a less subjective approach to histologic analyses. Several studies have 

highlighted the importance of standardized cell quantification in biological research to increase 

reproducibility and aid comparisons between studies or across research groups200–202. Greater 

adoption of such methods for assessing donor cell survival in PR replacement would serve the 

field well.  

Functional Integration and Synaptogenesis 

The presence of new synaptic connections following transplantation is often inferred by pre- and 

postsynaptic protein co-immunolabeling or electron microscopic evidence of synaptic ribbons 

near donor cells136,147–149,160,161,179. However, immunocytochemical evidence of synaptic marker 

expression does not establish a definitive causal link to observed changes in retinal function or 

visual behavior. Further evidence in favor of functional synaptogenesis includes 

electrophysiologic, reflexive, and behavioral assessments of light responsivity, although most of 

these readouts measure processes several synapses downstream from presumptive donor-host 



69 

 

 

contacts23,146,147,149,159,161,163,179. High levels of donor cell disorganization26,34,136,141,146 and relatively 

mild degrees of light-induced response recovery observed in most hPSC-PRP 

transplants23,141,146,159,161,163,203 also suggest that synapse formation likely occurs at lower rates 

than previously predicted34.  

It is currently difficult to fully distinguish bona fide synaptic connections from existing 

ones—however rare they may be—in the absence of direct and effective methods for studying 

synaptic contacts of donor cells34,204. A recent study by Cowan et al. suggests that PRP are 

capable of forming synapses within retinal organoids as evidenced by calcium imaging134. 

However, no study to date has definitively shown that hPSC-PRPs can form new functional 

synapses after being isolated from retinal organoids. Evidence of functional post-transplant 

synaptogenesis currently includes modest light responses recorded with multi-electrode array 

(MEA) and micro-electroretinography (mERG)146,147,161,189,205, and often does not conclusively 

distinguish light-induced donor cell responses from possible neuroprotective effects on residual 

host retinal circuitry. Reproducible, well-controlled approaches for assessing de novo 

synaptogenesis at the level of individual donor hPSC-PRPs (via calcium imaging or viral 

monosynaptic circuit tracing), particularly in the context of xenogeneic transplantation206, will be 

necessary to further clarify mechanisms of functional recovery. The efficiency of synaptogenesis 

in xenografts is currently unknown206; however, by increasing PRP survival, alignment, and 

organization, it may be possible to increase the likelihood of synapse formation between donor 

and host cells. Strategies to directly measure hPSC-PRP synaptic contacts via trans-synaptic 

tracing or patch-clamp recordings have been highlighted as crucial34, but have not yet come to 

fruition. 

Animal Model Selection for Safety and Efficacy Studies 
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Rodents have historically been the preferred model system for retinal cell replacement studies 

due to cost, ease of genetic manipulation, and widespread availability. Several reports have 

shown that transplanted hPSC-PRP can survive and be associated with varying degrees of visual 

and/or electrophysiologic activity in degenerating rodent retinas146,149,161–163,179,189 but there is not 

yet direct evidence of causation. The well-documented neuroprotection caused by virtually any 

subretinally transplanted material (including control vehicles110,207) in the Royal College of 

Surgeons (RCS) rat makes it highly difficult to fully control for alternate mechanisms in this model. 

To address the confounding variables of neuroprotection and biomaterial transfer, many 

investigators have instead opted for models with near-complete PR loss. Models with severe PR 

loss89,150,159,208 are currently considered most appropriate for studying functional integration, 

although even these models are not free of confounding variables, because residual cones remain 

in severely atrophic models like the rd1 mouse and S334ter-3 rat26,206.  

To date, most available data regarding cell survival and effects on vision are skewed 

toward rod-dominant rodent models, although there is some evidence to suggest similar 

responses are possible in non-human primates147. Given notable species-specific differences in 

photoreceptor development and synaptic architecture206, the degree to which these observations 

will directly translate to human allogeneic or autologous transplants remains to be seen. The 

introduction of scaffolds and more complex tissue constructs, which necessarily includes more 

complicated surgeries, will require a shift toward larger animal models with ocular anatomy more 

akin to that of humans to provide meaningful assessments of such approaches. Development of 

translation-enabling models that faithfully recapitulate aspects of human RDDs is an explicit aim 

of the NEI AGI21, and these models will be a valuable resource for advancing retinal cell therapies. 

There is substantial interest in allogeneic transplantation of same-species PSC-derived retinal 

cells in parallel with xenogeneic studies, as this approach can potentially provide extrapolatable 

insight into the degree of functional restoration that may be reasonably expected in human clinical 
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trials. Continued observance of field standards for defining integration (see Box 2) and 

development of protocols to generate retinal organoids from additional laboratory model species 

will be essential to such activities. 

Although a variety of reflexive and behavioral assays are available for assessing visual 

function, even electrophysiologic methods ultimately may not be sensitive enough to directly 

assay PR-transplant driven responses161,205. Several such studies have documented light-evoked 

electrophysiologic responses209 and visual behavior210 in degenerating retinas even when 

surviving donor PRs are nearly absent. Adequately powered studies controlling for alternate 

explanations of restored function—including material transfer to host interneurons206, aberrant 

firing of intrinsically photosensitive RGCs (ipRGCs), and neuroprotection of remaining host retinal 

circuits—will be challenging, but necessary, for definitively establishing a causal link between 

anatomic integration and vision rescue26,206. 

There is no single animal model that is perfect for each cell replacement application. 

Rather, a variety of factors including ocular anatomy, nocturnal versus diurnal activity (i.e., rod 

versus cone-dominance), and genetic causation should be taken into consideration when 

designing preclinical IND-enabling studies for cell therapies (summarized in Table 2, also see 

Winkler et al., 2020211 for a discussion of RDD animal models). A recent study by Laver and 

Matsubara also suggests that the lack of robust responses observed in human-to-rodent 

xenografts147,161,163 may be due in part to synapse incompatibilities between donor and host retinal 

interneurons206. The degree of divergence in synaptic proteins between humans and non-human 

model organisms is just one of many factors to consider when selecting preclinical models for 

testing functional effects of hPSC-PRP therapeutics. 

Noninvasive Imaging to Assess Therapeutic Efficacy 
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The healthy retina is a highly organized, laminated structure that has evolved to maximally 

harness light entering the eye212. Recent advances in noninvasive retinal imaging have capitalized 

on these features to provide increasingly detailed pictures of in vivo retinal architecture213–216. Both 

the NEI AGI and the Monaciano Corsortium have highlighted a relative lack of rigorous, 

reproducible ocular imaging as a potential bottleneck in advancing clinical trials20,21,217. Several 

recent studies have demonstrated the utility of noninvasive imaging for comprehensively studying 

integration and therapeutic efficacy in hPSC-PRP cell therapies160,218. The Singh laboratory at 

Johns Hopkins has identified quantifiable biomarkers for tracking fluorescent mouse cells after 

transplantation, developing a scoring system for multimodal confocal scanning laser 

ophthalmoscopy (cSLO) imaging218. Several properties, including fluorescence size and intensity, 

graft placement, lamination, and peri-retinal proliferation were scored longitudinally, facilitating 

long-term tracking of individual grafts over time. Similarly, Aboualizadeh et al. recently used 

fluorescence adaptive optics scanning light ophthalmoscopy (FAOSLO) to follow individual 

photoreceptors in vivo in a laser-damage NHP model of photoreceptor loss160. These types of 

correlative studies augment histologic assessment of efficacy, although further research is 

necessary to determine how to translate these imaging techniques to clinical trials and 

commercial products. As mentioned earlier, fluorescent reporters are not necessarily prohibited 

in clinical trials, but development of high-resolution, label-free noninvasive imaging for tracking 

migration and integration is preferable.  

Modulating Retinal Microenvironment and Immune Response 

The ideal cell replacement toolbox will almost certainly include approaches for priming the 

degenerative host retina for enhanced integration. Although there is evidence of some efficacy 

following hPSC-PRP delivery even in end-stage retinal degeneration—suggesting that host inner 

retinal circuitry remains viable for a time—the exact window of opportunity for effective 

replacement is currently unknown34,219. Treatments being studied seek to modulate a variety of 
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naturally occurring processes that may act as barriers to donor PR integration in the degenerate 

outer reinta, including glial scarring220, interneuron plasticity221, and neurite outgrowth222, which 

may in turn help create a more donor cell-receptive environment. Basic discovery research to 

better understand the molecular mechanisms involved in retinal circuit assembly, disassembly, 

and re-assembly will also be essential to addressing host-specific barriers to neuronal 

replacement20,223. 

While the eye is historically considered to be immune-privileged, current evidence 

suggests that this privilege is relative rather than absolute, and is perhaps lost in the course of 

disease33. Preclinical xenografts require immunodeficient hosts46,146,150,224 or immunosuppressive 

regimens147,160,225, but allograft studies and clinical trials to date report conflicting evidence 

regarding the degree of immune suppression necessary for long-term donor cell survival. Recent 

studies suggest that the immunogenicity of hPSC-derived retinal tissues may actually be relatively 

low, and hPSC-derived retinal cells might even confer a degree of local immune suppression226. 

As methods for assessing graft survival improve, further research regarding the role of the 

immune system in xenografts, allografts, and autografts will be necessary to predict best 

practices. Reports from hPSC-RPE clinical trials, which use a variety of immune suppressive 

regimens, will be highly informative for designing future clinical trials aimed at outer retinal cell 

replacement26,33. 

Conclusions: A Shared Responsibility 

Exogenous RPE and PR transplantation efforts—bolstered by decades of research in 

regenerative medicine and retina developmental biology—have overcome significant hurdles in 

recent years and are now being tested in clinical trials. Although hPSC-RPE therapies are further 

along, remaining challenges to clinical translation for hPSC-PRP include scaling clinical-grade 
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cell production, creating organized grafts, addressing synapse function, and optimizing safety and 

efficacy outcomes in relevant model systems.  

Singh et al. recently observed that, as these challenges are met and retinal cell therapies 

reach early-phase clinical trials, peer-reviewed interim reports may have unintended ripple effects 

on patients and lay audiences26. Eye-catching headlines rarely reflect the nuance of underlying 

research findings and further fuel public enthusiasm for stem cell-based therapies. Preclinical 

research can often elicit similar responses when reports of vision restoration in animal models are 

picked up by the media. The current landscape of milestone-oriented funding and open-source 

science necessitates timely publication of results, but Singh et al. stress the importance of 

appropriately powered, long-term follow-up to mitigate “scientifically unfounded over-optimism” 

within the non-scientific community. Recent case reports have underscored the grave impacts227–

229 of clinics prematurely capitalizing on this enthusiasm and preying on patient hope230 with 

unregulated stem cell treatments.  

A recent Lancet commission on regenerative medicine argues that the shift from “small-

scale bespoke experimental interventions” to bona fide clinical application of hPSC-based 

therapies will require “substantial rethinking of the social contract that supports such research and 

clinical practice in the public arena.” The commission contends that improving four areas—

science, funding models, governance, and public/patient engagement—can prevent erosion of 

public trust and bridge the gap between patient expectations and currently available therapies231. 

While it is clear that tremendous scientific progress has been made toward retinal cell 

replacement, transitioning from bench to bedside will require substantial engagement from a 

variety of stakeholders regarding economic burden21, international governance27, and 

public/patient interaction26.  
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The challenges that lie ahead for outer retinal cell therapies can be overcome, and the 

recent advances highlighted in this review suggest that the future for retinal regenerative medicine 

is bright. However, the transition from bench to bedside will require considerable investment of 

time and scientific effort from public and private entities alike. Moreover, the necessary focus on 

safety in early phase research means that preliminary efficacy in human subjects, who will 

necessarily be at the severe end of the disease spectrum, will likely be modest at first. In short, 

the reality we collectively face is that translating cell therapies to effective clinical practice will take 

time, and for families currently battling vision loss, it will rarely feel like progress comes fast 

enough. In the interim, scientists and clinicians will continue to play a crucial role in right-sizing 

public expectations for when hPSC-RPE and PRP cell therapies may realistically be available 

and encouraging patients to make informed decisions regarding unproven stem cell treatments. 

To this end, materials from the International Society for Stem Cell Research, including the Patient 

Handbook on Stem Cell Therapies232 (available in 12 languages) and disease-specific fact 

sheets233, as well as the McPherson Eye Research Institute’s similarly themed “10 Things to Know 

Before You Fall Victim to a Retinal Stem Cell Scam” (see Box 3) can help patients navigate stem 

cell claims while researchers around the world continue to work toward solving the complex 

puzzle of outer retinal cell replacement.  
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Abbreviations, Definitions, & Glossary 

Allograft, allogeneic: same-species (but genetically distinct) cell or tissue transplant 

AMD: age-related macular degeneration 

Anoikis: anchorage-dependent apoptosis (Greek, literally referring to cells “without a home”) 

Anatomic integration: histologic or ultrastructural evidence of synaptogenesis by donor cells 

Autograft, autologous: transplant in which cells or tissues are derived directly from the host 

Crepuscular: animals active at dusk and dawn, often linked to evolution of both cone-rich and 

rod-dominant retinal regions to accommodate a variety of lighting conditions 

Differentiation: the process through which a cell transitions into another, typically more 

specialized, cell type 

Diurnal: animals active primarily during the day, often resulting in evolution of high acuity cone-

dominant retinal regions 

ERG: electroretinogram; a functional test measuring retinal electrical activity in response to a light 

stimulus; the various components (a-wave, b-wave, c-wave, etc.) indicate the health of specific 

retinal cell types 

FACS: fluorescence activated cell sorting 

Fate: cellular identity or cell type; defined by specific gene expression programs, downstream 

proteins, and functional effects 

FDA: United States Food and Drug Administration 

FISH: fluorescent in situ hybridization 

Functional integration: in the context of PRP replacement, functional synaptic connectivity 

between donor and host neurons 

GMP: Good Manufacturing Practice 

HLA: human leukocyte antigen 

HSC: hematopoietic stem cell 
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INL: inner nuclear layer 

IPL: inner plexiform layer 

ipRGCs: intrinsically photosensitive retinal ganglion cells 

IRD: inherited retinal disease 

MACS: magnetic activated cell sorting 

Material transfer: exchange of proteins and/or RNA between donor and host cells 

MEA: multi-electrode array; an electrophysiologic technique used to record electrical activity 

within tissues or populations of neurons 

MG: Müller glia 

Multipotency: a feature of lineage-restricted proliferative cells, which may give rise to multiple 

classes of tissue-specific cells (e.g., neural progenitor or retinal progenitor cells) 

NHP: non-human primate 

ONL: outer nuclear layer 

OPL: outer plexiform layer 

OS: outer segment; a specialized structure in rod and cone photoreceptors containing stacked 

discs with light-sensitive opsins 

Pluripotency: a hallmark of stem cells (ES or iPS); the ability to give rise to any cell type within 

the body 

PR: photoreceptor; generally refers to mature or maturing rods and cones 

Primary cell: a cell directly isolated from its source tissue (e.g., flow-sorted rods from mouse 

retina) 

PRP: photoreceptor precursor; a postmitotic neuron with the potential to become a rod, M/L cone, 

or S cone 

PSCs: pluripotent stem cells; includes embryonic stem cells (ESCs) and induced pluripotent stem 

cells (iPSCs) 
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RD: retinal degeneration 

RDDs: retinal degenerative disease 

RGC: retinal ganglion cell 

RPC: retinal progenitor cell; a proliferative, mitotic cell from which all retinal cells are derived  

RP: retinitis pigmentosa 

RPE: retinal pigment epithelium; a layer of cells underlying the neural retina that provides 

metabolic support to photoreceptors 

SCNT: somatic cell nuclear transfer 

Specification: the process of acquiring a particular cell fate 

TER: transepithelial resistance 

TRS: triad ribbon synapse 

Xenograft: cross-species cell or tissue transplant (e.g., human-into-rat cell replacement) 
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Boxes, Figures, and Tables 

Box 1. The translational research continuum. 

Translational research aims to maximize basic science discoveries for direct application in 

advancing human health (also referred to as “bench-to-bedside” research). The process of 

bringing a new discovery to clinical practice often takes decades, and retinal cell therapies are 

still in the earliest stages of this process. Translational research is typically classified in four 

phases—T1 through T4 (see Zarbin, 2020234 for further details): 

• T1 – scientific discovery and development from preclinical studies to phase I and II clinical 

trials 

• T2 – determination of in humans through phase III & IV clinical trials 

• T3 – dissemination and implementation of therapies beyond clinical trials 

• T4 – public health and policy-level assessment of established therapies 

Each phase also represents a continuum of research activities. Retinal cell therapies—including 

RPE and PR replacement—are both currently in phase T1. RPE replacement is nearing phase 

T2 with several clinical trials underway, while PR replacement is largely still in preclinical 

development. 
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Box 2. Defining integration in retinal cell replacement.  

Although the term has appeared in the retinal regeneration literature across its entire 
history37,161, the exact definition of integration is a present topic of debate within the field. A non-
integrated donor cell—generally found in a self-contained mass in the subretinal space (SRS), 
floating in the vitreous or walled off by glial scarring34—is more easily defined than the 
integrated cell. Since many have historically relied on fluorescent reporters to identify donor 
cells, most studies prior to the mid-2010s referred to any fluorescent donor cells found within the 
SRS as “incorporated” or “integrated”. The discovery of donor-to-host cytoplasmic transfer of 
fluorophores has highlighted the need for stringent, universal criteria to distinguish true 
integration from material exchange events (see Nickerson et al., 201830 
for further discussion). The field has since adopted a two-layered approach to identify and 
define integration30 
 
Apparent donor PRP within the SRS should ideally: 1) express cytoplasmic markers specific to 
the donor cell population (e.g. CRX-TdTomato, L/Mopsin-GFP, Recoverin, etc.) and 2) co-label 
with at least one nuclear donor-specific marker (e.g., human nuclear antigen [HNA], Y-
chromosome fluorescent in situ hybridization [FISH], BrdU, etc.). Nuclear diameter30,162 and 
cellular morphology160 are also useful adjunct approaches for distinguishing donor PRP from 
host cells. 
Distinguishing between anatomic integration (i.e., histologic or ultrastructural evidence of 
synapse formation) and functional integration (i.e., direct evidence of donor cell-initiated 
synaptic transmission) is also critical. Recent computational modeling suggests that anatomic 
integration may not directly correlate with functional integration or visual behavior in 
xenotransplants due to evolutionarily divergent features in triad ribbon synapses206 and visual 
function250 in mammals. Many studies referenced in the present review have assessed anatomic 
integration and its association with light-evoked behavior. However, current studies aimed at 
exploring functional integration—often with electrophysiologic and/or behavioral assessments— 
often assay several synapses downstream of the donor-to-host PR synapse, making it difficult 
to control for alternate mechanisms of functional recovery. Methods to directly assay functional 
integration at the level of PR donor-to-host synapses are currently lacking, and development of 
such strategies are expected to aid clinical translation.  
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Box 3. 10 Things to Know Before You Fall Victim to a Retinal Stem Cell Scam 
 

1. The Hope is real: Stem cell technology has created exciting new possibilities for 
understanding and treating diseases that have perpetually plagued humankind. 
But these remain early days in the technology and we have an overarching 
obligation to be honest and transparent and to “first do no harm." 
 

2. The difference between Hope and Hype is a single letter and a compelling 
website. Private stem cell clinics touting miracle cures can cause you to lose 
whatever vision you have left – or your entire eye – due to infection, tumor, or 
another catastrophic event. And even if the treatment causes no physical harm, it 
can result in significant financial damage, with costs often reaching into the tens 
of thousands of U.S. dollars. 
 

3. Confused? It’s NOT the fault of you or your family. Stem cell technology is 
complicated and still relatively new, and there are a growing number of private 
clinics that are attempting to financially capitalize on patients’ desperation and 
confusion. You should know that in many cases, the “stem cells” that are now 
being transplanted in these for-profit clinics are from fat, bone marrow, peripheral 
blood, or another source that has no proven ability to replace missing retinal 
cells. 
 

4. Be highly skeptical of any stem cell therapy that requires you to pay a fee 
or that claims to be a cure-all. Almost all valid stem cell therapies are still in the 
clinical trial stage, or even earlier. Ethical scientists will enroll patients in these 
trials without asking for, or accepting, payment (often, they pay YOU). If you have 
doubts, ask questions – and not just of the people trying to sell you the stem cell 
procedure or the folks they refer you to, since they have an inherent conflict of 
interest. 
 

5. In order to avoid scams, it is important to understand what the retina is… 
The retina is actually a complex “layer cake,” with each layer containing specific 
types of cells that perform a precise job and connect to other cells to form a 
neural circuit. Deepest within the retina lies a layer of photoreceptors – rods and 
cones – that detect light and initiate a cascade of events that ultimately lead to 
our perception of vision, which occurs in the brain. Retinal pigmented epithelial 
cells, or RPE cells, do not detect light but rather help photoreceptors do their job. 
If you lose RPE cells, the photoreceptors they serve will eventually lose their 
ability to function and die as well. 
 

6. …and also to understand what happens when retinal cells die. Some of the 
most devastating and incurable causes of blindness are rooted in the death of 
retinal cells, including photoreceptors and RPE cells (the layer which nourishes 
photoreceptors). These diseases include age-related macular degeneration 
(AMD), retinitis pigmentosa (RP), Stargardt disease, Best disease, Usher 
syndrome, and others. For the vast majority of those affected, there are no cures 
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or successful treatments available. 
 

7. We are born with all the retinal “parts” we are ever going to have. The 
human retina has no innate ability to replace these cells once they are lost. This 
is one reason why stem cells have drawn so much attention, since some types of 
stem cells (namely pluripotent stem cells, or PSCs) have the potential to provide 
replacement parts for the retina. 
 

8. Stem cell therapies may provide an option to replace the lost cells by 
introducing new cells obtained from an outside source (retinal cell replacement 
through transplantation). Pluripotent stem cells (PSCs) – which are grown in the 
laboratory – can theoretically make any cell in the entire body. Many highly 
differentiated and specialized cell types, including photoreceptors and RPE cells, 
can now be produced from human PSCs in a reliable manner. There is another 
approach to replacing lost retinal cells, and that is to trick the retina into fixing 
itself (retinal regeneration), but that is a separate topic. 
 

9. The “installation challenge” is formidable for all cell types, and scientists are 
working hard to develop effective methods of installing the new cells and getting 
them to connect properly and function within the retina itself. Of note, for-cost 
stem cell “clinics” will often just randomly inject their product into the middle of 
the eye, far away from the area where they would need to go if they truly could 
replace lost photoreceptors or RPE cells. Also, any such procedure has to be 
done by a skilled clinician, not a nurse or assistant. 
 

10. There is no magic to stem cells, but there is a great deal of excellent, well-
designed, and well-intentioned research being performed in the stem cell field. 
Stem cells have unique but variable properties that, if thoughtfully tested and 
applied, may be of considerable help to some patients in the foreseeable future. 
We’re optimistic about this future…and you should be, too. 

