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Abstract

Sections

Recent advancementsin gene supplementation therapy are expanding the
options for the treatment of neurological disorders. Among the available
delivery vehicles, adeno-associated virus (AAV) is often the favoured
vector. However, the results have been variable, with some trials
dramatically altering the course of disease whereas others have shown
negligible efficacy or even unforeseen toxicity. Unlike traditional drug
development with small molecules, therapeutic profiles of AAV gene
therapies are dependent on both the AAV capsid and the therapeutic
transgene. In this rapidly evolving field, numerous clinical trials of gene
supplementation for neurological disorders are ongoing. Knowledge is
growing about factors thatimpact the translation of preclinical studies
to humans, including the administration route, timing of treatment,
immune responses and limitations of available model systems. The
fieldisalso developing potential solutions to mitigate adverse effects,
including AAV capsid engineering and designs to regulate transgene
expression. At the same time, preclinical research is addressing new
frontiers of gene supplementation for neurological disorders, with
afocus on mitochondrial and neurodevelopmental disorders. In this
Review, we describe the current state of AAV-mediated neurological gene
supplementation therapy, including critical factors for optimizing the
safety and efficacy of treatments, as well asunmet needs in this field.
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Introduction

The concept of gene therapy is disarmingly straightforward — using
genetic material as therapeutic tools to treat human disease — yet the
developmentand translation of such therapy is complicated and chal-
lenging. The first adeno-associated virus (AAV) gene therapy clinical
trial for neurological disorders was conducted more than20 yearsagoin
Canavandisease, arare and fatal inherited disease caused by a defective
aspartoacylase (ASPA) gene. The gene therapy, which used arecom-
binant adeno-associated virus serotype 2 (rAAV2) vector to deliver a
functional ASPA gene, was safe and associated with modest phenotypic
improvementand a decrease of accumulated toxic N-acetyl-aspartate'”.

The majority of efforts to apply gene therapy to neurological dis-
orders in the past decades have focused on such in vivo approaches.
In these cases, the gene product is delivered directly into patients
through routes with varying invasiveness, from minimally invasive
(intravenous) to very invasive (intraparenchymal (IPa)). Withan appro-
priate vector, gene supplementation (Fig. 1) or small RNA sequences
to induce gene silencing or gene editing can lead to expression of a
therapeutic, function-restorative protein. The concept of gene sup-
plementation has now expanded to not only restoring defective protein
function for monogenic diseases but also correcting signalling path-
ways or cellular responses for common, complex multigenic diseases
through the expression of an effector gene (Box 1).

For ex vivo gene transfer, cells such as haematopoietic stem
cells are isolated from the affected patient or donor, genetically
modified outside the body and transferred back into the patient®.
Ex vivo gene therapy has been clinically tested on multiple neuro-
logical conditions, such as mucopolysaccharidosis type 1A (MPSIIIA)*,
MPSI-Hurler variant® and metachromatic leukodystrophy?®, and is
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Fig.1| Genereplacement and supplementation therapy. Genetic mutation(s)
canlead to the loss of function or deficiency of the encoded protein. A vector,
such as anadeno-associated virus (AAV), can deliver a gene replacement therapy
to provide a healthy copy of the mutated gene, or a gene supplementation
therapy to provide a gene to functionally compensate for the mutated gene.

approved for the treatment of cerebral adrenoleukodystrophy’. Chal-
lenges for ex vivo gene therapy include potentialimmune responses®,
transplantation-related complications and insertional mutagenesis
caused by retroviral vectors. Invivo gene therapy may also be advanta-
geous for time-sensitive treatment, because ex vivo cell transduction,
expansion and engraftment can take several months. Additionally,
in vivo gene therapy can induce therapeutic effects in broad central
nervous system (CNS) regions, or specific cell types in the CNS.

This Review focuses on the use of AAV for in vivo gene supple-
mentation. However, it is important to recognize the availability of
numerous other viral and non-viral vector technologies (that is, adeno-
virus, lentivirus, herpesvirus and lipid nanoparticles), which each
have advantages and disadvantages®'° (Table 1). AAV has become a
prominent vector for in vivo gene transfer due to numerous features
includingits overall favourable safety profile. Currently, there are more
than 300 clinical trials —completed and ongoing — that use AAV as the
genetransfer vector. Among those, more than athird arein neurologi-
caldisorders, including monogenic diseases and those with multigenic
complex aetiology.

Several clinical trials have proven the overall therapeutic benefit
and safety of AAV-mediated gene supplementation for neurological
disorders, which led to multiple approvals in the United States and
Europe.In2017, the USFood and Drug Administration (FDA) approved
voretigene neparvovec-rzyl (Luxturna), an AAV serotype 2 (AAV2) gene
therapy for the treatment of Leber congenital amaurosis. Two years
later, an AAV9 gene therapy product, onasemnogene abeparvovec
(Zolgensma), was approved for the treatment of spinal muscular atro-
phy (SMA). In 2022, the European Medicines Agency (EMA) approved
eladocagene exuparvovec (Upstaza), which uses AAV2 to treat aromatic
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The DNA-containing virus transduces target cells, uncoating and transcribing the
healthy copy of the geneinto mRNA, thus leading to the translation of the functional
protein. The mutated gene still exists in the cell; however, it results inloss of function
ofthe protein.
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Box 1

Other approaches for in vivo gene therapy for neurological

disorders

Gene supplementation is not the only gene therapy approach that
can be used to treat neurological disorders. With the development of
new technologies, gene silencing and genome editing are also being
explored for precision gene therapy.

Gene ssilencing

For diseases caused by toxic gain-of-function mutations, gene silencing
is a potential approach to eliminate the mutated gene product.
Currently, RNAi is mediated by synthetic small interfering RNAs,
artificial microRNAs (amiRNAs) or short hairpin RNAs (shRNAs).
The design of these RNAs is based on the mutated sequence, and
both amiRNAs and shRNAs can be cloned into a vector cassette
to mediate RNAI in vivo. Vector-delivered shRNAs can reach high
expression levels in vivo, and in some cases this may saturate
endogenous RNAi machinery'®. Therefore, amiRNAs have been
developed as a safer alternative to shRNAs to produce small
interfering RNAs in vivo'”’.

Both small interfering RNA/shRNA and amiRNA strategies
have shown efficacy in animal models of Huntington disease
Preliminary results from a clinical trial of an amiRNA for Huntington
disease suggested that the strategy was safe and effective, as the
mutant huntingtin protein was reduced by a mean of 53.8% in treated
patients'®. For amyotrophic lateral sclerosis, microRNA (miRNA)
targeting mutations of the superoxide dismutase 1(SOD17) gene was
tested in two patients and was shown to be safe'**.

A combination knockdown and addition strategy can also be
designed. For example, spinocerebellar ataxia 7 is caused by a
CAG-repeat expansion which could benefit from genetic silencing,
but maintaining the wild-type (WT) allele is challenging due to the
unigue genetic variations between patients. Therefore, a broadly
applicable non-allele-specific RNAi, which knocks down both mutant
and WT alleles, in combination with a knockdown-resistant gene
addition therapy was designed. This single construct design showed
success in both knocking down and replacing the affected allele in

patient fibroblast samples'™'.

178,179

Genome editing

With the development of various gene editing tools, gene editing
has been explored as a cutting-edge approach for personalized
medicine, enabling precise changes in the human genome to
correct loss-of-function or gain-of-function mutations. One of the
earlier gene editing breakthroughs was the discovery of engineered

L-amino acid decarboxylase (AADC) deficiency. Recently, with the
advancements of smallinterfering RNA and gene editing tools, includ-
ing the CRISPR-Cas system and base editors (Box 1), the scope and
toolkit of gene therapy has expanded; all of which have utilized AAV
for genetic transfer.

For neurological disorders, gene supplementation is the most
advanced among gene therapy strategies, and thus is the focus of this

nucleases, such as zinc finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs)"®*"®, These nucleases have
not been widely used in therapeutic applications as they are difficult
to synthesize'®, have potential off-target effects and would have to be
specifically engineered for each individual pathogenic allele.

With the discovery of CRISPR-Cas9, which uses single-guide
RNAs and the Cas9 nuclease to generate double-stranded breaks
in a specific DNA sequence, gene editing is becoming the next
generation of gene therapy. However, similar to TALENs or ZFNs, the
CRISPR-Cas9 system also requires double-stranded breaks, which
may lead to undesired effects such as random mutagenesis and
cell death. Base editors and prime editors were invented to directly
correct gene mutations without generating double-stranded breaks'°.
Base editors utilize DNA-binding proteins to bring either adenine or
cytidine deaminase to the mutation site, to create either C-G to T-A
or A-T to G-C alterations in the genetic code. Alternatively, prime
editors — which also use DNA-binding proteins to locate the affected
loci — take a more general editing approach via the use of prime editor
guide RNAs and reverse transcriptase to replace or insert any desired
sequence. When compared with other editing techniques, prime
editing has a relatively low rate of random insertions/deletions (fewer
than 1%), but also has overall decreased editing efficiency which will
require further improvement™®. Another approach to circumvent
constitutive off-target editing is RNA editing technology, which uses
catalytically inactive RNA-targeting CRISPR-Cas13 with adenine
deaminase acting on RNA domain (ADAR2)'?".

Currently, clinical trials using gene editing approaches have been
limited to non-CNS disorders, such as for Leber congenital amaurosis,
which uses adeno-associated virus (AAV)-delivered CRISPR-Cas9
editing (ClinicalTrials.gov identifier NCT03872479). For neurological
disorders, studies using these emerging technologies are at the
preclinical stage. According to publicly disclosed information,
zinc finger targeting transcription factors delivered by AAV are in
development for tauopathies, synucleinopathies, amyotrophic
lateral sclerosis/frontotemporal disorders (FTD) with COQORF72
mutation, Huntington disease and autism. CRISPR-Cas-based gene
regulatory approaches are also being developed for a few undisclosed
neurological disorders'®. To translate these studies into clinical trials,
the same considerations for translational success of gene addition
therapy (see the main text) can be applied. However, additional safety
aspects need to be considered, such as off-target gene editing and
on-target gene editing-related side effects.

Review.First, we provide abrief summary on the evolutionof AAVasa
therapeutic vector, followed by an overview of representative clinical
trialsthat are using AAV gene supplementation therapy for neurologi-
caldisorders. We discuss lessons learned from those clinical trials, and
how they have informed translational considerations when designing
preclinical AAV gene therapy studies. We highlight two categories of
diseases that face added mechanistic challenges and represent the
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Table 1| Comparison of vector systems for gene delivery

Vector type CNS transduction Immunogenicity Packaging capacity Genome Integration propensity Gene expression
efficiency stability

Adenovirus High High 25kb dsDNA Low-integrating Transient

Lentivirus Moderate Low 8kb ssRNA Integrating Stable

v-Retrovirus Moderate Low 10kb ssRNA Integrating Stable

AAV Moderate Low 4.5kb ssDNA Low-integrating Stable

HSV-1 High High 50kb dsDNA Low-integrating Transient

Non-viral vector Low Low Large - Non-integrating Transient

AAV, adeno-associated virus; CNS, central nervous system; dsDNA, double-stranded DNA; ssDNA, single-stranded DNA; ssRNA, single-stranded RNA.

latest frontier in preclinical and early developments. Additionally, we
discuss potential safety events as a growing area of concern. Lastly,
we propose some approaches to maximize efficacy while minimizing
toxicity, along with examples of promising preclinical studies based
onthose approaches.

Basic AAV vector design

AAV was discovered in the 1960s and has become recognized as an
ideal vector for therapeutic gene delivery given its low incidence
of integration into host genomes, low immunogenicity, broad
serotype-dependent tissue tropism and transduction efficiency™.
The wild-type (WT) AAV capsid is composed of 60 subunits, encapsu-
lating an ~4.7 kb single-stranded DNA (ssDNA) genome. The genome
contains the major viral open reading frames for the REP (replication)
and CAP (capsid) genes, which are flanked by two inverted terminal
repeats (ITRs) (Fig. 2a).

To use AAV for transgene delivery, recombinant AAV (rAAV) is
generated by replacing REP and CAP with sequences encoding a gene
of interest and regulatory elements (Fig. 2b). More than 100 natural
variants and several serotypes of AAV have been characterized that
vary intheir binding affinities to different cell surface receptors, which
lead to serotype/variant-dependent tissue tropisms. Some AAV cap-
sids have been formally tested to be serologically distinct (that is,
serotypes), whereas most newly discovered or engineered capsids are
better defined as variants, which have not been formally assessed to
beindependent serotypes.

Anideal rAAV for treating neurological disorders would have high
transduction efficiency for CNS tissues and be able to cross the blood-
brainbarrier (BBB). AAV9 is one such capsid that meets these criteria™
and is the most favoured for neurological applications. AAV9 was iso-
lated from human tissue and is a distinct serotype that shows relatively
high transduction efficiency in the brain****. Many new capsids have also
been generated by making modifications to certain regions of the AAV
capsid to drive cell tropism and mitigate toxicity'>°. However, further
studies are needed to explore and validate the efficiency and safety of
new capsid variants.

Different AAV serotypes exhibit unique specificity and trans-
duction efficiency, determined by cell surface AAV attachment
factors — glycan moieties that vary by cell type and primarily bind AAV
and its co-receptors to induce AAV cellular entry via endocytosis.
The first AAV receptor identified was for AAV2 — which binds to the
heparansulfate proteoglycan (HSPG)*. Other serotypes such as AAV1,
AAV4, AAVS and AAV6 attach to sialylated glycans****, whereas AAV9
uses galactose as its primary receptor?. Overall, the receptors and
co-receptors utilized by various AAV capsids are important media-
tors of their tropism and transduction efficiency, and are promising

targets for identifying more efficient AAVs or mitigating off-target
transduction (discussed below).

Compared with serotype receptor specificity, the process of AAV
intracellular trafficking is less understood, with most of our knowl-
edge coming from studies on AAV2. However, individual AAVs can
differ in their efficiencies to faithfully traffic their genomes to the
nucleus. Following cellular entry, the endocytic vesicles deliver AAV
to the trans-Golgi network through the late endosomes or recycling
endosomes, or using endoplasmic reticulum-derived transport vesi-
cles. The capsid thentravels fromthe Golgiinto the nucleus through the
nuclear pore complex in an importin 3-dependent manner. Within
thenucleus, thegenomeis released from the capsid to begin thereplica-
tion process®. The ssDNA of AAV is converted to double-stranded DNA
(dsDNA) through either second strand synthesis or strand annealing,
and this double-stranded genome remains as a circular episome? or,
inrare cases, integrates into the host genome?.

