&

ISSCR

OPEN ACCESS

Stem Cell Reports

Article

Human retinal organoids harboring IMPG2 mutations exhibit a photoreceptor
outer segment phenotype that models advanced retinitis pigmentosa
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SUMMARY

Interphotoreceptor matrix proteoglycan 2 (IMPG2) mutations cause a severe form of early-onset retinitis pigmentosa (RP) with macular
involvement. IMPG2 is expressed by photoreceptors and incorporated into the matrix that surrounds the inner and outer segments (OS)
of rods and cones, but the mechanism of IMPG2-RP remains unclear. Loss of Impg2 function in mice produces a mild, late-onset photo-
receptor phenotype without the characteristic OS loss that occurs in human patients. We generated retinal organoids (ROs) from patient-
derived induced pluripotent stem (iPS) cells and gene-edited embryonic stem cells to model human IMPG2-RP in vitro. All ROs harboring
IMPG2 mutations lacked an OS layer, in contrast to isogenic controls. Subsequent protein analyses revealed that this phenotype arises due
to a loss of IMPG2 expression or its inability to undergo normal post-translational modifications. We hypothesized that loss of IMPG2
function destabilizes the interphotoreceptor matrix and renders the OS vulnerable to physical stressors, which is accentuated in the tissue
culture environment. In support of this mechanism, transplantation of IMPG2 mutant ROs into the protected subretinal space of immu-
nocompromised rodents restored OS production. Beyond providing a robust platform to study IMPG2-RP, this human RO model system

may serve a broader role in honing strategies to treat advanced photoreceptor-based diseases.

INTRODUCTION

Retinitis pigmentosa (RP) and its related disorders comprise
a diverse group of rare inherited retinal degenerative dis-
eases caused by defects in genes involved in photoreceptor
development, structure, health, and/or function (Hartong
et al.,, 2006; Verbakel et al.,, 2018). Understanding the
mechanisms of these genetic disorders is important, as
it can reveal promising treatment strategies and shed
light on basic molecular and cellular processes of vision.
However, the heterogeneity of RP and the frequent lack
of robust model systems that mimic human disease make
it challenging to unravel gene-specific disease mecha-
nisms. One such example is RP associated with mutations
in genes involved in the structure and function of the inter-
photoreceptor matrix (IPM).

The IPM is a highly organized extracellular matrix that
surrounds photoreceptor inner and outer segments (IS
and OS) and adjoining apical processes of the retinal
pigment epithelium within the subretinal space. Given
its composition and strategic location, the IPM has many
known and postulated roles in the outer retina, including
retinoid transport, intercellular communication, neural
retina adhesion, nutrient and oxygen transport, cytoskel-

etal organization, and structural support (Hageman and
Johnson, 1991; Ishikawa et al., 2015). As such, it is not sur-
prising that disruption of the IPM causes a variety of outer
retinal disorders with profound visual consequences.

A prominent component of the IPM is interphotoreceptor
matrix proteoglycan 2 (IMPG2), an abundant protein that is
secreted by both rod and cone photoreceptors (Acharya
et al., 2000; Chen et al., 2003; Foletta et al., 2001; Kuehn
and Hageman, 1999). IMPG2 is heavily glycosylated with
glycosaminoglycans (GAGs) as well as N- and O-linked oli-
gosaccharides, which together contribute to approximately
60% of its mass (Acharya et al., 2000). These post-transla-
tional modifications (PTMs) are believed to be important
for binding other IPM constituents, stabilizing the matrix,
and supporting the growth and maintenance of OS (Chen
et al., 2004). Mutations in IMPG2 cause multiple retinal pa-
thologies, including a severe form of autosomal recessive RP
that also affects the cone photoreceptor-rich macula early in
the course of the disease, leading to irreversible vision loss in
childhood (Bandah-Rozenfeld et al., 2010; Bocquet et al.,
2013; Brandl etal., 2017; Huet et al., 2014; Khan and Al Ten-
eiji, 2019; Meunier et al., 2014). Structurally, noninvasive
imaging of affected patients by optical coherence tomogra-
phy shows a reduction in retinal thickness and a loss of
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outer retinal bands corresponding to the photoreceptor OS
layer (Brandl et al., 2017; Khan and Al Teneiji, 2019). Dele-
tion of Impg2 in mice also shows progressive functional
changes associated with RP along with histopathological
findings reflective of rod and cone dysfunction, including
OS disorganization (Salido and Ramamurthy, 2020; Xu
etal., 2020). However, Impg2 knockout mice display a signif-
icantly milder phenotype than human patients with
IMPG2-RP, even after long-term follow-up (Salido and Ram-
amurthy, 2020; Xu et al., 2020).

