QR-421a, an antisense oligonucleotide, for the treatment
of retinitis pigmentosa due to USH2A exon 13 mutations
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Results (continued)

Pathogenic mutations in the USH2A gene cause retinitis pigmentosa (RP). Exon
13 mutations are present in both non-syndromic and syndromic forms of RP.
Exon 13 mutations are some of the most common USH2A mutations and are
estimated to be present in around 16,000 patients in the Western World (US,
Canada, Europe and Australia). Currently there is no treatment available for RP
caused by mutations in exon 13 of the USH2A gene.
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USH2A Exon 13 Skip After QR-421a Single Dose
Treatment Regimen Mimicking in vivo Situation in
Wild-type Retinal Organoids

QR‑421a is a 21-mer single-stranded chemically modified antisense
oligonucleotide (AON). QR-421a is designed to bind to a specific sequence in the
USH2A pre-mRNA and modulate splicing by enhancing exon-skipping. Skipping
of exon 13 from the USH2A mRNA results in an in-frame transcript that is
expected to be translated into functional (albeit shorter) usherin protein.
It is hypothesized that treatment with QR-421a will result in restoration of
functional usherin protein in photoreceptors and restoration of vision in
patients with RP due to mutations in exon 13 of the USH2A gene.
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The oligonucleotide combinations were then applied to homozygous ush2armc1
larvae to determine whether this exon 13 skip had an effect on the phenotypic
outcome of the ush2armc1 mutant. In wild-type larvae usherin is present at the
base of the photoreceptor connecting cilium. In homozygous ush2armc1 larvae,
no specific usherin signal could be detected. Oligonucleotide-induced exon
13 skipping in homozygous ush2armc1 larvae resulted in a partial restoration of
usherin expression and localization in photoreceptor cells of ush2armc1 larvae.
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Mutations in exon 13 of the USH2A gene result in the absence of the usherin
protein in the retinal photoreceptors and degeneration of the outer segment
of photoreceptor cells. QR‑421a (in yellow) hybridizes to the USH2A preProQR Therapeutics
mRNA and results in exclusion of exon 13 from the mRNA, which leads to the
production of a functional (shorter) usherin protein. It is hypothesized that
restoration of usherin protein prevents degeneration of the outer segment of
the photoreceptor.
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As a follow-up experiment, the treatment conditions mimicked vitreous
concentrations following administration of a single IVT injection. Retinal
organoids were treated with (1, 5 or 10 µM) QR-421a, after which half of
the medium was replenished every two days with medium without AON, to
gradually decrease the QR-421a concentration in the organoid culture. With this
serial dilution QR-421a is completely removed from the medium by day 12. This
change in concentration in the culture medium mimics the kinetics in vitreous
humor. USH2A transcripts with or without exon 13 were quantified by ddPCR
and percentage of exon 13 exclusion was calculated. Data is shown as mean
± SEM. QR-421a treatment resulted in a dose-dependent exon skip in retinal
organoids, and interestingly a significant amount of exon 13 skip was noticed
even 2 weeks after removing all QR-421a from the medium.
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In the retina of cynomolgus monkeys QR-421a mediated exon 12 (equivalent to
human exon 13) skip was assessed. Wild-type cynomolgus monkeys received
single IVT injections (bilateral) of low, mid and high doses of QR-421a. Retina
samples were collected at multiple time points post-injection (1 hour, 12 hours,
15 days, 28 days and 102 days) for assessment of exon skip. Retinas were
separated from the eyes, RNA was isolated and the levels of USH2A transcripts
with and without exon 12 were quantified using isoform specific ddPCR assays
and the percentage of exon skip was calculated.
A zebrafish model, homozygous for exon 13 premature stop codon mutation
(referred as to ush2armc1), was developed to assess the activity of the usherin
protein resulting from the exon 13 skip in mRNA. Ush2armc1 zebrafish larvae,
as expected, have no functional usherin protein and show a significantly
reduced b-wave amplitude in electroretinogram (ERG) recordings (Dona et al,
2018). Ush2armc1 zebrafish were treated with zebrafish-specific oligonucleotides
followed by assessment of exon skip, usherin protein localization and
recording of the ERG b-wave amplitude. Usherin protein was localized in radial
cryosections of zebrafish larval (5 dpf) retinae using anti-Ush2a antibodies
directed against the intracellular C-terminal tail of zebrafish usherin (red signal).
Nuclei were stained with DAPI (blue signal).
Wild-type mice received bilateral IVT injection of QR‑421a to assess in vivo delivery,
eyes were fixed overnight in Hartmann’s fixative and embedded in paraffin.
QR‑421a was visualized in retina using complementary probe with Cy5 label by in
situ hybridization. Images were acquired on a LSM800 confocal microscope.