Understanding these processes of cell binding, trafficking and
uncoating could enable the design of AAVs that show higher tissue
tropism, increased cell specificity, enhanced intracellular trafficking
and/or greater overall potency. However, it remains unknown whether
all AAVs exhibit the same trafficking processes, or what determinants
arerequired for forming a stable circular episome.

Animportant modification that has been made to theinitial rAAV
is to change its single-stranded genome to a double-stranded, or
self-complementary, structure by deleting the AAV terminal resolution
siteand D sequence fromthe 5 ITR**° (Fig. 2c). By obviating the need
to covert ssSDNA to dsDNA within the host cell, self-complementary
AAV improves transduction efficiency by tenfold or more compared
with single-stranded AAV. However, as the amount of ssDNA loaded
into the capsid remains limited to ~4.7 kb (4.4 kb without ITRs), the
maximum size of the double-stranded transgene cassette is reduced
to~2.2 kb — halfthe size of the single-stranded genome.

Initially, AAV2 was the most widely studied AAV serotype, but the
toolkit of additional serotypes/variants of AAV has greatly expanded
over the past two decades”, leading to greater capabilities to trans-
fer genes to many tissues including the CNS. One of the most com-
monly used AAVs for CNS tissue is AAV9, which has been applied in
at least 15 clinical trials®, such as for giant axonal neuropathy*>** and
the FDA-approved therapy for SMA*. As our understanding of AAV
design continues to grow, there is optimism that stronger CNS-tropic
AAV capsids can be identified, which would enhance the efficacy and
safety of gene therapy.

CNS gene supplementation in clinical trials
The first FDA-approved AAV gene therapy for a neurological disorder
was for the treatment of type | SMA with a single-dose AAV9/survival
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motor neuron (SMN) gene therapy (Zolgensma) via intravenous
injection®*°, During the clinical trial, the first 15 treated patients were
event-free at 20 months of age compared with 8% survival inthe natural
history cohort®. Its success has led to increasing interest in the use of
gene therapy for other genetic diseases affecting the CNS, and several
clinicaltrials are ongoing (Table 2). For monogenic recessive diseases,
the therapeutic transgene is straightforward — the mutated gene —
whereas for more complex diseases, such as Parkinson disease and
Alzheimer disease, the therapeutic gene could be the primary genetic
cause, or a protein target that can improve neurological functions.

For broad CNS transduction, the favoured delivery vehicle is
currently AAV9, with only a few studies using other capsids such as
AAVhu.68 (refs.15,37) and AAVrh.10 (ref. 15), which were isolated from
human and non-human primate (NHP) tissues, respectively. Toinduce
region-specific brain transduction, such as for Parkinson disease®,
AAV2 has been used partly due to the wealth of historical data on its
spread and tropism following IPa administration, but also because
of its lower tendency to spread to regions distal to the injection site
compared with other AAVs*. The administration route also plays a
critical role in the biodistribution of gene expression (Fig. 3). Several
routes are under investigation in ongoing trials and are discussed in
more detail below.

Zolgensma utilizes the least technically challenging route of
administration — systemic intravenous delivery. Another in vivo AAV
gene replacement that is currently in clinical testing using systemic
deliveryisin GM1gangliosidosis, alysosomal storage disorder caused
by deficiency in the 3-galactosidase (3-gal) enzyme that breaks down
glycosphingolipids*°. When this deficiency occurs, GM1 ganglioside
accumulates in brain and spinal cord neurons, ultimately leading to
cell death*°. Gene therapy was effective for this disease in a naturally
occurring feline model**?, as well as amurine model*. Currently, three
trials are ongoing to assess the efficacy and safety of either systemi-
cally or CNS-specific delivery of functional copies of 3-gal using the
AAV9, AAVrh.10 or AAVhu.68 vector. As both administration routes
are being tested in the same indication, results from those trials will
provide valuable information for comparison of the pros and cons
of each administration route. Preliminary data from a phase I/1l trial
using AAVrh.10 administered directly into cerebrospinal fluid (CSF)
suggested that the treatment increased -gal activity in the CSF, and
there were no adverse events recorded up to a year post dosing**.

Systemic gene supplementation therapy has advanced to clinical
stage testing in other lysosomal storage disorders such as MPSIIIA,
whichis caused by mutationsin the gene encoding N-sulfoglucosamine
sulfohydrolase (SGSH), leading to impaired degradation of heparan
sulfate. Patients show severe neurological symptoms such as dementia,
seizures, deafness, loss of vision and inability to sleep for extended
periods of time. Gene delivery with self-complementary AAV9 showed
benefit in preclinical studies*. However, in clinical studies, one trial
(NCT04088734) was terminated due to lack of efficacy and another
trial (NCT03315182) was terminated due to commercial considerations
and lack of drug supply (reported from ClinicalTrials.gov). Without
additional details from these trials being made public, itis difficult to
discern whether the gene therapy approaches failed because they were
suboptimal or dueto other practical factors such as patient selection,
outcome measures or commercial barriers.

To induce global CNS-specific gene transfer, intrathecal lumbar
puncture (IT-LP) administration has been tested in multiple diseases.
Giant axonal neuropathy is a disease caused by autosomal recessive,
loss-of-function mutations in the gigaxonin (GAN) gene encoding GAN

protein, leading to the development of dysfunctional ‘giant’ axons
throughout the nervous system. AAV9/GAN gene supplementation
therapy was the first clinical trial to use IT-LP as the delivery route®*,
and the trial has been ongoing since 2015. Preliminary trial data, which
have not been peer-reviewed, reported a relative preservation of motor
functionin treated patients that significantly differed from the natural
history of giant axonal neuropathy as assessed by the Motor Function
Measures 32 (MFM32) scale™.

Delivery vialT-LP has since been used in SMA clinical trials and for
several lysosomal storage disorders including ceroid lipofuscinosis 3
(CLN3), CLN6 and CLN7. This route of delivery is also under investi-
gation in GM2 gangliosidosis type 1 (Tay-Sachs disease) and type 2
(Sandhoff disease), which are caused by deficienciesin the hexosami-
nidase (HEXA) heterodimer enzyme, encoded by HEXA (hexosamini-
dase A, a subunit) and HEXB (hexosaminidase A,  subunit) genes. In
anongoing clinical trial for GM2 gangliosidosis, a single AAV9 vector
delivering both human HEXA and HEXB in a bicistronic design*® was
administered through a single IT-LP administration (NCT04798235).
As an example of IT-LP gene delivery for complex neurological disor-
ders, AAVrh.10/apolipoprotein E2 (APOE2) is currently under clinical
investigations to treat Alzheimer disease with expression of APOE4,

a WT AAV ITR ITR

b single-stranded rAAV

Total DNA up to ~4.5 kb
L

ITR ITR

Promoter

C Self-complementary rAAV

Total DNA up to ~2.2 kb
Il

AITR ITR

Fig.2| AAV vector design. a, The wild-type (WT) adeno-associated virus (AAV)
genome contains the REP (replication) and CAP (capsid) genes, Poly(A) tailand
inverted terminal repeats (ITRs). The REPgene is responsible for AAV genome
replication, whereas the CAP gene encodes the capsid proteins, which are
responsible for the viral genome packaging. The ITRs are critical for both genome
replication and packaging, as they are recognized by the REP and CAP proteins.
b, Asingle-stranded recombinant AAV (rAAV) in which the REPand CAPgenes are
replaced with a cell-specific or ubiquitous promoter, enhancer (En), gene of
interest and 3’ untranslated region (UTR), while also including regulatory
elements (Reg) and a Poly(A) tail. These elements drive the expression of the
gene of interest in a time and site-specific manner. The foreign DNA packaging
capacity is 4.5 kb. ¢, In aself-complementary rAAV cassette in which the 5’ ITR
ismutated, the single-stranded genome folds over to a double-stranded, or
self-complementary, structure, and thereby the foreign DNA packaging capacity
isdecreased to 2.2 kb. This structural change leads to higher transduction
efficiency and more stable transgene expression. All elements contained in the
cassette are similar to those of the single-stranded rAAV.
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Table 2 | Selected ongoing AAV-based gene supplementation clinical trials for neurological disorders

Clinical trial Disease Sponsor AAV Transgene Route of Dose Phase
identifier serotype administration
NCT05040217 Alzheimer disease UCsD 2 BDNF IPa (entorhinal Single dose
cortex)
NCT03634007 Alzheimer disease Lexeo Therapeutics rh.10 APOE2 IT-LP 5E10, 1.6E11, 5E1vgml™ /1
NCT04408625 FTD-GRN Prevail Therapeutics 9 PGRN ICM 3 ascending doses /1
NCTO04747431 FTD-GRN Passage Bio 1 PGRN ICM 3.3E10, 1.1E11, 2.2E11vg g™ 1/
brain mass
NCT04167540 Parkinson disease Brain Neurotherapy Bio 2 GDNF IPa (putamen) Single dose |
NCTO04127578 Parkinson disease Prevail Therapeutics 2 GBA1 ICM 2 ascending doses /1
NCT05603312 Parkinson disease MeiraGTx 2 GAD IPa (subthalamic Single dose /1
nuclei)
NCT03562494 Parkinson disease with Neurocrine Biosciences 2 AADC IPa (putamen) Single dose of up to I
motor fluctuations 3.6E12vg
NCT04411654 Type 2 Gaucher disease  Prevail Therapeutics 2 GBA1 ICM 2 ascending doses /1
NCT04680065 Multiple system atrophy  Brain Neurotherapy Bio 2 GDNF IPa (putamen) Single dose /1
NCT05541627 Early manifest AskBio rh.10 CYP46A1 IPa (striatum) 2 ascending doses /1
Huntington disease
NCT05606614 Rett syndrome Taysha Gene Therapies 9 miniMECP2  IT-LP 2 ascending doses I/l
NCT04737460 CLN7 UTSW 9 MFSD8 IT-LP 5E14,1E15vg /1
NCT03770572 CLN3 Amicus Therapeutics 9 CLN3 IT-LP 2 ascending doses I/l
NCT05228145 CLN5 Neurogene 9 CLN5 ICV and intravitreal 2 ascending doses /1
NCT05089656 SMA type 1 Novartis Pharmaceuticals 9 SMN1 IT-LP 1.2E14vg ]
NCT05747261 SMA type 1 Biocad 9 SMN1 Intravenous 3 ascending doses /1
NCT05614531 SMA type 1 Hangzhou Jiayin Biotech 9 SMN1 Intravenous 3 ascending doses /1
NCT04998396 Canavan disease Aspa Therapeutics 9 ASPA Intravenous 2 ascending doses /1
NCT04833907 Canavan disease Myrtelle Olig001  ASPA ICV 3.7E13vg /1
NCT05518188 SPG50 UTSwW 9 AP4AM1 IT-LP Single dose 1/
NCT04669535 Tay-Sachs disease and Sio Gene Therapies rh.8 HEXA and IPa (bilateral 4 ascending doses |
Sandhoff disease HEXB thalamic)/ICM/ IT-LP
NCT03952637 GM1 gangliosidosis NHGRI 9 GLB1 Intravenous 1.5E13, 4.5E13vgkg™ I/1
NCT04798235 GM2 gangliosidosis Queen’s University 9 HEXA and IT-LP Single dose I/l
HEXB
NCT04519749 Fabry disease 4D Molecular 9 GLA Intravenous 3 ascending doses /1
Therapeutics
NCT04046224 Fabry disease Sangamo Therapeutics 2/6 GLA Intravenous 0.5E13, 1E13, 3E13, /1
5E13vgkg™
NCT04040049; Fabry disease Freeline Therapeutics 9 GLA Intravenous 2 ascending doses /1
NCT04455230
NCT02852213 AADC deficiency Krzysztof Bankiewicz, 2 AADC IPa (substantia nigra  1.3E11vg
Ohio State University pars compacta
and the ventral
tegmental area)
NCT02362438 Giant axonal neuropathy  Taysha Gene Therapies 9 GAN IT-LP 4 ascending doses |
NCTO4771416 Early infantile Krabbe Passage Bio hu.68 GALC ICM 1.5E11, 5E11vgg™ brain mass /Il
disease
NCT03580083 MPSI (Hurler syndrome)  Regenxbio 9 IDUA ICM 1E10, 5E10vg g™ brain mass  1/II
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Table 2 (continued) | Selected ongoing AAV-based gene supplementation clinical trials for neurological disorders

Clinical trial Disease Sponsor AAV Transgene  Route of Dose Phase
identifier serotype administration

NCT04571970 MPSII (Hunter syndrome) Regenxbio 9 IDS ICM 6.5E10vgg™ brain mass /1
NCT03566043 MPSII (Hunter syndrome) Regenxbio 9 IDS ICM 1.3E10, 6.5E10, 2E11vg g™ /1

brain mass
NCT02716246 MPSIIIA Abeona Therapeutics 9 SGSH Intravenous 0.5E13, 1E13, 3E13vgkg™ /1
NCT05152823 IGHMBP2-related Nationwide Children’s 9 IGHMBP2 IT-LP Single dose /1
diseases Hospital

AADC, aromatic L-amino acid decarboxylase; AAV, adeno-associated virus; APOE2, apolipoprotein E2; ASPA, aspartoacylase; BDNF, brain-derived neurotrophic factor; CLN, ceroid
lipofuscinosis; CYP46A1, cytochrome P450 family 46 subfamily A member 1; FTD-GRN, progranulin-related frontotemporal dementia; GAD, glutamic acid decarboxylase; GALC,
galactosylceramidase; GAN, gigaxonin; GBA1, glucocerebrosidase 1; GDNF, glial cell line-derived neurotrophic factor; GLA, a-galactosidase; GLB1, B-galactosidase; HEXA, hexosaminidase
A, o-subunit; HEXB, hexosaminidase A, 3-subunit; ICM, intracisterna magna; ICV, intracerebroventricular; IDS, iduronate 2-sulfatase; IDUA, a-L-iduronidase; IPa, intraparenchymal;

IT-LP, intrathoracic lumbar puncture; MECP2, methyl cytosine-phosphate-guanine (CpG) binding protein 2; MPS, mucopolysaccharidosis; PGRN, progranulin; SMA, spinal muscular atrophy;
SMN1, survival motor neuron 1; SGSH, N-sulfoglucosamine sulfohydrolase; SPG50, spastic paraplegia 50; vg, viral genomes.

the primary genetic risk factor for sporadic Alzheimer disease. The
strategy is based on the rationale that APOE2 is neuroprotective, which
can offset the adverse effects of APOE4 (ref. 47).

