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Human embryonic stem cell-derived retinal pigment epithelial cells (hESC-RPE) are a promising cell source 
to treat age-related macular degeneration (AMD). Despite several ongoing clinical studies, detailed single 
cell mapping of the transient cellular and molecular dynamics from the pluripotent state to mature RPE has 
not been performed. Here we conduct single-cell transcriptomic analyses of 25,718 cells during differentia-
tion as well as in embryonic and adult retina references, revealing differentiation progression through an un-
expected initial cell diversification recapitulating early embryonic development before converging towards 
an RPE lineage. We also identified NCAM1 to track and capture an intermediate retinal progenitor with the 
potential to give rise to multiple neuroepithelial lineages. Finally, we profiled hESC-RPE cells after subret-
inal transplantation into the rabbit eye, uncovering robust in vivo maturation towards an adult state. Our 
detailed evaluation of hESC-RPE differentiation supports the development of safe and efficient pluripotent 
stem cell-based therapies for AMD.

Introduction
The eye, by virtue of its accessibility and relatively isolat-
ed anatomical location, has emerged as a promising organ 
for gene and cell-based therapies to treat neurodegenera-
tive diseases. A pathology that is particularly promising to 
tackle with these approaches is age-related macular degen-
eration (AMD), a major cause of severe vision loss affecting 
more than 180 million people globally (Gehrs et al., 2006). 
The dry form of the disease, for which no treatment is avail-
able, affects 80-90% of advanced patients and is character-
ized by well-demarcated areas of retinal pigment epithelium 
(RPE) loss and outer retinal degeneration (Ambati et al., 
2003; Sunness, 1999). Human pluripotent stem cell (hPSC) 
derived RPE cells are thus of high interest for the develop-
ment of cell replacement treatment options to halt disease 
progression, as currently being tested in several clinical tri-
als (da Cruz et al., 2018; Kashani et al., 2018; Mandai et al., 
2017; Schwartz et al., 2016; Song et al., 2015). 

Notable efforts have been made towards developing strat-
egies that ensure high purity RPE cell products using cell 
surface markers (Choudhary and Whiting, 2016; Plaza 
Reyes et al., 2020a). However, the focus on final product 
composition has often overshadowed the characterization 
of the intermediate stages appearing before a final steady 
state is reached. This gap has also been determined by the 
difficulty of deploying techniques that could systematically 
distinguish mixed phenotypes and off-target effects from 
cell heterogeneity and that would allow for a quantitative 
comparison to physiological references. In this perspective, 
the availability of single-cell RNA sequencing (scRNA-seq) 
represents a compelling opportunity.

scRNA-seq can systematically phenotype cell populations 
produced by differentiation protocols and its genome-wide 
readout is crucial to explore the unfolding of in vitro differ-
entiation (Kulkarni et al., 2019; Kumar et al., 2017; Lederer 
and La Manno, 2020). For example, scRNA-seq can deter-
mine whether cells follow developmental or non-canonical 
paths to maturation (Cuomo et al., 2020; McCracken et al., 
2020; Veres et al., 2019). Performing an unbiased analysis of 
the cell pool at intermediate stages might expose interesting 
relations between in vitro and in vivo processes and help to 
correctly identify potential risk sources for clinical transla-
tion (Begbie, 2013; Grove and Monuki, 2020; La Manno et 
al., 2016). Comprehensive single-cell atlases of embryonic 
and postnatal neurodevelopment are fundamental to assist 
in the evaluation of gene expression profiles measured in 
vitro (La Manno et al., 2016, 2020; Zeisel et al., 2018). Re-
cent work has sought to decompose cellular heterogeneity 
of the embryonic and postnatal eye with scRNA-seq, but 
the similarity between the transient cell states arising in 
development and hPSC-derived intermediates en route to 
RPE lineage has not yet been evaluated (Collin et al., 2019; 
Cowan et al., 2020; Hu et al., 2019; Lo Giudice et al., 2019; 
Lukowski et al., 2019; Mao et al., 2019; Menon et al., 2019; 
Rheaume et al., 2018; Shekhar et al., 2016; Sridhar et al., 
2020; Voigt et al., 2019). Importantly, both a reference-driv-
en and an unbiased evaluation of the hPSC-RPE cell pool 
composition at different timepoints of the protocol are crit-
ical checkpoints for ensuring a safe and efficient RPE-based 
replacement therapy.

In this study, we performed scRNA-seq analyses during hu-
man embryonic stem cell (hESC) RPE differentiation us-
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ing a directed and defined protocol established for clinical 
translation (Plaza Reyes et al., 2020a, 2020b). We demon-
strate that the derived cells resemble embryonic retinal spec-
ification and eventually reach an RPE adult-like phenotype 
upon subretinal transplantation. These findings provide val-
uable insight into the developmental program of hESC-RPE 
differentiation and illustrate the required high quality of the 
derived cells to be used as future certified clinical product.

Results
Human embryonic stem cells traverse gene expression 
space and sequentially mature into retinal pigment ep-
ithelium
To evaluate the process by which hESC-RPE are generated, 
we performed scRNA-seq throughout our established 60-
day differentiation time course (Plaza Reyes et al., 2020a, 
2020b). hESCs were differentiated on human recombinant 
laminin-521 (hrLN-521) using NutriStem hPSC XF medi-
um to promote neuroepithelium induction. Activin A was 
provided at day 6 as a substitute for mesenchymal signaling 
to induce RPE fate (Cvekl and Wang, 2009; Fuhrmann et al., 
2000; Fujimura, 2016). Cells were dissociated and replated 
at day 30 without Activin A, and maturation was completed 
by day 60 (Figure 1A). We profiled the culture at the undif-
ferentiated starting state (hESC) and six consecutive time-
points during the 60 days of differentiation (D7, D14, D30, 
D38, D45, D60). Morphological evaluation confirmed that 
changes in cell shape and size corresponded with the intend-
ed differentiation, as cells progressively assumed a more or-
ganized arrangement up until D60, where cultures appeared 
as a tight cobblestone monolayer of pigmented cells (Fig-
ures 1B and S1A). 

We next applied prior biological knowledge to perform a 
global assessment of 11,791 single-cell transcriptomes and 
to verify overall population progression through the funda-
mental stages of RPE development. Using 42 marker genes 
for pluripotent, retinal progenitor, and RPE identities, we 
studied how cells traversed a reduced gene expression space. 
The visualization of these expression profiles using the prin-
cipal components showed that, with time, cells progressive-
ly moved away from the pluripotent state towards a mature 
RPE identity (Figures 1C, S1B, and S1C). Gene signature 
scores detected a loss of the pluripotency signature (38-fold 
decrease in signature score from hESC to D30), an increased 
progenitor status at intermediate days (6.5-fold increase 
from hESC to D30), and a rise of mature RPE upon proto-
col conclusion (1.7-fold increase from D38 to D60) (Figures 
1D, S1D, and S1E). Temporal assessment of gene expres-
sion confirmed a coherent sequence of expression waves, 
with pluripotency genes (POU5F1, SOX2) leading and being 
downregulated in favor of progenitor genes (RAX, PAX6, 
SIX6, VSX2), eventually trailed by early (PDGFRB, MITF, 
PMEL, TYRP1, TYR, TMEFF2) and late (RLBP1, RPE65, 
BEST1) maturation genes (Brandl et al., 2014; Schmitt et al., 
2009; Sparrow et al., 2010) (Figure 1E). These analyses in-
dicated that the differentiation protocol drives the cell pool 
towards RPE maturation through a path broadly consistent 
with the developmental process intended to be captured in 
vitro.

Heterogeneity analysis reveals changes in cell diversity 
during RPE differentiation
Interestingly, we observed deviations from a uniform pro-
gression towards RPE. D30 cells appeared more differenti-
ated towards an RPE fate than cells at D38, likely a response 
to dissociating and replating the cells at day 30 (Figures 1C 
and S1C). A subset of intermediate cells did not exhibit a 
strong signature for any of the three identities considered. 
This suggested a more complex and nonlinear differentia-
tion process than anticipated as well as the presence of addi-
tional cell types not captured by our global analyses (Figures 
1D).

Intrigued, we sought to harness the full phenotyping poten-
tial of scRNA-seq and achieve an in-depth description of 
heterogeneity at all stages. We applied balanced cell cluster-
ing and defined 52 clusters that collectively explained 84% 
of the variance (see Methods; Figures 1F and S1F). Initial 
(hESCs) and final (D60) samples had fewer clusters than 
intermediate time points as well as mutually exclusive and 
uniform expression of pluripotency and RPE genes, alluding 
to a diversity expansion during neuroepithelium induction 
(Figures S1G and S1H).

We next calculated how much variance accumulated in 
correlated gene modules as opposed to uncorrelated genes 
and interpreted this quantity as a measure of biological het-
erogeneity (see Methods; Figure S1I). Studying these val-
ues along with the number of clusters revealed that hESCs 
and D60 cells harbored a significantly lower heterogeneity 
compared to intermediate time points (Figure 1G). While 
a decrease of heterogeneity was detected from D14 to D30, 
suggesting an initial convergence towards RPE fate, we ob-
served an increase from D30 to D38, hinting at an effect of 
tissue dissociation, replating, or Activin A removal on cell 
composition. This was consistent with proliferation trends: a 
decrease in cycling cells (S and G2/M phases) from hESC to 
D30, followed by an increased fraction from D30 to D38 and 
a second decrease from D38 to D60 (Figure 1H).

Early hESC-RPE differentiation recapitulates the cellu-
lar diversity of the anterior neural tube and optic ves-
icle
To determine the identity of the 24 cell clusters found during 
pigmentation induction (D7, D14, D30), we analyzed en-
riched genes by population, cross-referenced the literature 
and annotated each cluster with a primary (group) and sec-
ondary (cluster) category. This process revealed a mixture 
of intermediate cell states resembling those described in the 
context of rostral embryo patterning and eye development 
(Bosze et al., 2020; Sarkar et al., 2020).

We named seven primary categories corresponding to key 
structures of the anterior ectoderm, such as stem cell-de-
rived Lateral Neural Fold-like (LatNeEp), Pre-Placodal Epi-
thelium-like (PrePlac), Cranial Neural Crest-like (CrNeCr), 
and Mesenchymal (MesCh), and lineages directly involved 
in eye morphogenesis, such as Retinal Progenitor (RetProg), 
Early RPE (EarlyRPE), and Intermediate RPE (MidRPE) 
(Figure 2A). Some secondary clusters matched remarkably 
well with specific neural tube regions, expressing a combi-
nation of enriched markers for eye field (RAX, SIX6, LHX2), 
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telencephalic neural fold (DLX5, DLX6), lens placodes 
(FOXE3, PAX6, ALDH1A1), cranial neural crest (FOXC2, 
VGLL2, PITX1), inner ear placodes (OTOGL, VGLL2, 
CYP26C1), the anterior neural ridge organizer (FGF8, SP8, 
and FOXG1), and mesenchyme (GABRP, HAND1, CO-
L1A1) (Cajal et al., 2012; Chen et al., 2017; Cohen-Salmon 
et al., 1997; Crespo-Enriquez et al., 2012; Gitton et al., 2011; 
Kasberg et al., 2013; Kumamoto and Hanashima, 2017; Seo 

et al., 2017; Soldatov et al., 2019; Tahayato et al., 2003) (Fig-
ures 2B, S2A, and S2B; Table S1).

