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Purprose. Many studies have demonstrated the ability of the retinal pigment epithelium
(RPE) to foster the maturation of the developing retina. Few studies have examined the
reciprocal effects of developing retina on the RPE.

MerHoDs. RPE isolated from human fetal RPE or differentiated from human stem cells was
cultured on Transwell filter inserts. Retinal progenitor cells (RPCs) were differentiated
from human stem cells and cultured on a planar scaffold composed of gelatin, chondroitin
sulfate, hyaluronic acid, and laminin-521. Cultures were analyzed by quantitative RT-PCR,
immunofluorescence, immunoblotting, and transepithelial electrical resistance (TER).

Resurts. RPCs initially differentiated into several retina-like cell types that segregated
from one another and formed loosely organized layers or zones. With time, the presump-
tive photoreceptor and ganglion cell layers persisted, but the intervening zone became
dominated by cells that expressed glial markers with no evidence of bipolar cells or
interneurons. Co-culture of this underdeveloped retinoid with the RPE resulted in a thick-
ened layer of recoverin-positive cells but did not prevent the loss of interneuron markers
in the intervening zone. Although photoreceptor inner and outer segments were not
observed, immunoblots revealed that co-culture increased expression of rhodopsin and
red/green opsin. Co-culture of the RPE with this underdeveloped retinal culture increased
the TER of the RPE and the expression of RPE signature genes.

Concrusions. These studies indicated that an immature neurosensory retina can foster
maturation of the RPE; however, the ability of RPE alone to foster maturation of the
neurosensory retina is limited.

Keywords: biomaterials, human embryonic stem cells, human induced pluripotent stem
cells, photoreceptors, retinal progenitor cells, retinal pigment epithelium

etinal degeneration is a major cause of visual impair-

known that RPE cell contact or secretions, such as

ment that affects millions worldwide. Two major disor-
ders are age-related macular degeneration and retinitis
pigmentosa.! Retina-like organoids derived from stem cells
have proven invaluable for disease modeling in culture.
Stem cells can be readily differentiated into retinal precur-
sor cells (RPCs). Great success has been achieved by
creating spherical retinal organoids that mimic retinogen-
esis.>"1% The retinal organoids are laminated and have been
used to study mechanisms of retinal disease by produc-
ing them from patient-derived induced pluripotent stem
cells.''"1> Nonetheless, the spherical retinoid lacks the
anatomical relationship of a planar neurosensory retina
with its outer surface opposed to the apical surface of
the retinal pigment epithelium (RPE). The re-establishment
of a pseudo-subretinal space would allow for RPE-RPC
contact and the concentration of factors secreted into that
space.
Previous studies have demonstrated the value of recon-
stituting RPE-neurosensory retina interactions. It is well
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pigment epithelium-derived factor, affect the neurosensory
retina.!"!® Recent studies have demonstrated the impor-
tance of cell-cell contact in fostering the differentiation
of human retinal organoids.'® The retinal organoids were
seeded on top of a monolayer of primary cultures of RPE
that were isolated from mice. The retinal organoids of vary-
ing stages of development were added for 2 weeks. In early
stages of differentiation, the RPE accelerated the expres-
sion of recoverin. When added to RPE after 5 months,
retinoid cultures accelerated the expression of rhodopsin
and red/green opsin. An RPE-conditioned medium had little
effect, indicating that close apposition of the RPE and reti-
nal organoids was required. A second approach with human
induced pluripotent stem cell (hiPSC)-derived tissue used a
microchip and fluid dynamics to recreate the choroid-RPE-
neuroretina interfaces.?° This study also cultured preformed
spherical retinoids with RPE but in a chamber that mimicked
choroidal blood flow. In addition to corroborating the
findings of Akhtar et al.,'® the authors demonstrated
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physiological interactions between the retinoid and the RPE,
such as phagocytosis of outer segments.

Conversely, a chick model of development demonstrated
that the developing neurosensory retina affects differentia-
tion and maturation of the RPE. A conditioned medium from
the developing neurosensory retina promoted the differenti-
ation of tight junctions.?!'?? Further, the conditioned medium
affected the expression of a broad array of RPE mRNAs.??
Other aspects of RPE polarity required cell-cell contact with
the neurosensory retina.?$?> To our knowledge, these effects
of the neurosensory retina on the RPE have not been studied
in other species.