Other intra-CSF administration routes, including intracisterna
magna (ICM) and intracerebroventricular (ICV), are also being evalu-
ated in clinical trials, including in combination with other routes. For
example, a single patient with Canavan disease, a neurodegenerative
disease caused by mutations in the ASPA gene and characterized by
spongy degeneration of the white matter, was treated with a combi-
nation of intravenous and ICV administration (NCT05317780). The
vector is driven by a ubiquitous chicken -actin (CB6) promoter with
a cytomegalovirus (CMV) enhancer. So far, no adverse events have
beenreported. By combining systemic and CNS-specific gene delivery
routes, both the CNS and peripheral organs will be transduced, thereby
allowing for maximal gene expression and therapeutic efficacy.

Another trial uses combinational administration in Tay-Sachs
disease, a fatal neurological condition caused by lack of the HEXA
enzyme and subsequent toxic build-up of gangliosides in neuronal
cells. Two children were administered an equimolar combination
of AAVrh8-HEXA and AAVrh8-HEXB gene therapies*®. One child received
acombination of IT-LP (25% of total dose) and ICM (75% of total dose)
administration at 30 months of age, and remained seizure-free at
Syears of age while maintaining the same anticonvulsant therapy as
before the gene therapy intervention. At 7 months of age, the other
child received a combination of IPa (bilateral thalamic) administra-
tion and IT-LP infusion. Disease in this patient stabilized by 3 months
post treatment, but resumed progression at 6 months post treatment
with anticonvulsant-responsive seizure developing at 2 years old.
Both patients showed increased CSF HEXA activity.

Thisstudy demonstrated the overall safety of usinga combination
of administration routes*®. It is also worth noting that, in this study,
the ICM infusion was done through adaptation of an intravascular
microcatheter, which was safely navigated intrathecally under fluoro-
scopic guidance to the cisterna magna for delivery. This adaptation
avoided the risk of medullary injury that can be associated with ICM
administration®.

Another trial in GM gangliosidosis evaluated the safety and
efficacy of delivering the gene therapy through combining bilateral
thalamic injection with dual ICM and IT-LP administration into CSF
using the microcatheter approach. Preliminary data from this trial
showed that treatment was associated with movement disorders in
juvenile patients (who experience disease onset after age 2 years),

but not in infant patients (who die within the first several years of life
ifuntreated). Therefore, future studies have planned dose-escalation
evaluations only in the infant patient population®®. Comparing clinical
data of this trial with the trial discussed above that used single IT-LP
to deliver a bicistronic human HEXA and HEXB will provide valuable
information for selecting vector designs and administration routes
for GM2 gangliosidosis.

A study to deliver the -glucocerebrosidase (GBA) gene for
patients with Parkinson disease has also used the ICM route. Thisis a
specific case where gene supplementation therapy is being used for
acomplex neurodegenerative disease. The rationale for this treatment
is that mutations in GBA are the most common genetic risk factor for
Parkinson disease®, which led to the development of gene therapies
for the subpopulation of patients with Parkinson disease who carry
GBA mutations. The GBA gene encodes glucocerebrosidase (GCase),
alysosomal enzyme that hydrolyses glucosylceramide to glucose and
ceramide. The loss of GCase function results in disturbed cholesterol
metabolism, whichis critical for establishing synapticintegrity*’. As the
protein of GBA is ubiquitously expressed throughout the neuroaxis,
using gene therapy to broadly induce its expression in the CNS could
potentially restore synaptic function and mitigate the progression of
Parkinson disease™**.

The IPa administration route can also achieve diffuse expression
through multiple sites of stereotactic injection of AAV2 vector, such
as in the studies of MPSIIIA*, MPSIIIB***, Canavan disease?, CLN2
disease®® and Alzheimer disease*’. According to the results from these
studies, although the treatment is safe, efficacy is minimal, likely due
to insufficient gene transfer across all brain regions. For example, in
thetrialin Alzheimer disease using AAV2to deliver nerve growth factor
(NGF) into the nucleus basalis of Meynert, post-mortem tissue analysis
indicated that NGF did not reach cholinergic neurons due to limited
distribution and inaccuracy of the stereotactic targeting, even with
15injection sites*’.

Parkinson disease is also an example that can benefit from a
localized therapeutic approach, as the primary pathological insultis
well defined — the degeneration of dopamine-containing neuronsin
the substantia nigra®®. Several gene supplementation therapies are
inphaselorllclinical trials for Parkinson disease (Table 2). The thera-
peutic transgenesinclude AADC, glutamic acid decarboxylase (GAD),
glial cell line-derived neurotrophic factor (GDNF) and neurturin
(NTN). Asimilar approach for these Parkinson disease trials was suc-
cessfully applied to AADC deficiency, whichis aneurodevelopmental
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disorder characterized by the deficiency of catecholamines and
serotonin®. Children with AADC deficiency show various motor, auto-
nomic and behavioural dysfunctions. Using AAV2 as the delivering
vector, the gene therapy eladocagene exuparvovec (Upstaza) received
market approval for the treatment of AADCin Europein2022. Accord-
ing to data from 26 patients who received bilateral injections in the
putamen, improvements were seen in motor and cognitive function,
as well as an increase in dopamine production within 12 months of
treatment, with improvements lasting at least 5 years. Other symp-
toms, such as mood, seating, temperature and oculogyric crises,
alsoimproved®.

To enhance vector distribution to target regions, vectors can be
delivered into connecting regions through IPa administration and

take advantage of axonal transport mechanisms®***. An ongoing clini-
cal trial using the axonal transport approach is for AADC deficiency.
AAV2/AADC was administered directly to the midbrain, specifically
tothesubstantianigra pars compactaand the ventral tegmental area,
and this was shown to be safe and effective in improving dopamine
levels and motor function in children. Administering the treatment
to the substantia nigra pars compacta and ventral tegmental area,
instead of the putamen, can increase AADC enzyme activity in mid-
brain dopaminergic neurons that are involved in the pathological
pathways, including nigrostriatal, mesolimbic and mesocortical path-
ways. Additionally, this administration takes advantage of neuronal
projections from the substantia nigra pars compacta and ventral
tegmental area to the striatum, through which AAV is distributed as
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well®®. To address the limitation of incomplete vector distribution, an
image-guided convection-enhanced delivery technique was used to
enhancethe AAV biodistribution, beyond traditional stereotactic surgi-
cal methods®®. With convection-enhanced delivery alone, no more
than10% of the putamen can be transduced with AAV. However, in con-
junctionwithanimaging technique, such as magnetic resonance imag-
ingof atracer, larger volumes of AAV canbe infused, leading to greater
distribution in the desired brain region®®®°,

Allthese trialsuse AAV2 as the delivery vehicle, thereby efficiently
transducing neurons, which is beneficial for Parkinson disease as it is
caused by neuronal dysfunction in the basal ganglia’. Specifically,
the treatment delivering the AADC transgene is meant to increase
dopamine by supplying the enzyme that converts the precursor
of dopamine (L-dopa; which is the active ingredient in the oral drug
levodopa used to treat Parkinson disease) to dopamine. Combined
oral levodopa and direct infusion of the AAV2/AADC therapy into the
striatum was not associated with serious adverse events (based ondata
from NCT01973543). Further, the two high-dose gene therapy cohorts
showed therapeutic benefits of reduced requirements for Parkinson
disease medications, and improved motor function and quality of life”.
AAV2/GAD gene supplementation, administered into the subthalamic
nucleus, was intended to resolve striatal neurochemical imbalances
by increasing GABAergic neuronal signalling’. Clinical data have
shown motor benefits from the treatment over sham controls”. Both
AAV2/GDNF and AAV2/NTNtherapies were delivered directly into the
basal gangliatorestore function of the degenerating nigrostriatal neu-
rons. Treatment with AAV2/GDNF has recently been shown to be safe;
further evaluations are needed for efficacy’. AAV2/NTNtreatment led
to modest symptomatic improvement, especially for patients treated
atan earlier disease stage”’°.

Considerations for translational success

To lead to a successful clinical trial of a candidate gene therapy,
awell-designed preclinical study is critical. Dose, administration routes
and timing are allimportant factors to consider for each disease”’. For
diseases thatare cellautonomous, itisimportant to transduce as many
affected cells as possible. For diseases that are non-cell-autonomous —
meaning that the mutated allele-encoded protein can be secreted and
affect the phenotype of neighbouring cells — the number of affected
cellstransducedisless crucial, as each transduced cell can subsequently
secrete the functional protein to correct other affected cells. For exam-
ple, GM2 gangliosidosis and CLN7 disease are both lysosomal storage
diseases, but GM2 gangliosidosis is non-cell autonomous whereas
CLN7 s cell autonomous. CLN7 disease is caused by dysfunction of
the membrane-bound MFSDS8 protein, making broad, functional
distribution of the protein therapeutically challenging.

Another factor that must be considered is the type of disease
that needs to be treated. Neurodegenerative diseases typically have a
window wherein atreatment might slow or halt further degeneration,
butalso apoint after which the damage may beirreversible, especially
whenthe targeted cell populationislost through the disease process.

For neurodevelopmental diseases, all of the neural cells may be
present and targetable. However, if a gene plays a crucial role in early
development, it remains an open question whether gene restoration
after that neurodevelopmental window will provide a substantial ben-
efit; this will likely differ considerably from one disorder to another.
Lastly, treatment durability has often been raised as a potential issue
for genetherapy, asitis currently performed as a one-shot treatment.
For diseases caused by postmitotic cells, thisissueis, in general, less of

aconcern. However, for other diseases in which the pathology involves
mitotic cells, such as in Krabbe disease, therapeutic efficacy can be
diminished due to proliferation of other brain cell types, including
oligodendrocyte progenitor cells, astrocytes and microglia, around
theinflammatory sites’.

Tosuccessfully translate astudy frombench to bedside, itis critical
to assess the efficacy and safety of the treatment, both of which can be
affected not only by the state of the disease but also by the choice of
administration route, dose and timing of treatment. A recent preclini-
cal study on gene therapy for CLN7 disease (which has translated into
aclinical trial: NCT04737460) provided a good example of how those
factors impact treatment efficacy’. In this section, we also use other
examples to discuss each of these factors, along with potential issues
associated with different targets and disease types.

Administration route

Unlike traditional drug treatment, the administration route can signifi-
cantly affect therapeutic efficacy and potential adverse eventsin gene
therapy. The same vector can be tested with different routes and exert
different effects. The choice of administration route largely depends
on the characteristics of the disease and the transduction efficiency
of the AAV capsid (Fig. 3).

For diseases that are cell autonomous and associated with dys-
functionin specificbrainregions, IPaadministration viaa stereotaxic
injection to specific brain regions can be used, such as for AADC defi-
ciency and Parkinson disease (discussed above). An advantage of IPa
administration is to minimize biodistribution to the peripheral organs,
which may limit the overallimmunogenicity of the vectors, as well as
significantly lower the vector dose required. However, the minimized
biodistribution may also mean limited transduction of the target
region. Toaddress this, the current approachis to use theimage-guided
convection-enhanced delivery technique discussed above.

For diseases that require diffuse treatment (including non-cell
autonomous and cell autonomous) of both CNS and peripheral tis-
sues, asystemic administration route may be used, such asintravenous
administration. However, this approach requires an AAV serotype that
can cross the BBB efficiently, and a higher dose that may lead to toxici-
ties, as shown in recent clinical studies®. Thus, compared with other
routes, systemic administration is less often used as a single route of
delivery for CNSindications.

To achieve broad CNS transduction, there has been arecent shift
towardsintra-CSF administrationroutes, including IT-LP,ICM and ICV.
Administering directly into CSF enables bypassing of the BBB, allow-
inghigher transgene copy number delivery to the brain and lessening
off-target gene transfer to peripheral organs such astheliver. Another
benefit ofintra-CSF administrationis thatit tolerates a certain degree
of pre-existing circulating anti-AAV antibodies®"*.

Arecent study compared the three intra-CSF routes, as well as
the IParoute, using 29 different AAV capsids in NHPs®. Transduction
efficiency varied based on the capsid-route combination, indicating
that each administration route and capsid need to be individually
evaluated prior to implementation in the clinic®. A recent literature
review on preclinical studies using intra-CSF routes over the last decade
concluded that the relative advantages and disadvantages of differ-
ent intra-CSF routes of administration are still not well established,
and suggested there is a need for more standardized approaches to
facilitate a more reliable comparison®. Further, it could be necessary
tounderstand individual casesin order to design tailored therapies for
safe and maximally effective gene transfer to the brain.
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Timing of treatment

The timing of therapeutic intervention can greatly impact the effi-
cacy of gene therapies®*. Preclinical gene therapy studies on SMA,
MPSIIIA and CLN7 disease showed that earlier treatment (includ-
ing pre-symptomatic) led to substantially better therapeutic
efficacy®’%% It has also been clearly demonstrated clinically that
earlierinterventionleads to better rescue, as shownin the clinical trial
for AADC deficiency®® and the SMA phase I/1la clinical trial. In the latter
trial, early therapeutic intervention (1-2 months of age) in a group of
infants who had high motor functionled to maintenance of those func-
tions as well as gain of other normal motor function skills such as sitting
unassisted, talking and even standing independently®®. Patients with
more progressive disease (5-6 months of age) also gained improvement
in motor function, but to a lesser extent®.