The observation of in vitro MesCh is interesting because 
periocular mesenchyme expresses inductive signals in vivo 
that promote RPE fate, a role carried out by Activin A in 
the present protocol (Bosze et al., 2020). Eye field-like cells 
(RetProg) detected across days possessed distinct gene ex-
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pression programs, suggesting varying degrees of progres-
sion towards RPE. D7 progenitors expressed Wnt antag-
onists HESX1, FEZF1, and FRZB, crucial for anterior fate 
assignment (Andoniadou et al., 2007; Peng and Westerfield, 
2006) (Figure S2C). RetProg clusters expressed a repertoire 
of known markers, including OTX2 and LHX2, which are 
jointly necessary for activation of the MITF transcription 
factor. These two genes were co-expressed in D14:RetProg4 
alongside the VSX2 neural retinal progenitor marker and 
MITF-activated genes PMEL, SERPINF1, TYRP1 and DCT. 
D30:RetProg3 did not express MITF or downstream genes, 
suggesting these cells were less mature than D14:RetProg4. 
Consistent with their classification as progenitors, those 
cells displayed a stark cell proliferation signature (S and 
G2/M phases) and cell-cycle related RNA velocity (Figures 
S2D and S2E).

We next performed canonical correlation analysis (CCA) to 
integrate D7 and D14 cells on a shared feature space and 
factor out subtle time-dependent differences (Figure S2F). 
The joint representation captured a “pseudospatial” axis of 
variation, with cells transitioning along a mediolateral mo-
lecular profile (Figures 2C, 2D, and S2G). Over time, we 
observed an increase in cells assigned as lens-like pre-pla-
codal (PrePlac; 15.19% to 48.04% of cells) and a decrease 
in both inner ear-like cranial neural crest (CrNeCr; 39.48% 
to 12.92%) and lateral neuroepithelial (LatNeEp; 21.48% to 
6.41%) cells. The fraction of retinal cells was relatively un-
changed (RetProg; 19.38% to 24.96%) (Figure S2G). These 
analyses revealed that expression heterogeneity at both stag-
es recapitulates the molecular profile of rostral embryonic 
territories patterned to specify into sensory organs, such as 
lens, olfactory, and otic placodes (Begbie, 2013).
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Conversely, a pseudotemporal trajectory of retinal matura-
tion largely characterized D30 cells (see Methods; Figure 
2E). Expression along a pseudotime confirmed a loss of 
progenitor status (SOX2, RAX, VSX2, SIX3), followed by 
an increase in RPE differentiation (PAX6, TMEFF2, MITF, 
TYRP1) and, later, of advanced RPE characteristics (RLBP1, 
RPE65, BEST1, TTR) (Figure 2F). Transcription factor net-
work analysis with SCENIC further confirmed the activity 
of regulons involving factors SOX2, RAX, VSX2, OTX2, and 
MITF with anticipated gene targets (see Methods; Figure 
S2H). In fact, MITF cooperates with OTX2 to transacti-
vate RPE pigmentation genes and downregulates progenitor 
genes (Martínez-Morales et al., 2003; Yun et al., 2009).

Our observations indicate that a sequential stepwise differ-
entiation model is inadequate to explain the observed cell 
population dynamics; instead, the data suggests a “diver-
gence-convergence” model with an initial expansion of cel-
lular diversity, later dampened to favor the promotion of the 
RPE differentiation program (Figure 2G; see Discussion).

In vitro hESC-RPE differentiation and eye develop-
ment exhibit similarities in cellular composition and 
molecular profile
We next reasoned that embryonic references could validate 
our model and evaluate how faithfully in vitro phenotypes 
match their in vivo counterparts. Thus, we performed scR-
NA-seq on an embryonic optic vesicle at 5 weeks post con-
ception (W5; 2,637 cells) and two eyes at 7.5 weeks post con-
ception (W7.5; 2,742 cells). Optic vesicle at W5 contained 
retinal epithelium more clearly differentiated into embryon-
ic RPE (henceforth eRPE, to distinguish from the hESC-de-
rived RPE clusters), neural retinal (eNR), and optic stalk 
(eOS) sub-populations than in the RPE-focused progenitors 
detected in vitro (Figure 3A, cf. Figure 2B; Table S2). In 
addition to retinal progenitor cells (eRetProg), we found two 
clusters (eCrNeCr, eMesCh) that co-expressed neural crest 
markers (Soldatov et al., 2019) (Figures 3B and 3C, right). 
The W7.5 eye captured a more diverse representation of cell 
types surrounding the eye, including proliferating progeni-
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tors, RPE, lens, intermediate retinal ganglion cells, and neu-
ral crest-derived mesenchyme (Figures 3D, 3E, S3A, and 
S3B). Progenitor markers highly expressed in W5 eRPE were 
more exclusive to neural (eNePr) and lens (eLensPr) pro-
genitors by W7.5. Early differentiation genes were detected 
in eRPE, and a transition towards mature RPE was apparent 
in the embedding despite an absence of mature RPE markers 
RPE65, BEST1, and TTR (Figures S3B and S3C).

To evaluate the resemblance of hESC-RPE tissues to embry-
onic references, signatures were extracted from in vivo cell 
types and a score was calculated on in vitro cell groups at D7, 
D14, and D30 (see Methods; Figures 3F and 3G). The W5 
eNR score was strongest for RetProg, and eRPE signatures 
from both W5 and W7.5 were associated with hESC-derived 
EarlyRPE and MidRPE. RetProg shared little resemblance to 
eRPE at W7.5 but was similar to eNePr and eLensPr. Over-
all, the molecular profiles of early hESC-RPE populations 
mirrored those present during development, but with a bias 
towards RPE fate over other retinal cell types.

Cell surface marker NCAM1 defines retinal progenitor 
cells at D30 of hESC-RPE differentiation
Sorting out progenitor populations at intermediate stages 
could be both a route to faster RPE differentiation protocols 
and also a strategy to obtain a cellular source from which to 
derive other retinal lineages. Following the observation of 
a retinal progenitor cell population in D30 hESC-RPE cul-
tures, we reasoned that reliable retinal progenitor markers 
would be inversely correlated to genes characterizing more 
mature cells, such as RPE, as well as to progenitors for other 
neuroepithelium tissues. We therefore computed a Pearson’s 
correlation coefficient between highly expressed genes at 
D30 and RPE or neural tube markers (see Methods; Figures 
4A and 4B; Table S3). Genes with strong anticorrelation to 
both signatures encoded functionally diverse gene prod-
ucts, including cytoplasmic proteins, transcription factors, 
secreted molecules, and membrane proteins (Figure 4C). 
Transcription factors involved in early retina development 
(CRABP1, RAX, ZIC2, SIX6) ranked among the top genes, 
along with genes implicated in neural tube (CPAMD8, PK-
DCC, NR2F1) and lens development (MARCKS, DACH1, 
MAB21L1) (Imuta et al., 2009; Yamada et al., 2003; Zhou et 
al., 2010).

Interestingly, cell surface markers CDH2, NCAM1, and 
CPAMD8 were among the strongest progenitor markers at 
D30. We were particularly intrigued by NCAM1 (surface 
antigen CD56), which was previously identified in a screen 
for eye field progenitor markers and whose expression was 
shown to be anticorrelated with pigmentation (Plaza Rey-
es et al., 2020a). In fact, NCAM1 staining areas coincid-
ed with rosette structures lacking pigmentation, and both 
scRNA-seq and protein staining revealed that NCAM1 was 
co-expressed with progenitor (VSX2 and RAX) and prolifer-
ative (Ki67) genes at D30 (Figures 4D, S4A, S4B, and S4C).

This evidence suggested that NCAM1 may be a valuable 
progenitor-cell surface marker in differentiating RPE cul-
tures. We therefore devised a sorting strategy to isolate this 
population using NCAM1 and CD140b (PDGFRB), an RPE 
cell marker (Plaza Reyes et al., 2020a). By combining the 

two markers, we separated cells into either a putative retinal 
progenitor stage (24% cells, CD140blowNCAM1high, hence-
forth NCAM1-High) or a more mature RPE stage (56% 
cells, CD140bhighNCAM1low, henceforth CD140b-High) 
(Figure 4E). Consistently, a pigmented pellet was evident in 
the CD140b-High population, whereas the NCAM-1-High 
pellet lacked pigmentation, suggesting different intrinsic po-
tentials and maturation statuses (Figure 4F). We then sorted 
D30 NCAM-1-High and CD140b-High cells and continued 
differentiation for the remaining 30 days. Morphological 
evaluation showed that CD140b-High cells generated a 
homogeneous hESC-RPE monolayer already at D45, while 
NCAM1-High cells instead yielded a defined RPE popula-
tion only at D60 (Figure S4D).

We next assessed retinal progenitor (SIX6, VSX2, RAX, 
PAX6, SOX2) and RPE (MITF, BEST1, RPE65, TYR) markers 
by RT-qPCR to understand the expression dynamics corre-
sponding to our morphological observations. The measure-
ments confirmed that NCAM1-High cells expressed higher 
levels of progenitor genes than CD140b-High cells at the 
time of sorting. Progenitor genes continued to be present 
after sorting in NCAM-High cultures (declining over time 
under RPE differentiation conditions), whereas in CD140b-
High cultures the interrogated genes were close to absent 
throughout the protocol. Conversely, CD140b-High cells 
upregulated mature RPE markers earlier and more rapidly 
than NCAM1-High cells (Figure 4G). 

The percentage of cells positive for the cell cycle marker 
Ki67 was higher in the NCAM1-High population, indica-
tive of their immature and proliferative state, and eventually 
declined upon reaching an RPE phenotype (Figure S4E). In 
fact, VSX2 protein was more highly abundant in NCAM1-
High cells that also co-expressed Ki67 for a longer time 
under RPE conditions than in CD140b-High cells (Figure 
S4F). Establishment of an RPE phenotype at D60 by both 
NCAM1-High and CD140b-High populations was con-
firmed by the appearance of a cobblestone morphology and 
pigmented cultures in addition to co-expression of CD140b 
and BEST1 proteins (Figure 4H).

To evaluate the functional relevance of those changes and 
compare the degree of differentiation between the two pop-
ulations, we assessed pigment epithelium-derived factor 
(PEDF) secretion and transepithelial resistance (TEER) 
upon protocol completion (D60), finding that CD140b-
High-derived cells secreted significantly higher apical levels 
of PEDF than the unsorted and NCAM1-High-derived cells, 
both at similar standard levels (1000-2000 ug/mL) (Figures 
4I). TEER levels displayed by CD140b-High-derived cells 
were significantly superior to unsorted and NCAM1-High 
populations, whose levels were comparable to D60 hESC-
RPE cells (400-800 Ω*cm2) (Plaza Reyes et al., 2016, 2020a) 
(Figure 4J). These results show that CD140b selects for more 
quickly maturing pigmented cells at D30, whereas NCAM1 
denotes an immature population with progenitor potential 
that is eventually, under specific RPE-driving cues, also ca-
pable of generating functional RPE.

