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Abstract

Amyotrophic lateral sclerosis (ALS) is a devastating motor neuron disease for which there is currently no robust therapy.
Recent progress in understanding ALS disease mechanisms and genetics in combination with innovations in gene modula-
tion strategies creates promising new options for the development of ALS therapies. In recent years, six gene modulation
therapies have been tested in ALS patients. These target gain-of-function pathology of the most common ALS genes, SOD1,
CI90RF72, FUS, and ATXN2, using adeno-associated virus (AAV)-mediated microRNAs and antisense oligonucleotides
(ASOs). Here, we review the latest clinical and preclinical advances in gene modulation approaches for ALS, including gene
silencing, gene correction, and gene augmentation. These techniques have the potential to positively impact the direction of
future research trials and transform ALS treatments for this grave disease.
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Introduction

Amyotrophic lateral sclerosis (ALS), the most com-
mon motor neuron disease in adults, is characterized by
degeneration of upper and lower motor neurons in the
brain and spinal cord, causing progressive muscle weak-
ness and ultimately resulting in respiratory failure. Most
ALS patient die within 3-5 years of symptom onset [1].
ALS pathology is not caused by a single process, but by
complex combinations of molecular mechanisms, which
include neuroinflammation [2], defective RNA metabolism
[3], oxidative stress [4], mitochondrial dysfunction [4],
cytoskeletal disturbances, altered exon splicing, defec-
tive nucleo-cytoplasmic and axonal transport [5], toxic
protein aggregation, perturbations in autophagy [6], and
glutamate excitotoxicity [7]. These can be triggered by
genetic [8], toxic [9], and/or environmental [10] factors.
It must be emphasized that many views of ALS patho-
physiology are predicated on studies of models in vitro and
in animals; confirmation in human tissues has been chal-
lenging, although recent analyses of human ALS motor
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neurons in vitro are proving very instructive. Presently,
approximately 30 genes have been robustly documented
to trigger ALS when mutated [11, 12]. These monoge-
netic mutations, which have a high effect size, cause ALS
in roughly 15% of patients. Additionally, there are more
than 100 gene mutations found with a low-to-moderate
effect size that likely contribute to the risk of developing
ALS or modifying its phenotype [11, 13]. The majority
of ALS cases (90-95%) are sporadic originating from de
novo mutations or unknown causes, while approximately
5-10% of patients have a family history of mutations with
an autosomal dominant inheritance pattern [14]. Due to
the heterogeneity of disease mechanisms, identification of
disease-modifying treatments or cures has been challeng-
ing. After decades of research and more than 120 clini-
cal trials [15], only two therapeutic approaches have been
FDA approved. Both riluzole [16] and edaravone [17] slow
disease progression only modestly. Recently, advances in
gene therapy have rendered it a promising field for the
treatment of ALS due to its potential to correct underlying
pathogenic mechanisms by attenuating gain-of-function
toxicity and/or addressing haploinsufficiency at the genetic
level. This review will present an overview of the cur-
rent gene modulation therapies for the treatment of ALS,
focusing on two modalities: viral delivery and antisense
oligonucleotide (ASO) treatment.
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Pathological Mechanisms of Major ALS
Genes

SOD1

The first ALS-associated gene, superoxide dismutase-1
(SOD1), was identified in 1993 [18]. Mutations in the
SOD1 gene account for 10-14% of familial and 1-2% of
sporadic ALS [19]. ALS-causing SODI mutations typi-
cally display an autosomal dominant inheritance pattern.
The canonical role of SODI is to protect cells from toxic
reactive oxygen species by catalyzing the dismutation of
superoxide anion to oxygen and hydrogen peroxide [20].
To date, 217 SOD1 variants have been identified in ALS
patients [21], the majority of which are missense muta-
tions. Disease severity and duration depends significantly
on the variant, with some causing a relatively slow pro-
gression and others a much faster progression [22]. While
a portion of SODI variants decrease the dismutation
enzyme activity of SODI1, there is no clear correlation
between dismutase activity, disease onset, and progression
in adult humans [23].