From a translational standpoint, it is often difficult to precisely
predict effective treatment ages in humans from studies in preclinical
models such as mice, due to the drastic differences in the pace of their
ageing and development. For CLN7 Batten disease, for example, mice
develop a severe and lethal phenotype by 8 months of age (well into
adulthood), whereas human patients typically die in early childhood.
However, it may be reasonable to deduce the optimal time for treat-
ment, interms of intervening either pre-disease or post-disease onset,
or both, from preclinical studies. Especially for early-onset and/or
rapidly progressive diseases, transformative treatment benefits may
often require treatment before or soon after the onset of symptoms.
In the meantime, preclinical studies should be designed to suggest
an intervention window in which gene therapy can mitigate disease
phenotypes, withanunderstanding that clinical studies may be needed
to fully answer the question of when the timing of the treatment can
be effective. Further, the extent of disease progression at the time of
interventionshould be takeninto consideration wheninterpreting the
efficacy of either preclinical or clinical studies.

Assessment of potentialimmune responses

A primary concern of gene therapy is the triggering of a hostimmune
response which can be elicited by the AAV capsid, transgene cassette
and/or therapeutic protein. Immune responses are an underappreci-
ated confounding variable when interpreting the safety and efficacy
of gene therapy approaches, both preclinically and clinically. In either
case, an otherwise ‘safe’ gene therapy approach could cause unac-
ceptable toxicity due to immune responses that could potentially be
mitigated if properly recognized. There have been many excellent
reviews discussing different types of AAV-induced immune responses
and their possible mechanisms®®, In clinical trials, immunosuppres-
sionsuchas corticosteroid and rapamycin treatments have been widely
incorporated before, during and after AAV gene therapy infusion,
although the regimen still needs to be defined for individual cases,
accordingto criteriasuch asthe absence or presence of the neutralizing
antibodies and the patient’s cross-reactive immunological material
(CRIM)-negative or CRIM-positive status.

Other novel approaches to evade immunity against AAV are
being tested preclinically and clinically. For example, unmethylated
cytosine-phosphate-guanine (CpG) depletion can be performed as a
genome modification tofacilitateimmune evasion. Bacterial and viral
genomes commonly have unmethylated CpG motifs which theinnate
immune system can recognize through Toll-like receptor 9 (TLR9)%.
Depletion of CpG motifsin the vector cassette and ITRs can help main-
tainlong-termvector expression and decrease cytotoxic T lymphocyte
responses® ', CpG depletion can only address aportion of theimmune

responses, butin concert withimmunosuppression regimens that are
currently usedin clinical trials, it could result in more comprehensive
immune evasion. Additionally, the AAV manufacturing process should
be standardized and optimized to minimize the vector-associated
immunotoxicities. Acomprehensive summary of the pharmacological
approaches to minimize immune responses against AAV can be found
inarecentreview’”.

Furthermore, the CNS —although considered immune privileged —
also harbours efferent and afferent connections to the peripheral
immune system. Immune responses in the brain are elicited not only
by gene therapies administered systemically but also by therapies
administered through IPaand intra-CSF routes®. Notably, studies have
shown that certain serotypes, such as AAV9, that transduce awide range
of cell types exert stronger immune responses than serotypes that
only transduce neurons, such as AAV2 (refs. 94,95). A preclinical study
in NHPs treated with AAV9 via IPa or ICM administration showed that
immune responses were induced due to transduction and activation
of glial cells, such as astrocytes and microglia, leading to upregulated
major histocompatibility complex (MHC) class Il expressionand T cell
infiltration. Pathological analysis of injected NHPs showed extensive
necrosis and vessel infiltration in the striatum’. Additionally, multi-
ple studies have shown that AAV9-GFP administered through IT-LP
inducedimmune responses, such as MHC class Il expression®and T cell
infiltrations” in the brain. The T cell reactivity can be partially mitigated
by rapamycin treatment to dampen T cell responses”.

Animal models

A major obstacle for conducting preclinical studies can be the avail-
ability of animal models of disease. A good animal disease model is one
that mimics patient biochemical and physiological phenotypes. It not
only provides indications of safety and efficacy of the gene therapy
but also facilitates proper design of the gene therapy through similar
mechanisms of action.

Genetically modified animal models, especially mice and rats,
are often used in preclinical studies to assess the efficacy and safety of
genetherapies. However, dueto genetic differences between mice and
humans, creating a model that mimics human disease can sometimes
be challenging, especially for rare diseases, which are generally less
studied. For example, this hasbeenachallengein the development ofa
genetherapy foranearly-onset neurodegenerative disease called SURF1
(Surfeit locus protein 1)-related Leigh syndrome, which has only one
viable animal model available’®. Even with complete knockout of Surf1
in mice, disease-related phenotypes are not recapitulated, including
alack of neurological dysfunction and even longer life spans than WT
mice”. Surfl knockout pigs have also been generated in the past, but
their preweaning lethality (life span <3 days) limited their utility in SURFI
AAV gene therapy development'®. On the other hand, Krabbe disease is
recapitulatedin naturally occurring murine and canine models, thereby
providing useful measurable read-outs for preclinical evaluations'*'%%,

Due to the general differences between species, NHPs have
become a favoured model for evaluating AAV immunogenicity and
vector biodistribution. However, there are ethical debates surrounding
the use of NHPs in scientific research, and outbred large animal mod-
els inherently show greater variability in studies than smaller inbred
rodent models. Therefore, it is pertinent to develop betterin vivoand
in vitro disease models, such as organoids'®, as well as to expand our
understandings of the differences between animal models and human
disease. Through this, one would be able to translate gene therapy from
the benchto the bedside more effectively.
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New frontiers in CNS gene supplementation
therapy

Among the diseases we have discussed, two major disease categories
with CNSindications — primary mitochondrial diseases and neurode-
velopmental diseases — present additional mechanistic challenges for
therapeutictargeting, and such efforts thuslargely remain in preclinical
development.

Primary mitochondrial diseases

Primary mitochondrial diseases represent a group of rare diseases
caused by heterogeneous genetic mutations in mitochondrial proteins
encoded fromeither the nuclear genome or the mitochondrial genome
(which encodes13 proteinsin total), leading to mitochondrial defects.
Mitochondrial dysfunction can cause defectsin one or multiple organs,
and can often resultin neurological manifestations'®*. The challenges
for developing gene therapies for primary mitochondrial diseases
include developingideal animal models, achieving optimal expression
inmultiple organ systems, as many of the diseases show multisystemic
symptoms, and delivering the therapeutic gene into mitochondria for
those caused by mitochondrial DNA mutations.

Our group has recently published a preclinical proof-of-concept
study on using AAV gene therapy for SURFI-related Leigh syndrome,
which is a severe early-onset neurodegenerative mitochondrial
disease’®. Other studies have demonstrated that AAV gene therapy
canrescue phenotypes in Nduf3 and Ndufs4 knockout mouse models,
which represent other common causes for Leigh syndrome'*%%,

SLC25A46-related mitochondrial disorders can lead to Charcot-
Marie-Tooth type 2A neuropathy'”’, Leigh syndrome™°, optic atrophy,
progressive myoclonic ataxia™ and lethal congenital pontocerebellar
hypoplasia'®. A recent study has demonstrated that early systemic
treatment with AAV can mitigate the neurological phenotypes in an
Slc25a46 knockout mouse model'™. Other mitochondrial diseases
with neurological manifestations that have shown benefit from gene
therapy intervention include other forms of Leigh syndrome, ethyl-
malonic encephalopathy and mitochondrial neurogastrointestinal
encephalomyopathy'%"*"8 (see Supplementary Table1).

Neurodevelopmental disorders

Neurodevelopmental disorders are a broad class of disorders that
are starting to be evaluated for gene supplementation therapy. The
therapeutic potential of this approach has been questioned for many
neurodevelopmental disorders, in part because they typically manifest
during early developmental stages with an unclear potential for dis-
easereversibility. Nonetheless, the potential of gene supplementation
therapy is being investigated preclinically in several neurodevelop-
mental disorders (see Supplementary Table 2). For example, Prader—
Willi syndrome is arare multigenic, neurodevelopmental disorder that
resultsin developmental delays, intellectual disability, hypothalamic
hypogonadism and comorbid obesity™’. It has been shown that the
expression of brain-derived neurotrophic factor (BDNF) is reduced
in Prader-Willi syndrome due to it being downstream of one of the
affected genes, MAGEL2.Recently, astudy demonstrated that delivering
aself-regulating AAV1-BDNF gene therapy via hypothalamicinjections
decreased body weight and improved cognitive and behavioural
function in Magel2-null mice'”.

Another neurodevelopmental disorder, fragile X syndrome, is
under preclinical investigation for AAV gene supplementation'”.
Studies have evaluated the administration route, the vector sero-
type, cell-specific and ubiquitously driven transgene expression, and

overexpression of the fragile X mental retardation protein (FMRP)2'*,
Overall, these studies have indicated that gene supplementation for
fragile X syndrome has the potential to ameliorate some disease pheno-
types. Other neurodevelopmental disorders that are under preclinical
investigation for gene transfer include Angelman syndrome, SLC13A5
deficiency disorder, SLC6A1-related disorder, tuberous sclerosis and
CDKLS5-deficiency disorder',

In addition to the challenge of early manifestation of neurode-
velopmental disorders, many genes involved are dose-sensitive and
highly regulated (for areview, see ref. 125), and some undergo alterna-
tive start codons or alternative splicing to produce multiple isoforms
with different functions. One potential solution to address the issue
of dose-sensitivity is a self-regulated gene supplementation therapy
approach that has recently been authorized for a clinical trial in Rett
syndrome'*, Rett syndrome is an X-linked neurodevelopmental disor-
der caused by inactivating mutationsin the gene methyl-CpG binding
protein 2 (MECP2). The expression level of MECP2needs to be precisely
regulated as either underexpression or overexpression may lead to
developmental delays. The gene supplementation therapy incorpo-
rates a panel of microRNA (miRNA)-targeting sites that can bind to
specific endogenous miRNAs that are induced by overexpression of
MECP2. With this regulated system, the therapeutic vector was able
to extend the life span of treated Mecp2 knockout mice without del-
eterious MECP2 overexpression'”. Aninstability-prone Mecp2, gener-
atedbyincorporating ashorter 3’ UTR sequence, has also been tested
preclinically as a gene therapy approach to address this challenge'°.

Epilepsy, characterized by intermittent episodes of pathologi-
cal neuronal activity, can often coincide with neurodevelopmental
disorders and is a general class of disorders with emerging gene
therapy development. However, many genes involved in epilepsy are
also dose-sensitive. A recent preclinical study has developed a gene
therapy approachto treat brain circuit disorders, such as epilepsy, by
modulating neuronal activity. The therapeutic transgene is potassium
voltage-gated channel subfamily A member 1(KCNAI), overexpression
ofwhich can reduce neuronal excitability and, thus, epileptic activity™".
By using animmediate early gene promoter, such as the cfos promoter,
which is responsive to neuronal activity, the expression of KCNAI is
autonomously regulated at the cellular level by the activity of the
transduced neurons. The study showed proof-of-conceptevidencein
bothmouse epileptic models and human cortical spheroid models'®.

The issue of multiple protein isoforms is challenging to address,
due to the limited packaging capacity of AAV vectors. An innovative
design addressed this issue for Angelman syndrome'”. Angelman
syndromeis caused by loss of the maternal UBE3A allele, leading to lack
of UBE3A protein expression. Within normal mature neurons, UBE3A
proteinis translated as two isoforms that differ in their extreme amino
termini through alternative splicing. These two isoforms are expressed
ataregulatedratio, with the shorterisoformin excess. Itis critical for a
genetherapy approachto mimicthe endogenous expression pattern.
By manipulating the Kozak sequence for selective strength of alterna-
tive start codons, two isoforms of UBE3A protein were produced from
asingle engineered openreading frame ata close to endogenousratio.
Angelman syndrome mice treated with this vector showed improved
motor learning, and decreased seizure phenotypes'.

A gene therapy treatment for Dravet syndrome, also a develop-
mental and epileptic encephalopathy, has recently been authorized for
aclinical trial (NCT05419492). It potentially addresses the challenges
of celltype specificity and limited packaging capacity of AAV vectors.
Dravet syndrome is caused by haploinsufficiency of the SCN1A gene,
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Glossary

Capsid

The structural protein surrounding the
genome of an encapsulated virus,
including adeno-associated viruses
(AAVS).

Immediate early gene

A gene that is activated rapidly and
transiently in response to a wide variety
of cellular stimuli, such as neuronal
activity.

Convection-enhanced
delivery

An experimental gene therapy
delivery technique that uses a catheter
toinsert a thin tube into the brain and
applies pressure to deliver the vector.

Intraparenchymal
Within the functional tissue of an organ,
which in this Review refers to the brain.

Cross-reactive immunological
material

(CRIM). Typically refers to the presence
of 'self antigens by an individual, such
that their immune system is tolerant to
those antigens.

Kozak sequence

A nucleic acid motif for initiation

of translation in vertebrates. The
consensus sequence is GCCRCCAUGG,
where Ris a purine (A or G) and AUG is
the initiation codon.

Episome

A closed circular extrachromosomal
DNA molecule formed from a viral
genome that serves as a transcription
template.

Open reading frame

A start codon followed by a portion of
in-frame DNA sequence that does not
include a stop codon.

Haploinsufficiency

When one copy of a gene is mutated,
which leads to loss of function of
the protein, only half the amount

of functional protein is produced,
and that is not enough to support
normal cellular functions.

Promoter

The upstream element to a gene
that can control the timing and cell
specificity of expression through
the recruitment of transcriptional
machinery.

Hepatotoxicity

Liver-related adverse effects

usually indicated by increased
aspartate aminotransferase and
alanine aminotransferase levels,
sometimes accompanied by
thrombocytopenia and coagulopathy.

Serotype

A virus classification based on surface
antigen expression and determined
by immunological responses in host
serum.

Variant

Similar to serotype, a viral variant is
classified according to surface antigen
expression or other characteristics, but
is not determined by immunological
responses in host serum.

whichencodes the a-subunit of the voltage-gated type I sodium chan-
nel (Na,1.1). Thereduction of Na,1.1through loss-of-function mutations
primarily leads to dysregulated action potentials of GABAergicinhibi-
tory neurons®™. Thus,a GABAergic neuron-specific gene therapy would
beideal. Another challenge for agene supplementary therapy for this
disease is that the SCNIA coding sequence is 6,027 bp, which exceeds
the packaging capacity of AAV. To address these two challenges, a
gene therapy approach with a GABAergic neuron-specific expres-
sion element — comprising enhancer, promoter, 5 UTR and intronic
sequences — was engineered to drive the expression of a transcrip-
tional factor domain to increase the expression of the normal copy
of the SCN1A gene'™. In preclinical evaluations, Dravet mice showed
elevated SCNIA transcription in transduced GABAergic neurons,

no elevated SCNIA transcription in excitatory neurons, diminished

spontaneous seizures and prolonged life span'>.

