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Directly induced human retinal ganglion cells mimic fetal RGCs and are
neuroprotective after transplantation in vivo
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SUMMARY

Retinal ganglion cell (RGC) replacement therapy could restore vision in glaucoma and other optic neuropathies. We developed a rapid
protocol for directly induced RGC (iRGC) differentiation from human stem cells, leveraging overexpression of NGN2. Neuronal
morphology and neurite growth were observed within 1 week of induction; characteristic RGC-specific gene expression confirmed iden-
tity. Calcium imaging demonstrated y-aminobutyric acid (GABA)-induced excitation characteristic of immature RGCs. Single-cell RNA
sequencing showed more similarities between iRGCs and early-stage fetal human RGCs than retinal organoid-derived RGCs. Intravi-
treally transplanted iRGCs survived and migrated into host retinas independent of prior optic nerve trauma, but iRGCs protected host
RGCs from neurodegeneration. These data demonstrate rapid iRGC generation in vitro into an immature cell with high similarity to hu-
man fetal RGCs and capacity for retinal integration after transplantation and neuroprotective function after optic nerve injury. The
simplicity of this system may benefit translational studies on human RGCs.

INTRODUCTION

In glaucoma and optic neuropathies, retinal ganglion cell
(RGC) loss is irreversible and leads to permanent visual
impairment. Cell replacement therapy is a promising
approach for treating advanced optic neuropathies. Pri-
mary RGC transplantation in animal models has been
demonstrated successfully in prior studies (Hertz et al.,
2014a; Venugopalan et al., 2016), but a supply of primary
donor cells would be very limited. Thus, there is an unmet
need to develop a stem cell-derived RGC therapy not only
to provide protection to remaining neurons but also to
restore vision loss.

Existing protocols generally include the following steps
during stem cell-derived RGC differentiation. Stem cells
are first directed to an anterior neural fate with
Dickkopf-1 (Dkk-1; a Wnt inhibitor), Noggin (a bone
morphogenetic protein inhibitor), and insulin growth fac-
tor 1 (IGF-1) (Lamba et al., 2006). Subsequently, the pres-
ence of basic fibroblast growth factor (bFGF) pushes the
stem cells to an eye field fate, an essential step during reti-
nogenesis (Furukawa et al., 1997; Mathers et al., 1997).
Then progeny are differentiated into retinal progenitor
cells (CHX10-/PAX6-positive) and finally into RGC-like
cells (HUC/D-positive). In addition to supplying several
signaling pathway regulators during neural induction,
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RGC fate can also be directed by overexpressing several
essential transcription factors. For example, overexpressing
ATOH? allows generation of RGC-like cells from mouse and
human induced pluripotent stem cells (iPSCs; including
human iPSCs [hiPSCs] reprogrammed from human
Tenon’s capsule fibroblasts) (Chen et al., 2010; Deng
et al., 2016; Xie et al., 2014). Exogenous SOX4 expression
can also greatly potentiate differentiation of RGCs from
hiPSCs and shows a synergistic effect with ATOH7 on
potentiating RGC differentiation (Chang et al., 2017).
However, these previous protocols usually take 2—4 weeks
for RGC differentiation, and most such differentiation pro-
tocols have not explored electrophysiologic differentiation
or suitability for transplantation and integration into the
retina in vivo. Therefore, we aimed to establish a rapid dif-
ferentiation method in the present study. Here we devel-
oped a rapid protocol for induced RGC (iRGC) differentia-
tion from human embryonic stem cells (hESCs) and
hiPSCs, driven by expression of Neurogenin-2 (NGN2),
that requires less than 10 days. Physiological examination
using calcium imaging in response to GABA stimulation
was used to stage iRGC maturation compared with pri-
mary mouse RGCs. Single-cell transcriptional profiling
confirmed iRGC fate compared with human fetal RGCs.
Finally, we showed that iRGCs could survive in vivo on ro-
dent retinas after intravitreal injection. These data support
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cell replacement therapy as a potential treatment for RGC
loss in optic neuropathies.