The current study asked two fundamental questions:
Could RPEs and RPCs be cultured on a large scale if reti-
nal organoids could be cultured as a flat sheet? Would those
co-cultures further the maturation of the RPE? Attempts
to culture a planar retina have used artificial materials or
natural substrates found in the retina.?°~2% To date, these
approaches have not been reported to yield laminar reti-
nal organoids. Some scaffolds promoted the differentiation
of RPCs into photoreceptor precursors.?’?

To explore these questions, we examined the following
markers of retinal differentiation. LHX2, PAX6, and VSX2
are early eye field proteins found in all RPCs and subse-
quently in different lamina, as differentiation proceeds. PAX6
becomes a marker for retinal ganglion cells (RGCs) and VSX2
for bipolar cells.?73! LHX2 initially co-localizes with VSX2
and later is found in some amacrine cells and in Miller glia
along with glutamine synthetase.’> HuC/D and BRN3 are
markers for RGCs. HuC/D is a cytoplasmic, RNA-binding
protein,?> and BRN3 is a transcription factor.?! Recoverin
is a neuronal calcium binding protein that is found in
the cell bodies and processes of photoreceptor precursors
and, when they form, the outer segments of photorecep-
tors.>* CRX is a gene product of a cone-rod homeobox
gene expressed by photoreceptors.>> OTX2 is a transcription
factor and is involved in the differentiation of photorecep-
tors and bipolar cells.?®

We have described a scaffold composed of chondroitin
sulfate, collagen, and hyaluronic acid as a mimetic of the
retinal extracellular matrix.”” The scaffold provided a niche
that favored retinal differentiation over other cells of the
anterior forebrain. Cells of the same cell type clustered, but
lamina failed to form, and a continuous planar retinoid was
not achieved.>

In this report, we improved the scaffold by decorating it
with laminin-521, which promotes cell proliferation in stem
cell niches.¥”# Laminin-5xx (laminins with «5 subunits)
is found in the inner limiting membrane throughout fetal
development.*? The scaffold-cultured RPCs were co-cultured
with RPE, and we examined the effects of co-culture on the
differentiation of each “tissue.”

MATERIALS AND METHODS

See Supplementary Materials for complete methods.

Cells

Human embryonic stem cells (hESCs), WA09, were obtained
from WiCell Research Institute (Madison, WI, USA). We
obtained the hiPSCs Y6 and IMR90-4 from Yale University
Stem Cell Center (New Haven, CT, USA) and WiCell, respec-
tively. Human fetal RPE (hfRPE) was a gift of A. Mamaniskis
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and S. Miller (National Eye Institute, National Institutes of
Health, Bethesda, MD, USA).

Differentiation and Culture of RPCs on the
GCH-521 Scaffold

Undifferentiated stem cells were maintained and differen-
tiated as described previously” On day 21 (D21), reti-
nal vesicles were harvested and maintained in suspension
culture or dissociated and plated on the GCH-521 scaf-
fold. The original method for fabricating the GCH scaf-
fold*® was modified by the addition of laminin-521. Dried
GCH scaffolds were rehydrated by adding 20 pL of serum-
free medium (SFM; 70% high-glucose Dulbecco’s modi-
fied Eagle’s medium and 30% F-12 supplemented with
2% B27 and penicillin/streptomycin) supplemented with
1.0 pg/mL laminin-521 (STEMCELL Technologies, Vancou-
ver, BC, Canada). Scaffolds were incubated at 37°C for
30 minutes before seeding with RPCs. Cultures were main-
tained in SFM, and medium was changed three times per
week for the rest of the experiment.

RPE and Co-Culture

RPE was derived from IMR90-4 cells and cultured as
described earlier.*4> hfRPE was cultured as described
earlier.* In each case, cells were seeded on Transwell culture
inserts (Corning Inc., Corning, NY, USA) that were coated
with 10 pg Synthemax (Corning). Six weeks post-confluence,
cells were adapted to SFM. The transepithelial electrical
resistance (TER) was monitored using an EVOM2 resistance
meter with EndOhm electrodes (World Precision Instru-
ments, Sarasota, FL, USA). One week after plating on GCH-
521, RPC cultures were layered cell-side down onto differen-
tiated RPE (Supplementary Fig. S1). Co-cultures were main-
tained up to 9 months.

