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ARTICLE

Rescue of a familial dysautonomia mouse
model by AAV9-Exon-specific UT snRNA

Giulia Romano,! Federico Riccardi,! Erica Bussani,! Simone Vodret,! Danilo Licastro,? Isabella Ragone,34
Giuseppe Ronzitti,3# Elisabetta Morini,>¢ Susan A. Slaugenhaupt,>¢ and Franco Paganil.”*

Summary

Familial dysautonomia (FD) is a currently untreatable, neurodegenerative disease caused by a splicing mutation (c.2204+-6T>C) that
causes skipping of exon 20 of the elongator complex protein 1 (ELPI) pre-mRNA. Here, we used adeno-associated virus serotype 9
(AAV9-U1-FD) to deliver an exon-specific Ul (ExSpeU1I) small nuclear RNA, designed to cause inclusion of ELP1 exon 20 only in those
cells expressing the target pre-mRNA, in a phenotypic mouse model of FD. Postnatal systemic and intracerebral ventricular treatment in
these mice increased the inclusion of ELP1 exon 20. This also augmented the production of functional protein in several tissues
including brain, dorsal root, and trigeminal ganglia. Crucially, the treatment rescued most of the FD mouse mortality before one month
of age (89% vs 52%). There were notable improvements in ataxic gait as well as renal (serum creatinine) and cardiac (ejection fraction)
functions. RNA-seq analyses of dorsal root ganglia from treated mice and human cells overexpressing FD-ExSpeU1 revealed only min-
imal global changes in gene expression and splicing. Overall then, our data prove that AAV9-U1-FD is highly specific and will likely be a
safe and effective therapeutic strategy for this debilitating disease.

Introduction

Hereditary sensory and autonomic neuropathies are a het-
erogeneous group of rare peripheral neuropathies, classified
according to clinical characteristics, mode of inheritance
and specific genetic markers.' The most common hereditary
neuropathy is the type Il hereditary neuropathy,” named fa-
milial dysautonomia (FD [MIM: 223900]), previously known
as Riley-Day syndrome.” FD is an autosomal-recessive ge-
netic disease characterized by sensory and autonomic
dysfunction that almost exclusively affects people of Ashke-
nazi, Eastern European Jewish extraction, occurring in
approximately one in 3,600 live births in these people.* FD
has a complex phenotype including defective lacrimation,
abnormal temperature and pain perception, proprioceptive
ataxia with poor coordination and balance, absent deep
tendon reflexes, kyphoscoliosis, gastrointestinal dysmotility,
chronic lung disease, cardiovascular lability with postural
hypotension and hypertensive crises, optic neuropathy,
and emotional anxiety.">~ FD-affected individuals have
low birth weight and the neonatal period is characterized
by hypotonia and little or no sucking reflex.® Current avail-
able treatments are mainly symptomatic.” ' The major mu-
tation in FD is a T to C nucleotide change in the 5 splice site
of intron 20'*"'* of ELP1 (MIM: 603722); all affected individ-
uals have at least one copy of the ¢.2204+6T>C splice
site mutation (GenBank: NM_003640.3: c.2204+6T>C)
with 99.5% of all FD persons being homozygous for this
mutation.*'*'*!> The ¢.2204+6T>C intronic substitution

induces exon 20 skipping and the resulting transcript has a
premature stop codon in exon 21 and is degraded by
nonsense-mediated mRNA decay.'® In FD-affected individ-
uals, the percentage of ELP1 exon 20 skipping is highly
variable among different tissues with the lowest levels of
exon inclusion in the central and peripheral nervous sys-
tem.'”'® ELP1 is a 150 kDa protein and the large size of its
coding transcript (5.9 kb) makes a classical gene therapy
approach with adeno-associated virus (AAV) vectors difficult.
ELP1 is a member of the six-subunit Elongator complex
(ELP1-ELP6). A number of cellular functions have been
associated with the Elongator complex.'®* Defects in
Elongator function have been shown to affect transcrip-
tional elongation.””*>*” In embryos, ELP1 is essential for
the expression of genes responsible for nervous system devel-
opment and, consistent with its interaction with chromatin
and RNA polymerase II, ELP1 impacts long gene tran-
scripts.”® In addition, ELP1 can catalyze protein translation
through tRNA modifications at the wobble base (Usy4) posi-
tion.””?" A conditional knockout mouse, in which Elp1
expression was selectively ablated in the peripheral nervous
system, had reduced levels of Us4 tRNA modification and a
defective translation of codon bias genes in dorsal root
ganglia. 2?32

The mouse ELP1 is 80% identical to human ELP1 at the
amino acid level** and several FD mouse models have there-
fore been generated.'®***° We recently created a pheno-
typic humanized FD mouse model*’ that has most of the
major symptoms and recapitulates the human splicing
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defect in a tissue-specific manner. This mouse contains the
entire human ELPI carrying the FD mutation
(c.2204+6T>C) and it is hypomorphic for the endogenous
Elp1 (Ikbkap“2%/1ox) 3535 This model offers the opportunity
to test the efficacy of therapeutic approaches aimed at target-
ing the splicing defect. Recently, several strategies based on
antisense oligonucleotides,”’ chemical compounds,***°
and modified U1 snRNA*® have been shown to correct the
ELP1 splicing defect. However, only one of these molecules,
kinetin, has been tested in a symptomatic FD animal model
and very high doses of kinetin were necessary to achieve a
modest correction of ELP1 splicing in vivo.***7:8

Here, we explored the therapeutic efficacy of ELPI
splicing correction using exon-specific Ul small nuclear
RNAs (ExSpeU1) delivered by AAV vectors. ExSpeUls are
modified Ul snRNAs (~86 nt long) that target intronic se-
quences through their engineered 5 tail.*’ They are en-
coded by a small gene of around 700 bps and therefore
are suitable for AAV packaging. By binding the 5’ splice
site downstream of targeted exons, ExSpeUls can correct
aberrant splicing in several cellular’*>* and mouse*”>*°
models. They can also be used to promote inclusion of nor-
mally alternatively spliced exons.”” We previously deliv-
ered an ExSpeUl to extend survival, from 10 days to
approximately 6 months, in mouse model of spinal
muscular atrophy.”® In a previous study also, we estab-
lished that AAV9-U1-FD rescues ELP1 exon 20 splicing in
the asymptomatic TgFD9 mouse.*® Here we tested the effi-
cacy of our Ul-based therapy in rescuing disease progres-
sion in the phenotypic FD mouse model. Our positive re-
sults suggest that this approach will be an effective and
safe treatment intervention.