RESULTS

Rapidly inducing stem cell-derived RGCs by NGN2
overexpression

We extended the application of a previous rapid induced-
neuron protocol that leverages NGN2 expression (Zhang
et al., 2013) to accelerate RGC differentiation from human
stem cells. We transduced stem cells with three lentiviruses
carrying constitutive expression of rtTA for tetracycline-
inducible expression of NGN2 and GFP (Figure 1A).
To directly differentiate stem cells into RGC-like cells,
we slightly modified the previously published culture
approach by replacing glial cells with glial cell-derived neu-
rotrophic factor (GDNF) on day 2 and changed the medium
to a commonly used RGC SATO growth medium (Wu et al.,
2018) plus the Notch inhibitor DAPT for another 4 days
(Figure 1B). On day 2, after NGN2 overexpression and
before switching to the RGC culture medium, some cells
were already expressing CHX10, a retinal progenitor
marker (Figure 1C). To investigate the status of cell differen-
tiation, we utilized qRT-PCR to measure gene expression of
the stem cell markers POU5F1 and NANOG, the neural pro-
genitor cell marker PAX6, and the RGC markers BRN3A and
ISL-1 on days 2 and 6 for hiPSCs and hESCs. We observed
reductions of POUS5SF1 and NANOG and elevation of
PAX6, BRN3A, and ISL-1 on day 6 compared with day —2,
indicating loss of stem cell pluripotency and induction of
neuronal fate, consistent with RGC marker expression (Fig-
ure 1D). Because previous studies have shown that NGN2
drove neuronal differentiation by activating ATOH?,
DLL3, and HES6 (Hufnagel et al., 2010; Smith et al.,
2016), we performed qRT-PCR through the first week of dif-
ferentiation to evaluate the expression of these genes. The
results demonstrated that, after turning on NGN2 by doxy-
cycline, ATOH7, DLL3, and HES6 were transiently upregu-
lated before returning to baseline expression (Figure 1E).
By 1 week, 14% and 20% of cells were Brn3a positive in

hiPSC-iRGC and hESC-iRGC cultures, respectively. These
cells exhibited typical RGC morphology, extending neu-
rites labeled by the axonal skeleton markers NEFL and
Tujl (Figure 1F).

iRGCS have similar electrophysiological responses as
immature primary RGCs

Previous studies have shown that GABA, receptor activa-
tion is excitatory in immature RGCs (Venugopalan et al.,
2020). When stimulated by a selective GABA, agonist
such as muscimol (Wang et al., 2007), immature RGCs
depolarize and demonstrate rapid calcium entry, visualized
by calcium imaging with Fluo 4-AM. We compared iRGCs
after 6 days of differentiation with primary RGCs from
post-natal day 2 (P2), which are developmentally imma-
ture. iRGCs and primary RGCs showed Ca®* influx when
exposed to muscimol (Figure 2), which resembles the effect
of KCl-induced depolarization (Figure 2) and is in contrast
to the lack of depolarization-induced calcium entry in
mature RGCs (Venugopalan et al., 2020). These data
show that rapidly induced RGCs predominantly exhibit
immature electrophysiologic maturation, as measured by
response to GABA, receptor activation.

Single-cell transcriptional profiling demonstrates
iRGC differentiation

To gain insight into cell fate determination during iRGC
differentiation, we performed single-cell RNA sequencing
(scRNA-seq) analysis on differentiated cells collected on
day 6. In total, 2,552 cells were included in the computa-
tional analysis, and the data were visualized by t-distrib-
uted stochastic neighbor embedding (tSNE) dimensional
reduction (Figure 3A). We identified three different cell
types generated in this differentiation, including pluripo-
tent cells (POUSF1 and SFRP2 positive), mesenchymal cells
(VIM, DES, and COL1AZ2 positive), and iRGCs (Figure 3B).
The iRGCs expressed several RGC markers, including
SNCG, NEFL, GAP43, ELAVL4 (HuD), and ISL1 (clusters 3
and 4) (Figure 3C). ATOH7, which is thought to be a gene
signature of the transitioning cell population during retinal

Figure 1. Overexpression of NGN2 drives induced RGC (iRGC) differentiation
(A) Design of lentiviral vectors for NGN2-mediated differentiation of hESCs and hiPSCs to iRGCs (modified from Zhang et al., 2013). Cells
were transduced with rtTA, which complexes with doxycycline to bind to the TetOn promoter, and either Tet promoter NGN2 or EGFP gene

expression vectors.