 
For a more detailed version of this article, please contact the McPherson Eye Research 
Institute at (608) 265-0690, vision.wisc.edu. 
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Figure 1. Organization and circuitry of the retina. (A) The retina contains three layers of cell bodies: 

the outer nuclear layer (ONL), in which rod and cone cell bodies reside; the inner nuclear layer (INL), 

containing horizontal cell (HC), bipolar cell (BC), amacrine cell (AC) and Müller glial (MG) cell bodies; and 

the ganglion cell layer (GCL) where retinal ganglion cell (RGC) somata and displaced ACs are found. 

PRs are supported by close apposition to the retinal pigment epithelium (RPE). The neural retina is bound 

apically by the outer limiting membrane (OLM) and basally by the inner limiting membrane (ILM), both 

formed by end-feet of the MG. PRs connect with BCs and HCs via synapses in the outer plexiform layer 

(OPL). The inner plexiform layer (IPL) contains signal-carrying synapses between BCs, ACs, and RGCs. 

(B) Rod and cone PRs display several distinct morphologic features. The outer segment (OS) contains 

stacked discs of photosensitive opsins for light detection. The connecting cilium facilitates trafficking 

between outer and inner segments (IS), the latter of which are rich in mitochondria. Extending from the 

cell body are axons with synaptic terminals, which interact with inner retinal neurons at triad ribbon 

synapses. 
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Figure 2. Phases of RPE and PR differentiation. Pluripotent stem cells pass through an anterior 

neuroectodermal stage to become multipotent retinal progenitor cells (RPCs), which are capable of 

producing all types of neuroretinal cells in addition to RPE. Neuroretinal progenitor cells (NRPCs) become 

further fate restricted over time and have the capacity to generate all neural retina cell types, including 

photoreceptor precursors (PRP). Over time, PRP and RPE mature to express several characteristic 

morphologic features. Examples of key transcription factors and defining cell markers for each stage are 

listed below each stage. Human PSC technologies follow these developmental pathways to reproducibly 

generate a variety of donor cells for replacement therapies. 
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Figure 4. The complex puzzle of therapeutic development for outer retinal cell therapies. As cell 

therapies transition from phase T1 to phase T2 studies and beyond, several interconnected factors 

related to donor cell manufacturing and preclinical testing must be addressed. 

  

  



87 

 

 

Table 1. Defining characteristics of cell therapies. 

   

Source • Autologous: patient-derived 

• Allogeneic: donor-derived (potentially HLA-matched and/or genetically engineered) 

Potential 

• Pluripotent: capable of forming cells from all three germ layers (e.g. human ES or iPS cell) 

• Multipotent: capable of forming a limited range of cell types from a common lineage (e.g. retinal 
progenitor cell) 

• Unipotent: capable of forming one cell type or class (e.g. photoreceptor precursor) 

Purity 

• Heterogenous: the cell product consists of the target cell type intermixed with multiple off-target 
cell types 

• Enriched: the cell product is predominantly comprised of the target cell type 

• Purified: the cell product is exclusively comprised of the target cell type 
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Table 2. Animal RDD models and factors affecting suitability for preclinical retinal cell 
replacement†. 

 
Species 

Ocular 

Anatomy: 

Similarity 

to Human 

Features 

Predicte

d TRS* 

Compati

bility 

with 

Human** 

Options for 

Immune 

Suppression 

Selected RDD models 

Mouse 
+ - Small globe with large lens 

- Rod-dominant retina 
89% 

Genetically modified 

Pharmacologic Rd1, Rd10, many others 

Rat 
+ - Small globe with large lens 

- Rod-dominant retina 
88% 

Genetically modified 

Pharmacologic RCS, S334ter, P23H 

Ground 

squirrel 
++ - Small globe with small lens 

- Cone-dominant retina 
44%*** Pharmacologic 

Retinal detachment 

Rabbit 
++ 

- Medium-sized globe with 
small lens 

- Visual streak 

86% Pharmacologic 
RHO (P347L)246 

Cat 

+++ 
- Medium-sized globe with 

small lens 
- Area centralis 

92% Pharmacologic 

 

Laser damage247 

RDH5, CEP290, AIPL1 

Dog 
+++ 

- Moderately large globe with 
small lens 

- Area centralis 

81% Pharmacologic 
RHO, RPE65, PDE6A, PDE6B, SAG, ABCA4 

Pig 
++++ - Large globe with small lens 

- Visual streak 
85% 

Genetic models248 

Surgically-induced224 

RHO (P23H) 

Laser damage 

Macaque 
+++++ - Large globe with small lens 

- Macula 
98% Pharmacologic 

PDE6C, BBS7 

Laser damage 

 
†A summary of findings from Stanzel et al., 2019249 (ocular anatomy, RDD models), Laver and Matsubara, 2017206 (xenograft compatibility), and Winkler et al., 2020211 (RDD 
models) 
*Photoreceptor triad ribbon synapse 
**Based on the Pikachurin sequence similarity (percentage) between humans and the listed species. 
***Laver and Matsubara broadly refer to squirrels; this may not directly reflect TRS compatibility of specific models (e.g. 13-lined ground squirrels) 
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Introduction 

Photoreceptor (PR) dysfunction and subsequent cell death are an inevitable outcome in blinding 

inherited diseases of the outer retina like Retinitis Pigmentosa (RP). Several therapeutic 

strategies—including retinal prosthetics, optogenetics, gene therapy, and cell replacement—are 

currently being studied alone or in combination9–11 to restore vision in outer retinal disease. While 

all of these therapies have shown promise, cell replacement therapy is the only strategy which 

directly replenishes native cells lost to disease12,13. Human pluripotent stem cell (hPSC) 

technology2,3,14 and subsequent protocols to develop individual retinal cell types15,16, including 

PRs, have made the seemingly impossible task of bona fide PR replacement a reality.  

One of the biggest breakthroughs toward PR replacement has been the production of 

organized retinal tissues from hPSCs, now most commonly known as retinal organoids17,18 (ROs). 

ROs undergo distinct stages of differentiation that correspond to well-defined epochs of human 

retinal development19–24. Over time, neural retinal progenitor cells (RPCs) within ROs differentiate 

into all major cell types of the retina and can self-assemble to form distinct layers reminiscent of 

the retina in vivo20,21,25. Beyond the earliest stage of development (stage 1, occurring at ~30 days 

of differentiation [D30]) the predominant cell type within ROs is the photoreceptor, with both rods 

and cones differentiating and residing along the outer rim of the organoid. The development and 

maturation of PRs within ROs has been well characterized; it is now well-established that hPSC-

PRs can polarize and produce inner and outer segments20,26–28, express opsins20,29, form axon 

terminals with synaptic protein and ultrastructure20,26,27,30–35, and generate characteristic 

electrophysiological signatures and responses to light21,23,31,33,36–38. 

There are several approaches for delivering cells—either RPCs or, preferably, committed 

photoreceptor precursors (PRP)12,13—to the subretinal space (SRS) for PR replacement. Historic 

approaches include a bolus of fully dissociated cells9,36,39, pre-seeded hydrogels40–43 or 

scaffolds44–47, cellular aggregates48,49, and tissue sheets50–54. For hPSC-derived retinal cell 
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delivery, dissociated cells9,36,39,55,56, scaffolds45,57, and organoid sheets51–54 are the most 

commonly used strategies, with benefits and drawbacks to each approach. Dissociated cell 

injections are the easiest and most straightforward method; however, disruption of cell-cell 

contacts negatively impacts cell survival58, and survival rates of dissociated cell transplants are 

often low (<2%)55. Singularized cell injections also have an inherent propensity for reflux into the 

vitreous cavity, which can lead to post-surgical complications like epiretinal membrane formation 

and retinal detachment13,59,60. Delivery of cells on scaffolds can reduce reflux61, although the 

seeding process also requires dissociating PRP from their native laminar structure and is more 

complex to produce. Retinal organoid transplantation—either as cellular aggregates or sheets—

can theoretically provide a relatively simple approach for limiting reflux and improving cell survival. 

To this end, several studies have recently investigated delivery of organoid sheets in 

rodent and non-human primate models51–54. These studies highlight the benefits of this approach, 

including excellent donor cell retention in the subretinal space12,13, and pronounced long-term PR 

survival (months to years after transplantation)52. However, retinal sheet transplantation requires 

time-consuming mechanical dissection and custom instrumentation for subretinal delivery51. 

Furthermore, retinal sheet transplants often result in disorganized, rosetted grafts rather than 

properly laminated architecture. While dissociated cell and retinal sheet transplants have both 

been associated with mild increases in light-evoked responses9,39,52,55, few studies to date have 

directly compared survival and differentiation of donor cells between delivery approaches. 

Moreover, since vision “rescue” is known to occur in the absence of substantial anatomic 

integration12,13,62 and is virtually indistinguishable from neuroprotection of host cells52 or aberrant 

firing of remaining neurons in the degenerating retinal environment63, it is difficult to directly 

attribute these responses to donor cells.  

The discovery of biomaterial transfer, whereby fluorescent proteins are transferred 

between donor and host PRs, has recently led the field to revisit definitions of anatomic and 
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functional integration of donor cells. Several recent studies have unequivocally demonstrated 

hPSC-PRP survival and anatomic integration after dissociated cell or retinal sheet delivery9,36,52,53 

while controlling for material transfer, but evidence to date is largely qualitative in nature and does 

not directly compare delivery approaches. Necessary differences in surgical procedure have the 

potential to confound such examinations, as retinal sheet transplantation requires different tools 

and more invasive surgeries than dissociated cell injections. Cellular aggregates—partially 

dissociated retinal organoids—offer many of the benefits to retinal sheet transplants and can be 

delivered via simple subretinal injection, but to date have not been extensively studied for hPSC-

PRP delivery64. 

Comprehensive assessment of anatomic integration is a necessary first step toward 

directly linking PR replacement and vision restoration, but to date the evidence in this area is 

limited. In the present report, we expand upon previous studies by directly comparing hPSC-PRP 

survival in dissociated and aggregate organoid transplants—both delivered via simple subretinal 

injections—to examine the utility of clustered cell delivery. We extensively characterize hPSC-

PRP survival, differentiation, and anatomic integration in hPSC-PRP aggregate transplants over 

time. Given the dynamic nature of RO development (i.e., a variety of cell types are born and 

differentiate over time), we also determine the proportion of specified PRs present at multiple 

timepoints following transplantation and assess maturation of PRP into rod and cone PRs. We 

explore the potential for rescue of reflexive and electrophysiologic functional recovery following 

hPSC-PRP aggregate transplantation, demonstrating that hPSC-PRP aggregate transplants are 

safe, but do not result in substantial functional improvement. Finally, we discuss factors potentially 

contributing to a lack of functional recovery in the present report, outlining strategies to enhance 

engraftment in future preclinical studies. 

Materials and Methods 

Retinal differentiation of WA09-CRX+/tdTomato hPSCs 
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Previously described retinal differentiation protocols18,23,38 were optimized for bulk production of 

stage 2 ROs (D70 of differentiation) from WA09-CRX+/tdTomato hESCs23 for transplantation. Briefly, 

pluripotent colonies were lifted to form embryoid bodies (EBs) and directed toward a neuroretinal 

cell fate to generate ROs. Phase-bright, laminar ROs were mechanically isolated at approximately 

d20 of differentiation and maintained at 37°C, 5% CO2 in poly-2-hydroxyethyl methacrylate 

(polyHEMA)-treated flasks with twice weekly media changes. PRP genesis, evident by expression 

of the fluorescent tdTomato reporter23, was monitored with epifluorescence microscopy. 

Animals 

The retinal degenerative SD-Foxn1 Tg(S334ter)3LavRrrc rat line65 (Foxn1-S334ter-3) was 

obtained from the Rat Resource and Research Center (Columbia, MO, USA). This line is a cross 

between the athymic nude NIH-Foxn1rnu rat (preventing T-cell-mediated xenograft rejection) and 

the S334ter line 3 transgenic rhodopsin mutant rat (a model of severe RP). Foxn1-S334ter-3 rats 

undergo rapid and near-complete loss of rods by P30, with subsequent cone dysfunction and cell 

death65–67. Rat housing followed a standard 12:12 hour light/dark cycle, with ad libitum access to 

water and food. Breeding schema, genotyping protocols, and husbandry of nude rats were as 

previously described by Seiler et al., 201465. All rats were transplanted between 1 and 4 months 

of age, when all but a single discontinuous layer of host cone PRs have fully degenerated66.  

Animal procedures were pre-approved by the University of Wisconsin-Madison Institutional 

Animal Care and Use Committee and were conducted in accordance with the Association for 

Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and 

Vision Research, the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory 

Animals, and the laws and regulations of the United States Department of Agriculture. 

RO dissociation for transplantation  
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Stage 2 (D79-127) CRX+/tdTomato ROs were dissociated to single cells with papain (Worthington 

Biochemical). Following enzymatic deactivation with ovomucoid, cells were passed through a 40 

µm filter and resuspended in sterile Hanks’ Balanced Salt Solution (HBSS) without calcium and 

magnesium at a concentration of 100,000 cells/µL. Cell viability of 90-99% was routinely obtained 

following papain dissociation. Cell suspension was maintained on ice until transplantation.  

Subretinal dissociated cell transplantation 

Rats were anesthetized via intraperitoneal injection of ketamine (80 mg/kg) and xylazine (10 

mg/kg). Eyes were dilated with tropicamide (1%) and phenylephrine (2.5%) ophthalmic solution; 

tetracaine hydrochloride (0.5%) drops were applied for topical anesthesia. Eyes were proptosed 

and an entry tunnel was made ~1mm distal to the limbus with a 30 gauge (30G) needle. Gonivisc 

(HUB Pharmaceuticals) and a coverslip were placed on the cornea to facilitate visualization of the 

microsyringe needle in the vitreous chamber throughout the procedure. A 33G needle and 

Hamilton microsyringe were used to deliver 3 µL total volume containing approximately 300,000 

dissociated cells to the SRS. Post-surgery, rats were subcutaneously injected with a non-steroidal 

anti-inflammatory (NSAID; carprofen, 5mg/kg) and intramuscularly with the reversal agent 

yohimbine (1.5mg/kg) or atipamazole (1mg/kg). Triple antibiotic ointment was applied to the eye, 

and rats were recovered from anesthesia on a warm water circulating blanket. Full details for 

animal transplantation experiments are summarized in Table S1. 

Preparation of cellular aggregates 

Stage 2 (D70) CRX+/tdTomato ROs were counted, washed in HBSS, and resuspended in sterile 1X 

HBSS without calcium and magnesium (Thermo Fisher). To allow passage through a 29 gauge 

(29G) microneedle, ROs were gently triturated five times with a P20 micropipette to break up ROs 

into aggregates. Aggregates in suspension contained approximately 150,000 cells per 5 µL dose 

(146,000 ± 3,000 cells/dose, or 29,000 ± 600 cells/µL; n = 3 replicates) and had excellent viability 
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(99-100%). 5-16% of all cells were CRX+/tdTomato-positive near this stage of development, as 

assessed via Countess automated fluorescence quantification (Thermo Fisher Scientific), 

consistent with the onset of PR genesis20. Aggregates were maintained on ice in HBSS until 

transplantation. 

Subretinal aggregate transplantation 

Rats were anesthetized and prepared for surgery as for dissociated cell injections with slight 

modifications. A 26G needle was used for initial entry to the SRS; a 29G needle and Hamilton 

microsyringe were used to deliver 5 µL total volume of aggregates in suspension with 

approximately 150,000 cells. A lower cell concentration (~30,000 cells/µL) was initially selected 

to test aggregate delivery under stringent conditions, with the potential to scale dosing up to the 

cell concentration of dissociated cell injections (100,000 cells/µL) if necessary. 

Optokinetic threshold testing (OKT) 

The virtual Optomotry system (Cerebral Mechanics, Inc.) was used to assess the visual acuity 

threshold (i.e., the maximum spatial frequency of high-contrast grating capable of eliciting an 

optokinetic tracking response) in awake and freely moving rats as described in previous 

studies68,69. Briefly, sine wave gratings at 100% contrast were randomly displayed at varying 

spatial frequencies and drifted in the clockwise or counterclockwise direction; rats capable of 

seeing this stimulus will involuntarily make a tracking head movement in the direction of the 

stimulus known as the optomotor response (OMR) and scored in a stepwise manner for tracking 

behavior to determine the spatial frequency threshold. Optokinetic tracking responses were 

scored in real-time by a lab member masked to treatment condition. Rats were assessed at 

baseline, 1 month, and 3 months following subretinal transplantation of CRX+/tdTomato-PRP 

aggregates.  
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Full-field electroretinography (ERG) 

At 6 months post-transplant, rats were dark adapted overnight and prepared for 

electroretinography under dim red light (>650 nm). Dark-adapted rats were anesthetized with 

ketamine (80 mg/kg) and xylazine (10 mg/kg) and eyes were dilated with tropicamide (1%) and 

phenylephrine (2.5%) ophthalmic solution. ERG was performed with the HMsERG system 

(Ocuscience) according to methods previously described by Thomas et al.70 Briefly, silver thread 

electrodes were placed on the cornea with 2.5% methylcellulose gel (Akorn) and held in place 

with a 4-mm contact lens. Reference and ground needle electrodes were placed subcutaneously. 

Scotopic responses were tested with flash intensities ranging from 1 to 25,000 millicandela (mcd). 

Photopic responses were tested following a 10-minute light adaptation period with flash intensities 

ranging from 10-25,000 mcd. 

Histology and immunofluorescence  

Animals were humanely euthanized at 2 weeks, 1 month, 3 months, or 6 months post-transplant 

for histology. Transplanted rat eyes and free floating ROs were processed for 

immunofluorescence (IF) staining as previously described20,23,56. Rat eyes were labeled for 

orientation, enucleated, and fixed in 4% paraformaldehyde (PFA) for one hour. A small amount 

(≤0.1 mL) of PFA was injected into the vitreous chamber to augment retinal fixation. Following 

fixation and a round of washes in 1X PBS, the cornea, lens, and iris were removed from the 

posterior eyecup for cryosectioning. ROs were fixed for 30 minutes. Both ROs and rat eyes were 

cryoprotected overnight in PBS + 30% sucrose. Posterior eyecups were cryosectioned at 25 µm 

and OVs were cryo-sectioned at 15-20 µm. ROs and rat eyes were immunostained as previously 

described20,56. In brief, tissues were incubated at in blocking solution (10% NDS, 5% BSA, 1% 

fish gelatin, and 0.5% Triton-X in PBS) for one hour at room temperature, overnight in primaries 

(summarized in Table S2; primaries diluted in blocker) at 4°C, and 30 minutes in corresponding 

secondary antibodies (Millipore) with 3-4 rounds of 1X PBS washes between each step. Slides 
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were mounted in Prolong Gold with 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI) 

(Invitrogen) and imaged on a confocal microscope (Nikon A1R).   

High content image analysis 

Single optical plane images were captured with a confocal microscope (Nikon A1R) for 

quantification. Images for each marker were taken at the same magnification, gain, and laser 

power across samples for consistency. The thickest area of the transplant was captured at 10X 

magnification for each section imaged. For each sample, 3 different sections spaced 200-500 µm 

apart for each marker of interest were imaged to sample the entire length of the subretinal graft. 

Unprocessed images were segmented and counted with Columbus high content image analysis 

software (Perkin Elmer). Cells positive for each marker were defined by scatter plot gating of 

fluorescence intensity, and identical parameters for positive cell identification were used across 

samples for consistency in donor cell quantification.  

Statistics 

Cell counts were analyzed and graphed with GraphPad Prism version 9.1.2. (GraphPad 

Software). Due to small sample sizes (<50), the Shapiro-Wilk test was used to test for normality. 

An F-test was applied to compare variance between pairwise comparisons. A standard unpaired 

t-test was applied for pairwise comparisons when variances were equal. Welch’s correction was 

applied for pairwise comparisons when variances were unequal. Brown-Forsythe and Bartlett’s 

tests were applied to assess homogeneity of variance for multiple comparisons. For normally 

distributed data with unequal variance, an ordinary one-way analysis of variance (ANOVA) with 

Tukey’s multiple comparisons test was applied. For non-normally distributed data, the Kruskal-

Wallis analysis of variance by rank test was applied with Dunn’s post-hoc analysis for multiple 

comparisons. Multiple comparisons for OKT analysis were performed using a mixed-effects model 

with Šídák's multiple comparisons test. Results were considered significant at a p value < 0.05. 
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Descriptive measurements for which means were not directly compared to another group in 

statistical analyses (cell dose, viability, aggregate diameter, etc.) are reported as the mean ± 

standard error of the mean (SEM). For cell engraftment and maturation counts, the precision of 

the mean was considered highly valuable to comparing means between or among groups. 

Averages for these measurements are thus reported with an upper and lower 95% confidence 

interval (CI) to demonstrate how precisely data defined the mean (presented in the text as the 

mean, CI [lower limit, upper limit]). Error bars in all graphs depict upper and lower limits of the 

95% CI; bar graphs are overlaid with scatter plots of each value to convey the degree of variation 

among measurements.  

Results 

Generation and transplantation of hPSC-RO-derived PRP as dissociated cells 

Validated protocols for retinal differentiation18,23,38 were used to generate hPSC-ROs, which are 

readily distinguishable from non-retinal tissues in the earliest stage of differentiation by the 

presence of characteristic phase-bright lamination (Fig. 1A). In this phase of development, 

organoids contain many RPCs with few if any committed PRP20,71. For efficient tracking of PRP 

genesis and maturation, we used a recently characterized Cone Rod Homeobox (CRX) human 

embryonic stem cell (hESC) reporter line (WA09-CRX+/tdTomato) which expresses tdTomato 

throughout the cytoplasm from specification through all stages of PR development23,56,71,72. Stage 

2 organoids (D70-D130) were used for all transplants, as they have been previously shown to be 

a plentiful source of transplantable donor cells56 and are predominantly comprised of the preferred 

donor cell stage for PR replacement (up to 60-80% CRX+/tdTomato PRP)23,72. By stage 2, 

CRX+/tdTomato expression was evident throughout organoids (Fig. 1B-D), confirming and coinciding 

with the period of peak PRP genesis in ROs20.  

 We first transplanted PRP in single cell suspension, as several studies have recently 

described anatomic integration and modest recovery of light sensitivity following delivery of 
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dissociated hPSC-PRP9,39,55. Stage 2 WA09-CRX+/tdTomato retinal organoids were dissociated to 

single cells with papain to generate a PRP-rich suspension (historically, 40-80% CRX+/tdTomato-

positive23,72). Approximately 300,000 dissociated cells were delivered into the SRS of both eyes 

of twelve retinal degenerative Foxn1-S334ter-3 rats in 3 µL total volume (100,000 cells/µL). 

Animals were humanely euthanized at two weeks post-transplant and eyes were cryosectioned 

for immunolabeling to screen for donor cell survival and anatomic integration.  