Material and methods

Animal models

All experimental procedures involving animals were approved by
the Italian authorities and ethics committees, in compliance with
national and international law and policies (European Directive
2010/63/EU). Mice were housed and handled in the animal facil-
ity of the International Centre for Genetic Engineering and
Biotechnology in Trieste, provided with free access to food and
water, maintained on a 12-h light/dark cycle. To genotype the
mice, genomic DNA was extracted from biopsies and PCR was
performed with specific primers (see supplemental methods) to
discriminate the different mlkbkap alleles and to detect the hikb-
kap transgene.

To generate the FD mice we crossed the TgFD9;Ikbkap1ox/1ox
transgenic mouse line (a TgFD9 transgenic mouse'® homozygous
for the Ikbkap™®* allele®®) with heterozygous Ikbkap*?° 36
Following Mendel’s law of segregation in the F1 progeny, we ob-
tained two possible genotypes: the TgFD9;lkbkap “2*°* (FD
phenotypic mouse model) and the TgFD9;Ikbkap”*'* (control lit-
termates).*” The expected ratio in the F1 progeny was 1 in 2 (50%),
but the real ratio obtained was remarkably lower, confirming an
important embryonic lethality phenotype.*” All experimental
treatments on mice were always performed by two operators,
one of whom was unaware of the genotypes and treatments.

mice.

Mouse tissues collection

After euthanasia, tissues of interest were collected in Safe-Lock
tubes (Eppendorf) at two time points: PND-10 and PND-90. The
dissection was performed in PBS buffer on an ice-cold plate, and
the extracted samples were immediately frozen in liquid nitrogen
and stored at —80°C, ready for further analysis.

AAV9 production

AAV9 vectors were prepared by Genethon, by cloning the Ul
expression cassette into the AAV9 backbone using the Xbal site
and prepared as previously described.***’

AAV9-U1-FD delivery

New-born mice received an intra cerebroventricular (i.c.v.) and an
intraperitoneal (i.p.) injection with AAV9-ExSpeU1 1k10, at PND-0
and 2, respectively. i.c.v. injections were performed with a Neuro
Syringe with a 33-gauge needle (Hamilton: 65460-03, Model 75
RN) and a total volume of 4 ulL/animal was injected (2 pL per
ventricle); i.p. injections were performed with an insulin syringe
with a 30-gauge needle (BD-Medical: 320840) and a total volume
of 25 uL/animal was injected. Each injected animal received a final
dose of 1.6 x 10'! VG/mouse. At the same time, a control group
was treated with saline solution only, respecting the same timing
and conditions.

RNA isolation and mRNA analysis
Total RNA was extracted with Trizol (Thermo Fisher) following the
manufacturer’s instructions. First strand cDNA synthesis was ob-
tained using reverse-transcriptase enzyme Superscript Vilo Master
Mix (Thermo Fisher). Human ELPI splicing analysis was per-
formed by endpoint PCR using specific primers (see supplemental
methods). PCR condition were 95°C for 5 min; 35 cycles of 95°C
for 30 s, 60°C for 30 s, and 72°C for 30 s; and 72°C for 5 min.
PCR products were analyzed by 2% agarose gel electrophoresis.
Band intensity was quantified with ImageJ Software (NIH) and
the statistical analysis performed with Prism (GraphPad, USA).
ExSpeU1-FD detection was determined using RT-qPCR on
DNase-treated RNA extracted from different organs of interest.
qPCR was performed with iQ-SYBR Green Supermix (Bio-Rad Lab-
oratories) using specific primers (see supplemental methods). The
expression levels of ExSpeU1-FD were expressed as percentage of
the Ul endogenous or directly normalized on housekeeping
gene (Gapdh).

Protein isolation and western blot analysis

Previously collected mouse tissues were transferred in ice-cold
RIPA buffer (Sigma) containing protease inhibitor cocktail (Roche)
and completely homogenized using ceramic beads MagNA Lyser
(Roche Diagnostic). Debris was discarded after centrifugation
and total protein concentration was measured with protein assay
dye reagent (Bio-Rad). A total of 15 pg of protein was separated
on NuPAGE 4-12% Bis-Tris precast gels (ThermoFisher) and wet-
transferred to 0.2 um nitrocellulose membranes (Whatman). The
membranes were blocked in 5% non-fat milk for 1 h at room tem-
perature and successively incubated overnight at +4°C with pri-
mary antibody diluted as follows: anti-IKAP-CT (Anaspec as-
54494; 1:1,000) and anti-GAPDH (Abcam ab8245; 1:7,000). Goat
anti-rabbit and conjugated anti-mouse IgG HRP were used as sec-
ondary antibodies (Dako 1:2,000). Detection was performed with
ECL (Thermo Fisher) followed by exposure to UVItec Cambridge
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Alliance. The intensity of protein bands was measured with UVItec
Alliance software and confirmed with Image]J software (NIH).

Behavioral analysis in mice

At the test day, age- and sex-matched mice were transported in
their cages to the behavioral testing room and allowed to adapt
for at least 1 h.

Surface righting

This test is performed by turning the pup onto its back and
recording the time for them to turn over onto their belly;*” the
test requires body control and is used to measure postural imbal-
ance. PND-6 pups were put on their backs on a paper sheet and
held for 3-5 s; when released, the time to return to prone position
was recorded. 1 min was fixed as cut-off, beyond which the test
was stopped.

Limb clasping on tail suspension

Limb clasping is a motor test to quantify defects in corticospinal
function.®® Mice were gently removed from their cages and sus-
pended by the tail for 5-10 s, then returned to their home cage.
A clasping score was assigned to each mouse following a scale
from O to 4. Score 0 was used when mice displayed no limb clasp-
ing, showing a normal escape extension. Score 1 was assigned
when one hind limb exhibits splay or loss of mobility; score 2
when both hind limbs exhibit incomplete splay and or mobility
loss; score 3 when both hind limbs exhibit clasping with curled
toes; and score 4 when forelimbs and hind limbs exhibit clasping
with curled toes.

Gait assay

To assess ataxia and gait abnormalities, mice footprint patterns
were analyzed.®>®® The mouse was placed at the entrance of a
dark tunnel (10 cm wide x 10 cm high x 50 cm long) with the bot-
tom surface lined with white paper and a bright light source at the
end. Mouse paws were stained with nontoxic paint, marking fore
and hind paws with different colors. The mouse walking down the
tunnel left a pattern of footprints on the paper that can be
analyzed. Footprints were scanned and transformed into digital
images, to be analyzed with Image]J Software (NIH). The paw angle
variation between fore and hind paws of each step was measured
and a final average for each single mouse was plotted on the graph.