(B) Flow diagram of iRGC cell generation (adapted from Zhang et al., 2013).
(C) After NGN2 expression was activated by doxycycline, human stem cells were directed to a retinal progenitor cell fate expressing ISL1

and CHX10. Scale bar, 200 pm.

(D) Expression of the pluripotent markers POU5F1 and NANOG decreased and the neural progenitor marker PAX6 increased in the first week
of differentiation. The RGC markers Brn3a and ISL1 were significantly increased on day 6 (N = 3).

(E) Transient expression of ATOH7, DLL3, and HES6 after NGN2 overexpression (N = 3). Scale bar, 50 pum).

(F) hiPSCs and hESCs were differentiated into RGC-like cells and harvested on day 6. Brn3a was used as an RGC marker in both cultures,

whereas NEFL and Tuj-1 illuminate the extending axons.
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Figure 2. iRGCs demonstrate electrophysiological properties
similar to immature primary mouse RGCs

(A) iRGCs were observed under a bright field to identify a region of
interest (ROI; red circles).

(B) Calcium imaging of iRGCs shows calcium influx consistent with
an excitatory GABA response to muscimol, similar to immature P2
mouse RGCs. Scale bar, 50 pum.

development (Sridhar et al., 2020), was barely detectable in
all cell clusters. These results were consistent with our pre-
vious qRT-PCR data showing that ATOH7 expression went
back to baseline after the first few days of differentiation.
Similar to human fetal RGCs (Luo et al., 2019), BRN3A
(POU4F1) was dominant in the iRGCs rather than BRN3B
(POU4F2). iRGCs highly expressed axon skeleton markers,
including NEFL, NEFM, and MAP2.

To delineate the cell fate determination process in the
present rapid protocol, we used Monocle 2 to reorder the
cells based on their stage-specific gene expression pattern
and reconstruct their cell fate determination timeline.
This algorithm arranged cells expressing mitotic cell cycle
markers as the beginning of differentiation, labeled
pseudo-time O (Figure 3D). Then developmental lineages
were estimated by ranking all cell clusters in a temporal
manner. The bifurcating trajectory led to two main lineages
derived from the initiating stem cells, terminating in one
lineage as iRGCs and in the other as mesenchymal cells
(Figure 3D). Several genes involved in directing RGC fate
determination were analyzed across lineages; for example,
SOX4 and SOX11 have been shown to be key factors regu-
lating RGC specification (Chang et al.,, 2017) and were
significantly upregulated in cells in the iRGC lineage (Fig-
ure 3E). These results suggest that, although there was a
cell mixture in the differentiation cultures, iRGCs were still
effectively generated by overexpressing NGN2.

iRGCs show similarity to fetal RGCs more than retinal
organoid-derived RGCs
To evaluate how well the iRGCs in the present system
mimicked RGCs in the developing human retina, we per-
formed unbiased clustering to map our iRGC subsets (clus-
ters 3 and 4 in Figure 3) to the combined dataset of day 59
and day 82 fetal human retinas. RGCs, amacrine cells,
retinal progenitors, and photoreceptor cells were identified
by typical marker gene expression (Figure 4A). Visualized
by uniform manifold approximation and projection
(UMAP) dimensional reduction, iRGCs were distributed
near the fetal RGC clusters, indicating their similarities.
However, the majority of these iRGCs did not overlap
with fetal RGCs, which suggested that they were not iden-
tical (Figure 4B). A heatmap of variable genes showed that
these three RGC clusters shared similar RGC marker genes,
but cluster 10, which mostly consisted of iRGCs, also
showed some differences compared with the other two
clusters (Figure 4C). Gene Ontology (GO) enrichment
found that fetal RGCs highly expressed genes involved in
ATP synthesis and ATP utilization, whereas in iRGCs, genes
involved in ubiquitination and cell-cell adhesion were pre-
dominant as differentially enriched ontologies (Figure 4D).
Retinal organoids, stem cell-derived tissues that recapitu-
late fetal retinal development, are another promising source
of donor RGCs. We compared iRGCs with whole retinal or-
ganoids and organoid-derived RGCs. We mapped the iRGCs
to integrated day 45 and day 60 retinal organoid data. After
identifying the cell types (Figure 5A), we found that iRGCs
fall into similar clusters as organoid RGCs but without a sub-
stantial overlap (Figure 5B). To more closely compare orga-
noid-derived RGCs and iRGCs, we selected day 45 retinal
organoid-derived RGCs based on belonging to clusters
highly expressing the BRN3 or GAP43 gene and combined
them with iRGCs, followed by re-clustering (Figure 5C).
The datasets largely overlapped, and the contributions of
each subgroup were almost equal from both samples in
the resulting clusters (Figure 5D). Although the UMAP
plotindicates that they shared high similarities among sam-
ples and sub-clusters, several genes were differentially ex-
pressed in iRGCs compared with organoid RGCs (Figure SE).
For example, RGCs from retinal organoids still expressed
ATOH?7 but not NEFL on day 45. In contrast, iRGCs from
our rapid protocol highly expressed NEFL, consistent with
axon growth observed in culture. The two samples showed
distinct preferences of BRN3 subtype expression. In iRGCs,
cells mainly expressed BRN3A (POU4F1), similar to fetal
human RGCs (Luo et al., 2019), whereas most organoid
RGCs were positive for BRN3B (POU4F2). These data show
that, although iRGCs only went through less than 2 weeks
of differentiation, they already gained similar transcrip-
tomic maturity as 2-month-old human fetal RGCs and
retinal organoid-derived RGCs.
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Figure 3. Single-cell transcriptional profiling of differentiated cells

