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SUMMARY

The generation of retinal organoids from human pluripotent stem cells (hPSC) is now a well-established process that in part recapitulates
retinal development. However, hPSC-derived photoreceptors that exhibit well-organized outer segment structures have yet to be
observed. To facilitate improved inherited retinal disease modeling, we determined conditions that would support outer segment devel-
opment in maturing hPSC-derived photoreceptors. We established that the use of antioxidants and BSA-bound fatty acids promotes the
formation of membranous outer segment-like structures. Using new protocols for hPSC-derived retinal organoid culture, we demon-
strated improved outer segment formation for both rod and cone photoreceptors, including organized stacked discs. Using these
enhanced conditions to generate iPSC-derived retinal organoids from patients with X-linked retinitis pigmentosa, we established robust
cellular phenotypes that could be ameliorated following adeno-associated viral vector-mediated gene augmentation. These findings

should aid both disease modeling and the development of therapeutic approaches for the treatment of photoreceptor disorders.

INTRODUCTION

Inherited retinal degenerations caused by mutations in
photoreceptor-specific genes result in blindness for mil-
lions of people worldwide, with limited treatment options
currently available. A fundamental requirement for the
development of novel retinal therapies is the establish-
ment of robust pre-clinical models in which disease mech-
anisms can be elucidated and new therapies tested. One
approach is the use of human pluripotent stem cells
(hPSCs), which can be differentiated toward retinal line-
ages. Since the initial demonstration of ESC-derived optic
cups that develop into layered retinal tissue, many groups
have devised protocols to generate 3D retinal structures,
commonly referred to as retinal organoids (reviewed in
O’Hara-Wright and Cordero, 2020). In turn, this has led
to an increase in disease modeling using induced pluripo-
tent stem cells (iPSCs) derived from patients carrying
photoreceptor-specific mutations (Parfitt et al., 2016;
Deng et al., 2018; Megaw et al., 2017; Lane et al., 2020;
Gao et al., 2020; Lukovic et al., 2020). However, a remain-
ing limitation is the incomplete maturation of hPSC-
derived photoreceptors in vitro. To date, only a few rudi-
mentary outer segment (OS)-like structures have been

observed by ultrastructural analysis, following extensive
long-term culture (Lukovic et al., 2020; Wahlin et al.,
2017; Gonzalez-Cordero et al.,, 2017; Ovando-Roche
et al., 2018). The photoreceptor OS is a specialized sensory
cilium, formed of stacked membranous discs that are
constantly renewed and contain the photoresponsive op-
sins (Young, 1969). Therefore, improved formation of
hPSC-derived photoreceptors bearing OSs is essential for
effective disease modeling, as these structures are vital for
photoreceptor function.

The increased metabolic activity of mature photoreceptors
is maintained in vivo by the high rate of choroidal blood flow
and the supportive function of the retinal pigment epithelial
(RPE) cells (Boulton and Dayhaw-Barker, 2001; Strauss,
2005). RPE cells phagocytose shed OSs, recycling both visual
pigments and essential fatty acids, the two major compo-
nents of the disc membranes (Rice et al., 2015; Bazan et al.,
1992). By considering the high concentrations of essential
nutrients maintained in the outer retina, we developed an
optimized medium for the long-term culture of maturing
photoreceptors. We also investigated supplementation
with docosahexaenoic acid (DHA), the predominant long
chain poly-unsaturated fatty acid (LC-PUFA) present in the
retina, which is essential for correct OS disc morphology
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Figure 1. Improved long-term culture of mouse ESC-derived photoreceptors

(A) Histogram showing the percentage of classified sections (non-retinal, organized, and disorganized PRs; see Figure S1 and supple-
mental experimental procedures for criteria) when cultured under various conditions (+SEM; *p < 0.05, **p < 0.01, ***p <0.001, ****p <
0.0001; n > 12 sections, N > 3 experiments).

(B) Line graph showing the percentage of rod (Crx.GFP*CD73™) PRs present over time in RMM or ALT media (£SD; ***p < 0.001; n = 24
pooled EBs, N > 3 experiments).

(legend continued on next page)
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and optimal visual function (Shindou et al., 2017). In addi-
tion, we examined whether our enhanced culture condi-
tions might allow improved retinal disease modeling. We
therefore generated iPSC lines from patients with X-linked
retinitis pigmentosa type 3 (XLRP3) caused by pathogenic
mutations in the retinitis pigmentosa GTPase regulator
(RPGR) gene. RPGR mutations result in defective photore-
ceptor cilial function and cause a particularly severe type of
RP with an early onset of disease in childhood and relatively
rapid progression that leads to severe visual impairment by
the third to fourth decade (Tee et al., 2016). We were able
to observe cellular defects in XLRP3 hPSC-derived retinal or-
ganoids that subsequently allowed us to evaluate whether a
shortened RPGR transgene was able to rescue function in hu-
man photoreceptors.

RESULTS

Generation of mouse ESC-derived photoreceptor cells
bearing outer segment-like structures

To promote the formation of photoreceptor OSs, not previ-
ously observed in late-stage mouse embryonic stem cell
(mESC)-derived retinal cultures, we designed an enhanced
serum-free medium, herein referred to as ALT. To determine
the importance of individual components of ALT medium,
we also tested an antioxidant-rich medium, hereafter
referred to as AOX medium, in addition to our original
retinal maturation medium (RMM); see Table S1 for media
composition. In parallel, we supplemented with 50 uM
DHA pre-complexed with fatty acid-free BSA (referred to
as +DHA). BSA alone was used as a control (+BSA). The dif-
ferentiation of mESC-derived embryoid bodies (EBs) con-
taining retinal regions was established as previously
described, with retinal cultures maintained in long-term
media from day 21 onward (Kruczek et al., 2017).

The first sign of mESC-derived photoreceptor cell loss af-
ter day 30 is the disorganization of the outer nuclear layer
(ONL)-like structures within the EBs. We therefore exam-
ined day 34 cryosections, according to set criteria (Figures
S1A-S1H; see supplemental experimental procedures) and
determined the percentage of sections with organized,
disorganized, or no photoreceptors (non-retinal cells)
following culture with the various media (Figure 1A). A
significantly greater percentage of sections containing
organized photoreceptors was observed with AOX and
ALT media, compared with those maintained in RMM

with BSA (Figure 1A; 59 + 10% and 53 + 6% versus 29 +
12% of sections, respectively; mean + SEM, p < 0.0001;
two-way ANOVA with Dunnett’s multiple comparisons
test; n > 12 sections, N > 3 differentiations). This suggests
that the increased antioxidants, present in both AOX and
ALT media, supported the maintenance of photoreceptor
organization and enhanced survival at this later develop-
mental timepoint. A similar result was observed for AOX
and ALT media with DHA supplementation, compared
with the RMM +BSA (Figure 1A, 57 + 5% and 48 + 4% versus
29 + 12% of sections, respectively; mean + SEM, p <0.001).
However, significantly more sections contained disorga-
nized photoreceptors in RMM +DHA, suggesting a detri-
mental effect of increased lipid concentrations without
additional antioxidants (Figure 1A; 69 + 4% versus 54 +
18% of sections, respectively; mean + SEM, p < 0.05). No
significant differences were found in the percentage of sec-
tions containing non-retinal cells for any of the media con-
ditions (Figure 1A; mean + SEM, p > 0.05).

To determine if there was increased survival of photore-
ceptors over time, we used flow cytometry to analyze the
percentage of rod photoreceptors (Crx.GFP*CD73" cells),
using a Crx.GFP mESC line (Figures 1B and S1I). At day
29, no significant difference in the percentage of rods
grown in either RMM or ALT media only was observed,
confirming differentiation was unaffected (Figure 1B; 73
+ 7% versus 78 = 5% Crx.GFP*CD73* cells in ALT and
RMM, respectively; p > 0.05; two-way ANOVA with Sidak’s
MCT; n=24pooled EBs, N > 3 experiments). At day 36 and
43, the percentage of rods was greatly reduced when
cultured in standard RMM. Despite a slight reduction
over time, use of ALT medium resulted in a significantly
higher percentage of rods being preserved at day 43 (Fig-
ure 1B; 54 + 12% versus 24 + 12% Crx.GFP*CD73" cells,
respectively; p < 0.001). These results therefore support
the use of this enriched base medium for extended preser-
vation of mESC-derived photoreceptors at late stages of
culture.