Rotarod

Motor coordination and balance was tested at 2 and 3 months af-
ter birth through the use of an accelerating rotarod (manufactured
at ICGEB Trieste). The rotarod is a rotating cylinder of 4 cm diam-
eter covered with sandpaper to improve the grip, on which the
mouse has to walk forward to keep from falling off. The test started
at a speed of 4 rpm which gradually accelerated to reach 40 rpm
after 300 s (1 rpm acceleration approximately every 8.3 s). Each
mouse received one or two practice trials before starting the real
test. Latency to fall time was measured three times, allowing a
resting period of at least 10 min between cycles; a cut-off of
300 s was used per session. The final score was an average of the
three sessions.

Four-limbs hanging test

The four-limbs hang test was used to measure the ability of mice to
sustain limb tension in opposition to gravitational force. The
mouse was placed on a grid 20 cm above a cage filled with soft

bedding; the grid was then turned upside down and latency to
fall time was recorded.®* Each mouse received one practice trial
before starting the real test. Latency to fall time was measured
for three times, allowing a resting period of 5 min at least between
cycles, and a cut off of 60 s was used per session. The final score
was an average of the three sessions.

Blood collection

Blood collection was performed once in the life of each animal
(no multiple blood sample collections were performed in this
study). Saphenous vein was used to collect blood, without the
use of anesthesia.®” The animal was restrained manually and
the hind leg was shaved until saphenous vein was visible. Using
an 18-gauge needle, the vein was punctured and the blood
collected in a 1.5 mL tube (Eppendorf). A total volume of 50 uL
(maximum 100 uL) was collected, to not exceed 10% of the total
blood volume. The bleeding stopped almost immediately after
the release. Mice were then safely returned to their home cages.

Creatinine assay

Serum creatinine levels were measured with an enzymatic assay kit
(Mouse Creatinine Assay Kit, Crystal Chem). The serum was ob-
tained from the blood collection (described above); briefly, whole
blood was allowed to clot by leaving it at room temperature for
30 min, and then the red cells were discarded by centrifugation.

Weight and life span monitoring

Body weight was recorded starting from birth (PND-0). All
different genotypes were kept balanced in term of sex ratio (1:1 fe-
male:male) and death events were daily checked.

Echocardiography exam

To evaluate cardiac function and morphology, transthoracic two-
dimensional echocardiography was performed on mice sedated
with 1.5% isoflurane at 6 and 12 weeks of age, using a Visual
Sonics Vevo 2100 Ultrasound (FUJIFILM VisualSonics) equipped
with a 30-MHz linear array solid-state transducer. The heart rate
of all animals was kept over 400 beats per minute and the body
temperature at 37°C, accordingly to procedures describe by Zac-
chigna et al.®® Systolic function was assessed on B-mode images,
using a multi-planar evaluation (modified Simpson’s method).
As per manufacturer’s instructions (FUJIFILM VisualSonics), the
ejection fraction (EF) was calculated using a modified Simpson’s
rule.

Creation of ExSpeU1-FD HEK293 Flp-In T-REx stable
clones

HEK293 Flp-In T-REx cells were grown according to manufac-
turer’s instructions (ThermoFisher). For stable integration, we
cloned three copies of the ExSpeUl-FD (shift 10) into the
PcDNAS/FRT/TO vector (ThermoFisher) using different restriction
sites (BamHI-BamHI, HindIII-Kpnl, and Xhol-Apal). The included
3XExSpeU1-FD cassette was verified by sequencing. Stable clones
were produced by co-transfecting the 3XExSpeU1-FD plasmid in
HEK293 Flp-In T-REx cells with the pOG44 plasmid, whereas con-
trol empty clones were obtained by co-transfecting the pOG44
plasmid with an empty pcDNAS/FRT/TO vector. After 48 h, trans-
fected cells were selected with Blasticidin. The stable clones were
analyzed after 2—-4 passages (split 1:3). Transient transfection of
stable clones with the pTB-IKBKAP minigene was performed as
previously described.*® To quantify the specific expression level
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of ExSpeU1-FD, total RNA was treated with DNase and qPCRs were
performed using specific primers (see supplemental methods). The
efficiency (Eff) of the UIWT and ExSpeU1-FD PCR reactions was
calculated by the following equation: Eff = 10*(—1 / slope) —1.

RNA sequencing and data analysis

Messenger RNA sequencing (mRNA-seq) was performed by IGA
Technology Services or Area Science Park Sequencing facility.
HEK293 Flp-In T-REx stable clones expressing ExSpeU1-FD and
dorsal root ganglia of FD mice were purified with TRIazol (Am-
bion) and quality of total RNA was assessed using Agilent 2100
nano bioanalyzer microfluidic chips and a Nanodrop UV spectro-
photometer (ThermoFisher). Only RNA with a RIN value of 8.0 or
higher and a 28s/18s ratio ~1.8 was taken forward for sample prep-
aration. The size distribution of HEK293 Flp-In T-REx cells and
mouse-derived libraries were estimated by electrophoresis on Agi-
lent high-sensitivity bioanalyzer microfluidic chips and yield was
quantified using the KAPA library quantification kit (KK4824,
Kapa Biosystems). The libraries were pooled at equimolar concen-
trations and diluted before loading onto the flow cell of a NovaSeq
6000 (Illumina) for both clustering and sequencing. Amplified
clusters in the flow cell were then sequenced with 150-base
paired-end reads using the NovaSeq 6000SP Reagent Kit v1 (300
cycle) (Illumina Inc.). Real-time image analysis and base calling
were performed on a NovaSeq 6000 instrument using the recom-
mended sequencing control software. Illumina standard software
was used for de-multiplexing and producing FASTQ sequence files.
FASTQ raw sequence files were subsequently quality checked with
FASTQC software (v.0.11.3 http://www.bioinformatics.bbsrc.ac.
uk/projects/fastqc) and sequences including adaptor dimers, mito-
chondrial, or ribosomal sequences were discarded. The resulting
set of trimmed reads from HEK293 Flp-In T-REx cells and mouse
dorsal root ganglia were then mapped onto human GRCh38/
hg38 and a modified version of Mus musculus GRCm38 (mm10)
using the Spliced Transcripts Alignment to a Reference (STAR) al-
gorithm.®” Differential gene expression analysis from HEK293
Flp-In T-REx cells and mouse dorsal root ganglia was performed
by the Bioconductor package DESeq2 (v.1.32) using default param-
eters.®® To detect outlier data after normalization, we used R pack-
ages, and before testing differential gene expression, we dropped
all genes with low normalized mean counts to improve testing po-
wer while maintaining type I error rates. Estimated false discovery
rate (FDR) values for each gene were adjusted using the Benjamini-
Hochberg method. Prior to analysis, genes without a poly-A
tail were discarded. Features with baseMean > 100 counts, p,g;
< 0.05, and absolute logarithmic base 2-fold change (1og2FC)
< —1 or >1 were considered having a significant altered expres-
sion. For genome-wide splicing analysis, BAM files produced
from STAR mapping were input into tMATS,*” using Human
GRCh38/hg38 and Mus musculus GRCm38 (mm10) annotations.
For detection of alternative splicing (AS) patterns, human or
mouse annotations were generated containing all consecutive
spliced and unspliced exon-intron-exon triads from hg38 (Gen-
code v29) and mm10 (Gencode v25). For transgenic mouse line
analysis, we create a modified version of Mus musculus GRCm38
containing an ad hoc genomic sequence of the human ELPI
gene. A modified version of the gtf file, including the genomic po-
sitions of the transgenic feature, was generated based on the
genome modification and used as annotation. Five basic types of
AS were analyzed: skipped exons (SE), retained introns (RI), mutu-
ally exclusive exons (MXE), alternative 5’ splice sites (ASSS), and
alternative 3’ splice sites (A3SS). Read coverage was based on actual