Potential neurological safety concerns

The most prominent advantage of AAV over other viral vectors is its
invivo safety, asit has lower immunogenicity and minimal host genome
integration. However, AAV has lower transduction efficiency, especially
compared with adenovirus. This necessitates a higher therapeutic
dose to achieve the desired effects, which in some cases has induced
toxic events.

The most common adverse event observed is hepatotoxicity, which
has been seen in multiple preclinical animal studies as well as clinical
trials. Available evidence®® suggests that high-dose AAV treatment and
pre-existingliver conditions contribute to severe hepatotoxicity. The
possibility of AAV integration into the genome has also been identified
asarisk of gene therapy, but has only beenseen in animal models™*™%,
Inthis section, we focus on potential neurological toxicitiesidentifiedin
preclinical and clinical AAV gene therapy studies (Table 3).

One complication thathasbeen observed in AAV-treated patients
isthrombotic microangiopathy (TMA), whichis characterized by arteri-
oleand capillary endothelial pathology and microvascular thrombosis.
Thus, TMA may lead to ischaemia in multiple major organs including
thebrain. Nine out 0of 1,400 patients with SMAwho received AAV9/SMN
through intravenous administration developed TMA with immune
complement activation 1 week post treatment'*°. A fatal case was
reported 3 months post treatment**’. Although the exact mechanism
linking TMA to high-dose systemic delivery of AAV is unknown, it has
beenassociated with complementactivation, which could potentially
be prevented or treated with complement inhibitors.

One challenge for preclinical studies of TMA is that acute throm-
bocytopenia and transaminase elevation have only been reported in
NHPs?, Thus, in small animals, biomarker studies of acute complement
activationneed tobe performed as anindicator of TMA for furtherinves-
tigation. Additionally, all the reported cases of TMAresulted fromintra-
venous administration of high doses of AAV. Conceptually, anintra-CSF
route of administration could reduce circulating levels of AAV and
minimize the risk of TMA. Therefore, it could be valuable to assess TMA
in patients with SMA participating in a clinical trial (NCT03381729)
involving alower overall dose of AAV administered by IT-LP.

Another adverse findingis pathologiesin the dorsal root ganglion
(DRG) — a collection of primary sensory neuron cell bodies located
bilaterally along the spine. DRG pathology has been extensively
described as primarily a histopathological finding in intra-CSF or
intravenous AAV-treated NHPs, which includes minimal to moderate
infiltration of mononuclear inflammatory cells, proliferating resident
satellite cells and degeneration of primary sensory neurons within
the cervical, thoracic and lumbar DRG"*"*. In clinical trials, only one
case of putative DRG toxicity has been reported. This was for a familial
patient with amyotrophic lateral sclerosis, who received an AAV gene
therapy dose of 4.2 x 10* viral genomes (vg) through IT-LP adminis-
tration. Sensory neuropathy developed in the patient and correlated
with neuronal loss in the DRG that was observed at 15.6 months post
treatment**.

The observed DRG pathology in preclinical studies may be linked
to overexpression of atransgene, as inclusion of DRG-specific miRNA
bindingsitesinthe expressed transgene mRNA (to specifically silence
expression in DRG) prevented DRG toxicity in NHPs'*, Supporting the
hypothesis that the DRG pathology is driven by the transgene expres-
sion rather than the AAV capsid, injection of similar doses of AAV9
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Table 3 | Adverse effects of CNS-targeted AAV gene therapy

Adverse event Transgene Species  Disease Age Route of Dose Duration Potential cause Refs.
administration (post
dosing)
Acute liver damage Human SMNT  Human SMA <8months Intravenous 11E14vgkg™ 1month Immune response 172
to AAV9
Subacute liver Human SMN7  Human SMA 6months Intravenous 11E14vgkg” 7weeks  Unknown 172,173
el 20months 8weeks  Unknown
TMA Human SMNT  Human SMA <8months Intravenous 11E14vgkg™ 1week Complement 141
activation
Acoustic neuroma; NTN Human Parkinson 18-65years  IPa 2.4E12vg Syears Unknown NCTO00985517
frontal/intracranial disease (20 patients); (subthalamic
haemorrhage; >65years nuclei and
acute ischaemic (4 patients) putamen)
stroke
Inflammationand ~ Human IDS Rhesus MPSII NA ICM 5E13vg 90days  Transgene 174
degeneration of macaques mRNA/protein
the DRG overexpression
Inflammationand  IDUA Rhesus MPSI NA ICM 1E13vg 180days Transgene 174
degeneration of macaques mRNA/protein
the DRG overexpression
Cellinfiltration Arylsulfatase A African Metachromatic 2-4years IPa 1.5E12vg 13,26 and Transgene 147
green leukodystrophy 52weeks mRNA/protein
monkey overexpression
Acute liver failure ~ Human SMNT  NHPs SMA 14months Intravenous 2E14vgkg™ 4days DNA damage/ 37
T = ... endoplasmic
Thrombocytopenia 5days e T SHCES,
Proprioceptive Piglets 7-30days 14days constitutive
deficits and ataxia transgene
overexpression,
innate immune
response to AAV
vector
Hepatocellular Human GUS Mouse MPSVIland WT  Neonatal Intravenous 1.5E1vg >1year AAV integration in 138
carcinoma per mouse the Rian locus
Hepatocellular GALC Mouse Krabbe disease Neonatal ICMand IT-LP  2.3E10vg >1year AAV integration in 175
carcinoma per mouse the Rian locus

AAV, adeno-associated virus; ARSA, arylsulfatase A; CNS, central nervous system; DRG, dorsal root ganglion; GALC, galactocerebrosidase; GUS, B-glucuronidase; ICM, intracisterna magna;
IDS, iduronate 2-sulfatase; IDUA, a-L-iduronidase; IPa, intraparenchymal; IT-LP, intrathecal lumbar puncture; MPS, mucopolysaccharidosis; NA, not available; NHP, non-human primate; NTN,
neurturin; SMA, spinal muscular atrophy; SMN1, survival motor neuron 1; TMA, thrombotic microangiopathy; vg, viral genomes; WT, wild type.

vectors containingintact or disrupted transgene expression cassettes
showed DRG pathology only when the AAV9 capsids contained an
intact transgene expression cassette'**. In accordance with the notion
thatlower DRG transgene expression might minimize DRG pathology,
preliminary safety data from a clinical trial for CLN7 demonstrated
stable or improved sensory nerve function**¢ (S. Gray, unpublished
observations). The CLN7 example is notable, as the intrathecal doses
were 5 x10™ or 1x 10" vg per patient, which is the highest dose used
in humans so far, and the minimal JeT promoter was used to drive
expression’. DRG pathology may be more specific to neurological
targeted gene therapies as studies have suggested that, apart from a
higher dose, using intra-CSF administration routes may promote the
occurrence of DRG pathology'*.

Delivering AAV vectors directly to specific brain regions via IPa
administration is an efficient approach to focally target CNS cells.
However, this administration route may lead to inflammation due to
local transgene overexpression at the injection site and needle track,
according to brain MRI findings. For example, in a gene therapy trial
forlateinfantile Batten disease, CLN2 disease, MRlimages indicated T2
hyperintensities, diffusion hyperintensity and restriction of diffusion

at the site of IPainjection, indicating brain ischaemia and demyelina-
tion within 48 h post treatment. This persisted in 7 out of 13 subjects
at18 months post treatment, although MRI findings did not translate
clearly to adverse clinical effects. Preclinical animal studies have also
reported neuroinflammation signs from IPa administration at the
injection tracks starting between 7 and 90 days post dosing®'*’.

Improving efficacy and safety

To overcome the limitations discussed above, numerous modifications
have been made to the AAV vector design to increase cell specificity
and transduction efficiency, and to limit hostimmunogenicity. These
approaches encompass capsid engineering to target cell-specific
transduction, inclusion of cell-specific regulatory elements to target
transgene expression, gene detargeting through the use of endogenous
miRNA binding sites and codon optimizationin the transgeneitselfto
improve protein translation efficiency (Fig. 4).

Capsid engineering
AAV capsids play animportantrolein viral biology, as they mediate viral
entry and intracellular trafficking, and assist transcription and genome
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synthesis"®*’, AAV serotypes vary in capsid compositionand structure,
which determines cell surface receptor binding'*. This composition
canthenbe manipulated by introducing specific mutations to achieve
greater transduction levels, decreased immunogenicity and increased
cell specificity (Fig. 4a).

One example of a cell type-specific AAV capsid is AAV.Olig001.
This is an engineered oligodendrocyte-specific AAV capsid, and is in
clinical testing for in vivo gene supplementation therapy for Canavan
disease (Table 2), adisease which primarily affects oligodendrocytes.
Capsid engineering may also alter binding and transduction. Fol-
lowing systemic administration, CNS transduction improved when
location-specific point mutations wereintroduced in the HSPG-binding
region of AAV2, but not in AAVS or AAVS, pointing to contextual
differences specific to each capsid™°.

Crerecombination-based AAV targeted evolution (CREATE) isan
approach to engineer new AAV capsids that involves generating and
screening a library of AAV variants engineered to include a random
seven amino acid peptide in the capsid™"'"*?. Early iterations of AAV9-
derived capsids discovered through this method showed significantly
improved efficiency of crossing the BBB and transducing neurons in
mice, but did not translate to NHPs or humans™*%, More recently
created variants targeted the CNS more efficiently than naturally
occurring AAVs while reducing targeting of the liver, and crossed the
BBB of both mice and marmosets'®. Additionally, capsid engineering
created two AAV variants with peripheral nervous system preference
inrodents and NHPs?. It is worth noting that the affinity and transduc-
tion efficiency in different cell types of a given AAV variant may vary
among species. Thus, for translational purposes, any novel capsid
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should be tested in both NHPs and mice'®"**"*® before determining
its suitability for human translation. It should also be validated by
multiple independent groups prior to broad implementation in the
field. Additionally, capsids that are found to work in NHPs but not in
mice set a complicated translational path to establish an effective
dose, as most gene therapy pharmacology studies are typically done
in genetic mouse models.

Modifying the transgene cassette
Modifications to the transgene cassette can be made using cell-specific
promoters or regulatory elements, such as enhancers™’ (Fig. 4b), to
ensure the construct is being expressed in the intended cell type'*°.
Promoters are the most common choices for cell targeting.
Cell-specific promoters are used to drive the expression of gene vector
cassettesinspecific cell types while concurrently limiting expressionin
off-target cells and/or organs. For example, when designing a gene ther-
apy for amyotrophiclateral sclerosis, different promoters were tested
within the context of the engineered CNS-enhanced AAV-PHP.B capsid,
for expression of transactive response DNA-binding protein 43 kDa
(TDP-43) in neurons with limited off-target transgene expression''.
Through the use of the promoter for synapsin — a gene that is endog-
enously expressedin neurons — the investigators were able to enhance
neuronal targeting in rats more effectively than the more traditional
ubiquitous promoter, chicken B-actin with a CMV enhancer (CBA)™'.
Use of the synapsin promoter-driven construct also generated less
liver expressionthan the CBA construct and completely avoided other

off-target cell types, such as cardiomyocytes'®’.

Transgene expression detargeting

Transgene expression detargeting can be performed by using RNAi
to regulate transgene expression in on-target cells, as well as restrict
expressioninoff-target areas of high transduction efficiency, such asthe
liver and DRG (Fig. 4c). Understanding which cell type(s) expresses a cer-
tainmiRNA can enable amore targeted gene therapy approach. When
endogenous miRNAs are only expressed in off-target cell types, or show
inducible expression associated with transgene overexpression, the
genetherapy canbe designed toincorporate specific binding sites for
those miRNAs, leading to silencing of the transgene in off-target cells.
This has advantages due to the small size of miRNA binding sites, which
are easier to fit within the limited space of arAAV genome.

One exampleis miRNA detargeting in the context of AAV9 to mini-
mizeexpressionin peripheral tissueswhenthe CNS-directed therapy was
systemically delivered. By using miRNA-122 and miRNA-1 target binding
sitesin the 3’ UTR of the rAAV9 B-gal vector, the expression in skeletal
muscle, heart and liver was decreased'®>. miRNA-mediated transgene
regulation has also been used to avoid transgene overexpression in
agene therapy approach for Rett syndrome (discussed above)'**',

Codon optimization

Thetransgene cassette can also be modified to alter transgene expres-
sion, through techniques suchas codon optimizationinthe transcript
itself. For codon optimization (Fig. 4d), inefficient codons are replaced
with more efficient and better translated codons to increase protein
expression, and this process can also remove cryptic splice sites or
alternative start codons in the transgene open reading frame'*>'**,
Codonoptimization assumes that uncommon codonslead to decreased
protein expression due to inefficiency in translation, that all synony-
mous codons canbe interchanged without any adverse effects on the
protein and that replacing inefficient codons with more frequently

used codons will lead to higher protein expression'®. Although there
issome debate on whether changing codons affects protein structure
due to the rate of translation'**'*’, gene therapy programmes have
implemented this strategy — such as in the vector development for
SMA"? and for Krabbe disease”".

