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SUMMARY
Human retinal organoid transplantation could potentially be a treatment for degenerative retinal diseases. How the recipient retina reg-

ulates the survival, maturation, and proliferation of transplanted organoid cells is unknown. We transplanted human retinal organoid-

derived cells into photoreceptor-deficient mice and conducted histology and single-cell RNA sequencing alongside time-matched

cultured retinal organoids. Unexpectedly, we observed human cells that migrated into all recipient retinal layers and traveled long dis-

tances. Using an unbiased approach, we identified these cells as astrocytes and brain/spinal cord-like neural precursors that were absent or

rare in stage-matched cultured organoids. In contrast, retinal progenitor-derived rods and cones remained in the subretinal space,

maturingmore rapidly than those in the cultured controls. These data suggest that recipientmicroenvironment promotes thematuration

of transplanted photoreceptors while inducing or facilitating the survival of migratory cell populations that are not normally derived

from retinal progenitors. These findings have important implications for potential cell-based treatments of retinal diseases.
INTRODUCTION

Transplantation of immature retinal cells, such as photore-

ceptor precursor cells and retinal progenitor cells, has the

potential to restore function to the degenerated or dysfunc-

tional human retina. Vision loss may be retarded or

reversed by direct cellular integration or cellular material

transfer (Bartsch et al., 2008; Gouras et al., 1994; Kalar-

gyrou et al., 2021; Kwan et al., 1999; Lamba et al., 2009;Ma-

cLaren et al., 2006; Ortin-Martinez et al., 2021; Pearson

et al., 2012, 2016; Santos-Ferreira et al., 2016; Singh et al.,

2013, 2016; Yang et al., 2010). Stem cell-derived retinal or-

ganoids (Assawachananont et al., 2014; Capowski et al.,

2019; Eiraku et al., 2011; Eldred et al., 2018; Gonzalez-Cor-

dero et al., 2013; Kaewkhaw et al., 2015; Mandai et al.,

2017; Nakano et al., 2012; Shirai et al., 2016; Tucker

et al., 2013; Wahlin et al., 2017; Zhong et al., 2014) are po-

tential sources of renewable and standardized donor cells

for therapy. Successful transplantation of these cells will

require more advanced understanding of the interactions
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between donor cells and the recipient microenvironment.

Here we address this challenge by transplanting human

retinal organoid-derived donor cells subretinally into recip-

ient mice and examining how the recipient microenviron-

ment affects donor cells.

A substantial body of data in multiple animal models

supports the regenerative potential of non-migratory

donor photoreceptor precursor-derived cells that mature

in the recipient subretinal space, spurring experiments in

large animals (Aboualizadeh et al., 2020; Ghosh et al.,

2004; Klassen et al., 2007; Shirai et al., 2016; Tu et al.,

2019; Zhou et al., 2011) en route to clinical studies (Berger

et al., 2003; Das et al., 1999; Humayun et al., 2000; jCyte

and California Institute for Regenerative, 2020; Liu et al.,

2017; ReNeuron, 2022). Aside from the non-migratory

cells, migratory donor cells in the inner retinal layers over-

lying the graft have been observed (Foik et al., 2018; Ham-

bright et al., 2012; Klassen et al., 2004; Lin et al., 2018; Luo

et al., 2014; McLelland et al., 2018; Thomas et al., 2021; Ya-

masaki et al., 2022; Yang et al., 2002; Zou et al., 2019),
thors.
ecommons.org/licenses/by-nc-nd/4.0/).
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which do not appear to be essential for the therapeutic

mechanism. These observations raised concerns that

long-range migration of donor cells beyond the graft mar-

gins may trigger immune exposure and invasive tissue

damage. In the few studies of photoreceptor transplanta-

tion in nonhuman primate recipients (Shirai et al., 2016;

Tu et al., 2019), migratory cells have occasionally been

observed (Tu et al., 2019), raising the possibility that it

may also occur in humans. Studying the migration of

donor cells may also illuminate strategies to regulate their

spatial targeting, as with retinal ganglion cell homing in

response to an induced chemokine gradient (Soucy et al.,

2021). Here, we assess the effects of the recipient retinal

microenvironment on the maturation and migratory

behavior of transplanted cells derived from human retinal

organoids.Wemolecularly define the identity of themigra-

tory cells that depart from, and the non-migratory cells

that remain in, the subretinal graft.