reads as used in Irimia et al.”® SE, RI, and MXE types with an actual
read mapping to all exclusion splice junction >20 were consid-
ered whereas for A5SS and A3SS types >40 actual reads mapping
to the sum of all splice junctions involved in the specific event
were considered. Estimated FDR values for each gene were
adjusted using the Benjamini-Hochberg method. The threshold
parameters were set at FDR value <0.05 and absolute inclusion
level difference <—0.2 or >0.2.

Pathway analysis by Ingenuity Pathway Analysis

The lists of significant differentially expressed genes in HEK293
Flp-In T-REx stable clones expressing ExSpeUl1-FD and dorsal
root ganglia of FD were uploaded into the IPA software (Qiagen).
The “core analysis” function included in the software was used
to interpret the differentially expressed data, which included bio-
logical processes, canonical pathways, and gene networks. Each
gene identifier was mapped to its corresponding gene object in
the Ingenuity Pathway Knowledge Base (IPKB). A —log(B-H p
value) > 1.3 was considered having a significant relevance.

Results

AAV9-U1-FD treatment rescues life span in a familial
dysautonomia mouse

To establish the most effective AAV9-U1-FD delivery system
for correcting the FD splicing defect in vivo, we initially used
the asymptomatic TgFD9 transgenic mouse. This mouse
contains the entire human ELP1 with the ¢.2204+4-6T>C
FD mutation along with the wild-type (WT) mouse Elp1.'®
Using this model, we previously demonstrated that intra-
peritoneal (i.p.) injection of AAV9-U1-FD at postnatal day
0 (PND-0) rescued ELP1 exon 20 inclusion and functional
protein accumulation in different mouse tissues.*® Howev-
er, through this delivery route, possibly due the relative
impermeability of the brain blood barrier, the vector did
not reach the brain efficiently, as observed using another
AAV9-U1.>® To improve tissue distribution and evaluate,
in more detail, the effect of AAV9-U1-FD in disease-relevant
tissues, such as dorsal root ganglia and trigeminal ganglia,”’
we compared intracerebral ventricular injection (i.c.v.),
intraperitoneal injection (i.p.), and a combination of the
two treatments (i.c.v. +i.p.). This revealed that the dual in-
jection scheme was the most efficient delivery approach to
increase ELP1 exon 20 inclusion in several FD-affected tis-
sues, including brain, dorsal root ganglia, trigeminal
ganglia, heart, and muscle (Figures 1A and 1B). Consistent
with the fact that DRGs are outside the CNS, we found
that i.p. compared to i.c.v. delivery reaches these ganglia
more efficiently. There was no effect on ELP1 splicing in spi-
nal cord. To clarify the effect of the delivery method on the
expression of FD-ExSpeU1 snRNA and the resulting splicing
correction, we measured the levels of FD-ExSpeU1 by qPCR
in brain, dorsal root ganglia, trigeminal ganglia, spinal cord,
liver, and heart. The results show a good correlation between
the level of FD-ExSpeU1 snRNA and the improvement in
ELP1 exon 20 splicing and confirmed that the combined
i.c.v.-i.p. treatment reaches efficiently several FD-affected
tissues (Figure 1C). Considering the optimal splicing rescue
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Figure 1. AAV9-U1-FD treatment (i.c.v. + i.p.) rescues life span in FD mice

(A and B) Endpoint gels (A) and relative quantification histograms (B) of ELP1I splicing isoforms in the TgFD9 asymptomatic mice treated
with saline (lane 1) versus treatment with AAV9-U1-FD: intracerebral ventricular (i.c.v.) injected (lane 2), intraperitoneal (i.p.) injected
(lane 3), and i.c.v. + i.p. injected (lane 4) at PND-10. Data are expressed as percentage of exon 20 inclusion. DRG, dorsal root ganglia; TG,
trigeminal ganglia; SC, spinal cord. In the graph, data are reported as mean + SEM, for each pair of animals tested. The upper band of
202 bp represents the ELP1 isoform in which exon 20 is included whereas the lower band of 128 bp represents the isoform in which exon
20 is skipped. Statistical analysis was performed by two-way ANOVA with Bonferroni correction, **p < 0.01, ***p < 0.001, ****p < 0.0001.
(C) qPCR quantification of ExSpeU1-FD in the TgFD9 asymptomatic mice treated with saline (lane 1) versus treatment with AAV9-U1-
FD: intracerebral ventricular (i.c.v.) injected (lane 2), intraperitoneal (i.p.) injected (lane 3), and i.c.v. + i.p. injected (lane 4) at PND-10.
Data (mean = SEM) are expressed as percentage of ExSpeU1-FD relative to endogenous Ul, two technical replicates on 2 mice per group
were used. DRG, dorsal root ganglia. Statistical analysis was performed by two-way ANOVA with Bonferroni correction, *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001; ns, not significant.