Human pluripotent stem cell (hPSC)-based “disease-in-a-
dish” models are increasingly relied upon as tools to
corroborate animal model findings, to fill the void when
no animal models exist, or to provide clinical relevance
when human-specific genetic backgrounds are needed
(Singh etal., 2013; Sinha et al., 2020). This need is counter-
balanced by inherent limitations in hPSC model systems,
particularly those employing three-dimensional organoids
whose phenotypic characteristics can vary considerably
not only within the same culture population, but also
within the same organoid (Capowski et al., 2019; Meyer
et al.,, 2011; Nakano et al.,, 2012; O’Hara-Wright and
Gonzalez-Cordero, 2020; Sinha et al., 2016). It is thus
imperative to rigorously assess organoid phenotypes to
assure that they are robust and reproducible across organo-
ids, differentiations, and hPSC lines. In addition, the exper-
imental throughput of organoid model systems is often
low and unwieldy, which translates into higher implemen-
tation costs.

Human PSC-derived retinal organoids (ROs) proceed
through a reproducible series of differentiation stages
over the course of many months, ultimately achieving
stage 3, which is demarcated by the light microscopic
appearance of hair-like OS covering their surface (Capowski
et al., 2019). The ability of these long, thin OS to grow and
persist indefinitely in an unstable tissue culture environ-
ment implies the presence of a protective IPM. Indeed,
hPSC-ROs have been shown to produce an IPM (Felemban
et al., 2018), although expression of IMPG2 has not yet
been demonstrated. Interestingly, IMPG2 was not detected
in the matrix surrounding OS in mice; rather, by immuno-
histochemistry it appeared to be restricted to the inner
segment region only (Salido and Ramamurthy, 2020).
Nonetheless, loss of IMPG2 in mice did alter the composi-
tion of the distal IPM as indicated by the abnormal distribu-
tion of a related IPM protein, IMPG1 (Salido and Ramamur-
thy, 2020). Given these findings, we hypothesized that loss
of IMPG2 function would destabilize the IPM of hPSC-ROs,
leading to secondary disruption of OS and perhaps an
observable phenotype in live cultures.

Using patient-derived and gene-edited hiPSC and hESC
lines, we discovered that, in stark contrast to their isogenic
wild-type controls, IMPG2 mutant or knockout ROs invari-

2410 Stem Cell Reports | Vol. 17 | 2409-2420 | November 8, 2022

ably lacked observable OS by light microscopy. Further-
more, western analysis of ROs harboring a missense muta-
tion in IMPG2 revealed an absence of PTMs, offering
mechanistic insight into the disease. All IMPG2-deficient
hPSC-ROs, including those with heterozygous mutations,
displayed a more severe and temporally advanced OS
phenotype than expected for humans with IMPG2-RP at
an equivalent stage of development. To test whether the
RO culture environment contributed to these findings,
we transplanted partially dissociated IMPG2 mutant and
isogenic wild-type control ROs into the subretinal space
of immunodeficient rats. When allowed to mature in this
physically protected location, both mutant and control
ROs were able to generate OS.

Together, these results show that IMPG2-deficient hPSC-
ROs provide a robust, physiologically relevant, and acceler-
ated model of IMPG2-RP. As such, they should prove useful
for testing strategies to treat this rare disorder. Moreover,
given the unique and desirable characteristics of this dis-
ease model, we foresee its utility in a broader, gene-agnostic
context to develop and screen a range of photoreceptor-tar-
geted therapeutics and delivery systems.

RESULTS

IPM protein localization in normal stage 3 hPSC-ROs is
similar to that of non-human primate and mouse
retina

To model IMPG2 in hPSC-ROs, we first sought to compare
the localization of key IPM and photoreceptor proteins in
stage 3 hPSC-ROs relative to adult non-human primate
(NHP) and mouse retina. Recent reports in mouse sug-
gested that IMPG2 is exclusively found in photoreceptor
inner segments (IS) (Salido and Ramamurthy, 2020). Since
an understanding of IMPG2 localization is critical to study-
ing its function, two primary antibodies were used to inves-
tigate its expression via immunohistochemistry (IHC)
(Figures 1A, S1A, and S1B). The first antibody binds to an
extracellular epitope of IMPG2 (EC-IMPG2), while the sec-
ond recognizes an intracellular epitope (IC-IMPG2). In
stage 3 hPSC-ROs, EC-IMPG2 immunofluorescence was
found surrounding both photoreceptor IS and OS, while
IC-IMPG2 immunofluorescence was localized only to
photoreceptor IS (Figure 1B). IHC analysis of IMPG1
mirrored that of EC-IMPG2 (Figure 1B). To ensure that
our findings were not an artifact of hPSC-RO culture, we
repeated the IHC analyses using NHP and mouse retina sec-
tions, which revealed the same EC-IMPG2, IC-IMPG2, and
IMPG1 expression patterns found in hPSC-ROs (Figures 1C
and 1D). These results provided confidence that we could
model normal and mutant IMPG2 function and dysfunc-
tion, respectively, using hPSC-RO cultures. Furthermore,
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Figure 1. IMPG2 localizes to photore-
ceptor inner and outer segments in stage
3 hPSC-ROs, non-human primates, and
mice
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they suggest that IMPG2 undergoes processing as it is trans-
ported from IS to OS, so the intracellular epitope is no
longer detectable in OS, either due to protein cleavage or
epitope masking.