Whereas cell movement is not readily observed in the

normal and pathological adult retina, retinal progenitor

cells and their descendants undergo considerable radial

migration and limited tangential migration during neuro-

genesis (Poggi et al., 2005; Turner and Cepko, 1987; Turner

et al., 1990). In contrast, other CNS cells, including

GABAergic neural precursors in the telencephalon (Park

et al., 2002) and optic nerve-derived astrocytes in the retina

(Paisley and Kay, 2021), undergo long-distance tangential

migration. Similarly, stem cells and their progeny migrate

following transplantation into the CNS (Liu et al., 2000;

Scheffler et al., 2003; Srivastava et al., 2006; Tabar et al.,

2005). Thus, each developmental or transplantation

context differentially regulates migration.

The origin, heterogeneity, spatial distribution, and prolif-

erative capacity of migratory donor cells derived from

retinal sources have not been characterized. Migratory cells

can arise from human retinal organoids (Foik et al., 2018;

McLelland et al., 2018; Thomas et al., 2021; Tu et al.,

2019; Yamasaki et al., 2022; Zou et al., 2019) and human

fetal retina (Lin et al., 2018; Zhou et al., 2015), suggesting

that migratory behavior is not unique to donor cells ob-

tained through pluripotent stem cell culture. Migratory

donor cells were observed in mouse, rat, cat, and

nonhuman primate retinas, and in normal and degenera-

tive retinas (Hambright et al., 2012; Klassen et al., 2004;

Luo et al., 2014; McLelland et al., 2018; Singh et al.,

2019; Tu et al., 2019; Yang et al., 2002; Zhu et al., 2018),

suggesting that this phenomenon is common across recip-

ient species and independent of retinal health. A few

migratory cells were reported to express GFAP (Yang

et al., 2002; Zhu et al., 2018), progenitor markers (e.g.,

PAX6, Nestin) (Luo et al., 2014; Zhu et al., 2018) or

neuronal markers (e.g., MAP2, b-tubulin3) (Seiler et al.,

2014), but not mature photoreceptor markers (Foik et al.,
2018; Hambright et al., 2012; McLelland et al., 2018;

Seiler et al., 2017; Thomas et al., 2021; Tu et al., 2019; Yama-

saki et al., 2022; Zhu et al., 2018; Zou et al., 2019). Gaspar-

ini et al., in a study of the influence of the murine retinal

microenvironment on the morphological maturation of

transplanted donor human cone photoreceptors, also

observed migratory cells but did not molecularly charac-

terize these cells (Gasparini et al., 2022). Our studies use

an unbiased approach to molecularly characterize the

migratory and non-migratory cells that arise from human

retinal organoids following transplantation into mice.

To understand how the recipient microenvironment in-

fluences donor cells, we transplanted the micro-dissected

multilayered retinal fragments fromhuman retinal organo-

ids into mouse retinas and used imaging and single cell

transcriptomics to characterize the identities, maturity,

andmigratory activities of graft-derived cells.We identified

donor-derived migratory astrocytes and brain/spinal cord-

like neural precursors that do not normally arise from

retinal progenitor cells, and found that non-migratory

photoreceptors matured more rapidly in the subretinal

space. Our findings highlight a key strength of organoid-

derived cell transplantation in promoting photoreceptor

maturation and a potential weakness in the expansion

and widespread tangential migration of a population of

migratory astrocytes and brain/spinal cord-like neural

precursor cells.
RESULTS

Subretinally transplanted human cells migrate from

or remain in the subretinal space

To determine how the recipient subretinal space affects

donor cells, we differentiated human retinal organoids,

dissected them into retinal fragments and transplanted

them into recipient mice, and later assessed donor cell po-

sition, fate, and maturity. To generate recipient mice, we

crossed and bred mice with immune deficiency and retinal

degeneration (Figure S1). These C3H/HeJ-Pde6bRd1/Rd1(Rd1)

