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Biallelic variations in the aryl hydrocarbon receptor interact-
ing protein-like 1 (AIPLI) gene cause Leber congenital amau-
rosis subtype 4 (LCA4), an autosomal recessive early-onset se-
vere retinal dystrophy that leads to the rapid degeneration of
retinal photoreceptors and the severe impairment of sight
within the first few years of life. Currently, there is no treat-
ment or cure for AIPLI-associated LCA4. In this study, we
investigated the potential of adeno-associated virus-mediated
AIPLI gene replacement therapy in two previously validated
human retinal organoid (RO) models of LCA4. We report
here that photoreceptor-specific AIPL1 gene replacement
therapy, currently being tested in a first-in-human applica-
tion, effectively rescued molecular features of AIPLI-associ-
ated LCA4 in these models. Notably, the loss of retinal phos-
phodiesterase 6 was rescued and elevated cyclic guanosine
monophosphate (cGMP) levels were reduced following treat-
ment. Transcriptomic analysis of untreated and AAV-trans-
duced ROs revealed transcriptomic changes in response to
elevated cGMP levels and viral infection, respectively. Overall,
this study supports AIPL1 gene therapy as a promising ther-
apeutic intervention for LCA4.

INTRODUCTION

Leber congenital amaurosis (LCA) is among the most severe and
the earliest forms of inherited retinal degeneration (IRD) with
an estimated prevalence of 2-3 per 100,000 births." Primarily in-
herited in an autosomal recessive manner, LCA is characterized
by severe sight impairment and abnormal electroretinographic re-
cordings during early childhood.! Additional clinical features
include attenuation of the retinal blood vessels, optic disc pallor,
and nyctalopia." It is genetically heterogeneous and to date, 26
genes have been identified to be linked to LCA.> Among these, var-
iations in the aryl hydrocarbon receptor interacting protein-like 1
(AIPLI) gene are estimated to account for 5%-7% of all LCA, re-
sulting in the most severe form of the disease, LCA subtype 4
(LCA4).>"

AIPLI is a 41-kb gene comprising six exons located on chromosome
17.” It encodes a 384 amino acid protein, AIPL1, which is exclusively
detected in retinal photoreceptors and the pineal gland.**” Function-
ally, AIPL1 is a photoreceptor-specific co-chaperone that plays an
essential role in the assembly and folding of photoreceptor-specific
phosphodiesterase 6 (PDE6) together with the molecular chaperone
HSPY0 in the rod and cone photoreceptors.® "' Upon light stimula-
tion, activation of PDE6 hydrolyses cyclic guanosine monophosphate
(cGMP) to GMP, which is crucial for light-mediated cell hyperpolar-
ization in the phototransduction cascade.'”'> Mouse studies have
shown that the reduction or absence of Aipll protein results in a
reduction in Pde6 subunits and elevation of cGMP, which conse-
quently leads to rapid degeneration of rod and cone photorecep-
tors.>'*'*!'> There is currently no treatment for this clinical condition
and there is therefore an urgent need to develop effective therapies.

Adeno-associated viral (AAV) vector-mediated gene replacement ther-
apies are gaining popularity as they are relatively safe, effective in both
proliferating and postmitotic target cells, and can provide prolonged
transgene expression.'®'” AAV-based gene replacement therapy for
LCA patients with variations in the RPE65 gene was granted approval
from the U.S. Food and Drug Administration as the first gene therapy
for an IRD.'® AAV-AIPLI treatment, with transgene expression driven
by the cytomegalovirus,'>*° rhodopsin (Rho),”” or human Rho kinase
(hRK)*' promoters in combination with the AAV2/2,"" AAV5,*' or
AAV2/8"*" serotypes, has been investigated in LCA4 animal models
where it was able to effectively rescue the photoreceptor degeneration.

Recent advances in stem cell-derived 3D retinal organoids (ROs)
have provided a model that is well suited for mimicking human
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retinal development, with defined layers of inner nuclear layer, outer
plexiform layer, and outer nuclear layer (ONL), as well as photore-
ceptor inner segments (IS) and outer segments (0S).*** ROs have
further enabled the investigation of pathological processes of retinal
disorders and are a valuable platform for testing the efficacy of po-
tential therapies in human photoreceptor cells. To date, three
studies have investigated AIPLl-associated LCA4 using human
RO models.**?*° In patient-derived LCA4 models, somatic cells
from LCA4 patients, including a patient homozygous for the most
common LCA4-associated AIPLI variation, c.834G>A, p.W278X%,
have been reprogrammed to induced pluripotent stem cells (iPSCs)
and differentiated to ROs.”*** Moreover, CRISPR-Cas9 gene editing
has been used to generate an AIPL1 knockout (KO) iPSC line from
which ROs have been differentiated.”® All the iPSC-derived RO
models have recapitulated the molecular features evident in the an-
imal models, including a reduction in AIPL1, PDE6a, and PDE6S,
accompanied by an elevation in cGMP levels. In addition, it has
been reported that the treatment of iPSC-ROs harboring the
c.834G>A, p.W278X variation with the translational readthrough
inducing drug PTC124 partially restores AIPL1 and PDES6, but
not cGMP levels.*

To address the need for the development of more efficient therapeutic
approaches for LCA4, here we describe AAV-mediated AIPLI gene
augmentation therapy in LCA4 patient-derived and AIPL1 KO
ROs. We found highly efficient restoration of AIPL1, PDE6a,
PDEG6B, and cGMP levels with AAV treatment. Our study, therefore,
provides crucial data in support of future gene therapy approaches for
children affected by LCA4.