To look in more detail at the morphology of photorecep-
tors, cryosections were stained for phototransduction pro-
teinsrhodopsin and peripherin, which localize to the OS in
the adult mouse retina (Figures 1C-1F and S2). As previ-
ously observed, rhodopsin and peripherin staining was
present in the segment region of the photoreceptors under
standard conditions (RMM +BSA), with rhodopsin also
present in the ONL-like layer (Figures S2A and S2G and
Gonzalez-Cordero et al., 2013). Similar results were

(C-F) Representative images of mESC-derived retinal regions (Nrl.GFP line, green rod PRs) at day 42, maintained in either RMM or ALT
media, with +BSA or +DHA and stained for rhodopsin (gray) and peripherin2 (red).

(G-N) TEM micrographs showing retinal regions maintained in different culture conditions. Inset regions shown at higher magnification
(H, J, L, and N). Nuclei were stained with DAPI (blue). Scale bars, 1um (H, J, L, and N), 2um (G, I, K, and M), and 10um (C-F).

IS, inner segment region; OLM, outer limiting membrane; 0S, outer segment region; PRs, photoreceptors.
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observed for all other media conditions (Figures S2C, S2E,
S2I, and S2K). However, slightly less rhodopsin was noted
in the ONL-like layer for both AOX and ALT media condi-
tions with lipid-bound BSA, for all mESC lines examined
(Figures S2D, S2F, S2J, and S2L and data not shown). This
could be clearly observed at day 42, whereby rhodopsin
was discretely localized to the segment region of ALT-
grown photoreceptors; in contrast, no organized photore-
ceptor regions remained under standard conditions, as
observed in previous studies (Figures 1C-1E, respectively
and Gonzalez-Cordero et al., 2013). This rhodopsin locali-
zation isreminiscent of late postnatal (>P12) mouse photo-
receptors, a developmental stage that until now had not
been possible to investigate in 3D mESC-derived retinal
cultures. Further testing of individual components in
AOX medium revealed no significant differences in photo-
receptor organization, compared with the AOX +BSA con-
trol (Figures S2M-52Q, mean + SEM, p > 0.05; two-way
ANOVA with Dunnett’s MCT; n > 12 sections, N > 3
differentiations).

To investigate the formation of OS-like structures further,
transmission electron microscopy (TEM) was used to
examine day 34 mESC-derived photoreceptors (Figures
1G-1N). Despite preservation of photoreceptor organization
with AOX +BSA medium, there was little indication of OS-
like structures at the ultrastructural level, similar to previous
observations using standard conditions (Figures 1G and 1H)
(Gonzalez-Cordero et al.,, 2013). In contrast, numerous
membranous structures were observed with the addition of
lipid-rich BSA (AlbuMAX) and BSA-bound DHA (Figures 11
and 1L, respectively). Likewise, membranous structures
were abundant in ALT +DHA retinal cultures, with many
structures containing numerous internal foldings, reminis-
cent of nascent OSs (Figures 1M and 1N). These findings
demonstrate the importance of additional antioxidants to
maintain photoreceptors in long-term mESC-derived retinal
cultures, as well as the requirement of BSA-bound lipids for
the development of OS-like structures.

Efficient generation of human PSC-derived
photoreceptors bearing outer segment-like structures
Having established the benefits of ALT medium for mESC-
derived photoreceptors, we next sought to investigate its
use for hPSC-derived retinal organoids. A summary of our
standard and optimized protocol is shown schematically in
Figure 2A. Briefly, hPSC-derived neuroretinal vesicles
(NRVs) were isolated from confluent cultures at 3-5 weeks
and grown in suspension for up to 10 weeks to form retinal
organoids, in accordance with our original protocol (Fig-
ure 24, see methods for detailed protocol). Organoids were
further cultured from 12 weeks with either our standard
RDM90 or ALT medium, supplemented with either BSA-
bound DHA (+DHA) or fatty acid-free BSA (+BSA) as the con-
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trol. As previously described (Gonzalez-Cordero et al., 2017),
using our standard medium supplemented with BSA
(RDM90 +BSA), bright field images of retinal organoids re-
vealed a semi-translucent laminated neuroepithelium with
brush-like protrusions, herein referred to as a brush border
(Figure 2B, white arrowhead). However, a more protuberant
brush border was observed in retinal organoids cultured with
ALT medium (Figures 2C and 2D, white arrowheads). No dif-
ferences between ALT +BSA and ALT +DHA were evident,
and RDM90 supplemented with DHA was not sufficient to
induce the dense brush border observed with ALT medium
(Figures S3A-S3F). To examine the brush border in more
detail we analyzed semithin sections, which verified this re-
gion comprised segment-like structures protruding from the
neuroepithelial layer (Figures 2E-2G). Photoreceptor OS for-
mation was further confirmed in all conditions by the pres-
ence of PERIPHERIN-2 positive (Figures 2H-2]; PRPH2+; red)
structures observed apically to the mitochondria-rich inner
segments (Figures 2H-2]; MITOCHONDRIA+; green) and
the outer limiting membrane (OLM), delineated by phalloi-
din (Figures 2H-2J; Phalloidin+; magenta). In addition,
immunohistochemical analysis demonstrated the presence
of ABCA4, a transmembrane phospholipid-transporting
ATPase present in the membranes of OSs in vivo, localized
apically to ESPIN, a connecting cilium (CC) marker (Figures
S3G and S3H). Transcriptional analyses also confirmed the
increased expression of phototransduction components
RHO and ABCA4 for organoids maintained in ALT medium,
compared with RDM90 (Figure 2K).

To determine if the dense brush borders observed were due
to the increased efficiency of OS-like structure formation, the
ratio of OS-like to inner segment structures was quantified
and expressed as a percentage. The percentage of inner seg-
ments that had OS-like structures was significantly greater
for both ALT +BSA (68 + 43%) and ALT +DHA (83 = 22%)
compared with RDM90 +BSA (26 + 14%) cultures (Figure 2L;
p <0.01; Kruskal-Wallis with Dunn’s MCT; n =30 images, N =
3 differentiations). In addition, the length of the segments,
from the Phalloidin+ OLM to the distal edge of the PRPH2+
OS-like structures, was measured. Significantly longer seg-
ments were observed for both ALT conditions (21 + 2 um
and 27 + 2 pm for +BSA and +DHA, respectively), compared
with RDM90 +BSA (17 + 2 pm) (Figure 2M; p < 0.05; ANOVA
with Tukey’s MCT; n = 40 images, N = 4 differentiations).
Combined, these results suggest the improved formation of
photoreceptor OS-like structures in retinal organoids at
26 weeks, when cultured with ALT medium.

Improved development of hPSC-derived
photoreceptor outer segment-like structures with
long-term culture in ALT medium

To assess if the enhanced brush borders could be main-
tained, retinal organoids were cultured for up to 37 weeks.
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A clear difference in gross morphology of the brush
border could be observed in both ALT conditions,
compared with organoids cultured under standard condi-
tions (Figures 3A-3C). While the inner segments packed
with mitochondria and PHPR2+ OS-like structures could
be readily identified in all conditions (Figures 3D-3F),
significantly longer segment structures were observed
for both ALT conditions, compared with RDM90 +BSA
(Figure 3G, 37 + 6 um +BSA and 40 + 10 pm +DHA versus
21 + 3 pm, respectively; p < 0.05; ANOVA with Tukey’s
MCT; n = 40 images, N = 4 differentiations). In addition,
the length of the segment region significantly increased
from 26 to 35 weeks in ALT-cultured organoids (Fig-

RDM90+BSA ALT+BSA

ALT+DHA

ure 3H; 21 + 2 um versus 37 + 6 um, respectively; p =
0.029; two-tailed Mann-Whitney test; n = 40 images,
N = 4 differentiations). This contrasted with the minimal
increase in segment length for RDM90 +BSA cultured or-
ganoids over the same period (17 + 2 pm versus 21 +
3 um, respectively). To determine the widespread
coverage of RHODOPSIN+/PHPR2+ OS-like protrusions,
we examined whole retinal organoids (Figures 3I and
3J). While the use of either medium resulted in the pres-
ence of OS-like structures at 37 weeks, the DAPI-positive
nuclei (blue) were visible through the brush border under
standard conditions, but not in ALT-cultured organoids
(Figures 3I and 3], respectively). This improved coverage
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(A-C) Representative bright field images of
37-week retinal organoids showing brush
borders (white arrowheads).