Assay Characteristics
Concentration-dependent Increase of USH2A Exon 13 Skip After one Month of
Exposure to QR-421a in Patient Retinal Organoids
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To measure retinal function, ERG recordings were performed in ush2armc1 larvae
in which ush2a exon 13 skipping was induced by oligonucleotide treatment.
Top graphs show average ERG b-wave traces from uninjected, control MO
injected, exon 13 skipping MO injected homozygous ush2armc1 larvae (5 dpf) with
wild-type controls. Bottom panel shows mean of the maximum ERG b-wave
amplitudes are plotted as bar graphs with standard deviation. ERG recordings
in ush2armc1 larvae in which exon skipping was induced showed a significantly
improved b-wave amplitude compared to untreated larvae and larvae treated
with control oligonucleotides.
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To confirm the delivery, we have visualized QR-421a in the retinal outer nuclear
layer (ONL), which comprises of photoreceptor nuclei, using in situ hybridization.
Wild-type C57Bl/6 mice received a single bilateral 1 μl intravitreal injection of
30 μg of QR-421a and were maintained for 2, 14, 28, or 56 days. Clear QR-421a
signal was detected in the ONL at all time points tested here confirming delivery
and indicating long half-life. No signal was detected in the PBS treated retina.

Conclusions
• QR-421a induces dose-dependent USH2A exon skip in vitro in
retinal organoids and in vivo in cynomolgus monkeys maintained
for at least 3 months post single intravitreal injection in
cynomolgus monkeys.
• Exon 13 skipping at the mRNA level was shown to result in
restoration of usherin protein expression and restoration of ERG in
an ush2a mutant zebrafish model.
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To determine the ability of QR-421a to induce exon 13 skip in USH2A, patient
retinal organoids were treated continuously with QR-421a for 28 days. Untreated
organoids and organoids treated with a control oligonucleotide (with the same
chemistry and length but a random sequence) were used as negative controls.
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Cynomolgus monkeys received a single bilateral intravitreal injection of QR-421a
and were maintained up to 102 days post IVT injection. USH2A exon skip was
determined 1 hour, 12 hours, 15 days and 102 days post injection. Summary
data is shown in the left graph and individual values are shown in the right
graph. Data is shown as mean ± SEM. QR-421a induced dose-dependent exon
skip at all time-points, which increased over time. This data provides in vivo
evidence for QR-421a mediated dose-dependent USH2A exon skip, maintained
for at least 102 days post single IVT injection.
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USH2A transcripts with or without exon 13 were quantified by ddPCR and
percentage of exon 13 exclusion was calculated. Results showed that QR421a induced levels of exon 13 skip at all concentrations tested. At 1 µM
concentration, 42% of exon 13 skip was observed which increased to 63 % at
10 µM concentration. No exon 13 skip was measured in untreated or control
treated retinal organoids. Data shown as mean ± SEM.
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Restoration of Usherin Protein Localization and
ERG b-Wave in a Mutant Zebrafish Model After
AON Mediated ush2a Exon 13 Skip
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Retinal organoids are a clinically relevant system to thoroughly interrogate the
mechanisms of inherited retinal degeneration. Fibroblasts from a healthy donor
and a patient homozygous for USH2A c.2299delG (exon 13) mutation were first
reprogrammed into iPSCs, which were then differentiated into retinal organoids
for 60 days and then treated with QR-421a. Untreated organoids and organoids
treated with a control oligonucleotide (with the same chemistry and length but
a random sequence) were used as negative controls.
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Pharmacodynamic activity of QR-421a was confirmed in vivo. Cynomolgus
monkeys received a single bilateral intravitreal injection as part of toxicology
studies and were maintained for 28 days. USH2A RNA analysis was done by
isoform specific ddPCR. Summary data is shown in the left graph and individual
values are shown in the right graph. Data is shown as mean ± SEM. QR-421a
induced dose-dependent USH2A skip. At the low, mid and high doses 26 %, 48
% or 69 % USH2A skip was detected respectively 28 days post IVT injection. No
exon skip (<0.5 %) was detected in PBS treated animals.
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• Confirm functionality of usherin protein following skip of exon 13
using AONs in zebrafish.
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• Assess in vitro and in vivo efficacy of QR-421a in retinal organoids
and cynomolgus monkeys by quantification of USH2A exon skip.
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Pathogenic mutations in the USH2A gene disrupt the production of usherin,
a protein expressed in the photoreceptors where it is required for their
maintenance (Liu et al., 2007).
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This ush2armc1 zebrafish model was used to assess the potential to restore
usherin protein expression and retinal function following AON mediated exon
13 exclusion. Ush2a RT-PCR analysis showed that use of a combination of two
oligonucleotides (MO-N1 + MO-P2 or MO-N1 + MO-P3) that target different
regions of ush2a exon 13, resulted in a near complete skip of ush2a exon 13.
Sanger sequencing of the resulting PCR amplicon after oligonucleotide injections
revealed a perfect skipping of exon 13.
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