Quantitative Real-Time Reverse-Transcription PCR

RNA was extracted using TRIzol reagent (Thermo Fisher
Scientific, Waltham, MA, USA) and cDNA prepared as
described earlier?® Primers for quantitative real-time
reverse-transcription PCR (qRT2-PCR) are listed in Supple-
mentary Table S1. Alternatively, cDNA was analyzed using
custom-made RT-PCR microarrays (Bio-Rad, Hercules, CA,
USA) (Supplementary Fig. S2). Relative mRNA expression
was normalized to the housekeeping genes ACTB and
GAPDH, and the 2-*%% method was used for analysis.*°

Immunocytochemistry and Immunoblotting

Frozen sections (12 pm) were mounted on polylysine-coated
slides. Primary antibodies and secondary antibodies are
listed in Supplementary Table S2. Fluorescence images were
captured with an LSM 410 spinning-disc confocal micro-
scope and processed using Zen software (Carl Zeiss SBE,
LLC, Thornwood, NY, USA). The images are representative
of three or more experiments. The windows for color chan-
nels were determined by the sample with the greatest signal
intensity and applied uniformly to all related images in that
figure.

Protein extracts were resolved by sodium dodecyl
sulfate—polyacrylamide gel electrophoresis and followed by
immunoblotting. Actin was used as an internal standard to
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Ficure 1. Laminin-521 promoted the differentiation of WAOQ9-
derived RPCs. RPCs were isolated on D21 and maintained as retinal
spheroids or plated on GCH-521. Gene expression was assayed by
qRT2-PCR. (A) One week after plating, expression of mRNA was
elevated for GCH-521 cultures relative to retinal spheroids for the
early eye-field gene SIX3 but depressed for LHX. SIX6, which typi-
cally appears between D25 and D28, was also elevated in the GCH-
521 cultures. (B) By D67, expression of the pluripotency markers
OCT4 and NANOG was substantially lower. Expression was elevated
for PAXG, SIX3, SIXG, VS§X2, and NEURODI1. P < 0.05 for three inde-
pendent experiments.

normalize each sample. Details of the antibodies used are in
Supplementary Table S2. Blots were imaged using a Chemi-
Doc MP Imaging System (Bio-Rad).

Statistical Analysis

All statistical data are presented as the mean =+ standard
error, unless otherwise stated. Independent cultures from
both cell lines were analyzed in triplicate. Comparisons were
made using one-way ANOVA, and P < 0.05 was considered
statistically significant.

RESULTS
Monoculture of RPCs

The cultures on scaffolds were compared to spherical reti-
nal spheroids of comparable age. Embryoid bodies were
differentiated for 21 days (D21) to form retinal vesicles and
express early eye-field transcription factors. Retinal vesicles
were isolated, and the cells were dissociated and seeded
onto GCH-521 scaffolds. Compared with the spherical reti-
nal organoids, cultures on GHC-521 enhanced the expres-
sion of some genes but not others. One week after plat-
ing, expression of the mRNAs increased for the early eye-
field genes SIX3 and SIX6 but decreased for LHX2 (P <
0.05) (Fig. 1). On D67 (46 days post-seeding), the mRNAs
increased for V§X2, NEUROD1, PAXG6, SIX3, and SIX6 (P <
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0.05). Expression decreased for the mRNAs of the stem cell
markers NANOG and OCT4 (P < 0.05).

Protein expression was followed by indirect immunofluo-
rescence of frozen sections. On D42 (21 days post-seeding),
an ~150-pm-thick layer of cells was observed on one side of
the ~85-um-thick autofluorescent scaffold (Fig. 2). We exam-
ined the products of the early eye-field genes PAXG, VS§X2,
and LHX2. A low-power view revealed PAXG6 in a zone of
cells on the free surface and in cells near the scaffold. As in
the example of Figure 2, an island of PAX6 cells was occa-
sionally found between these surfaces. VSX2 and LHX2 were
most evident in an intermediate zone between the two layers
of PAX6. They were absent from the island of PAX6 noted
above. A few LHX2- and VSX2-positive cells were found on
the scaffold and free surfaces but were distinct from the
PAXG6-positive cells. It appeared that different cell types were
segregating from one another into loosely formed lamina.