NCAM1-High cells can differentiate into alternative 
retinal cell types
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To evaluate the differentiation potential of NCAM1-High 
cells, the population was sorted at D30 and plated in neural 
retinal progenitor-promoting conditions for 40 additional 
days (Shao et al., 2017) (Figure 5A). Interestingly, NCAM1-
High cells gave rise to a more heterogeneous culture, with a 
significant portion of cells displaying a distinct non-RPE cell 

body morphology (Figure 5B). Gene enrichment analysis 
of 980 single cells yielded a variety of molecularly-distinct 
populations, of which only 12% were RPE, confirming that 
NCAM1-High cells at D30 represent an uncommitted pro-
genitor (Figure 5C).

We then performed CCA integration with the W7.5 embry-
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onic eyes to systematically compare NCAM1-High-derived 
cells to a developmental reference. The shared low dimen-
sional space emphasized similarities between correspond-
ing clusters, including RPE, progenitor, mesenchymal, lens, 
surface epithelial and neuronal populations (Figures 5D, 

5E, and 5F). Non-RPE retinal cell types detected included a 
small lens population co-expressing LIM2, CRYAB, PITX3, 
and PROX1. Genes exclusive to embryonic lens (FOXE3 and 
SOX1) are specific to promoting early lens development, 
suggesting that the NCAM1-High-derived lens cells are in a 
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more mature state (Blixt et al., 2000; Nishiguchi et al., 1998) 
(Figure 5G). A shared epithelial population was also ob-
served, co-expressing markers characteristic of surface epi-
thelium and keratinocytes, which can be found in the cornea 
(Figure 5H).

Moreover, there was an overlap between W7.5 retinal gan-
glion neurons and the NCAM1-High-derived neurons (Fig-
ures 5D and 5E, cf. Figure S3). To compare gene expression 
dynamics of these cells, RNA velocity was computed on each 
neuronal population, revealing progression towards a more 
mature state (Figure 5I). Pseudotemporal gene expression 
confirmed a common profile of expression waves, with 
gradual downregulation of proliferation markers (TOP2A, 
MKI67) followed by upregulation of a neuronal differentia-
tion program (TAGLN3, STMN2, TUBB2A, DCX, NRXN1) 
(see Methods; Figure 5J). However, crucial markers of 
retinal ganglion development, such as transcription fac-
tor ATOH7 and its downstream targets POU4F2 and ISL1, 
were only expressed in the embryonic cells (Gao et al., 2014) 
(Figure 5K). Other neuronal markers (EOMES, NEUROD2, 
NEUROD6, SLA), were unique to NCAM1-High-derived 
neurons, implying that NCAM1-High-derived cells are an-
other type of telencephalic neuron (Figure 5L). NCAM1-
High cells are thus either a mixed pool of retinal and neu-
roepithelial progenitors capable of forming both cell types 
and other related retinal lineages, or cells with the capacity 
to retain the potential of all these lineages (Figure S4A; see 
Discussion).

Late hESC-RPE differentiation is characterized by the 
selection and maturation of RPE populations
We next analyzed scRNA-seq at three subsequent time 
points after D30 replating (D38, D45, D60). Unlike the ini-
tial stages, most annotated clusters consisted of RPE. Indeed, 
the proportion of RPE cells increased from 82.1% at D38 to 
98.7% at D60, confirmed by expression of early differentia-
tion markers MITF and TYRP1 as well as mature pigmen-
tation and visual cycle markers RLBP1, RPE65, BEST1, and 
TTR, which were detected only in a small proportion of cells 
at early time points. We also annotated small fractions of 
non-retinal types, including smooth muscle mesenchyme 
(VTCN1, HAND1, WNT6) and myogenic contaminants 
(ACTA1, MYOD1, MYOZ2) (Figures 6A, 6B and S5A). 
Interestingly, the D38 time point after replating displayed 
an increased heterogeneity and was on average less differ-
entiated than D30 (Figure 1). Surprisingly, D38 contained 
a small cluster expressing stem cell markers (POU5F1, LI-
N28A, SALL4) alongside neural crest (PlrNeCr, 2.4% cells) 
genes (TJP3, FZD2, FOXI3) notably absent in undifferenti-
ated hESCs (Figure S5B). Furthermore, we observed from 
D30 onwards a population of RPE co-expressing MITF 
and markers associated with the epithelial-to-mesenchy-
mal (EMT) transition process, particularly ACTA2. Recent 
studies have suggested that TGFβ signals used in RPE dif-
ferentiation protocols can inadvertently induce EMT, whose 
markers are co-expressed with MITF (Boles et al., 2020; Jung 
et al., 2020; Salero et al., 2012). Despite the absence of Ac-
tivin A in culture from D30 and onwards, the dissociation of 
RPE cells at D30 nonetheless induced a mesenchymal-like 
morphology of the RPE cells (Figure 1B). This finding led 

to characterization of maturing RPE (MITF+ACTA2-) and 
EMT-RPE (MITF+ACTA2+) (Figure S5C). The proportion 
of EMT-RPE increased during replating from D30 to D38, 
followed by a steady decrease to low levels (1.2% cells) at 
D60 (Figures S5D and 6C). These cells displayed a signa-
ture of some, but not all, RPE markers co-expressed with 
EMT markers. Moreover, the representation of RPE from 
later time points along a phenotype variation axis confirmed 
the presence of some shared EMT and RPE differentiation 
properties (Figures S5E and 6D). We concluded that replat-
ing might select against more differentiated cells, activate a 
temporary expansion of progenitors, or both. Nonetheless, 
in the final 30 days, we observed the persistence of RPE and 
loss of other cell types, with 98.7% cells at D60 of RPE fate 
and remaining 1.3% retinal progenitors (Figures 6C and 
6D). In addition to the 1.2% of EMT-RPE, there was some 
maturation variability among the RPE clusters at D60, and 
in fact, pseudotime trajectory inference and RNA velocity 
analysis confirmed the movement of less mature popula-
tions in gene expression space towards the most mature RPE 
(Figures 6E and 6F, cf. Figure 3F). CCA integration of D60 
cells with a second protocol replicate (931 cells) from prior 
study (Plaza Reyes et al., 2020a) confirmed the reproduci-
bility of the differentiation procedure, final cell type propor-
tions, and gene expression patterns (Figures S5G and S5H). 
Moreover, the analysis of the gene expression correlation 
matrix of all hESC-RPE differentiation clusters helped to 
further chart the relationships across time points, reempha-
sizing the global stem cell to hESC-RPE transformation dur-
ing the differentiation protocol and highlighting similarities 
among clusters of comparable maturation states at different 
time points (Figures S5A and S5I).

Subretinal transplantation of hESC-RPE facilitates a 
more advanced RPE state
Robust hESC-RPE differentiation is a required first step to-
wards cellular therapies for retinal degeneration. However, 
derived RPE cells must integrate with neighboring tissues 
upon injection, retain mature attributes and avoid the resur-
gence of pluripotent properties to become an effective treat-
ment modality. To evaluate these aspects, D60 hESC-RPE 
cells were transplanted in the subretinal space of two albino 
rabbits, a preclinical large-eyed animal model (Bartuma et 
al., 2015; Petrus-Reurer et al., 2017, 2018). Transcriptional 
analysis of adult rabbit (1,965 cells) and adult human retina 
(5,538 cells) showed a high degree of similarity (Figure S6; 
Table S4). Four weeks following transplantation of hESC-
RPE, infrared and SD-OCT imaging showed a pigment-
ed patch of human cells and a hyper-reflective RPE layer 
among the albino rabbit retinal layers (Figure 7A). Histol-
ogy and immunofluorescence staining further demonstrat-
ed co-expression of pigmentation, human marker NuMA 
and the RPE marker BEST1, corroborating the successful 
integration of injected hESC-RPE cells in a polarized mon-
olayer (Figure 7B). The contiguous injected retina of two 
rabbits was then processed for scRNA-seq, yielding 65 hu-
man hESC-derived cell profiles exhibiting strong expression 
of mature RPE markers. Crucially, markers of retinal pro-
genitors, photoreceptors, pluripotent hESCs, and EMT-RPE 
were benchmarked against our references and found to be 
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absent following transplantation (Figures 7C). These find-
ings attest that integrated hESC-RPEs possess the unique 
transcriptional signature of mature RPE without signs of 
retinal progenitor or pluripotent properties.

We further compared in vivo and in vitro expression pat-
terns by performing gene expression correlation analysis us-
ing both RPE and RetProg clusters at D30 and D60 as well 
as embryonic reference tissues (cf. Figures 3, S3, S6). Most 
RPE clusters at D30 and D60 were well correlated, yet only 
the most mature in vitro cluster (D60:LateRPE) and the in 

vivo transplanted RPE were highly similar to the adult RPE 
reference. Melanocytes, a distinct neural-crest derived cell 
type with similar marker expression to RPE, were not as cor-
related with hESC-RPE. Interestingly, while D60:LateRPE 
retained similarities with other in vitro clusters, the trans-
planted RPE did not (Figure 7D). Differential expression 
analysis confirmed an expression pattern closer to adult RPE 
cells after in vivo implantation, particularly for visual cycle 
components such as TTR, RPE65, RBP1, RLBP1, and RDH5 
(Figures 7E, S7A, and S7B).
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Lastly, to assess overall progression of hESC-RPE and assign 
cells to developmental stages, we built an ordinal classifier 
using 783 single-cell transcriptomes from human W5 to 
W24 (Hu et al., 2019) (Figures S7A and S7B). Our classifier 
operates with an underlying knowledge of the sequential re-
lationship among the training data and was applied to place 
hESC-RPE cells on the temporal spectrum of RPE devel-
opment (see Methods). We observed a gradual progression 
of maturity during in vitro differentiation corresponding 
to embryonic RPE development. Transplanted hESC-RPE 
were assigned to the adult RPE class more than any in vitro 
time point (Figures 7F and 7G). As a proof of principle, we 
applied the classifier to our human embryonic references at 
W5 and W7.5, confirming an appropriate assignment (Fig-

ures S7C and S7D). Importantly, grafted cells also exhibit-
ed similar levels of apoptotic and stress response genes to 
ungrafted cells (Figures S7E and S7F). Overall, despite the 
pluripotent state of the cell source and the initial diversity 
expansion observed, the hESC-RPE differentiation protocol 
ultimately yielded homogenous and mature RPE cells in a 
sequence similar to that of embryonic RPE development, 
and subretinal transplantation assisted with further matura-
tion towards a more adult state.