(A) tSNE plot for hiPSC-induced iRGCs shows 3 major groups statistically separated into 5 clusters.

(B) Expression of representative cell-type-specific genes. Purple indicates high expression, and gray indicates low expression. Cells in
clusters 0 and 2 express POU5F1 and SFRP2, consistent with pluripotent cell identity. Cluster 1 cells express the extracellular matrix markers
VIM and COL1A2, indicating mesenchymal identity.

(C) Expression of the RGC-specific markers SNCG, GAP43, ELAVL4, ISL1, POU4F1, and POU4F2 and the axon-associated genes NEFL, NEFM,
and MAPZ is almost completely preferentially localized to clusters 3 and 4, except for ATOH7, which is not expressed significantly in any
clusters, and RBPMS, which is expressed throughout all clusters.

(legend continued on next page)
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iRGCs are transcriptionally distinct from NGN-2
induced neurons (iNs) and brain organoids

To determine whether the iRGCs generated in this modi-
fied protocol are transcriptionally different from those in
the original iN protocol (Lin et al., 2021), we compared
scRNA-seq profiles among day 5 iNs and day 59 fetal
RGCs and iRGCs (Figures S1A-S1C). The iRGCs essentially
all overlapped with subsets of fetal RGCs and shared a di-
versity of some typical RGC markers like POU4F2 and
RBPMS, whereas the iNs contained some progeny that
overlapped with these fetal RGCs, but the two major iN
progeny clusters did not overlap with fetal RGCs and ex-
pressed non-RGC markers like NEUROD2 and PHOXZ2B
(Figures S1B and S1C). These data indicate that iRGCs are
transcriptionally more similar to fetal RGCs than the ma-
jority of iNs.

Next we compared the mixture of cells in our system
with brain organoid transcriptomics profiles to confirm
the modified system was deriving RGCs rather than
generic neurons similar to brain-directed cultures. The
whole dataset of our differentiated cells was combined
with the published day 93 cortical organoid dataset (Fig-
ure S1D). Grouped by samples, the UMAP plot demon-
strated that, although the two cell populations interlaced
in UMAP space, iRGC progeny segregated as distinct
clusters from adjacent clusters of organoid cells with
almost no overlap (Figure S1E). By examining several
markers typically expressed in cortical neurons, we found
that only a neural crest marker was slightly expressed
in our sample. VIM-positive mesenchymal cells were
observed in both samples. In comparison, most of the
RGC markers were distinctly expressed in iRGCs (Fig-
ure S1F). These results indicated that the rapid protocol
is reliably deriving RGC-specific progeny with these cell
culture modifications.