hPSC-ROs harboring mutations in IMPG2 universally
lack visible outer segments by light microscopy

To model IMPG2-RP using hPSC-ROs, a total of seven
different hPSC lines were employed: four isogenic hiPSC
lines and three isogenic hESC lines. The founder hiPSC
line was derived from a subject diagnosed with RP caused
by compound heterozygous mutations in IMPG2
(IMPG2Y254C/A80S(@)tery " The remaining three hiPSC lines
are isogenic to the founder, having undergone CRISPR-
Cas9-mediated editing to gene correct (GC) one or both
IMPG2 alleles (IMPG2Y?>4C/G€ or IMPG29“/S€) or to knock
out (KO) both IMPG2 alleles (IMPG2X®/%9)_ All four hiPSC
lines properly expressed the pluripotency markers OCT3/4,
NANOG, and SOX2 by immunocytochemistry, possessed
normal karyotypes, and had their expected IMPG2 geno-
type confirmed by Sanger sequencing (Figure S2).

PRPH2 CRX

to generate the two IMPG2 antibodies
employed in this study (EC-IMPG2 and IC-
IMPG2, respectively). Sites of predicted
post-translational modifications (PTM) are
marked with an asterisk (*). IMPG2 sche-
matic was designed using Protter.

(B-D) IHC analysis showing the expression
of EC-IMPG2, IC-IMPG2, and IMPG1 relative
to the photoreceptor markers rhodopsin
(RHO), peripherin 2 (PRPH2), and cone-rod
homeobox (CRX) in regions corresponding
to inner and outer segments (IS and 0S;
delineated by dotted lines). In stage 3
hPSC-ROs (B), NHP retina (C), and mouse
retina (D), EC-IMPG2 and IMPG1 immuno-
staining is present in the IS and OS regions,
whereas IC-IMPG2 immunostaining is
restricted to the IS region. ONL = outer
nuclear layer; scale bars, 20 um.
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Given the important role of the IPM in OS mainte-
nance, combined with the known structural and func-
tional phenotype of patients with IMPG2-RP, we hypoth-
esized that mutant IMPG2 hPSC-ROs would possess OS
defects. Strikingly, all IMPG2YZS4C/A80S()ter hipgC.ROs
failed to develop any observable OS by light microscopy,
even after >200 days of differentiation (Figures 2A and
S3A and Table 1). IHC analysis revealed the presence of
EC-IMPG2 immunostaining in photoreceptor IS and on
the immediate surface of IMPG2Y254C/A80S(US)Ter pyg (Fig-
ure 2A). The same pattern of expression was observed for
IMPG1 (Figure 2A), consistent with a general lack of an
IPM in the IMPG2 mutant ROs. Lastly, immunostaining
for rhodopsin and PRPH2 confirmed the near absence
of OS in IMPG2Y254C/A80SUS)Ter 1ipgC_ROs (Figure 2A).
Light microscopic and IHC findings in isogenic
IMPG2KO/KO  hiPSC-ROs were identical to those in
IMPG2Y254C/AB0S()ter hip§C-ROs, with the exception
that IMPG2 expression was completely undetectable in
the IMPG2 knockout line as expected (Figures 2B and
S3B and Table 1).
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Figure 2. hiPSC-ROs harboring patient-specific or gene-edited mutations in IMPG2 fail to extend outer segments or produce an
IPM

(A) ROs from a founder hiPSC line containing compound heterozygous mutations in IMPG2 lack visible 0S by bright field microscopy.
Immunocytochemistry reveals a thin layer of EC-IMPG2, IC-IMPG2, and IMPG1 expression along the RO surface, along with severely stunted
RHO and PRPH2 expression.

(B-D) Identical phenotypes are observed in ROs from isogenic IMPG2 knockout (KO/KO) (B) and heterozygous gene-corrected (Y254C/GC)
(C) hiPSC lines, with the exception that IMPG2 immunostaining is absent in double knockout ROs. (D) Biallelic IMPG2 gene correction (GC/
GC) of the founder hiPSC line fully rescues 0S and IPM production in ROs as determined by bright field microscopy and immunocyto-
chemistry. ALl ROs were differentiated >200 days. RHO = rhodopsin; PRPH2 = peripherin 2; CRX = cone-rod homeobox; scale bars, 20 um.