(D) Kaplan-Meier survival curves of FD mice (Ikbkap?°/Ikbkap™; h-TgFD9/+) and littermate controls (Ikbkap™*+; h-TgFD9/+) treated
with one intracerebral ventricular injection (i.c.v.) at PND-0O and a second intraperitoneal injection (i.p.) at PND-2 of AAV9-U1-FD
(1.6 x 10" VG/mouse) or saline only. Littermate controls + saline in black; littermate controls + AAV9-U1-FD in gray; FD + saline
in orange; FD-treated with AAV9-U1-FD in blue. Statistical analysis was performed with log-rank test, ****p < 0.0001, n > 15 mice for
each group.

efficiency obtained in several target tissues, through the VG andi.p.1.375 x 10" VG) at PND-0 and PND-2, respec-
combined i.c.v. andi.p. injections, this dual route of admin-  tively, and analyzed for survival. The total dose of 8 x 10
istration was selected for the treatment of the phenotypic ~ VG/kg (1.6 x 10'! VG/pup), is comparable to the approved
FD mouse model, TgFDY; Elp1 4?%/f1* %0 This model carries ~dosage of the AAV9-based systemic gene therapy for spinal
the entire human ELP1 with the ¢.2204+6T>CFDmutation muscular atrophy (e.g., Zolgensma 1.1 x 10'* VG/kg)
and expresses very low levels of endogenous Elp1 through  (https://www.fda.gov/media/126109/download)’? and has
the introduction of two distinct mutations. Exon 20 is been previously shown to be effective on ELP1 splicing in
deleted on one allele (Elp1“2°) and the second allele is hypo-  the asymptomatic mice.*® Crucially, the treatment rescued
morphic (Elp17°%).3%° This mouse recapitulates the tissue- most of the FD mouse mortality before 1 month of age
specific splicing defects characteristic of FD and most of (Figure 1D). At PND-30, 89% of the FD mice, treated with
the disease phenotypes, with approximately 50% of mice = AAV9-U1-FD, were alive compared with only 52% in the un-
dying by the first month of age due to its perinatal treated group (median of survivals in FD = 36 versus FD
fragility.*”** New-born FD mice were i.c.v. and i.p. injected  treated >360, p < 0.001). The survival curve shows that
with AAV9-U1-FD (1.6 x 10'' VG/mouse: i.c.v.=2.2 x 10'® most of the therapeutic rescue occurs before PND-120 and
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(A and B) Endpoint PCR histograms of ELP1 splicing isoforms in FD animals (Ikbkap“?®/Ikbkap”®*; h-TgFD9/+) treated with saline (in
orange) and AAV9-U1-FD (in blue) at PND-10 and PND-90, respectively, in (A) and in (B). Data are expressed as percentage of exon
20 inclusion. DRG, dorsal root ganglia; TG, trigeminal ganglia; SCG, superior cervical ganglia; SC, spinal cord. In the graph, data are re-
ported as mean =+ SEM, for each group 5 animals were tested (except for SCG and TG in which 3 animals per group were tested). Sta-
tistical analysis was performed by two-way ANOVA. Asterisks indicate the comparison for the saline group versus treated group in FD
mice. ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

that no further deaths were observed thereafter in the two
groups (Figure 1D). Furthermore, treatment with AAV9-
U1-FD had no effect on survival in control mice, indicating
that the modified Ul has no obvious toxic effect. Body
weight was significantly lower in FD mice than in control
and was not affected by treatment (Figure S1). This suggests
that the smaller size of FD mice is linked to a defect that
occurs during the embryonic period and that early thera-
peutic intervention should be performed to recover this
parameter.

AAV9-U1-FD rescues ELP1 exon 20 inclusion and ELP1
accumulation in the FD mouse

To evaluate the molecular events underlying the improved
lifespan of AAV9-U1-FD treated FD-mice, we analyzed
ELP1 splicing by end-point RT-PCR. At PND-10, U1-FD
induced a significant rescue of exon 20 inclusion in several
tissues (Figures 2A and S2A). A significant correction in
ELP1 splicing was observed in dorsal root ganglia, trigemi-
nal ganglia, and superior cervical ganglia. In untreated an-
imals, these ganglia, consistently with the peripheral ner-
vous system pathology observed in FD, have low exon 20
inclusion (<20%). Notably, in mice treated with AAV9-
U1-FD, the percentage of exon 20 inclusion increases to
approximately 60%. A significant splicing improvement
was also evident in brain (from ~15% to ~40%), liver
(from ~60% to ~100%), heart (from ~55% to ~85%), mus-
cle (from ~40% to ~60%), and kidney (from ~40% to
~60%, with some individual variability), while no changes
were observed in the eye, spinal cord, or lung. To evaluate
the long-term effects of the treatment, we analyzed treated
and untreated FD mice at PND-90 (Figures 2B and S2B).
The recovery of splicing was still evident and significant
in the brain and dorsal root ganglia, two of the key tissues
affected by the disease. The other tissues had less splicing
correction, possibly due to a dilution of the AAV during
postnatal development. To clarify whether the reduction
in splicing correction at 3 months of age could be due to
the dilution of the AAV, we measured the amount of FD-Ex-

SpeU1 RNA at PND-10 and PND-90 by qPCR in four repre-
sentative tissues (brain, dorsal root ganglia, heart, and
liver). After 3 months, brain maintains an efficient splicing
rescue, dorsal root ganglia reduce in part the splicing
rescue, whereas heart and liver return to PND-10 levels
(Figure 2). We observed no significant age-dependent
changes in FD-ExSpeU1 RNA in the brain and dorsal root
ganglia, an approximately 4-fold reduction in the heart,
and severe liver decline (Figure S2C). Even if the age-
dependent correlation between the splicing and the FD-Ex-
SpeU1l RNA levels is not complete, these results suggest
that the reduction in the FD-ExSpeU1 RNA levels possibly
due to AAV dilution are involved in the observed age-
dependent effects.