In vivo iRGC transplantation showed a
neuroprotective effect

We next wanted to determine whether the differentiated
cells survive and migrate into a host retina after transplan-
tation. To track transplanted cells, we labeled differentiated
cells with lentivirus (LV)-green fluorescent protein (LV-
GFP), but we needed to rule out two critical sources of con-
founding. To exclude false positive identification of trans-
planted cells caused by virus contamination leading to
host RGC transduction, we injected Cre-GFP-LV versus
Cre-GFP-transduced cells into floxed-tdTomato mice. Any

viral carryover in the donor cells or material transfer of
Cre protein would be expected to turn on tdTomato in
host retinal cells. Flat-mount imaging showed that intravi-
treal injection of Cre-GFP-LV transduced endogenous
RGCs and turned on Cre-mediated expression of tdTomato
(Figure 6A, left panels). However, after transplantation of
donor cells that were transduced previously by Cre-GFP-
LV, we did not observe any tdTomato signal (Figure 6A,
right panels). Thus, transducing donor cells ex vivo does
not lead to viral or protein transfer after cell transplanta-
tion in vivo.

To explore transplantation and integration of differenti-
ated cells, we intravitreally injected cells into adult rat eyes
and observed that GFP-positive donor cells survive in the
host retina 1 week after transplantation. Cross-sections of
the retina revealed that donor cells resided on the ganglion
cell layer, rarely expressing RBPMS as host RGCs do (Fig-
ure 6B) but consistent with the lack of RBPMS detection
in the iRGC scRNA-seq. The origin of GFP-labeled cells
was confirmed by human nucleus staining (Figure 6B),
again providing data against the possibility of material
transfer (Pearson et al., 2016). By 4 weeks after transplanta-
tion in vivo, donor iRGCs survived and migrated into and,
in some cases, past the ganglion cell layer in the mouse
retina and, by this time point, were essentially all RBPMS
positive (Figure 6C). Thus, iRGCs are competent to inte-
grate into the normal adult retina after intravitreal
transplantation.

Because the long-term goal of RGC differentiation is to
treat RGC loss, we next transplanted the differentiated cells
to adult mouse retinas after optic nerve crush (ONC) injury.
We first performed the transplants in sham or immediately
after ONC. We observed donor cell survival 1 week and
1 month after transplantation. Surprisingly, fewer GFP-pos-
itive donor cells were observed in ONC eyes compared with
sham eyes (Figure 7A). The reduction of donor cell survival
in the ONC group might be due to trauma-induced inflam-
mation in the eye. There was no significant difference in
cell numbers between 1 week and 1 month after transplan-
tation in the sham or ONC groups, suggesting that donor
cell survival remains stable after 1 week of transplantation.
To understand whether the ONC-induced inflammatory
response influences donor cell survival, we transplanted
differentiated cells 1 month after ONC. Similar to immedi-
ate transplantation, we found no increase in GFP-positive
cells 1 week or 1 month after transplantation (Figure 7A).
Putting together the data across the sham and acute versus

(D) Monocle 2 reveals lineage bifurcation in the differentiated cells. The pluripotent cells (clusters 0 and 2 from A) were distributed at the
beginning of the trajectory (pseudo-time 0), and then the cells went into two different cell fates: mesenchymal cells (cluster 1 from A) or

RGCs (clusters 3 and 4 from A).

(E) Expression of the RGC specification transcription factors SOX4 and SOX11 over pseudo-time. Dashed lines and solid lines show
expression in mesenchymal and iRGC lineages, respectively, and suggest SOX4 and SOX11 gene expression preferentially rise in iRGCs.
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Figure 4. iRGCs show transcriptional similarities to a subset of RGCs from fetal retinas

(A) Combined UMAP plot of day 59 fetal retina, day 82 fetal retina, and iRGCs shows 14 clusters, representing at least four main retinal cell
types identified by typical markers shown in dot plots.

(B) Focusing on the RGC segment (boxed in A), UMAP plotted by tissue of origin suggests that iRGCs form a unique subtype closest to
cluster 1- and cluster 5-type RGCs found in fetal retinas of both ages.

(C) Heatmap of genes (black) driving cluster separation among clusters 1, 5, and 10, demonstrating the few differences (blue) between
fetal RGCs and iRGCs.

(D) Functional enrichment of genes that are significantly expressed in fetal RGCs and iRGCs.

chronic ONC experiments, these data suggest that ONC in- Finally, we wanted to determine whether donor cells in-
hibits the survival and/or integration of donor cells after fluence host RGC survival after ONC. Host RGCs were iden-
transplantation. tified by RBPMS staining (Figure 7B). RBPMS-positive cells
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Figure 5. iRGCs show transcriptional overlap with RGCs from retinal organoids
(A) Combined UMAP plots of RGCs from day 45 and day 60 retinal organoids and iRGCs. Four main retinal cell types were identified by typical

markers shown in dot plots.