Survival of hPSC-RO-derived PRP dissociated cell transplants 

Among rats transplanted with dissociated cell suspension, the cell recovery rate (i.e., the 

proportion of eyes in which donor cells were successfully located on histology post-transplant) in 

dissociated PRP delivery was 8.7% (2 of 23 eyes). Consistent with previous studies using 

dissociated cells9,39,55 the number of engrafted CRX+/tdTomato-positive donor cells was relatively low 

(Fig. 1E). Between the two animals with CRX+/tdTomato-positive donor cells, just 5 cryosections with 

sparse, disorganized CRX+/tdTomato-positive donor cells were identified. Despite low rates of 

engraftment, we did not observe evidence of material transfer between human hPSC-PRP and 

remaining donor cells—all detected CRX+/tdTomato-positive donor cells also co-labeled with human 

nuclear antigen (HNA) (Fig. 1F, S1). An average of approximately 25 CRX+/tdTomato-positive cells 

(24.6 ± 8.4, n = 5 cryosections from two separate eyes) were detected per section in dissociated 

cell transplants. In the eye with the greatest number of engrafted cells (Fig. S1), the total number 

of HNA-positive cells detected was 148 (0.05% of the starting dose). 68% of HNA+ cells were 

also CRX+/tdTomato-positive, demonstrating a high proportion of PRP in the donor cell population 

even in the face of poor survival. Cell reflux was apparent in one of two eyes, with a clump of 

HNA-positive CRX+/tdTomato-PRP present in the vitreous chamber (Fig. S1). 

hPSC-PRP aggregate transplantation improves cell survival relative to dissociated cells 
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To determine whether delivery as cellular aggregates could enhance survival and engraftment of 

donor hPSC-PRP, we transplanted WA09-CRX+/tdTomato aggregates from stage 2 (D70) retinal 

organoids into both eyes of three Foxn1-S334ter-3 rats. Cells were prepared for transplantation 

by resuspending ROs in HBSS without calcium and magnesium, gently triturating the suspension 

to partially dissociate ROs into cellular aggregates (Fig. 2A-2B). Aggregates varied in size but 

were approximately 17 µm in diameter (16.8 ± 7.4 µm, n = 60 total aggregates from 3 independent 

preparations)—small enough to easily pass through a 29G microneedle (internal diameter = 184 

µm)—and had excellent viability (>99%). Cell aggregate suspension contained approximately 

150,000 viable cells per 5 µL dose (146,000 ± 3,000 cells/dose, or 29,000 ± 600 cells/µL; n = 3 

replicates from two differentiations), which was delivered to the SRS using the same approach as 

for dissociated cell transplants. At two weeks post-transplant animals were humanely euthanized 

and eyes were screened for the presence of donor cells (Fig. 2C).  

The cell recovery rate improved with aggregate delivery—donor cells were found in all 

eyes (n = 5) transplanted with hPSC-PRP aggregates. At two weeks post-transplant, we observed 

survival of transplanted CRX+/tdTomato-PRP within the SRS of Foxn1-S334ter-3 rats relative to 

dissociated cell transplants (Fig. 2D, 2E). Engrafted CRX+/tdTomato-positive donor cells were 

quantified in three aggregate-transplanted eyes (one from each animal) to directly compare donor 

cell engraftment between dissociated cell and aggregate-based delivery. As in dissociated 

transplants, all CRX+/tdTomato-positive cells were labeled with HNA. HNA+ cells were predominantly 

CRX+/tdTomato-positive (47-60%), comparable to the proportion of CRX+/tdTomato PRP found within 

stage 2 organoids23,72 and that observed in dissociated CRX+/tdTomato-PRP transplants. Anatomic 

engraftment was significantly greater (p = 0.0215, unpaired t-test with Welch’s correction) in 

aggregate-transplanted eyes relative to dissociated cell transplants (Fig. 2F). We observed an 8-

fold increase in the average number of CRX+/tdTomato-positive cells per section in aggregate 

transplants (mean = 207 CRX+/tdTomato-positive cells/section, 95% CI: [61, 354]), demonstrating 
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substantial improvement in donor cell engraftment compared to dissociated cell transplants (mean 

= 25 CRX+/tdTomato-positive cells/section, 95% CI: [1, 48]). As in dissociated transplants, all 

CRX+/tdTomato-positive cells were labeled with HNA (Fig. 2G). The diameter of host nuclei was also 

significantly smaller (p <0.0001, unpaired t-test, n = 18 nuclei for donor and host) than that of 

HNA+ donor cells detected, providing further evidence of that the CRX+/tdTomato-PRP detected were 

of donor cell origin. 

Interactions between donor and host cells were examined via immunolabeling (Fig 3). 

Bipolar cell (BPC) marker PKCα revealed extension of neurites from host second-order neurons 

toward engrafted CRX+/tdTomato PRP (Fig. 3A, 3B), with close apposition between host BPCs and 

donor PRP. Punctate expression of presynaptic protein Vesicular glutamate transporter 1 

(VGLUT1) was also observed in CRX+/tdTomato-PRP adjacent to host second-order neurons (Fig. 

3C). These results show striking improvement in hPSC-PRP engraftment following aggregate 

transplantation, with early evidence of anatomic integration and putative donor-host interactions.  

Functional assessment, long-term survival, and maturation of hPSC-PRP aggregate grafts 

Finally, we sought to determine functional effects and long-term maturation of hPSC-PRP 

aggregate grafts. Seventeen additional Foxn1-S334ter-3 rats were transplanted with CRX+/tdTomato-

PRP aggregates for scheduled tissue collection at 1, 3 or 6 months post-transplant (n = 5-6 per 

timepoint). Rats received a single monocular subretinal injection of 150,000 cells as aggregates 

in 5 µl total volume; untreated fellow eyes served as a control for functional testing. Animals in all 

three groups were assessed for optokinetic tracking (OKT) at 1 and 3 months post-transplant; 

animals in the 6 month post-transplant collection group were also tested with full field 

electroretinography (ERG) prior to scheduled tissue collection (Fig 4A). No significant differences 

in spatial frequency visual acuity were observed across at any timepoint, suggesting that hPSC-

PRP aggregates were well-tolerated but did not generate meaningful improvements in retinal 
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degenerative rats relative to untreated control eyes (Fig 4B) (not significant [n.s.], adjusted p 

values at baseline, 1 month, and 3 months = 0.7674, 0.9646, 0.5928; n = 16 eyes per condition 

at baseline and 1 month; n = 9 eyes per condition at 3 months; mixed-effects analysis with Šídák's 

multiple comparisons test). Consistent with several recent reports53,73,74, full field ERG responses 

were not detected under scotopic or photopic conditions in treated or control eyes (n = 5 animals). 

 On immunohistochemical analysis, a thick layer of CRX+/tdTomato-PRP was evident at 1, 3, 

and 6 months post-transplant (Fig. 4C-4E). Rosetted structures similar to those occurring in 

retinal sheet transplantation were often observed at later time points (Fig. S2 and S3), particularly 

in the 6 month post-transplant group (Fig 4E, S3). Photoreceptor and proliferation-specific 

markers were quantified across all three timepoints with high content image analysis to assess 

maturation of CRX+/tdTomato-PRP aggregate grafts (Fig. 4, S2, S3). As in previous transplants, 

CRX+/tdTomato-PRP co-labeled with HNA and were thus not a result of material transfer (Fig 4F). 

CRX+/tdTomato-PRP predominated among HNA+ cells at 1 month (62.9% of HNA+ cells, 95% CI: 

59.6, 66.2), and the proportion of CRX+/tdTomato-PRP remained stable at all timepoints examined 

(n.s. between groups, adjusted p values >0.5, ordinary one-way ANOVA with Tukey’s multiple 

comparisons test, n = 3 sections/eye and n = 4 eyes/timepoint) (Fig. 4G). Cell proliferation 

(quantified with Ki-67) was relatively high at 1 month post-transplant (48.6% of HNA+ cells, 95% 

CI: 44.6, 52.6) (Fig. 4H), but decreased over time (Fig. S2A). The mean proportion of Ki-67 

positive cells—most likely representing RPCs at this stage20—was significantly lower by 3 months 

post-transplant, and Ki-67-positive cells were virtually absent by 6 months (p < 0.0021 at 1 vs. 3 

months, p < 0.0001 at 1 vs. 6 months; Kruskal-Wallis test with Dunn’s post-hoc analysis; n = 3 

sections/eye, n = 4 eyes/timepoint) (Fig 4I). 

 Immunolabeling of CRX+/tdTomato-PRP aggregate to assess maturation and anatomic 

integration are shown in Fig. 5. At 6 months post-transplant, photoreceptor precursors in close 

proximity to the host INL expressed ribbon synapse protein CtBP2 (Fig. 5A). At all points 
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examined, approximately two-thirds of CRX+/tdTomato-PRP aggregates were neural retina leucine 

zipper (NRL)-positive rods (Fig. S2B, S2C, S3) (67.8% of CRX+/tdTomato-positive cells at 1 month, 

95% CI: 58.4, 77.3; n. s. between timepoints, ordinary one-way ANOVA with Tukey’s post-hoc). 

Over time, the percentage of rhodopsin-expressing NRL-positive rods increased significantly (Fig. 

5C) (p < 0.0001 for all comparisons, one-way ANOVA with Tukey’s multiple comparisons). Cones 

were also present and matured over time to express M/L opsin, forming putative outer segments 

by 6 months post-transplant (Fig. 5D-5E). Cone maturation peaked near three months post-

transplant (21.0% of all CRX+/tdTomato-positive cells, 95% CI: 14.5, 27.3), with a significant increase 

in M/L opsin expression between 1 and 3 months (p <0.0001, Kruskal-Wallis test with Dunn’s 

multiple comparisons) and stable levels thereafter.  

 

Discussion 

In the present report, we demonstrate improved survival and maturation of PRs following delivery 

of CRX+/tdTomato-PRP as cellular aggregates. Prior to this study, direct comparison of PRP survival 

and/or engraftment between methods had not been investigated. Moreover, assessment of donor 

cell maturation has historically been qualitative in nature and does not typically include 

investigation of off-target populations such as proliferative RPCs. Aggregate-based delivery 

resulted in an 8-fold increase in the number of detected CRX+/tdTomato-PRP relative to dissociated 

cell injections, with long-term survival, maturation, and anatomic integration in the degenerative 

retinal environment and no evidence of untoward effects on remaining vision. 

Evidence for anatomic integration of hPSC-PRP aggregates 

While GFP material transfer has led to re-interpretation of previous PR replacement studies, many 

of these were allografts into mouse retinas with an abundance of remaining, structurally sound 

host PRs56. However, no study to date has demonstrated this phenomenon in xenografts 

delivered into animal models with complete or near-complete loss of host photoreceptors. Results 
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presented in this manuscript and many other recent studies1-3,30,45-48 58 argue against the likelihood 

of material transfer in the severely degenerative rodent retina following xenotransplantation of 

hPSC-PRP as dissociated cells, sheets, and now aggregates. First, human nuclear specific 

staining is possible with xenografts, enabling clear delineation of donor and host cells. Consistent 

with prior reports1,30, we observed significant differences (p<0.0001, unpaired t-test) in the 

diameter of donor and host nuclei, providing further evidence that detected CRX+/tdTomato-PRP 

were of human origin. Studies describing material transfer from donor mouse PRs to host PRs 

did not find evidence of nuclear transfer; it is thus unlikely that HNA-positive nuclei were 

transferred to host cells in this study. Second, PRs were nearly absent in this model at all time-

points examined, and to date, material transfer has only been demonstrated in mouse models 

with PRs present at the time of analysis56. Third, in previous studies later shown to likely be the 

result of material transfer, transplanted GFP+ PRs demonstrated pristine morphology, including 

a polarized axon terminal, appropriately positioned cell body, and inner/outer segments that were 

indistinguishable in morphology from host PRs. In this study, while we show the maturation of 

hPSC-derived rods and cones in vivo, including examples of polarized synaptic protein and outer 

segment formation, such structures were not fully organized and did not morphologically resemble 

rat PRs. Finally, evidence of anatomic integration was present in the earliest and latest timepoints 

examined—expression of synaptic protein VGLUT1 and ribbon synapse marker CtBP2 was 

observed in INL-adjacent PRP at 2 weeks and 6 months post-transplant, respectively.   

Maturation of hPSC-PRP aggregates 

CRX+/tdTomato-PRP aggregates survived long-term in the SRS, and detection of donor cells was 

consistent with anatomic engraftment rather than material transfer. Proliferation within grafts 

decreased markedly over time, with few if any proliferating cells remaining by 6 months post-

transplant. No significant differences in the percentages of CRX+/tdTomato-positive cells out of the 

total population of HNA+ cells were noted over time. The large percentage of NRL+ rods found at 
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1 month did not significantly change with time, and although no NRL+ rods co-expressed 

rhodopsin at 1 month, a significant increase was noted over time. Stable populations of maturing 

rod and cone CRX+/tdTomato-positive PRs with opsin expression were present within the SRS at the 

latest timepoint studied (6 months post-transplant), and polarized expression of ML opsin was 

observed in putative outer segments. 

Safety and functional assessment of hPSC-PRP transplantation 

CRX+/tdTomato-PRP aggregates were well-tolerated in the SRS of nude retinal degenerative Foxn1-

S334ter-3 rats, with no untoward effects on vision or teratoma formation noted. However, we did 

not observe any improvements in visual acuity (assessed via OKT) or electroretinographic 

function. There are several possible explanations for this observation, although it is again 

important to note that PRP delivery did not reduce the remaining cone-driven OKT responses in 

transplanted rats, indicating that this approach is relatively safe for visual outcomes even when 

some degree of function remains. While we observed a degree of synaptic protein expression at 

various points post-transplant, it is likely that these synapses are insufficient in number for 

generating a full-field ERG response or meaningful improvement in OKT. Previous studies have 

suggested that up to 150,000 functional PRs are required to elicit PR-driven responses with full-

field ERG59, and the number of engrafted cells in all animals in the present study was likely far 

below this threshold. While no such threshold has been reported for an OKT response, this test 

may have been insufficiently sensitive to detect relatively small changes to visual function. We 

often observed rosetted morphologies at later timepoints, and while no study to date has directly 

shown that such PRs are non-functional in the host retina, the likelihood of such cells forming 

functional synaptic connections with host neurons seems extremely low57. Finally, recent 

computational modeling suggests that the likelihood of functional synaptogenesis between human 

PRP and donor inner retinal neurons is low due to evolutionary divergence in the synaptic proteins 

involved in these connections.  
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Conclusions 

In summary, we report substantial improvement in PRP survival following clustered delivery of 

CRX+/tdTomato-PRP as cellular aggregates. PRP matured over time to express presynaptic proteins 

and opsins, and anatomic evidence of host connectivity was apparent as early as two weeks post-

transplant. However, despite marked improvement in cell survival, we did not observe rescue of 

visual function, opening the door to several additional lines of research. The propensity of hPSC-

PRs to form rosettes in vivo may be overcome in future studies by testing the transplantation of 

enriched PRP or more mature donor cells, as rosettes seem to develop over time with immature 

PR transplants. The development of scaffolds that support clustered delivery of hPSC-PRP may 

provide a means of retaining the benefits of aggregate delivery while addressing remaining issues 

of graft disorganization and variable graft size noted in the present study.  Finally, despite 

evidence of synaptic protein expression in hPSC-PRP replacement, it remains unclear whether 

these represent bona fide synapses. Further investigation of the hPSC-PRP synapse is warranted 

to address ongoing questions of functionality in PR replacement. 

 

  



133 

 

 

Figures 

 
Fig. 1. Generation and transplantation of dissociated CRX+/tdTomato-PRP in retinal degenerative 
Foxn1-S334ter-3 rats.  (A) WA09-CRX+/tdTomato hPSCs were differentiated to produce ROs, which were 
isolated at stage 1 (D30) with characteristic phase-bright lamination. (B, C) PRP genesis and maturation 
occurs in stage 2 (D120) organoids, as demonstrated by CRXtdTomato fluorescence (brightfield image 
shown in B, corresponding epifluorescence image in C. (D) An abundance of CRX+/tdTomato-PRP line the 
outer rim of a stage 2 (D70) organoid. (E) Experimental overview for dissociated cell transplants and 
histology. (F) Sparse CRX+/tdTomato-PRP within the SRS of a 3-month-old Foxn1-S334ter-3 rat 2 weeks after 
subretinal transplantation of dissociated cell suspension from stage 2 ROs. PRP reside above the host 
inner nuclear layer (INL) and ganglion cell layer (GCL). (G) All CRX+/tdTomato-PRP found in the SRS at two 
weeks post-transplant co-labeled with human nuclear antigen (HNA) (arrows, n = 2 rats, 5 cryosections); 
representative image from 2-month-old Foxn1-S334ter-3 rat. 
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Fig. 2. Improved survival of CRX+/tdTomato-PRP with aggregate transplants in degenerating rat retinas. 
(A) CRX+/tdTomato-PRP aggregates generated from stage 2 (D70) ROs. Organoids were manually dissociated 
with a pipette to form clustered aggregates with robust tdTomato expression (brightfield image shown in A, 
corresponding epifluorescence image in B). (C) Experimental overview for 2 week aggregate cell 
transplants. (D, E) Representative images of cell survival in the SRS of Foxn1-S334ter-3 rats at 2 weeks 
post-transplant with dissociated (D) and aggregate (E) delivery. (F) Dissociated and aggregate transplants 
displayed a significant difference in the mean number of engrafted tdTomato-positive cells (dissociated—
24.6 cells/section, 95% CI: [1, 48], n = 5 sections from 2 eyes; aggregate—207 cells/section, 95% CI: [61, 
354], n = 8 sections from 3 eyes; *p = 0.0215, unpaired t-test with Welch’s correction). (G) As in dissociated 
transplants, all CRX+/tdTomato-PRP co-labeled with HNA. (H) Nuclei of donor cells (HNA-positive cells) were 
significantly larger in diameter than endogenous host nuclei (HNA-negative), providing further evidence 
against biomaterial transfer (mean ± 95% CI, n = 18 donor and host nuclei from grafted retinas, ****p < 
0.0001, unpaired t-test).  
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Fig. 3. Immunolabeling of anatomic CRX+/tdTomato-PRP aggregate integration at two weeks post-
transplant. (A, B) PKCα-positive rat host bipolar cells (BPCs) with dendritic projections extending into 
closely-apposed CRX+/tdTomato-PRP grafts. (C) CRX+/tdTomato-PRP aggregates express presynaptic protein 
VGLUT1 in regions adjacent to the host inner nuclear layer (INL).  
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Fig. 4. Safety and long-term survival of CRX+/tdTomato-PRP aggregates. (A) Experimental overview for 
1, 3, and 6 month aggregate cell transplants. (B) No significant differences in visual acuity were observed 
between eyes treated with aggregates and untreated controls, indicating that aggregate delivery did not 
negatively affect remaining vision (n.s., mixed-effects analysis with Šídák's multiple comparisons test). (C-
E) Survival of CRX+/tdTomato-PRP aggregates was observed at all three timepoints examined. Rosetted 
morphology was observed at later timepoints (asterisk). (F) CRX+/tdTomato-PRP aggregates co-labeled with 
HNA. (G) No significant differences in the percentage of CRX+/tdTomato-PRP out of the total transplanted 
HNA+ population were noted over time (one-way ANOVA with Tukey’s multiple comparisons). (H, I) 
Presumptive retinal progenitor cell (RPC) proliferation (Ki67) was initially high at 1 month post-transplant 
but decreased significantly between 1 and 3 months post-transplant (**** p < 0.0001, ** p = 0.0021, 
Kruskal-Wallis test with Dunn’s multiple comparisons). Virtually no Ki-67-positive cells remained by 6 
months post-transplant. 
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Fig. 5. CRX+/tdTomato-PRP aggregate maturation at 6 months post-transplant. (A) Ribbon synapse 
marker CtBP2 (arrowheads) is found in transplanted PRs, with polarized expression noted adjacent to the 
host INL. (B) Rhodopsin expression in CRX+/tdTomato-positive rods. (C) No NRL-positive rods co-expressed 
rhodopsin at 1 month; a significant increase in rhodopsin expression was noted at each time point (****p < 
0.0001, ordinary one-way ANOVA with Tukey’s multiple comparisons). (D, E) CRX+/tdTomato-positive cones 
matured to express ML opsin, with polarized expression in putative outer segment-like structures. (F) M/L 
opsin expression in CRX+/tdTomato-positive cones increased significantly from 1 to 3 months and remained 
stable at 6 months post-transplant (***p = 0.0002, ****p < 0.0001; Kruskal-Wallis test with Dunn’s multiple 
comparisons). 
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Supplemental Information 

 
Fig. S1. Reflux into the vitreous chamber following dissociated cell delivery in the Foxn1-S334ter-3 
rat. A clump of refluxed HNA-positive cells (asterisk) CRX+/tdTomato-PRP within the vitreous chamber of a 3-
month-old rat at two weeks post-transplant. 
  



139 

 

 

 
Fig. S2. CRX+/tdTomato-PRP aggregate maturation at 3 months post-transplant. (A) Proliferative RPCs 
are present but reduced in number relative to 1 month post-transplant. (B, C) By 3 months, some NRL+ 
rods also express rhodopsin. (D, E) Cones also express opsins at this time. Rosetted morphology was 
apparent in several grafts at this timepoint and beyond (asterisks). 
 
 
 

 
Fig. S3. CRX+/tdTomato-PRP are predominantly rods. The large percentage of NRL+ rods found at 1 month 
did not significantly change with time. 
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Table S1. Animal details for transplants included in figures. 

Figure(s) ID Genotype Sex Age 
Delivery 
method 

Dose 
Time in 
vivo 

Cell age at 
transplant / 
collection 

1G, 2D 66315 
Foxn1-
S334ter-3 

F 2 mo Dissociated 
300,000 
cells/3 µL 

2 weeks D115 / 133 

1F, S1 61834 
Foxn1-
S334ter-3 

F 3 mo Dissociated 
300,000 
cells/3 µL 

2 weeks D127 / 141 

2E 79428 
Foxn1-
S334ter-3 

F 7 mo Aggregates 
150,000 
cells/5 µL 

2 weeks D70 / 84 

2G 79427 
Foxn1-
S334ter-3 

F 7 mo Aggregates 
150,000 
cells/5 µL 

2 weeks D70 / 84 

3A-C 79429 
Foxn1-
S334ter-3 

F 7 mo Aggregates 
150,000 
cells/5 µL 

2 weeks D70 / 84 

4C 112310 
Foxn1-
S334ter-3 

M 2 mo Aggregates 
150,000 
cells/5 µL 

1 month D73 / 107 

4D 97559 
Foxn1-
S334ter-3 

M 3 mo Aggregates 
150,000 
cells/5 µL 

3 months D114 / 224 

4E, 5A, 
5B, 5D, 
5E 

108348 
Foxn1-
S334ter-3 

F 2 mo Aggregates 
150,000 
cells/5 µL 

6 months D75 / 256 

4F, 4H 112309 
Foxn1-
S334ter-3 

M 2 mo Aggregates 
150,000 
cells/5 µL 

1 month D73 / 107 

S2 109026 
Foxn1-
S334ter-3 

F 2 mo Aggregates 
150,000 
cells/5 µL 

3 months D78 / 170 
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Table S2. Primary antibodies used for immunolabeling. 