RESULTS

AAV gene therapy rescued AIPL1 expression in retinal
photoreceptors

Two distinct, previously validated LCA4 disease models were used in
this study. In the first isogenic LCA4 disease model, CRISPR-Cas9
non-homologous end-joining was used to KO AIPL1 in iPSCs derived
from fibroblasts (AIPL1 KO).?° In the second model, iPSCs were
derived from renal epithelial cells from an LCA4 patient homozygous
for ¢.834G>A, p.W278X.”> The homozygous mutation was corrected
by CRIPSR-Cas9 homology directed repair in the patient iPSCs to
generate an isogenic control (CON).>® ROs were differentiated from
the AIPL1 KO and LCA4 patient iPSC lines, as previously described.”>*®
LCA4 patient RO and AIPL1 KO ROs were transduced with 1 x 10"
AAV7m8.hRKp.AIPLI viral particles at day 196 of differentiation and
analyzed 14 days (2 weeks) and 35 days (5 weeks) after transduction
at day 210 and day 231 of differentiation, respectively. First, the protein
abundance of AIPL1 was investigated with respect to rod and cone pho-
toreceptors (Figure 1). In both LCA4 disease models, endogenous
ATPL1 was detected in Rho-positive rod photoreceptors (Figure 1A)
and cone arrestin-positive cone photoreceptors (Figure 1B) of the
ONL in the isogenic CON ROs at all time points analyzed. No endoge-
nous AIPL1 was detected in the rod (Figure 1A) or cone (Figure 1B)
photoreceptors in the untreated (UNT) AIPL1 KO ROs or LCA4 patient
ROs. After AAV7m8.hRKp.AIPLI treatment (AAV), both models saw
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increased positive AIPL1 detection in Rho-positive rods (Figure 1A)
and cone arrestin-positive cones (Figure 1B). While there seemed to
be a low level of AIPL1 recovery in the ONL, AIPL1 expression was
prominent in a subpopulation of individual cells. In the AIPL1 KO
model, AIPL1 was prominently detected in 10.9% + 0.5% (day 210)
and 12.1% + 0.5% (day 231) of Rho-positive rod photoreceptors, and
in 12.8% + 0.4% (day 210) and 13.4% + 0.6% (day 231) of cone
arrestin-positive cone photoreceptors. In the LCA4 patient model,
AIPL1 was prominently detected in 11.4% + 0.9% (day 210) and
154% + 0.6% (day 231) of Rho-positive rod photoreceptors, and
in 10.8% + 1.0% (day 210) and 14.3% + 0.7% (day 231) of cone
arrestin-positive cone photoreceptors. AIPL1 was detected throughout
both rod and cone photoreceptor cells with the exclusion of the photo-
receptor OSs (Figure S1). The results show that expression of the AIPL1
transgene driven by the hRK promoter (hRKp) led to detectable AIPL1
levels in rod and cone photoreceptors 14 days (2 weeks) after transduc-
tion in both AIPL1 KO and patient-derived ROs, which was sustained
35 days (5 weeks) after transduction.

AAV gene therapy rescued rod PDE6 and cGMP levels

We next investigated rod PDE6a. (Figure 2A) and rod PDE6B (Fig-
ure 2B) in the AIPL1 KO and LCA4 patient models. As previously
reported in both LCA4 models,”>*® PDE6o, and PDE6B were local-
ized to the presumptive OS of rod photoreceptors in the isogenic
CONs, but were undetectable in UNT AIPL1 KO and LCA4 patient
ROs at all time points (Figures 2A and 2B). However, following
AAV7m8.hRKp.AIPLI transduction (AAV), a remarkable recovery
of PDE6a. and PDE6B was observed in both models, indicating
that AIPL1 function was restored in the ONL (Figures 2A and
2B). The recovery of PDE6a. and PDE6B was evident 14 days
(2 weeks) after transduction and continued significant rescue was
observed 35 days (5 weeks) after transduction (Figures 2A and
2B). Interestingly, there seemed to be some mislocalization of
PDE6 protein after AAV treatment, with PDE6 more frequently
also observed in the IS and ONL, in addition to the presumptive
OS. Pooled whole ROs from the AIPL1 KO model were examined
by western blot (Figure S2A). AIPL1 was abundantly detected in
isogenic CONs, but absent in AIPL1 KO ROs. PDE6a. was also
significantly reduced in AIPL1 KO ROs (p = 0.001) compared
with the isogenic CON. Partial recovery of both AIPLI and
PDE6a protein levels were detected in AAV-transduced AIPL1
KO ROs by western blotting. No difference was observed in the levels
of recoverin, used as a CON for photoreceptor cells, confirming that
the changes in AIPL1 and PDE6a levels were not related to photo-
receptor abundance. As reported previously,”* *° there was no signif-
icant change in the expression of PDE6 transcripts (PDE6C, PDE6H,
PDE6A, PDE6B, and PDE6G) in the AIPL1 KO (Figure S2B) and
AIPL1 patient ROs (Figure S2C) by qPCR compared with the respec-
tive isogenic CONs, and AAV transduction did not significantly alter
these transcript levels compared with the UNT ROs (Figures S2B
and S2C), indicating the post-transcriptional rescue of PDE6
following AAV treatment. Finally, cGMP levels were quantified in
individual whole ROs to investigate the downstream effects of
PDE6 recovery in the AIPL1 KO (Figure 2C) and LCA4 patient
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(Figure 2D) models. In both models, the loss of AIPL1 and rod PDE6
subunits produced a significant increase in cGMP levels (p = 0.0285,
KO model; p = 0.007, patient model), which was rescued by AAV
treatment, indicating functional rescue of the disease phenotype.