Summary and future prospects
The development of gene therapy for neurological indications is
continuously evolving. Several avenues are being actively pursued to
achieve the ultimate goal of developing safe and effective gene thera-
pies. Firstly, to achieve abetter gene transfer technology, animproved
AAV capsid would be enormously beneficial for more specific cell tar-
geting capabilities and/or toincrease transduction efficiency across the
BBB, which could, inturn, increase therapeutic efficacy while reducing
off-target toxicity. Secondly, with the development of CRISPR and other
gene editing technologies, personalized and individualized medicines
areonthe horizon, even with the necessary progress that needs to be
made to increase editing efficiency and mitigate off-target effects.
Thirdly, approaches to regulate transgene expression, such as using
endogenous miRNA targeting sites and cell-specific gene expression
regulatory elements, should be explored in cases where transgene
expression levels need to be tightly controlled. Finally, more stud-
ies are needed to explore how immune responses against the vector
and transgene can be managed, which could potentially improve the
therapeutic efficacy or provide the possibility of gene therapy redosing.
Additionally, as an approach to treat the disease aetiology, early
interventionis critical®. For neurodevelopmental diseases, later treat-
ment may miss the critical therapeutic window to keep the patient on
the appropriate developmental trajectory. For neurodegenerative
diseases, the disease may have progressed to a point with limited pos-
sibilities of intervention. Further, whether gene therapy can reverse
disease or prevent progression will depend on the indication and the
condition of the patient, and on the gene target itself. Thus, similar
to many other therapies, early diagnosis will be crucial for attaining
abetter outcome. Recent developments and investmentsin newborn
screening will facilitate achieving this goal.
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References

1. Janson, C. et al. Gene therapy of Canavan disease: AAV-2 vector for neurosurgical
delivery of aspartoacylase gene (ASPA) to the human brain. Hum. Gene Ther. 13,
1391-1412 (2002).

2. Leone, P. et al. Long-term follow-up after gene therapy for Canavan disease. Sci. Transl. Med.
4,165ra163 (2012).

3. Cavazzana, M., Bushman, F. D., Miccio, A., André-Schmutz, |. & Six, E. Gene therapy
targeting haematopoietic stem cells for inherited diseases: progress and challenges.
Nat. Rev. Drug. Discov. 18, 447-462 (2019).

4. Kinsella, J. L. et al. Ex-vivo autologous stem cell gene therapy clinical trial for
mucopolysaccharidosis type IllA: trial in progress-NCT04201405. Blood 136, 15-16
(2020).

5. Gentner, B. et al. Hematopoietic stem- and progenitor-cell gene therapy for Hurler
syndrome. N. Engl. J. Med. 385, 1929-1940 (2021).

6. Fumagalli, F. et al. Lentiviral haematopoietic stem-cell gene therapy for early-onset
metachromatic leukodystrophy: long-term results from a non-randomised, open-label,
phase 1/2 trial and expanded access. Lancet 399, 372-383 (2022).

7. Eichler, F. et al. Hematopoietic stem-cell gene therapy for cerebral
adrenoleukodystrophy. N. Engl. J. Med. 377,1630-1638 (2017).

8.  Charlesworth, C. T., Hsu, I., Wilkinson, A. C. & Nakauchi, H. Immunological barriers to
haematopoietic stem cell gene therapy. Nat. Rev. Immunol. 12, 719-733 (2022).

9. Bulcha, J. T, Wang, Y., Ma, H., Tai, P. W. & Gao, G. Viral vector platforms within the gene
therapy landscape. Signal. Transduct. Target. Ther. 6,1-24 (2021).

10. Sung, Y.K. &Kim, S. Recent advances in the development of gene delivery systems.
Biomater. Res. 23,1-7 (2019).

11.  Atchison, R. W., Casto, B. C. & Hammon, W. M. Adenovirus-associated defective virus
particles. Science 149, 754-756 (1965).

Nature Reviews Drug Discovery | Volume 22 | October 2023 | 789-806

803


http://www.nature.com/nrd

Review article

20.

21.

22.

28.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

Flotte, T. R. Gene therapy progress and prospects: recombinant adeno-associated virus
(rAAV) vectors. Gene Ther. 11, 805-810 (2004).

Duque, S. et al. Intravenous administration of self-complementary AAV9 enables
transgene delivery to adult motor neurons. Mol. Ther. 17, 1187-1196 (2009).

Foust, K. D. et al. Intravascular AAV9 preferentially targets neonatal neurons and adult
astrocytes. Nat. Biotechnol. 27, 59-65 (2009).

Gao, G. et al. Clades of adeno-associated viruses are widely disseminated in human
tissues. J. Virol. 78, 6381-6388 (2004).

Yao, Y. et al. Variants of the adeno-associated virus serotype 9 with enhanced penetration
of the blood-brain barrier in rodents and primates. Nat. Biomed. Eng. 6, 1257-1271(2022).
This paper uses a rational design approach to identify two new AAV9 variants that can
cross the BBB.

Kumar, S. R. et al. Multiplexed Cre-dependent selection yields systemic AAVs for
targeting distinct brain cell types. Nat. Methods 17, 541-550 (2020).

Goertsen, D. et al. AAV capsid variants with brain-wide transgene expression and
decreased liver targeting after intravenous delivery in mouse and marmoset. Nat. Neurosci.
25,106-115 (2022).

Chan, K. Y. et al. Engineered AAVs for efficient noninvasive gene delivery to the central
and peripheral nervous systems. Nat. Neurosci. 20, 1172-1179 (2017).

Chen, X. et al. Engineered AAVs for non-invasive functional transgene expression in
rodent and non-human primate central and peripheral nervous systems. Neuron 110,
2242-2257 (2022).

Meyer, N. L. & Chapman, M. S. Adeno-associated virus (AAV) cell entry: structural
insights. Trends Microbiol. 30, 432-451(2021).

Summerford, C. & Samulski, R. J. Membrane-associated heparan sulfate proteoglycan is
a receptor for adeno-associated virus type 2 virions. J. Virol. 72,1438-1445 (1998).
Kaludov, N., Brown, K. E., Walters, R. W., Zabner, J. & Chiorini, J. A. Adeno-associated virus
serotype 4 (AAV4) and AAV5 both require sialic acid binding for hemagglutination and
efficient transduction but differ in sialic acid linkage specificity. J. Virol. 75, 6884-6893
(2001).

Wu, Z., Miller, E., Agbandje-McKenna, M. & Samulski, R. J. a2,3 and 02,6 N-linked sialic
acids facilitate efficient binding and transduction by adeno-associated virus types 1and 6.
J. Virol. 80, 9093-9103 (2006).

Shen, S., Bryant, K. D., Brown, S. M., Randell, S. H. & Asokan, A. Terminal N-linked galactose
is the primary receptor for adeno-associated virus 9. J. Biol. Chem. 286, 13532-13540 (2011).
Riyad, J. M. & Weber, T. Intracellular trafficking of adeno-associated virus (AAV) vectors:
challenges and future directions. Gene Ther. 28, 683-696 (2021).

Penaud-Budloo, M. et al. Adeno-associated virus vector genomes persist as episomal
chromatin in primate muscle. J. Virol. 82, 7875-7885 (2008).

Dalwadi, D. A. et al. AAV integration in human hepatocytes. Mol. Ther. 29, 2898-2909 (2021).
McCarty, D. M., Monahan, P. E. & Samulski, R. J. Self-complementary recombinant
adeno-associated virus (scAAV) vectors promote efficient transduction independently

of DNA synthesis. Gene Ther. 8, 1248-1254 (2001).

McCarty, D. M. et al. Adeno-associated virus terminal repeat (TR) mutant generates
self-complementary vectors to overcome the rate-limiting step to transduction in vivo.
Gene Ther. 10, 2112-2118 (2003).

Chen, X. et al. Biodistribution of adeno-associated virus gene therapy following
cerebrospinal fluid-directed administration. Hum. Gene Ther. 34, 94-111 (2023).

This paper conducts a comprehensive literature review to compare the biodistribution
of AAV from different intra-CSF administration routes.

Bharucha-Goebel, D. et al. O.10 First-in-human intrathecal gene transfer study for giant
axonal neuropathy: preliminary review of long-term efficacy and safety. Neuromuscul.
Disord. 32, S94 (2022).

Bailey, R. M., Armao, D., Nagabhushan Kalburgi, S. & Gray, S. J. Development of
intrathecal AAV9 gene therapy for giant axonal neuropathy. Mol. Ther. Methods Clin. Dev.
9,160-171(2018).

This paper is the first study to show the safety and efficacy of using intrathecal lumbar
administration route for delivering gene therapy to treat neurological disorders.
Mendell, J. R. et al. Single-dose gene-replacement therapy for spinal muscular atrophy.
N. Engl. J. Med. 377,1713-1722 (2017).

This paper reports clinical data from the clinical trial for SMA, the first gene therapy
approved for a neurological disorder.

Al-Zaidy, S. A. & Mendell, J. R. From clinical trials to clinical practice: practical considerations
for gene replacement therapy in SMA type 1. Pediatr. Neurol. 100, 3-11 (2019).

Burghes, A. H. & Beattie, C. E. Spinal muscular atrophy: why do low levels of survival
motor neuron protein make motor neurons sick? Nat. Rev. Neurosci. 10, 597-609 (2009).
Hinderer, C. et al. Severe toxicity in nonhuman primates and piglets following high-dose
intravenous administration of an adeno-associated virus vector expressing human SMN.
Hum. Gene Ther. 29, 285-298 (2018).

Niethammer, M. et al. Gene therapy reduces Parkinson’s disease symptoms by
reorganizing functional brain connectivity. Sci. Transl. Med. 10, eaau0713 (2018).
Ciesielska, A. et al. Anterograde axonal transport of AAV2-GDNF in rat basal ganglia. Mol.
Ther. 19, 922-927 (20M1).

Okada, S. & O'Brien, J. S. Generalized gangliosidosis: 3-galactosidase deficiency. Science
160, 1002-1004 (1968).

Gray-Edwards, H. L. et al. Novel biomarkers of human GM1 gangliosidosis reflect the
clinical efficacy of gene therapy in a feline model. Mol. Ther. 25, 892-903 (2017).

Gross, A. L. et al. Intravenous delivery of adeno-associated viral gene therapy in feline
GM1 gangliosidosis. Brain 145, 655-669 (2022).

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

Taghian, T. et al. Real-time MR tracking of AAV gene therapy with Bgal-responsive MR probe
in a murine model of GM1-gangliosidosis. Mol. Ther. Methods Clin. Dev. 23, 128-134 (2021).
Mussche, S. et al. Restoration of cytoskeleton homeostasis after gigaxonin gene transfer
for giant axonal neuropathy. Hum. Gene Ther. 24, 209-219 (2013).

Fu, H. et al. Functional correction of neurological and somatic disorders at later stages of
disease in MPS IIIA mice by systemic scAAV9-hSGSH gene delivery. Mol. Ther. Methods
Clin. Dev. 3,16036 (2016).

Woodley, E. et al. Efficacy of a bicistronic vector for correction of sandhoff disease in a
mouse model. Mol. Ther. Methods Clin. Dev. 12, 47-57 (2019).

Rosenberg, J. B. et al. AAVrh.10-mediated APOE2 central nervous system gene therapy
for APOE4-associated Alzheimer’s disease. Hum. Gene Ther. Clin. Dev. 29, 24-47 (2018).
Flotte, T. R. et al. AAV gene therapy for Tay-Sachs disease. Nat. Med. 28, 251-259 (2022).
This paper summarizes clinical findings from the first AAV gene therapy clinical trial
treating two children with Tay-Sachs disease.

Taghian, T. et al. A safe and reliable technique for CNS delivery of AAV vectors in the
cisterna magna. Mol. Ther. 28, 411-421(2020).

Flotte, T.R. et al. Phase 1/2 clinical trial of combined bilateral intrathalamic/intracisternal/
intrathecal delivery of a rAAVrh8 vector in infantile and juvenile Tay-Sachs and sandhoff
disease: report of ongoing studies. In ESGCT 29th Annual Congress in collaboration with
BSGCT Edinburgh, UK, October 11-14, 2022 Abstracts Vol. 33, A71 (Mary Ann Liebert, 2022).
Garcia-Sanz, P, Aerts, J. M. F. G. & Moratalla, R. The role of cholesterol in a-synuclein and
lewy body pathology in GBA1 Parkinson’s disease. Mov. Disord. 36, 1070-1085 (2021).

Li, D., Zhang, J. & Liu, Q. Brain cell type-specific cholesterol metabolism and implications
for learning and memory. Trends Neurosci. 45, 401-414 (2022).

Sucunza, D. et al. Glucocerebrosidase gene therapy induces a-synuclein clearance and
neuroprotection of midbrain dopaminergic neurons in mice and macaques. Int. J. Mol. Sci.
22, 4825 (2021).

Sheehan, P. et al. PROO1 gene therapy improved phenotypes in models of Parkinson’s
disease with GBA1 mutation: molecular and cell biology/endosomal-lysosomal
dysfunction. Alzheimer’s Dement. 16, e043614 (2020).

Tardieu, M. et al. Intracerebral administration of adeno-associated viral vector serotype
rh.10 carrying human SGSH and SUMF1 cDNAs in children with mucopolysaccharidosis
type IlIA disease: results of a phase I/Il trial. Hum. Gene Ther. 25, 506-516 (2014).
Tardieu, M. et al. Intracerebral gene therapy in children with mucopolysaccharidosis type IIIB
syndrome: an uncontrolled phase 1/2 clinical trial. Lancet Neurol. 16, 712-720 (2017).
Gougeon, M.-L. et al. Cell-mediated immunity to NAGLU transgene following intracerebral
gene therapy in children with mucopolysaccharidosis type IlIB syndrome. Front. Immunol.
12, 655478 (2021).

Sondhi, D. et al. Slowing late infantile Batten disease by direct brain parenchymal
administration of a rh.10 adeno-associated virus expressing CLN2. Sci. Transl. Med. 12,
eabb5413 (2020).

Castle, M. J. et al. Postmortem analysis in a clinical trial of AAV2-NGF gene therapy for
Alzheimer’s disease identifies a need for improved vector delivery. Hum. Gene Ther. 31,
115-422 (2020).

Kantor, B., McCown, T., Leone, P. & Gray, S. J. Clinical applications involving CNS gene
transfer. Adv. Genet. 87, 71-124 (2014).

Hyland, K. & Clayton, P. Aromatic amino acid decarboxylase deficiency in twins. J. Inherit.
Metab. Dis. 13, 301-304 (1990).

Tai, C.-H. et al. Long-term efficacy and safety of eladocagene exuparvovec in patients
with AADC deficiency. Mol. Ther. 30, 509-518 (2022).

This paper summarizes the clinical findings from 26 patients with AADC deficiency
receiving AAV gene therapy treatment through IPa administration, which led to the
approval of this treatment by the EMA.

Baek, R. C. et al. AAV-mediated gene delivery in adult GM1-gangliosidosis mice corrects
lysosomal storage in CNS and improves survival. PLoS ONE 5, 13468 (2010).