(D-F) Retinal organoid neuroepithelium
showing mitochondria-rich ISs (green) and
elongated PHPR2+ OSs (red).

(G) Graph showing the length of segment
structures maintained in all media condi-
tions (£SD; *p < 0.05; n = 40 images, N =4
experiments).

(H) Graph showing the segment length in
26- and 35-week ALT cultures (+SD; *p <
0.05; n = 40 images, N = 4 experiments).

(I and J) 3D view of a retinal organoid
showing the distribution of RHODOPSIN+
(green) and PHPR2+ (red) photoreceptor
0Ss.

RDM90+BSA

(K and L). Cross-sectional image, showing

Distance from OLM to OS (um) @

P T O -]

Length of segment region (um) T

26 wks

35 wks

| Mitochondria PRPH2 || RHODOP

was also evident when the organoids were analyzed in
cross-section, with defined inner segment (Mitochon-
dria+; red) and OS-like (PHPR2+; gray) structures more
apparent in ALT-cultured organoids (Figures 3K and 3L).
The results described here were performed using H9
hESC-derived retinal organoids; however, enhanced
brush borders were observed in all hPSC lines tested (Fig-
ures S3I-S3P; N > 5). These findings support the
improved formation and continued development of OS-
like structures in hPSC-derived photoreceptors, cultured
long term in ALT medium. In addition, supplementation
with DHA did not result in any significant improvement,
as assessed by light microscopy, beyond that observed
with ALT +BSA, at late stages of development.
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the mitochondria-rich ISs (red) and PHPR2+
0Ss (gray). Nuclei were stained with DAPI
(blue).

Scale bars, 25 um (D, F, I, and J), 50 pm (K
and L). ONL, outer nuclear layer; IS, inner
segment; OS, outer segment.

Improved formation of hPSC-derived cone
photoreceptor outer segment-like structures

While previous studies have reported the generation and
development of hPSC-derived cone photoreceptors
(Zhong et al., 2014; Zhou et al., 2015; Gonzalez-Cordero
et al., 2017), the formation of cone OS-like structures
has not been described specifically. We therefore sought
to establish if ALT medium would improve segment for-
mation in hPSC-derived cone photoreceptors. Cones
were present in both media conditions, as demonstrated
by cone-specific phototransduction components AR-
RESTIN3 and L/M OPSIN (Figures 4A and 4B). By 37 weeks
a significantly greater percentage of double-positive LM
OPSIN+/ARRESTIN3+ cones were observed in ALT +BSA
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compared with RDM90 +BSA medium (Figure 4C; 32 +
22% versus 14 + 17%, respectively; p = 0.0011; two-tailed
Mann-Whitney test; n = 30 images, N = 3 differentia-
tions). To determine if this corresponded to improved
segment formation, we quantified the percentage of cones
showing LM OPSIN+ segment-like structures. While 16 +
29% of cones demonstrated elongated LM OPSIN+
segment-like structures under standard conditions, this
was significantly increased with ALT medium to 64 =
34% (Figure 4D; p < 0.0001; two-tailed Mann-Whitney
test; n = 30 images, N = 3 differentiations). Furthermore,
examining whole retinal organoids in cross-section
demonstrated the augmented formation of cone OS-like
structures (ARRESTIN3+; green), apical to mitochondria-
rich inner segments (MITOCHONDRIA+; red), with ALT
(Figures 4E and 4F). These results suggest that ALT me-
dium supports enhanced segment formation in cone as
well as rod photoreceptor subtypes.

Ultrastructural analysis of hPSC-derived
photoreceptors indicates improved outer segment disc
structure following culture in ALT medium

The unique structure of photoreceptor OSs, made up of
densely packed membranous discs, is crucial for efficient
phototransduction. Immunohistochemical analysis of
photoreceptors cultured with ALT medium demonstrated
elongated axonemes as shown by acetylated-tubulin
(cyan), as well as RHODOPSIN- and PHPR2-positive OS-
like structures (Figures 5A and 5B, cyan and pink, respec-
tively). To determine the ultrastructure of these extended
structures, we examined late-stage retinal organoids by
electron microscopy. TEM of photoreceptors maintained
in ALT medium confirmed the abundance of structures
containing membranous infoldings, reminiscent of OS
discs (Figures 5C-5G and S4D-S4K). In contrast, few diffuse
and disorganized structures were observed in RDM90
cultures, as described previously (Figures S4A-54C;
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Gonzalez-Cordero et al., 2017). The OSs of photoreceptors
cultured in ALT medium showed discrete membranous
structures, with closely stacked disc-like structures clearly
present for photoreceptors cultured in ALT +DHA (Figures
5E-5G and S4G-S4K). To confirm the increased abundance
of OSs with disc-like morphology following culture in ALT
medium, serial block-face scanning electron microscopy
(3View) reconstructions of 150 TEM serial sections were
performed for all culture conditions (Figures SH-5K, S5A-
S5D and Video S1). In addition, scanning electron micro-
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Figure 5. Ultrastructure analysis of
photoreceptor cells with improved outer
segment formation

(A) Immunohistochemical image of
RHODOPSIN+ (cyan) OS regions in ALT
maintained photoreceptors.

(B) Image showing the localization of
a-TUBULIN+ axonemes (cyan) and PHPR2+
0Ss (pink) in ALT-cultured photoreceptors.
(C-E) TEM micrographs of 26-week hPSC-
derived  photoreceptors  cultured in
ALT +DHA, showing the abundance of 0Ss
(C). High magnification image of inset from
C, showing the morphology of disc mem-
branes (D). High magnification image of
inset from D, showing stacked disc mem-
branes (E).

(F and G) Transverse TEM section through
one 0S (F). High magnification image of
inset from (F), showing organized and
stacked membranous discs (G).

(H-K) 3view serial 3D reconstruction of the
ONL region of an ALT +DHA cultured retinal
organoid. The photoreceptor ISs (green), CC
(blue), and 0Ss (pink) were pseudo-colored.
Scale bars, 0.5 um (Eand G), 1 um (F), 2 um
(D),10 pm (A-C). IS, inner segment; CC,
connecting cilium; ONL, outer nuclear layer;
0S, outer segment.

scopy also confirmed an increase in OS formation,
following culture in ALT medium (Figures SSE-SSN).

Generation and characterization of RPGR-deficient
iPSC-derived retinal organoids

To determine if these enhanced culture conditions improve
disease modeling, we investigated the cellular phenotype
present in retinal organoids derived from XLRP3 patients
with mutations in the RPGR gene. PBMCs were isolated
from three XLRP3 patients, and RPGR-deficient iPSCs
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Figure 6. Differentiation and character-
ization of iPSC-derived RPGR-deficient
retinal organoids

(A) Bright field image of an RPGR-deficient
retinal organoid showing the brush border.
(B) Image of RPGR-deficient photoreceptors
showing mitochondria-rich ISs (green),
phalloidin delineated OLM (gray) and
PHPR2+ 0Ss (red).

(C-F) Immunohistochemical analysis with
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RPGR N-terminal specific antibody (C, D, G,
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and H) and RPGR C-terminal specific anti-
body (E, F, I, and J). Images of control
retinal organoids, showing typical punctate
localization of RPGR (red) to the CC with
both antibodies (C-F).

(G-J) Images of RPGR-deficient retinal or-
ganoids, showing less punctate staining for
the constitutive variant of RPGR (G and H)
and an absence of staining for the ORF15
isoform (I and J) in the region of the CC.
(K and L) Representative images of control
and RPGR-deficient organoids showing
phalloidin (magenta) localized to the OLM.
Inset high magnification panels show no

GFAP Phalloidin

]
|

Phalloidin ||

differences in staining pattern.

Control

RPGR

were generated, with all three lines demonstrating typical
colony morphology, pluripotency markers, and a normal
karyotype (Figure S6). Upon retinal differentiation, all lines
gave rise to retinal organoids that were further cultured
with our enhanced medium, in addition to three healthy
control lines (Figure S6W). Bright field images of 32-week
RPGR-deficient retinal organoids demonstrated pro-
nounced brush borders, similar to controls (Figures 6A,
3B and 3C, respectively). Immunohistochemistry
confirmed the presence of numerous segment structures
apical to the OLM, demarcated by phalloidin (gray), with

(M and N) Increased GFAP (green) staining
in RPGR-deficient neuroepithelia, compared
with control. OLM delineated with phalloi-
din (red) shows no difference.