The effects of AAV gene therapy persisted for at least 70 days
To understand the duration of the AAV-mediated rescue, LCA4 pa-
tient ROs were transduced with AAV7m8.hRKp.AIPL]I at day 161 of

D35 post transduction

Figure 1. AIPL1 expression in retinal
photoreceptors is rescued by AAV gene therapy

(A) Expression of AIPL1 (red) and Rho (green) and (B)
AIPL1 (red) and cone arrestin (green) in AIPL1 KO and
LCA4 patient-derived (LCA4) ROs transduced with
AAV7mM8.hRKp.AIPL1 at day 196 of differentiation and
analyzed D14 and D35 after transduction. In both
models, AIPL1/Rho and AlPL1/cone arrestin were
investigated in the isogenic CON, UNT, and AAV-
treated (AAV) ROs. Images are representative of multiple
images from at least n = 3 independent ROs for each
condition. Nuclei are labeled with diamidino-2-
phenylindole (DAPI) (blue). INL, inner nuclear layer; ONL,
outer nuclear layer; IS, inner segments; OS, outer
segments. Scale bars, 50 pm.

LCA4

differentiation and analyzed at 14 days
(2 weeks), 35 days (5 weeks) (data not shown),
and 70 days (10 weeks) after transduction at
day 175, day 210, and day 231 of differentia-
tion, respectively (Figure 3). At 14 days
(D14) and 70 days (D70) after transduction,
AIPL1 was abundant in the ONL of the
LCA4 isogenic CON, but could not be detected in
the UNT LCA4 patient ROs (Figure 3A). The
transduction of LCA4 patient ROs (AAV)
rescued AIPL1 at D14 after transduction and
the rescue was sustained 10 weeks (D70) after
transduction, with AIPL1 expression detected
in a subset of cells at this time point. As shown
before, PDE6f was expressed in the presump-
tive photoreceptor OS in the isogenic CONS,
but was absent in LCA4 patient ROs (UNT)
(Figure 3B). The rescue of PDE6f was evident
at D14 after transduction and was sustained
after 10 weeks (D70) (AAV). At day 70
(10 weeks) after transduction, mislocalization
of PDE6P to the photoreceptor IS and ONL
was noticeable. There was no significant
change in the expression of PDE6 transcripts
(PDE6C, PDE6H, PDE6A, PDE6B, and
PDEG6G), with the exception of a significant in-
crease in PDE6B expression D14 post trans-
duction in the UNT and treated LCA4 ROs
and of PDE6G expression D35 post transduc-
tion in the UNT LCA4 ROs, compared with
the isogenic CONs (Figure S3). cGMP levels were quantified in in-
dividual whole ROs 10 weeks after transduction (Figure 3C). cGMP
levels were significantly increased in the LCA4 patient ROs (UNT)
compared with the isogenic CONs (p = 0.0056), with AAV treat-
ment (AAV) reducing the cGMP levels to CON levels. In summary,
the sustained rescue of AIPL1 function and PDE6 recovery in
photoreceptor OSs could be observed 70 days (10 weeks) after trans-
duction of LCA4 patient ROs.
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Figure 2. Rod PDE6 and cGMP levels are rescued by
AAV gene therapy

(A) Expression of PDE6a (red) and phalloidin (green) and
(B) PDE6B (red) and phalloidin (green), as indicated, in
isogenic CONs, untreated AIPL1T KO and LCA4 patient
(LCA4) ROs (UNT), and AIPL1 KO and LCA4 patient (LCA4)
ROs transduced with  AAV7m8.hRKp.AIPL1 (AAV) at day
196 of differentiation and analyzed at D14 and D35 after
transduction. Images are representative of multiple images
from at least n = 3 independent ROs for each condition.
Nuclei are labeled with diamidino-2-phenylindole (DAPI)
(blue). ONL, outer nuclear layer; OS, outer segments.
Scale bars, 20 pum. (C) cGMP ELISA of individual
whole ROs from the AIPL1 KO model and (D) the LCA4
patient (LCA4) model. cGMP levels were measured in the
isogenic CON, UNT, and AAV-treated (AAV) ROs 35 days
(5 weeks) after transduction at day 231 of differentiation.
n = 3 independent ROs per sample, statistical significance
determined by One-way ANOVA where *, ** and
*** denotes a p values < 0.05, 0.01, and 0.005 respectively.
ns, not significant.
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Figure 3. AAV gene therapy leads to sustained phenotypic rescue