Since IMPG2-RP is a recessive disorder with no pheno-
type in young heterozygous carriers, we predicted that
the OS defect present in the founder IMPG2 mutant ROs
would be alleviated by correction of a single mutant allele.
Accordingly, we differentiated ROs from the single
gene-corrected IMPG2Y?5*“/SC hiPSC line for >200 days,
expecting to see restoration of the OS layer. However,
IMPG2Y#%#¢/G€ ROs also lacked visible OS by light micro-
scopy and displayed immunostaining patterns for
IMPG2, IMPG1, rhodopsin, and PRPH2 indistinguishable
from IMPG2Y?S4C/AB0S(S)ter 1ipgC ROs (Figures 2C and
S3C and Table 1). To verify that the lack of OS was specif-
ically due to IMPG2 dysfunction and not to an unknown
deficiency of the founder line, we also differentiated the
biallelic gene-corrected IMPG2°“/S€ line for >200 days.
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All IMPG29</S€ ROs produced a thick OS layer that was
readily identifiable by light microscopy (Figures 2D and
S3D and Table 1). IHC analysis of IMPG2°“/“C ROs re-
vealed normalized IMPG2 and IMPG1 expression patterns
indicative of IPM restoration and also confirmed the pres-
ence of OS based on rhodopsin and PRPH2 immunostain-
ing (Figure 2D).

To further ensure that the OS phenotype observed in
the mutant IMPG2 hiPSC-ROs was not a cell line artifact,
we engineered homozygous Y254C IMPG2 mutations
into the widely used WAO9 hESC line (WAO9-
IMPG2Y?S4C/Y254C, Tigure 3B). In addition, we separately
knocked out both IMPG2 alleles in the same line (WAQ9-
IMPG2KX9/KO; Figure 3C). As with the hiPSC lines, the
wild-type WAO09 line and both isogenic CRISPR-Cas9



Table 1. Quantification of hPSC-RO differentiations in which
photoreceptor 0S layers were discernible by light microscopy
(=200 days in culture)

Number of
differentiations
Number of resulting in
differentiations discernible 0S
Cell line performed layers®
M PGZYZSAC/ASOS(fs)Ter 4t 0
IMPG2KO/KO 44 0
IMPG2Y2540/6C 44 0
IMPG2°¢/SC 38 38
WAQ9-IMPG2*/* 92 92
WAQ9-IMPG2Y254(/¥254¢ 49 0
WAQ9-IMPG2K0/KO 49 0

?A discernible 0S layer was uniformly present or absent in all ROs from each
differentiation (=10 ROs per differentiation).

gene-edited WAOQO9 lines expressed the pluripotency
markers OCT3/4, NANOG, and SOX2, possessed normal
karyotypes, and had their expected IMPG2 genotype
confirmed by Sanger sequencing (Figure S4).

As shown previously, all wild-type WA09 hESC-ROs uni-
versally achieved stage 3 of differentiation (Capowski et al.,
2019), hallmarked by a thick OS layer visible by light micro-
scopy (Figures 3A and S3E and Table 1). Immunostaining of
wild-type WAO9 hESC-ROs showed proper IMPG2 and
IMPG1 expression in the IPM and rhodopsin and PRPH2
expression in OS (Figure 3A). In contrast, all ROs generated
from the WAQ9-IMPG2Y234</¥254C and WA09-IMPG2KO/KO
isogenic lines failed to demonstrate OS by light microscopy
after >200 days of differentiation (Figures 3B, 3C, S3F,
and S3G and Table 1). Consistent with the light micro-
scopic findings, WAOQ9-IMPG2Y?54C/¥254C and  WA09-
IMPG2KO/KO ROs displayed similar IMPG2, IMPGI,
rhodopsin, and PRPH2 immunostaining patterns as their
corresponding IMPG2 mutant and knockout hiPSC-ROs,
respectively (Figures 3B and 3C). Of note, IMPG2 mutations
did not affect general photoreceptor survival over the time
course of our studies, since all hPSC-ROs demonstrated a
uniform, compacted outer nuclear layer with no significant
difference in thickness between normal and mutant lines
(Figure S95).

In summary, disruption of IMPG2 in either hiPSCs or
hESCs reproducibly resulted in an unequivocal light micro-
scopic phenotype consisting of the near absence of an IPM
and markedly stunted photoreceptor OS. Conversely, ho-
mozygous correction of IMPG2 mutations fully restored a
normal stage 3 phenotype with a thick IPM and elongated
OS in all ROs examined.

The Y254C IMPG2 mutation prevents post-
translational modifications of the expressed protein
IMPG2 is a chondroitin sulfate proteoglycan with a core mo-
lecular weight of 138 kDa that undergoes extensive PTM via
attachment of glycosaminoglycans (GAGs), N-linked glyco-
sylation, and O-linked glycosylation. These PTMs more than
double the mass of the core protein (Acharyaetal., 2000) and
are presumed to be critical for its role in organizing and
maintaining the IPM. To investigate the mechanism of
IPM disruption and OS loss in hPSC-ROs expressing the
Y254C mutation (i.e., hiPSC-IMPG2Y254C/A805(Es)ter 1hipg .
IMPG2Y254C¢/GC - and WA09-IMPG2Y254C/Y254C) - e evalu-
ated the PTM status of the mutant protein by western blot.
As controls, we also examined the PTM status of normal
IMPG2 from fully gene-corrected or wild-type isogenic
ROs. It was previously shown using a custom polyclonal
antibody that IMPG2 is largely undetectable on western
blots unless it is first treated with chondroitinase to remove
GAG attachments (Acharya et al., 2000). Interestingly, using
the EC-IMPG2 antibody, a band corresponding to unmodi-
fied IMPG2 (138 kDa) was detectable in RO lysates at
>200 days of differentiation even without chondroitinase
treatment (Figure 4A). In addition, we detected a broad,
very high molecular weight protein band in untreated
lysates from mature hiPSC-IMPG29“/SC and WA09-
IMPG2*/* ROs, consistent IMPG2 with PTMs (Figure 4A). In-
cubation with chondroitinase resulted in the appearance of
a more prominent, intermediate-sized band in the hiPSC-
IMPG26¢/S€ and WA09-IMPG2*/* RO lysates, correspond-
ing to the predicted molecular weight of IMPG2 without
GAG attachments (230 kDa; Figure 4B). These results
demonstrate that IMPG2 undergoes extensive PTM in
wild-type and fully gene-corrected hPSC-ROs.