(0 and P) Images showing typical
RHODOPSIN staining (green) localized
to the 0Ss in both control and RPGR-defi-
cient rod photoreceptors. Mis-localized
RHODOPSIN (green) can also be seen in the
cell bodies and processes of RPGR-deficient
rods (P, white arrowheads). Nuclei were
stained with DAPI (blue).

Scale bars, 5 um (D, F, H, and J), 25 pm (B,
C E G, I, and K-P) and 50 um (A). IS, inner
segment; CC, connecting cilia; ONL, outer
nuclear layer; OLM, outer limiting mem-
brane; 0S, outer segment.

both mitochondria-rich inner segments (green) and
PHPR2+ OS-like structures (red) present (Figure 6B). RPGR
protein localizes to the CC in photoreceptors and is
thought to be involved with protein trafficking to the OS,
with RPGR-deficient mouse models demonstrating opsin
mis-localization and photoreceptor degeneration (Hong
et al., 2001). To evaluate the presence of the two major
RPGR isoforms, RPGR (encoded by 19 exons) and RPGR-
ORF15 (terminates within intron 15), we analyzed both
N- and C-terminal RPGR binding antibodies, respectively.
In control organoids, punctate staining was observed apical
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to the edge of the ONL-like layer, in the region of the CC,
for both antibodies (Figures 6C-6F). In contrast, little to
no staining was observed in this region for RPGR-deficient
photoreceptors, with N- and C-terminal specific anti-
bodies, respectively (Figures 6G-6]). We further analyzed
RPGR-deficient retinal organoids for characteristics of the
disease phenotype. An increase in actin polymerization,
as demonstrated by increased phalloidin staining of the
CC, has previously been reported in RPGR-deficient cell
lines, RPGR KO mice, and recently in RPGR-deficient
iPSC-derived retinal organoids (Gakovic et al., 2011;
Megaw et al., 2017). However, we could not detect a differ-
ence between our control and RPGR-deficient organoids,
with a typical staining pattern of the OLM apparent in
both (Figures 6K and 6L, insets and Figures S7A, S7C, and
S7D). Reactive gliosis, revealed by increased GFAP expres-
sion in Miiller glia, is a well-described feature of many
retinal degenerations. Such a phenotype has been
described in both RPGR KO mice and RPGR iPSC-derived
retinal organoids previously (Deng et al., 2018; Megaw
et al., 2017). Similarly, GFAP (green) upregulation was
evident in RPGR-deficient organoids, when compared
with controls (Figures 6M and 6N and S7B and S7C).
Finally, as RPGR is thought to be involved in transport
across the CC, we examined the localization of
RHODOPSIN within both healthy and RPGR-deficient
photoreceptors. While in control organoids, RHODOPSIN
(green) was discreetly localized to the OSs, in RPGR-defi-
cient photoreceptors, RHODOPSIN was also found
throughout the cell, including the cell body and processes
(Figures 60 and 6P, arrowheads and S7D). Thus our
improved culture conditions enable us to distinguish a
clearly defined and clinically relevant cellular phenotype
in RPGR-deficient retinal organoids.

Characterization of RPGR-deficient iPSC-derived
retinal organoids following AAV-mediated gene
supplementation

To test the efficacy of RPGR gene supplementation, we used
an adeno-associated viral (AAV) vector in which a photore-
ceptor-specific human rhodopsin kinase (RK) promoter
(Khani et al., 2007) was used to express a shortened
RPGR-ORF15 transgene (AAV7m8.RK.RPGR). The short-
ened transgene has been used to rescue a mouse model of
XLRP3 (Pawlyk et al., 2016) but had not previously been
shown to rescue function in human RPGR-deficient photo-
receptors. An AAV vector driving a GFP reporter under the
control of the same RK promoter was used as a control
(AAV7m8.RK.GFP). Vectors were added to cultures between
15 and 18 weeks and retinal organoids analyzed from
22 weeks, with an estimated transduction efficiency of
~44% of photoreceptors, as determined using the control
vector (Figure S7E, 44 + 11.4% GFP* cells; n = 13 sections,
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N = 5 ROs). First, we determined the presence of RPGR-
ORF15 using the C-terminal specific antibody. RPGR-
ORF15S protein (red) was present apical to the ONL-like
layer in the CC region of RPGR-deficient photoreceptors
in RK.RPGR-treated organoids, similar to healthy controls
(Figures 7C, 7D, 6E, and 6F, respectively). In contrast, little
RPGR-ORF15 protein (red) was detected in the CC region of
RK.GFP-treated organoids (Figures 7A and 7B). Quantita-
tive analysis of RPGR-ORF15 staining in the CC region
demonstrated a significant increase in RPGR protein from
0.02 + 0.04% positive pixels in RK.GFP to 0.41 + 0.31%
in RK.RPGR-treated organoids (Figure 7E; p < 0.05; Krus-
kal-Wallis with Dunn’s MCT; n > 12 images, N = 4 experi-
ments). Although the RPGR signals did not reach the levels
observed in healthy controls (1.33 + 0.50% positive pixels),
this is most likely due to incomplete transduction of all
photoreceptors in the RPGR-deficient retinal organoids.

Having established RPGR-ORF15 supplementation, we
examined GFAP upregulation and RHODOPSIN mis-locali-
zation in 35-week organoids. While immunohistochemical
analysis of control-treated RPGR-deficient retinal organo-
ids revealed GFAP upregulation (red), treatment with
RK.RPGR resulted in decreased GFAP levels, similar to
healthy controls (Figures 7F 7G, S7F and S6M, respec-
tively). Quantitative analysis of GFAP staining confirmed
a significant decrease in GFAP+ Miiller cells in RK.RPGR-
treated compared with RK.GFP-treated organoids
(Figure 7H; 0.13 + 0.09% versus 0.99 + 0.91% positive
pixels, respectively; p = 0.005; two-tailed Mann-Whitney
test; n > 7 images, N = 3 experiments). In addition, immu-
nohistochemical analysis of RK.GFP-treated organoids
confirmed RHODOPSIN mis-localization to the cell body
and processes of photoreceptors, as observed in untreated
RPGR-deficient organoids (Figures 7I and 6P, respectively).
In contrast, far less RHODOPSIN was observed mis-local-
ized to the ONL-like layer in RK.RPGR-treated mutant
photoreceptors (Figures 7] and S7G). To establish if the
difference observed was significant, the intensity of
RHODOPSIN staining was measured as the percentage of
pixels above threshold in the ONL-like layer, not including
the segment region. RHODOPSIN staining of the ONL-like
layer was significantly reduced in RK.RPGR-treated,
compared with RK.GFP-treated organoids (Figures 7K; 7.1
+ 5.6% versus 22.1 + 21.3% positive pixels, respectively;
p = 0.006; two-tailed Mann-Whitney test; n = 30 images,
N = 6 experiments). This confirms the improved
RHODOPSIN localization observed in RPGR-deficient
retinal organoids, following gene supplementation. These
findings demonstrate the benefit of enriched culture
conditions to investigate therapeutic interventions using
hPSC-derived retinal organoids and support the use of
this shortened RPGR construct for rescuing function in hu-
man as well as mouse photoreceptors.
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Figure 7. Characterization of RPGR dis-
ease phenotype following gene supple-
mentation

(A-D) Representative images of iPSC-
derived RPGR-deficient retinal organoids,
transduced with either RK.GFP or RK.RPGR
and stained for the RPGR-ORF15 isoform
(red). High magnification images of insets in
(A) and (C), highlighting the IS and CC re-
gion, are shown in (B) and (D), respectively.
(E) Histogram showing the percentage of
positive pixels for RPGR-ORF15 staining in
the segment region of untreated normal
retinal organoids and treated RPGR-defi-
cient retinal organoids (+SD; *p < 0.05, **p
ok <0.01; n > 12 images, N = 4 experiments).
(F and G) Immunohistochemical analysis of
GFAP* glial cell processes (red) in RPGR-
deficient organoids, treated with RK.GFP or
RK.RPGR virus. Transduced GFP* photore-
ceptors (green) can be seen in the RK.GFP-
treated control (F).
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DISCUSSION

One limitation to the use of retinal organoids to model in-
herited retinal degenerations is that even after extensive
long-term culture (>30weeks), hPSC-derived photorecep-
tors exhibit few nascent OS-like structures. Therefore,
disease phenotypes related to the mature structure of pho-
toreceptors, such as ciliopathies, have proved difficult to
model effectively using retinal organoids alone. Here, we
describe enhanced culture conditions that permit the gen-
eration of photoreceptors with well-developed OSs contain-
ing disc-like structures. These new conditions support the
development of both rod and cone photoreceptor segments
in vitro. Importantly, this protocol improves the proportion
of photoreceptors that form OSs, providing a more robust

RK.GFP

RK.RPGR (H) Graph showing the percentage of GFAP*
pixels in treated RPGR-deficient organoids
(£SD; **p < 0.01; n > 7 images, N = 3 ex-
periments).