Discussion
In the present study, by molecularly profiling a directed and 
defined hESC-RPE differentiation protocol established for 
clinical translation (Plaza Reyes et al., 2020a), we demon-
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strated that over 60 days, culture conditions successful-
ly induced RPE lineage specification and maturation. We 
observed a sequence of gene expression waves consistent 
with embryological studies (Fuhrmann et al., 2014; Hu et 
al., 2019). However, at early stages we found a cell pool het-
erogeneity that was incompatible with the induction of a 
single lineage and instead was more consistent with an in-
itial expansion of cellular diversity (Figures 1, 2, and S6A). 
Similar cell type heterogeneity expansion was observed in 
studies of endoderm and endothelial tissue derivation, but 
meta-analyses of several differetiation protocols will have to 
be performed to understand to which extent such initial di-
versity expansion is a widespread phenomenon (Cuomo et 
al., 2020; MacLean et al., 2018; McCracken et al., 2020).

In the analyzed derivation protocol, we mainly identified 
cell populations reminiscent of different rostral embryonic 
tissues. In addition to eye field progenitors, we found ex-
pression profiles resembling patterned regions surround-
ing the optic field: the pre-placodal epithelium, neural fold, 
and neural crest (Figure 2B). These intermediate types are 
induced in the embryo by the anterior neural ridge organ-
izer, which promotes specification of the sensory placodes, 
including the lens ectoderm surrounding the optic cup 
(Begbie, 2013; Eagleson et al., 1995; Fuhrmann, 2010; Streit, 
2007). We also observed cells expressing inner ear and olfac-
tory-related genes, highlighting the closely-linked repertoire 
of transcription factors driving sensory tissue specification 
(Saint-Jeannet and Moody, 2014; Singh and Groves, 2016). 
These expression patterns and the RPE maturation timeline 
was further corroborated through comparisons to embryon-
ic eye references (Figures 3 and S3). Taken together, char-
acterization of our in vitro hESC-RPE differentiation pro-
cess suggests a divergence-convergence model: a diversity 
expansion at early time points followed by selection of RPE 
lineage, driven by protocol conditions, and convergence 
onto a homogeneous and pure cellular product. 

These findings hint at an intriguing self-organization pro-
cess occurring in our 2D culture, despite the lack of spatially 
directed cues or 3D structure. An early spontaneous gen-
eration of cell fates related to the target cell type has been 
described in studies investigating the composition of inter-
mediate stages with unbiased approaches such as scRNA-seq 
(Cuomo et al., 2020; La Manno et al., 2016). Ultimately, 
these observations could be contextualized and expanded 
upon with a comparison between 2D and 3D culture mod-
els, as some reports suggest that a highly spatially organized 
system is not necessarily the most molecularly patterned 
(Quadrato et al., 2017; Velasco et al., 2019). 

Finding the mechanism of induction for the molecular pat-
terning observed is a direction for further investigation. For 
example, it might be interesting to evaluate the potential 
involvement of neural crest-like and mesenchymal cells ap-
pearing during the protocol in the differentiation process, 
given their known endogenous roles in vivo (Fuhrmann 
et al., 2000; Kagiyama et al., 2005). There is a risk that the 
presence of many diverse rostral cell populations delays the 
maturation of a pure RPE target, a hypothesis consistent 
with the loss of maturity observed after replating and Ac-
tivin A removal, especially from D30 to D38. Indeed, small 

smooth muscle and myogenic populations with co-expres-
sion of certain pluripotency markers temporarily emerged 
at D38, before culture conditions seemingly selected against 
such populations and facilitated a complete convergence on 
mature RPE by D60 (Figures 6 and S5). The emergence of 
cells with pluripotent signatures at D38 was surprising con-
sidering that there were no such cells detected at the earlier 
stages of differentiation. However, the finding emphasizes 
the importance of having robust methods to ensure that the 
final cell product does not contain lingering pluripotent cells 
that could lead to tumor formation. 

Nonetheless, efficient sorting procedures for purification of 
the intermediate D30 population, prior to the emergence of 
such contaminants, may facilitate the design of a faster and 
purer differentiation protocol. We showed that removing the 
NCAM1-High progenitor pool at D30 yields a more mature 
RPE population in less time (Figures 4 and S4). Interest-
ingly, we also demonstrated that NCAM1-High cells are not 
RPE-fate restricted and, upon altered culture conditions, 
give rise to different cell type lineages, including anterior 
neurons, mesenchyme, and lens epithelium (Figure 5). This 
potency is particularly relevant, as the identification and iso-
lation of less mature progenitors with an increased plastici-
ty is of importance to efforts aimed at replacement of other 
retinal cell types affected by advanced AMD (Bhatia et al., 
2010; Marquardt et al., 2001). Thus, further evaluation of the 
NCAM1-High potency as a response to different and more 
specific culture conditions constitutes a promising avenue 
for future investigation. 

The behavior of grafted cells in vivo is a topic discussed ex-
tensively by the community, with maintenance of the pro-
liferative potential and dedifferentiation generally consid-
ered the two processes of major concern (Wang et al., 2020; 
Zarbin et al., 2019). Our analysis identified neither specific 
signs of dedifferentiation nor the presence of a non-RPE 
molecular profile. Instead, we detected a distinct shift in the 
RPE maturation towards a more adult and functional phe-
notype (Figure 7). The induction mechanism of this matu-
ration remains unclear, however, the increased expression of 
visual cycle genes suggests that donor cells support neigh-
boring photoreceptors functionally. Furthermore, after 30 
days from the injection in the rabbit we did not observe any 
signs of stress-response in the grafted or the resident retinal 
cell types, suggesting that in a human niche with controlled 
alloimmune reaction, an increased survival and integration 
rate could be achieved (Figures S7E and S7F). 

These observations encourage future attempts of injecting 
hESC-derived RPE at earlier stages of maturation, relying on 
the retinal microenvironment to induce further differentia-
tion. In this context, extended characterization of the poten-
cy and differentiation capacity of different cell subpopula-
tions becomes crucial, as they could constitute the candidate 
cellular subtype for further transplantation experiments. For 
example, exploring the capacity of the NCAM1-High pro-
genitors in an in vivo model of retinal degeneration to spe-
cifically characterize their reparative potential. 

Overall, our findings provide a high-resolution perspec-
tive on human pluripotent stem cell differentiation and a 
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comprehensive and necessary detailed analysis of a stem 
cell-based product intended for successful and safe human 
therapeutic strategies. Ultimately, this study will guide fu-
ture efforts focused on the differentiation of retinal cells, a 
deeper understanding of mechanisms of retinal disease, and 
applications in regenerative medicine.
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Figure S1. Cellular heterogeneity analysis of hESC-RPE differentiation, Related to Figure 1. (A) Brightfield image of undifferentiated hESCs. Scale bars: 
100µm; inset 20µm. (B) Principal component representation of hESC. (C) Principal component representation of in vitro hESC-RPE time points coloured by 
day (see Figure 1). (D) Bar plot reporting average signature scores at each time point. (E) Violin plot indicating the distribution of the signature scores in 
single cells. (F) UMAP representation of single-cell dat at individual days colored by the clusters identified by our balanced clustering routine. (G-H) UMAP 
representations colored by the gene expression of pluripotent stem cells markers (G) and RPE markers (H) in undifferentiated hESCs and D60 hESC-RPE. (I) 
Schematic illustrating how the AUC variance evaluation metric behaves in different scenarios (see Figure 1).
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Figure S2. Gene expression characterization and canonical correlation analysis of early hESC-RPE differentiation, Related to Figure 2. (A-B) Heatm-
ap showing the top enriched genes of each cell type cluster at D7  (A) and D14 (B). (C) UMAP embedding (same as (F)) overlayed with the expression of 
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Cells are colored by cell group, differentiation day, and inferred cell cycle phase. (E) RNA velocity analysis of retinal progenitors at D7 and D14. (F) D7 and 
D14 cell populations projected on a shared low dimensional subspace using canonical correlation analysis in Seurat (see Methods). (G) UMAP embedding 
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Figure S3. Characterization of the human embryonic eye at week 7.5, Related to Figure 3. (A) UMAP representation of scRNA-seq data from two human 
embryonic eyes at week 7.5, colored by cell type. (B) Heatmap of normalized enriched gene expression of all cell types at week 7.5. Genes were selected 
using an enrichment score by cell type in (A): retinal pigment epithelium (eRPE), neural progenitors (eNePr), lens progenitors (eLensPr), early retinal ganglion 
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progenitor and RPE log2 normalized gene expression of cycling, early, mid, and late RPE markers in the RPE cell cluster from (A).
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Figure S4. Characterization of the NCAM1 cell sorted cell population, Related to Figure 4. (A) Gene expression of progenitor markers in scRNA-seq 
hESC-RPE at D30. (B) Camera pictures of hESC-RPE  D30 cultures. Scale bars: top 1mm; bottom 100µm. (C) Brightfield and immunofluorescence stainings 
of hESC-RPE D30 cells showing co-expression of RAX, NCAM1 and Ki67 markers. Scale bars: 200µm. (D) Brightfield images of unsorted, CD140b-High and 
NCAM1-High populations at D33, D40, D45, and D60 of the differentiation protocol. FACS sorting of the two populations was performed at D30. Scale 
bars: 100µm; inset 20µm. (E) Graph showing the percentage of positive cells expressing the Ki67 proliferation marker in hESC, unsorted, CD140b-High and 
NCAM1-High populations at the moment of FACS sorting (D30) and D35, D40, D45, and D60. Bars represent mean +/-SEM from three independent experi-
ments. (F) Brightfield and immunofluorescence images showing expression of VSX2 and NCAM1 in unsorted, CD140b-High and NCAM1-High populations 
after FACS sorting at differentiation D35, D40, D45, and D60. Scale bars: 200µm.
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Figure S5. Characterization of late hESE-RPE differentiation and overall gene expression correlation, Related to Figure 6. (A) Line-plot shwoing 
the percentage of cells assigned to each primary cell type category throughout the entire differentiation time course. (B) Gene expression heatmap 
showing a comparison of neural crest (NC), and smooth muscle (SM) populations at D38 to the undifferentiated stem cell control. (C) Line-graph show-
ing the change in the proportion of EMT-RPE (MITF+ACTA2+ RPE) and maturing RPE (MITF+) from hESC-RPE D30 to D60. (D) UMAP representation of 
MITF and ACTA2 gene expression at D30, D38, D45, and D60. Cells are labeled as MITF+ (maturing RPE), MITF+ACTA2+ (EMT-RPE), or other (non-RPE cell 
types). (E) Bar graph showing the gene expression differences between EMT-RPE and maturing RPE. EMT-RPE express EMT markers ACTA2, TAGLN, and 
MYL9 more highly, whereas RPE markers MITF, OTX2, and SFRP5 are more highly expressed in non-transitioning RPE. (F) CCA integration of 1,749 cells 
at hESC-RPE D60 from this study with 931 cells at hESC-RPE D60 obtained during a previous experimental replicate from our prior study (Plaza Reyes 
et al., 2020a). (G) Gene expression representation of D60 replicates for mature RPE (TTR and BEST1), differentiating RPE (MITF), retinal progenitor (VSX2), 
cell cycle (TOP2A), and EMT-RPE (ACTA2) marker genes. (H) Pearson's correlation matrix computed using the top 2,000 variable genes among all in vitro 
cell clusters and labeled according to differentiation day (Day) and cluster group (Group).
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Figure S6. Transcriptional analysis of albino rabbit and human retinas, Related to Figure 7. (A) Annotated UMAP representation of 5,538 human cells 
from two human eyes (1,564 cells and 3,706 cells), categorized into 13 different cell types. Additional RPEs and melanocytes (264 cells) were re-analyzed and 
incorporated from Voigt et al, 2019. (B) Annotated UMAP representation of 1,965 rabbit cells categorized into 13 different retina cell types. (C) Heatmap of 
enriched marker genes for adult eye cell types. BC: bipolar cell. PC: photoreceptor cell. (D) Heatmap of enriched marker genes for rabbit eye cell types. Genes 
were selected from among the top 20 enriched genes per cluster for (C) and (D). (E) UMAP embedding of the human and rabbit eyes single-cell datasets 
after CCA integration. 
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Figure S7. Ordinal classification of in vitro hESC-RPE and in vivo transplanted RPE with embryonic and adult retinal tissues, Related to Figure 7.  
(A) UMAP representation of single-cell transcriptomes from Hu et al. 2019 (783 human embryonic cells from various time points) that were used as training 
dataset for the ordinal classifier (see Figure 7). Colors indicate the five categories defined for the classification task. (B) Heatmap displayng the average gene 
expression of the uniquely enriched retinal progenitor and RPE marker genes along the five categories. (C) UMAP embedding of the hESC-RPE differenti-
ation data colored by the classification probability y. Intensity of color indicates a higher probability of cell assignment to the respective developmental 
day. (D) Probability distribution of 7,717 retinal cell classifications from the six differentiation days and in vivo transplantation (In vivo). Cells were assigned 
a continuous classification timpoint by computing probability-weighted average of the time points; cells are colored by the category with highest proba-
bility. (E) Beaswarm plots showing the signature score for "apoptosis and stress response" in the in vitro hESC-RPE cells, in vivo grafted, and embryonic W7.5 
reference tissues computed using 37 reference genes (see Methods). (F) Heatmap showing the average gene expression of selected stress response genes 
in rabbit retina post-hESC-RPE subretinal injection.
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SUPPLEMENTAL TABLEs
Table S1. Summary of the single-cell RNA-sequencing da-
tasets obtained for the characterization of hESC-RPE dif-
ferentiation protocol and the transcriptomic landscape of 
the retina, Related to Star Methods. Additional datasets are 
obtained from the literature and are used and cited appro-
priately.