and NOD.Cg-Prkdcscid/J (NOD/Scid) doublemutantmice are

termed Rd1/NS. To generate donor cells, we usedH9 human

embryonic stem cells (hESCs) carrying a reporter that is

expressed in both rod and cone photoreceptors

(CRX:tdTomato) (Phillips et al., 2018). We used a gravity

aggregation approach to differentiate stem cells into retinal

organoids with robust generation of photoreceptors

(Eldred et al., 2018; Nakano et al., 2012; Wahlin et al.,

2017). On day 134 of organoid culture, we micro-dissected

the human retinal organoids and transplanted the frag-

ments into the subretinal space of recipient eyes (n = 16

eyes). Four and a half months later, we evaluated the

transplants.
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Figure 1. Subretinally transplanted human cells migrate from, or remain in, the subretinal space
(A) IHC staining of human nuclear antigen (HNA) showed migratory (arrows) and non-migratory (empty arrow) human cells in the mouse
retina. Transplanted photoreceptors were identified by the expression of CRX:tdTomato reporter.
(B and C) Migratory cells were detected overlying the graft (radial migration) and beyond the graft edge (tangential migration).

(legend continued on next page)
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As homozygosity for the Rd1 allele causes virtually all

photoreceptors to degenerate by adulthood in mice

(Bowes et al., 1990), distinct recipient outer nuclear

and outer plexiform layers were not observed but the in-

ner nuclear, inner plexiform, retinal ganglion cell (RGC),

and retinal nerve fiber layers (collectively, the ‘‘inner

retina’’) were present.

We determined the positions of donor cells relative to the

subretinal transplantation site. We identified all human

donor cells on the basis of immunolabeling for human nu-

clear antigen (HNA) or human ATP-dependent DNA heli-

case 2 subunit (Ku80 protein). We identified human donor

photoreceptors on the basis of transgenic expression of

CRX:tdTomato (Figure 1A). We observed two main classes

of donor cells: (1) human cells in the recipient subretinal

space (‘‘non-migratory cells’’) that included both photore-

ceptor or non-photoreceptor cells (Figure 1A) and (2) hu-

man cells within the recipient inner retina (‘‘migratory

cells’’) that were not photoreceptors (Figure 1A), suggesting

that this population had migrated from the graft. Migra-

tory cells were observed in the recipient inner retinal layers

overlying the graft (‘‘radial migration’’; Figure 1B), whereas

others had migrated away from and beyond the edges of

the graft (‘‘tangential migration’’; Figure 1C). Migratory

cells traveled into all retinal layers, including the retinal

ganglion cell layer, inner plexiform layer (IPL), inner nu-

clear layer (INL), and retinal pigment epithelium/choroid

(RPE/C) layer (Figure 1E). Of the tangential migratory cells

(n = 2,378 cells), 98.9% were within 1,500 mm of the edges

of the graft. The remaining 1.1% traveled beyond 1,500 mm

and were located exclusively in the RGC layer (Figure 1F).

We detected several migratory human cells in the regions

flanking the optic nerve (‘‘peripapillary migration’’; Fig-

ure 1G) but none in the optic nerve itself. We next sought

tomolecularly classify the fates of these non-migratory and

migratory cells.

Subretinal microenvironment facilitates the

proliferation, differentiation and/or survival of

retinal and nonretinal cells

To determine how the recipient subretinal microenviron-

ment affects the gene expression and the specification of

themigratory and non-migratory donor cells, we conducted

single-cell RNA sequencing (scRNA-seq) on cells from hu-

man CRX:tdTomato+ retinal organoids transplanted and
(D) A non-transplanted mouse eye showed negative staining for HNA
(E) Relative abundance of migratory human cells in different recipien
(F) Migrating distance of human cell nuclei from the graft edge in di
(G) Migratory Ku80+ human cells found in the regions flanking the
sentative migratory human cells.
Data were collected from 5 eyes. Statistical data were presented as me
of the recipient retina; green lines in (G) denote the optic nerve.
matured in vivo (‘‘transplanted organoids’’) and from age-

matched CRX:tdTomato+ retinal organoids that were main-

tained in vitro (‘‘cultured organoids’’) (Figure 2A). We

analyzed a total of 5,831 human cells that were recovered

from the transplanted (1,561 cells) and cultured (4,270 cells)

organoids. We identified retinal cell types including retinal

progenitor cells (RPCs), photoreceptor precursor cells, rods,

cones, bipolar cells, horizontal cells, and Müller glia on the

basis of their gene expression profiles (Figures 2B–2D). The

quantities of cones, bipolar cells, and horizontal cells were

similar in the transplanted and cultured organoids. In

contrast, retinal progenitor cells, photoreceptor (PR) precur-

sor cells, andMüller glia weremore abundant in cultured or-

ganoids, whereas rods were more abundant in transplanted

organoids (Figure 2E). The smaller populations of RPCs and

photoreceptor precursor cells and larger population of rods

in the transplanted organoids suggest that the recipient

microenvironment promotes the survival and/or matura-

tion of exogenous photoreceptor cells.