D70
post transduction

B D14
post transduction

os

ONL

CON

INL

oS

ONL

UNT

INL

os

ONL

INL

Scale bar = 10 ym

(A) Expression of AIPL1 (red) and Rho (green), as indicated, and (B) PDEGB (red) in isogenic CON, UNT LCA4 patient ROs, and LCA4 patient ROs transduced with
AAV7mM8.hRKp.AIPL1 (AAV) at day 161 of differentiation and analyzed at D14 and D70 after transduction. Images are representative of multiple images from at least n = 3
independent ROs per condition. Nuclei are labeled with diamidino-2-phenylindole (DAPI) (blue). INL, inner nuclear layer; ONL, outer nuclear layer, OS; outer segments; IS,
inner segments. Scale bars, 10 um. (C) cGMP ELISA of individual whole ROs. cGMP levels were measured in the isogenic CON, UNT, and AAV-treated (AAV) ROs 70 days
(10 weeks) after transduction. n = 3 independent ROs per sample, statistical significance determined by One-way ANOVA where * and ** denote a p value < 0.05 and 0.01,

respectively. ns, not significant.

Transcriptomic changes in LCA4 patient ROs

We conducted RNA sequencing (RNA-seq) of individual day 231
LCA4 isogenic CON and patient ROs to understand the disease-asso-
ciated transcriptomic changes (Figure 4). Principal component anal-
ysis (PCA) showed distinct and non-overlapping clustering of the
LCA4 isogenic CON and UNT LCA4 patient ROs with 45% and
25% of the variance ascribed to PC1 and PC2, respectively (Figure 4A).
We estimated the different retinal cell types and proportions in the

ROs using single cell RNA-seq data from ROs of a similar age (Fig-
ure S4A).””*® We found there was no significant difference in the pro-
portions of different retinal cell types (p > 0.05; Kruskal-Wallis test) in
the LCA4 isogenic CON and UNT patient ROs, except for cone OFF
bipolar cells (p = 0.03). A heatmap of retinal cell type markers (Fig-
ure $4B) and phototransduction markers (Figure S4C) revealed no sig-
nificant differences between isogenic CON and UNT LCA4 patient
ROs (UNT). A volcano plot (adjusted p value (p,g;) < 0.05; shrunken
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Figure 4. LCA4-associated transcriptional changes affect neuronal signaling and transport

(A) PCA of isogenic CON and LCA4 patient-derived ROs (LCA4) with the percentage of total variance attributed to principal component (PC)1 and PC2 indicated. (B) Volcano
plot of DEGs. Significantly upregulated and downregulated genes (pag < 0.05; shrunken LFC > 0.585) are indicated by red dots. (C) Bar chart and (D) netplot of over-
representation analysis of biological processes enriched in significantly DEGs. (E) Bar chart and (F) netplot of over-representation analysis of molecular functions enriched in
significantly DEGs.
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log2-fold change (LFC) < 0.585) of differentially expressed genes
(DEGs) (164 upregulated, 45 downregulated) highlighted the signifi-
cant upregulation of Potassium Voltage-Gated Channel Subfamily C
Member 3 (KCNC3; Pagj = 2.5E—11; LFC, 10.8), Myosin Heavy Chain
14 (MYH14; Pagj = 1.7E—12; LFC, 9.6), Synpatotagmin 3 (SYT3;
Pagj = 6.1E—09; LE,C 9.6) and Neuronatin (NNAT; Padj = 6.2E—10;
LFC, 7.1) among the top upregulated genes, in addition to multiple
members of the heat shock protein (HSP), solute carrier (SLC), and
protocadherin (PCDH) families (Figure 4B) in the LCA4 patient
ROs. Gene enrichment analysis of biological processes (Figures 4C
and 4D) and cellular compartments (Figures S4D and S4E) revealed
dysregulation of pathways related to synaptic regulation and neuro-
transmission in the LCA4 patient ROs compared with the isogenic
CONs, with gene enrichment analysis of molecular function revealing
these changes to be primarily mediated by dysregulation of ion chan-
nel and transmembrane transporter activity (Figures 4E and 4F).