Table S2. Gene enrichment scores during hESC-RPE pig-
mentation induction (D7, D14, and D30) by cell type cate-
gory, Related to Figure 2.

Table S3. Gene enrichment scores for embryonic eyes at 
weeks 5 and 7.5 by cell type category, Related to Figure 3.

Table S4. Gene correlation scores with retinal progeni-
tor and neural tube signature during the identification of 
NCAM1 cell surface marker, Related to Figure 4.

Table S5. Gene enrichment scores for adult human and rab-
bit eyes by cell type category, Related to Figure 7.

EXTENDED METHODS
RESOURCE AVAILABILITY
Lead Contact
Further information and requests for resources and reagents 
should be directed to and will be fulfilled by the Lead Con-
tact, Fredrik Lanner (fredrik.lanner@ki.se). 

MATERIALS AVAILABILITY
This study did not generate new unique reagents. 

DATA AND CODE AVAILABILITY
All scRNA-seq datasets generated for this study are available 
as in the raw FASTQ format, as generated by CellRanger, at 
GSE164092. Processed loom files containing spliced and un-
spliced counts, cell type annotations, UMAP embedding co-
ordinates, and other metadata are also provided. Additional-
ly, we provide the custom reference genome used for human 
and rabbit pooled analysis. Various lists enriched genes, 
correlation scores, and other reference data are provided as 
Supplementary Tables. The external scRNA-seq reference 
data used in this study can be found at GSE135922 and 
GSE107618 (Hu et al., 2019; Voigt et al., 2019). Companion 
source code is available at https://github.com/lamanno-epfl/
rpe_differentiation_profiling_code .

hESC Cell Culture
hESC line HS980 was previously derived and cultured under 
xeno-free and defined conditions (Rodin et al., 2014) (Swed-
ish Ethical Review Authority: 2011/745:31/3). Donors gave 
their informed consent for the derivation and subsequent 
use of hESC lines. The WA09/H9 hESC line was obtained 
from Wicell and adapted to feeder-free culture on human 
recombinant LN-521 (hrLN-521, 10 μg/mL, Biolamina). 
Cells were maintained by clonal propagation on hrLN-521-
coated plates in NutriStem hPSC XF medium (Biological 
Industries) and a 5% CO2/5% O2 incubator.

Cells were passaged enzymatically at a 1:10 ratio every 5-6 
days. Confluent cultures were washed twice with PBS with-
out Ca2+ and Mg2+ and incubated for 5 min at 37°C, 5% 
CO2/5% O2 with TrypLE Select (ThermoFisher Scientific, 

12563011). The enzyme was then carefully removed and 
cells were collected in fresh pre-warmed NutriStem hPSC 
XF medium by gentle pipetting to obtain a single cell sus-
pension. Cells were centrifuged at 300 g for 4 min, the pellet 
resuspended in fresh prewarmed NutriStem hPSC XF me-
dium, and plated on a freshly hrLN-521 coated dish. Two 
days after passage, the medium was replaced with fresh pre-
warmed NutriStem hPSC XF medium and changed daily.

hESC-RPE in vitro differentiation
A step-by-step protocol describing the differentiation proce-
dure has been reported previously (Plaza Reyes et al., 2020a, 
2020b). hESCs were plated at a cell density of 2.4x104 cells/
cm2 on hrLN-521 (20 μg/mL) using NutriStem hPSC XF me-
dium. A Rho-kinase inhibitor (Millipore, Y-27632) at a con-
centration of 10 μM was added during the first 24h, while 
cells were kept at 37°C, 5% CO2/5% O2. After 24h, hPSC me-
dium was replaced with differentiation medium NutriStem 
hPSC XF without bFGF and TGFβ and cells were placed at 
37°C, 5% CO2/21%O2. From day 6 after plating, 100 ng/mL 
of Activin A (R&D Systems, 338-AC-050) was added to the 
media. Cells were fed three times a week and kept for 30 
days. Monolayers were then trypsinized using TrypLE Select 
(ThermoFisher Scientific, 12563011) for 10 min at 37°C, 5% 
CO2. The enzyme was carefully removed and the cells were 
collected in fresh pre-warmed NutriStem hPSC XF medi-
um without bFGF and TGFβ by gentle pipetting to obtain 
a single cell suspension. Cells were centrifuged at 300 g for 
4 min, the pellet was resuspended, passed through a cell 
strainer (ø 40 μm, VWR, 732-2757) and seeded on laminin 
coated dishes (hrLN-521 at 20μg/mL) at different cell densi-
ties ranging from 1.4x106 to 1.4x104 cells/cm2. Replated cells 
were fed three times a week during the subsequent 30 days 
with NutriStem hPSC XF medium without bFGF and TGFβ. 
For hPSC-RPE in vitro differentiation in 3D suspension em-
bryoid bodies see our previous publication (Plaza Reyes et 
al., 2016). Brightfield images were acquired with a Nikon 
Eclipse TE2000-S microscope and a Canon SX170 IS camera 
was used to capture pigmentation from the top of the wells.

Flow Cytometry and Cell Sorting
hPSC-RPE were dissociated into single cells using Try-
pLE Select (ThermoFisher Scientific, 12563011). Samples 
were stained with BV421 Mouse Anti-Human CD140b 
(BD Biosciences 564124, clone [28D4], 10 μg/mL), BB515 
Mouse Anti-Human CD56 (BD Biosciences 564489, clone 
[B159], 2.5 μg/mL), PE Mouse anti-human Ki-67 (Biolegend 
350504, clone [Ki-67], 50 μg/mL) conjugated antibodies, di-
luted in 2% FBS and 1 mM EDTA (ThermoFisher Scientific, 
10082147). Cells were incubated with the conjugated anti-
bodies on ice for 30 min. Fluorescence minus one (FMO) 
controls were included for each condition to identify and 
gate negative and positive cells. Stained cells were analyzed 
using a CytoFLEX flow cytometer equipped with 488 nm, 
561 nm, 405 nm and 640 nm lasers (Beckman Coulter). 
Analysis of the data was carried out using FlowJo v.10 soft-
ware (Tree Star) . 

Cell sorting was performed on hPSC-RPE cultures after 30 
days of differentiation. Cells were incubated with the men-
tioned conjugated antibodies on ice for 30 min. Fluores-
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cence minus one (FMO) controls were included to identify 
and gate negative and positive cells. Stained cells were then 
sorted using a BD FACS Aria Fusion Cell Sorter (BD Biosci-
ence) using FACSDiva Software v8.0.1. 

Neuroretinal progenitor in vitro differentiation
Directly after sorting, 68,420 cells/cm2 were plated on 
matrigel coated plates. Cells were cultured until confluen-
cy in P1 media with DMEM/F12 (ThermoFisher Scientific, 
11320033) as basal media containing B27 (ThermoFisher Sci-
entific, 17504044), N2 (ThermoFisher Scientific, 17502048), 
10ng/mL hDKK1 (R&D Systems, 5439-DK-010), 10ng/
mL mouse Noggin (R&D Systems, 1967-NG-025), 10ng/
mL hIGF-1 (R&D Systems, 291-G1-200), 5ng/mL bFGF 
(ThermoFisher Scientific, 13256029) and 50 U/mL of Pen-
icillin-Streptomycin (ThermoFisher Scientific, 15140122). 
Thereafter and until day 40, cells were continued cultured in 
P1 with the addition of 40ng/mL 3,3',5-Triiodo-L-thyronine 
T3 (Sigma, T-074-1ML) and 100uM Taurine (Sigma, T8691-
25G). This protocol was based on previous work (Shao et al., 
2017).

qPCR
Total RNA was isolated using the RNeasy Plus Mini Kit and 
treated with RNase-free DNase (both from Qiagen, 74106 
and 79254, respectively). cDNA was synthesized using 1 μg 
of total RNA in a 20 μL reaction mixture, containing random 
hexamers and Superscript III reverse transcriptase (Ther-
moFisher Scientific, 18080085), according to the manufac-
turer’s instructions. Taq-polymerase together with Taqman 
probes (ThermoFisher Scientific) for MITF (Hs01117294_
m1), BEST1 (Hs00188249_m1), RPE65 (Hs01071462_
m1), TYR (Hs00165976_m1), SIX6 (HS00201310_m1), 
PAX6 (HS01088114_m1), VSX2 (HS01584046_m1), RAX 
(HS00429459_m1), SOX2 (HS04234836_s1), and GAP-
DH (4333764F) were used. Samples were subjected to the 
real-time PCR amplification protocol on StepOneTM re-
al-time PCR System (Applied Biosystems). Three independ-
ent experiments were performed for every condition and 
technical duplicates were carried for each reaction. Results 
are presented as mean ± SEM (standard error of the mean).