(I and J) Immunohistochemical analysis

demonstrating  the  localization  of

_ RHODOPSIN (gray) within rod photorecep-

tors, following either RK.GFP or RK.RPGR
viral transduction.

(K) Graph showing the percentage of
RHODOPSIN® pixels in the ONL region of
treated RPGR-deficient retinal organoids
(£SD; **p < 0.01; n =30 images, N = 6 ex-
periments). Nuclei were stained with DAPI
(blue). Scale bars, 10 um (B and D), 25 um
(A, C,F,G, I, and J). CC, connecting cilium;
IS, inner segment; ONL, outer nuclear layer;

model with which to investigate retinal disease. To demon-
strate the utility of this modified protocol, we generated
iPSC lines from patients with frameshift mutations in
exon ORF15 of the RPGR gene that result in XLRP3.
RPGR-deficient retinal organoids demonstrated clear dis-
ease phenotypes including the mis-localization of
RHODOPSIN, which was confined to the photoreceptor
OSs in healthy control organoids but could also be found
in the cell body and processes of mutant photoreceptors.
This has been observed previously in KO mouse models
but has not been reported using hPSC-derived photorecep-
tors to date, possibly because of the mis-localization of
RHODOPSIN in control organoids, due to the inefficiency
of OS formation (Megaw et al., 2017; Deng et al., 2018;
Hong et al., 2005; Wu et al.,, 2015). Using AAV gene
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supplementation to restore RPGR to the mutant photore-
ceptors, we demonstrated a significant reduction in
RHODOPSIN mis-localization, ameliorating the phenotype
despite incomplete transduction efficiency. We have previ-
ously shown that gene therapy using a shortened RPGR-
ORF15 transgene improves photoreceptor function and
viability in an animal model of RPGR deficiency (Pawlyk
etal., 2016). Here we demonstrate that the shortened trans-
gene is also able to restore function in human photore-
ceptor cells, providing additional validation of a construct
thatis currently being used in clinical trials of gene therapy
for XLRP3 (ClinicalTrials.gov: NCT03252847).

LC-PUFAs are known to be essential for both brain and
retinal development, with dietary restriction resulting in
reduced visual function (Wheeler et al., 1975; Neuringer
etal., 1984). DHA, a major component of retinal phospho-
lipids, is actively sequestered via the choroidal blood flow
and influences rhodopsin content at the disk membranes,
as well as photoresponses and disk morphogenesis (Shin-
dou et al.,, 2017; Anderson et al., 1992; Nguyen et al.,
2014). Previous studies have examined the effects of DHA
on the differentiation and survival of photoreceptors,
from primary retinal progenitors and, more recently,
derived from both mouse and human PSCs (Arai et al.,
2017; Rotstein et al., 1997; Brooks et al., 2019). Despite
increased levels of rhodopsin expression and improved in-
ner segment and CC formation, little improvement in
brush border density or OS ultrastructure were demon-
strated (Arai et al., 2017; Brooks et al., 2019). In this study,
we determined that increased antioxidant levels were
required to enable the beneficial effects of DHA to be
observed. Therefore, the higher concentrations of BSA-
bound lipids used here most likely account for the differ-
ence in findings (Arai et al., 2017; Brooks et al., 2019).
The exact proportions of specific PUFAs present in lipid-
rich BSA (AlbuMAX) are undefined. However, we demon-
strate, for the first time to our knowledge, mESC-derived
photoreceptors exhibiting membranous OS-like structures,
following the addition of either BSA-bound DHA or lipid-
rich BSA. Interestingly, the inclusion of BSA-bound lipids
also improved the segment structures and M/L opsin con-
tent of hPSC-derived cone photoreceptors. Unlike rods,
cone OSs are formed by a continuation of the plasma mem-
brane and are comprised of lower levels of DHA or omega-3
relative to omega-6 PUFAs, suggesting a different biophys-
ical lipid requirement (Young 1969; Agbaga et al., 2018).
Metabolic cross-talk between the two photoreceptor sub-
types, mediated by rod-derived cone viability factor, means
we cannot exclude the possibility that improved cone OS
formation is a secondary effect of enhanced rod photore-
ceptor maturation (Ait-Ali et al., 2015). It is also important
to note that while our protocol resulted in the efficient gen-
eration of hPSC-derived photoreceptors exhibiting orga-
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nized OSs, the formation and maintenance of perfectly
stacked discs in all photoreceptors has yet to be achieved.
This will most likely require additional support at the level
of the photoreceptor segments, such as that provided by
the close apposition of RPE cells in vivo. While little differ-
ence in gross OS morphology was observed for DHA sup-
plemented retinal organoids, it remains to be determined
if there is a functional difference between hPSC-derived
photoreceptors grown with increased concentrations of
DHA, as opposed to other LC-PUFAs. Despite this, we
have continued to use our enhanced media in combination
with DHA supplementation for retinal disease modeling. In
addition, it will be of interest to establish if the improved
OS ultrastructure observed here results in enhanced elec-
trophysiological responses to light. Further studies are
needed to address these limitations and determine if retinal
organoids maintained with BSA-bound lipids can provide a
light-responsive model system for the human retina.

In summary, we designed a nutrient-rich medium to sup-
port the increased energetic and biosynthetic demands of
maturing PSC-derived photoreceptors. In contrast to our
original culture conditions, in which only a limited num-
ber of hPSC-derived photoreceptors exhibited rudimentary
OS-like structures, these new conditions permitted the effi-
cient development of OS-bearing rod and cone photore-
ceptors. These improvements were not limited to the
increased frequency of OS development in hPSC-derived
photoreceptors, but also resulted in better organization,
with membranous structures reminiscent of stacked OS
discs. This enabled us to effectively model cellular defects
in XLRP and demonstrate rescue by gene supplementation.
Together, these findings suggest that our enhanced culture
protocol facilitates the development of more structurally
mature hPSC-derived photoreceptors, and this may be use-
ful for inherited retinal disease modeling and in vitro testing
of novel therapeutic strategies.

EXPERIMENTAL PROCEDURES

See supplemental experimental procedures for detailed protocols.

Mouse ESC culture and retinal differentiation

Mouse ESCs were maintained and differentiated to form EBs con-
taining retinal regions as previously described (Kruczek et al.,
2017). From day 21 onward the media used was either standard
RMM, AOX, or ALT media (see Table S1), supplemented with
50 pM DHA, 12.5 pM fatty acid-free BSA, additional glucose
(25 mM final concentration), or AlbuMAX II (0.4 mg/ml).

Human PSC culture and retinal differentiation

hPSCs (see Table S2) were maintained and differentiated as previ-
ously described to generate NRVs (Gonzalez Cordero et al.,
2017). From 12 weeks of differentiation, media were changed to



either standard RDM90 or ALT medium and supplemented with
50 uM DHA or 12.5 uM fatty acid-free BSA.

Production and use of recombinant AAV viral vector
Both pD10/RKpromoter-GFP and pD10/RKpromoter-RPGR con-
structs containing AAV-2 inverted terminal repeats were used to
generate AAV7m8.RK.GFP and AAV7m8.RK.RPGR viral vector.
Retinal organoids were infected at 15-18weeks with 3 x 10! viral
particles per organoid, with an estimated gMOI of 6 x 10°.

Immunohistochemical analysis

See supplemental experimental procedures (Table S3) for full de-
tails. Images were acquired with a confocal microscopy (Leica
DMS5500Q) and LAS AF image software. Image analysis was per-
formed using FiJi and Gimp 2.8.22 software and blinded, wherever
possible.