(B) Focusing on the RGC segment (boxed in A), UMAP plotted by tissue of origin demonstrates fully overlapping clustering between iRGCs

and organoid-derived RGCs.

(C-E) Datasets of iRGCs (clusters 3 and 4 from Figure 3) and of day 45 retinal organoid-derived RGCs (defined by independent cluster
analysis of those data) were combined and re-clustered in UMAP (C). Plotting by tissue of origin showed largely overlapping distributions
of the iRGCs and organoid RGCs between the clusters (D), and expression patterns of representative RGC-specific genes in the two samples
showed some shared genes but also some differences between the differentiation conditions (E).

in mouse retinas were significantly increased after cell
transplantation (around 200 cells/mm?) (Figure 7B).
Because donor cells are much fewer in number (less than
100 cells per retina; i.e., less than 10 cells/mm?), and
because, in the acute phase after transplantation, donor

iRGCs express a very low level of RBPMS (Figure 6B), the de-
tected increase in RBPMS-positive cells is most likely due to
enhanced survival of endogenous RGCs. These results indi-
cate that cells differentiated in the iRGC protocol are neu-
roprotective to endogenous RGCs after optic nerve injury.
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DISCUSSION

The present study describes a new, effective method that
more rapidly generates RGC-like neurons from human
stem cells by overexpressing a single transcription factor
and leveraging a specific growth medium. The entire
iRGC generation procedure takes less than 2 weeks, and
the resulting iRGCs exhibit high similarity in transcrip-
tomic profiles to 2-month-old fetal or retinal organoid-
derived RGCs, although there is still room to optimize re-
programming efficiency. These iRGCs can be transplanted
intravitreally, showing survival and integration into rat
and mouse host retinas. Thus, the approach described
here can enable highly efficient and reproducible iRGC
generation, and the simplicity of the system will benefit
translational studies on human RGCs.

NGN?2 is one of the transcription factors in the basic-he-
lix-loop-helix (bHLH) network that controls proliferation
(Britz et al., 2006), cell fate identity (Cai et al., 2000),
axon guidance (Seibt et al., 2003), and survival in the devel-
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and 1 month after transplantation,
respectively

(A) To distinguish donor cells from host
RGCs and rule out viral contamination and
cell fusion with host cells, Cre-GFP-LV alone
or Cre-GFP-LV-transduced donor cells were
injected intravitreally (as labeled) into
floxed-tdTomato mice. After direct viral in-
jection (left panels), GFP-transduced host
cells expressed tdTomato, but no tdTomato
signal was observed in the retinas that were
transplanted by Cre-GFP-LV-transduced
donor cells (right panels).

(B and C) Differentiated cells were injected
intravitreally into rat eyes, and retinas were
dissected, cryosectioned, and immuno-
stained against the RGC-specific marker
RBPMS 7 days (B) or 1 month (C) after
transplantation. Arrows in (B) indicate
donor cells co-labeled by RBPMS and human
nuclei (HuNus). Arrows in (C) indicate the
migration and integration of iRGCs into the
ganglion cell layer of the host retina.

Scale bars, 500 um (A) and 100 pm
(B and C).

oping nervous system. NGN2 also plays a key role in regu-
lating the initial progression of early retinal neurogenesis
and RGC specification. A study on mouse retinal develop-
ment revealed that NGN2 expression demarcates the lead-
ing edge of neurogenesis, in which progenitor cells exit
the cell cycle to gain retinal neuronal fate (Hufnagel
et al., 2010). Because CHX10 is ubiquitously expressed in
retinal progenitors prior to initiation of neurogenesis (Bur-
meister etal., 1996; Hufnagel et al., 2010), the role of NGN2
in retinal neurogenesis is consistent with our results in the
present study; before switching to RGC medium, the trans-
fected cells were already expressing CHX10 protein and
stood to accelerate RGC fate induction through exogenous
NGN2 expression.