In contrast to the control hPSC lines, western analysis
of ROs from the hiPSC-IMPG2Y254C/A80S(S)ter  hipgC M-
PG2Y?54C/SC and WA09-IMPG2Y254C/Y254C lines with and
without chondroitinase treatment exclusively showed the
presence of unmodified IMPG2 (Figures 4A and 4B). To
ensure that the western blot bands were specific to IMPG2,
we also analyzed ROs from the hiPSC IMPG2X®/X© line,
which yielded no bands as expected (Figures 4A and 4B).
Thus, the Y254C mutation alone is capable of prohibiting
proper PTM of IMPG2. Of note, the lack of a detectable
post-translationally modified IMPG2 band in western blots
from heterozygous gene-corrected hiPSCY?>#“/S¢ ROs sug-
gests that the vast majority of fully PTM IMPG2 is localized
to the IPM, which fails to form in these ROs.

Mutant IMPG2 hPSC-ROs extend and maintain OS
when differentiated in the physically stable
environment of the subretinal space

The OS phenotype observed in IMPG2 mutant and
knockout hPSC-ROs is considerably more severe and earlier
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Figure 3. Introduction of IMPG2 mutations into wild-type WAQ9 hESCs abolishes outer segment extension and IPM production in
ROs

(A) ROs differentiated from wild-type (+/+) WA09-IMPG2 hESCs produce a thick 0S layer visible by bright field microscopy. Immunoflu-
orescence confirms the presence of elongated RHO+/PRPH2+ 0S and a corresponding IPM with proper localization of EC-IMPG2, IC-IMPG2,
and IMPG1.

(B and () Biallelic introduction of pathogenic Y254C mutations (Y254C/Y254C) (B) or knockout mutations (KO/K0) (C) into IMPG2 by
CRISPR-Cas9 gene editing eliminates OS as observed by bright field microscopy. A thin layer of EC-IMPG2, IC-IMPG2, and IMPG1 expression
is present by immunocytochemistry along the surface of the Y254C/Y254C mutant ROs, along with severely stunted RHO and PRPH2
expression. The KO/KO ROs have an identical phenotype with the exception that no IMPG2 expression is observed. All ROs were differ-

entiated >200 days. RHO = rhodopsin; PRPH2 = peripherin 2; CRX = cone-rod homeobox; scale bars, 20 um.

in onset than that of human patients, who are born with
fully formed and functional photoreceptor OS that are sub-
sequently lost over the course of years. Furthermore, the
presence of one normal IMPG2 allele did not correct the
mutant RO phenotype (Figures 2C and S3C), in contrast
to the human condition in which IMPG2 haploinsuffi-
ciency has either no significant consequence or causes a
late-onset vitelliform macular dystrophy (Brandl et al.,
2017). The advanced phenotype observed in mutant ROs
could be due to an inability of IMPG2-deficient ROs (1) to
produce elongated OS under any circumstances or (2) to
stabilize and maintain elongated OS due to factors exacer-
bated by the tissue culture environment. To distinguish be-
tween these possibilities, stage 1 (day 45) mutant IMPG2 or
isogenic control hPSC-ROs were partially dissociated into
aggregates and transplanted into the subretinal space of
immunocompromised Foxn1-S334ter-3 rats (Figure SA)
(Martinez-Navarrete et al., 2011). This animal model was
chosen because it supports long-term xenograft survival
and demonstrates a near-complete lack of photoreceptors,

2414 Stem Cell Reports | Vol. 17 | 2409-2420 | November 8, 2022

which permits clear delineation of transplanted donor
photoreceptor populations.