By D51, evidence of photoreceptor precursors was
suggested by positive signals for OTX2, CRX, and recov-
erin (RCVRN) near the free surface (Fig. 3). Recoverin
immunoreactivity localized to the cytoplasm of cells that
expressed OTX2 immunoreactivity in the nucleus. Recoverin
immunoreactivity was absent from some OTX2-postive cells.
CRX was found predominantly in the nucleus but also in the
cytoplasm of some cells.

By D70, the ganglion cell-associated markers HuC/D and
BRN3 were found in cells that were enriched near the scaf-
fold (Fig. 3). HuC/D was found in the cytoplasm and BRN3
in the nucleus. Recoverin was detected in the perinuclear
cytoplasm of a band of cells adjacent to the free surface.
Short processes were observed, but inner or outer segments
were not in evidence. A zone of nuclei that was unlabeled
by any of these markers lay between them.

Between 3 and 6 months, differentiation of the cultures
failed to form elongated precursors of photoreceptors or
bipolar cells, as would spherical retinoids. Longer cultures
(up to 9 months) were no different than 6-month cultures.
The cultures were as thick as 1000 pm, and an ~100- to
200-um-thick zone of recoverin immunopositive cells was
found at the free surface of the culture (Fig. 4A). The bound-
ary between the recoverin and underlying zone was ragged.
Flat mounts demonstrated that the recoverin-positive cells
extended long processes (Fig. 4B). HuC/D-positive cells
were observed near the scaffold, but they were few in
number relative to the number of nuclei. The thick, inter-
vening zone was dominated by cells with immunoreactivity
for glutamine synthetase. There was little if any immunore-
activity for markers of bipolar cells or interneurons. Live
cultures labeled with Tubulin Tracker (Thermo Fisher Scien-
tific) demonstrated several layers of neurite-like processes
that ran parallel to the plane of the monolayer (Fig. 4C).
Opsin- or rhodopsin-positive cells were scarce and lacked
the morphology of photoreceptors.

Co-Culture of RPCs with RPE

On day 21, RPCs were plated on GCH-521. Three days later
they were co-cultured with hfRPE or hiPSC-derived RPE.
By the time the scaffold with RPCs was added to the RPE
culture, RPE had been >8 weeks post-confluent and adapted
to SFM. The cultures were followed for up to 9 months.
At 3 months, the metabolic activity of the co-culture, as
measured by the alamarBlue Assay (Thermo Fisher Scien-
tific), equaled the combined activity of RPE alone plus RPCs
alone (Supplementary Fig. S3); therefore, cells from both
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Ficure 2. By D42, RPCs on the GCH-521 scaffold formed discontinuous zones. A low-power micrograph shows an ~175 pm-thick layer of
cells sitting on the GCH 521 scaffold. The same sample was immunolabeled with antibodies to PAX6 (green), LHX2 (magenta), and VSV2
(red). Boxes indicate regions that were magnified 4x for the insets, which exhibit two of the color channels. (A) Cell nuclei were stained
with 4',6-diamidino-2-phenylindole (DAPI) (blue) to reveal all the cells in the tissue. (B) PAX6 immunoreactivity was found in zones near
the free surface and in and about the autofluorescent scaffold (asterisks). An island of immunoreactivity was found between these layers
(arrow). (C, D) VSX2 and LHX2 immunoreactivity was primarily found in an intermediate zone. VSX2- and LHX2-positive cells that were
found in the free surface zone were distinct from PAXG6-positive cells and, using PAXG6 as a reference, were distinct from each other (insets,
B and D). The intermediate zone exhibited VSX2 and LHX2 immunoreactivity (inset, C). Images are representative of three independent
experiments, each with WA09- and Y6-derived cultures. Arrows indicate the same position in each panel. Paired arrowbeads delineate the
intermediate zone and indicate the same position in each panel. Scale bar: 50 pm.