AAV gene therapy induced an intrinsic viral response

To investigate transcriptomic changes induced by AAV treatment, in-
dividual LCA4 UNT and AAV transduced LCA4 ROs were analyzed by
RNA-seq (Figure 5). Analysis of the proportion of different retinal cell
types revealed there were no significant differences between LCA4
isogenic CONs, LCA4 UNT ROs and AAV treated LCA4 ROs
(AAV) (p > 0.05; Kruskal-Wallis test), except for cone OFF bipolar cells
(p = 0.03) (Figure S4A). No significant differences were detected in
retinal cell type markers (Figure S5A) or phototransduction markers
(Figure S5B) between UNT LCA4 ROs and AAV treated LCA4 ROs
(AAV). The number of DEGs was relatively small (51), with only 40
significantly upregulated and 11 significantly downregulated genes.
As a consequence, the UNT and AAV-treated ROs did not cluster
distinguishably by PCA, although the UNT LCA4 ROs were more
similar to one another (Figure 5A). Noticeably, significantly DEGs
were related primarily to innate immune or interferon-inducible viral
responses, or to the cell cycle (Figure 5B). Among the top significantly
upregulated genes related to viral responses, highlighted on a volcano
plot, were MX Dynamin Like GTPase 1 (MX1; Padgj = 2.1E—10; LEC
2.9), Interferon-Stimulated Gene 15 (ISG15; p,g = 5.9E—14; LFC 2.6),
Interferon Alpha Inducible Protein 6 (IFI6; p,g = 6.7E—11; LFC 1.7),
and 2'-5'-Oligoadenylate Synthetase 1 (OASI; p,q; = 0.0007; LEC 2)
(Figure 5B). Similarly, gene enrichment analysis of biological processes
highlighted two distinct gene regulatory networks related to the upre-
gulation of viral response pathways and dysregulation of key cell divi-
sion pathways, respectively, in the AAV-treated ROs compared with
the UNT ROs (Figures 5C and 5D), with the latter pathway also high-
lighted by cell component gene enrichment analysis (Figures S5C and
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S5D). Finally, we compared the transcriptomic data from the isogenic
CON, UNT LAC4 patient and AAV-treated LCA4 patient (AAV) ROs.
PCA showed distinct and non-overlapping clustering of the isogenic
CONss from both the UNT and treated (AAV) LCA4 patient-derived
ROs with 31% and 17% of the variance ascribed to PC1 and PC2,
respectively (Figure 5E). Interestingly, the UNT and treated (AAV)
LCAA4 patient ROs clustered together, indicating that the gene expres-
sion profiles of these two groups are similar. This was confirmed by a
heatmap of normalized cell counts of genes differentially expressed be-
tween the isogenic CON and UNT ROs, showing that the expression
profile of DEGs of the treated LCA4 patient-derived ROs (AAV) is
most similar to the UNT ROs, particularly within batches (Figure S6).
Comparison of the normalized cell counts of individual DEGs similarly
highlighted that while there was a general trend toward recovery of
gene expression levels in the treated ROs (AAV) toward CON levels,
this did not reach significance, as illustrated for HSPB6, PCDH3, and
SLC15A4 (Figure 5F).

DISCUSSION

In this study, we show effective and sustained rescue of the levels of
AIPL1, PDE6, and cGMP in two iPSC-RO models of AIPL1-associ-
ated LCA4 after AAV7m8.hRKp.AIPLI gene therapy. Our study
coincides with a first-in-human application of gene therapy for
LCA4, in which affected children have been treated with AAV?2/
8.hRKp.AIPL1 via subretinal injection in one eye (M. Michaelides
and J. Bainbridge, personal communication, 2023). Our findings of
the rescue of AIPL1, PDE6 and cGMP levels as observed in our
in vitro gene therapy model suggest that AIPLI gene replacement
therapy may be a valuable approach to treat LCA4 patients.

Notably, as reported previously, there is no overt photoreceptor
degeneration in the iPSC-RO models used here, despite the loss
of AIPL1 and PDE6 and the elevated levels of cGMP.*>*® Specif-
ically, we previously reported the normal histological and morpho-
logical development of the ROs and normal specification of all
retinal cell types in the iPSC-RO models.”>*® There was, moreover,
no change in ONL thickness or TUNEL-positive apoptotic cells in
these models. These findings are in agreement with those of a pre-
vious study that characterized a patient-derived RO model har-
boring a homozygous ¢.256T>C, p.C89R AIPLI variation.”* Lukovic
et al. (2020)** similarly reported normal retinal cell genesis, differ-
entiation, and cell type specification with preserved retinal
morphology, in addition to the lack of reactive gliosis and apoptotic
cell death. Interestingly, transcriptomic data from our current study
corroborates that of Lukovic et al. (2020),* as we observe no

Figure 5. AAV gene therapy induces an innate immune response

(A) PCA of LCA4 patient-derived UNT and AAV-treated (AAV) ROs with the percentage of total variance attributed to principal component (PC)1 and PC2 indicated. (B)
Volcano plot of DEGs. Significantly upregulated and downregulated genes (pag; < 0.05; shrunken LFC > 0.585) are indicated by red dots. (C) Bar chart and (D) netplot of over-
representation analysis of biological processes enriched in significantly DEGs. (E) PCA of isogenic CON, LCA4 patient-derived UNT, and LCA4 patient-derived AAV-treated
(AAV) ROs with the percentage of total variance attributed to PC1 and PC2 indicated. (F) Normalized count values for genes of interest in the isogenic CON, UNT LCA4
patient-derived, and treated LCA4 patient-derived (AAV) ROs that were found to be differentially expressed (paqj < 0.05; shrunken LFC > 0.585) between the isogenic CON
and UNT RO. Differences between each condition (CON, UNT, and AAV) were assessed by One-way ANOVA with a post hoc Tukey honest significant differences test where