Ultrastructural analysis

For TEM, sections were imaged with a JEOL 11010 TEM operating
at 80 V and acquired with a Gatan Orius camera using Digital
Micrograph software. For scanning electron microscopy, speci-
mens were imaged in a Zeiss Sigma FESEM operating at 3-5 kV.
For 3view, stacks of backscatter electron micrographs were auto-
matically acquired using a Gatan 3view system working in
conjunction with a Zeiss Sigma field emission scanning electron
microscope. Stacks were converted to TIFF images in Digital Micro-
graph software, prior to importation into Amira 5.3.3 software.

Statistical analysis

In all experiments, means are presented +SD, unless otherwise
stated; n = number of images, sections, EBs, or organoids exam-
ined; N = number of independent differentiations, cell lines, or
experiments performed. Graphpad Prism 6 software was used for
statistical analysis.
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Supplemental information can be found online at https://doi.org/
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Supplemental Figures

Figure S1. Long term survival and organisation of mESC-derived photoreceptors in retinal cultures,
related to Figure 1

(A-H) Immunohistochemical images demonstrating examples of embryoid body sections for the
relevant categories of organisation, non-retinal cells (A,E), organised PRs (B,C,F,G) and disorganised
PRs (D,H). DAPI (blue) was used to determine the presence of ONL-like layers (dashed white lines)
within retinal regions, that contained organised Recoverin+ photoreceptors (red; white arrow heads).
Crx.GFP* photoreceptors (green) corresponded to the Recoverin® regions observed. (I) Flow cytometry
plots showing the gating strategy used to determine the percentage of Crx.GFP*/CD73* rod
photoreceptors present in dissociated retinal cultures with time. Control samples included an unstained
CCE cell sample (Unstained cells), unstained Crx.GFP cell sample (Crx.GFP cells), CD73 stained
CCE cell sample (CD73 stained cells) and CD73 stained Crx.GFP cell sample (Stained Crx.GFP
cells).

Scale bars: 200 um (A-D) and 50 um (E-H). Abbreviations: PRs, photoreceptors.
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Figure S2. Characterisation of photoreceptor morphology and organisation in various culture conditions
using different mESC lines, related to Figure 1

(A-F) Representative confocal images of mESC-derived retinal neuroepithelia (Crx.GFP line, green
photoreceptors) at day 34, maintained in 3 different culture media with +BSA or +DHA and stained for
Rhodopsin (grey) and Peripherin2 (red). (G-L) Representative confocal images of mESC-derived retinal
neuroepithelia (CCE cell line) at day 34, maintained in 3 different culture media with +BSA or +DHA
and stained for Rhodopsin (grey) and Peripherin2 (red). (M) Histogram showing the percentage of
sections as classified into 3 set categories (non-retinal, organised and disorganised PRs) maintained
in AOX culture media with +BSA, additional glucose (+Glucose), lipid-rich BSA (+AlbuMAX) and +DHA
(error bars, mean + SEM, p > 0.05; n>12 sections, N>3 independent experiments). (N-Q)
Representative confocal images of mMESC-derived retinal regions (Crx.GFP line; green photoreceptors)
at day 34, maintained in AOX culture media with with +BSA (N), additional glucose (O; +Glucose), lipid-
rich BSA (P; +AlbuMAX) and +DHA (Q) and stained for Rhodopsin (grey) and Peripherin2 (red).

Scale bars: 10 um (A-F, N-Q) and 25 um (G-L). Abbreviations: PRs, photoreceptors.
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Figure S3. Characterisation of segment morphology in DHA and ALT supplemented retinal organoid
cultures, related to Figure 2 & 3

(A) Representative bright field image of wk 26 retinal organoid. (B) High magnification image of
neuroepithelia showing brush border regions in standard RDM90+BSA media. (C) IHC analysis
showing MITOCHONDRIA rich ISs and developing PRPH2+ OSs. (D, E) Representative bright field
image of wk 26 retinal organoid and neuroepithelia (E, high magnification) showing no differences in
brush border developed in RDM90+DHA media. (F) IHC analysis showing MITOCHONDRIA rich I1Ss
and developing PRPH2+ OSs. (G) Image of RDM90+BSA cultured retinal organoid showing ESPIN
positive structures in the CC region and ABCA4 positive OSs. (H) Image of ALT+BSA cultured retinal
organoid showing ESPIN positive structures in the CC region and elongated ABCA4 positive OSs.
(I-P) Representative bright field images of retinal organoids generated from various pluripotent stem
cell lines, cultured in either RDM90+BSA (I, K, M, O) or ALT+BSA (J, L, N, P).

Scale bars: 25um (C, F, G, H), 50um (A-E, I-P). Abbreviations: CC, connecting cilia; IS, inner segment;
OS, outer segment; ONL, outer nuclear layer.
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Figure S4. Ultrastructure analysis of the segment region of retinal organoids in various conditions,
related to Figure 5

(A-C) Electron micrographs showing RDM90+BSA grown photoreceptor cells. Insets in B highlight two
OSs that are shown in higher magnification in panels above.

(D-F) Images showing OSs of ALT+BSA cultures. Inset is shown in higher magnification in the panel
above. OS disk membranes were more discernable in these cultures (D-F). (G-K) Electron micrographs
of an ALT+DHA grown retinal organoid showing the brush border region. The ultrastructure of this
region of the retinal neuroepithelia demonstrated numerous OSs (G). Dashed line inset in G is shown
in high magnification in H and | to highlight OS morphology, with clearly visible stacked OS disk
membranes. Solid line inset in G is shown in higher magnification in K and J to highlight another region
with a number of OSs, with clearly visible stacked OS disk membranes.

Scale bars: 1Tum (E), 2um (B), 5um (A, D, 1, J), 10um (C, G, H, K). Abbreviations: OS, outer segment;
CC, connecting cilia; IS, inner segment.
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Figure S5. 3D Ultrastructural analysis of photoreceptor segment structures presentin RDM90 and ALT
cultured retinal organoids, related to Figure 5

(A-D) 3view sequence of backscatter EM images of hPSC-derived retinal neuroepithelia showing
photoreceptor OS (magenta), CC (blue) and IS (green). (A, C) 3view 3D reconstruction of 150 sections
with thickness of 100 nm each. (B, D) Single 3view section of 100nm. (E, J) Representative bright field
images of retinal organoids cultured in RDM90+BSA or ALT+BSA, showing brush border structures
apical to neuroepithelia regions. (F, K) SEM micrographs showing topography of whole retinal
organoids highlighting the neuroepithelia region. (G-I, L-N) Topographic features of neuroepithelia
showing photoreceptor cell density and morphology from RDM90+BSA (G-l) or ALT+BSA (L-N) cultured
organoids, at ascending magnifications.

Scale bars: 2um (M, N), 3um (H, I), 10um (G, L), 20um (F, K), 50um (E, J). Abbreviations: CC,
connecting cilium; IS, inner segment; OLM, outer limiting membrane; ONL, outer nuclear layer; OS,
outer segment; RPE, retinal pigment epithelium.
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Figure S6. RPGR iPSC line characterisation, related to Figure 6

(A-R) Typical iPSC colonies appearance and morphology for all 3 RPGR patient iPSC lines generated
(A, G, M). All iPSC lines showed a normal male karyotype (B, H, N). Immunocytochemistry of iPSCs
demonstrated the presence of pluripotency markers SOX2, OCT3/4, C-MYC and NANOG for all lines
(C-F, I-L, O-R). (S-U) Sequencing confirmed the presence of mutations within the RPGR ORF15 gene
for all lines. (V) The TagMan hPSC Scorecard assay was performed on all hPSC lines used in this
study. Box and whisker plot confirmed that RPGR1-3 iPSC lines average expression of self-renewal
and embryonic germ layer genes fall within the expected range in terms of self-renewal, ectoderm and
mesoderm gene expression and are similar to the 3 control lines (H9, Rb2 and IMR90-4) used in this
study. (W) Representative bright field images of iPSC-derived retinal organoids from all 3 RPGR patient
lines, at 7-9 weeks of development.