In addition to these cell types, we identified two cell clus-

ters that could not be ascribed solely to known retinal-

derived cell fates. The cells in one cluster expressed genes

that are broadly expressed in retinal and other CNS progen-

itors such as ASCL1 (Figure 2D) and HES6 (Figure S2). They

also expressed genes that are not normally detected in the

developing retina including NKX2-2 and ARX, both of

which are prominently expressed in telencephalic and/or

diencephalic neural progenitors, as well as HOXC8, whose

expression is normally restricted to the developing spinal

cord (Figure 2D). On the basis of this gene expression

profile, we designated the cells in this cluster as ‘‘brain

and spinal cord-like’’ (BSL) cells. BSL cells comprised

approximately 1% of cells in the cultured organoids but

were more than 30 times more abundant in the trans-

planted organoids (Figure 2E). Cells in the second cluster

expressed markers characteristic of retinal astrocytes, such

as PAX2 and S100B (Figure 2D). Normally, retinal astrocytes

are born in the optic nerve head and migrate into the

retina. Strikingly, astrocytes were entirely absent in the

cultured organoids but constituted approximately 8% of

cells in the transplanted organoids (Figure 2E). These data

suggest that microenvironmental cues in the host retina

allow the proliferation, differentiation and/or survival of

cell types that are not normally derived from retinal

progenitors.
and CRX:tdTomato.
t retinal laminae.
fferent retinal laminae.
optic nerve (peripapillary migration). White arrows showed repre-

an ± SD. Yellow lines in (B), (C), (D), and (G) denote the boundaries
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Figure 2. Subretinal microenvironment facilitates the proliferation, differentiation and/or survival of retinal and nonretinal cells
(A) Schematic showing the in vivo and in vitro conditions of the donor cells analyzed by single-cell RNA sequencing (scRNA-seq).
(B and C) scRNA-seq identified nine transcriptionally distinct cell clusters from the pool of transplanted and cultured retinal organoid cells
(n = 5,831 cells).
(D) Dot plots of marker gene expression in the identified cell clusters. Color scale indicates the average gene expression; Dot size rep-
resents the percent of positively expressing cells.
(E) The relative abundance of various cell types in transplanted and cultured retinal organoids.
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Donor-derived migratory cells include astrocytes and

brain/spinal cord-like neural precursors

Next, we connected the cell types identified by scRNA-seq

analysis to their migratory or non-migratory properties.

We computationally aggregated and scored the expression

of genes associated with cell motility and migration by

Gene Ontology (GO) classification (Data S1). We found

that astrocytes and BSL cells had the highest averagemigra-

tion scores (Figure 3A), suggesting that these were the

observed migratory cells.

To test this hypothesis, we examined expression of

genes including PAX2 (astrocyte marker), and HES6,

ASCL1, HOXC8, NKX2-2, and ARX (BSL markers), that

identify the migratory cells. We observed expression of

these genes in migratory cells derived from hESCs

(Figures 3B, 3C, and S2). To validate these observations

in progeny of a different pluripotent cell lines, we stained

for PAX2, HOXC8, NKX2-2 in specimens from recipient

eyes that were transplanted with human induced pluripo-

tent stem cell (hiPSC)-derived retinal organoid cells. In

this context, approximately four months post-transplan-

tation into adult Rd1/NS recipient mice, we detected

PAX2, HOXC8, NKX2-2 in migratory cells (Figure S3).

We have not detected the gene expression of human

astrocyte (PAX2) and BSL (HES6, ASCL1, HOXC8,

NKX2-2, ARX) in non-transplanted Rd1/NS control mice

(Figure S4). The hESC-derived and hiPSC-derived cells ex-

pressing these genes were located in all recipient retinal

layers, suggesting that astrocytes and BSL cells derived

from both types of pluripotent cells possessed migratory

capacity. Among migratory cells, human astrocytes were

more abundant than BSL cells (Figure 3D). Among non-

migratory cells that remained in the subretinal space

within the graft, we also observed astrocytes and BSL cells

(Figures 3E and 3F), suggesting that expression of astro-

cytes or BSL cell-related genes alone was insufficient for

migration.