Immunocytofluorescence
Protein expression was assessed with immunofluorescence. 
Cells were fixed with 4% methanol-free formaldehyde 
(VWR, FFCHFF22023000) at room temperature for 10 min, 
followed by permeabilization with 0.3% Triton X-100 (Sig-
ma, T9284) in Dulbecco’s phosphate-buffered saline (D-PBS, 
ThermoFisher Scientific, 14190094) for 10 min and blocking 
with 4% fetal bovine serum (FBS, ThermoFisher Scientific, 
10082147) and 0.1% Tween-20 (Sigma, P9416) in DPBS for 
1 hour. Primary antibodies were diluted to the specified 
concentrations in 4% FBS, 0.1% Tween-20, DPBS solution: 
VSX2/Chx10 (1:50, Santa Cruz Biotechnology sc-365519, 
clone [E-12]), Ki67 (1:400, Cell Signaling Technology 9027, 
clone [D2H10]), Bestrophin 1 (BEST-1) (1:100, Millipore 
MAB5466), RAX (10ug/mL, Novusbio H00030062-M02, 
clone [4F4]), PDGFRB (CD140b) (1:100, BD Biosciences, 
558820, clone [28D4]) and NCAM1 (CD56) (1:100, BD Bi-
osciences,  555513, clone [B159]). The primary antibodies 
were incubated overnight at 4°C followed by 2 hours incuba-

tion at room temperature with secondary antibodies: donkey 
anti-mouse IgG (H+L) Alexa Fluor 488, donkey anti-mouse 
IgG Alexa Fluor (H+L) 555, donkey anti-mouse IgG Alexa 
Fluor (H+L) 647, donkey anti-rabbit IgG (H+L) Alexa Fluor 
647 (all of them from ThermoFisher Scientific, A21202, 
A31570, A31571, A31573, respectively) diluted 1:1,000 
in 4% FBS, 0.1% Tween-20, D-PBS solution. Nuclei were 
stained with Hoechst 33342 (1:1,000, Invitrogen H3570). 
Images were acquired with Zeiss LSM710-NLO point scan-
ning confocal microscope. Post-acquisition analysis of the 
pictures was performed using ImageJ v2.0 software.

Histology and Tissue Immunostaining 
Immediately after euthanasia by intravenous injection of 100 
mg/kg pentobarbital (Allfatal vet. 100 mg/mL, Omnidea), 
the eyes were enucleated and the bleb injection area marked 
with green Tissue Marking Dye (TMD; Histolab Products 
AB, 02199). An intravitreal injection of 100 μL fixing solu-
tion (FS) consisting of 4% buffered formaldehyde (Histolab 
Products AB, 02175) was performed before fixation in FS 
for 24-48 hours and embedding in paraffin. Four-μm serial 
sections were produced through the TMD-labeled area. For 
immunostaining, slides were deparaffinized in xylene, dehy-
drated in graded alcohols, and rinsed with ddH2O and Tris 
Buffered Saline (TBS, Sigma, 93352, pH 7.6). Antigen re-
trieval was achieved in 10 mM citrate buffer (trisodium cit-
rate dihydrate, Sigma, S1804, pH 6.0) with 1:2000 Tween-20 
(Sigma, P9416) at 96°C for 30 min, followed by 30 min 
cooling at room temperature. Slides were washed with TBS 
and blocked for 30 min with 10% Normal Donkey Serum 
(Abcam, ab138579) diluted in TBS containing 5% (w/v) IgG 
and protease-free bovine serum albumin (Jackson Immu-
noresearch, 001-000-162) in a humidified chamber. Prima-
ry antibodies diluted in the blocking buffer were incubated 
overnight at 4°C: human nuclear mitotic apparatus protein 
(NuMA) (1:200, Abcam ab84680), BEST-1 (1:200, Millipore 
MAB5466). Secondary antibodies (donkey anti-rabbit IgG 
(H+L) Alexa Fluor 555 A31572 and donkey anti-mouse IgG 
(H+L) Alexa Fluor 647 A31571, both from ThermoFisher 
Scientific) diluted 1:200 in blocking buffer, were incubated 1 
hour at room temperature. Sections were mounted with vec-
tor vectashield with DAPI mounting medium (Vector Lab-
oratories, H-1200-10) under a 24x50 mm coverslip. Images 
were taken with an Olympus IX81 fluorescence inverted 
microscope or Zeiss LSM710-NLO point scanning confocal 
microscope. Post-acquisition analysis was performed using 
ImageJ v2.0 software.

Subretinal Injections
hESC-RPE monolayers were washed with DPBS (Ther-
moFisher Scientific, 14190-094), incubated with TrypLE 
(ThermoFisher Scientific, 12563-011) and dissociated to sin-
gle cell suspension as described above. Cells were counted in 
a Neubauer hemocytometer (VWR, 631-0925) chamber us-
ing 0.4% trypan blue (ThermoFisher Scientific, 15250061), 
centrifuged at 300g for 4 min, and the cell pellet was resus-
pended in freshly filter-sterilized DPBS (ThermoFisher Sci-
entific, 14190-094) to a final concentration of 1000 cells/μL. 
The cell suspension was then aseptically aliquoted into 600 
μL units and kept on ice until surgery.
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After approval by the Northern Stockholm Animal Experi-
mental Ethics Committee (DNR N56/15), two female New 
Zealand white albino rabbits (provided by the Lidköpings 
rabbit farm, Lidköping, Sweden) aged 5 months and weigh-
ing 3.5 to 4.0 kg were used in this study. All experiments 
were conducted in accordance with the Statement for the 
Use of Animals in Ophthalmic and Vision Research. 

Animals were put under general anesthesia by intramuscu-
lar administration of 35 mg/kg bw (body weight) ketamine 
(Ketaminol 100 mg/mL, Intervet, 511519) and 5 mg/kg xyla-
zine (Rompun vet. 20 mg/mL, Bayer Animal Health, 22545), 
and the pupils were dilated with a mix of 0.75% cyclopen-
tolate / 2.5% phenylephrine (APL, 321968). Microsurgeries 
were performed on both eyes using a 2-port 25G transvitreal 
pars plana technique (Alcon Nordic A/S, 8065751448). 25G 
trocars were inserted 1 mm from the limbus and an infusion 
cannula was connected to the lower temporal trocar. The cell 
suspension was drawn into a 1 mL syringe connected to an 
extension tube and a 38G polytip cannula (MedOne Surgi-
cal Inc, 3219 and 3223). Without infusion or prior vitrecto-
my the cannula was inserted through the upper temporal 
trocar. After proper tip positioning, ascertained by a focal 
whitening of the retina, 50 μL of cell suspension (equivalent 
to 50,000 cells) was injected slowly subretinally, approxi-
mately 6 mm below the inferior margin of the optic nerve 
head, forming a uniform bleb that was clearly visible under 
the operating microscope. To minimize reflux, the tip was 
maintained within the bleb during the injection. After in-
strument removal light pressure was applied to the self-seal-
ing suture-less sclerotomies. 2 mg (100 μL) of intravitreal 
triamcinolone (Triescence 40 mg/mL, Alcon Nordic A/S, 
412915) was administered a day prior to the surgery, and no 
post-surgical antibiotics were given.

Retinal tissue dissociation of human adult, fetal and 
rabbit eyes with hESC-RPE for single-cell RNA se-
quencing
Human post-mortem research-consented donor eyes were 
obtained from the cornea bank at St. Erik Eye Hospital, 
Stockholm, Sweden. The use of human tissue was in accord-
ance with the tenets of the Declaration of Helsinki and was 
approved by the Swedish Ethical Review Authority (EPN, 
#2019-02032) for the use of human donor material for re-
search. Donors did not present any clinical diagnosis of oc-
ular disease, and samples were anonymized and processed 
under the general data protection regulation. Two human 
eyes from the same donor were used (45-year-old male, 32 
hours post-mortem). The lens was dissected out and the rest 
of the retina, except the sclera, was chopped in several small 
pieces mixed together in 500 uL of digestion buffer (de-
scribed below). Two embryonic eyes from the same embryo 
were used from a 7.5 post-conception week embryo. The 
optic cups were dissected out and chopped in several small 
pieces to facilitate dissociation in 500 uL of digestion buffer 
(described below). Donors (deceased, family for adult hu-
man eyes, or couples for the embryos) gave their informed 
consent for the donation and subsequent use for research 
purposes. The embryonic eyes were acquired from a clini-
cal routine abortion after informed consent by the pregnant 
woman, in accordance with permissions from the region-

al ethical review board and the Swedish National Board of 
Health and Welfare (“Socialstyrelsen” #8.1-11692/2019) and 
the Swedish Ethical Review Authority (“EPN” #2007/1477-
31/3. Two rabbit eyes (from different animals) with 30-day 
integrated hESC-RPE were enucleated and pigmented areas 
including neuroretina, choroid and RPE layer was dissect-
ed out, trimmed and mixed together in 500 uL of digestion 
buffer. Digestion buffer consisted of: 2mg/ml collagenase 
IV (ThermoFisher Scientific, 17104019), 120 U/μl DNase 
I (NEB, Sigma, 4536282001), and 1mg/ml papain (Sigma, 
10108014001) in PBS. Eppendorfs containing the samples 
were rotated and incubated at 37°C on a thermocycler at 
300g for 25 min until samples were homogenized. Samples 
were pipetted every 5 min to digest the tissue sample into 
single cells. Digestion was stopped by adding equivalent vol-
ume of 10% fetal bovine serum (ThermoFisher Scientific, 
10082147) in PBS, the samples were filtered using a 30µm 
MACS Smart Strainer (Miltenyi, 130-098-458) followed by 
Dead Cell Removal kit (Miltenyi, 130-090-101) to remove 
dead cells and debris. At this stage, one of the rabbit eye cell 
samples was stained with mouse anti-human HLA-ABC-
FITC (1:20, BD Biosciences, 555552, clone [G46-2.6]), and 
anti-human HLA-ABC-positive cells were FACS-sorted as 
specified above, collected and resuspended to 1000 cells/
uL in 1% BSA (Sigma, A1470-10g) in PBS for further scR-
NA-sequencing. Otherwise, cells were finally resuspended to 
1000 cells/uL in 1% BSA in PBS prior to scRNA-sequencing.