Although the exact mechanisms of SODI1-induced
motor neuron death are unclear, there is ample evidence
that toxic gain of functions (GOF), generated by mutant
SODI, are at play. Mutations can induce conformational
and functional changes in SOD1 protein that can cause
toxicity via interaction with other proteins through various
mechanisms, such upregulation of reactive oxygen species,
endoplasmic reticulum stress, excitotoxicity, mitochon-
drial dysfunction, prion-like propagation, axonal transport
disruption, and non-cell autonomous toxicity of neuroglia
[24]. It is striking that forced expression of high levels of
mutant but not wild-type SODI1 protein cause motor neu-
ron disease in mice [25]. While the resulting ALS model
reproduces many aspects of human ALS, an important
caveat is that the high levels of SOD1 expression in some
models (e.g., SOD19%A transgenic ALS mice) do not rep-
resent the 1:1 ratio of mutant to WT protein in human
ALS arising from these mutations. (On the other hand, the
SOD1%%® mouse with normal levels of mutant SOD1 pro-
tein (0.2—1.0 fold of wild type) does develop motor neu-
ron death, albeit after several months [26]). It is correctly
argued that caution must be exercised in interpreting con-
clusions about molecular pathophysiology in any models
based on excessive levels of mutant transgene expression.

While there is overwhelming evidence that SOD1-ALS
is caused by GOF pathology, there is also evidence that
LOF may play a modifying role. Although Sod/ ™~ mice
do not exhibit motor neuron loss, they have neuromuscu-
lar, neuronal, and extra-neuronal phenotypes [27]. Two
recent reports underscore this point. In 2019, two cases
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were published describing a 2-year-old child [28] and a
6-year-old child [29], both with homozygosity for a nucle-
otide duplication (c.335dupG) in SOD] that resulted in a
complete absence of SOD1 enzymatic activity in cells. The
2-year-old patient showed predominantly impairment of
upper motor neurons, whereas other organ systems were
unaffected [28]. The 6-year-old showed a loss of motor
abilities, tetraspasticity, and mild cerebellar atrophy [29].
Although the truncated SOD1 protein may have contrib-
uted to motor disease, the symptoms observed in these
patients were much more severe than in patients homozy-
gous for full-length SOD1 mutations that preserved some
SOD activity [30]. This suggests that the total loss of
SODI1 enzymatic activity contributed to motor-neuron
dysfunction, which could have implications for therapies
aiming at complete knock down of SOD1.

TDP-43

Transactive response (TAR) DNA-binding protein 43 (TDP-
43), encoded by the TARDBP gene, was identified in 2006
as an ALS-associated gene [31, 32]. Pathogenic missense
mutations in TARDBP account for 3.3% of familial ALS
cases and 0.5% of sporadic ALS cases [33] and typically
display an autosomal dominant inheritance pattern. TDP-
43 is a DNA/RNA-binding protein, normally located in the
nucleus, which regulates various steps of RNA metabolism,
including transcription, translation, surveillance of splicing,
microRNA biogenesis, and RNA transport [34, 35]. Intrigu-
ingly, >95% of ALS patients do not harbor mutations in the
TARDBP gene, yet demonstrate widespread abnormalities
involving the TDP-43 protein, which in ALS is aberrantly
cleaved, hyperphosphorylated, and mislocated to the cyto-
plasmic where it forms neuronal inclusions [31]. The patho-
genicity of TDP-43 cytoplasmic aggregates may be linked
to both loss of nuclear functions and gain of toxic functions,
leading to dysregulation of RNA metabolism and splicing
defects, impaired mitochondrial function and axonal trans-
port, defects in proteostasis, stress granules, and amyloid-
like aggregate formation that may spread from cell to cell
in a prion-like manner [36]. Importantly, overexpression of
both aggregation-prone mutant TDP-43 and non-aggregating
WT TDP-43 is toxic [37, 38]. This complex pattern renders
TARDBP a difficult gene target to treat with gene therapy.

FUS

In 2009, pathogenic variants of the fused in sarcoma (FUS)
gene, also called “translocated in liposarcoma,” were iden-
tified to be ALS-causing [39, 40]. FUS mutations account
for 3% of familial cases and 0.4% of sporadic cases [33] and
typically display an autosomal dominant inheritance pattern.
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Most pathogenic FUS variants are associated with early-
onset ALS symptoms and juvenile patients [41]. FUS is a
ubiquitously expressed RNA-binding protein predominantly
located in the nucleus that is involved in DNA repair and
multiple aspects of RNA metabolism, such as transcription,
translation, pre-mRNA splicing, mRNA transport and sta-
bility, and processing of microRNAs and other non-coding
RNAs [42]. To date, 126 different pathogenic FUS variants
have been identified in ALS patients; the majority are mis-
sense mutations [43]. The functional consequences of these
pathogenic mutations are not precisely defined, but there is
strong evidence that supports a toxic GOF mechanism in
ALS-FUS. Most mutations are located in exon 15, which
encodes the C-terminal region of the protein containing the
nuclear localization signal (NLS) domain [43]. These muta-
tions disrupt the nuclear localization signal and result in
mislocalization of FUS to the cytoplasm [44, 45]. Nuclear-
to-cytoplasmic mislocalization of FUS is commonly found
in neurons and glia of post-mortem brains of FUS-ALS
patients [44]. It is still debated whether this has a direct or
indirect impact on motor neuron toxicity. LOF does not seem
to be sufficient to cause motor neuron death [46]; however,
there is evidence that it might contribute to the pathogenesis
of ALS [47].