Migratory cells were almost exclusively CRX:tdTomato–,

consistent with these cells being astrocytes or BSL cells

and not photoreceptor cells (see Figure 1A). Rare

CRX:tdTomato+ cellswere detected in theRPE/Choroid layer

and were possiblymisplaced photoreceptors (see Figure 1A).

Human migratory cells did not express established markers
Figure 3. Donor-derived migratory cells include astrocytes and b
(A) Astrocytes and BSL cells show the highest migration score among th
(B) RNAScope showed migratory cells expressing markers of astrocyte
(C) Relative abundance of migratory astrocytes and BSL cells in diffe
(D) Quantification of migratory astrocytes and BSL cells in migratory
(E and F) RNAScope staining (E) and quantification (F) of non-migrato
(G) Migratory cells negatively expressed markers of RGC (RBPMS, Neu
cells (PKCa), cone bipolar cells (SCGN), microglia (IBA1), and macrop
Statistical data were presented as mean ± SD.
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of RGCs, amacrine cells, horizontal cells, rod and cone bipo-

lar cells, microglia, or macrophages (Figures 3G and S2).

Together, these data suggest that some but not all donor

human astrocytes and BSL cells were migratory cells

whereas donor photoreceptors and other retinal neurons

were non-migratory.

Actively proliferating cells are rare among migratory

and non-migratory donor cells

Migratory cells, especially if they are proliferative, may

negatively impact the recipient. To determine the influence

of the recipient microenvironment on the proliferation of

migratory and non-migratory donor cells, we examined

expression of the proliferationmarker protein Ki-67. As ex-

pected, expression of Ki-67 was rarely observed in cultured

retinal organoids and was significantly less abundant in

transplanted organoids (Figure 4A). The smaller population

of proliferating cells in the transplanted organoids suggests

that the in vivo microenvironment may promote matura-

tion of postmitotic photoreceptor cells.

In eyes with transplanted organoids, 0.7% of non-migra-

tory cells and 1.4% of migratory cells expressed Ki-67 (Fig-

ure 4B), and the difference between these values was not

statistically significant. We observed that the few Ki-67+

migratory cells occupied all laminae of the recipient retina

(Figure 4C).

To identify the proliferating cells, we developed a prolifer-

ation scoring system by computationally aggregating the

expression level of proliferation-associated genes (Data S2).

We found that astrocytes, Müller glia, RPCs, and BSL cells

showed the highest proliferation score (Figure 4D), suggest-

ing that these cellswere proliferating. To test this hypothesis,

we examined expression of Ki-67 in PAX2+ (astrocytes),

VSX2+ (RPCs), and ASCL1+ and HOXC8+ (BSL) cells. Precise

quantification was impractical because of the rarity of dou-

ble-positive cells. Nevertheless, we found a few migratory

PAX2+ astrocytes, and very few migratory ASCL1+ BSL cells,

that were Ki-67+. Proliferating Ki-67+/VSX2+ RPCs remained

in the subretinal space (Figure 4E).

Taken together, these data suggest that migratory prolifer-

ating donor human cells are rare and are mostly astrocytes,

and that non-migratory proliferating cells are rare and are

mostly RPCs.
rain/spinal cord-like neural precursors
e cell types identified in transplanted retinal organoids (n = 3 eyes).
s (PAX2, HES6) and BSL cells (ASCL1, HOXC8, NKX2-2, and ARX).
rent recipients’ retinal laminae.
human cells (n = 3 or 4 eyes).
ry astrocytes and BSL cells in the subretinal space (SRS) (n = 4 eyes).
N), amacrine cells (NeuN), horizontal cells (calbindin), rod bipolar
hage (CD68). KU80- and HNA-labeled human cells.