 

  

Antibody Source Catalog number Host Dilution 

CtBP2 BD Pharmagen 612044 Mouse 1:300 

Human cytoplasm Cellartis Y40410 Mouse 1:100 

Ku80 (Human Nuclear 
Antigen) 

Takara Y40400 Mouse 1:100 

Ki-67 Santa Cruz SC-15402 Rabbit 1:100 

M/L Opsin Millipore Sigma AB5405 Rabbit 1:500 

NRL R&D AF2945 Goat 1:300 

PKCα Santa Cruz SC-10800 Rabbit 1:50 

RFP Rockland 600-401-379 Rabbit 1:300 

Rhodopsin Millipore MABN15 Mouse 1:100 

S opsin Millipore SIgma AB5407 Rabbit 1:500 

Tdtomato SICGEN AB8181-200 Goat 1:200 

VGLUT1 Millipore Sigma AB5905 Guinea 
Pig 

1:1000 
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Introduction 

Photoreceptors (PRs) are light-sensitive cells that capture photons to initiate electrochemical 

impulses that traverse a complex neural network and ultimately confer visual function. Outer 

retinal degenerative diseases and injuries are characterized by primary or secondary PR loss with 

resulting severe vision loss. These conditions are common (affecting tens of millions 

worldwide)1,2, devastating, and irreversible, since the human retina is incapable of intrinsic self-

repair. While gene therapies hold promise for some affected patients3, they are limited in scope 

to a small number of individuals with specific inherited retinal diseases (IRDs) who are early 

enough in their course to retain a sufficient amount of functional native PRs. Patients with acquired 

PR disorders and those in later stages of IRDs are unlikely to benefit from such approaches4,5. 

Furthermore, IRDs can be caused by mutations in more than 200 different genes6, underscoring 

the difficulty of treating patients using gene- or mutation-specific strategies alone. As such, widely 

applicable approaches for restoring vision—and in particular cell replacement strategies—are 

highly attractive as they have the potential to reach a broad patient population even at later stages 

of degeneration7. 

Advances in stem cell biology and scale-up of differentiation protocols have rapidly moved 

cell replacement therapies toward the clinic. Diseases of the eye and outer retina have led the 

way8, due in part to ease of surgical access, relative immune privilege, availability of noninvasive 

monitoring techniques, potential for high acuity vision replacement with a relatively low cellular 

dose, and relative safety of ocular surgical interventions compared to other organs and tissues9. 

Twelve years have passed since the first three-dimensional culture protocol for generating outer 

retinal cells from human pluripotent stem cells (hPSCs) was described10, but the field has already 

reached a significant milestone with the initiation of more than 15 clinical trials that utilize hPSC-

derived retinal cells9. All major retinal cell types can be produced from hPSCs with protocols 

mirroring human retinal development11; however, particular weight has been placed on the 
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generation of PRs owing to their position at the apex of visual function and their susceptibility to 

degenerative processes. 

The first clinical trials for outer retinal cell replacement began with hPSC-retinal pigment 

epithelium (RPE) cells injected as a dissociated cell suspension bolus. These phase I/II trials 

revealed shortcomings of this approach including cell reflux at the time of delivery and 

disorganization of the donor RPE in the subretinal space (SRS), leading to poor long-term survival 

and integration12. Of note, cell reflux from the SRS (a potential space between the PR and RPE 

layers of the outer retina) into the vitreous cavity via the surgical retinotomy site can also lead to 

adverse patient outcomes such as epiretinal membrane formation, proliferative retinopathy, and 

retinal detachment12,13. In an effort to address these challenges and to promote more precise cell 

placement, multiple scaffold designs have been developed and studied to date. Three hPSC-RPE 

planar scaffolds—including a non-biodegradable parylene membrane, a slowly biodegradable 

polyethylene terephthalate (PET) scaffold, and a biodegradable poly(lactic-co-glycolic acid) 

(PLGA) electrospun scaffold—are currently being tested in clinical trials for hPSC-RPE monolayer 

delivery in patients with age-related macular degeneration (AMD)12. Early reports from these 

studies support in principle the safety and feasibility of delivering scaffolds into the SRS, but such 

scaffolds are restricted in application to patients with salvageable native PRs. Preclinical studies 

aimed at hPSC-derived PR replacement have largely been limited to subretinal transplantation of 

dissociated mixed cell suspensions or retinal organoid sheets14. A growing body of evidence from 

these animal studies suggests that similar to dissociated hPSC-RPE cell transplantation, bolus 

injections of hPSC-PRs often suffer from reflux during transplantation, poor cell survival, structural 

disorganization, and low integration rates5,14. Organoid-derived cellular aggregates and/or sheets 

have improved survival but rosettes are common; proportion of off-target cell types is rarely 

reported but likely substantial. 
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Solid and porous polymeric thin film scaffolds supporting hPSC-derived neural retina cell 

growth have been developed in recent years to overcome problems inherent to bolus cell 

suspension injections15-26. Despite these advances, two of the core engineering challenges these 

scaffolds are intended to address—cell disorganization and low or unpredictable cell payloads—

have remained largely unsolved. We recently developed a ‘wineglass’ design scaffold that 

succeeded in orienting a single layer of individually spaced hPSC-PRs26. However, this design 

did not support the close association of multiple layers of hPSC-PRs, and overall demonstrated 

a high burden of synthetic biomaterial relative to the cell payload. A need therefore exists for 

strategies to deliver dense populations of PRs to a discrete region of the retina, particularly for 

macular diseases that affect high-acuity central vision like AMD. With these primary engineering 

goals in mind, we developed an ultrathin biodegradable scaffold patterned with micron-level 

precision, constructed specifically to improve cell payload and reduce biomaterial burden (i.e., the 

volume of biomaterial used to generate a single 5 mm diameter scaffold with a thickness of 30 

µm), while maintaining optimal mechanical properties for subretinal applications. Herein we 

describe 1) the development and optimization of the 3D microstructure shape and size (i.e., 

scaffold design), 2) the scaffold fabrication processes (i.e., scale-up manufacturing), 3) the 

formulation and curing of the elastomeric stamp (i.e., material optimization), and 4) the cell 

seeding method leading to the production of an hPSC-PR patch aimed at reconstructing the outer 

neural retina. 

Results and Discussion 

Second-generation PR scaffold design 

We sought to engineer a biocompatible and biodegradable scaffold capable of capturing a high 

density of PRs. In the retina of humans and other vertebrates, PRs are exclusively found in the 

outer nuclear layer (ONL), which is approximately 8-10 cell nuclei thick and 30 µm in height, with 

PR cell densities ranging from tens of thousands to hundreds of thousands per mm2 in the macular 
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region of healthy human retinas27-31. In designing the scaffold, we drew upon our previous 

experience with the first-generation scaffold possessing wineglass-shaped cell capture wells26. 

While the wineglass PR scaffold introduced key advancements in biomaterial scaffold 

engineering, including the potential to promote PR polarization, its cell carrying capacity was low 

(1-2 cells/well) in comparison to the relatively high volume of synthetic biomaterial (Table 1). 

Therefore, an “ice-cube tray”-shaped scaffold was designed as a second-generation scaffold to 

maximize cell payload while also reducing overall biomaterial burden (Table 1 and Fig. S1). 

Specifically, our second generation scaffold was comprised of two layers: 1) a reservoir layer (i.e., 

cell capture well layer) in which PRs are seeded, and 2) a base layer with regularly placed 

through-holes to facilitate fluid and nutrient transport (Fig. 1A)32. Reservoirs were designed to 

have sufficient volume and height (i.e., length/width/height 29/29/25 µm) to enable capture of 

multiple PRs in an individual reservoir. Furthermore, to promote cell seeding inside the wells as 

opposed to along the top of the walls, the reservoir wall width was designed as thin as possible 

(~3 µm) while retaining structural integrity. Similarly, to prevent cells (whose nuclei average 6 µm 

in diameter) from escaping through the perforated base layer, the through-hole diameter was also 

minimized (~5 µm). The desired scaffold thickness was near that of the native macular ONL (~30 

µm), which is also consistent with recent arguments that scaffolds with a thickness less than 50 

µm can enable interactions between seeded neuroretinal cells and the host RPE30,33,34. 

Biomaterial selection for scaffold fabrication 

Desirable retinal scaffold characteristics include the use of fully biodegradable materials 

possessing mechanical properties compatible with those of the human retina, both of which are 

important for clinical translation. The retina has a Young’s modulus of just 0.02 MPa35, making 

this tissue extremely flexible as well as fragile. A higher modulus (>1 MPa) has been shown to 

enhance surgical handling of RPE scaffolds36 without sacrificing safety or performance following 

implantation in the SRS. We thus sought to develop a scaffold with a Young’s modulus slightly 
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above 1.0 MPa, balancing the need for rigidity during transplantation with flexibility to conform to 

the curvature of the eye upon delivery. The ideal biomaterial and its degradation products 

should also have proven compatibility with retinal tissue so as not to induce damage to 

surrounding host cells in vivo. Furthermore, the scaffold material must form thin (ideally <50 µm 

to facilitate interactions with RPE)33, stable films and be amenable to the formation of precise, 

three-dimensional PR capture well geometries during the micromolding process. Poly(glycerol-

sebacate) (PGS) was selected as the biomaterial of choice due to its retinal biocompatibility37,38, 

known degradation behavior in the subretinal space (<30-60 days)38,39, and suitable Young’s 

modulus (1.18-1.66 MPa)26,39. Furthermore, PGS undergoes gradual hydrolytic and enzymatic 

degradation to generate sebacic acid and glycerol, both of which are natural mammalian 

metabolites that are fully eliminated via physiologic mechanisms39,56. Lastly, PGS provides the 

ideal combination of relatively rapid degradation in vivo with slow degradation in vitro39. We did 

not observe scaffold degradation after hPSC-PR seeding for up to 30 days in culture26, which 

offers a wide time window to seed and maintain scaffolds while making arrangements for 

transplantation.  

PGS ice cube tray PR scaffold fabrication 

With the aforementioned desirable scaffold characteristics in mind, the second-generation outer 

retinal scaffold with an ice cube tray structure was fabricated using microfabrication and 

micromolding techniques, which are among the most promising approaches currently used in 

drug and cell delivery systems40,41. Fig. 1, B to G depicts the process workflow for fabricating 

PGS ice cube tray PR scaffolds. First, to fabricate a reusable silicon (Si) master mold with two 

distinctly patterned layers, a dense array of Si microstructures (through-holes and reservoirs) 

was created using photolithography and deep reactive ion etching (DRIE), a highly anisotropic 

etch process optimal for creating steep-sided holes or trenches in Si wafers (Fig. 1, B and C)42. 

Here, during the DRIE process, RIE-lag effect and microloading effect were manipulated to 
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achieve desired structure dimensions. RIE-lag effect refers to the dependency of etch rate on 

feature size (e.g., smaller features result in slower etch rates), while the microloading effect 

describes the relationship between local etch rate and pattern density (i.e., features in areas of 

high pattern density experience more competition for reactants, leading to a gradient in reactant 

flux and slower etch rate)43. While generating the Si master mold, through-holes underwent two 

etching steps: a primary etching step and a secondary etching step (Fig. S2). The etch rates of 

the through-holes in each step differed due to the microloading effect, with the primary etch rate 

and the secondary etch rate set at 2.148 µm/min and 1.746 µm/min, respectively. On the other 

hand, reservoirs only went through the secondary etching step and the etch rate of the 

reservoirs was 2.448 µm/min, which was higher than the primary etch rate of the through-holes 

(i.e., 2.148 µm/min) due to the RIE-lag effect caused by the difference in feature size. By 

considering these effects and precisely calculating the etch rates, the desired target depths—

approximately 5 μm for the through-hole layer and 25 μm for the reservoir layer—were 

successfully achieved (Fig. 2A). The final Si master mold included a base layer of through-holes 

with a diameter of 5.1 μm and a depth of 4.8 μm, and a secondary layer of cuboidal (i.e., ice 

cube tray) reservoirs with a dimension of 29 µm × 29 µm × 24.5 µm. The width of the reservoir 

walls and the distance between adjacent through-holes were 2.8 μm and 5 μm, respectively, 

meeting the target dimensions. To facilitate smooth molding and demolding in the next 

fabrication step (Fig. 1D), the fabricated Si master mold was coated with a chemically inert 

passivation layer. Plasma-polymerization was conducted with octafluorocyclobutane (C4F8) as a 

precursor by DRIE, generating a Teflon-like polymer film with long linear (CF2)n chains44. 

Next, to create a reusable elastomeric stamp (i.e., a negative master mold for the 

fabrication of the final scaffold) that would not deform, bend, or buckle during the molding 

process (Fig. 1E), polydimethylsiloxane (PDMS) was selected as the ideal material. Soft-PDMS 

stamps were initially tested, but these were frequently deformed during the demounting process 
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due to the adherent nature of soft-PDMS (Fig. S3). Hard-PDMS (h-PDMS) proved sufficiently 

strong to serve as the optimal stamp material. To create the stamp, liquid h-PDMS was poured 

over the fabricated Si master mold and left to cure for 12 hours at room temperature followed by 

2 hours at 60°C. After curing, the stamp was carefully demolded from the Si master mold 

without large surface defects, producing a high yield (>95%) of the desired ice cube tray 

microstructures (Fig. 2D). The stamp surface was coated with a monolayer of hydrophobic 

silane (an anti-adhesive layer) under vacuum to facilitate demounting from the final PGS 

scaffold. The microfabrication processes for the Si master mold and h-PDMS stamp are 

described in greater detail in the Materials and Methods section. 

Fig. 1, E and F depict the final steps in the micromolding process for fabricating the ice 

cube tray PR scaffold from a PGS prepolymer with the h-PDMS stamp. First, PGS prepolymer 

was placed on a clean Si wafer and melted on a hotplate at 120°C. The micropatterned surface 

of the h-PDMS stamp was then immersed into the liquid PGS. A glass slide with an overlying 

weight of 380 g was placed atop the stamp, pressing the liquid PGS between the h-PDMS 

stamp and the Si wafer (Fig. 1E) to control the scaffold thickness (Fig. S4). The scaffold 

microfabrication apparatus was subsequently placed into a vacuum oven and cured under high 

vacuum (<1 mbar) at 120°C for 3 days. Fig. 3A shows a cured PGS scaffold between the h-

PDMS stamp and the Si wafer prior to demounting. After curing was complete, the h-PDMS 

stamp was demounted from the Si wafer, taking care to avoid fractures of the h-PDMS ice cube 

tray microstructures due to the rigid nature of h-PDMS. Fabricated PGS scaffolds were 

evaluated via scanning electron microscopy (SEM) to screen for surface defects attributable to 

the demounting process. 

Despite careful handling, early microfabrication experiments often resulted in retention of 

fractured h-PDMS microstructures in the final scaffold product, rendering the h-PDMS stamp 

inoperable for further use (Fig. S5). To address this challenge, isopropyl alcohol (IPA) soaking 
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was employed, as it allows polymers to swell and can facilitate release from secondary mold 

structures45. The h-PDMS stamp, cured PGS, and Si wafer were incubated in isopropyl alcohol 

(IPA) at room temperature for 12 hours, allowing IPA to permeate the PGS scaffold. Using this 

approach, the PGS scaffold on a Si wafer could be reliably demounted from the h-PDMS stamp 

without surface defects or retained h-PDMS stamp microstructures (Fig. 3B), maintaining the h-

PDMS stamp surface integrity for reuse (Fig. S6). Thereafter, the PGS scaffold was carefully 

delaminated from the Si wafer using a single razor blade (Fig. 1F) and unrolled with sonication 

treatment in IPA. The microfabrication process was subsequently optimized to produce a 

scaffold with minimal biomaterial burden and sufficient structural integrity for successful 

delamination (Fig. S7). The final micro-patterned ice cube tray scaffold is shown via a 

schematic (Fig. 1G) and low magnification photography (Fig. 3C). To assess microstructure 

quality and uniformity in the final product, the scaffolds were imaged with SEM; top, bottom, and 

cross-sectional views of the fabricated scaffold revealed precise, neat, and uniform ice cube tray 

reservoirs with the desired through-hole structures in the base of the scaffold (Fig. 3, D to F). In 

particular, the microstructure surfaces were smooth with no irregular or elevated edges and 

minimal structural defects. Furthermore, the final scaffold product had a high microstructure 

yield (>98%) over a large area (Fig. 3G). A detailed description of the fabrication process for ice 

cube tray PGS scaffolds can be found in the Materials and Methods section. Taken together, 

the optimized fabrication process for the ice cube tray design achieves a finely tuned balance 

between three critical and interrelated design criteria: target dimension, minimized biomaterial 

burden, and structural integrity. 

Mechanical compliance of PGS ice cube tray PR scaffolds 

Since the eye is spherical in shape and outer retinal scaffolds necessarily experience internal 

and external stresses during delivery to the SRS, an ideal PR scaffold must be not only flexible 

enough to conform to curved surfaces, but durable enough to withstand local stresses without 
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structural deformation. In addition, the scaffold should return to its original form when local 

stresses are removed to protect and maintain proper organization of captured cells. To model 

this, the mechanical properties of the PGS ice cube tray PR scaffold were assessed via finite 

element analysis and compared to those of our original wineglass PR scaffold26 to elucidate 

mechanical benefits and tradeoffs of each design (Fig. 4). 

To determine how the scaffolds with two different designs (wineglass vs. ice cube tray) 

behave under external stresses, a fixed constraint was set to a square area in the center of 

each design that incorporated 9 through-holes. Thereafter, 5 N of tensile force per unit area was 

applied to the four sides of each scaffold in the x- and y-directions. As presented in Fig. 4A, the 

wineglass design had high stress concentrations along the boundary of the fixed constraint, 

leading to a change in the shape of the scaffold. In contrast, the resulting stress was uniformly 

and efficiently distributed throughout the ice cube tray scaffold, without causing any appreciable 

deformation of the scaffold (Fig. 4B), although the ice cube tray design had a higher stress than 

the wineglass design due to its thinner through-hole layer (i.e., 5 vs. 10 µm), which largely 

determines the mechanical properties of the scaffolds because the reservoir layer only consists 

of very thin reservoir walls (i.e., ≤ 3 µm). Tensile strength and elastic modulus were also 

measured to assess the ice cube tray scaffold’s mechanical properties. The modulus of the ice 

cube tray scaffold was 1.3 MPa, and all microstructures recovered to their original shapes after 

the tensile stress was removed (Fig. S8), indicating favorable pliability for any surgical handling 

associated with transplantation. These results convincingly demonstrated that the ice cube tray 

design has superior mechanical properties compared to the wineglass design, both in terms of 

uniformity of stress distribution and extent of scaffold deformation under a defined tensile stress, 

two factors that are key for safe and consistent scaffold delivery in vivo. 
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Scaffold sterilization, stability, and degradation 

To facilitate cell seeding, scaffolds were incorporated into a commercially available 12 mm 

polyester transwell cell culture insert (Corning® Costar® Snapwell, Sigma) prior to sterilization 

(Fig. 5, A to C). To mount scaffolds into the insert, a 5 mm biopsy punch was used to create a 

round hole in the center of the polyester transwell membrane, which is the approximate 

diameter of the human macula27. Scaffolds were then mounted in the center of the transwell 

membrane and secured with soft-PDMS as an adhesive (Fig. 5A). Transwell inserts were 

snapped into holders (Fig. 5B) and placed in a 6 well plate (Fig. 5C). Scaffolds were treated 

with O2 plasma to enhance the surface hydrophilicity and thus microstructure wettability, 

preventing microbubbles from forming within each capture well (Fig. S9) and promoting uniform 

cell seeding in the capture wells26,46,47. 

Scaffolds were subsequently gas sterilized with ethylene oxide (Fig. S10), a process 

widely used to sterilize delicate medical devices due to its compatibility with a variety of heat or 

pressure-sensitive materials48. In addition, gas sterilization does not melt the tissue culture 

plastic housing the scaffolds, as occurs during autoclaving. Sterilized scaffolds were pre-treated 

with an extracellular matrix protein substrate (human recombinant Laminin 521, BioLamina) 

previously shown to optimally facilitate hPSC-PR adhesion in similar culture systems26. 

To assess in vitro stability, scaffolds were monitored over 6 weeks in culture via optical 

coherence tomography (OCT) imaging. During this time, scaffolds did not appreciably degrade, 

remaining at 100 ± 5.4% of baseline thickness at the 6-week time point. Scaffold degradation 

within the subretinal space of nude rats was also examined. Comparable to previously 

published PGS studies38,39, scaffold thickness steadily decreased to 12.6 ± 3.5% of starting 

scaffold thickness by 2 months post-implantation (Fig. S11). 
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PR cell seeding in ice cube tray scaffolds 

To assess the performance of the PGS ice cube tray PR scaffold in vitro, an established 

protocol was used to generate retinal organoids from a previously characterized human ESC 

reporter line (WA09-CRX+/tdTomato) that fluorescently labels PRs throughout differentiation and 

maturation49. WA09-CRX+/tdTomato retinal organoids were differentiated to late stage 2 

(approximately D120 of differentiation)11 to achieve peak PR differentiation prior to seeding11,49. 

Retinal organoids were then dissociated to produce a cell suspension containing a high 

percentage (60-80%) of fluorescent CRX+/tdTomato-PRs. Laminin-coated scaffolds were seeded 

with cell suspensions at several concentrations (1, 3, 5 or 7 million cells/transwell) and cultured 

for 5 days to assess biocompatibility and determine the minimum number of cells necessary to 

achieve maximal scaffold carrying capacity (Fig. 5, D and E). Confocal imaging of fixed, 

immunostained scaffolds confirmed successful seeding and survival of multiple CRX+/tdTomato-

expressing PRs in individual wells of laminin-coated PGS ice cube tray scaffolds (Fig. 5D). As 

shown in Fig. 5E, maximal scaffold carrying capacity (17.8 ± 2.4 CRX+/tdTomato-PRs/well, or 1.74 

± 0.24 x105 CRX+/tdTomato-PRs/mm2) could be achieved by seeding at a concentration of 5 

million cells per transwell (total area of transwell = 467 mm2) (Table 2). An optimized seeding 

concentration of 5 million cells/transwell was thus used for all subsequent experiments. 

Importantly, these experiments revealed that the ice cube tray design enabled a 3.4-fold 

increase in cell carrying capacity (calculated with equations S1 and S2) compared to the 

original wineglass shaped PR scaffold design (Table 2).  The ice cube tray scaffold also 

facilitated capture of a multi-cellular layer of PRs up to 3 cell layers thick (average = 2.6 ± 0.7 

nuclei layers/well).  

The differentiated PRs expressed cone- (cone arrestin; ARR3) and rod-specific (NR2E3) 

proteins as expected for hPSC-PRs derived from stage 2 retinal organoids11 (Fig. 5F). The 

substantial increase in the cell payload capacity of the ice cube tray design, combined with its 
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decreased overall biomaterial burden, which was 50% less for the ice cube tray design than the 

wineglass design (calculated with equation S3), further underscores its relative superiority 

(Tables 1 and 2). These results represent the highest-density capture of hPSC-PRs for any 

retinal scaffold described to date. Furthermore, this construct provides a means of exceeding 

the often-cited threshold of 150,000 photoreceptors within a single scaffold (Table 2), which is 

the threshold theoretically needed to achieve an electroretinographic (ERG) response14,50. 