Cearley, C. N. & Wolfe, J. H. A single injection of an adeno-associated virus vector into
nuclei with divergent connections results in widespread vector distribution in the brain
and global correction of a neurogenetic disease. J. Neurosci. 27, 9928-9940 (2007).
Pearson, T. S. et al. Gene therapy for aromatic L-amino acid decarboxylase deficiency

by MR-guided direct delivery of AAV2-AADC to midbrain dopaminergic neurons.

Nat. Commun. 12, 4251 (2021).

This paper summarizes clinical findings from the first AAV gene therapy clinical trial
using a magnetic resonance-guided IPa gene delivery approach.

Salegio, E. A. et al. Feasibility of targeted delivery of AAV5-GFP into the cerebellum

of nonhuman primates following a single convection-enhanced delivery infusion.

Hum. Gene Ther. 33, 86-93 (2022).

Yazdan-Shahmorad, A. et al. Widespread optogenetic expression in macaque cortex
obtained with MR-guided, convection enhanced delivery (CED) of AAV vector to the
thalamus. J. Neurosci. Methods 293, 347-358 (2018).

Deverman, B. E., Ravina, B. M., Bankiewicz, K. S., Paul, S. M. & Sah, D. W. Y. Gene therapy
for neurological disorders: progress and prospects. Nat. Rev. Drug. Discov. 17, 641
(2018).

Ravina, B. et al. Intraputaminal AADC gene therapy for advanced Parkinson’s disease:
interim results of a phase 1b trial [abstract]. Hum. Gene Ther. 28, OR12 (2017).

Davidson, B. L. et al. Recombinant adeno-associated virus type 2, 4, and 5 vectors:
transduction of variant cell types and regions in the mammalian central nervous system.
Proc. Natl Acad. Sci. USA 97, 3428-3432 (2000).

Christine, C. W. et al. Safety of AADC gene therapy for moderately advanced Parkinson
disease: three-year outcomes from the PD-1101 trial. Neurology 98, e40-e50 (2022).

Nature Reviews Drug Discovery | Volume 22 | October 2023 | 789-806

804


http://www.nature.com/nrd

Review article

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Luo, J. et al. Subthalamic GAD gene therapy in a Parkinson’s disease rat model. Science
298, 425-429 (2002).

Niethammer, M. et al. Long-term follow-up of a randomized AAV2-GAD gene therapy trial
for Parkinson’s disease. JCI Insight 2, 90133 (2017).

Rocco, M. T. et al. Long-term safety of MRI-guided administration of AAV2-GDNF and
gadoteridol in the putamen of individuals with Parkinson’s disease. Mol. Ther. 30, 3632-3638
(2022).

Bartus, R. T. et al. Advancing neurotrophic factors as treatments for age-related
neurodegenerative diseases: developing and demonstrating “clinical proof-of-concept”
for AAV-neurturin (CERE-120) in Parkinson'’s disease. Neurobiol. Aging 34, 35-61(2013).
Bartus, R. T. et al. Safety/feasibility of targeting the substantia nigra with AAV2-neurturin
in Parkinson patients. Neurology 80, 1698-1701(2013).

Gray, S. J., Woodard, K. T. & Samulski, J. R. Viral vectors and delivery strategies for CNS
gene therapy. Ther. Deliv. 1, 517-534 (2010).

Heller, G. J. et al. Waning efficacy in a long-term AAV-mediated gene therapy study in the
murine model of Krabbe disease. Mol. Ther. 29, 1883-1902 (2021).

Chen, X. et al. AAV9/MFSD8 gene therapy is effective in preclinical models of neuronal
ceroid lipofuscinosis type 7 disease. J. Clin. Invest. 132, 146286 (2022).

This paper presents a case showing how a preclinical study is translated into a
clinical trial, with all the data that are required for an investigational new drug (IND)
applicationincluded.

Kishimoto, T. K. & Samulski, R. J. Addressing high dose AAV toxicity—one and done’or
‘slower and lower'? Expert. Opin. Biol. Ther. 22,1067-1071(2022).

Gray, S. J., Nagabhushan Kalburgi, S., McCown, T. J. & Jude Samulski, R. Global CNS
gene delivery and evasion of anti-AAV-neutralizing antibodies by intrathecal AAV
administration in non-human primates. Gene Ther. 20, 450-459 (2013).

Samaranch, L. et al. Adeno-associated virus serotype 9 transduction in the central
nervous system of nonhuman primates. Hum. Gene Ther. 23, 382-389 (2012).
Kondratov, O. et al. A comprehensive study of a 29-capsid AAV library in a non-human
primate central nervous system. Mol. Ther. 29, 2806-2820 (2021).

This paper compares the biodistribution of 29 different AAV serotypes in the CNS

of NHPs when administered through IPa and intra-CSF administration routes.

Gray, S. J. Timing of gene therapy interventions: the earlier, the better. Mol. Ther. 24,
1017-1018 (2016).

Rashnonejad, A. et al. Fetal gene therapy using a single injection of recombinant AAV9
rescued SMA phenotype in mice. Mol. Ther. 27, 2123-2133 (2019).

Lowes, L. P. et al. Impact of age and motor function in a phase 1/2A study of infants with
SMA type 1receiving single-dose gene replacement therapy. Pediatr. Neurol. 98, 39-45
(2019).

Chu, W. S. & Ng, J. Immunomodaulation in administration of rAAV: preclinical and clinical
adjuvant pharmacotherapies. Front. Immunol. 12, 858 (2021).

Barnes, C., Scheideler, O. & Schaffer, D. Engineering the AAV capsid to evade immune
responses. Curr. Opin. Biotech. 60, 99-103 (2019).

Bertolini, T. B. et al. Effect of CpG depletion of vector genome on CD8* T cell responses
in AAV gene therapy. Front. Inmunol. 12, 672449 (2021).

Wright, J. F. Codon modification and PAMPs in clinical AAV vectors: the tortoise or the
hare? Mol. Ther. 28, 701-703 (2020).

Pan, X. et al. Rational engineering of a functional CpG-free ITR for AAV gene therapy.
Gene Ther. 29, 333-345 (2022).

Muhuri, M. et al. Overcoming innate immune barriers that impede AAV gene therapy
vectors. J. Clin. Invest. 131, 143780 (2021).

Kofoed, R. H. et al. Transgene distribution and immune response after ultrasound
delivery of rAAV9 and PHP.B to the brain in a mouse model of amyloidosis. Mol. Ther.
Methods Clin. Dev. 23, 390-405 (2021).

Ciesielska, A. et al. Cerebral infusion of AAV9 vector-encoding non-self proteins can
elicit cell-mediated immune responses. Mol. Ther. 21, 158-166 (2013).

Hadaczek, P. et al. Transduction of nonhuman primate brain with adeno-associated virus
serotype 1: vector trafficking and immune response. Hum. Gene Ther. 20, 225-237 (2009).
Samaranch, L. et al. AAV9-mediated expression of a non-self protein in nonhuman
primate central nervous system triggers widespread neuroinflammation driven by
antigen-presenting cell transduction. Mol. Ther. 22, 329-337 (2014).

This paper is the first to demonstrate that using AAV to deliver a non-self protein,

but not a self protein, may trigger neuralimmune responses in NHPs.

Ramsingh, A. I. et al. Sustained AAV9-mediated expression of a non-self protein in the
CNS of non-human primates after immunomodulation. PLoS ONE 13, e0198154 (2018).
Ling, Q., Rioux, M., Hu, Y., Lee, M. & Gray, S. J. Adeno-associated viral vector

serotype 9-based gene replacement therapy for SURF1-related leigh syndrome.

Mol. Ther. Methods Clin. Dev. 23, 158-168 (2021).

Dell’Agnello, C. et al. Increased longevity and refractoriness to Ca*-dependent
neurodegeneration in Surfl knockout mice. Hum. Mol. Genet. 16, 431-444 (2007).
Quadalti, C. et al. SURF1 knockout cloned pigs: early onset of a severe lethal phenotype.
Biochim. Biophys. Acta 1864, 2131-2142 (2018).

Bradbury, A. M. et al. Krabbe disease successfully treated via monotherapy of intrathecal
gene therapy. J. Clin. Invest. 130, 4906-4920 (2020).

Karumuthil-Melethil, S. et al. Intrathecal administration of AAV/GALC vectors in
10-11-day-old twitcher mice improves survival and is enhanced by bone marrow
transplant. J. Neurosci. Res. 94, 1138-1151 (2016).

Li, M. & Belmonte, I.J.C. Organoids — preclinical models of human disease. N. Engl. J. Med.
380, 569-579 (2019).

104.
105.

106.

107.

108.

109.

10.

m.

2.

13.

4.

5.

6.

n7.

8.

ne.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

Gorman, G. S. et al. Mitochondrial diseases. Nat. Rev. Dis. Prim. 2,1-22 (2016).
Reynaud-Dulaurier, R. et al. Gene replacement therapy provides benefit in an adult
mouse model of Leigh syndrome. Brain 143, 1686-1696 (2020).

Silva-Pinheiro, P., Cerutti, R., Luna-Sanchez, M., Zeviani, M. & Viscomi, C. A single
intravenous injection of AAV-PHP.B-hNDUFS4 ameliorates the phenotype of Ndufs4 7~
mice. Mol. Ther. Methods Clin. Dev. 17,1071-1078 (2020).

Pereira, C. V. et al. Myopathy reversion in mice after restauration of mitochondrial
complex I. EMBO Mol. Med. 12, e10674 (2020).

Meo, I. D., Marchet, S., Lamperti, C., Zeviani, M. & Viscomi, C. AAV9-based gene therapy
partially ameliorates the clinical phenotype of a mouse model of Leigh syndrome.
Gene Ther. 24, 661-667 (2017).

Abrams, A. J. et al. Mutations in SLC25A46, encoding a UGO1-like protein, cause an optic
atrophy spectrum disorder. Nat. Genet. 47, 926-932 (2015).

Janer, A. et al. SLC25A46 is required for mitochondrial lipid homeostasis and cristae
maintenance and is responsible for Leigh syndrome. EMBO Mol. Med. 8, 1019-1038 (2016).
Charlesworth, G. et al. SLC25A46 mutations underlie progressive myoclonic ataxia with
optic atrophy and neuropathy. Mov. Disord. 31, 1249-1251(2016).

Hammer, M. B. et al. SLC25A46 mutations associated with autosomal recessive
cerebellar ataxia in North African families. Neurodegener. Dis. 17, 208-212 (2017).

Yang, L. et al. Systemic administration of AAV-Slc25a46 mitigates mitochondrial
neuropathy in Slc25a467" mice. Hum. Mol. Genet. 29, 649-661(2020).

Vila-Julia, F. et al. Efficacy of adeno-associated virus gene therapy in a MNGIE murine
model enhanced by chronic exposure to nucleosides. EBioMedicine 62, 103133 (2020).
DiMeo, I. et al. Effective AAV-mediated gene therapy in a mouse model of ethylmalonic
encephalopathy. EMBO Mol. Med. 4,1008-1014 (2012).

Chadderton, N. et al. Intravitreal delivery of AAV-NDI1 provides functional benefitin a
murine model of Leber hereditary optic neuropathy. Eur. J. Hum. Genet. 21, 62-68 (2013).
Koilkonda, R. D. et al. Safety and effects of the vector for the Leber hereditary optic
neuropathy gene therapy clinical trial. JAMA Ophthalmol. 132, 409-420 (2014).
Torres-Torronteras, J. et al. Long-term sustained effect of liver-targeted adeno-associated
virus gene therapy for mitochondrial neurogastrointestinal encephalomyopathy.
Hum. Gene Ther. 29, 708-718 (2018).

Fountain, M. D. & Schaaf, C. P. Prader-Willi syndrome and Schaaf-Yang syndrome:
neurodevelopmental diseases intersecting at the MAGEL2 gene. Diseases 4, 2 (2016).
Queen, N. J. et al. Hypothalamic AAV-BDNF gene therapy improves metabolic function
and behavior in the Magel2-null mouse model of Prader-Willi syndrome. Mol. Ther.
Methods Clin. Dev. 27,131-148 (2022).

Zeier, Z. et al. Fragile X mental retardation protein replacement restores hippocampal
synaptic function in a mouse model of fragile X syndrome. Gene Ther. 16, 1122-1129 (2009).
Arsenault, J. et al. FMRP expression levels in mouse central nervous system neurons
determine behavioral phenotype. Hum. Gene Ther. 27, 982-996 (2016).

Gholizadeh, S., Arsenault, J., Xuan, I. C. Y., Pacey, L. K. & Hampson, D. R. Reduced
phenotypic severity following adeno-associated virus-mediated Fmr1 gene delivery

in fragile X mice. Neuropsychopharmacology 39, 3100-3111 (2014).

Turner, T. J., Zourray, C., Schorge, S. & Lignani, G. Recent advances in gene therapy for
neurodevelopmental disorders with epilepsy. J. Neurochem. 157, 229-262 (2021).
Davidson, B. L. et al. Gene-based therapeutics for rare genetic neurodevelopmental
psychiatric disorders. Mol. Ther. 30, 2416-2428 (2022).

This paper summarizes the discussions and presentations of ‘Gene-Based
Therapeutics for Rare Genetic Neurodevelopmental Psychiatric Disorders’, a National
Institute of Mental Health-sponsored workshop held in January 2021.

Prabhakar, S. et al. Long-term therapeutic efficacy of intravenous AAV-mediated hamartin
replacement in mouse model of tuberous sclerosis type 1. Mol. Ther. Methods Clin. Dev.
15, 18-26 (2019).

Gao, Y. et al. Gene replacement ameliorates deficits in mouse and human models of
cyclin-dependent kinase-like 5 disorder. Brain 143, 811-832 (2020).

Taysha Gene Therapies Announces Initiation of Clinical Development of TSHA-102 in
Rett Syndrome. Taysha https://ir.tayshagtx.com/news-releases/news-release-details/
taysha-gene-therapies-announces-initiation-clinical-0 (2022).

Sinnett, S. E., Boyle, E., Lyons, C. & Gray, S. J. Engineered microRNA-based regulatory
element permits safe high-dose mini MECP2 gene therapy in Rett mice. Brain 144,
3005-3019 (2021).

This paper shows the development of a self-regulatory gene therapy approach using
endogenous miRNAs.