Figure 4. Actively proliferating cells are rare among migratory and non-migratory donor cells
(A) IHC staining showed that Ki-67+ proliferating cells were rare in cultured organoids (n = 4 in one batch) and significantly less in
transplanted organoids (n = 3 eyes).
(B) Ki-67+ cells were rare among non-migratory and migratory cells in transplanted retinal organoids (n = 5 eyes).
(C) Relative abundance of migratory Ki-67+ cells in different retinal laminae.
(D) ScRNA-seq analysis showed the highest proliferation score in Müller glia, retinal progenitor cells (RPCs), astrocytes, and BSL cells
among the identified cell types in transplanted retinal organoids (n = 3 eyes).
(E) Histological assay showed sparse Ki-67+ cells in migratory astrocytes (PAX2+), BSL cells (ASCL1+), and non-migratory RPCs (VSX2+) and
BSL cells (HOXC8+) (n = 4 eyes).
Statistical data were presented as mean ± SD.
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In contrast to migrating cells, the subretinal

microenvironment induces accelerated maturation of

non-migratory rods and cones

Our scRNA-seq analysis suggested that the recipient subre-

tinal space promotes photoreceptor maturation (see Fig-

ure 2E). To test this hypothesis, we assessed cone matura-

tion. We evaluated the gene expression profiles of cones

from transplanted organoids and cultured organoids using

pseudotime analysis, comparing these cells to published

datasets of embryonic, postnatal, and adult cones isolated

directly from human retina (Lu et al., 2020). The transcrip-

tional profiles suggested that the cones from transplanted

organoids resembled adult cones, whereas the cones from

cultured organoids more closely resembled embryonic

cones (Figures 5A and 5B). Expression of mature cone-spe-

cific genes were consistently higher in transplanted than in

cultured cones (Figure S5), including all three cone opsins

(OPN1LW, OPN1MW, and OPN1SW) (Figure 5C). The pro-

portions of CRX:tdTomato+ cells that expressed L/M-opsin

or S-opsin were significantly higher in transplanted orga-

noids (L/M-opsin+, 26.4%; S-opsin+, 13.7%) compared

with cultured organoids (L/M-opsin+, 2.7%; S-opsin+,

1.3%) (Figure 5D). Similarly, the fraction of L/M-opsin+ or

S-opsin cells+ with inner or outer segments (segment+)

was significantly higher in transplanted organoids than

cultured organoids (Figure 5E). We measured the intrinsic

electrical properties of a transplanted human cone cell

and found large capacitance currents (�2 nA), indicating

the presence of relatively large cell membrane areas that

are normally observed in mature cones (Figure 5F).

Next, we evaluated rod maturation in transplanted orga-

noids and cultured organoids. As with cones, gene expres-

sion and pseudotime analysis suggested that rods from

transplanted organoids resembled adult rods, whereas

rods from cultured organoids resembled embryonic rods

(Figures 6A and 6B). Expression of RHO (Figure 6C) and

other rod-specific genes (Figure S5) was higher in rods

from transplanted organoids than cultured organoids.

The proportions of CRX:tdTomato+ cells that expressed
Figure 5. The subretinal microenvironment induces accelerated m
(A) Uniform manifold approximation and projection (UMAP) plots em
ceptors in transplanted (n = 3 eyes) and cultured retinal organoids (n
to normal human cone development. Cells are colored by cell type (to
(B) Ridge plots showed the transcriptional maturation of transplante
(C) Violin plots showed significantly more OPN1LW, OPN1MW, and OP
(D) Histological analysis of L/M-opsin+ or S-opsin+ photoreceptors in t
batch).
(E) Representative L/M-opsin+ or S-opsin+ cone photoreceptors wi
Quantification showed the fraction of L/M-opsin+ or S-opsin+ cells wit
cultured retinal organoids (n = 4 in one batch).
(F) Single-cell patch-clamp recording of a transplanted human cone
Statistical data were presented as mean ± SD.
Rho were significantly higher in transplanted organoids

(61.5%) compared with cultured organoids (45.5%) (Fig-

ure 6D). Similarly, the fraction of Rho+ cells with inner or

outer segments (segment+) was significantly higher in

transplanted organoids (87.4%) than cultured organoids

(29.8%) (Figure 6E).