D51

Free
Surface

Scaffold BRN‘3/DAPI

Ficure 3. At later stages of differentiation, like cells formed clusters that lay either in the free or scaffold zones. Frozen sections from
various samples were prepared on days 51 and 70. The scaffold (asterisks) is out of the frame of panels that focus on PR precursors; the
double-headed arrow indicates the orientation of all the panels except D51: RCVRN/OTX2. That panel shows a grazing section through the
free surface. On D51, CRX immunoreactivity was observed in the nucleus of cells near the free surface. The cells overlay a layer of unlabeled
cells that separated CRX-positive cells from the RGC-like layer, which is out of the field of view. HuC/D immunoreactivity was observed in
the perinuclear cytoplasm of cells near the scaffold; the free surface is out of the field of view. RCVRN and OTX2 labeled the same cells
near the free surface. OTX2 immunoreactivity was found in the nucleus and RCVRN in the cytoplasm (inset). In some cells, only OTX2
immunoreactivity was evident (arrow). On D70, HuC/D and BRN3 were evident near the scaffold. HuC/D immunoreactivity was found in
the perinuclear cytoplasm, whereas BRN3 was found in the nucleus. In the right-hand panel, HuC/D-labeled cells were separated from
RCVRN by a zone of non-immunoreactive cells. Images are representative of two independent experiments each with WA09- and Y6-derived
cultures. Insets are a 4x enlargement of the associated panel. Scale bar: 20 nm.

cultures appeared to be metabolically active. The cultures RPE increased significantly (P < 0.01). Co-culture did not
of RPCs on the GCH-521 scaffold failed to exhibit an affect the morphology of the RPE as assessed by indirect
appreciable TER (Fig. 5A). The TER of the monocultures immunofluorescence (Fig. 5B). Polygonal monolayers were
was consistent with other reports for hiPSC-RPE.#"-# Due observed in the x,y plane, with circumferential bands of ZO-

to co-culture, the TER of both hfRPE and hiPSC-derived 1 and actin. In the x,z plane, ZO-1 and actin were observed in
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Ficure 4. Six- to 8-month cultures of IMR90-4-derived RPCs
expressed immunoreactivity for recoverin in the free surface zone,
HuC/D in the scaffold zone, and glutamine synthetase throughout
the tissue. (A) Frozen sections of 7-month cultures were fluores-
cently labeled with antibodies to recoverin. The autofluorescent
scaffold (asterisk) is seen along the left border of the image and
the free surface along the right border. A thick layer of recoverin-
positive cells (green arrowbeads) was evident along the free surface.
Background staining of the intervening region revealed the conti-
nuity of the cells; dark spaces between the cells are sectioning
artifacts. (B) Flat mounts were prepared from 8-month cultures.
Confocal slices are aligned with the free surface, intermediate, and
peri-scaffold regions of panel A. Slices near the free surface revealed
recoverin in the cell body and long, thin processes (long arrows).
Slices near the scaffold (asterisk) revealed that HuC/D immunore-
activity was observed in the cell body and long thin processes
of some cells (arrowheads). Slices between these zones revealed
glutamine synthetase in cell bodies (short arrows) and extended
processes. (C) Tubulin tracker was added to both sides of live,
6-month cultures and imaged by confocal microscopy. The dye was
unable to penetrate the thickness of the culture. The x,z sections
are boxed in red. Regions 1: Cultures were mounted with the either
the free surface or the scaffold surface adjacent to the coverslip;
confocal slices were taken through the free and scaffold zones,
and neurite-like processes were evident in each zone. Regions 2:
Two optical sections within the free surface zone revealed two
layers of neurite-like processes; sections were counterstained with
DAPI (blue). Images are representative of three experiments. Similar
results were observed with 9-month cultures. Scale bars: A, 200 pm;
B and C, 20 pm.

an apical junctional complex at the apical end of the lateral
membranes.

To further assess the effects of co-culture, we used two
RT-PCR microarrays, one for the RPE layer and a second for
the RPC layer. The first array assayed a subset of signature
genes and markers of RPE maturation (Fig. 6A).#° Gene
expression of a subset of signature genes for RPE increased
because of co-culture (BEST1, DCT, FRZB, MET, MITF,
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MYRIP, PMEL, RBP1, and SFRP5), along with two genes
SLC22AB and PCDHGD4, which are makers for RPE matu-
ration. The second array assayed a representative collection
of retinal markers and a few RPE markers to access cross-
contamination. The results were mixed. Gene expression
increased for early eye-field/photoreceptor genes (RAX and
SIX3) and retinal markers, including photoreceptors (NR2E,
GNAT, PRPH2, RCVRN, and THRB), retinal ganglion cells
(POUAF1 and POUAF2), and interneurons (PROX1) (Fig. 6B).
Gene expression decreased for some markers, including
photoreceptors (OPN1SW), retinal ganglion cells (ELAVL4,
NEFM, and PVALB), and interneurons/bipolar cells (CALB2,
DLG4, GAD1, and PCKa).