PR organization within PGS ice cube tray scaffold constructs 

Given the importance of cell packing, organization, and polarization within the retina, particularly 

with regard to cones (the Stiles-Crawford effect51 and the Nyquist limit52 are tied to outer 

segment orientation and cone density, respectively), we sought to determine whether the ice 

cube tray scaffold design facilitated pre-organization of hPSC-PRs within scaffold constructs. To 

assess PR polarity and scaffold construct organization, whole mounts of PGS ice cube tray 

scaffolds seeded with 5 million cells per transwell were screened for the presence of 1) outer 

segments (specialized light-detecting structures situated apically within PRs) and 2) presynaptic 

vesicles, which localize to the basal PR axon terminal (Fig. 6). 3D reconstructions of scaffold 

flat mounts were analyzed to determine the primary location of outer segments and presynaptic 

terminals. CRX+/tdTomato-PRs in scaffolds expressed Peripherin 2 (PRPH2) (Fig. 6, A and C), a 

protein crucial to the development of rod and cone outer segments53 that contain photosensitive 

opsins. PRPH2-positive PR outer segments oriented perpendicularly to the base of the scaffold 

(Fig. 6C, inset). CRX+/tdTomato-PRs also expressed VGLUT1, a presynaptic marker expressed 

within PR axon terminals (Fig. 6, B and D), which was primarily localized to the top half of the 

scaffold in 3D reconstructions (Fig. 6D).  

Interestingly, in the wineglass design, PR axons tended to extend into the through-holes, 

with presynaptic markers localized at the base of the scaffold. The reversal in PR polarity seen 
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with the ice cube tray design could be due to its substantially shorter through-hole length 

compared to the wineglass design (5 μm vs. 10 μm). Alternatively, the clustering of multiple PRs 

within a single well may provide local cell-cell interactions that are not present in the wineglass 

scaffold design. Regardless of the mechanism, a significant benefit of the PR polarity within the 

ice cube tray scaffold is the greater exposure area of donor PR axon terminals at the top of the 

scaffold, immediately adjacent to the dendritic terminals of host interneurons (i.e., bipolar cells). 

Such an orientation not only minimizes barriers at the donor-host synaptic interface (prior to 

degradation of the biomaterial), it also positions the through-holes in the scaffold base to allow 

fluid and material exchange between the donor PRs and the host RPE and choroid as the 

scaffold degrades over time. Lastly, it concentrates the bulk of the biomaterial volume adjacent 

to the host RPE, the cell layer that plays a role in scaffold degradation within the SRS54, 

possibly due to secretion of extracellular matrix-remodeling matrix metalloproteases (MMPs)55. 

Conclusion 

In conclusion, we have described state-of-the-art microfabrication and micromolding processes 

for generating biodegradable, micro-structured, ultrathin scaffolds that support formation of a 

dense layer of hPSC-derived PRs. Analysis of the scaffold’s mechanical properties reveal 

favorable advances in the uniformity of stress distribution and the extent of deformation for 

optimal scaffold handling in downstream surgical applications. Furthermore, in vitro experiments 

underscored the potential of ice cube tray scaffolds to serve as an organized delivery system for 

more than 300,000 hPSC-PRs in a single 5 mm diameter (19.63 mm2) scaffold (approximately 

the area of the human macula, see equation 2). PGS ice cube tray PR scaffolds exhibited not 

only a higher cell payload capacity and decreased biomaterial burden, but also optimal donor 

PR orientation for integration in transplantation studies. We expect that hPSC-PRs delivered on 

PGS scaffolds will be better poised to survive and function post-transplantation and will prevent 

or eliminate cell reflux and disorganization. Future studies will be aimed at assessing scaffold-
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mediated delivery in small and large animal models of outer retinal disease and damage, 

exploring minimally invasive surgical approaches, and optimizing manufacturing strategies for 

scale-up and Good Manufacturing Practice (GMP) production of PR-seeded scaffolds. In 

addition, the scaffold micromolding and microfabrication strategies developed here may prove 

useful for high-density, layered, and oriented cell replacement in other tissues throughout the 

body. 

Materials and Methods 

Materials 

(7.0-8.0% Vinylmethylsiloxane)-dimethylsiloxane copolymer (VDT-731), platinum-

divinyltetramethyl-disiloxane complex (Pt catalyst, SIP6831.2LC), (25-35% 

Methylhydrosiloxane)-dimethylsiloxane copolymer (HMS-301), and (Tridecafluoro-1,1,2,2-

tetrahydrooctyl)trichlorosilane (SIT8174.0) were purchased from Gelest, Inc. (USA). 2,4,6,8-

Tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane, glycerol, sebacic acid, acetone, and isopropanol 

(IPA) were obtained from Sigma-Aldrich, Inc. (USA). All reagents were used as received without 

further purification. 

Fabrication of silicon master mold 

An undoped Si wafer was used as a starting material. After a standard RCA cleaning process an 

array of through-hole patterns was formed by photolithography using an AZ2020 photoresist and 

etched with deep reactive-ion etching (DRIE). During the DRIE process, etch/passivation cycles, 

etch/passivation time per cycle, plasma power, ICP power, and SF6/O2/C4F8 gas flows were 33/33 

cycles, 10/5 sec, 11.7 W, 600 W, and 102/12/100 sccm, respectively. The diameter and depth of 

the etched through-holes were 5.1 μm and 11.8 μm, respectively (Fig. S12). After removing the 

photoresist with organic solvents (acetone and IPA), the reservoir was formed by the same 

procedure used for the through-hole patterning and etching, except that the DRIE etch/passivation 
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cycles were 60/60 cycles, respectively. For the fabricated Si master mold, the diameter and depth 

of through-holes were 5.1 μm and 4.8 μm, respectively, and the length, width, and depth of 

reservoirs were 29 μm, 29 μm, and 24.5 μm, respectively. The width of reservoir wall and the 

distance between adjacent through-holes were 2.8 μm and 5 μm, respectively. After the master 

mold was cleaned with organic solvents and piranha solution, it was treated with oxygen plasma 

(Unaxis 790 RIE) for 20 sec at a plasma power of 40 W, pressure of 120 mTorr, and oxygen gas 

flow rate of 20 sccm to remove the remaining organic contaminants. Finally, to coat a chemically 

inert passivation layer on the Si master mold, plasma-polymerization was conducted with 

octafluorocyclobutane (C4F8) as a precursor by DRIE (C4F8 = 97 sccm, time = 1 min), generating 

a Teflon-like polymer film with long linear (CF2)n chains44. 

Fabrication of h-PDMS stamp 

The h-PDMS was prepared by mixing and degassing 17 g of vinyl PDMS pre-polymer (VDT-731), 

90 μL of a Pt catalyst (SIP6831.2LC), 250 μL of 2,4,6,8-Tetramethyl-2,4,6,8-tetravinylcyclotetra-

siloxane, and 5 g of a hydrosilane pre-polymer (HMS-301). Then, the h-PDMS mixture was 

poured onto the fabricated Si master mold and cured at room temperature for 12 hours, followed 

by 2 hours inside an oven at 60°C. Thereafter, the stamp was gently demolded from the master 

mold and cut with a single edge razor blade to obtain nine sets of 1×1×1 cm3 cubes. After the 

stamp was cleaned with IPA, it was treated with O2 plasma using RIE at a plasma power of 40 W, 

a working pressure of 120 mTorr, and a flow rate of 30 sccm for 20 sec to facilitate subsequent 

hydrophobic silane coating (anti-stick coating). Then, the stamp was placed in a desiccator with 

a beaker containing 400 μL of (Tridecafluoro-1,1,2,2-tetrahydrooctyl)trichlorosilane (SIT8174.0) 

and pumped down for 12 hours at room temperature to allow the stamp’s surface to be fully 

functionalized by the evaporated silane. Finally, the stamp was rinsed with IPA again and gently 

blow-dried using nitrogen. 
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Poly(glycerol-sebacate) (PGS) prepolymer synthesis 

The PGS prepolymer was synthesized according to previously published protocols26,39,56. Briefly, 

equimolar glycerol (4.60 g, 50 mmol) and sebacic acid (10.11 g, 50 mmol) were homogenously 

mixed under nitrogen atmosphere for 24 hours at 120°C. Thereafter, the reaction pressure was 

reduced to <1 mbar while keeping the temperature at 120°C for another 24 hours to allow 

further condensation polymerization. The PGS prepolymer was a white wax-like solid after it 

was cooled down to 20°C. 

Fabrication of PGS scaffold 

Approximately 10 mg of PGS pre-polymer solid was placed on a clean and pre-heated Si wafer 

and melted. Then, the patterned side of the h-PDMS stamp was placed against the liquid PGS 

on the Si wafer. This apparatus was placed in the vacuum oven (120°C and <1 mbar) for 15 min 

to remove bubbles between the Si wafer and the stamp. Thereafter, a glass slide plus a 380-

gram weight were placed on the stamp to press it against the Si wafer to control the scaffold 

thickness at room temperature and the apparatus was placed back into the vacuum oven and 

kept at 120°C for 72 hours under <1 mbar for complete curing of PGS. After that, the Si wafer 

and the stamp were soaked together in IPA for 12 hours to gently demount the stamp from the 

Si wafer. Once the stamp was removed, the PGS scaffold on the Si wafer was blow-dried with 

nitrogen gas and carefully delaminated using a single razor blade. In order to unroll the scaffold 

tangled during the delamination process and remove any residues on its surface, it was soaked 

in an IPA solution, followed by a sonication treatment for 20 min. Finally, the PGS scaffold was 

transferred onto a Teflon plate using a transfer pipet and three drops of water were added on its 
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surface to restore the swollen PGS scaffold to its original morphology. Lastly, it was carefully 

blow-dried with the cell reservoirs facing upward. 

 

Mounting PGS scaffolds on transwell inserts 

A 12 mm polyester transwell membrane with a central 5 mm hole was secured to the scaffold 

with PDMS. The scaffold was degassed in a desiccator for 5 min and cured at 60°C for 4 hours 

to adhere the scaffold to the transwell membrane. Then, the PGS scaffold and transwell 

membrane were carefully detached from the Teflon plate and mounted in a transwell insert for 

cell culture. Lastly, for better cell capture, brief (20 sec) oxygen plasma treatment was carried 

out on the top and bottom surfaces of PGS scaffold using RIE (Unaxis 790; O2 = 30 sccm, 

pressure = 120 mTorr, plasma power = 40 W). 

Finite element analysis 

To predict the mechanical properties of the PGS wineglass and ice cube tray scaffolds, the 

equivalent von Mises stress distributions were numerically solved using a finite element 

simulation software (Comsol Multiphysics 4.2, Comsol Ltd). A nonlinear elastic Neo–Hookean 

model was used to characterize the mechanical properties and the relevant material parameters 

used for the PGS polymer were E = 1.3 MPa, Density = 1060 kg/m3, ν = 0.49. Here, E is 

Young’s modulus and ν is Poisson’s ratio. 

Retinal organoid differentiation and culture 

WA09-CRX+/tdTomato hPSCs were differentiated to stage 2 retinal organoids (~D120) using an 

established protocol for retinal differentiation11,50. Briefly, pluripotent colonies were maintained in 

mTeSR Plus medium on Matrigel (Thermo Fisher Scientific) and lifted with ReLeSR 

(STEMCELL Technologies) to generate free-floating embryoid bodies (EBs). EBs were 

transitioned to neural induction medium [NIM; 1:1 Dulbecco’s modified Eagle’s medium 
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(DMEM):F12 (Thermo Fisher Scientific), 1× minimal essential medium (MEM) nonessential 

amino acids (Thermo Fisher Scientific), 1× GlutaMAX (Thermo Fisher Scientific), heparin (2 

mg/ml; Sigma-Aldrich), and 1% N2 supplement (Thermo Fisher Scientific)] over 4 days before 

receiving NIM with a pulse of bone morphogenetic protein 4 (BMP4) (R&D Systems) on day 6. 

EBs were plated onto Matrigel-coated plates on day 7 and gradually transitioned to retinal 

differentiation medium [RDM; 3:1 DMEM:F12 (Thermo Fisher Scientific), 1× MEM nonessential 

amino acids, 1× GlutaMAX, 1× antibiotic-antimycotic (Thermo Fisher Scientific), and 2% B27 

supplement (Thermo Fisher Scientific)] after a series of half media changes in NIM to gradually 

reduce the BMP4 concentration over time. At approximately day 30 of differentiation, retinal 

organoids were manually dissected and maintained in free-floating cultures in RDM with 2% 

fetal bovine serum (FBS; WiCell). Retinal organoids were maintained in 

polyhydroxyethylmethacrylate (MilliporeSigma)–treated tissue culture flasks and fed twice 

weekly with RDM and 2% FBS until scaffold seeding. Organoids were monitored via 

epifluorescence microscopy to ensure that PR differentiation had peaked (as indicated by 

tdTomato fluorescence) as organoids reached stage 2 (~D120). Cultures were routinely 

screened for the presence of mycoplasma by polymerase chain reaction (WiCell). 

Scaffold seeding and maintenance in culture 

For cell seeding and scaffold organization experiments, stage 2 organoids (approximately D120 

of differentiation) were dissociated enzymatically with papain (Worthington Biochemical) and 

seeded onto gas sterilized scaffolds pre-coated with 0.05 mg/mL laminin 521 (human 

recombinant Laminin 521, BioLamina) in Hanks’ Balanced Salt Solution (HBSS) with calcium 

and magnesium (Thermo Fisher) and subsequently incubated for a minimum of 4 hours at 25 °C 

to enable sufficient laminin polymerization. Cells were plated onto scaffolds in RDM + 10% FBS 

at a volume ≤ 300 µL. Scaffolds were left undisturbed for the first 24 hours post-seeding to 

facilitate cell adhesion, then gradually transitioned back to RDM + 2% FBS medium for scaffold 
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maintenance. Scaffolds were maintained in culture for up to 5 days and fed daily with RDM + 

2% FBS. 

Optical coherence tomography imaging and analysis 

To assess in vitro biodegradability of the PGS scaffolds, optical coherence tomography (OCT) 

was performed on 3 scaffolds—1 seeded with hPSC-PRs and 2 without cells—for 6 weeks. 

Scaffolds were incorporated into glass-bottomed 6 well plates (MatTek Life Sciences) and 

maintained as previously described, with the exception of brief transitions to imaging media 

[Hibernate E Flow Fluorescence (BrainBits), 1× antibiotic-antimycotic, 2% B27 supplement, 2% 

FBS] for ≤2 hours each week during OCT imaging. At 24 hours post-seeding and weekly 

thereafter, the cell-seeded scaffold and 2 unseeded controls were imaged within glass-bottomed 

6 well plates using a Ganymede spectral domain OCT (SD-OCT) (ThorLabs). Central scaffold 

height was measured using calipers within the ThorImage OCT software (version 5.2.1). 

Animals 

4 male and female SD-Foxn1 Tg(S334ter)3Lav rats57 (age: 1-4 months) were used. Animal 

studies were reviewed and approved by the UW-Madison Institutional Animal Care and Use 

Committee. All animals were handled in accordance with the Association for Research in Vision 

and Ophthalmology (ARVO) statement for the use of animals in Ophthalmic and Vision 

Research, the National Institute of Health Guide for the Care and Use of Laboratory Animals, 

and the laws of the United States and regulations of the Department of Agriculture. 

 

Scaffold Implantation in Rodents 

One-mm round PGS scaffolds were obtained using a sterile trephine punch (Electron 

Microscopy Sciences) and implanted into nude rats using a previously published approach for 

subretinal scaffold delivery in rodents36. Briefly, rats were anesthetized with intraperitoneal 
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ketamine (80 mg/kg) and xylazine (10 mg/kg) and eyes were treated with mydriatic (1% 

tropicamide and 2.5% phenylephrine HCl) and topical anesthetic (0.5% tetracaine HCl) 

ophthalmic solutions prior to scaffold delivery. Eyes were proptosed, coated with Goniovisc 

(Dynamic Diagnostics International), and covered with a coverslip to visualize scaffold entry. A 

scleral incision was made with a 23G MVR knife and a subretinal bleb was raised with sodium 

hyaluronate viscoelastic (Abbott Medical Optics). Internal limiting membrane forceps were used 

to gently guide a 1-mm scaffold punch into the subretinal space. 

Histology 

Rats were humanely euthanized at 1 week, 2 weeks, 1 month, or 2 months post-implant and 

eyes were fixed in 4% paraformaldehyde for 1 hour to prepare tissue for histology. Eyes were 

placed in 30% sucrose overnight and frozen in blocks of OCT for cryosectioning at 25µm. Single 

plane ×20 magnification images of cryosections with degrading subretinal scaffolds were 

acquired via differential interference contrast microscopy and analyzed in ImageJ. 15 evenly 

spaced individual measurements of scaffold thickness (measured perpendicular to the scaffold 

base) were obtained from 1-3 cryosections per eye. Thickness was reported as the mean 

percentage of starting scaffold thickness (± standard deviation) and graphed using GraphPad 

Prism. 

Immunocytochemistry and confocal imaging 

Scaffolds seeded with hPSC-PRs were fixed in 4% paraformaldehyde for 30 minutes, washed in 

1× Phosphate Buffered Saline (PBS; Thermo Fisher) and processed for immunocytochemistry 

as previously described to assess expression and localization of PR-specific proteins26. Briefly, 

scaffold whole mounts were incubated in blocking solution [10% normal donkey serum (Abcam), 

5% bovine serum albumin (Millipore Sigma), and 0.5% Triton-X (Millipore Sigma) in 1× PBS] for 

1 hour at room temperature followed by overnight incubation at 4 °C in primary antibodies. 
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Scaffolds were washed with 1× PBS to remove residual primary antibody solution before 

incubating for 30 minutes at room temperature in secondary antibodies at 1:500 (Alexa Fluor 

488, 545, and 633, Thermo Fisher). After an additional round of washes in 1× PBS, scaffolds 

were carefully removed from transwells and mounted in Prolong Gold Antifade with DAPI 

mounting medium (Thermo Fisher) prior to coverslipping. Confocal z-stacks of immunostained 

scaffolds were captured at ×20 magnification with a Nikon A1R confocal microscope. 3D z-stack 

reconstruction, maximum intensity projection image generation, and cell capture quantification 

were performed with Nikon Elements software. Descriptive statistics for quantitative analyses 

were performed with and visualized in GraphPad Prism. Averages reported herein are identified 

as the mean ± standard deviation. 
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Figures and Tables 

 

Fig. 1. PGS ice cube tray scaffold manufacturing process. (A) Schematic illustration of the ice cube 

tray PR scaffolds designed to have a reservoir layer for cell capture and retention and a through-hole 

layer for exchange of fluid, waste products, and nutrients both in vitro and during scaffold degradation in 

vivo. (B to G) Schematic illustration of the procedure to fabricate the ice cube tray PR scaffolds using a 

PGS prepolymer. (B) Through-hole and (C) reservoir etching processes of a Si master mold. (D) Molding 

and demolding processes of a h-PDMS stamp from the Si master mold. (E) Mounting and demounting 

processes of the h-PDMS stamp for fabricating a PGS ice cube tray PR scaffold. (F) Delamination 

process of the scaffold using a razor blade. (G) Final PGS ice cube tray PR scaffold. 
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Fig. 2. Fabrication of Si master mold and h-PDMS stamp. SEM images of the ice cube tray-shaped 

(A) Si master mold, and (B) h-PDMS stamp showing (i) a tilted view, (ii) a top view, and (iii) a cross-

sectional view, respectively. The inset images show a magnified view of the microstructures of the 

fabricated Si master mold and h-PDMS stamp. 
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Fig. 3. Fabrication of the PGS ice cube tray PR scaffold. (A to C) Low magnification photographic 

images depicting the fabrication process of the PGS ice cube tray PR scaffold. (A) h-PDMS stamp ready 

to be demounted from the scaffold on a Si wafer after complete PGS curing. (B) A PGS scaffold on the Si 

wafer after stamp removal. After removing scaffold edges, the scaffold was delaminated from the Si wafer 

using a single edge razor blade. (C) Fabricated PGS ice cube tray scaffold held with fine forceps. (D to G) 

SEM images of the fabricated ice cube tray retinal scaffold showing (D) a top view, (E) a bottom view, and 

(F) a cross-sectional view. (G) Large area SEM image of the fabricated scaffold and a magnified view of a 

scaffold reservoir wall (inset). 
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Fig. 4. Finite element analysis showing equivalent von Mises stress distribution in the PGS 

scaffolds. (A) Wineglass and (B) ice cube tray design under 5 N of tensile force in the x- and y-

directions: (i) isometric view, (ii) top view, (iii) bottom view, and (iv) orthogonal view. The color bar shows 

the von Mises stress (in N/m2) for an applied tensile force.  
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Fig. 5. Generation of PGS ice cube tray PR scaffold constructs. (A to C) Low magnification 

photographic images depicting scaffold mounting into the transwell insert. (A) Transwell insert with PGS 

scaffold below. The outer edge of the scaffold was glued to the transwell insert with soft PDMS. The area 

of the transwell insert removed to mount scaffolds was 19.6 mm2 (internal diameter: 5 mm). (B) Transwell 

insert holder with a PGS ice cube tray scaffold mounted into a transwell insert. (C) 6-transwell scaffold 

cell culture system. (D to F) Laminin-coated ice cube tray scaffolds are readily filled with hPSC-derived 

CRX+/tdTomato-expressing PRs (D) 3D rendering of a scaffold (176 µm × 185 µm × 22 µm) confirms 

successful capture of multiple PRs (labeled in red) in individual capture wells. Cell nuclei are labeled with 

DAPI (blue). (E) Cells were seeded onto scaffolds at varying densities to determine the minimum number 

required to achieve the maximum carrying capacity of CRX+/tdTomato-PRs per well. Median (bold dashes) 
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and quartiles (fine dashes) are shown within individual violin plots. (F) Scaffolds seeded with CRX+/tdTomato-

PRs (RFP+, red) contain both ARR3-expressing cone PRs (green) and NR2E3-expressing rod PRs 

(pink). A 3D lateral view of the scaffold demonstrates relatively even distribution of ARR3+ cones and 

NR2E3+ rods. 3D rendering is 644 µm × 644 µm × 20 µm. 
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Fig. 6. Micro-patterned ice cube tray scaffolds support prearranged orientation of seeded PRs. (A 

and B) Maximum intensity projections of scaffold whole mounts seeded with CRX+/tdTomato-PRs (red) 

revealed that PRs plated on scaffolds express PRPH2 (3A, green) and VGLUT1 (3B, green). DAPI-

labeled cell nuclei and PGS autofluorescence are shown in blue. (C) PRPH2-positive outer segments 

were often oriented perpendicular to the base of the scaffold (inset magnified in underlying image). (D) 

Expression of presynaptic marker VGLUT1 (green) primarily localizes to the top portion of the scaffold. 3D 

renderings (C and D) are 644 µm × 644 µm × 20 µm. 
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Table 1. Structural and mechanical specifications for wineglass and ice cube tray 

scaffolds. 