Finally, we investigated general features of photoreceptor

maturity. Expression of certain synaptic proteins was upre-

gulated in cones and rods in transplanted CRX:tdTomato+

organoids compared with cultured CRX:tdTomato+

organoids (Figure 7A). In CRX:tdTomato+ donor photore-

ceptors, the number of CtBP2+ puncta, whichmarks synap-

tic ribbons, was significantly higher in cells from trans-

planted organoids compared with cultured retinal

organoids (Figure 7B). These data suggest that the recipient

subretinal space promotes maturation of rods and cones

more effectively than the in vitro microenvironment of

cultured organoids.
DISCUSSION

In these studies, we observed two major differences be-

tween cells from donor retinal organoids transplanted

into mice and cells from chronologically equivalent retinal

organoids maintained in culture. The transplanted cells

were maintained in the degenerative recipient subretinal

space for several months, therefore simulating conditions

directly relevant for cell-based therapies for photoreceptor

dystrophy. Themost prominent and unexpected difference

was the observation of migratory donor astrocytes and BSL

cells in the transplanted cell population. Astrocytes and

BSL cells underwent radial migration into, and long-dis-

tance tangential migration along, all retinal laminae (apart

from the outer nuclear layer of photoreceptor cells that was

absent in the degenerate recipients). The migratory astro-

cytes and BSL cells were generally non-proliferative,

although graft-derived retinal progenitors showed prolifer-

ation without migration. In contrast to these migratory
aturation of non-migratory cones
bedded the pseudotime maturation trajectories of cone photore-
= 2 form the same batch as the transplanted organoids), comparing
p) and pseudotime (bottom).
d and cultured cone photoreceptors.
N1SW expression in transplanted than cultured retinal organoids.
ransplanted (n = 4 eyes) and cultured retinal organoids (n = 4 in one

th (OS+, yellow arrow heads) or without (OS�) outer segments.
h inner/outer segment (segment+) in transplanted (n = 4 eyes) and

photoreceptor.
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cells, transplanted photoreceptors, inner retinal neurons,

and Müller glia were non-migratory and remained in the

subretinal transplant site. The second major difference be-

tween transplanted and cultured organoids pertained to

photoreceptor maturity. On the basis of gene expression

and morphology, transplanted rods and cones were more

mature than photoreceptors from cultured organoids.

These data expand our understanding of photoreceptor

and non-photoreceptor development in transplanted

retinal organoids and highlight the importance of unbi-

ased approaches to cell fate identification and spatial

tracking following organoid transplantation.

We considered the possibility that cellularmaterial trans-

fer (Ortin-Martinez et al., 2017; Pearson et al., 2016; Santos-

Ferreira et al., 2016; Singh et al., 2014, 2016) of human

nucleus-related antigens may have confounded the histo-

logical detection of human cells.We believe that themigra-

tory cells in this report are bona fide human cells for five

reasons. First, all the cells expressing astrocyte and BSCL

cell markers were identified by scRNA-seq as being human

cells by expression of many different human mRNAs from

those of mouse. Second, we used human-specific RNA

probes for RNAScope assays used to detect migrating cells.

Third, we used two human nuclear-specific antibodies—

HNA and Ku80, which target different human nuclear an-

tigens—and found identical features of migration of

HNA+ and Ku80+ cells. Fourth, the uniform and strong in-

tensity of histological staining (HNA and Ku80), essentially

iso-intense with the subretinal human cells, also implies

that these cells are of human rather than mouse origin.

Last, the migratory HNA+ and Ku80+ cells were generally

located at considerable distances from the subretinal donor

cell mass, arguing against cellular material transfer which

tends to occur among neighboring cells with the potential

for direct cell-cell membrane contact.

Themigratory astrocytes and BSL cells from transplanted

organoids displaymolecular profiles distinct from cells pre-

sent in mature cultured organoids. The astrocytes express

PAX2, which normally delineates optic stalk-derived astro-

cytes in vivo (Wahlin et al., 2021). PAX2 is also detected in

retinal progenitors in early-stage retinal organoids but is
Figure 6. The subretinal microenvironment induces accelerated m
(A) UMAP plots embedded the pseudotime maturation trajectories of r
organoids (n = 2 from the same batch as the transplanted organoids), c
(top) and pseudotime (bottom).
(B) Ridgeline plot showed the transcriptional maturation of transpla
(C) Violin plots showed more RHO gene expression in transplanted th
(D) IHC analysis showed the percent of Rho+ cells in transplanted (n
(E) Representative images showed Rho+ rod photoreceptors with (OS
cation showed the fraction of Rho+ cells with inner/outer segment (se
(n = 4 in one batch).
Statistical data were presented as mean ± SD.
undetectable at later stages (Cowan et al., 2020; Lu et al.,

2020). Moreover, cultured retinal organoids have not

been reported to generate astrocytes in vitro. The BSL cells

express ASCL1, HOXC8, NKX2-2, and ARX. NKX2-2- and

ARX-expressing cells are found in very early-stage retinal

organoids, but are not detected after 60 days in culture

(Lu et al., 2020). HOXC8 expression is normally restricted

to the posterior spinal cord and is entirely absent from

developing human retina and retinal organoids (Cowan

et al., 2020; Lu et al., 2020). Though PAX2+ astrocytes

and ARX+ telencephalic interneurons undergo long-dis-

tance tangential migration in vivo (Paisley and Kay, 2021;