Frozen sections of D90 cultures were prepared by first
separating the RPE and neuronal layers, as the Transwell
filter is difficult to section. Co-culture with the RPE resulted
in a thick layer of recoverin-positive cells, up to 10 to 15
cells deep, that exhibited a sharp boundary with the inter-
mediate zone (Fig. 7). There was no evidence of an outer
plexiform layer or cellular extensions into the intermediate
zone. The intermediate zone is where we would expect to
find bipolar cells, or other interneurons, and Miiller cells.
An early eye-field marker that is also associated with Miller
cells, LHX2, was detected in this zone; LHX2 was sparse in
and about the scaffold where retinal ganglion cell markers
were found. Like the monocultures, there was no evidence
of interneurons.

Immunoblotting revealed the presence of rhodopsin and
R/G opsin in the 6-month co-cultures (Fig. 8). Rhodopsin
was undetected in the monocultures and showed a strong
signal on the immunoblots from co-culture preparations. A
doublet was observed for red/green (R/G) opsin in mono-
and co-cultures. The doublet might result from variable
posttranslational modification.”!:>> Co-cultures appeared to
increase the amount of R/G opsin. Unlike the opsins, co-
culture had no apparent effect on the expression of HuC/D
or glutamine synthetase. Neither VSX2 nor PROX1 was
detected in mono- or co-cultures. In frozen sections, we did
not observe convincing evidence of rhodopsin- or opsin-
positive cells or any morphological evidence of inner and
outer segments.

DiscusSsION

The best culture models of the neurosensory retina are based
on protocols that differentiate iPSCs into spherical retinoids,
and we compare our findings with this literature.>>=>> The
retinoids often include a tuft of RPE, but RPE is not essential.
When present, the RPE is in an ectopic location, although
it could contribute secretory products that are known to
enhance differentiation.’®' The timing of developmental
events varies among cell lines and protocols, but the order
of events is roughly the same. Rather than time in culture,
Caposki et al.> related developmental landmarks to three
morphological stages. The order of events and the range
for their appearance in culture is summarized in Figure 9
and compared to our findings. Briefly, after early eye-field
genes are expressed, a layer of retinal ganglion cells appears
along the luminal surface of the spheroid along with neuro-
filaments. Subsequently, distinct layers appear with mark-
ers for photoreceptor precursors on the outer surface and
interneurons in the region between the photoreceptor and
ganglion cell markers. Cells positive for photoreceptor mark-
ers elongate. Patches of photoreceptors with inner and outer
segments increase in size as evidence of the RGC layer
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Figure 5. Co-culture increased the TER of RPE. WA09- and Y6-derived RPC cultures were co-cultured with hfRPE. IMR90-4 RPC-derived
cultures were co-cultured with IMR90-4-derived RPE. (A) The TER of RPC-derived monocultures (black) was negligible. For each 3-month co-
culture (dark gray), the TER was significantly higher than parallel monocultures (light gray) (P < 0.01). (B) Following the TER measurement,
the morphology of the RPE was examined by indirect immunofluorescence after the scaffold and RPC-derived tissue were removed. The
large panel at the bottom of the image is the x,y plane, and the thin panel at the top is the x,z plane. The black arrowbead indicates the
plane of section for the x,z plane. The blue arrowhbead indicates the position of the apical membrane, and the magenta arrowbead indicates
the base of the monolayer. A typical polygonal lattice was observed in the x,y plane. In the x,z plane, ZO-1 (tight junctions) overlapped with
actin (both tight and adherens junctions) to form an apical junctional complex, which localized to the apical end of the lateral membranes.

"P < 0.01 (n = 3). Scale bar: 20 pm.
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Figure 6. Co-culture of WA09-derived RPE and RPCs affects the differentiation of each culture. Co-culture affected the expression of mRNAs
for a subset of RPE (A) and retinal (B) markers. Expression of transcripts above the red line increased by more than four times and those

below the green line decreased by more than four times (12 = 3).

decreases. Morphologic and immunocytochemical evidence
of synapses appear, and light-evoked electrical signals can
be detected. The entire process requires 6 to 9 months.