Next, we analyzed whether the correction of ELP1 exon
20 splicing led to an increase in protein. We compared
ELP1 quantities between treated and untreated FD mice
at PND-10 and PND-90. An untreated healthy control
group, carrying one copy of the mouse Elpl and one
copy of the defective human transgene, was included in
the analysis to establish the rescue efficiency of the pro-
tein compared to an asymptomatic mouse. At PND-10,
FD-vehicle mice had a reduced amount of ELP1 in most
tissues except for liver and heart, when compared with
control mice. FD mice treated with AAV9-U1-FD had
significantly more ELP1 at PND-10 than untreated FD
mice, in brain, dorsal root ganglia, trigeminal ganglia,
liver, muscle, and heart. In the brain, dorsal root ganglia,
and heart, ELP1 was twice as abundant as in control mice
(Figures 3 and S3). This slight 2-fold accumulation is likely
due to the underestimation of the amount of the ELP1 in
the asymptomatic control animal since it has only one
normal mouse Elp1 allele along with a copy of the defec-
tive human ELP1 transgene. Importantly, the FELP1
improvement was maintained after 3 months in most of
the tissues, except liver (Figures 3 and S3). In this tissue,
the lack of long-term efficacy was expected due to the in-
jection in the neonatal period and the consequent AAV
dilution.””
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Quantification of ELP1 levels in control mice (Tkbkap™/*; h-TgFD9/+; black columns), FD mice (Tkbkap“2%/Ikbkap™*; h-TgFD9/+; orange
columns), and FD mice treated with AAV9-U1-FD (Ikbkap“?°/Ikbkap”™*; h-TgFD9/+; blue columns) at two different time points, PND-10
and PND-90, in different tissues: (A) brain, (B) dorsal root ganglia, (C) trigeminal ganglia, (D) spinal cord, (E) liver, (F) heart, (G) muscle.
GAPDH was used as internal reference control. Data are expressed as mean *= SEM; 3 mice for each group were tested, except for controls
and trigeminal ganglia groups in which 2 animals were analyzed. Western blots used for quantitative analysis are shown in Figure S3.
Statistical analysis was performed using two-way ANOVA with Bonferroni correction. ns, not significant; *p < 0.05; **p < 0.01;

***p < 0.001; ****p < 0.0001.

In the FD mice, AAV9-U1-FD rescues creatinine levels,
cardiac output, and motor/proprioceptive functions

To evaluate the phenotypic improvement associated with
life span rescue and increased ELP1 splicing and protein
accumulation, we performed functional tests on gait, right-
ing reflex, and clasping on tail suspension. These tests eval-
uate the motor/proprioceptive functions and ataxic gait at
different ages.”*”> In early neonatal ages, at PND-6, FD
mice had significantly impaired righting reflex (Figure 4A).
Latency of FD mice to righting was four times longer than
unaffected controls (40 versus 10 s). The AAV9-U1-FD treat-
ment partly rescued the righting reflex (20 s), indicating that
the treatment causes a significant improvement in the mo-
tor/proprioceptive activities just a few days after the injec-
tions. This early effect is due to the self-complementary
AAV9 vector, which is known to rapidly express transgenes,
andis consistent with the improvement of ELP1 splicing and
protein accumulation observed at PND-10 (Figures 2 and 3).
Clasping on tail suspension at PND-45 was significantly
reduced in the FD mice, and this parameter was significantly
improved by the AAV9-U1-FD treatment (Figure 4B). At
PND-90, FD mice were also a significant poorer in perform-
ing the gait assay. This assay evaluates the paw angle varia-
tion between fore and hind paws during walking, and it is
a clear indication that these mice develop an ataxic gait. In

particular, FD mice treated with AAV9-U1-FD fully recover
the ability to perform this test correctly in the same way as
control mice (Figures 4C and S4A). We did not observe differ-
ences between control and FD-mice for accelerated auto-
mated rotarod and hanging tests (Figures S4B and S4C). As
cardiovascular abnormalities are common in FD-affected
individuals,”®®" we evaluated cardiac function by echocar-
diography. The FD mice at PND-45 and PND-90 had a
severely reduced ejection fraction (from ~45% in controls
to ~30%). The AAV9-U1-FD treatment completely rescued
cardiac function in the FD mouse (Figure 4D). We also eval-
uated renal function, which is frequently compromised in
FD,”®”7”? through serum creatinine levels.®' Serum creati-
nine levels were 2.5 times higher in FD mice compared to
control littermates, and AAV9-U1-FD treatment normalized
serum creatinine levels in FD-treated mice (Figure 4E).

U1-FD has few off-target effects in the human
transcriptome or mouse dorsal root ganglia

To evaluate whether the presence of U1-FD off-target pre-
mRNA binding sites could result in detrimental changes in
gene expression and/or alternative splicing, we tested the
transcriptome changes in non ELP1-deficient cells of human
origin and in mouse dorsal root ganglia after treatment. We
have created stable HEK293 Flp-In T-REx clones that contain
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Figure 4. AAV9-U1-FD rescues FD symptoms in FD mice

(A) The righting reflex test evaluates the latency to right at PND-6, n > 17 pups per group.

(B) Clasping on tail suspension gives the mean clasping score achieved by each genotype on a scale from 0 to 4 at PND-45, where O refers
to wild-type behavior, linearly increasing to 4 which refers to highly impaired behavior, n > 10 mice per group.

(C) The gait assay test gives the paw angle variation between fore- and hind-paws during the walk at PND-90. The graph plots the final
average of all tested animals in each group. n = 13 control, n = 12 FD, and n = 7 FD treated.

(D) Ejection fraction percentage (modified Simpson’s method) at PND-45 (n = 6 control, n = 3 FD, and n = 6 FD treated) and PND-90
(n = 8 control, n = 5 FD affected, and n = 8 FD treated).

(E) Creatinine levels measured in serum of PND-90 mice using an enzymatic assay (n = 10 mice per group). Statistical analysis was
performed using two-way ANOVA with Bonferroni correction. Bars are SEM; ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001;
*+p < 0.0001. The tests were performed on littermate controls (Tkbkap™/"; h-TgFD9/+) and FD mice (Ikbkap*?®/Ikbkap™;
h-TgFD9/+) treated with one intracerebral ventricular injection (i.c.v.) at PND-O and a second intraperitoneal injection (i.p.) at
PND-2 of AAV9-U1-FD (1.6 x 10'! VG/mouse) or saline only. Littermate controls + saline are in black; FD mice + saline in orange;

FD mice treated with AAV9-U1-FD in blue.

three integrated copies of ExSpeUIFD at the same chromo-
somal location. This resulted in expression of the U1-FD
(~20% compared to endogenous U1) and this improved
the minigene ELP1 exon 20 splicing pattern (Figures 5A-
5C). This relatively high U1-FD expression was well toler-
ated, and we found only 39 differentially expressed genes
(Pagj < 0.05, log, fold change <—1 or >1) (Figure 5D and
Table S1). Testing the differentially expressed genes with Qia-
gen’s Ingenuity Pathway Analysis (IPA) did not reveal any
significant pathway involvement (Table S1). Analysis of
the differentially alternative splicing events identified 51
events out of 101,518 transcripts (0.05%) for skipped exons
(SE), 197 events out of 37,465 (0.5%) mutually exclusive
exons (MXE), and very few events in retained introns (RI)
(n = 5), alternative 5’ (ASSS) or 3’ (A3SS) splice sites (n = 1
and 2, respectively) (Figures SE-5I and S5 and Table S1).