C90RF72

In 2011, a hexanucleotide repeat expansion (HRE) in intron
1 of the Chromosome 9 Open Reading Frame 72 (C9ORF72)
gene was revealed to be the most common cause of both
inherited (40%) and sporadic (5-6%) ALS [48-50] as well
as the most common genetic cause of frontotemporal demen-
tia (FTD) [51]. While the size of the repeat is usually less
than 24 in healthy individuals, the number of repeats in the
HRE mutation can reach a magnitude of thousands in ALS
patients [52, 53]. The C9ORF72 gene has three transcript
variants: V1, V2, and V3 [48]. V1 translates into a 222
amino acid protein while V2 and V3 both translate into the
most predominant COORF72 481 amino acid protein [48].
V1 and V3 prior to mRNA splicing harbor the HRE. The
C90RF72 protein interacts with endosomes and is required
for normal vesicle trafficking and lysosomal biogenesis
in motor neurons [54, 55]. The HRE gives rise to three
pathological hallmarks of COORF72-ALS. First, it impairs
transcription, leading to C9ORF72 haploinsufficiency that
compromises neuronal viability [55, 56]. Second, sense
and antisense transcriptions of the C9ORF72 HRE produce
G,C, or C,G, transcripts that accumulate in the cell nuclei
and sequester RNA-binding proteins, resulting in RNA foci
[48, 57, 58]. Third, both the sense and antisense transcripts
of the HRE can serve as templates for repeat-associated
non-AUG (RAN) translation of toxic poly-dipeptides, pro-
ducing glycine-arginine (GR), glycine-proline (GP), and

glycine-alanine (GA) poly-dipeptides in the sense direction
and proline-alanine (PA), proline-arginine (PR), and GP in
the anti-sense direction [58, 59]. These aggregation-prone
dipeptides have been found in the brains and spinal cords of
CI90RF72-ALS and FTD patients [59—-61] and have proven
to be toxic in cell culture [62-64] and in different animal
models [65-67]. Similarly to SOD1, C9ORF72 LOF does
not seem to cause ALS by itself; rather, there appears to be
a direct form of cooperative pathogenesis between gain- and
loss-of-function mechanisms, in which C9ORF72 haploin-
sufficiency impairs clearance of poly-dipeptides, making
motor neurons hypersensitive to dipeptide pathology [55].

Antisense Oligonucleotides

Antisense oligonucleotides (ASOs) have proven to be greatly
effective in the treatment of a wide range of genetic disor-
ders, coming a long way from their first practical applica-
tion formulated by Grineva in 1967 [68]. Grineva proposed
a method of attaching active chemical groups to oligonu-
cleotides to direct these groups toward a target nucleic acid,
which she called “of complementary-addressed modifica-
tion.” It took another 32 years before the first ASO therapy
was approved by the FDA, in 1998. Since then, a total of
8 FDA-approved ASOs are on the market [69]. ASOs are
single-stranded synthetic nucleic acids, generally 12-30
nucleotides in length, that bind sequence specifically to tar-
get RNA and can modulate protein expression through vari-
ous mechanisms. They are generally categorized as having
mechanisms promoting RNA cleavage and degradation or
steric blocking. How ASOs modulate RNA depends on the
function of the targeted RNA, where the ASO is designed
to bind, and the chemistry and design [70]. The broad range
of target options that ASO therapies offer renders them an
intriguing treatment modality for common mutations in
known ALS genes.

SOD1

The papers describing the first ASOs designed to lower
SOD1 levels were published in 1994. These ASOs were
developed to study the role of SODI1 loss in motor neuron
death [71, 72]. A decade later, Miller and colleagues [73]
published a study of the first ASO that was designed to
be a therapeutic strategy for SOD1-ALS. Presymptomatic
SODI19%34 rats carrying a human SODI mutation variant,
which is expressed 8—16-fold above endogenous SODI,
received intracerebroventricular (ICV) injections of an
ASO against human SOD] called ISIS 333611. This ASO
reduced WT and mutant SODI mRNA through RNase H
activity and extended survival from 122 to 132 days [73].
These results led to a phase I clinical trial (NCT01041222]
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Table 1 Age at treatment and survival extension from different gene therapies tested in SOD