The transplanted RO aggregates were allowed to mature
in vivo in the rat subretinal space for 6 months, whereupon
they formed photoreceptor rosettes with central lumina
into which OS could extend (Figures 5A and S6) (Iraha
etal., 2018; McLelland et al., 2018; Tu et al., 2019). We hy-
pothesized that, if mechano-physical forces present in the
tissue culture environment are responsible for the advanced
disease state in IMPG2-deficient ROs, maturing them in the
protected subretinal space should mitigate the phenotype.
Indeed, photoreceptor rosettes generated from trans-
planted IMPG2Y2S4C/AB0S(ter o1 T\VpG2Y254C/GC hipSC-
ROs possessed inwardly oriented, elongated rhodopsin+/
PRPH2+ OS with a surrounding IMPG2+ IPM, similar to
what was present in rosettes from isogenic control hiPSC-
ROs (Figures 5B, SC, and SE). Interestingly, OS were also
found in photoreceptor rosettes from transplanted hiPSC-
IMPG2KX9/KO RQs, indicating that the presence of IMPG2
is not necessary for the initial production of OS in the
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subretinal space (Figure 5D), consistent with observations
in early-stage IMPG2-RP patients. These findings were
reproduced using transplanted WAQ09-IMPG2 ROs
(Figures SF-5H).

DISCUSSION

A growing number of studies have shown that hPSC-
derived cells, tissues, and organoids can model cellular
and molecular features of human diseases. Advantages of
hPSC-based model systems include their human genotype,
theoretically unlimited supply, and amenability to experi-
mental manipulation and long-term investigation in an
accessible tissue culture environment. Human PSC systems
are particularly valuable when animal models are either not
available or fail to recapitulate key aspects of human dis-
ease. However, simply having a human genotype does
not ensure that a cell type or organoid derived from hPSCs
will manifest a disease-relevant phenotype. Challenges in
this regard are numerous and result from limitations
unique to hPSCs or inherent to all cell culture models,
such as (1) extent of structural and functional maturation
achievable, (2) variability between and within cultures,
(3) reliance on cell or tissue autonomous effects, and (4)
time needed to manifest natural disease processes.
Advancements in production, differentiation, and stag-
ing methods have lessened many of the challenges for us-
ing hPSC-derived ROs (Capowski et al., 2019). For example,
a recent study showed that cone photoreceptors in stage 3
ROs from multiple hPSC lines exhibited complex, intrinsic
light responses and membrane electrophysiological prop-

-
& ¢
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€ &

¥ droitinase-treated (D) hPSC-RO lysates.
o & GAG = glycosaminoglycans
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erties akin to adult rhesus macaque foveal cones (Saha
et al., 2022). Another report showed the potential for ROs
to reproduce the neuronal circuitry of a full thickness retina
(Cowan et al., 2020). Thus, ROs are capable of modeling
normal human retinal physiology when allowed to mature
in long-term culture. However, even early-onset retinal dis-
orders can take years to cause structural or functional defi-
cits, and although ROs can be maintained for many
months in culture, it is a costly and inefficient process
that still falls well short of the time needed to observe
most human phenotypes in vivo. Efforts to accelerate or
circumvent natural disease processes in vitro have been
described, but they rely largely on mechanistically nonspe-
cific interventions such as exposure to mitochondrial
stressors or toxic chemicals or introduction of genetic mu-
tations unrelated to the disease of interest (Fathi et al.,
2022; Mertens et al., 2018).

Other important considerations in hPSC disease
modeling are the ease, rigor, and reproducibility with
which a phenotype can be assessed and monitored. ROs
are complex, dynamic structures whose morphology and
cellular constituency vary spatially and temporally. Most
methods to assess effects of inherited retinal disease genes
require RO sacrifice (fixation or dissociation) followed by
multi-step imaging analyses or other assays that employ
specific tools, reagents, or expertise. In addition, such read-
outs are often subject to sampling error and/or provide
only partial or indirect measures of disease activity.

In an attempt to address these issues and establish a
robust, user-friendly, and mechanistically germane RO dis-
ease model, we chose to focus on an inherited disorder
affecting the IPM. A major factor influencing this choice
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Figure 5. Transplantation of mutant
IMPG2 hPSC-ROs into the subretinal
space of immunocompromised rats re-
stores their capacity to extend and main-
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was the observation that fragile photoreceptor OS survive
indefinitely in culture on the exposed surface of ROs,
which suggests the presence of a functional, protective
IPM. Indeed, the existence of an IPM was previously re-
ported in late-stage ROs, although IMPG2 was not observed
in that study (Felemban et al., 2018). Therefore, it stood to
reason that disruption of the IPM could lead to an early-
onset OS phenotype discernible in live ROs by light micro-
scopy. Another impetus for this study rested in the general
importance of OS layer thickness measurements as sensi-
tive indicators of inherited retinal disease severity and
treatment response in vivo (Cideciyan et al., 2021; Huang
et al., 2021; Sousa et al., 2019).

We first confirmed that normal stage 3 hPSC-ROs elabo-
rate a thick IPM that surrounds OS and showed for the first
time that it contains IMPG2. Subsequent IHC analyses in
ROs, mouse retina, and NHP retinal tissue revealed that an-
tibodies directed against intracellular or extracellular epi-
topes of IMPG2 exhibited distinct but overlapping expres-

2416 Stem Cell Reports | Vol. 17 | 2409-2420 | November 8, 2022

time point when this model is nearly devoid
of host photoreceptors.