To uncover the molecular consequences of the treatment
invivo, we analyzed the transcriptomes of dorsal root ganglia
in FD mice, FD treated (T) mice, and WT control mice at PND
10 and compared their gene expression and alternative
splicing profiles. Comparison between FD and WT dorsal
root ganglia identified 50 upregulated and 58 downregulated

transcripts (pagj < 0.05, log, fold change <-1 or >1),
(Figures 6A and S6A and Table S2). Analysis of differentially
expressed genes with Qiagen’s Ingenuity Pathway Analysis
(IPA) showed involvement of not relevant pathways associ-
ated to hepatic fibrosis, atherosclerosis signaling, and ferrop-
tosis signaling pathways (Table S2). Analysis of alternative
splicing events identified 73 alternative exons (SE) (28 upre-
gulated and 45 downregulated), 53 mutually exclusive exon
events (MXE) (23 upregulated and 30 downregulated), and a
few retained intron (RI) and alternative 5’ and 3’ ss (17, 3, and
8, respectively) (Figures 6B, 6C, S6, and S7 and Table S3).
Treatment with AAV9-U1-FD (T vs WT) had a minor impact
on the mouse transcriptome on differentially expressed tran-
scripts (DE) or alternative splicing events at PND-10 but
confirmed the strong increase in inclusion of the target hu-
man ELP1 exon 20 (AW = 0.44) (Figure 6E, hELP1). IPA anal-
ysis of differentially expressed genes showed involvement of
only the iron homeostasis signalling pathway (Table S2).
Comparison between treated (T) and FD showed very few
DE transcripts and alternative splicing events, with only
two differentially expressed transcripts in treated animals
and no pathway enrichment by IPA (Figures 6G-6I and
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Figure 5. Lack of global effects of ExSpe-U1-FD on the human transcriptome

(A) ExSpe-U1-FD expression levels in HEK 293 Flp-In T-REx stable control cells (empty) (n = 6) and stable clone cell line expressing
ExSpe-U1-FD (n = 6). Data are expressed as percentage of ExSpe-U1-FD relative to endogenous Ul.

(B) Transfection experiment of ELP1 mutant (c.2204+6T>C) minigene in ExSpe-U1-FD stable clones and controls. The ELP1 exon 20
inclusion and exclusion bands are indicated.

(C) Quantification of the percentage of exon 20 inclusion in the ELPI mutant (c.2204+6T>C) minigene transfection experiment shown
in (B).

(D) Volcano plot showing global gene expression changes between controls (empty, n = 6) and ExSpe-U1-FD stable clones (n = 6). Hor-
izontal blue line (p,q; <0.05) and vertical red lines (log;FoldChange <—1 or > 1) indicate cut-off values and determine significant down-
and up-regulated events, respectively.

(E-I) Volcano plots showing global alternative splicing changes in (E) skipped exon (SE), (F) retained intron (RI), (G) mutually exclusive
exons (MXE), (H) alternative 5’ splice site (ASSS), and (I) alternative 3’ splice site (A3SS) categories between empty clones (n = 6) and
ExSpe-U1-FD stable clones (n = 6). Horizontal blue line (FDR < 0.05) and vertical red lines (inclusion level difference <—0.2 or
>0.2) indicate cut-off values and determine significant events in each category. In (A) and (C), data are expressed as mean + SD and
statistical analysis was performed using Student’s t test (***p < 0.001).

Table S2). Asthe ELP1 complex can act both on transcription
and translation, these results suggest a preferential effect of
the ELP1-mediated rescue on the translational defect. How-
ever, the extremely low number of DE transcripts (n = 2), SE
(n = 35), MXE (n = 8), and other alternative splicing events
wehave observed in the treated animals indicates that AAV9-
U1-FD has no significant off-target effects in dorsal root
ganglia (Figures 6G-61, S6, and S7 and Tables S4 and S5).
Interestingly, in the case of alternative exons, most of the
off-target events are less significant than human ELP1

exon 20, further implying that off-target splicing effects
are minimal (Figure 6H, hELPI). As most gene changes in
DRG are not improved by ELPI splicing correction, it is
possible that the changes we observed are not specific
ELPI-independent changes. Collectively, these results indi-
cate that U1-FD delivery by AAV9 efficiently remedies FD
mice and targets the transcriptome with high specificity in
particular in dorsal root ganglia, promoting a robust inclu-
sion of the ELP1 exon 20 without inducing unintended
changes in gene expression or alternative splicing.
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Effects of AAV9-U1-FD in dorsal root ganglia in FD mice

Inclusion Level Difference

Volcano plots showing (A, D, and G) differential gene expression changes, alternative splicing changes in (B, E, and H) skipped exon (SE),
and (C, E, and I) mutually exclusive exons (MXE) categories at PND-10 in three groups, WT (h-TgFD9/+), FD (Ikbkap??°/Ikbkap™; h-
TgFD9/+), and T (Ikbkap"zo/lkbkapﬂ"x; h-TgFD9/+ treated with AAV9-ExSpe-U1-FD). In (A)-(C), FD mice are compared to WT mice
(FD vs WT); in (D)—(F), T mice are compared to WT mice (T vs WT); in (G)-(I), T mice are compared to FD mice (T vs FD). In (A), (D),
and (G), horizontal blue line (p,g; < 0.05) and vertical red lines (log,FoldChange <-1 or >1) indicate cut-off values and determine
significant down- and up-regulated events, respectively. In the remaining panels (B, C, E, F, H, and I), horizontal blue line (FDR <
0.05) and vertical red lines (inclusion level difference <—0.2 or >0.2) indicate cut-off values and determine significant events in
each category. In (A) and (D), the red dot represents murine Elp1; in (E) and (H), the red dot represents human ELP1 exon 20.