Luoni, M. et al. Whole brain delivery of an instability-prone Mecp2 transgene improves
behavioral and molecular pathological defects in mouse models of Rett syndrome. eLife
9, 52629 (2020).

Heeroma, J. H. et al. Episodic ataxia type 1 mutations differentially affect neuronal
excitability and transmitter release. Dis. Model. Mech. 2, 612-619 (2009).

Qiu, Y. et al. On-demand cell-autonomous gene therapy for brain circuit disorders.
Science 378, 523-532 (2022).

Judson, M. C. et al. Dual-isoform hUBE3A gene transfer improves behavioral and seizure
outcomes in Angelman syndrome model mice. JCI Insight 6, €144712 (2021).

Ogiwara, |. et al. Nav1.1 localizes to axons of parvalbumin-positive inhibitory interneurons:
a circuit basis for epileptic seizures in mice carrying an Scnla gene mutation. J. Neurosci.
27,5903-5914 (2007).

Tanenhaus, A. et al. Cell-selective AAV-mediated SCN1A gene regulation therapy rescues
mortality and seizure phenotypes in a dravet syndrome mouse model and is well tolerated
in non-human primates. Hum. Gene Ther. 33, 579-597 (2022).

Nature Reviews Drug Discovery | Volume 22 | October 2023 | 789-806

805


http://www.nature.com/nrd
https://ir.tayshagtx.com/news-releases/news-release-details/taysha-gene-therapies-announces-initiation-clinical-0
https://ir.tayshagtx.com/news-releases/news-release-details/taysha-gene-therapies-announces-initiation-clinical-0

Review article

136. Howden, S., Voullaire, L. & Vadolas, J. The transient expression of mRNA coding for Rep
protein from AAV facilitates targeted plasmid integration. J. Gene Med. 10, 42-50 (2008).

137. Dalwadi, D. A. et al. Liver injury increases the incidence of HCC following AAV gene
therapy in mice. Mol. Ther. 29, 680-690 (2021).

138. Donsante, A. et al. AAV vector integration sites in mouse hepatocellular carcinoma.
Science 317, 477-477 (2007).

139. Nguyen, G. N. et al. A long-term study of AAV gene therapy in dogs with hemophilia A
identifies clonal expansions of transduced liver cells. Nat. Biotechnol. 39, 47-55 (2021).

140. Day, J. W. et al. Clinical trial and postmarketing safety of onasemnogene abeparvovec
therapy. Drug. Saf. 44,1109-1119 (2021).

141. Guillou, J. et al. Fatal thrombotic microangiopathy case following adeno-associated viral
SMN gene therapy. Blood Adv. 6, 4266-4270 (2022).

142. Hordeaux, J. et al. Adeno-associated virus-induced dorsal root ganglion pathology.
Hum. Gene Ther. 31, 808-818 (2020).

This paper analyses potential factors leading to DRG pathology from AAV gene
therapy by compiling data from 33 non-clinical studies in NHPs.

143. Buss, N. et al. Characterization of AAV-mediated dorsal root ganglionopathy. Mol. Ther.
Methods Clin. Dev. 24, 342-354 (2022).

144. Mueller, C. et al. SOD1 suppression with adeno-associated virus and microRNA in familial
ALS. N. Engl. J. Med. 383, 151-158 (2020).

145. Hordeaux, J. et al. microRNA-mediated inhibition of transgene expression reduces
dorsal root ganglion toxicity by AAV vectors in primates. Sci. Transl. Med. 12, eaba9188
(2020).

146. Kayani, S, et al. Preliminary safety data of a phase 1 first in-human clinical trial support the
use of high dose intrathecal AAVS/CLN7 for the treatment of patients with CLN7 disease.
Mol. Genet. Metabol. 135, S65 (2022).

147. Rosenberg, J. B. et al. Safety of direct intraparenchymal AAVrh.10-mediated central
nervous system gene therapy for metachromatic leukodystrophy. Hum. Gene Ther. 32,
563-580 (2021).

148. Agbandje-McKenna, M. & Kleinschmidt, J. AAV capsid structure and cell interactions.
Methods Mol. Biol. 807, 47-92 (2011).

149. Salganik, M. et al. Adeno-associated virus capsid proteins may play a role in transcription
and second-strand synthesis of recombinant genomes. J. Virol. 88, 1071-1079 (2014).

150. Kanaan, N. M. et al. Rationally engineered AAV capsids improve transduction and
volumetric spread in the CNS. Mol. Ther. Nucleic Acids 8, 184-197 (2017).

151. Chan, Y.K. et al. Engineering adeno-associated viral vectors to evade innate immune and
inflammatory responses. Sci. Transl. Med. 13, eabd3438 (2021).

152. Deverman, B. E. et al. Cre-dependent selection yields AAV variants for widespread gene
transfer to the adult brain. Nat. Biotechnol. 34, 204-209 (2016).

153. Hordeaux, J. et al. The neurotropic properties of AAV-PHP.B are limited to C57BL/6J mice.
Mol. Ther. 26, 664-668 (2018).

This paper demonstrates that AAV vectors can show different tropisms in different
species.

154. Matsuzaki, Y. et al. Intravenous administration of the adeno-associated virus-PHP.B
capsid fails to upregulate transduction efficiency in the marmoset brain. Neurosci. Lett.
665, 182-188 (2018).

155. Huang, Q. et al. Delivering genes across the blood-brain barrier: LY6A, a novel cellular
receptor for AAV-PHP.B capsids. PLoS ONE 14, €0225206 (2019).

156. Lin, R. et al. Directed evolution of adeno-associated virus for efficient gene delivery to
microglia. Nat. Methods 19, 976-985 (2022).

157. Beharry, A. et al. The AAV9 variant capsid AAV-F mediates widespread transgene expression
in nonhuman primate spinal cord after intrathecal administration. Hum. Gene Ther. 33,
61-75 (2022).

158. Stanton, A. C. et al. Systemic administration of novel engineered AAV capsids facilitates
enhanced transgene expression in the macaque CNS. Medicine 4, 31-50 (2022).

159. Mich, J. K. et al. Functional enhancer elements drive subclass-selective expression from
mouse to primate neocortex. Cell Rep. 34, 108754 (2021).

160. Powell, S. K., Rivera-Soto, R. & Gray, S. J. Viral expression cassette elements to enhance
transgene target specificity and expression in gene therapy. Discov. Med. 19, 49-57 (2015).

161. Jackson, K. L., Dayton, R. D., Deverman, B. E. &Klein, R. L. Better targeting, better
efficiency for wide-scale neuronal transduction with the synapsin promoter and
AAV-PHP.B. Front. Mol. Neurosci. 9, 116 (2016).

162. Xie, J. et al. microRNA-regulated, systemically delivered rAAV9: a step closer to
CNS-restricted transgene expression. Mol. Ther. 19, 526-535 (2011).

163. Sidonio, R. F. Jr et al. Discussing investigational AAV gene therapy with hemophilia
patients: a guide. Blood Rev. 47,100759 (2021).

164. Athey, J. et al. A new and updated resource for codon usage tables. BMC Bioinforma. 18,
391(2017).

165. Mauro, V. P. & Chappell, S. A. A critical analysis of codon optimization in human
therapeutics. Trends Mol. Med. 20, 604-613 (2014).

166. Agashe, D., Martinez-Gomez, N. C., Drummond, D. A. & Marx, C. J. Good codons, bad
transcript: large reductions in gene expression and fitness arising from synonymous
mutations in a key enzyme. Mol. Biol. Evol. 30, 549-560 (2013).

167. Spencer, P.S., Siller, E., Anderson, J. F. & Barral, J. M. Silent substitutions predictably alter
translation elongation rates and protein folding efficiencies. J. Mol. Biol. 422, 328-335
(2012).

168. Tsai, C.-J. et al. Synonymous mutations and ribosome stalling can lead to altered folding
pathways and distinct minima. J. Mol. Biol. 383, 281-291(2008).

169. Zhou, J.-h et al. The effects of the synonymous codon usage and tRNA abundance on
protein folding of the 3C protease of foot-and-mouth disease virus. Infect. Genet. Evol.
16, 270-274 (2013).

170. Dominguez, E. et al. Intravenous scAAV9 delivery of a codon-optimized SMN1 sequence
rescues SMA mice. Hum. Mol. Genet. 20, 681-693 (2011).

171. Hordeaux, J. et al. Efficacy and safety of a Krabbe disease gene therapy. Hum. Gene Ther.
33, 499-517 (2022).

172. Chand, D. et al. Hepatotoxicity following administration of onasemnogene abeparvovec
(AVXS-101) for the treatment of spinal muscular atrophy. J. Hepatol. 74, 560-566 (2021).

173. Feldman, A. G. et al. Subacute liver failure following gene replacement therapy for spinal
muscular atrophy type 1. J. Pediatr. 225, 252-258 (2020).

174. Hordeaux, J. et al. Toxicology study of intra-cisterna magna adeno-associated virus 9
expressing iduronate-2-sulfatase in rhesus macaques. Mol. Ther. Methods Clin. Dev. 10,
68-78 (2018).

175. Li, Y. et al. Enhanced efficacy and increased long-term toxicity of CNS-directed,
AAV-based combination therapy for Krabbe disease. Mol. Ther. 29, 691-701(2021).

176. Boudreau, R. L., Spengler, R. M. & Davidson, B. L. Rational design of therapeutic siRNAs:
minimizing off-targeting potential to improve the safety of RNAi therapy for Huntington’s
disease. Mol. Ther. 19, 2169-2177 (2011).

177. Boudreau, R. L., Martins, |. & Davidson, B. L. Artificial microRNAs as siRNA shuttles:
improved safety as compared to shRNAs in vitro and in vivo. Mol. Ther. 17, 169-175 (2009).

178. Franich, N.R. et al. AAV vector-mediated RNAi of mutant Huntingtin expression is
neuroprotective in a novel genetic rat model of Huntington’s disease. Mol. Ther. 16,
947-956 (2008).

179. Miniarikova, J. et al. AAV5-miHTT gene therapy demonstrates suppression of mutant
huntingtin aggregation and neuronal dysfunction in a rat model of Huntington’s disease.
Gene Ther. 24, 630-639 (2017).

180. Meglio, M. uniQure receives DSMB recommendation to resume higher dosing of AMT-130
in huntington trial. Neurology Live https://www.neurologylive.com/view/uniqure-receives-
dsmb-recommendation-resume-higher-dosing-amt-130-huntington-trial (2022).

181. Curtis, H. J., Seow, Y., Wood, M. J. & Varela, M. A. Knockdown and replacement therapy
mediated by artificial mirtrons in spinocerebellar ataxia 7. Nucleic Acids Res. 45,
7870-7885 (2017).

182. Gaj, T., Guo, J., Kato, Y., Sirk, S. J. & Barbas, C. F. Il Targeted gene knockout by direct
delivery of zinc-finger nuclease proteins. Nat. Methods 9, 805-807 (2012).

183. Liu, J., Gaj, T., Patterson, J. T., Sirk, S. J. & Barbas, C. F. lll Cell-penetrating
peptide-mediated delivery of TALEN proteins via bioconjugation for genome
engineering. PLoS ONE 9, 85755 (2014).

184. Carroll, D. Genome engineering with zinc-finger nucleases. Genetics 188, 773-782 (2011).

185. Yamaguchi, T. et al. Aspects of gene therapy products using current genome-editing
technology in Japan. Hum. Gene Ther. 31,1043-1053 (2020).

186. Newby, G. A. &Liu, D. R. In vivo somatic cell base editing and prime editing. Mol. Ther. 29,
3107-3124 (2021).

187. Abudayyeh, O. O. et al. A cytosine deaminase for programmable single-base RNA
editing. Science 365, 382-386 (2019).

188. Lubroth, P., Colasante, G. & Lignani, G. In vivo genome editing therapeutic approaches
for neurological disorders: where are we in the translational pipeline? Front. Neurosci. 15,
632522 (2021).

Author contributions

All authors researched data for the article. S.J.G. and Q.L. contributed substantially to
discussion of the content. Q.L. and J.H. wrote the article. All authors reviewed and/or edited
the manuscript before submission.

Competing interests

S.J.G. has received royalty income from inventions discussed in the article, through licensing
agreements with Neurogene, Asklepios Biopharmaceuticals, Taysha Gene Therapies and
Abeona Therapeutics. A.B. has received royalty income from inventions discussed in the
article from Axovant Gene Therapies and Neurogene. Q.L. has received royalty income from
inventions discussed in the article from Taysha Gene Therapies.

Additional information
Supplementary information The online version contains supplementary material available at
https://doi.org/10.1038/s41573-023-00766-7.

Peer review information Nature Reviews Drug Discovery thanks Stephanie Schorge and
Olivier Danos for their contribution to the peer review of this work.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the
terms of such publishing agreement and applicable law.

© Springer Nature Limited 2023

Nature Reviews Drug Discovery | Volume 22 | October 2023 | 789-806

806


http://www.nature.com/nrd
https://www.neurologylive.com/view/uniqure-receives-dsmb-recommendation-resume-higher-dosing-amt-130-huntington-trial
https://www.neurologylive.com/view/uniqure-receives-dsmb-recommendation-resume-higher-dosing-amt-130-huntington-trial
https://doi.org/10.1038/s41573-023-00766-7

	AAV-based in vivo gene therapy for neurological disorders

	Introduction

	Other approaches for in vivo gene therapy for neurological disorders


	Basic AAV vector design

	CNS gene supplementation in clinical trials

	Considerations for translational success

	Administration route

	Timing of treatment

	Assessment of potential immune responses

	Animal models


	New frontiers in CNS gene supplementation therapy

	Primary mitochondrial diseases

	Neurodevelopmental disorders


	Potential neurological safety concerns

	Improving efficacy and safety

	Capsid engineering

	Modifying the transgene cassette

	Transgene expression detargeting

	Codon optimization


	Summary and future prospects

	Fig. 1 Gene replacement and supplementation therapy.
	Fig. 2 AAV vector design.
	Fig. 3 Routes of administration for brain-targeted gene therapy.
	Fig. 4 Mitigating AAV off-targeting and toxicity.
	Table 1 Comparison of vector systems for gene delivery.
	﻿Table 2 Selected ongoing AAV-based gene supplementation clinical trials for neurological disorders.
	Table 3 Adverse effects of CNS-targeted AAV gene therapy.