* denotes a p value < 0.05.
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transcriptomic changes in gene expression markers of retinal cell
types or phototransduction. We, moreover, do not observe any
gene signatures for increased retinal degeneration. The lack of overt
photoreceptor degeneration may be due to the fact that ROs faith-
fully recapitulate in utero retinogenesis with the transcriptional pro-
file and retinal cells types of 38 week ROs closely resembling the
new-born human retina.”®*> While ROs mimic the developing hu-
man retina, we reported previously using high-resolution optical
coherence tomography that the outer retina may be preserved in pa-
tients up to 1 year of age.”” While the exact trigger for retinal degen-
eration has, therefore, yet to be determined, our transcriptomic data
reveal intriguing clues as to the consequences of cGMP elevation
preceding the onset of photoreceptor degeneration. Nevertheless,
the iPSC-RO models do recapitulate key molecular features of
AIPLI-associated LCA4, which are rescued by AAV7m8.hRK-
p-AIPLI treatment. Our data suggest that this is a post-transcrip-
tional phenomenon, since no notable changes in PDE6 transcripts
or the transcriptome in general were detected either by qPCR or
RNA-seq after AAV7m8.hRKp.AIPLI treatment.

The increased levels of cGMP observed in our iPSC-RO models are
expected to lead to the constitutive opening of cyclic nucleotide-gated
channels in the photoreceptor OS, leading to an influx of Ca®* and
Na" that, under normal physiological conditions, would be countered
by the activity of the Na*/Ca>*/K" exchanger in the OS and the ATP-
driven Na*/K* exchanger in the IS.** The dysregulation of Ca** ho-
meostasis and consequences thereof in our LCA4 patient-derived
iPSC-ROs is strongly supported by our transcriptomic data that high-
lighted the dysregulation of pathways related to synaptic transmission
and regulation. These data showed the upregulation of genes coding
for several members of the solute carrier family of Na*-coupled trans-
porters, including members of the SLC24 family of Na*/K*/Ca®* ex-
changers. Our data, moreover, showed the upregulation of members
of the family of potassium voltage-gated channels, including KCNC
members that mediate the voltage-dependent potassium ion perme-
ability of excitable membranes. The genes SYT3 and NNAT, coding
for synaptotagmin-3 and neuronatin, were also significantly upregu-
lated in our iPSC-RO model of LCA4, and are involved in Ca®*-
dependent exocytosis of secretory vesicles and ion channel regulation
during brain development respectively. Interestingly, a decreased
expression of bipolar cell postsynaptic proteins (mGluR6, TRPM1)
is observed in AiplI~'~ mice prior to the onset of photoreceptor
degeneration, suggesting abnormal development of bipolar synap-
ses.” Cell type deconvolution of our transcriptomic data also sug-
gested an altered proportion of cone OFF bipolar cells in the LCA4
iPSC-RO, warranting further investigation of these signaling path-
ways. In contrast, our transcriptomic data of the LCA4 patient-
derived iPSC-RO treated with AAV7m8.hRKp.AIPLI identified the
upregulation of genes related primarily to innate immune or inter-
feron-inducible viral responses. In the absence of a humoral or adap-
tive immune response, the transcriptomic response to viral transduc-
tion is likely mediated by the Miiller glia cells. While the exact
pathways involved in the Miiller glia-mediated intrinsic immune
response to AAV7m8.hRKp.AIPLI transduction require further

investigation, the upregulated genes in our transcriptomic data are
primarily interferon-stimulated genes. This finding supports the use
of steroid prophylaxis in LCA4 patients (M. Michaelides and J. Bain-
bridge, personal communication, 2023) to mitigate an interferon-
mediated response.

We conclude that AIPLI gene augmentation therapy rescues key mo-
lecular features of the LCA4 phenotype in AIPL1 KO and patient-
derived ROs and is a promising treatment approach for children
with LCA4.