In addition, it has been well established that the Notch
signaling pathway is essential in RGC fate decisions (Austin
etal., 1995; Bao and Cepko, 1997). Notch activity is down-
regulated just before RGC differentiation (Nelson et al.,
2006), and reducing Notch signaling can reinitiate
RGC production after it has normally ceased during
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development (Silva et al., 2003), consistent with our appli-
cation of the Notch inhibitor DAPT to enhance the induc-
tion of RGC fate. The Notch pathway interacts with the
bHLH network by suppressing endogenous ATOH7 and
NGN2 (Maurer et al., 2014; Miesfeld et al., 2018). Thus, in
the present system, hiPSCs/hESCs may be directed to an
RGC fate by endogenous (through Notch inhibition) and
exogenous (through gene transfer) NGN2 upregulation.

Although previous studies have indicated that ATOH?7 is
directly activated by NGN2 (Hufnagel et al., 2010; Skow-
ronska-Krawczyk et al., 2009), ATOH7 was barely expressed
in our scRNA-seq. A recent scCRNA-seq study on fetal retinas
identified a transitional cell population that is ATOH7/
DLL3/HES6 positive (Sridhar et al., 2020). They appear to
be at critical post-mitotic junctures on their way to speci-
fying RGC fate. Our qPCR along the first week of differen-
tiation in vitro showed that ATOH7 was transiently upregu-
lated on day 2 and back to baseline on day 6, consistent
with no longer detecting it by scRNA-seq also collected
on day 6. This result is consistent with another recent study
(Smith etal., 2016), and such a transient expression pattern
during RGC development has also been observed in mice
(Brzezinski et al., 2012; Prasov et al., 2012). Thus, the
absence of the transitional marker ATOH7 by day 6 may
indicate synchronized induction of RGCs in the present
system.

Comparing differentiation across approaches using deep
sequencing and advanced transcriptome analyses pointed
to unexpectedly closer alignment between our rapid,

2-dimensional culture approach and slower human fetal
retinal development than between fetal development
and the similarly slower differentiation evidenced in
3-dimensional organoids. The ganglion cell layer in human
fetal retinas is not clearly defined until gestational weeks
9-10 (Luo et al., 2019; Provis et al., 1985). In stem cell-
derived retinal organoids, which highly recapitulate the
timing of fetal retinal development, RGCs are observed as
early as differentiation week 7 (Luo et al., 2018; Zhong
etal., 2014). In comparison with fetal retina and retinal or-
ganoid datasets using UMAP reduction, which preserves
global data structure and demonstrates similarities among
clusters (Becht et al., 2018), the similarity of our iRGCs to
fetal RGCs or organoid RGCs can be clearly visualized.
Further analysis shows shared marker genes between iRGCs
and fetal or organoid RGCs. However, our iRGCs are more
identical to fetal RGCs than organoid RGCs. For example,
like fetal RGCs, the majority of RGC-like cells express
POU4F1 (BRN3a), whereas most organoid RGCs are
POU4F2 (BRN 3b) positive. The axon skeleton markers
NEFL and NEFM are expressed at significantly higher levels
in the fetal retina and iRGCs compared with retinal organo-
ids (Sridhar et al., 2020), consistent with the RGC transcrip-
tional maturation seen in another scRNA-seq study on hu-
man fetal retinas (Lu et al., 2020). Even so, we acknowledge
that iRGC specification, electrophysiological maturation,
and transcriptome consistency to human RGCs may still
be improved. For example, our previous studies show that
GDF15 (Chang et al., 2019) and SOX4 (Chang et al,
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2017) facilitate RGC specification in stem cell-to-RGC dif-
ferentiation; in future studies, we explore to what degree
these factors promote RGC maturation.

Because our protocol was modified from a cortical
neuron differentiation protocol, it was essential to deter-
mine how much the RGC-like cells in our protocol differ
from cortical neurons, acknowledging that, because the
neural retina is developmentally an outgrowth of the fore-
brain, RGCs share many marker genes with other forebrain
neurons (Gabriel et al., 2021). Thus, we compared iRGC
and iN transcriptomes, including fetal RGCs. iRGCs were
much more similar to fetal RGCs than iN progeny, arguing
that the modifications in our iRGC protocol are meaning-
ful in generating RGC-like progeny. A consistent result
could also be seen when comparing iRGCs and cortical or-
ganoids, where iRGCs made up distinct but non-overlap-
ping clusters from cortical organoid progeny. Of course,
from a translational standpoint, donor cells need not
necessarily be identical to the host cells they are replacing,
and it is still unknown to what extent donor cell transcrip-
tional identity to host cells is needed to achieve optimal
cell replacement outcomes. It is interesting that our donor
cells between 1 week and 1 month showed continued
migration into the retina and increased expression of the
RGC marker RBPMS, suggesting that their further matura-
tion and integration could be achieved after in vivo
transplantation.