 

 
 Wineglass scaffold design 

(Jung and Phillips et al., 2018) 
Ice cube tray scaffold design 

 

Overall thickness [µm] 

 
 

25 30 

   

Space between through-holes [µm] 16 10  

Through-holes [µm] 

 

5 diameter, 10 depth 

(1 hole per capture well) 

 

5 diameter, 5 depth 

(9 holes per capture well) 

 

Capture well reservoir volume [mm3] 
 

 
0.177 x 10-5 

 
2.103 x 10-5 

Scaffold biomaterial volume 

(based on a 5 mm diameter scaffold) 

[mm3] 

0.34 0.169 (50% less biomaterial) 

Young’s modulus 1.18 MPa 1.3 MPa 

 

Table 2. Cell payload advantages of ice cube tray versus wineglass scaffold 

designs. 

 

 
 Wineglass scaffold design 

(Jung and Phillips et al., 2018) 
Ice cube tray scaffold design 

   

 

Average number of photoreceptors per capture well 
1.3 ± 0.5 17.8 ± 2.4 

Photoreceptors within a single scaffold 

[5 mm diameter or 19.63 mm2] 
1.005 x 105 3.412 x 105 

Scaffold photoreceptor density [cells/mm2] 

[6.0 – 20.0 x 104 cells/mm2 within the macula in 

healthy retina] 

0.512 x 104 1.74 x 104 
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Supplemental Information 

 

Fig. S1. Schematic illustration of the ice cube tray Si master mold. Detailed dimensions of the 

through-hole layer (green) and the reservoir layer (yellow) are as shown. 

 

 

Fig. S2. Two-step Si master mold fabrication. Both microloading and RIE-lag effects influence the etch 

rate during (A) the primary etching step and (B) the secondary etching step. 
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Fig. S3. SEM images of soft-PDMS stamp microstructures with differing ratios of silicone 

elastomer base and curing agent. (A) A soft-PDMS 10:1 (base: curing agent) stamp. (B) A soft-PDMS 

4:1 stamp. Microstructures made from soft-PDMS were frequently deformed or adherent; as such, hard-

PDMS was used for the final fabrication process. 
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Fig. S4. SEM images (bottom view) of the PGS ice cube tray PR scaffolds fabricated with different 

molding weights. (A) 120 g. (B) 240 g. (C) 300 g. (D) 380 g. (E) 580 g. and (F) 780 g. 
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Fig. S5. SEM images of a h-PDMS stamp and a PGS ice cube tray PR scaffold after stamp 

demounting without isopropyl alcohol (IPA) soaking. (A) A h-PDMS stamp with microstructures 

broken or damaged during the demounting process. (B) A PGS ice cube tray PR scaffold with broken h-

PDMS microstructures after stamp demounting. 

  

 

Fig. S6. SEM image of a h-PDMS stamp (top view) after demounting from a Si master mold in an 

IPA solution. Immersion in the IPA solution resulted in smooth demounting of the stamp. 
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Fig. S7. SEM images of torn PGS scaffold reservoir walls. The PGS scaffold reservoir walls were 

damaged during the demounting process when spacing between wells was reduced (i.e., walls were <3 

µm). 
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Fig. S8. Tensile stress test for the fabricated PGS ice cube tray PR scaffold. (A) Low magnification 

photographic image of the PGS scaffold during a tensile stress. (B) Tensile stress-strain curve of the PGS 

scaffold. (C) SEM images comparing PGS scaffold surfaces before and after the tensile strain. 
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Fig. S9. Light microscopic images of laminin-coated PGS ice cube tray scaffolds. (A) Scaffold 

surfaces with poor water wettability often result in formation of microbubbles within scaffold capture wells 

(asterisks), which prevent laminin from effectively polymerizing on scaffold surfaces, and thus decreasing 

PR capture. (B) Proper treatment with O2 plasma prevents the formation of microbubbles within scaffold 

capture wells, facilitating uniform surface coating with laminin prior to PR capture. 

 

 

Fig. S10. Light microscopic images of empty PGS ice cube tray scaffolds. Images were taken (A) 

before and (B) after ethylene oxide gas sterilization, revealing no alterations to scaffold microstructures. 
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Fig. S11. In vitro stability and in vivo biodegradation of PGS ice cube tray scaffolds. (A) 

Longitudinal in vitro spectral domain optical coherence tomography (SD-OCT) imaging of PGS ice cube 

tray scaffolds. No significant change in scaffold thickness from baseline was detected over 6 weeks in 

culture. Bars represent the average percentage of baseline scaffold thickness for 3 scaffolds (1 seeded 

with hPSC-PRs and 2 unseeded controls) at each timepoint; error bars represent the standard deviation. 

(B) In vivo biodegradation of the PGS ice cube tray scaffold in nude rats. Each point represents an 

individual scaffold thickness measurement (n=15/scaffold); bars represent the average scaffold thickness 

in one eye at each timepoint after subretinal implantation. 

  



186 

 

 

 

Fig. S12. SEM images of through-hole trenches on a Si wafer. (A) An orthogonal view. (B) A top view. 

(C) A cross sectional view. 

 

Fig. S13. Schematic illustration of a single reservoir unit of the ice cube tray scaffold showing its 

detailed dimensions. It measures 32 μm in length/width and 30 μm in depth.  

  

32 32 

30 

Unit 
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Equation S1. Mathematical calculation of the number of reservoirs (nres) contained within the area 

of the single 5 mm diameter round scaffold. Ascaf is the area of a single scaffold (19.63 mm2, or the 

area of a 5 mm diameter circular scaffold) and Aru is the area of a single reservoir unit, which is defined as 

a square area centered in the middle of one reservoir and extending in all four orthogonal directions to a 

point mid-way to the center of each adjacent reservoir as shown in fig. S13.  

nres = Ascaf / Aru (1) 

Equation S2. Estimated cell carrying capacity of a single scaffold, defined as the estimated 

number of PRs present within a single 5 mm diameter round scaffold. nPR is defined as the average 

number of PRs counted in a single reservoir. 

Cell carrying capacity = nPR × nres (2) 

Equation S3. Mathematical calculation of the scaffold biomaterials volume (Vscaf) used for 

generating a PGS scaffold (based on a single 5 mm diameter scaffold). Vru is the volume of a single 

reservoir unit (fig. S13). Vth and Vres are defined as the volume of through-hole(s) within a single reservoir 

unit and the volume of a reservoir within a single reservoir unit, respectively. 

Vscaf = {Vru – (Vth + Vres)} × nres (3) 

 

 
Table S1. Primary antibodies used for scaffold whole mount immunostaining. 

 

Antibody Source Catalog number Host Dilution 

Cone arrestin (ARR3) Novus NBP1-37003 Goat 1:300 

NR2E3 Abcam ab172542 Mouse 1:300 

Peripherin (PRPH2) Proteintech 18109-1-AP Rabbit 1:500 

RFP Rockland 600-401-379 Rabbit 1:300 

TdTomato SICGEN AB8181-200 Goat 1:300 

VGLUT1 Millipore AB5905 Guinea Pig 1:1000 
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Introduction 

Cajal’s first observation of microscopic gaps between neurons more than a century ago1 led to 

our current understanding of synaptic connections, which are required to establish the circuity of 

the CNS, including the neural retina. Within the retina, two plexiform layers of synapses 

sequentially relay neurosensory signals from photoreceptors (PRs) to retinal interneurons to 

retinal ganglion cells (RGCs). The first—the outer plexiform layer (OPL)—contains glutamatergic 

synapses between light-sensitive PRs (rods and cones) and interneurons (bipolar and horizontal 

cells, BPCs and HCs). The inner plexiform layer (IPL) comprises a network of synaptic 

connections between interneurons (BPCs, HCs, and amacrine cells, ACs) and retinal output 

RGCs. 

Changes in the OPL are an early indicator of retinal degenerative diseases (RDDs)2 and 

synaptic disassembly precedes the widespread neuronal death that defines end stages of RDDs 

like retinitis pigmentosa3 and glaucoma4, which target PRs and RGCs, respectively. Periods of 

cellular and synaptic remodeling exist during PR5 and RGC6 degenerations, suggesting the 

potential for tissue plasticity, but mammalian retinas are incapable of regenerating neurons once 

they have been lost in the course of disease or injury. As such, much effort has been directed 

toward strategies to restore vision in late-stage disease, either by exogenous introduction of new 

PRs7 and RGCs8 or endogenous re-purposing of surviving cell types9,10. Indeed, PR and RGC 

regeneration is the focal point of the multi-year Audacious Goals Initiative of the National Eye 

Institute11 and similarly-focused research activities. The success of these programs and all PR 

and RGC cell replacement therapies hinges upon the ability of new retinal neurons to form 

synaptic contacts.  

In preclinical animal model studies, human donor cells are most frequently delivered to 

the subretinal space as dissociated cell suspensions12–17 or as sheets18–22. Both delivery 

approaches require transplanted retinal neurons to establish new synaptic connections in an 
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evolutionarily mismatched environment, which limits their potential to predict results in human 

patients. One way to begin to address this important limitation is to create a culture system 

capable of assessing whether singularized human retinal neurons can form de novo connections 

with each other. Ideally, the testing platform would utilize authentic retinal cell types and facilitate 

high through-put analysis with rigorous controls and rapid readouts. 

From a cell source perspective, human pluripotent stem cell (hPSC)-derived retinal 

organoids (ROs) fulfill many of the aforementioned system criteria. ROs can be produced in 

virtually unlimited supply, and multiple studies have confirmed the authenticity of their retinal cell 

progeny. More specifically, extensive evidence indicates that PRs, RGCs, and other retinal 

neurons differentiated within ROs exhibit hallmark histologic, physiologic, and functional 

characteristics of developing retinal neurons23–30. Transcriptomic studies of RO-derived neurons 

have revealed synaptic marker transcripts to be among the most highly expressed in both RO-

derived PRs30–32 and RGCs33,34. Likewise, protein expression studies have shown robust, 

developmentally-appropriate localization of synaptic proteins within the putative plexiform layer(s) 

of ROs23,24,35–38, and along processes of cultured retinal neurons extracted from dissociated 

ROs26,39. Importantly, the synapses and circuits that develop within intact ROs were recently 

confirmed to be functional using GCaMP6s imaging24. Thus, a growing body of in vitro evidence 

suggests that hPSC-derived retinal neurons are capable of forming bona fide functional synapses, 

at least within an unperturbed 3D organoid environment. 

Despite xenograft limitations, modest alterations to light-evoked responses also have 

been reported after transplantation of hPSC-RO-derived PRs as single cells12,13,15,40,41 or 

sectioned tissue sheets19–22,42 in animal models in vivo or in vitro12,41. suggesting that some degree 

of de novo hPSC-RN synaptogenesis is possible. However, it can be difficult to determine whether 

such function is attributable to cell replacement with synaptic reconstruction or indirect effects on 
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host neurons via neuroprotective factors or biomaterial transfer7,20,43,44. Furthermore, nearly all 

existing electrophysiologic and behavioral tests used to assess outcomes of retinal neuron 

replacement in preclinical animal models rely on the assumption that synaptic connections with 

donor cells have occurred12,12,13,15,19,21,22,40–42. Direct demonstration of the innate capacity for 

cultured PRs and RGCs to form such connections would therefore increase confidence in their 

use a donor material for future clinical trials. 

Synaptic tracing is a widely used approach for studying connections between neurons 

within the CNS45,46. Monosynaptic tracing with G-glycoprotein-deleted rabies virus (RVdG)—

which travels retrograde across a single synapse—is the current gold standard for synaptic tracing 

studies45 due to its relatively low neurotoxicity in short term culture and greater versatility relative 

to historically used viral tracers47. Combined with appropriate controls46, monosynaptic RVdG 

tracing can serve as a powerful tool for studying existing and reconstructed neural circuits48–50. In 

the present study, we used monosynaptic RVdG tracing to ask a simple but as yet unanswered 

question: do hPSC-derived retinal neurons possess intrinsic potential to form new synapses after 

dissociation from organoids? We dissociated ROs and plated the resulting mixed population of 

retinal cell types in 96-well plates to permit subsequent analysis using automated high content 

imaging. After 10 days in culture, the retinal cell cultures were subjected to an established in vitro 

monosynaptic RVdG tracing assay, which revealed robust tracing of multiple types of retinal 

neurons, including PRs and RGCs. With appropriate titration of viral transduction levels and 

incorporation of rigorous controls, this system enables qualitative and quantitative assessment of 

RVdG transmission between retinal neurons. In addition, our results lend credence to the 

employment of RO-derived PRs and RGCs for cell replacement efforts.   

Results 

Dissociated hPSC-RO cultures contain multiple neuron classes and express synaptic proteins  
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Prior to investigating whether RO-derived neurons can reconnect following dissociation, we first 

needed to convert 3D ROs to a 2D culture system and determine the proportion of different cell 

classes that remained after plating. Stage 2 (day 80, or D80) wild type WA0951 hPSC-ROs were 

produced as previously described23, dissociated to a single cell suspension using papain, mixed, 

and plated onto individual wells of 96-well plates (200,000 cells/well) (Fig. 1A). D80 of 

differentiation was selected because ROs contain a cross-section of retinal neuron 

subpopulations at this timepoint, including including RGCs, interneurons, and PRs23,52 (Fig. 1B), 

but do not yet contain many Müller glia. In addition, some neural retinal types, particularly RGCs, 

degenerate within ROs at later timepoints. Last, photoreceptors in older ROs are less tolerant of 

dissociation and more expensive to manufacture clinically, all of which favors the use of earlier 

stages for cell replacement therapies7,8.  

After dissociation and plating on day 80, cells were allowed to recover and extend 

neuronal processes for 20 days, whereupon they were fixed in paraformaldehyde and screened 

with a battery of previously-validated antibodies against neuroretinal cell fate markers (Table 1). 

Markers with consistent, reliable expression in the 2D cultures included CRX, RCVN, SNCG, and 

CALB. Other cell type-selective markers known to be expressed in intact ROs at this stage were 

not detected post-dissociation (Table 1), either due to selective cell loss or marker 

downregulation. With the limited battery of markers available, we were able to confidently 

distinguish the following broad classes of retinal cells: PRs (CRX, RCVN), RGCs (SNCG), and 

some retinal interneurons (CALB). Of note, none of these markers are wholly specific individually. 

For example, CRX is present in all PRs but is also found in some immature retinal pigment 

epithelial (RPE) cells31. However, unlike PRs, RPE cells do not express RCVN. In addition to 

marker expression, cell morphology and proliferative status were also used to delineate cell 

classes. RPE are large, flat, and do not have processes, whereas RGCs display long axons and 

PRs possess 1-2 short processes. Lastly, both retinal progenitor cells (RPCs) and RPE cells are 
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highly proliferative (Ki67+), whereas all neural retina cell classes of interest are post-mitotic. 

Based on these collective criteria, we were confident in assigning retinal neurons as either PRs, 

RGCs, or retinal interneurons, but we were not able to reliably distinguish between subclasses of 

retinal interneurons (ACs, HCs, BPCs).  

After validating antibodies in the 2D system, we quantified cell populations via unbiased 

high content image analysis (HCIA) (Fig. 1C) in accordance with previously described 

methods31,53. A substantial population of Ki67-positive proliferative cells (20.8 ± 1.1% of DAPI-

positive cells, n = 24 replicate wells) were observed (Fig. S1A and 1C) in re-associated hPSC-

RO cultures; at this stage of RO development, representing presumptive retinal pigment 

epithelium (RPE) and retinal progenitor cells (RPCs) 23,52.  SNCG+ RGCs (5.3 ± 1.3% of DAPI-

positive cells, n = 12 replicate wells) and CALB+ cells (6.7 ± 0.9% of DAPI-positive cells, n = 16 

replicate wells) were also detected (Fig. 1C). CRX+ cells—representing all PRs and some 

RPE31—predominated within dissociated 2D cultures (49.6 ± 2.0% of DAPI-positive cells, n = 32 

replicate wells) (Fig. S1B and 1C). RCVN, expressed in PRs (and a subset of later-born BPCs21), 

was detected in 15.2 ± 0.4% of all DAPI-positive cells (n = 26 replicate wells) (Fig. 1B and 1C). 

Overall, the relative proportions of broad cell classes found in 2D cultures of dissociated ROs at 

20 days post-plating approximated that of intact ROs at the time of dissociation21,31. 

We next examined the potential for plated retinal neurons to express synaptic markers 20 

days after RO dissociation. Consistent with a recent study using developmentally-matched 

dissociated retinal neurons56, expression of synaptic proteins was observed in RCVN+ PRs by 

day 20. More specifically, the presynaptic proteins vesicular glutamate transporter 1 (VGLUT1) 

and synaptophysin (SYP) frequently colocalized, forming puncta (Fig. 1D). To assure that any 

preexisting synaptic connections were abolished during dissociation, we also examined VGLUT1 

localization at 1, 2, 5, and 20 d postplating. On day 1, rare photoreceptor processes were present, 
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none of which contained VGLUT1+ puncta. This finding is in accordance with Rempel et al.56, 

who showed that synaptic proteins redistribute to the cytoplasm of photoreceptor cell bodies 

following dissociation of ROs with papain. Thereafter, the percentage of RCVN+ photoreceptors 

possessing processes with VGLUT1+ puncta increased substantially (P < 0.05, Kruskal–Wallis 

with pairwise Mann–Whitney U analyses, n = 3-4 20X images quantified per time point), reaching 

29.5 ± 7.1% of RCVN+ cells by day 20 (Fig. 1E). Last, we immunostained for an additional 

synaptic marker, excitatory amino acid transporter 3 (EAAT3)58, and observed EAAT3-positive 

puncta within SNCG-positive RGC neurites (Fig. S1C). Taken together, these results 

demonstrate the presence of three broad classes of retinal neurons in 2D plated cultures of 

dissociated ROs, with concurrent expression of synaptic proteins in RGCs and PRs.  

Monosynaptic tracing assay design and validation 

To determine whether RO-derived neurons could re-form synaptic connections following 

dissociation, we designed a monosynaptic tracing assay for validation in retinal neurons (Fig. 2). 

A replication-deficient rabies virus that includes an mCherry transgene (RaV-mCherry) was 

pseudotyped by replacing the Rgp gene (R), which encodes the rabies envelope glycoprotein and 

allows RaV to enter mammalian cells, with EnvA, an envelope glycoprotein-encoding gene 

specific to the avian sarcoma leukosis virus. EnvA-pseudotyping alters RaV tropism, eliminating 

its ability to infect mammalian cells and limiting its entry exclusively to cells expressing the avian 

sarcoma leukosis virus receptor, subgroup A (abbreviated TVA). 

To facilitate controlled introduction of pseudotyped RaV-mCherry into retinal cells, we 

transduced a subset of dissociated “starter” cells with three transgenes: green fluorescent protein 

(nuclear GFP, to label the “starter” cells), TVA (to enable RaV-ΔR-mCherry cell entry) and Rgp 

(to facilitate retrograde RaV transmission across synaptic connections from “starter” cells to 

“traced” presynaptic cells) via lentivirus (lenti-GTR). Since efficient monosynaptic tracing requires 
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titration of TVA delivery to avoid excessive labeling of “traced” presynaptic cells59,60, lentivirus 

transduction was optimized in re-associated hPSC-RO cultures to achieve sufficient identification 

of individually transduced cells (Fig. S2) in 2D cultures. Lentiviral transduction efficiencies 

between 1-5% were determined to be optimal for efficient tracing in re-associated hPSC-RO 

cultures. 

For monosynaptic tracing experiments, re-associated hPSC-RO cultures were treated 

with lentivirus and RaV-ΔR-mCherry to label “starter” cells (i.e., those with a green nucleus and 

red cytoplasm) and “traced” presynaptic cells (i.e., those with a red cytoplasm alone) (Fig. 2A) for 

quantification with unbiased HCIA. As above, cultures were fixed on D100 for confocal (Nikon 

A1R) and high-content widefield imaging (Perkin-Elmer Operetta), enabling qualitative and 

quantitative analysis of synaptic tracing, respectively. A negative control (no lentivirus) was 

included to confirm that RaV uptake was exclusive to “starter” cells transduced with lentivirus; no 

lentivirus controls were treated with vehicle (1X phosphate buffered saline) ten days after 

dissociation (D90) and RaV-ΔR-mCherry on D95. In the absence of lentiviral delivery of TVA, no 

“starter” cells or “traced” presynaptic cells were observed (0.02%, [95% CI: 0.01, 0.04], n = 34 

replicate wells) (Fig. 2B).  

Recent studies have highlighted non-synaptic transfer of fluorescent reporter proteins—

termed biomaterial transfer—as a potentially confounding variable in retinal cell replacement44,61–

65. Similar concerns have been raised regarding the potential for non-synaptic spread of RVdG in 

monosynaptic tracing46. To control for biomaterial transfer (i.e., non-synaptic spread of RaV-

mCherry) a previously-validated Rgp-null control construct60 was delivered via lentivirus (Lenti-

GTΔR) (Fig. 2C). Lenti-GTΔR control cultures were transduced on D90 and infected with RaV-

ΔR-mCherry on D95 as above, labeling a population of “starter” cells with a green nucleus and 

red cytoplasm. The median detection rate of artefactually “traced” presynaptic cells in lenti-GTΔR 
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controls was low in the absence of lentiviral Rgp delivery to “starter” cells (1.4% [95% CI: 1.1, 1.9] 

of DAPI-positive cells, n = 37 replicate wells), which is in line with prior reports60,66  and consistent 

with only rare instances of nonsynaptic transfer of mCherry protein. 

In dissociated hPSC-RO cultures containing “starter” cells treated with lenti-GTR (Fig. 

2D), we observed a 5-fold increase in the detection of “traced” presynaptic cells relative to lenti-

GTΔR controls (and a >200-fold increase relative to RaV only controls). The median proportion 

of “traced” cells was significantly higher (p < 0.001, Mood’s test of equal medians) within lenti-

GTR + RaV cultures (6.2% [95% CI: 5.6, 6.9] of all DAPI-positive cells, n = 45 replicate wells P < 

0.00001 for both comparisons using Mood’s test of equal medians) relative to lenti-GTΔR and 

RaV only controls (see Fig. S3 for reproducibility across five independent differentiations). 

Synaptic contacts, as demonstrated by successful RaV-mCherry transmission, were thus readily 

identifiable within post-dissociation retinal neuron cultures.  

Photoreceptors, retinal ganglion cells and interneurons contribute to “traced” cell populations 

Finally, we sought to determine whether specific groups of retinal neurons—PRs, 

interneurons, and RGCs—were also among “traced” cell populations (Fig. 3A). Lenti-GTR + RaV 

treated cultures were co-labeled with the set of five cell type-specific markers validated in 

untraced cultures to determine the identity of “starter” and “traced” presynaptic cells (due to 

limitations of antibody cross-reactivity, only one cell type marker could be used per well). 