Acquisition of all primary human tissue samples from two 
embryonic eyes at week 5 (Carnegie Stage 13) was approved 
by the UCSF Human Gamete, Embryo and Stem Cell Re-
search Committee (GESCR, approval 10-03379 and 10-
05113). All experiments were performed in accordance 
with protocol guidelines. Informed consent was obtained 
before sample collection and use for this study. First-trimes-
ter human samples were collected from elective pregnancy 
terminations through the Human Developmental Biology 
Resource (HDBR), staged using crown-rump length (CRL) 
and shipped overnight on ice in Rosewell Park Memorial 
Institute (RPMI) media. Dissections were based upon ana-
tomical landmarks, and dissociations were performed using 
papain (Worthington). Samples were incubated in papain 
for 20-30 minutes and triturated manually into a single cell 
suspension. The samples were filtered for remaining de-
bri and moved to PBS with 0.05% BSA to be captured by 
10X Genomics Chromium RNA capture version 2. Library 
preparation was performed based upon manufacturer's in-
structions, and sequencing was performed on a NovaSeq S4 
lane.

Single-cell RNA sequencing
Cells were transported at 4°C to the Eukaryotic Single Cell 
Genomics Facility (ESCG, SciLifeLab, Stockholm, Sweden) 
where a 3’ cDNA library was prepared for single cell RNA 
sequencing (scRNA-seq) using the 10X Genomics platform 
and NovaSeq 6000 software. Cell Ranger 2.1.1 was used to 
convert Illumina base call files to FASTQ format. Cell Rang-
er 3.1.0 was used to map FASTQ sequencing reads to the 
human GRCh38 reference transcriptome with the STAR 
aligner and to generate feature-barcode count matrices. The 
velocyto run10x command was used to produce loom files 
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containing spliced and unspliced RNA count matrices and 
most analyses (described below) were performed using ve-
locyto and scanpy in Jupyter Notebooks (La Manno et al., 
2018; Wolf et al., 2018).

scRNA-seq processing for hESC-RPE in vitro differen-
tiation
The initial number of barcoded cells was 14,997 cells (1,790 
hESCs, 2,280 cells at D7, 2,451 cells at D14, 2,387 cells at 
D30, 2,075 cells at D38, 1,939 cells at D45, and 2,075 cells 
at D60). As a quality-control, only cells with spliced UMIs 
(>8,000 and <75,000), unspliced UMIs (>2,500 and <30,000), 
uniquely expressed genes (>2,500) and a low percentage 
of mitochondrial reads (<15%) were retained, resulting in 
11,791 single cells (1,016 hESCs, 1,811 cells at D7, 1,872 
cells at D14, 1,852 cells at D30, 1,784 cells at D38, 1,707 cells 
at D45, and 1,749 cells at D60) (Table S1). Cell cycle phase 
assignments were inferred using scanpy.score_genes_cell_
cycle on unnormalized spliced counts and with published 
signature genes (Satija et al., 2015; Wolf et al., 2018). The 
cell cycle signature was then disentangled from downstream 
analysis by using a Wilcoxon rank sum test to find and ex-
clude the top 1,500 enriched genes by phase (G1/G0, S, or 
G2/M) from feature selection. 2,515 genes cycle-enriched in 
>=4/7 time points were excluded. Feature selection and size 
normalization were performed using velocyto.cv_vs_mean 
and velocyto.normalize. PCA, UMAP, and Louvain clus-
tering were performed with standard parameters in scanpy 
and velocyto using spliced counts (2,000 selected genes, 20 
PCs, 50 nearest neighbors). Global dimensionality reduc-
tion of the entire dataset was performed using a profile of 
pluripotency (6 genes: LIN28A, NANOG, POU5F1, SALL4, 
SOX2, ZFP42), retinal progenitor (20 genes: BMP4, FGF3, 
FGF8, LHX2, NCAM1, OPTC, OTX1, OTX2, PAX2, PAX6, 
RAX, SIX3, SIX6, TBX2, TBX3, TBX5, VAX2, VSX2, ZIC1, 
ZIC2) and RPE (16 genes: BEST1, ELN, IGFBP5, MITF, 
PMEL, RGR, RLBP1, RPE65, SERPINF1, SLC7A8, TMEFF2, 
TRPM1, TRPM3, TTR, TYR, TYRP1) marker genes, and the 
first two principal components derived from normalized 
spliced counts were visualized (Bosze et al., 2020; Fuhrmann, 
2010; Schmitt et al., 2009). Signature score for apoptosis and 
stress response were computed using the following 37 genes: 
CASP8, CASP10, E2F5, CASP2, PTEN, CASP7, CDKN2A, 
E2F3, E2F4, CASP6, TP53, E2F1, CDKN1B, CDKN1A, E2F2, 
CASP3, FHIT, CASP9, HSPH1 GPX3, SOCS3, FOS, HSPA1A, 
SOD2, SOD1, HSF1, SOD3, HSPA1B, HSPA4, CASP6, GPX4, 
CAT, TNF, IL6, HSPA1L, NR3C1, HSPB1. Signature scores 
for three cell types identities were computed across all cells 
by scaling each gene (above) between 0 and 1 and summing 
total scaled expression for all included markers.

To ensure equalized cluster resolution across individual 
differentiation days, each time point was initially over-clus-
tered using the resolution parameter of Louvain clustering. 
Using the sklearn Logistic Regression classifier (3-fold cross 
validation), low-scoring clusters were recursively merged 
until the classifier achieved greater than 80% prediction 
accuracy, on the test set, for each cluster and a change in 
minimum accuracy of less than 5% between the iterations. 
The result was 52 clusters with >5 cells (56 in total) across 
seven differentiation days. The percent variance contained 

within the clusters was calculated as follows: first, we found 
the Euclidean distance between cells and cluster centroids 
with sklearn.NearestCentroid and scipy.spatial.distance. The 
total pairwise-cluster sum of squares and total within-clus-
ter sum of squares were then computed; lastly the differ-
ence (between-cluster sum of squares) was divided by the 
pairwise-cluster sum of squares to obtain the percent var-
iance. Subsequently, clusters were independently assessed 
and merged if necessary for downstream gene enrichment 
analysis, leading to annotation of 11 primary and 53 second-
ary cell type cluster categories. SCENIC transcription factor 
regulon analysis was performed using pyscenic and default 
parameters as described in the original study (Aibar et al., 
2017).

scRNA-seq processing for human reference tissues
From the embryonic optic vesicle at week 5 (Carnegie stage 
13), all 2,637 single cells were analyzed using standard pa-
rameters in velocyto and scanpy (800 CV-mean genes, 20 
PCs, 20 nearest neighbors) (Table S1). Gene enrichment 
scores were computed and applied to annotate the following 
cell clusters: Neural Retina (956 cells), Mesenchymal (471 
cells), Retinal Pigment Epithelium (452 cells), Neural Tube 
(424 cells), Optic stalk (179 cells), Smooth Muscle (40 cells), 
and Immune cells (13 cells). A cluster of blood cell contam-
inants (102 cells) was excluded from downstream analyses.

3,054 unfiltered single cells from two human embryonic eyes 
at week 7.5 (1,577 from eye 1 and 1,477 from eye 2) were ana-
lyzed using velocyto and scanpy. Cell Ranger 2.1.1 was used 
to map FASTQ sequencing reads to the human GRCh38 ref-
erence transcriptome with the STAR aligner and to generate 
feature-barcode count matrices. As a quality-control, only 
cells with UMIs (>3,000 and <50,000), uniquely expressed 
genes (>3,000 and <7,000) and a low percentage of mito-
chondrial reads (<10%) were retained, resulting in 2,742 
single cells (1,439 from eye 1 and 1,303 from eye 2) (Table 
S1). Due to minimal batch effects between embryonic eyes, 
cv_vs_mean selection (3,000 genes), dimensionality reduc-
tion, and other downstream analyses were jointly performed 
without batch effect correction (3,000 CV-mean genes, 25 
PCs, 50 nearest neighbors). Cells were assigned to clusters 
annotated using gene enrichment as follows: Neural Crest 
Derived (1,078 cells), Neural Progenitors (706 cells), Retinal 
Pigment Epithelium (258 cells), Early Ganglion (165 cells), 
Lens Progenitors (150 cells), Mid Ganglion (104 cells), Late 
Ganglion (88 cells), Surface Epithelium (53 cells), Horizon-
tal Cells (36 cells), Lens (35 cells), and Early Photoreceptors 
(22 cells). Blood cell contaminant was excluded (47 cells). 
The neural crest derived cell cluster was re-clustered a sec-
ond time, resulting in 7 subclusters.

6,215 unfiltered single cells from two human adult eyes 
(3,708 from eye 1 and 1,566 from eye 2) were analyzed us-
ing velocyto and scanpy. As a quality-control, only cells with 
UMIs (>500 and <30,000), uniquely expressed genes (>100) 
and a low percentage of mitochondrial reads (<10%) were 
retained, resulting in 5,538 single cells (4,420 cells from eye 
1 and 1,792 from eye 2) (Table S1). Due to the limited batch 
effect between eyes, downstream analyses were performed 
on the joined expression matrix. To strengthen our reference 
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and ensure accurate capture of all RPE cells, a subset of RPE 
and melanocyte cells from scRNA-seq in a prior study were 
included in downstream analysis (reprocessed and filtered 
according to identical parameters) (Voigt et al., 2019). These 
263 additional cells were obtained from 8 samples by per-
forming a clustering of the published, reprocessed counts 
and selecting cells expressing melanocyte marker MLANA or 
RPE marker RPE65 (GEO accession number: GSE135922). 
Adult retinal cell types were annotated using known mark-
er genes and genes with high enrichment scores as follows: 
Muller Glia (1,646 cells), Rod Photoreceptors (MALAT1-lo) 
(1,323 cells), Rod Photoreceptors (MALAT1-hi) (747 cells), 
Melanocytes (364 cells), Fibroblast (267 cells), Cone Pho-
toreceptors (218 cells), Cone Bipolar (195 cells), Amacrine 
Ganglion (181 cells), Rod Bipolar-ON (169 cells), Surface 
Epithelium (161 cells), Immune (136 cells), Retinal Pigment 
Epithelium (71 cells), and Smooth Muscle (60 cells).

scRNA-seq processing for NCAM1-High-derived in 
vitro neuronal differentiation
NCAM1-High-derived cells from our alternative neuronal 
differentiation protocol were analyzed using velocyto and 
scanpy on 2,638 unfiltered single cells. Cells with UMIs 
(>6,000 and <100,000) and a low percentage of mitochon-
drial reads (<10%) were retained during filtering. After 
dimensionality reduction and UMAP analysis (3,000 CV-
mean genes, 20 PCs, 20 nearest neighbors), as well as the 
removal of a cluster cell contaminant, we obtained 980 sin-
gle cells (Table S1) of the following clusters, upon which we 
performed gene enrichment: Mesenchymal (447 cells), Reti-
nal Progenitors (134 cells), Retinal Pigment Epithelium (121 
cells), Early Neuroblasts (102 cells), Neuroblasts (77 cells), 
Glutamatergic Neurons (46 cells), Gabaergic Neurons (25 
cells), Surface Epithelium (23 cells), and Lens (5 cells). 