One of the primary goals in translating the basic science
of stem cell differentiation into RGCs is to obtain donor
cells for the purpose of transplantation and cell replace-
ment therapy in optic neuropathies. Here we modeled
this approach by intravitreal injection of iRGCs in rat and
mouse eyes to evaluate the efficacy of cell transplantation.
We previously reported that RGCs derived from hESCs suc-
cessfully migrated into the ganglion cell layer 1 week after
transplantation to the adult rat eye (Zhang et al., 2019). We
now observed that iRGCs from the rapid protocol also suc-
cessfully engraft into host retinas by 1 week, although at a
low survival rate, consistent with our previous studies
(Hertz et al., 2014b; Venugopalan et al., 2016). We also
observe further migration to the inner nuclear layer
1 month after transplantation. A number of factors could
improve the integration we reported here and should be
explored in future studies. For example, the internal
limiting membrane (ILM) is a known barrier to donor
RGC survival and synaptic integration into the host retina
(Zhang et al., 2021). Digestion of the ILM by Pronase E
(Zhang et al., 2021) could increase iRGC survival and inte-
gration. Expressing or co-injecting survival and growth fac-
tors could also be leveraged to promote integration, as has
been shown in cell transfer to the spinal cord, for example.
(Lu et al., 2012) Our previous study showed that stem cell
transplantation enhances donor RGC survival in the host
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retina (Wu et al., 2018). Donor cell type and transplant
location may also be critical. For example, subretinal trans-
plantation with human retinal organoid pieces or cells
dissociated from human retinal organoids can survive for
months to years in non-human primate models (Tu et al.,
2019). It is still uncertain whether differences in survival
or integration are due to donor cell sources, the transplan-
tation method, or the species of the recipients. With the
higher expression level of axon-related genes in our rapid
protocol-induced RGCs and fetal RGCs, we hypothesize
that allowing the iRGCs to extend axons before transplan-
tation may also be a promising way to pre-stimulate the
donor cells and promote their survival and axon growth
in vivo. A recent study of isolation of donor RGCs 1 week af-
ter transplantation also demonstrated the importance of
axon growth and guidance in donor cell survival (Oswald
et al., 2021).

Finally, it will be critical to understand to what degree the
injured or degenerating host retina aids or inhibits donor
cell integration. To understand whether iRGCs can survive
after transplantation into the injured retina, we trans-
planted donor cells into host eyes immediately or 1 month
after optic nerve injury. Compared with transplantation
into normal host eyes, survival of donor iRGCs was attenu-
ated in the immediate group or 1 month after ONC. Inflam-
matory responses in the retina are elevated after optic nerve
injury (Ahmad et al., 2014), and optic nerve injury-induced
pro-inflammatory cytokines could contribute to donor
iRGC death. Phagocytic microglial infiltration peaks
around 14 days after crush and is still above basal levels
at 2 months (Nadal-Nicolas et al., 2017). In addition, the
donor cells could induce an inflammatory response, espe-
cially as a xenograft in the present study. Future studies
should examine more explicitly the effects of donor cell
transplantation on glial and immune response and
examine integration at even later time points after injury
to allow neuro-inflammation to subside fully and/or
include immune-regulating drugs to improve donor cell
survival. Conversely, cell transplantation may affect host
RGC:s after optic nerve injury. We found that iRGC trans-
plantation significantly promotes endogenous RGC sur-
vival 1 week after optic nerve injury, although this signifi-
cant improvement was lost by 2 weeks after ONC. This
suggests that iRGC transplantation can transiently delay
endogenous RGC death.

These data comprehensively assay iRGCs for gene
expression, electrophysiological maturation, and compe-
tency to integrate into a host retina after transplantation.
Future studies comparing donor cell differentiation
methods, stages of maturation, and accompanying factors
applied during transplantation may facilitate a transla-
tional pipeline toward cell replacement therapy in optic
neuropathies.
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