Qualitative examples of traced neuronal classes were followed with unbiased HCIA to assess 

which retinal neurons, if any, were consistently identifiable among “traced” cells. All three major 

classes of hPSC-RNs (Fig. 3A) were detected among “traced” presynaptic cells. “Starter” cells 

within lenti-GTR cultures were almost exclusively neural (Fig. 3B); CRX- or RCVN-positive PRs 

were the most prevalent (43.3 ± 4.5% and 44.8 ± 5.3% of all “starter” cells; n = 8 and 6 replicate 

wells, respectively) and were detected at a similar rate, suggesting that this population is 
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predominantly of PR origin. SNCG-positive RGCs (32.2 ± 5.7%, n = 8 replicate wells) and CALB-

positive interneurons (12.0 ± 3.2%, n = 3 replicate wells) were the next most prevalent among 

“starter” neurons, while a smaller proportion (3.2 ± 0.9%, n = 6 replicate wells) were Ki67-positive. 

As in “starter” cells, CRX- or RCVN-positive PRs were most frequently traced and were 

observed at similar rates (39.7 ± 4.1% and 41.1 ± 4.2% of “traced” presynaptic neurons, 

respectively; n = 8, n = 10 replicate wells, respectively) (Fig. 3C and S4), consistent with 

predominant labeling of PRs in both populations. RGCs were the second-most abundant, with 

SNCG-positive cells representing 19.0 ± 2.8% of all “traced” presynaptic neurons (n = 8 wells, n 

= 23 technical replicates per well). “Traced” presynaptic CALB-positive cells with interneuron-like 

morphology (larger soma and multiple dendrites) comprised 12.2 ± 0.6% of “traced” cells (n = 4). 

As an internal control, Ki67-positive cells (presumptive RPE, RPCs, and MG)—deemed unlikely 

to form synaptic contacts—were also quantified. Relative to neuronal cells, “traced” Ki67-positive 

cells were rarely detected (3.1 ± 1.1%). The synapse formation index (SFI)—a ratio of “traced” to 

“starter” cells—reflects the population-level average of “traced” presynaptic cells per “starter” cell. 

In lenti-GTR + RaV cultures the SFI was 1.3, consistent with connectivity slightly greater than 1-

to-1 between “starter” and “traced” cells. 

Discussion 

These results demonstrate that hPSC-derived retinal neurons—predominantly PRs and RGCs—

are capable of synaptogenesis after retinal organoid dissociation, forming synaptic puncta and 

traceable synaptic connections. Our characterization of post-dissociation hPSC-RN synapses 

extends the work of several elegant studies describing synaptic structure and function of hPSC-

PRs and other organoid-derived retinal neurons23,24,35,39. A study led by Cowan et al. recently used 

two-photon imaging and the calcium indicator GCaMP6s to visualize—for the first time—evidence 

of functional synapses within retinal organoids. The origin of detected synaptic signals was 
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assumed by cells’ relative intra-organoid location rather than marker colocalization, leaving the 

exact identity of contributing cells ambiguous, but Cowan et al. provided the strongest evidence 

to date that hPSC-RNs can in at least some cases form functional synapses in live organoids. 

Our work complements and builds upon these findings, suggesting that hPSC-RNs (especially 

those of interest for cell replacement) retain the capacity to form new synaptic contacts following 

dissociation. Monosynaptic RVdG tracing as used in the present study facilitates a systematic, 

quantitative approach to studying de novo synaptogenesis among hPSC-RNs during the optimal 

developmental window for retinal cell replacement. Though the strength of correlation between 

synaptic tracing and general synaptic function remains to be determined 46, our results 

demonstrate plasticity of hPSC-RN synaptic connections and highlight remarkable synaptogenic 

capacity in re-associated stage 2 organoid-derived retinal neurons.  

This study specifically highlights the utility of monosynaptic RVdG tracing for identifying 

PR contributions to synaptic connections, which were a predominant feature among “traced” 

presynaptic neurons in our dataset. Despite wide adoption in CNS development and 

transplantation research (see Saleeba et al., 201945 and Adler et al., 202048) as well as precedent 

for its use in the retina67,68, monosynaptic RVdG tracing has not previously been applied to hPSC-

RNs7. A recent review of PR transplantation by Gasparini et al. highlights prior ambiguity 

surrounding hPSC-PRs and monosynaptic tracing7: “…it must first be determined whether rabies 

or attenuated rabies viruses can actually spread to photoreceptors. While rabies viruses have 

been utilized in synaptic tracing to retinal ganglion cells…little has been demonstrated in terms of 

photoreceptor uptake.” Work by Camelo et al. in the early 2000s suggested that retrograde 

transmission of wild type RaV halted at the level of the ganglion cell layer (potentially due to the 

presence of specialized ribbon synapses within the inner and outer plexiform layers) in RaV-

induced ocular disease69, raising the possibility that monosynaptic RVdG tracing would not 

effectively spread to interneurons or PRs and would thus be unusable for studying these 
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populations7. Our results suggest that this phenomenon is limited to wild type RaV, and that the 

pseudotyped RaV utilized here is in fact capable of spreading to hPSC-PRs via synaptic 

connections.  

With rapid advancement toward human clinical trials for neuroretinal cell replacement70–

72, there is a growing need for hypothesis-driven research aimed at testing and understanding 

synaptic connectivity of hPSC-derived donor RNs. To date, there is a preponderance of indirect 

evidence consistent with low-to-modest rates of functional synaptogenesis following hPSC-PR 

transplantation in rodents and non-human primates 12–14,18,20,22,73, but the field still lacks direct and 

definitive evidence of afferent donor cell synaptic connections. Far less is known about the degree 

of synaptogenesis occurring after hPSC-RGC delivery 8. The paradigm-shifting discovery of 

biomaterial transfer as a predominant mechanism in previous studies of PR transplantation 44,61–

65 has underscored a growing need for direct investigation of mechanistic underpinnings in 

neuroretinal cell therapies 7,43,70. Functional integration of donor hPSC-RNs requires afferent 

donor-to-host connections, and recent studies suggest that the degree to which these connections 

are formed may be lower than previously estimated 7,70,74,75. Our approach provides a means of 

testing this and other hypotheses; beyond determining baseline rates of connectivity, it also 

affords opportunities to assess endogenous and exogenous factors which may modulate hPSC-

RN synaptogenesis.  

While identification of de novo synaptogenesis between hPSC-RNs is a critical first step, 

there are several aspects of this phenomenon that remain to be explored. Detection for 

interneurons in “starter” and “traced” presynaptic neurons was challenging in the present study. 

Their relative rarity at this developmental stage23, downregulation of interneuron specific markers, 

and lower rates of monosynaptic RVdG tracing efficiency in neuromodulatory synapses76 likely 

contributed to this observation. While our results are consistent with synaptic transmission 
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between connected hPSC-RNs, given the low rate of detection for interneurons, many of the 

“traced” presynaptic cells have presumably not formed typical PR-to-interneuron or interneuron-

to-RGC synaptic connections. Nonetheless, these data suggest that hPSC-RNs retain a 

remarkable capacity for re-forming synaptic connections following singularization. 

Conclusion 

Collectively, we have developed a simple approach for identifying and quantifying synaptic 

contacts formed by hPSC-derived retinal neurons. Given a lack of robust anterograde synaptic 

labeling strategies, monosynaptic RVdG tracing as used in the present study represents one of 

few available strategies for definitively identifying hPSC-RN synaptic connections. A logical next 

step would be to utilize this approach for studying enriched populations of hPSC-RNs, though a 

current lack of specific cell surface markers for interneurons may limit its utility in studying specific 

patterns of connectivity. Although this system cannot currently be used in combination with 

fluorescent reporter lines, increasingly sophisticated methods for multiplex imaging may one day 

facilitate such approaches77. Ex vivo (i.e., retinal explant co-culture) and in vivo tracing could 

provide a translational workaround to this limitation; they also hold promise for addressing 

questions of synaptic efficiency in conspecific and xenogeneic transplantation 75. With the 

inclusion of appropriate controls (i.e., lenti-GTΔR), this assay also serves as a powerful tool for 

distinguishing bona fide synapse formation from material transfer at the level of the synapse of 

interest, potentially providing a means for directly studying the mechanism behind vision recovery 

observed following hPSC-RN transplantation.  

Materials and Methods 

Retinal organoid differentiation 

Stage 2 (day 80 of differentiation, D80) retinal organoids were differentiated from WA09 hPSCs 

(WiCell) according to a retinal differentiation protocol recently described by Capowski et al.23. 
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Reagents and plasticware were obtained from Thermo Fisher unless otherwise indicated. hPSC 

colonies were maintained on Matrigel (WiCell) in MTesR Plus pluripotency media (STEMCELL 

Technologies) prior to initiating retinal differentiation (see Table S2 for all media formulations).  

Colonies were lifted with ReLeSR passaging reagent (STEMCELL Technologies) and grown in 

suspension to form 3D embryoid bodies (EBs) on D0. EBs were gradually transitioned from 

pluripotency medium to neural induction medium (NIM) on D6. EBs were plated onto Matrigel on 

D7 and maintained with periodic NIM half media changes to reduce the BMP4 concentration 

through D15. On D16 cultures were transitioned to retinal differentiation medium (RDM) and 

maintained with thrice-weekly media changes until dissection. Near D30 of differentiation, retinal 

organoids were dissected and maintained in polyhydroxyethylmethacrylate (poly-HEMA, 

MilliporeSigma)-coated T25 flasks with twice weekly 3D RDM changes. 

Virus production 

Lenti-GFP-TVA-Rgp (lenti-GTR) and Lenti-GFP-TVA (lenti-GTΔR) were cloned using lenti-CMV-

GFP vector as a backbone78 and the CMV-GFP cassette was replaced with EF1-GFP-TVA-Rgp 

and EF1-GFP-TVA. The GFP-TVA-Rgp and GFP-TVA were cloned from yugao-1 (addgene 

plasmid #158208) and yugao-2 (addgene plasmid #158209) The sequence of the inserted 

cassette was confirmed by sequencing. Lentivirus production was performed as described 

previously78 with modifications. Briefly, lentiviral DNA was co-transfected with packaging plasmids 

pMDL, REV and pCMV-Vsvg into HEK293T cells using the polyethylenimine (PEI) method. The 

viral transfer vector DNA and packaging plasmid DNA were transfected into one 15-cm dish of 

cultured HEK293T cells with PEI. The medium containing lentivirus was collected at 36, 60 and 

84 hours post-transfection, pooled, filtered through a 0.2-μm filter, and concentrated using an 

ultracentrifuge at 19,000 rpm for 2 h at 4°C using a SW32Ti rotor (Beckman). The virus was 

washed once and then resuspended in 50 μL 1X phosphate buffered saline (PBS). We routinely 
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obtained 5 × 108 infectious viral particles/mL for lentivirus. Lentivirus stock solutions were diluted 

with sterile 1X PBS to prepare a 1:10 working solution for use. 

Pseudotyped rabies virus (RaV-ΔR-MCherry): Pseudotyped rabies viral vector was 

produced as previously described66,79. Briefly, envelope protein EnvA-pseudotyped (i.e., Rgp-null) 

rabies virus carrying an mCherry reporter gene was generated in a helper cell line (BHK-

EnvARGCD). RaV-ΔR-mCherry stock was produced by collecting, filtering, and concentrating the 

supernatant. Stock titers of 108 viral particles/ml were routinely obtained. Rabies virus stock was 

diluted in a 1:5 working solution with 1X PBS prior to use. 

Monosynaptic RVdG retrograde tracing  

Stage 2 (D80) retinal organoids were dissociated with papain (Worthington Biochemical) and 

plated onto 96-well plates coated with poly-D-lysine (MilliporeSigma) at a density of 200,000 

cells/well (6,250 cells/mm2). Cultures were transfected with viral vectors according to methods 

described by Sun et al. with slight modifications60. On D90, cultures were transfected with lentiviral 

vectors (Lenti-GTR working solution 1:16 in 3D RDM; Lenti-GTΔR working solution 1:80 in 3D 

RDM) to sparsely label a population of “starter” neurons, avoiding oversaturation of cultures with 

“traced” presynaptic neurons. RaV only controls were concurrently treated with 1X PBS. On D95, 

cultures were treated with 1:40 RaV-ΔR-MCherry working solution in 3D RDM. A full media 

change with fresh 3D RDM was performed 24 hours after each transfection. 

Immunocytochemistry (ICC) 

Samples were fixed on D100 in 4% paraformaldehyde for 10 minutes at room temperature and 

washed three times with 1X PBS. Fixed samples were incubated in donkey blocking solution [10% 

normal donkey serum (MilliporeSigma), 5% bovine serum albumin (MilliporeSigma), and 0.5% 

Triton-X (MilliporeSigma) in 1X PBS] for 1 hour and incubated in primary antibodies overnight at 

4°C. Following primary antibody incubation, samples were washed with 1X PBS and incubated 
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for 35 minutes in the dark at room temperature in secondary antibody solution with 4',6-Diamidino-

2-Phenylindole, Dihydrochloride (DAPI) and species-specific secondary antibodies (Alexa Fluor 

488, 546, and 647) diluted at 1:500. Samples were washed with 1X PBS and stored in light-

protective containment at 4°C until imaging. Antibodies used for ICC are summarized in Table 

S3. 

High content image analysis 

Immunostained 96 well plate samples from 5 independent hPSC-RO differentiations were imaged 

for high content analysis as previously described by Phillips et al. with minor modifications31. 

Briefly, 23 fields were captured per well (Fig. S5A) at 20X magnification with a high content 

widefield imaging system (Operetta, PerkinElmer). Segmentation and analysis were performed 

on unprocessed images using Columbus software (PerkinElmer). Border objects and pyknotic 

nuclei (determined by size and DAPI intensity) were excluded from quantitative analyses (Fig 

S5C). Cells positive for each marker were identified by scatter plot gating of fluorescence intensity 

for standardized segmentation and analysis workflows. For consistency in gating and marker 

analysis, data from all 5 replicates were used to develop each HCIA workflow. Cell counts from 

all 23 image fields for a single well were summed for a single biological replicate (on average, 

approximately 25,000 cells/well) for quantitative analyses; reported n values throughout the text 

are equivalent to the number of wells included in each experiment.  

Statistics 

Descriptive statistics were initially produced with and visualized in GraphPad Prism. Central 

tendency was reported as the mean ± standard error unless otherwise specified in the text. 

Statistical analyses for assay validation were performed in R version 4.0.0 (R Core Team, 2020) 

using packages described in Table S2. A median-based test (Mood’s test of equal medians) was 

used in lieu of mean-based tests to compare the proportion of “traced” presynaptic cells between 
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treatment groups due to heteroscedastic error in generalized linear binomial models and no 

lentivirus control values being near zero. R packages used for this analysis are listed in Table S3. 

Where referenced, median values and a 95% confidence interval (CI) were determined using the 

exact method. 
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Figures 

 

Figure 1. Retinal neuron diversity in re-associated hPSC-RN cultures. (A) Experimental overview 

showing the appearance of (Left) an intact stage 2 RO (D89 shown), (Middle) retinal cells immediately 

following dissociation of a D80 RO, and (Right) dissociated retinal cells 20 d after plating. (B) ICC 

showing the relative appearance and qualitative abundance of SNCG+ (RGCs), CALB+ (retinal 

interneurons), and RCVN+ (maturing photoreceptors) cells in dissociated D80 RO cultures 20 d after 

plating, alongside a schematic depicting their location in intact retinal tissue. (C) Quantification of retinal 

cell populations expressing SNCG, CALB, RCVN, Ki67 (dividing cells, including retinal progenitors and 

RPE cells), and/or CRX (newborn and maturing photoreceptors) in dissociated D80 RO cultures 20 d 

after plating. (D) RCVN+ photoreceptors express the synaptic proteins VGLUT1 and SYNAP 20 d after 
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D80 RO dissociation and plating, which colocalize with each other along photoreceptor axons (arrows). 

Scale bars: 100 µm, 50 µm, or 10 µm as indicated on their respective panels. (E) Quantification of 

RCVN+ cells possessing processes with VGLUT1+ puncta at day 1, 2, 5, and 20 d postplating. At day 1, 

RCVN+ cells (n = 467) displayed rare processes, none of which contained VGLUT1+ puncta. Thereafter, 

the percentage of RCVN+ cells having processes with VGLUT1+ puncta increased substantially (day 2: 

1.4 ± 0.6%, n = 559 cells; day 5: 8.4 ± 1.4%, n = 633 cells; day 20: 29.5 ± 7.1%, n = 749 cells) (*P < 0.05, 

Kruskal–Wallis with pairwise Mann–Whitney U analyses). 
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Fig. 2. Monosynaptic retrograde rabies virus tracing assay design and validation. (A) Schematic 

depicting the two-step RaV synaptic tracing assay utilized for this study, alongside a fluorescence image 

from one of the experiments (Far Right) showing an example of a starter retinal cell (arrow) and a traced 

presynaptic retinal cell (arrowhead). ROs were dissociated and plated on day 80 of differentiation. 

Resulting 2D cultures were infected with lentivirus 10 d later (day 90), followed by RaV infection at day 95 

and examination for the presence of starter and traced presynaptic cells at day 100. (B) In the absence of 

primary transduction with lenti-GTR (i.e., no lentivirus control), secondary RaV infection cannot occur, 
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resulting in negligibly detectable fluorescent cells. (C) Primary transduction with lenti-GTΔR followed by 

secondary RaV infection permits labeling of starter retinal cells (GFP+ nuclei and mCherry+ cytoplasm) 

(arrows) but does not allow true monosynaptic tracing. Therefore, the small fraction of cells that have 

GFP-negative nuclei and mCherry+ cytoplasm in these control experiments represent nonspecific 

biomaterial transfer (i.e., false traced presynaptic cell detection rate). (D) In experimental cultures, primary 

transduction with lenti-GTR followed by secondary RaV infection leads to labeling of both starter retinal 

cells and traced presynaptic retinal cells (arrows). The median percentage of traced presynaptic cells was 

significantly greater in lenti-GTR + RaV cultures [6.2% (95% CI: 5.6, 6.9) of DAPI+ cells, n = 45 replicate 

wells] (D) relative to lenti-GTΔR + RaV controls [1.4% (95% CI: 1.1, 1.9) of DAPI+ cells, n = 37 replicate 

wells] (C) or RaV-only controls [0.02% (95% CI: 0.01, 0.04) of DAPI+ cells, n = 34 replicate wells]; P < 

0.00001 using Mood’s test of equal medians. Scale bars: 100 µm, 50 µm as indicated on respective 

panels. 
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Figure 3. Monosynaptic RVdG tracing reveals new synaptic contacts formed by photoreceptors, 

interneurons, and retinal ganglion cells after re-association in vitro. (A) Representative “traced” 

presynaptic SNCG+ retinal ganglion cells, a rare CALB+ “traced” presynaptic interneuron, and RCVN+ 

“traced” presynaptic (RaV+/GFP-) photoreceptor (each labeled with arrows). (B) Quantification of “starter” 

cells. (C) Quantification of “traced” presynaptic cell populations within D100 re-associated hPSC-RO 

cultures. Each dot represents a single well and error bars represent standard error of the mean. 



216 

 

 

Supplemental Information 

 

Fig. S1. Further characterization of dissociated hPSC-RO culture composition. (A) Ki67-positive 

cells within re-associated hPSC-RN cultures (inset magnified in A’). (B) CRX-positive cells predominated 

in plated cultures (inset magnified in B’). (C) EAAT3-positive puncta (arrows) within an SNCG-positive 

hPSC-RGC dendrite. Scale bars = 50 µm (A, B) and 10 µm (C). 
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Fig. S2. Optimization of lentiviral transduction in re-associated hPSC-RO cultures. (A) Lenti-GTR 

stock (1X) was titrated to achieve relatively uniform labeling of “starter” cells. (B) 0.1X lentivirus (i.e., a 1:10 

dilution) was sufficient for optimal distribution of “starter” cells (C, D) 0.01X and 0.001X lenti-GTR stock 

dilutions both produced insufficient levels of “starter” cell transduction. Scale bar = 100 µm. 
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Fig. S3. Monosynaptic tracing across 5 independent differentiations. Quantification of “traced” 

presynaptic cells (RaV+/GFP-) consistently resulted in high rates of detection among Lenti-GTR + RaV 

cultures and few if any “traced” presynaptic cells among lenti-GTΔR and no lenti control cultures. Each dot 

represents the proportion of “traced” presynaptic cells within 23 20X images taken within a single well. 

 

 

 

 

Fig. S4. “Traced” presynaptic CRX+ cells. Representative image of “traced” presynaptic CRX+ cells in 

re-associated hPSC-RO cultures. 
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Fig. S5. Representative high content imaging and analysis. (A) Twenty three individual 20X 

magnification widefield images were captured within a single well of a 96 well plate. (B) Representative 

image depicting cell nuclei (blue), lentivirus (green) and RaV (red)-labeled cells within re-associated hPSC-

RO cultures. (C) Example of image segmentation in which border objects, pyknotic nuclei, and 

mounded/out-of-focus nuclei are excluded (labeled in red) from DAPI cell counts (labeled in green). Scale 

bars = 500 µm (A) and 50 µm (B, C). 
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Table 1. Summary of immunohistochemical findings in 2D re-associated RO cultures. 

Antibody Cell type(s)  Detected in 2D (+/-) 

CALB1 Interneurons (HCs, ACs, ON cone BPCS), RGCs 80 + 

CALR Interneurons (ACs), RGCs25 - 

CRX PRs, RPE25,33 + 

CRALBP Müller glia25 - 

GFAP Müller glia +/- 

Goα Interneurons (ON BPCs)25 - 

HNF6 

(ONECUT1) 

RPCs, HCs, immature RGCs and cone PRs25 +/- 

Ki67 Proliferative cells (RPCs, RPE, glia) 25,33 + 

MITF RPE81 - 

PKCα Interneurons (rod BPCs) 25 - 

RCVN PRs, subset of interneurons (BPCs)25,33 + 

SNCG RGCs25 + 

VSX2 RPCs, interneurons (BPCs), glia25,33 - 
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Table 2. Media formulation for each stage of hPSC-RO differentiation (~500 mL total volume) 

Medium Formulation Vendor/Catalog Number 

Pluripotency 

maintenance 

mTeSR Plus Basal Medium – 400 mL 

mTeSR Plus Supplement (5X) – 100 mL 

STEMCELL Technologies / 100-0276 

Neural 

induction 

Dulbecco’s Modified Eagle Medium 

(DMEM): Nutrient Mixture F12 – 500 mL 

Minimum Essential Medium (MEM) Non-

Essential Amino Acids (NEAA) (100X) – 

5 mL 

GlutaMAX Supplement (100X) – 5 mL 

Heparin (2 mg/mL) – 0.5 mL 

N-2 Supplement (100X) – 5 mL 

Thermo Fisher Scientific / 11330057 

 

Thermo Fisher Scientific / 11140-076 

 

Thermo Fisher Scientific / 350500079 

Sigma-Aldrich / H-3149 

Thermo Fisher Scientific / 17502048 

Retinal 

differentiation 

DMEM – 350 mL 

F12 – 150 mL 

Antibiotic-antimycotic (100X) – 5 mL 

MEM NEAA (100X) – 5 mL 

GlutaMAX (100X) – 5 mL 

B-27 Supplement (50X) – 5 mL 

Thermo Fisher Scientific / 11965-118 

Thermo Fisher Scientific / 11765070 

Thermo Fisher Scientific / 15240096 

Thermo Fisher Scientific / 11140-076 

Thermo Fisher Scientific / 35050079 

Thermo Fisher Scientific / 17504044 

3D retinal 

differentiation 

DMEM – 350 mL 

F12 – 150  

Antibiotic-antimycotic (100X) – 5 mL 

MEM NEAA (100X) – 5 mL 

GlutaMAX (100X) – 5 mL 

Taurine (0.2M) – 0.5 mL 

Fetal Bovine Serum (FBS) – 25 mL 

Chemically Defined Lipid Concentrate – 

5 mL 

B-27 Supplement (50X) – 5 mL 

Thermo Fisher Scientific / 11965-118 

Thermo Fisher Scientific / 11765070 

Thermo Fisher Scientific / 15240096 

Thermo Fisher Scientific / 11140-076 

Thermo Fisher Scientific / 35050079 

Sigma-Aldrich / T0625-10G 

WiCell 

Thermo Fisher Scientific / 11905031 

Thermo Fisher Scientific / 17504044 
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Table 3. Primary antibodies for immunocytochemistry. 