(B-H) Immunocytochemical analysis of
human donor photoreceptor rosettes 6
months after RO transplantation reveals
extensive RHO+/PHPR2+ 0OS in all mutant
and control lines: IMPG2'254C/AB05(fS)ter
(B), IMPG2"2%4U/6C (), IMPG2X/%0 (D),
IMPG26%/CC (E), WA09-IMPG2*/* (F), WA09-
IMPG2Y254C/¥254C (G, and WA09-IMPG2X%/*0
(H). Scale bars, 25 pum.

sion patterns. More specifically, intracellular IMPG2
immunostaining localized solely to IS, while extracellular
IMPG2 immunostaining localized to regions surrounding
both IS and OS. This finding suggests that IMPG2 is altered
as it passes through the IS, either through protein cleavage
or epitope masking. Our results also explain why a prior
mouse study that solely used an antibody targeting the
intracellular terminus of IMPG2 reported that it was ex-
pressed only in IS (Salido and Ramamurthy, 2020).

After validating IMPG2 expression in normal ROs, we
examined the phenotypic consequence of its loss of func-
tion in a series of patient-derived or gene-edited hiPSC
and hESC lines. All mutant IMPG2-RP ROs demonstrated
a near absence of OS and IPM by live light microscopy
and/or IHC. Conversely, all homozygous isogenic control
ROs possessed an IPM and were densely covered with elon-
gated OS. While the phenotypic impact of IMPG2 knockout
and frameshift mutations could be reasoned by the lack of
protein expression, an explanation for the equally severe



phenotype in ROs with the Y254C IMPG2 mutation,
which is fully expressed, was not immediately apparent.
However, further investigation demonstrated an absence
of PTMs in the Y254C mutant protein, which are presum-
ably necessary for stabilizing the IPM (Chen et al., 2004).
The fact that a single point mutation eliminated most or
all PTMs implies a pervasive conformational disturbance,
which in turn provides a plausible mechanism for the
loss of IMPG2 function in this and other missense mutants.

Additional insight into the mechanism underlying the
advanced mutant IMPG2 RO disease phenotype was
garnered after observing that correction of a single allele
failed to re-establish an OS layer. Since IMPG2 haploinsuf-
ficiency either fails to produce a clinically meaningful
phenotype or produces a late-onset vitelliform macular
dystrophy in human carriers, our results suggest that the
mechanically stressful RO culture conditions not only
accelerate the onset of an IMPG2-RP phenotype, but they
also reduce the threshold for manifestation. Confirmation
of this theory came following transplantation of mutant
IMPG2 RO aggregates into the mechanically stable subreti-
nal space, which permitted growth of OS. While it is also
possible that host-secreted factors helped stimulate OS
elongation of transplanted photoreceptors, such influ-
ences are not required given the robust presence of OS on
wild-type ROs in vitro. Overall, these results reconcile the
RO disease phenotype with clinical observations and imag-
ing analyses in patients with IMPG2-RP, who are born with
a functional OS layer that is lost over the course of years.
Similarly, the Impg2 knockout mouse models are born
with a normal appearing OS layer that undergoes relatively
mild structural changes into adulthood (Salido and Rama-
murthy, 2020; Xu et al., 2020).

An interesting feature of retinal diseases caused by
IMPG2 mutations is their predilection to affect the macula
early in their course (Brandl et al., 2017; Huet et al., 2014),
possibly due to a selective detrimental effect on cone versus
rod OS stability. The stage 3 ROs employed in the present
study, which exhibit a 4:1 rod:cone ratio (Capowski et al.,
2019), showed uniform (i.e., nonselective) OS disruption.
However, more insight into potential regional effects of
IMPG2 mutations within the retina could be obtained in
the future using cone-enriched ROs.

From a practical application standpoint, the availability
of both null and haploinsufficient IMPG2 mutant human
RO models provides a simple means to broadly assess ther-
apeutic potency. More specifically, a treatment that gener-
ates a visible OS layer in homozygous null ROs indicates
restoration of greater than 50% of normal IMPG2 levels.
In contrast, formation of an OS layer in heterozygous—
but not homozygous—mutant ROs would indicate that
the treatment is capable of augmenting IMPG2 expression
by less than 50% of normal levels. Following this initial

live assessment, a more precise determination of IMPG2
protein levels and PTM status in treated versus untreated
ROs could be carried out using quantitative protein
analysis.

In conclusion, our results show that hPSC-ROs provide a
rigorous and mechanistically relevant model of IMPG2
dysfunction capable of mimicking later stages of human
disease that mutant mice do not achieve. Furthermore,
the RO phenotype we observe represents an ideal treat-
ment window for initial clinical trials; namely, after vision
loss occurs due to OS disruption but before the onset of irre-
versible photoreceptor cell death. As such, we anticipate
their use as a powerful tool to advance gene therapies for
IMPG2-RP. Moreover, since this RO phenotype is likely to
occur following introduction of any IMPG2 loss of function
mutation, these models could serve as a generic testing
platform for early-stage testing of gene or RNA editing stra-
tegies regardless of the ultimate disease target.