mice

Treatment Age at treatment Survival extension Route Reference
(days) (days)
ASO SOD1 silencing ASO SOD1 35 37 ICcvV [75]
ASO SOD1 80 30* ICcvV [75]
ASO SOD1 110 19% ICcvV [75]
ASO p75 silencing Antisense PNA p75 neurotrophin receptor 60 11 IP [97]
ASO acetylcholinesterase ASO acetylcholinesterase mEN101 35 15 1P [98]
silencing ASO acetylcholinesterase mEN101 84 0 1P [98]
ASO miR155 silencing ASO anti-miR-155 60 10 ICV [99]
AAV-shRNA SOD1 silencing AAV9-sh-SOD1 1 51.5 v [121]
AAV9-sh-SOD1 21 39 v [121]
AAV9-sh-SOD1 85 30 v [121]
AAV9-sh-SOD1 1 61.5 IT [122]
AAV9-sh-SOD1 40 19 IT [122]
AAV-miRNA SODI1 silencing ~ AAV9-amiRSOP! 1 69 Icv [125]
AAVrh10-U6-miR-SOD1 59% 27 v [124]
AAV-AS SOD1 silencing AAVrh10 exon-2-AS 0 121 ICV+IV [130]
AAVrh10 exon-2-AS 50 63 ICV+IV [130]
AAV-CRISPR/Cas9 SOD1 AAV9 SaCas9 0 30 v [132]
silencing AAV9 SaCas9 0 71 Icv [131]
Cytosine base editors 53 12 1T [139]
AAV-antibody SOD1 silencing AAV2/1 D3HS5 antibody 45 16 IT [134]
AAV9 anti-SOD1 scFvs 1 27 v [136]
AAV9 anti-SOD1 scFvs 120 14 v [136]
AAV-mediated growth AAV2-IGF1 89* 14 DCN [148]
factor delivery AAV4-IGF1 85 12 ICV [149]
AAV4-VEGF165 85 20 ICcvV [149]
scAAV9-hIGF1 60 26.5 ™M [150]
scAAV9-hIGF1 90 14.5 ™M [150]
scAAV9-IGF1 90 10 v [151]
AAV2-GDNF 63 17 M [152]
AAV8-hDesGDNF 35 0 v [154]
AAV1/2 G-CSF 70 15% IS [155]
rAAV1-HGF 60 9.5 IT [156]
rAAV6-HGF 90 13.5 M [157]
AAV2/9-MIF 1 30 IS [158]
AAV-mediated miR delivery AAV9-mir-17-92 60 23 1T [159]

ICV Intracerebroventricular, /P Intraperitoneal, /M Intramuscular, IS Intraspinal, /T Intrathecal, /V Intravenous, DCN Deep cerebellar nuclei

* Average age

#Median survival estimated from graph
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Fig. 1 Age at treatment plotted
against extension of survival
in treated SOD1%%** mice
(Table 1)
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in which ISIS 333611 was tested in SOD1-ALS patients
in a clinical trial by Ionis to assess its safety, tolerability,
and pharmacokinetics. A single intrathecal infusion of ISIS
333611 was well tolerated with no serious adverse events,
but at the low doses used, there were no reductions of
SOD1 protein in the cerebrospinal fluid (CSF) of treated
patients [74]. Tonis halted the testing of this ASO in favor
of a newer generation of ASOs, which were initially tested
in SOD1¢%4 rats and SOD1%** mice. Median disease
onset in treated SOD1%%*4 mice was delayed by 43 days,
and survival was increased from 168 to 205 days [75].
Treated SOD19%%/ rats lived 64 days longer [75] (Table 1
and Fig. 1), a marked increase in survival compared to
ISIS 333611-treated rats [73]. Moreover, after treatment
was initiated, there was an increase in the amplitudes of
compound muscle action potentials, which had begun
to fall prior to treatment. After these successful results,
the new generation ASO, Tofersen (BIIB067), was
tested in a phase I/II study (NCT02623699; sponsored
by Biogen) in SOD1-ALS patients. Patients received 5
lumbar intrathecal injections over 12 weeks, with different
treatment groups being given a 20, 40, 60, or 100 mg dose
per injection. The primary outcome of this trial was safety
and pharmacokinetics. All patients, including the placebo
group, reported adverse effects, although most were related
to the intrathecal lumbar punction, such as headache and
post-lumbar puncture syndrome. Nevertheless, in general,
the trial demonstrated safety at all doses. Furthermore, CSF
SOD1 protein levels were dose-dependently reduced by up
to 36% in the 100 mg treated group. Additionally, levels of
CSF neurofilaments, biomarkers for ALS neurodegeneration,
were decreased in the 100 mg treated group. In a small
cohort of patients treated at 100 mg, there was a decline in
disease progression, measured by the revised ALS functional
rating scale (ALSFRS-R). This decline was apparent
in both slow- and fast-progressing groups, but was more
pronounced in the fast-progressing group [76]. After these