An integrated subspace was found between NCAM1-High-
derived cells (980 cells) and human embryonic eyes at week 
7.5 (2,742 cells, see above) using CCA integration and 2,000 
CV-mean genes for each dataset (3,063 unique genes in 
total). Gene enrichment scores were computed to identi-
fy unique and shared markers between the various popu-
lations, including overlapping lens and surface epithelium 
clusters. RNA velocity was performed on NCAM1-High-de-
rived neurons (Early Neruoblast, Neuroblast, and Glutama-
tergic Neuron clusters) and embryonic retinal ganglion cells 
(Early, Mid, and Late Ganglion clusters) with velocyto.

To compare the differentiation programs of NCAM1-High-
derived in vitro neurons and embryonic retinal ganglion 
neurons, we fit a principal curve to the two-dimensional 
UMAP embedding and identified a pseudotemporal cell 
ordering with which we could perform pseudotime gene 
expression alignment analysis. Principal curve code can be 
found at: https://github.com/lamanno-epfl/rpe_differentia-
tion_profiling_code and is adapted from the original publi-
cation (Hastie and Stuetzle, 1989). Along each pseudotime, 
a set of five normally distributed and spaced curves were 
generated using scipy.stats.norm.pdf to mimic different pos-
sible expression patterns along the differentiation trajectory 
(i.e. early downregulation, upregulation midway through 
the pseudotime followed by downregulation, upregulation 

at the end of the pseudotime, etc.). Pearson’s correlation co-
efficients were computed between genes and each normally 
distributed peak in order to identify genes with a distinct 
temporal upregulation and/or downregulation. For in vitro 
neurons and embryonic neurons, the top 50 genes for each 
of five peaks were combined and compared, enabling us to 
visualize genes with a similar expression behavior along 
both pseudotimes as well as genes with a distinct expression 
behavior unique to either in vitro neurons or embryonic 
neurons alone.

scRNA-seq processing for hESC-RPE in vivo rabbit su-
bretinal injection
Unlike the other scRNA-seq data in this study, feature-bar-
code count matrices for hESCs isolated from rabbit retina 
were generated using a custom-built hybrid reference tran-
scriptome combining both the human GRCh38 reference 
and the rabbit reference (Oryctolagus cuniculus 2.0.99, 
EMBL-EBI). FASTQ files were mapped to this hybrid ref-
erence with Cell Ranger 3.1.0 to generate count matrices. 
Reads were exclusively assigned either to a human or rabbit 
transcript. The percentage of UMIs per cell assigned to the 
human or rabbit reference was then computed. Human cells 
were retained if >80% reads mapped to the human genome. 
Rabbit cells were retained if >95% reads mapped to the rab-
bit genome. The resulting number of cells were 24 human 
cells from the unsorted approach (0.8% of total, Rabbit1, 
unsorted) and 61 human cells by sorted approach (4.3% of 
total, Rabbit 2, sorted). As a control, feature-barcode count 
matrices were also created by aligning FASTQ files solely to 
the human or rabbit genome with Cell Ranger.

For analysis of human cells, cells with > 30% reads mapped 
to mitochondrial genes were removed, resulting in a total of 
65 single cells (Table S1). Counts were size normalized in 
scanpy and gene feature selection was performed to select 
100 variable genes using cv_vs_mean. Following log-trans-
formation of counts, expression of RPE marker genes and 
other highly enriched genes was assessed. Differentiation ex-
pression analysis was performed by computing fold change 
on log2 normalized counts.

For analysis of rabbit retina, only cells obtained from the un-
sorted approach were used in order to avoid any potential 
cell-type sorting bias. Cells were filtered to retain those with 
a certain number of UMIs (>2,000 to <50,000), uniquely 
expressed genes (>600 to <6,000) and mitochondrial reads 
(<10%). The total number of cells after filtering was 1,965 
cells. Dimensionality reduction and clustering analysis was 
performed using 3,000 cv_vs_mean selected genes and the 
workflow described above. Cell types were annotated using 
known marker genes and genes with high enrichment scores 
as follows: Fibroblast (408 cells), Rod Photoreceptors (338 
cells), Smooth Muscles (200 cells), Muller Glia (182 cells), 
Amacrine Ganglion (156 cells), Rod Bipolar-ON (139 cells), 
Surface Epithelium (125 cells), Cone Bipolar-OFF (119 
cells), Cone Bipolar-ON (105 cells), Cone Photoreceptors 
(89 cells), Immune (54 cells), Melanocytes (41 cells), and 
Retinal Pigment Epithelium (9 cells). For integration of the 
human adult eye and rabbit eye, anchors were found only 
between genes with shared nomenclature between the two 
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species’ genomes (9,889 genes) and the top enriched 2,000 
genes (2,979 genes in total).

Gene enrichment and signature score analysis
Throughout this study, all marker genes for visualized cell 
type clusters were selected from among the top 50 ranked 
genes calculated with unnormalized counts and a gene en-
richment score. For each gene, the mean value per cluster 
was obtained and scaled by the number of cells per cluster 
with non-zero counts of the given gene. An gene-wise en-
richment score was then computed by comparing the means 
and the fraction of non-zero values among all clusters.

Cell heterogeneity estimation
When decomposing the covariance of a heterogeneous cell 
population, the largest axes of variation typically explain 
cell type variability, whereas the smaller axes describe subtle 
phenotypic variation and uncorrelated noise accumulating 
on the remaining principal components. We deduced that 
the area under the curve (AUC) of cumulative principal 
component variance would serve as an insightful metric to 
assess the overall heterogeneity at each differentiation day. 
For each time point, cv_vs_mean feature selected genes 
with a score greater than 0.30 were collected, and a union 
of genes from all time points were retained and size nor-
malized. 800 cells and half the total number of genes were 
randomly sub-sampled from each time point, without re-
placement, and PCA analysis was performed. AUC of the 
cumulative explained variance ratio for all principal com-
ponents was calculated using numpy.trapz. Cells and genes 
were randomly subsampled for 1000 iterations to obtain a 
distribution of AUCs at each differentiation day. As a greater 
deviation from the variance due to biological noise results in 
a greater AUC of cumulative explained variance, the AUC 
can therefore be used as a proxy for assessing the overall 
dataset heterogeneity. Statistical significance between time 
points was computed using a bootstrap paired t-test.

Canonical correlation analysis and data integration
Canonical correlation analysis was performed in all cases 
using a Python adaptation of the Seurat CCA method and is 
available at the following GitHub repository: https://github.
com/lamanno-epfl/rpe_differentiation_profiling_code 
(Butler et al., 2018). For integration of the in vitro hESC-RPE 
D7 and D14 time points, both with and without the cell cy-
cle regressed out, anchors were found using the top enriched 
1,000 genes at each time point obtained with cv_vs_mean in 
velocyto. For integration of the human embryonic week 7.5 
and NCAM1-High-derived neuronal hESCs, anchors were 
found using the top enriched 1,000 genes.

RPE correlation analysis
To identify genes strongly linked to a progenitor fate among 
in vitro hESC-RPE D30 cells, Pearson’s correlation coeffi-
cients were calculated between log-normalized gene counts 
and either an RPE signature score (16 genes, described 
above) or a neural tube signature (17 genes: WNT6, CO-
L17A1, CDH1, TP63, KRT19, KRT17, CRABP2, COL3A1, 
CYP26A1, FOXC1, HAND1, SEMA3D, SOX17, DLX2, DLX3, 
DLX4, PDGFRA). For the RPE correlation score, D30 cells 
from RetProg and RPE secondary clusters were used and 
for the neural tube correlation score, D30 cells from RPE 

and CrNeCr secondary clusters were used. Genes with an 
average spliced expression <0.5 as well as genes included in 
the signature scores themselves were excluded, resulting in 
the calculation of RPE signature correlation coefficients for 
5,214 genes and of neural signature correlation coefficients 
for 4,664 genes. Both correlation coefficients were then aver-
aged to obtain the top genes anticorrelated to both signature 
and therefore most indicative of a cell progenitor status. The 
computed correlation coefficients are available in Table S3.

RNA velocity analysis
RNA velocity analysis was performed using velocyto and 
scvelo, for dimensionality reduction, KNN smoothing, and 
gamma fitting we used default parameters unless specified 
(Bergen et al., 2019; La Manno et al., 2018). For embryonic 
retinal ganglion neurons and NCAM1-High-derived neu-
ronal hESCs, the steady-state implementation of RNA ve-
locity was used (2,000 enriched genes, 20 PCs, 20 nearest 
neighbors). For estimating RNA velocity of selected in vitro 
hESC-RPE D60 cells, 1,000 CV-mean genes were selected 
for velocity estimation. To ensure capture of the appropri-
ate genes, we selected genes with a highly coordinated ve-
locity using a velocity coordination function adapted from 
velocyto and available at: https://github.com/lamanno-epfl/
rpe_differentiation_profiling_code.

Cell type similarity analysis
Correlation analysis was performed as follows: using the 
52 sub-cluster assignments and 1,000 cv_vs_mean selected 
genes (cell cycle enriched genes were previously excluded 
and 200 cells from each sub-cluster were randomly select-
ed, with replacement, for uniformity), correlation distances 
between mean expression by cluster were computed using 
scipy cdist and visualized using seaborn.

Ordinal classifier
In order to assign in vitro RPE cells to an embryonic ref-
erence, we constructed an ordinal classifier function in Py-
thon and trained it using scRNA-seq data of embryonic RPE 
from weeks 5 to 24 of development from a prior study (Hu 
et al., 2019). This classifier is based on prior work and re-
lies on training a series of sequential classifiers representing 
temporally ordered stages of development (Frank and Hall, 
2001). Sequential classes were designed by grouping RPE 
scRNA-seq gene expression training data by similar embry-
onic stages ( weeks 5-6, week 7-9, weeks 11-13, weeks 17-24, 
and adult RPE). The implementation is available at 

https://github.com/lamanno-epfl/rpe_differentiation_pro-
filing_code.

Bioinformatics software
All analysis was performed using Python 3.7.4. The follow-
ing modules were used: jupyterlab 1.1.4, loompy 3.0.6, lou-
vain 0.6.1, matplotlib 3.3.1, numpy 1.19.1, pandas 0.25.1, 
pyscenic 0.10.4, python-igraph 0.7.1, python-louvain 0.13, 
scanpy 1.4.5, scikit-learn 0.23.2, scipy 1.5.2, scvelo 0.1.25, 
seaborn 0.9.0, umap-learn 0.4.0, velocyto 0.17.17.

Statistical Analysis
For statistical analysis, one-way ANOVA and posthoc 
multiple comparisons using Tukey’s test correction were 
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performed to assess the in vitro differences of the sorted 
(NCAM1-High, CD140b-High) and unsorted D30 cells 
in TEER and PEDF secretion assays. Standard error of the 
mean and standard deviation calculations for all single cell 
analyses were performed using the numpy package in Py-
thon.
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