MATERIALS AND METHODS

Generation of ROs

iPSCs were maintained on Geltrex-coated 6 well plates in mTeSR Plus
media (Stemcell, Cambridge, UK) at 37°C in a humidified atmo-
sphere of 5% CO, and routinely passaged using Versene (Gibco,
Loughborough, UK). Two distinct cell lineages were used in this
study, iPSCs derived from renal epithelial cells of an LCA4 patient
with a CRISPR-Cas9-corrected isogenic CON** and iPSCs derived
from commercially available BJ fibroblasts with an isogenic
CRISPR-Cas9 AIPLI KO.*® Directed differentiation of iPSCs into
3D ROs was carried out as previously described.”*° In brief, differ-
entiation began with iPSCs at 90%-95% confluency, which were
cultured in Essential 6 media (Gibco) for 2 days then Neural Induc-
tion Media (Advanced DMEM/F12 (1:1), 1% non-essential amino
acids, 1% N2 Supplement, 1% GlutaMAX, 1% Antibiotic-Anti-
mycotic (all Gibco)) until development of neuroretinal vesicles
(NRVs), typically between day 28 and 42. NRVs were manually
excised then cultured further in Retinal Differentiation Media
(DMEM/F12 nutrient mix (3:1 ratio; Gibco), 10% fetal bovine serum
(Gibco), 2% B27 supplement (without vitamin A; Gibco), 100 uM
taurine (Tocris, Abingdon, UK), 2 mM GlutaMAX (Gibco), and
100 U/mL penicillin/streptomycin (Gibco)), with media changes
every 2 days. At day 70, cultures were additionally supplemented
with 1 pM retinoic acid. At day 84, the cultures were further supple-
mented with 1% N2 and RA lowered to 0.5 pM. Finally, at day 100,
B27 and RA were removed from the medium for the remaining cul-
ture period.

Generation of AAV and treatment of ROs

The pAAV-hRK AIPLI plasmid construction is described in Tan et al.
(2009)."” Recombinant AAV7m8 virus was generated by helper virus-
free, triple transfection. HEK293 suspension cells were transfected with
PAAV-hRK AIPL1, pRep2/Cap7m8, and pHelper at a ratio of 1:1:2.
Seventy-two hours after transfection, AAV particles were purified
from the clarified lysate by AAVX affinity chromatography. AAV-con-
taining fractions were concentrated and formulated using a 100K mo-
lecular weight cut-off protein concentrator using a Dulbecco’s PBS
buffer supplemented with Pluronic F68 (0.001%). Genomic titers
(vg/mL) were determined by real-time qPCR. LCA4 patient and
AIPL1 KO ROs were transduced with 1 x 10'* AAV7m8.hRKp.AIPLI
virus particles at day 196. The treated ROs were collected 14 days after
transduction (day 210 of differentiation) and 35 days after transduction
(day 231 of differentiation) for analysis compared with the respective
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UNT ROs and isogenic CONSs. For the 10 week analysis, LCA4 patient
ROs were transduced with 1 x 10'" AAV7m8.hRKp.AIPLI virus par-
ticles at day 161 and ROs collected 14 days later (day 175 of differen-
tiation) or 70 days later (day 231 of differentiation).

Immunofluorescence and imaging

For fixation, ROs were incubated in 4% paraformaldehyde, 5% su-
crose in PBS for 30 min at 4°C, then dehydrated for 1 h each in
6.25%, 12.5%, and 25% sucrose:PBS at 4°C, and finally embedded
in Tissue-Tek OCT compound and stored at —80°C. We mounted
7-pm cryosections on SuperFrost Plus slides (Thermo Fisher Scienti-
fic, Paisley, UK). Slides were stained for immunocytochemistry by
first incubating in blocking solution (10% donkey serum [Sigma Al-
drich, Gillingham, UK], 0.01% Triton X [Sigma Aldrich] in PBS)
for 1 h at room temperature (RT). Next, slides were incubated with
a primary antibody for 1 h (RT; antibody-specific dilutions)
(Table S1), washed with PBS, and then incubated with species-specific
secondary antibody for 45 min (1:1,000) (Table S1). Slides were then
incubated with Alexa Fluor 488 phalloidin (Thermo Fisher Scientific)
where indicated for 20 min, and finally stained with 4,6-diamidino-2-
phenylindole (DAPI) (2 mg/mL) (Invitrogen, Loughborough, UK) in
PBS for 5 min. For mounting, slides were washed three times with
PBS, dried at RT, and mounted in Fluorescence Mounting Media
(Dako, Agilent, CA, USA). All images were acquired using a Leica
Stellaris 5 or Zeiss LSM700 laser-scanning confocal microscope.
Images were prepared using Adobe Photoshop, Image], and Adobe
Mlustrator CS6.

RNA extraction and qPCR

RNA from ROs was extracted using the PicoPure RNA Isolation Kit
(Thermo Fisher Scientific) and cDNA synthesis was performed us-
ing the High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific), both as per manufacturer’s instructions. Real-
time PCR reactions were set up with 2x LabTaq Green Hi Rox
Master Mix (Labtech, East Sussex, UK) and validated primers
(0.25 pM/pL) (primer sequences in Table S2) and run on an
Applied Biosystems (Foster City, CA, USA) QuantStudio 6 Flex
real-time PCR system. Gene expression levels were normalized to
CRX as a consistently expressed photoreceptor-specific reference
gene to negate differences in size and cellular make-up between
samples. Three biological replicates per sample were used to calcu-
late averages and standard deviation, and statistical significance
determined by one-way ANOVA with Tukey’s HSD post hoc
analysis where *, **, and *** denote a p value of < 0.05, <0.01,
and <0.005, respectively.