successful results, a phase III, randomized, double-blind
clinical trial named VALOR (NCT02623699) was initiated
in 2019. This 28-week trial was designed to evaluate the
efficacy, safety, tolerability, and pharmacodynamic effects
of 100 mg Tofersen on SODI1-ALS patients. The study
population consisted of 56% fast-progressing patients
and 46% slow-progressing patients. It was reported at the
American Neurological Association 2021 Annual Meeting
that the primary endpoint as measured by ALSFRS-R was
not met after 28 weeks; treatment did not significantly slow
disease progression (p value of 0.97) [77, 78]. Nevertheless,
both SOD1 levels and neurofilament levels were strongly
decreased after 28 weeks in the treated groups. Furthermore,
the VALOR trial has an open-label extension in which
patients who were treated from the outset (week 0 onwards)
demonstrated better results than those patients who did
not receive Tofersen until later (only starting Tofersen
after receiving a placebo treatment for 28 weeks). The first
group demonstrated lower declines in motor and respiratory
function, muscle strength, and quality of life after the first
28 weeks [77]. It remains unclear why the VALOR trial
failed, given that there was a decrement in both CSF SOD1
and neurofilament levels. This may have reflected the
relatively short length of the study. It is also possible that
by the time treatment was started, the complex downstream
pathological events were self-sustaining independently
of levels of mutant SOD1 protein; that is to say, effective
intervention may only be possible earlier in the disease
course. For example, the fast-progressing group started
treatment at an average of 8.3 months after diagnosis, more
than half-way through the expect survival for the SOD145Y
rapidly progressing cohort. A new clinical phase III trial
(ATLAS, NCT04856982) is currently ongoing, in which
presymptomatic adult carriers of a SODI mutation with
elevated neurofilament (NF) will be treated with 100 mg
Tofersen via intrathecal injection on days 1, 15, and 29, and
every 28 days thereafter for up to 2 years [79]. This trial will
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likely address the challenge optimal timing of trial initiation
early in the therapeutic window.

C90RF72

Soon after the discovery that the hexanucleotide expansion
(HRE) in the C9ORF72 gene is the most frequent genetic
cause of ALS, multiple ASO-based treatments targeting
C90ORF72 mRNA were published [80-85]. ASOs can pen-
etrate the nucleus and so have the potential to target both
newly transcribed pre-mRNAs as well as those sequestered
in RNA foci. Since only the lesser expressed V1 and V3
CY90ORF?72 transcript variants carry the HRE, ASOs can be
designed to target only those transcripts by targeting exon 1
or intron 1, without drastically lowering overall COORF72
expression. But, regardless of whether they target tran-
scripts harboring transcripts selectively or all transcripts,
ASOs were shown to blunt toxic, acquired adverse conse-
quences of the HRE, including the deposition of RNA foci
[80-85] and toxic polydipeptides translated via non-AUG
start codons (RAN translation) from the expansion [82, 84,
85]. This was documented using induced pluripotent stem
cells (iPSCs) [80, 81, 86], C9-patient-derived fibroblasts [81,
83, 86—88], C9 mouse cortical primary neurons [82, 86],
and mouse models [84—-86, 88]. Notably, one study showed
a reduction in the number of inclusions immunopositive for
pTDP-43 and ataxin-2 after treatment with an ASO target-
ing C9ORF72, which validates that C9 HRE pathologies are
associated with TDP-43 pathology [85].

In 2018, Ionis and Biogen began the first clinical trial
testing ASOs against C9ORF72 (NCT03626012). This
trial tested an ASO designated BIIBO78, or IONIS-C9g,.
The primary objective of this phase I study was to evaluate
the safety and tolerability of BIIBO78 in C9-ALS patients.
The secondary objective of this study was to evaluate the
pharmacokinetic profile of BIIBO78 and its effects on clini-
cal function measured by slow vital capacity, hand-held
dynamometry, the Iowa Oral Pressure Instrument, and the
ALSFRS-R. There were 6 treatment cohorts assessed in the
dose-escalating trial, and BIIBO78 was administered intrath-
ecally. In 2022, it was announced that although BIIB078 at
60 mg was generally well tolerated, it did not meet any sec-
ondary efficacy endpoints and did not demonstrate clinical
benefit compared to the placebo group. Participants in the
BIIB078 90 mg dose cohort trended toward a greater decline
than those in the placebo group across secondary endpoints.
Based on these results, the BIIBO78 clinical development
program, including its ongoing open-label extension study,
was discontinued [89].