Scale bars: 75um (C-F, I-L, O-R), 100um (W).
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Figure S7. Characterisation of iPSC-derived RPGR-deficient retinal organoids, with and without AAV-
mediated gene supplementation, related to Figure 6 & 7

(A) IHC analysis showing no differences in Phalloidin (magenta) expression in the OLM of control
(IMR90-4) and RPGR-deficient organoids. (B) IHC showing upregulation of GFAP (green) in RPGR-
deficient compared to control retinal neuroepithelia. (C) IHC showing co-localisation of CRALBP (grey)
and GFAP (green) in Muller glial cells. (D) IHC analysis for RHODOPSIN (red) and Phalloidin (grey) in
control and RPGR-deficient retinal organoids showing mis-localisation of RHODOPSIN to the ONL
region. Insets are shown at a higher magnification in the top right panel, without DAPI (blue), for these
regions. (E) Schematic showing the experimental design for the treatment of iPSC-derived retinal
organoids with viral vectors. Representative image of an RPGR-deficient retinal organoid transduced
with AAV 7m8.RK.GFP, at 33 wks in culture. The transduction efficiency of AAV 7m8.RK.GFP, shown
by the percentage of GFP+ cells in the ONL-like layer of retinal organoid sections, was 44 + 11.4%
(mean + SD; n = 13 sections, N = 5 ROs). (F) IHC images showing few GFAP+ activated Miiller glial
cells in iPSC-derived RPGR-deficient retinal organoids treated with RK.RPGR viral vector. (G) IHC
image showing the presence of RHODOPSIN in the OSs but not the cell bodies of RPGR-deficient
photoreceptors, following RPGR gene supplementation.

Scale bars: 25um (A, D, E-G and insets). Abbreviations: OLM, outer limiting membrane; ONL, outer
nuclear layer; OS, outer segment; RO, retinal organoid.
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Supplemental Video File 1. 3view EM movie through the segment region of an ALT grown retinal

organoid, related to Figure 5.

3view 3D reconstruction of 150 sections with thickness of 100 nm each. 3view sequence of backscatter
EM images of hPSC-derived retinal neuroepithelia showing photoreceptor OS (magenta), CC (blue)

and IS (green).

Supplemental Tables

Media Components/Concentrations RMM AOX ALT
DMEM/F12 (Glutamax) Media v Vv L
Advanced DMEM/F12 Mediat L L v
N-2 Supplement v v v
B-27 (-Vit A) Supplement* _ v v
Glucose concentration 17.5mM 17.5mM 25mM
Glutamax Supplement concentration 2.5mM 2.5mM 4mM
Antibiotic/Antimycotic v Vv v
Taurine 0.25mM 0.25mM 0.25mM
Retinoic Acid (*added at day 14 - 21 only) 0.5uM* 0.5uM* 0.5uM*

fcontains 400mg/L AlouMAX® ||

fcontains vitamin E, vitamin E acetate, superoxide dismutase, catalase and glutathione antioxidants

Cell Line Type Source

CCE line (EK.CCE 129/SvEv) msESC Kind gift of E. Robertson
Crx.GFP line (B6.SJL-Tg(Crx-GFP,-ALPP)1Clc/)) msESC Kind gift of Y. Arsenijevic
Nrl.GFP line (B6.Cg-Tg(Nrl-EGFP)1Asw/)) msESC Generated in-house
H9, WAQ9 (WAe009-A) hESC WiCell Stem Cell Bank
RB2 (WIC-WAO09-RB-002) hESC WiCell Stem Cell Bank
IMR90-4 (WISCi004-B) hiPSC WiCell Stem Cell Bank
RPGR1 (UCLIOO004-A) hiPSC Generated in-house
RPGR2 (UCLIOO0010-A-4) hiPSC Generated in-house
RPGR3 (UCLIOO0011-A-1) hiPSC Generated in-house
UCLIOO0016-A-1 hiPSC Generated in-house

Abbreviations: msESC, mouse embryonic stem cell; hESC, human embryonic stem cell; hiPSC, human induced
pluripotent stem cell.



Antigen Host species | Concentration used Supplier
Nrl goat 1in 200 R & D Systems (AF2945)
M/L Opsin rabbit 1in 100 Millipore (AB5405)
CRALBP mouse 1in 500 Abcam (AB15051)
Crx mouse 1in 800 Abnova (H00001406-M02)
Mitochondria mouse 1in 200 Millipore (MAB1273)
GFAP rat 1in 300 Calbiochem (345860)
Arrestin3 goat 1in 100 Novus (NBP1-37003)
Sox2 mouse 1in 200 Stemlight Cell signaling
technology (NEB 90925)
Nanog rabbit 1in 200 Stemlight Cell signaling
technology (NEB 90925)
c-Myc mouse 1in 200 Stemlight Cell signaling
technology (NEB 90925)
Oct3/4 rabbit 1in 200 Stemlight Cell signaling
technology (NEB 90925)
Recoverin rabbit 1in 1000 Chemicon (AB5585)
Rhodopsin mouse 1in 1000 Sigma (04886)
Acetylated a-tubulin mouse 1in 200 Abcam (ab24610)
ARL3 mouse 1:100 New East Bioscience (26070)
ARL13b rabbit 1:1000 Proteintech (17711)
Rxry rabbit 1in 200 Abcam (ab15518)
RETGC rabbit 1in 100 Gift from K. Palczewski
N-terminal RPGR rabbit 1in 1000 Novus (NBP-57905)
C-terminal RPGR rabbit 1in 100 Gift from Alan Wright
ORF15
Peripherin-2 rabbit 1in 1000 Gift from Gabriel Travis
Pericentrin (PCN) rabbit 1in 1000 Abcam (ab44438)
ABCA4 mouse 1in 100 Abcam (ab77285)




Gene name | Forward Primer (5°-3’) | Reverse Primer (5’-3’) Amplicon | Probe

size (bp) number

CRX caccaggctgtgccctac tgggtcttggcaaacagtg 107 17
ABCA4 gcgtetetggetgaagatg tcaactctcaagtccgtccag 116 1
Rhodopsin gcctcatcgtcacccagt tcatctatatcatgatgaacaagcag 88 84

Supplemental Experimental Procedures

Mouse ESC culture and retinal differentiation

The mouse embryonic stem cell (IMESC) lines (Table S2) were maintained on feeder free conditions,
as previously described (Osakada et al., 2009). For 3D retinal differentiation, 3 x 10® dissociated
mESCs were resuspended in differentiation medium (GMEM containing 1.5% KSR, 0.1 mM NEAA, 1
mM pyruvate, 0.1 mM 2-mercaptoethanol) and plated into each well of a 96-well ultra low-binding U-
bottom plate (Nunclon Sphera, Thermo) and incubated at 37 °C, 5% CO.. This was defined as day 0 of
differentiation culture. Growth factor-reduced Matrigel (BD Biosciences) was added to embryoid body
(EB) cell aggregates on day 1 of culture to a final concentration of 2% (v/v). For whole EB (WEB) retinal
differentiation, wEBs were transferred into retinal maturation medium (RMM; DMEM/F12 Glutamax
containing N2 supplement and Pen/strep) at day 9, plated in 24-well low-binding plates (Corning) at a
density of 6 wEBs/well and incubated at 37 °C, 5% CO-. The media was changed every 2—-3 days, with
the addition of 1 mM taurine (Sigma) from day 14 onwards and 500 nM retinoic acid (RA; Sigma) from
day 14 - 21 of culture only. For long term culture and media testing wEBs were maintained in either
RMM, antioxidant-rich media (AOX; DMEM/F12 Glutamax containing N2 supplement, B27 supplement
without RA and Pen/strep) or advanced long-term media (ALT; Advanced DMEM/F12, B27 supplement
without RA, N2 supplement, 4mM glutamax, 7.5 mM glucose and AA) from day 21 of differentiation
culture onwards. In addition, docosahexaenoic acid (DHA) was prepared at a 4:1 carrier ratio with fatty
acid-free BSA and added at a final concentration of 50uM, with fatty acid-free BSA used as the vehicle
control. Where additional components were added to AOX media the final concentration was 25 mM
glucose (+Glucose) or 0.4mg/ml AIbuMAX® Il (+AlbuMAX).