Western blotting

Protein was isolated from three to six pooled ROs by incubating in
RIPA buffer for 15 min on ice, briefly sonicating, then centrifuging
at 4°C for 10 min at 13k rpm. Protein concentration was quantified
by Pierce BCA assay (Thermo Fisher Scientific) as per manufacturer’s
instructions. Protein concentrations were normalized, then mixed 1:1
with 2x SDS PAGE buffer and heated at 95°C for 5 min before
running on a 4%-20% gradient gel (Bio-Rad, Watford, UK) at
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120 V for 2 h. Protein was transferred to a nitrocellulose membrane
using standard protocols, and successful transfer confirmed by Pon-
ceau stain. Membranes were first blocked in 5% skim milk powder in
PBS-T for 1 h at RT, then incubated overnight in primary antibody
(Table S1) at 4°C. Next, samples were incubated in species-specific
HRP-conjugated secondary antibody for 1 h, then developed using
Clarity MAX Western ECL (Bio-Rad) for 5 min. Membranes were
imaged using a ChemiDoc MP Imaging System (Bio-Rad). Images
were formatting using Image Lab (Bio-Rad), which was also used to
calculated band density. Statistical significance was determined by
one-way ANOVA with Tukey’s HSD post hoc analysis where *, **,
and *** denote a p value < 0.05, <0.01, and <0.005, respectively.

Quantification of cGMP

c¢GMP concentrations were calculated for individual whole ROs by
ELISA (Cyclic GMP ELISA kit, Cayman Chemicals, Ann Arbor,
MI, USA) according to the manufacturer’s instructions. In brief,
ROs were washed with PBS then incubated in 100 pL 0.1M HCI for
20 min at RT and mechanically homogenized. The samples were
centrifuged at 1,000xg for 10 min then the supernatant combined
with 200 uL ELISA buffer. We used 50 uL of this sample per well.
Absorbance was measured at a wavelength of 420 nm. Values given
are normalized to volume to give cGMP concentration per whole
RO with at least three RO analysed per condition, and statistical sig-
nificance calculated by one-way ANOVA with Tukey’s HSD post hoc
analysis where *, **, and *** denote a p value < 0.05, <0.01, and <
0.005, respectively.

RNA-seq

Total RNA was extracted from individual day 230 (week 33) ROs
(three ROs per condition in each batch) using PicoPure RNA Isola-
tion Kit (Applied Biosystems) and the RNA concentration deter-
mined by NanoDrop spectrophotometer (Thermo Fisher Scientific)
quantification. RNA-seq was carried out at a read depth of 20-
30million reads per sample by GeneWiz (Azenta Life Sciences);
600 ng total RNA per sample was supplied.

RNA-seq analysis

Fastq files containing bulk RN A-seq reads were aligned to the indexed
GENCODE v42 hg38 reference transcriptome and genome using
Salmon v1.9.0. A list of decoys was created using the GENCODE
v42 human primary assemble genome file. This list was then used
to generate the Salmon index along with the reference transcriptomes
and genomes. Additional options ‘~validateMappings —gcBias” were
passed in for the Salmon alignment.’**’
sion analyses and subsequent gene enrichment analyses were carried
out using R v4.2.1 and its associated packages.”® Quantification data
from Salmon was directly imported using tximeta v1.16.1 into DE-
Seq2 v1.38.3 for differential gene expression analysis.’”*’ The DE-
Seq2 normalisation method was used to normalize the data. The
data underwent variance stabilizing transformation before being sub-
ject to the PCA. A generalized linear model was fitted to the normal-
ized counts using the negative binominal distribution. p,q; were calcu-
lated using the Independent Hypothesis Weighting v1.26.0 package to

All differential gene expres-
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test the null hypothesis that differential gene expression is less than
1-fold."" A p,gj of less than 0.05 was used to filter for significant
DEGs. For comparing UNT to isogenic CON cell lines, the isogenic
samples were used as the reference level. UNT samples were used
as the reference level when AAV-treated samples were compared
with UNT samples. Shrunken LFC were estimated using apeglm
v1.20.0.*> These shrunken LFC values were used for producing the
volcano plot with EnhancedVolcano v1.16.0 (pag; < 0.05; shrunken
LFC > 0.585), and for ranking the DEGs based on shrunken LFC.®
The RStudio package Pheatmap v1.0.12 was used to generate heat-
maps, where normalized count values scaled by column were plotted
for genes of interest. Gene enrichment analysis was carried out using
clusterProfiler v4.6.0,***° where a Pag;j Of less than 0.05 and shrunken
LFC values of 0.585 and 1 were considered significant for the UNT
versus isogenic CON and the UNT versus treated comparisons,
respectively. Raw bulk RNA-seq count data from Salmon was also
used for cell type deconvolution using MuSiC v1.0.0 to estimate the
different cell types and proportions in the ROs.”” Single cell RNA-
seq data from ROs of similar age to our samples was obtained from
Cowan et al. (2020) to be used as a reference.”® Kruskal-Wallis tests
were also carried out to check if individual cell types varied signifi-
cantly (p < 0.05) across conditions within each batch.

DATA AND CODE AVAILABILITY

The RNA-seq data generated in this study will be uploaded to the Na-
tional Center for Biotechnology Information (NCBI) Gene Expres-
sion Omnibus (GEO) or Sequence Read Archive (SRA).

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.0mtn.2024.102148.
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