Wave Life Sciences started a phase Ib/Ila trial called
FOCUS-C9 (NCT04931862) to test their ASO, WVE-004.
WVE-004 is a stereopure ASO targeting C9ORF72 mRNA
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variants carrying the HRE. Preclinical testing of WVE-004
in C9-BAC transgenic mice showed reductions of repeat-
containing mRNA by 60-80% in spinal cord and 40-50%
percent in cortex up to 6 months later. WVE-004 also dimin-
ished dipeptide repeat proteins in C9-BAC mice by approxi-
mately 90% in the spinal cord and cortex but did not affect
overall C9orf72 protein levels [90]. The FOCUS-C9 trial
will assess safety and tolerability of WVE-004 in C9-ALS/
FTD patients. Each participant is to receive a single intrathe-
cal injection of one of four doses of WVE-004 or a placebo,
with the potential to proceed to a multi-dosing phase after
10 weeks. The primary outcome is the percentage of patients
with adverse events 24 weeks after injection. The trial will
also measure WVE-004 levels and GP polydipeptides in
CSF at the beginning and end of the study. The study is still
ongoing, and no interim analysis was published before the
writing of this review. The FOCUS-C9 trial is scheduled to
be completed at the beginning of 2023.

In a parallel program, a team at UMass Chan Medical
School developed an ASO targeting intron 1 adjacent to the
HRE, degrading specifically repeat-containing C9ORF72
mRNA variants by RNase H activity. Treatment with ASOS,
which was designed by Jonathan Watts, resulted in a marked
reduction of RNA foci and toxic polydipeptides, while con-
serving overall COORF72 levels in patient-derived fibroblasts
and C9-BAC transgenic mice [88]. Modification of a subset
of the phosphodiester internucleoside linkages significantly
improved the ASO tolerability without impairing potency [86,
88]. Treatment with the modified ASO5-2 in mice had no effect
on total C9 transcript levels but reduced mutant-bearing HRE
transcripts by ~80%. GP polydipeptides levels were lowered
by 90%, which was sustained for 20 weeks after a single-dose
ICV injection. In sheep, the lead ASO5-2 was well tolerated
for 1 month following intrathecal administration. Intrathecal
delivery of ASOS5-2 to cynomolgus monkeys treated with 0,
1.5, or 6 mg of ASOS5-2 at days 1, 14, 28, 57, and 85 produced
no behavioral or neurological deficits out to 90 days; necrop-
sies at 90 days showed no pathological findings attributable to
ASO5-2. Encouraged by these results, we treated one C9-ALS
patient with ASO5-2 (Afinersen, IND141673). This patient,
who has 2400 HRE repeats, had developed motor symptoms.
His CSF revealed elevated GP polydipeptide levels. He was
treated with escalating doses of ASOS5-2, beginning at 0.5 mg/
kg and progressing to 2.0 mg/kg. This was safely tolerated.
After sequential doses of 2.0 mg/kg, the relative CSF GP poly-
dipeptide levels was reduced by approximately 80%, During
the roughly 1 year of treatment, the patient’s ALSFRS-R score
was largely stable. It is not possible to document clinical effi-
cacy in a single anecdotal case like this. It will be important to
discern whether ASOS5-2 or the Wave ASO WVE-004 shows
sustained good safety profiles and to determine whether these
ASOs demonstrate clinical benefit or, like the Biogen ASO
BIIBO7, encounter clinically adverse features.
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FUS

The first ASO treatment for FUS was implemented by Neil
Shneider and his team at Columbia University, deploying an
ASO originally developed by Ionis Pharmaceuticals [91].
The lead ASO, ION363 (also labeled jacifusen in honor of
the first treated case) is directed against intron 6 of FUS and
silences FUS in a non-allele-specific manner. In the exten-
sive preclinical studies leading to the ASO trial, Shneider
and colleagues first developed two FUS mouse models,
one with a mouse FUS P517L mutation, which is equiva-
lent to the human FUS P525L mutation, and another with a
mouse FUS A 14 mutation, which is equivalent to the human
G466V{fsX14 C-terminal FUS truncation mutation that
causes skipping of FUS exon 14. Newborn MN-P517L/A14
mice received a single ICV dose of 20 pg of ION363. After
4 months, untreated MN-P517L/A14 mice had lost 12%
of motor neurons and demonstrated both denervation and
microgliosis. By contrast, ION363-treated mice, in which
FUS brain FUS levels were reduced, did not exhibit these
markers of disease progression. After 6 months, as ION363
concentrations declined, FUS levels returned to normal in
the treated mice, which now revealed an increase in muscle
denervation and microgliosis. Nevertheless, no motor neuron
degeneration was observed in ION363-treated MN-P517L/
A14 mice at 6 months after treatment.