Differentiation of RPC Monocultures

Planar culture models of the neurosensory retina would offer
several advantages. Investigators could readily access both
sides of the culture. Ganglion cells might survive longer due
to better access to nutrients and more space for axons to
grow; however, this was not observed. Conceivably, RGCs
died due to lack of electrical stimulation or the absence of
a target cell. We could not detect neurites oriented perpen-
dicular to the scaffold and found no evidence of synapses.
Further, there were no astrocytes or endothelial cells whose
secretions might have stabilized the inner layers. Another

confounding factor is that the cultures were likely contami-
nated with RPE and derivatives of anterior forebrain precur-
sors. Unlike retinal spheroids, we were unable to select
spheroids with an RPC morphology. The occasional island of
PAX6-positive cells between the surface and scaffold layers
might reflect patches of these contaminants.

Compared with our earlier scaffold, the addition of
laminin-521 initially improved cell attachment and fostered
cell proliferation. Later it appeared to promote segrega-
tion of neuronal cell types into zones. In the first few
months, cells with photoreceptor markers tended to be on
the free surface and cells expressing ganglion cell mark-
ers were enriched near the scaffold. Because laminin-521
is enriched in the inner limiting membrane,* it might
have promoted this localization of ganglion cells. If so,
laminin-521 is not required, because in retinal spheroids the
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RCVRN/

RCVRN/

Figure 7. Co-culture sharpened the boundary of the RPE-facing zone. Co-cultures of Y6-derived RPCs with hfRPE were maintained for
3 months. The RPE was removed, and frozen sections of the RPC layer were labeled with antibodies, as indicated in each panel. The long
arrow is perpendicular to the plane of the tissue and indicates the RPE-facing surface. The scaffold is indicated by the asterisk. (A) Neither
antibodies to RCVRN nor LHX2 labeled cells near the scaffold. Recoverin labeled a layer of cells at the RPE-facing surface that was as much
as 10 to 15 cells deep. LHX2-labeled cells (short arrows) were enriched in a zone adjacent to the recoverin-positive cells. (B) A second
sample, oriented the same way, was imaged at higher magnification. There is a sharp boundary between the LHX2 and recoverin zones.
Short arrows indicate the same LHX2-positive cells in each panel. Scale bars: A, 50 pm; B, 20 pm.
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Figure 8. Co-culture increased the expression of opsins. IMR90-
4-derived RPE was co-cultured with IMR90-4-derived RPCs for
6 months. Immunoblotting demonstrated the presence of a doublet
for R/G opsin in monocultures that increased relative to actin as a
result of co-culture. Rhodopsin was not detected in the monocul-
tures but was evident in co-cultures. Co-culture did not affect the
expression of HuC/D or glutamine synthetase. VSX2 and PROX1
were not detected under either culture condition. Blots are repre-
sentative of three independent experiments.

distribution of ganglion cells is polarized long before
laminin-5xx is detected.®3 Cells expressing markers for glia
and interneurons were enriched in an intermediate zone.
Despite similarities to differentiation in retinal spheroids,
this trend was not evident throughout the culture, and the
definitive lamination found in spherical retinal organoids
was only partially achieved.

The presumptive RGCs diminished in density between
3 and 6 months, but they remained close to the scaf-
fold. Markers for interneurons were absent, and glial mark-
ers dominated the intervening region, which became quite
thick, ~800 pm. Despite the presence of recoverin, there was
little morphological evidence of photoreceptors. Further,
tubulin positive processes traveled parallel to the scaf-

fold rather than penetrating into the tissue. Nonethe-
less, R/G opsin, but not rhodopsin, could be detected on
immunoblots.

Differentiation of Co-Cultures

RPCs were cultured for up to 9 months with an estab-
lished (i.e., high TER), planar monolayer of RPE. The hypoth-
esis was that differentiation of RPCs would improve by
restoring their normal anatomical relationship with RPE.
Further, the RPCs would also advance the maturation of RPE.
The pseudo-subretinal space created by co-culture would
presumably concentrate secreted factors from the RPE and
RPCs and enable RPE-outer retina interactions. Co-cultures
were initiated early during differentiation to allow the tissues
to co-differentiate, as hypothesized in Supplementary Figure
S1A. A timeline for the events we observed is provided
in Figure 9.