Antibody Source Catalog number Host Dilution 

TdTomato (Mcherry) SICGEN AB8181-200 Goat 1:300 

Green fluorescent protein (GFP) ThermoFisher A10262 Chicken 1:250 

Synuclein gamma (SNCG) Abnova H00006623-M01 Mouse 1:500 

Calbindin (CALB) SWANT CB38 Rabbit 1:100 

Ki67 BD Pharmagen 556003 Mouse 1:300 

Recoverin (RCVN) MilliporeSigma 5585 Rabbit 1:2000 

Cone-rod homeobox (CRX) Abnova H0001406-M02 Mouse 1:1000 

Synaptophysin (SYP) ThermoFisher 14-6525-80 Mouse 1:100 

Vesicular glutamate transporter 1 

(VGLUT1) 

MilliporeSigma AB5905 Guinea 

Pig 

1:1000 

Excitatory amino acid transporter 

3 (EAAT3) 

Cell Signaling 

Technology 

14501S Rabbit 1:500 
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Table 4. R packages used to analyze traced presynaptic cells for assay validation. 

Package name Version 

DescTools 0.99.40 

coin 1.4-1 

survival 3.1-12 

xtable 1.8-4 

readxl 1.3.1 

forcats 0.5.0 

stringr 1.4.0 

dplyr 1.0.2 

purrr 0.3.4 

readr 1.3.1 

tidyr 1.0.3 

tibble 3.0.1 

ggplot2 3.3.0 

tidyverse 1.3.0 
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Optimizing form for function: Current status and future perspectives 

Numerous studies of human pluripotent stem cell (hPSC)-derived retinal organoid and adjacent 

research reviewed in the first two chapters of this dissertation convincingly demonstrate that 

hPSC-ROs can efficiently and reproducibly generate bona fide photoreceptors (PRs) with 

tremendous potential for use in cell replacement strategies. The ability of these lab-grown retinal 

neurons to survive, mature, self-organize, and establish new connections after dissociation from 

ROs are all key to building confidence in their capacity to restore visual function in human patients. 

In this dissertation, I have explored the capacity for hPSC-PRP survival, maturation, organization, 

and connectivity with in vivo and in vitro model systems, aiming to bridge the gap between bench 

and bedside for retinal regenerative therapies.  

We initially determined that clustered delivery of hPSC-RO-derived photoreceptor 

precursors (PRP) as aggregates markedly improved donor cell survival and engraftment relative 

to dissociated cell transplants in a rat model of severe PR degeneration. Despite survival and 

maturation of donor PRP in the degenerative retinal environment, including synaptic protein 

expression, grafts remained relatively disorganized, and we did not observe meaningful 

improvement in visual acuity or electroretinographic function, raising two subsequent questions. 

First, how might we improve organization within hPSC-PRP grafts? And second, does synaptic 

protein expression in hPSC-PRP necessarily mean that they retain the capacity to form new 

synapses after being dissociated from ROs? 

 To address the former, we developed a micro-patterned biodegradable scaffold to bias 

orientation of a high-density layer of hPSC-PRP for transplantation1. To address the latter, we 

employed a high-throughput in vitro monosynaptic tracing assay to identify de novo synapse 

formation within hPSC-PRP following dissociation. Equipped with these tools, we can now 

address key remaining challenges: methods for organizing grafts and identifying bona fide donor 
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cell synapses in vivo. In this final chapter, I outline potential applications of these findings in further 

preclinical studies and identify future directions for this line of research. 

Subretinal scaffold delivery for organized PRP replacement in translational model systems  

In chapter 4, we demonstrated that many hPSC-PRP could be pre-organized on biodegradable 

grafts prior to transplantation. A logical next step in this line of research is determining whether 

such scaffolds can improve retention and survival in a manner similar to aggregate transplants 

while also maintaining orientation. Scaffold delivery requires a more complex surgical approach 

than subretinal injections; careful selection of appropriate animal models thus is important in the 

context of studying cell replacement with scaffolds. Intraocular anatomy dictates the degree to 

which surgical delivery faithfully models a similar approach in humans. Large animals like the dog, 

pig, and non-human primate (NHP) have eyes that are in many ways similar to humans, with a 

proportionate lens and fairly large globe. These models are thus highly attractive for testing 

scaffold delivery. In contrast, the relatively large lens in the rat (Fig. 1) complicates scaffold 

delivery and requires substantial modification to the surgical approach to avoid damaging the 

retina, limiting translation of such studies to humans. Thus, large animal models are likely best 

suited for quantitative assessment of survival and orientation of PRP delivered on scaffolds. 

Initial studies of PRP transplantation on micro-patterned scaffolds in nude retinal 

degenerative (Foxn1-S334ter-3) rats have nonetheless been promising to date. CRX+/tdTomato-PRP 

can be delivered on biodegradable scaffolds (Fig. 2), surviving in the SRS for at least two weeks 

post-transplant (n = 8 rats to date). Expression of presynaptic protein VGLUT1 between donor 

PRP and the host INL appears to mimic the intended orientation on scaffolds, whereby seeded 

PRP primarily express synaptic proteins in the upper half of the scaffold1. CRX+/tdTomato-PRP 

delivered on scaffolds co-labeled with human nuclear antigen (HNA), and evidence of biomaterial 

transfer was not observed. For future preclinical studies, exploration of outer segment orientation 

(PRPH2), ribbon synapse (RIBEYE, CtBP2, PIKACHURIN) and human-specific synaptic protein 
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expression (Synaptophysin, etc.) with high-resolution imaging can facilitate quantitative 

assessment of the degree of in vivo polarization achievable with PRP scaffold delivery. 

Imaging modalities to study engraftment in real-time 

In vivo imaging techniques to monitor survival and integration in real time has potential to 

fast-track development of scaffold approaches. Optical coherence tomography (OCT) and other 

conventionally used imaging modalities often cannot distinguish regions of retinal disruption (more 

common in scaffold surgeries) from engrafted host cells or scaffolds. The scaffold described in 

Chapter 4 was intentionally designed to be optically clear, thereby enabling light to reach 

transplanted PRP upon entering the eye. In combination with the relatively colorless appearance 

of donor PRP, however, optical clarity complicates visibility for the surgical team during subretinal 

delivery and for locating the scaffold post-operatively to monitor scaffold degradation or cell 

integration. Retinal pigment epithelium (RPE) have been successfully delivered and monitored on 

scaffolds in multiple species2 and are far more easily visualized due to their inherent pigmentation.  

To this end, approaches for temporarily enhancing visibility of PRP scaffolds—via conjugation of 

commonly used intraocular dyes like fluorescein or indocyanine green—may enhance surgical 

delivery and post-operative monitoring.  

In preclinical studies, fluorescent PRP reporter lines like the CRX+/tdTomato reporter3 used 

throughout this dissertation should also be effective for tracking engraftment of cells delivered on 

scaffolds. 2-photon imaging of transplanted PRP can be achieved in live animals with limited 

resolution4, while more sophisticated methods like fluorescence adaptive optics scanning light 

ophthalmoscopy (FAOSLO) enable in vivo monitoring at the level of individual cells. Until methods 

for enhancing basic visibility of PRP scaffolds become reality, high-resolution fluorescence 

imaging is likely to be the best option for monitoring survival and engraftment of scaffold-delivered 

cells in real-time. 
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Functional integration and synaptogenesis 

For PR replacement therapy to be successful in patients, it is critical to definitively show that donor 

hPSC-PRs can establish functional synapses with host second order retinal interneurons, 

including BPCs and HCs. There is strong evidence to suggest that they form functional synapses 

with co-differentiating second order BPCs in ROs5–7, and we now know that hPSC-PRP and other 

RO-derived retinal neurons possess intrinsic potential to form new synapses after dissociation 

from organoids (Chapter 5). What we do not know, however, is whether they form similar 

synapses with mature retinal neurons. Moreover, evolutionary divergence in key synaptic proteins 

has likely limited the efficiency of hPSC-PR synapse formation with second order neurons across 

model species, particularly in human-to-rodent xenografts. This synaptic discordance is one 

possible explanation for the lack of vision rescue observed in aggregate transplant studies in 

Chapter 3—synapses, if present, may be incapable of properly relaying information between 

neurons of different species. The monosynaptic tracing assay developed in Chapter 5 is, to our 

knowledge, one of the only systems currently available for directly studying synaptic contacts at 

the level of the donor cell synapse. In order of clinical relevance, the following instances of donor 

PRP-to-host synaptic connectivity are of high interest for further investigation with synaptic 

tracing: 

1) Human PRP to mature interneurons in adult human degenerative retinal tissue 

2) Human PRP to mature interneurons in healthy adult human degenerative retinal tissue 

3) Human PRP to animal hosts with minimal synaptic discordance (NHP, cat) 

4) Allogeneic PSC-derived PRP to same-species animal hosts (pig, dog, NHP, rodent) 

5) Human PRP to animal hosts with moderate synaptic discordance (dog, pig, rodent) 
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The limited availability of sufficiently viable human cadaveric retinal tissue has limited pursuit 

of the first two instances, though such evidence would greatly increase confidence in PSC-derived 

PRP ahead of clinical trials. Testing synaptic efficiency between human PRP and animal hosts 

with minimal synaptic discordance is likely a more achievable near-term goal. Allogeneic synaptic 

tracing studies with PSC-derived PRP also have potential to effectively model the likelihood of 

synaptic connectivity achievable in human clinical trials. Optimization of retinal differentiation from 

a variety of laboratory animal species is thus currently an area of high priority. For the animal 

studies listed (items 3-5), ex vivo tracing and in vivo tracing are both theoretically possible, though 

there are benefits and drawbacks to each approach. Ex vivo tracing in retinal explants is the 

simplest approach between the two, but management of contamination, viability, and selective 

removal of host PRs to access the inner nuclear layer remain challenging. Dissociation of mature 

retinal tissues may provide greater access to inner retinal neurons for tracing, although mature 

retinal interneurons thus far appear to respond poorly to deafferentation and singularization.  

Moreover, although a handful of methods for enriching PRP exist (see below), there are far fewer 

options for purification of inner retinal neurons to study interactions between enriched donor and 

host cell populations. 

In vivo tracing is increasingly employed in the context of transplantation8–10 and is of high 

interest for retinal regenerative therapies11. With evidence of its utility for tracing hPSC-PRP 

synaptic contacts, in vivo applications of this approach are all the more promising. However, in its 

present form the assay requires multiple subretinal injections at the exact same site, which 

increases inflammation and creates a challenging environment for promoting (and subsequently 

tracing) synaptic connections. Intriguingly, a genetically engineered hESC line has recently been 

developed to facilitate monosynaptic retrograde tracing in xenografts9; retinal differentiation and 

subsequent transplantation of PRP from such a line may provide more robust labeling than dual 

subretinal viral injections with unmodified hPSC-PRP. Further customization of synaptic tracing 
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reagents may also be useful in overcoming some of the challenges faced in further assay 

development. As outlined in Chapter 5, titration of tumor virus receptor A (TVA) delivery via a 

helper virus is critical to successful use of any synaptic tracing assay. Modification of TVA delivery 

to selectively infect interneurons would be a highly attractive option, particularly for in vivo studies. 

An ON-bipolar cell-specific promoter for targeting rod and cone ON-BCs in vivo has recently been 

described12; modifications to the TVA delivery method incorporating this promoter have the 

potential to substantially increase the likelihood of successful tracing in vivo.   

Donor cell enrichment 

Studies of PRP replacement, including those described in this dissertation, still remain somewhat 

limited by the tools available for obtaining enriched PRP populations from retinal organoids. 

Published methods for magnetic activated cell sorting (MACS)13 and fluorescence activated cell 

sorting (FACS)14 have primarily been modeled after approaches used in rod-dominant rodent 

models and are variably successful in enriching for PRP between various RO differentiation 

protocols. We initially tried replicating existing MACS protocols (including positive selection for 

CD-73, the most common cell surface marker for hPSC-PRP sorting11,13) but were unable to 

obtain a sufficient yield of donor cells for transplantation, often resulting in fewer than 200,000 

total cells after sorting.  

With a lack of viable sorting methods initially available, unsorted dissociated stage 2 

organoids were employed in studies throughout this dissertation due to the relatively high 

proportion of PRP in fully dissociated RO cultures (40-80%), with PRP purity comparable to that 

obtained in recent studies using FACS enrichment (~70%4,15). As observed in Chapter 3, PRP 

are still the predominate cell type in aggregate grafts, but a considerable number of proliferating 

retinal progenitor cells (RPCs) remain. The rosettes observed within aggregate and retinal sheet 

transplants exhibit striking similarly to those observed in chick retinal reaggregates, with columnar 

organization reminiscent of clonal differentiation from RPCs. The presence of residual RPCs is 
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suspected to have contributed to the rosettes observed in this study and similar studies with retinal 

sheet transplantation. Studies in mice16,17, rats18,19, nonhuman primates17, and cats20 suggest that 

rosettes are not inherently unsafe and often survive perfectly well within the subretinal space, but 

the lack of organization and failure to interact with host retina leave much to be desired. 

Regardless of delivery approach—as dissociated cells, aggregates, or on scaffolds—a PRP 

enriched donor cell population still remains the most desirable type of donor cell for replacement. 

Thus, a reproducible method for removing residual proliferating and off-target cells from 

the donor cell population is highly desirable. The ideal approach should also yield a high number 

of cells (millions to billions) and be gentle enough to maintain high viability. To this end, several 

methods for PRP enrichment were tested over the course of this dissertation, including traditional 

FACS, low-pressure microfluidic sorting, and MACS with novel cell surface markers. Consistent 

with recent reports4,14,15,21, enrichment of PRP from fluorescently labeled reported lines was 

possible but was ultimately deemed not feasible for isolating millions to billions of cells while also 

maintaining cell viability. We have recently developed a novel protocol for successfully enriching 

a high yield of PRP (millions of cells) via positive MACS selection for CD133/1 (Fig. 3). We have 

also identified a cell cycle inhibitor targeting the gamma secretase pathway (PD0332991) 

previously untested in hPSC-derived retinal organoid cell derivatives that is sufficient for arresting 

proliferation in dissociated, unsorted cells (Fig. 4). Combining these strategies in a two-pronged 

approach has the potential to provide the greatest yield of enriched hPSC-PRs of any published 

strategy to date, accelerating efforts to study cell replacement therapy for blinding retinal 

diseases. Further characterization of this enrichment protocol will ideally include a dose-titration 

assay for PD0332991, since cell cycle inhibitors are often cytotoxic at high enough doses.  

Moreover, a time course of the efficiency of CD133/1 sorting at various stages of organoid 

development would provide greater insight regarding the window for achieving maximal PRP 

yield. Further characterization of PR subtypes that result from CD133/1 sorting and cell cycle 
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inhibitor treatment is particularly intriguing; cones are considered more attractive from a cell 

replacement perspective as they provide high-acuity daylight vision, and current approaches for 

cone enrichment from organoids are limited. Regardless of the exact rod-to-cone ratio of enriched 

cells, virtually all studies conducted in this dissertation would be greatly enhanced by the use of 

a PRP-enriched donor cell product as described in this section, and replication of in vivo studies 

using PRP-enriched donor cells would be of particular utility for investigating a potential dose 

response.  

Stereologic quantification of donor cell survival and engraftment 

A critical point of convergence for all proposed studies mentioned here lies in testing the safety 

and efficacy of hPSC-PRP therapies in translational model systems. Establishing diverse animal 

model platforms for investigating photoreceptor replacement is essential for understanding 

disease-specific applications of regenerative medicine in the retina, and these models advance 

distinct but interconnected translational platforms to accelerate progress towards human trials. 

Key parameters to be investigated in large animal studies picking up where this dissertation 

leaves off include: 

1) donor cell differentiation and survival (including orientation and polarization) 

2) donor cell distribution within the retina 

3) donor cell connectivity with host retinal neurons 

4) host immune response to transplanted donor cells 

While in-life analyses of visual function are crucial, some of the richest data obtained in pending 

preclinical studies lies in quantitative analyses of transplanted donor cells to determine cell 

survival and optimize dosing protocols. Investigational New Drug (IND) application-enabling 

studies are explicitly intended to inform the design of early phase human clinical trials for 

photoreceptor replacement, and as such will rely heavily upon accurate and unbiased 
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characterization of engrafted cells to determine the necessary dose for achieving anatomic and/or 

functional rescue. 

The quantitative approaches to studying engraftment outlined in Chapter 3 are a first step 

toward understanding donor-host interactions and exceeded current field standards but are 

ultimately an imperfect method for estimating cell survival and engraftment relative to the starting 

dose. Unbiased quantification of donor cell survival and engraftment will be essential to achieving 

the most reliable estimates of cell survival and integration from these experiments. Stereology, 

which relies upon systematic random sampling through histologic sections, is the current gold 

standard for quantitative histologic analysis22. Although time-consuming to initially validate, 

design-based stereology provides the exact type of quantitative data necessary to advance the 

field from academically-relevant observations to clinically-meaningful outcomes in preclinical 

research. Future preclinical studies should use design-based stereology whenever possible to 

gain the most accurate picture of PRP survival, safety, and maturation. 

The role of the immune system in subretinal cell therapy 

In particular, the role of cytotoxic T cell-mediated immune response in long-term transplant 

integration will be of critical importance since the nude, immunocompromised rat model employed 

in pursuit of this dissertation lacks T cells. In controlling the immune response as a variable, we 

were able to study the relationship between key parameters of interest—survival, engraftment, 

and maturation—and delivery method without complicating factors of transplant rejection. There 

are conflicting views on the degree of immune suppression necessary for successful subretinal 

transplantation, but most agree that at a minimum, local immune suppression will be necessary 

in allotransplantation23–26. Parallel allogeneic studies in immune competent animal models will be 

paramount to understanding the degree of immunosuppression that will be most appropriate for 

human clinical trials. 
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PRP are just the beginning: the other end of the synapse 

While we are beginning to gain a better understanding of the PRP side of the donor-host synapse, 

very little is known about factors contributing to axonal targeting, dendritic sprouting, and INL-

driven responses to donor-host interactions. We now know that hPSC-PRP can reliably be 

delivered to the subretinal space and survive with varying degrees of synaptic protein expression 

adjacent to host inner neurons and mild effects on vision11. The window of opportunity for 

transplantation in which host inner retinal neurons remain receptive to forming putative 

connections with donor cells is far from established11,27,28. Once the efficiency of synapse 

formation between donor and host neurons is better characterized, strategies for increasing the 

efficiency of synapse formation may potentially include modulation of inner retinal neuron 

plasticity29,30. Descriptive and discovery-driven basic science research into mechanisms of inner 

retinal neuron synaptogenesis—particularly for bipolar cells—has the potential to greatly augment 

retinal regenerative therapies from the host end of the synapse. 

 

Overall conclusions 

For patients suffering from vision loss due to PR death, new cells generated from hPSC-derived 

retinal organoids clearly have the potential to unlock new treatment options via cell replacement 

therapy. The field of PSC-derived PR replacement therapy is still relatively young, and preclinical 

studies have been limited by the tools available for organizing donor cells and studying their 

connections. The studies described in this dissertation have laid crucial groundwork for future 

retinal cell therapies, providing the necessary tools to advance next-generation cell therapies and 

outlining the best path to successful translation of such approaches. The new methodologies 

described in this dissertation set the stage for directly addressing two of the greatest challenges 

that lie ahead in PR replacement: organization of donor cells and functional synaptogenesis 

between donor and host cells. While the ultimate success of such approaches remains to be fully 
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realized, this dissertation adds to a growing body of preclinical research suggesting that the future 

of PSC-derived photoreceptor cell replacement therapies for degenerative retinal diseases 

remains promising. 
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Figures 

 

Fig. 1. Comparative ocular anatomy of select preclinical animal models. Large animal models, 

including the dog, pig, and primate, have ocular anatomy that more closely mimics the human eye. Rodent 

species, including the rat, have a comparatively large lens (*) relative to the overall volume of the globe that 

renders scaffold delivery in these models less clinically translational. 
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Fig. 2. Immunolabeling of anatomic CRX+/tdTomato-PRP engraftment in a rat model of retinal 

degeneration two weeks after scaffold transplantation. (A) CRX+/tdTomato-PRP aggregates express 

presynaptic protein VGLUT1 in regions adjacent to the host inner nuclear layer (INL). (B) All CRX+/tdTomato-

PRP delivered via scaffold also co-labeled with human nuclear antigen (HNA).  
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Fig. 3. Photoreceptor enrichment from CRX+/tdTomato retinal organoids via CD133/1 MACS. (A) 

Brightfield (left) and red epifluorescent (right) images of stage 3 (>D200) WA09 hESC CRX+/tdTomato 

reporter retinal organoids. The white arrow indicates outer segments of photoreceptors lining the outer 

rim of the retinal organoids. (B, C) Dissociated, sorted, and plated retinal organoids. (B) CD133/1 positive 

fraction, enriched for CRX+/tdTomato positive cells. (D) 24 hours after CD133/1 sorting, cells in the positive 

fraction are enriched (>85%) for recoverin (RCVN) and/or CRX+/tdTomato. 
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Fig. 4. Continuous treatment with cell cycle inhibitor reduces proliferation in unsorted CRX+/tdTomato 

hPSC-PRs over 1 week in culture. (A) Treatment with 5 µM PD0332991 substantially limits the 

presence of proliferating Ki67+ cells among CRX+/tdTomato positive cells relative to (B) vehicle-only control-

treated cells. 
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