These encouraging results paved the way for a human
study. A 25-year-old FUS-ALS patient with a rapidly pro-
gressive disease course triggered by the FUSP525L muta-
tion was treated with ION363 under the FDA compassionate
use protocol. The treatment began > 6 months after clinical
onset, at which point the patient was already not ambulatory
and required ventilatory support (ALSFRS-R score 17). She
received ascending intrathecal doses of ION363, starting
with 20 mg up to a maximum monthly dose of 120 mg, for
a total of 12 infusions over 10 months. The treatment was
well tolerated without serious adverse events. Before treat-
ment, the patient lost ~5 points on the ALSFRS-R score per
month. In contrast, during the course of therapy, the rate of
decline in the ALSFRS-R score slowed substantially. The
patient died nearly a year after initial treatment from wors-
ening of ventilatory and bulbar dysfunction. Immunohisto-
chemical studies demonstrated broad distribution of ION363
throughout the patient’s CNS. Both total and P525L-mutant
FUS protein were reduced by 90% or more in the brain, and
pathological FUS aggregation was decreased throughout
the CNS. Soluble FUS and other insoluble aberrant RNA-
binding proteins, including TDP43, were also strongly
reduced, but total levels of these RNA-binding proteins were
unchanged, suggesting their redistribution toward a more
soluble and WT state [91].

Based on the promising preliminary evidence in sup-
port of ION363 lowering FUS levels and slowing disease
progression, 10 more patients received ION363 under
the compassionate use program [92]. In 2021, this led
Tonis Pharmaceuticals to start a phase III clinical trial
(NCT04768972), led by Shneider, to determine whether
ION363 provides any clinical benefit of slowing disease
progression in symptomatic FUS-ALS patients. Subjects
will be treated with intrathecal injections every 4—12 weeks
over a 61-week period, and every 12 weeks for 85 weeks in
the open-label extension treatment period. The study is set
to finish early 2024 [93].

Additional ASO Approaches

Studies of ALS pathophysiology have disclosed other targets
amenable to ASO-based gene suppression therapy. One well-
studied target is ataxin-2 (ATXN2), whose mutations were
detected as the cause of progressive, familial spinocerebellar
ataxia type 2 (SCA2). The offending lesion is an expansion
of CAG tracts encoding polyglutamine within the ATXN2
gene. While most individuals possess 22-23 CAG repeats,
those with SCA2 have more than 34 repeats. Remarkably,
in individuals with intermediate length expansions of 27-33
repeats, there is an 11-fold increased risk of developing ALS.
Seminal investigations in both yeast and Drosophila found
that ATXN2 promotes aggregation and toxicity of TDP-43
protein, while reducing levels of ATXN2 suppresses TDP-43
toxicity [94]. Although>95% of ALS patients demonstrate
abnormal TDP-43 protein [31], silencing TDP-43 itself is
likely not an option because of its critical cellular functions
[36]. Decreasing expression of ATXN2 with an ASO, how-
ever, could benefit most people with ALS. In a preclinical
study, newborn TDP-43""¢ mice treated with an ATXN2
ASO (developed by Ionis to treat SCA2) demonstrated 77%
reduction of Azxn2 in TDP-43"¥"2 mice, while human TAR-
DPB mRNA levels were unaffected, and improvement in
both motor performance and median survival (35%) [95].
In 2020, these positive results led to a phase I study by
Biogen (NCT04494256) in which ALS patients, with and
without a CAG repeat expansion in ATXN2, will receive
one of four doses of BIIB105 by intrathecal injection. The
primary outcome is to identify potential adverse events, and
pharmacokinetics of BIIB105 is a secondary outcome. The
study is set to end in 2024 [96]. Other genetic targets of
potential relevance ALS include the p75 neurotrophin recep-
tor [97], acetylcholinesterase [98], microRNA155 [99], and
bone morphogenetic protein 4 [100]; in each instance, the
corresponding ASOs have significantly prolonged survival
in the SOD19A transgenic ALS mouse model.
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Other RNA-Based Therapeutics
Small Activating RNAs