Human PSC culture and retinal differentiation

The human embryonic and induced pluripotent stem cell lines (Table S2) were maintained in feeder
free conditions with E8 (Thermo Fisher) and on geltrex coated 6 well plates. Briefly, when 80% confluent
hPSCs were dissociated using Versene solution for 10 minutes. PSC small clumps were collected,
washed twice with PBS and resuspended in E8 media for further maintenance culture on 6 well plates.
For retinal neuroepithelial differentiation human PSCs were maintained as described above until 90-
95% confluent, then media without FGF (E6, Thermo Fisher) was added to the cultures for two days
(D1 and 2 of differentiation) followed by a neural induction period (up to 7 weeks) in proneural induction
media (PIM; Advanced DMEM/F12, MEM non-essential amino acids, N2 Supplement, 100mM
Glutamine and Pen/Strep). Lightly- pigmented islands of retinal pigmented epithelium (RPE) appeared
as early as week 3 in culture. Optic vesicles were formed from within the RPE region between weeks 4
and 7. During this period neuroretinal vesicles were manually excised with 21G needles and kept
individually in low binding 96 well plates in retinal differentiation media (RDM; DMEM, F12, Pen/Strep
and B27 without retinoic acid). At 6 wks of differentiation retinal differentiation medium was



supplemented with 10% FBS, 100uM taurine (Sigma, T4871) and 2mM glutamax and at 10 wks 1 uM
retinoic acid (RA) was added (RDM+ Factors media). At 10 wks of culture vesicles were transferred to
low binding 24 well plates (5 vesicles/well). At 12 wks of differentiation, media was changed again to
either our standard RDM90 media, which is RDM+ Factors supplemented with N2 supplement and 0.5
uM RA or the advanced long term (ALT) media, composed of Advanced DMEM/F12, B27 without RA,
N2 supplement, 4mM glutamax, 7.5 mM glucose, 100uM taurine, 0.5 uM RA and Pen/Strep.
Maintenance cultures of hPSCs were feed daily and differentiation cultures were feed every 2-3 days.
All representative images in the paper were from Wicell H9 ESC line, unless stated otherwise. To further
validate the system, we assessed segment formation in a second ESC line (H9Rb2, Wicell), an iPSC
control line (IMR90-4, Wicell) and several hiPSC lines from patients (Table S2). In all cell lines tested
(N>5 cell lines), an enhanced brush border was observed (see Figures 2, 3, 6A and Figure S7).

Generation of human iPSC lines

Following informed consent, peripheral blood was taken from individuals with confirmed XLRP3
inherited retinal degeneration. The study followed the tenets of the Declaration of Helsinki and was
approved by the Moorfields and Whittington Hospitals’ local Research Ethics Committees and the
NRES Committee London Riverside Ethics Committee (REC 11/H0721/13).

On day 0, 2x 10® PBMCs were defrosted and added to 10ml of prewarmed (37°C) Stemspan 3000 with
Penicillin/ Streptomycin (SS Medium). Following centrifugation at 300g for five minutes, the pellet of
cells was resuspended in Expansion Medium (EM) and plated in one well of a 12-well plate. On day 3,
cells were collected, centrifuged, resuspended in 2ml of EM Medium and plated in one well of a 12-well
plate. Cells were left to expand in expansion medium for a further 3 days prior to nucleofection (6 days
in total) prior to reprograming. On day 6, medium containing the cells was collected into a 15ml falcon
tube. 200,000 cells were transferred into a new tube with 12ml of PBS and centrifuged at 300g for 5
minutes. Lonza P3 Nucleofection supplement was added to P3 buffer (P3 buffer), from P3 Primary Cell
4D-Nucleofector™ X Kit L (Lonza™), according to manufacturer instruction (20pul/electroporation
reaction). Addgene episomal plasmids pCXLE-hUL [pCXLE-hUL was a gift from Shinya Yamanaka
(Addgene plasmid #27080; http://n2t.net/addgene:27080; RRID:Addgene_27080)], pCXLE-hSK
[PCXLE-hSK was a gift from Shinya Yamanaka (Addgene plasmid #27078;
http://n2t.net/addgene:27078; RRID:Addgene 27078)] and pCXLE-hOCT3/4-shp53-F [pCXLE-
hOCT3/4-shp53-F was a gift from Shinya Yamanaka (Addgene plasmid #27077;
http://n2t.net/addgene:27077; RRID:Addgene_27077)](Okita et al., 2007) were added to P3 buffer
(0.33 pg each). Following centrifugation, the cell pellet was resuspended in the P3 buffer containing
Yamanaka’s plasmids. Cells were then transferred to the cuvette strip (Lonza™) and electroporated
using program EO-115 of Amaxa 4D-Nucleofector™ System (Lonza). After electroporation cells were
kept at room temperature for 5 minutes. 80uL of Roswell Park Memorial Institute (RPMI) 1640 (Gibco™)
was added to the cuvette strip and it was placed at 37°C for 10 minutes. Cells were then added to 1
well of a 6-well plate (Corning®Costar), previously coated with Geltrex (1:100), in 2ml of EM. Cells were
kept in EM until day 8. From day 8 to day 10 cells were fed daily with a 1:1 mix of Essential 8™ Medium
(E8 Medium; Invitrogen) and EM. After day 10 cells were fed daily with E8 Medium. Retinal
differentiation of patient iPSC cells was performed as described above.

Production and use of recombinant AAV viral vector

Both pD10/RKpromoter-GFP and pD10/RKpromoter-RPGR, construct containing AAV-2 inverted
terminal repeat (ITR) were used to generate AAV7m8.RK.GFP and RK.RPGR viral vector.
Recombinant AAV2/2 serotype particles were produced through a previously described triple transient
transfection method HEK293T cells (Nishiguchi et al., 2015). AAV7m8 serotype was bound to an AVB
Sepharose column (GE Healthcare) and eluted with 50 mM Glycine pH2.7 into 1 M Tris pH 8.8. Vectors
were washed in 1 x PBS and concentrated to a volume of 100-150 pl using Vivaspin 4 (10 kDa)
concentrators. Viral genome titres were determined by quantitative real-time PCR using a probe-based
assay binding the SV40 poly-adenylation signal. Amplicon-based standard series of known amounts
were used for sample interpolation. Final titres were expressed as vg/mL.

SV40 Forward primer: 5’-Agcaatagcatcacaaatttcacaa-3'.

SV40 Reverse primer: 5-AGATACATTGATGAGTTTGGACAAAC-3..



SV40 Probe: FAM-5-AGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTC-3-TAMRA. Retinal
organoids were infected at 15-18 wks with 3x10"" viral particles per organoid, with an estimated gMOI
of 6x10°.

Immunohistochemistry and immunocytochemistry

hPSC-derived retinal organoids (n>20 NRVs; N=3 independent experiments) were used for
assessments of ALT media and OS formation as described in the main manuscript. Retinal organoids
were collected either unfixed (RPGR antibodies) or fixed for 1 hour in 4% paraformaldehyde (PFA) and
embedded in OCT (RA Lamb). Cryosections were cut (12-14 pm thick) and all sections were collected
for analysis. For immunohistochemistry, sections were blocked in 5% goat or donkey serum and 1%
bovine serum albumin in PBS. Primary antibody (Table S$3) was incubated overnight at 4°C. Sections
were incubated with secondary antibody for 2 hrs at RT, washed and counter-stained with DAPI (Sigma-
Aldrich). Alexa fluor 488, 546 and 633 secondary antibodies (Invitrogen-Molecular Probes) were used
at a 1:500 dilution.

For immunocytochemistry of whole retinal organoids (3D view) a clearing protocol was performed.
Briefly, NRVs were fixed for 1 hour in 4% PFA. Samples were blocked as above, including 0.3% Triton
X-100 in PBS, and primary antibody was incubated overnight at 4°C. Samples were incubated with
secondary antibody and DAPI overnight at 4°C. Samples were dehydrated in a graded ethanol series
(30, 50, 70, 80, 96, and 2 x 100% ethanol in PBS), and transferred into clearing solution (2 parts
benzylbenzoate (Sigma-Aldrich):1 part benezylalcohol (Sigma-Aldrich) for 20 min in the dark.
Secondary antibodies were used at a 1:300 dilution.

Confocal image acquisition and quantification

Images were acquired by confocal microscopy (Leica DM5500Q). A series of XY optical sections,
approximately 0.8um apart, throughout the depth of the section were taken and built into a stack to give
a projection image. LAS AF image software was used.

To determine the organisation of photoreceptors within mESC-derived 3D retinal differentiation cultures,
cryoembedded EBs (x6 EBs/sample) were sectioned (18 um), stained for Recoverin and mounted. As
the quantity of organised retinal regions can vary greatly between embryoid bodies and batches of
differentiation we analysed at least 12 EBs over multiple independent differentiations (n>3) using
several mouse ES cell lines (N=3), to quantify the presence of organised ONL-like photoreceptor layers.
Every sixth section through the EBs was examined for the presence of at least one region of Recoverin+
photoreceptors, if this was not present the section was classed as non-retinal (F