EXPERIMENTAL PROCEDURES

Human pluripotent stem cell lines

All work with hPSC lines was carried out in accordance with insti-
tutional, national, and international guidelines and approved by
the Institutional Review Board and Stem Cell Research Oversight
Committee at the University of Wisconsin-Madison. For details
on hPSC reprograming, gene editing, and genotyping please see
supplemental information.

hPSC culture and retinal organoid differentiation

All hPSC lines were cultured and differentiated for >200 days using
a previously published protocol (Capowski et al., 2019). Additional
details regarding the retinal organoid differentiation protocol are
provided in supplemental information.

hPSC-RO immunocytochemistry

ROs were fixed in 4% paraformaldehyde (Electron Microscopy Sci-
ences) at room temperature (RT) with gentle agitation for 1 h,
washed with 1X PBS, and incubated in 15% sucrose in PBS for
40 min, followed by equilibration in 30% sucrose for 40 min.
ROs were cryopreserved immediately post-equilibration to pre-
serve photoreceptor outer segments and then cryosectioned at a
thickness of 15 pm. Cryosections were blocked in blocking solu-
tion (10% normal donkey serum, 5% BSA, 1% fish gelatin, and
0.5% Triton X-100 in 1X PBS) for 1 h at RT and incubated at 4°C
overnight with primary antibodies prepared in blocking solution
(see Table S3 for a list of the primary antibodies). After the incuba-
tion, cryosections were washed 3X in 1X PBS, then incubated for
30 min in the dark at RT with appropriate fluorophore-conjugated
secondary antibodies (Alexa Fluor 488, Alexa Fluor 555, Thermo
Fisher Scientific; Cat# A-21206, A-31570) prepared in blocking so-
lution. Thereafter, the immunostained cryosections were washed
3X in PBS, mounted in Prolong Gold Antifade with DAPI (Thermo
Fisher Scientific, Cat# P36931), and imaged using a Nikon A1 laser
scanning confocal microscope with NIS Elements AR 5.0 software.
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For information regarding mouse and rat immunocytochemistry
please see supplemental information.

Western blot analysis

hPSC-ROs were lysed in RIPA buffer containing Halt protease in-
hibitor (Thermo Fisher Scientific; Cat# P8340), followed by quan-
tification of total protein using a DC Protein assay kit II (Bio-Rad,
Cat# 5000112). For samples undergoing chondroitinase treat-
ment, 20 pg of protein was resuspended in 0.1 M Tris acetate buffer
(pH 7.3) containing 3 mU of chondroitinase ABC (Sigma-Aldrich;
Cat# C3667-5UN) for 1 h at 37°C. 20 pg of each treated or un-
treated protein sample was then separated on a 4%-20% mini-Pro-
tean TGX gel (Bio-Rad; Cat# 4561094) and transferred onto a PVDF
membrane (Millipore; Immobilon-FL). After transfer, membranes
were dried at RT for 15 min, reactivated in methanol for 1 min,
and then blocked for 1 h at RT with Intercept Blocking Buffer
(LI-COR Biosciences; Cat# 927-70001). Membranes were then
incubated overnight at 4°C with anti-EC-IMPG2 (1:500) and
anti-ACTIN (1:3,000) primary antibodies diluted in blocking buffer
with 0.1% Tween 20. Thereafter, blots were washed 4X in
PBS +0.1% Tween 20 and incubated for 1 h at RT in appropriate sec-
ondary antibodies (LI-COR Biosciences Cat# 926-68022, 926-
32213) diluted 1:10,000 in blocking buffer with 0.1% Tween 20
and 0.01% SDS. The blots were washed again 4X in 1X
PBS +0.1% Tween 20, and protein bands were visualized using an
Odyssey Infrared Imager (LI-COR Biosciences).

Animal care and subretinal transplantation of hPSC-
RO aggregates

Athymic SD-Foxnl Tg (S334ter)3LavRrrc (Foxn1-S334ter-3) rats
(Seiler et al., 2014) were used for all RO transplantation experi-
ments. Foxn1-S334ter-3 rats undergo rapid and near-complete
loss of rod PRs by P30, with subsequent cone PR dysfunction and
death (Hombrebueno et al., 2010; LaVail et al., 2018; Martinez-
Navarrete et al., 2011). All transplantations were performed be-
tween 3 and 6 months of age, when only a single discontinuous
layer of degenerating host cone PRs remains. Animal procedures
were approved by the University of Wisconsin-Madison Institu-
tional Animal Care and Use Committee and were conducted in
accordance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthalmic
and Vision Research, the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and the laws and regula-
tions of the United States Department of Agriculture. For further
details regarding rat subretinal transplantation please see supple-
mental information.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/
10.1016/j.stemcr.2022.09.004.
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