Co-culture had little effect on the differentiation of the
RPCs, aside from a modest effect on photoreceptor precur-
sors. At 3 months, there was a modest increase in the expres-
sion of genes for some retinal cell markers, but others
decreased. Nonetheless, immunofluorescence revealed a
thickened zone of recoverin-positive cells on the RPE-facing
surface that overlay a zone of LHX2-positive cells. This local-
ization at this stage of differentiation would be consistent
with the role of LHX2 in regulating the differentiation of
interneurons.”’

By 6 months, immunoreactivity remained for recoverin in
cell bodies along the RPE surface of the retinal culture. Co-
culture had little effect on RGCs and intermediate cell layers.
Although immunoblots revealed an increase in expression
of R/G opsin and rhodopsin became evident, immunofluo-
rescence failed to reveal cells with a convincing morphol-
ogy of photoreceptors. These data do not replicate, but are
consistent with, studies of human spherical retinal organoids
seeded on a monolayer of mouse RPE or on a monolayer
of hiPSC-RPE in a microchip chamber.'®?° Those studies
seeded the RPE cultures with retinal spheroids that had
already formed interconnected retinal lamina. In that circum-
stance, contact with the RPE accelerated the differentia-
tion of photoreceptors. They did not address effects on
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Differentiation on the GCH-521 Scaffold

Ficure 9. Differentiation of RPC in culture. The timeline is in months. Above the timeline, the differentiation of retinal spheroids combines

data from several studies.33-5¢

All times are rough approximations, as they vary with cell line and culture protocol. The double-headed

arrows indicate the ranges of the three stages described by Capowski et al.>® The characteristics of stages 1 and 2 are shown below the
arrows. The characteristics of stage 3 lie on either side of the arrow. Below the timeline are approximate times for events observed in the

current study.

other retinal neurons. Our study demonstrated that anatom-
ically placed RPE did not replace the cocktail of supple-
ments that others have used to promote differentiation of
RPCs.18:20,56,58,59 1f placed in the basal medium chamber of
the culture, RPE might transport these supplements to the
retinal cells as part of its native barrier functions.”® This
approach might achieve our initial goal of creating a large-
scale RPE/neurosensory retinoid with properties compara-
ble to the micro-retinoid developed by Achberger et al.?°

For RPE, RPCs derived from three stem cell lines matured
the barrier function of RPE, as evidenced by an increase in
the TER of hiPSC-derived RPE and hfRPE isolated from 15-
to 16-week-gestation fetuses. There was also an increase in
the expression of genes that define RPE.”*®° These included
genes for melanin formation, Wnt signaling, and membrane
transport.

The first evidence that the developing neurosensory
retina influenced the maturation of RPE was from stud-
ies of chick embryogenesis.?'~23:%! Diffusible factors from
the developing neurosensory retina affected the expres-
sion of numerous genes and increased the TER by foster-
ing the development of tight junctional strands. The active
agents secreted by conditioned medium prepared from
embryonic day 7 (E7) retinas (no retinal lamina present)
differed from those secreted by E14 retinas (photorecep-
tors with only inner segments). Concomitant with this step-
wise increase in TER, cell-cell contact polarized the distribu-
tion of several proteins.?*?> In humans, RPEs isolated from
13-week-gestation fetuses have high TER.°> By this time,
ganglion cell and inner plexiform layers have developed,
but the outer plexiform layer continues to develop through
week 18.°> Rudimentary inner segments of the photorecep-
tors are evident at 26 weeks.* Together with the current
study, the immature neurosensory retina apparently modu-
lates maturation of the outer blood-retinal barrier in species
as divergent as chickens and humans.

These data support the hypothesis that, early in devel-
opment, the presumptive neurosensory retina begins to
promote maturation of the RPE. The maturing RPE feeds
back to enhance differentiation of the outer retina. Absent

a choroid or choroidal blood supply and astrocytes and
endothelial cells, feedback in our model was limited to
modest effects on the putative photoreceptor layer. The
choroid contains factors that foster the differentiation of the
neurosensory retina (e.g., serum, retinoic acid, taurine). By
adding such factors to the basal medium chamber, planar
co-cultures would provide a model to probe mechanisms
whereby the outer blood-retinal barrier influences differen-
tiation of the neurosensory retina.
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