Park et al., 2002), astrocyte or BSL identity was not suffi-

cient to inducemigration of graft-derived cells, as many as-

trocytes and BSL cells remained localized in the subretinal

space. Our experiments lacked the temporal resolution to

determine whether transplantation induced trans-differen-

tiation of cells that initially adopted retinal identity or

selectively promoted the proliferation and/or survival of

small numbers of residual astrocytes and BSL cells that

are present at the time of transplantation.

Prior publications have shown migratory transplanted

cells, but their capacity to proliferate and migrate long dis-

tances were not known. Seiler and colleagues noted

migratory human donor cells six months after transplan-

tation of early-stage hESC-derived retinal organoids in the

retinal degeneration nude rat (McLelland et al., 2018). Us-

ing LMNB2 to identify human donor cells, Lamba and

colleagues reported occasional migratory human induced

pluripotent stem cell (iPSC)-derived PAX6+ and GFAP+

cells at 2 months post-transplantation (Zhu et al., 2018).

In another study, migratory cells were seen just seven

days after subretinal delivery of human fetal CD29+/

SSEA1+ donor cells (Lakowski et al., 2018), suggesting

that migration occurs soon after transplantation. Whether

the early-migratory cells are the same as those observed

months later is unknown. In the wild-type cat (Singh

et al., 2019), enhanced immunosuppression appeared to

lead to greater cell migration, suggesting a role of immune

cells in restricting this process. It is not known whether

migratory donor cells negatively affect recipient retinal
aturation of non-migratory rods
od photoreceptors in transplanted (n = 3 eyes) and cultured retinal
omparing to human rod development. Cells were colored by cell type

nted and cultured rod photoreceptors.
an cultured retinal organoids.
= 4 eyes) than cultured retinal organoids (n = 4 in one batch).
+, yellow arrow heads) or without (OS�) outer segments. Quantifi-
gment+) in transplanted (n = 4 eyes) than cultured retinal organoids
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Figure 7. Expression of synaptic proteins is upregulated in transplanted photoreceptors
(A) Heatmaps of synaptic gene expression in transplanted and cultured retinal organoids.
(B) IHC test showed CtBP2+ ribbons synapse in photoreceptors in transplanted (n = 4 eyes) than cultured retinal organoids (n = 4 in one
batch). CtBP2+ pre-synapses are highlighted with white dots using Imaris (version 9.1), raw images are on the right panel. IHC staining of
SCGN (green) showed the recipient bipolar layer.
Statistical data were presented as mean ± SD.
function or if depletion of astrocyte/BSL precursor cells is

required prior to transplantation for maximal therapeutic

efficacy.

The cues in the recipient microenvironment that pro-

mote cell migration and photoreceptor maturation are

not known. Multiple cell-extrinsic cues regulate cell spec-

ification in human retinal organoids. Dynamic regula-

tion of thyroid hormone and retinoic acid signaling

specifies cone subtypes in human retinal organoids (El-

dred et al., 2018; Hadyniak et al., 2021). Though the

roles of these cues in the subretinal microenvironment

following transplantation is not understood, they

potentially regulate photoreceptor specification and

maturation.
1150 Stem Cell Reports j Vol. 18 j 1138–1154 j May 9, 2023
In conclusion, we found that the murine subretinal

microenvironment affects human stem cell-derived retinal

organoid cells in two distinct ways. First, the recipient

microenvironment facilitates the differentiation and/or

survival of cell populations of organoid-derived astrocytes

and BSL cells that are capable of radial and tangential

migration. Second, the recipient microenvironment pro-

motes the maturation of organoid-derived rod and cone

photoreceptors that remain in the subretinal space. These

results may inform future research on the consequences

of donor cell migration in transplant recipients, methods

to purify retinal organoid-derived cells, and pharmacolog-

ical strategies to accelerate the maturation of donor photo-

receptor cells. A deeper understanding of these issues may



help to guide the development of safe and effective clinical

treatment involving the replacement or augmentation of

human stem cell-derived retinal photoreceptor cells for

the purposes of restoring visual function.
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