Discussion

Familial dysautonomia is a severe genetic neurological
disease, without effective therapy, caused by a splicing
defect that induces skipping of ELP1 exon 20. In this
study, we demonstrate that a modified Ul snRNA cor-
rects skipping of ELP1 exon 20 and substantially im-
proves the FD phenotype in a symptomatic mouse
model. The FD mouse, showing perinatal fragility; de-
fects in the righting reflex, tail suspension, and gait; a
reduced ejection fraction; and an increase in serum creat-
inine, represents an excellent animal model of the FD
sensory and autonomic dysfunctions. Treatment in the
early postnatal days with an AAV9-U1-FD corrects the

ELP1 splicing and restores the levels of functional ELP1
in several tissues including brain and peripheral ganglia
and almost completely obviates mortality in the first
month of life. Furthermore, this treatment recovers path-
ological phenotypes related to motor/proprioceptive ac-
tivities and cardiac and renal functions and has very
few off-target effects on gene expression and alternative
splicing in mouse dorsal root ganglia and human cells.
The rescue of a severely affected FD animal model by
AAV9-U1-FD indicates that AAV-delivered modified Ul
snRNA likely represents an effective and safe therapeutic
option to treat FD.

The AAV9-U1-FD we have developed here have inter-
esting properties due to the combination of the already
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proved clinical efficacy and tissue-specific targeting of AAV
vectors together with a transgene that codes for a small
non-coding RNA that corrects splicing. These vectors
have been safely administered intravenously for hepatic,
muscle, and even systemic replacement or by intracranial,
intramuscular, and intravitreal routes with sustained
expression of the transgene, primarily in non-proliferating
tissues.®”

The optimal dosage and delivery route of the viral particle
should be carefully evaluated for future clinical studies. In
our experiments, the total delivered dose was about
8 x 10" VG/kg (1.6 x 10'! VG/pup), which is comparable
to the approved dosage of the AAV9-based systemic gene
therapy for spinal muscular atrophy (e.g., Zolgensma
1.1 x 10" VG/kg) (https://www.fda.gov/media/126109/
download). However, high doses of protein-coding AAV
have recently raised concerns for their potential toxicity
particularly in dorsal root ganglia. Prolonged AAV9-medi-
ated overexpression of the SMN transgene in mice results
in aggregation of the expressed protein and neuronal
toxicity with widespread transcriptome abnormalities in
dorsal root ganglion neurons.®® Similarly, administration
of AAV vectors coding to different transgenes to nonhuman
primates via blood or cerebrospinal fluid (CSF) has been
shown to result in dorsal root ganglion pathology.**
Although the molecular explanation for this toxicity is not
fully understood, several lines of evidence suggests that the
toxicity is due to overexpression of the therapeutic gene
product (i.e., protein),***> which will not be the case with
modified Ul snRNAs. These small non-coding RNAs are
not expected to induce significant cellular stress and, in
fact, we did not observe large changes in expression or alter-
native splicing in the dorsal root ganglia of FD-treated mice
(Figures 6, S6, and S7), nor in human FD-U1-overexpressing
cells (Figures 5 and S5), nor a negative effect on survival on
normal mice (Figure 1D). Furthermore, FD-U1 has the
advantage of only correcting splicing in those cells express-
ing the target pre-mRNA, thus avoiding the accumulation
and/or ectopic expression of ELP1. Evaluation of the effects
of the AAV9-U1-FD delivery by IP and i.c.v. individually
should be important in future studies to clarify the most
effective therapeutic approach. In addition, exploration of
other administration routes could be particularly effective
to prevent specific aspects of the disease progression such
as age-dependent retinal ganglion cells dysfunction that is
observed in FD-affected individuals”***® and also in the
FD mice.*” Considering the success of AAV-based therapies
for the treatment of ocular disorders,*>°° appropriate ad-
eno-associated virus serotypes could be used to deliver U1-
FD by intravitreal injection to specifically target the degener-
ation of these cells and treat the progressive visual decline.

Since hybridization of the Ul RNA to complementary
target sequences may have off-target effects due to unin-
tended binding to RNAs, we performed RNA-seq analysis
in human cells and in dorsal root ganglia from treated
mice at early ages. In both cases, we observed only mini-
mal changes in global gene expression and splicing caused

by the U1-FD expression. Thus, U1-FD is shown to have a
high specificity for the intended ELPI pre-mRNA with no
significant off-target effects on the human transcriptome.
Similarly, a modified U1 that corrects the SMN2 splicing
defect in spinal muscular atrophy showed a low level of
off-target effects,”® indicating a more general applicability
of the strategy. However, as the FD-ExSpeU1l RNA levels
are maintained in the dorsal root ganglia at later time
points (PND-90) (Figure S2C), potential long-term off-
target effects cannot be excluded. Rescue of the ELP1 in
the dorsal root ganglia of treated FD mice at PND-10 did

not substantially change the transcriptome profile
(Figure 6). As the ELP1 complex has been shown to act
both on transcription”"?*?“?” and translation,*"** it is

possible that in this tissue at this developmental stage
most of the therapeutic effect of AAV9-U1-FD is on trans-
lation. Indeed, analysis of published transcriptome
changes in a different mouse model with the selective abla-
tion of the Elpl in DRG showed a similar low number of
changes in the transcriptome profile (Figure S8).** Howev-
er, more detailed studies comparing proteomic and tran-
scriptome data at different ages are needed to elucidate
the underlying rescue mechanism in detail.

Several other promising therapeutic strategies for ELP1
splicing correction are being actively investigated
including small molecules (SMCs)****° and antisense oli-
gonucleotides (ASO).*! SMCs are attractive because they
can be optimized for broad tissue distribution and are
orally administered but the available compounds need
additional chemistry optimization in order to increase
the potency, reduce the potential for off-target effects,
or improve the bioavailability.**** Following the suc-
cessful Nusinersen (Spinraza) approach for spinal
muscular atrophy, promising ELPI-specific ASOs has
also been developed for FD*' but their efficacy was not
assessed in the symptomatic FD mouse model nor their
potential off-target effects nor bioavailability at target tis-
sues. AAV9-U1-FD has the advantage of exhibiting a very
limited number of off-target effects and potentially
providing long-lasting splicing correction in most target
tissues when administered systemically or intrathecally.
However, in common with other AAV-based therapies,
it may undergo dilution in replicating tissues’* and,
due to the presence of neutralizing antibodies against
the viral capsid, it may show reduced efficacy in subse-
quent treatments.”"”*” The tailored combination of com-
plementary strategies could be used to obtain an optimal
therapeutic efficacy for a splicing precision medicine.

In conclusion, we demonstrate that U1-FD, a modified
U1 snRNA, delivered by AAV9 vectors, efficiently corrects
the ELP1 splicing and protein defects in the FD pheno-
typic mouse model, rescuing its motor, cardiac, and renal
dysfunctions, and ultimately reducing animal mortality.
The extent of phenotypic improvements induced by sys-
temic treatment of AAV9-U1-FD, along with the lack of
significant off-target effects, are promising for the appli-
cation of AAV9-U1-FD in the clinic.
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