Although mutations in the major ALS-causing genes, such as
SODI, FUS, and C9ORF?72, are mainly associated with GOF
pathology, there are various ALS-causing and ALS disease-
modifying genes that demonstrate LOF pathology when
mutated. Recently, a study was published by Zhang et al.
[101] in which 690 ALS-associated genes were identified
by a machine-learning approach called RefMap. Remark-
ably, most of those genes showed LOF pathology, suggesting
that gene therapy approaches to restore these genes’ func-
tions would be warranted. One promising approach seeks
to mediate gene expression by using small activating RNAs
(saRNAs) [102] on the non-mutated allele. saRNAs are a
class of small double-stranded non-coding RNAs. They can
induce gene expression at a transcriptional level by target-
ing promoter sequences [103] or gene antisense transcripts
[104]. saRNAs can be delivered in vivo by lipid nanopar-
ticles, dendrimers, lipopolyplexes, and aptamers [102]. An
saRNA treatment for advanced liver cancer, MTL-CEBPA,
has been tested in a phase I clinical trial. MTL-CEBPA was
encapsulated by lipid nanoparticles and was well tolerated
[105]. saRNA treatment has also been shown to upregulate
gene expression in neurons. A preclinical study on RETT
syndrome found successful Foxgl gene upregulation in mice
treated with an intraventricular injection of an saRNA tar-
geting Foxgl [106]. Transient induction of LOF ALS genes
using the saRNA system could hold promise for pharmaco-
logical approaches to ALS treatment.

AlMers

Wave recently published an exciting method to edit single
base mutations in RNA transcripts without causing the
permanent changes to the genome that occur with DNA-
targeting approaches. AIMers are short, chemically modi-
fied oligonucleotides that direct A-I editing of endogenous
transcripts by endogenous adenosine deaminases acting
on RNA (ADAR) enzymes. ADAR enzymes edit adenine
bases to inosine, which the translational machinery reads
as guanine. To test this method in vivo, cynomolgus mon-
keys received subcutaneous injection of AIMers targeting
the ACTB gene, once a day for 5 days. Liver biopsies 2 days
and 45 days post dose showed 48.1% and 39.1% editing,
respectively. There were no signs of hepatoxicity at 2 days
post dose, when AIMer levels were highest. RNAseq showed
that the AIMers were highly specific and no bystander edit-
ing was detected in the ACTB transcript. To confirm that
AlMer editing with endogenous ADAR enzymes can restore
expression of proteins, these investigators designed AIMers
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to edit SERPINA1 mRNA that has a E342K missense muta-
tion, which causes ol-antitrypsin deficiency. In vitro edit-
ing resulted in mean editing percentages of 68—75%, and
protein expression was significantly increased [107]. This
method has potential to edit ALS-causing single base muta-
tions. Although ADAR?2 has been found to be downregulated
in motor neurons of ALS patient, ADAR1 levels remained
unaffected [108]. AIMers can be designed to work with
ADARI1 or ADAR2, but ADAR1 AlMers performed bet-
ter [107], so low levels of ADAR2 in ALS motor neurons
should not be an issue when utilizing this method to treat
ALS. There are to date 35 G> A disease-causing mutations
found in SODI [21], 14 for FUS [43], and 14 for TARDBP
[109] that could hypothetically be corrected by AIMers.

Viral Vectors

Viral vectors offer advantages for CNS disease therapy as
they obviate the need for repeated invasive treatments. In
theory, viral vector therapy is “one and done.” Diverse viral
vector platforms have been developed and are continuously
being improved for gene therapy and other applications.
Among the main viral vector platforms are lentivirus, herpes
virus, adenovirus, and in particular adeno-associated virus
(AAV). AAV is a parvovirus that was discovered as a con-
taminant in adenovirus production [110]. It is found in verte-
brate species, including human and non-human primates but
has not been observed to cause any human diseases [111].
It is~25 nm in size and has a capsid and a single-stranded
DNA genome of ~4.7 kb [112]. Recombinant AAVs do not
express AAV protein-coding sequences, but encapsidate
therapeutic gene expression cassettes in their place. AAV
has a packaging capacity of ~4.7-kb single-stranded genome
and half that for double-stranded self-complementary cargo
[113]. Once the gene expression cassette has been deliv-
ered to the cell, AAV remains episomal. AAV sequences do
not typically integrate into the host genome [114], although
in some usages (such as CRISPR/Cas9 editing), there may
be some incorporation of AAV fragments into the host
genome [115]. The only sequences with a viral origin are
the inverted terminal repeats (ITRs) that are necessary for
guiding genome replication and packaging during vector
production [111].

The first recombinant AAV expression was demonstrated
in vivo in 1993 [116], and the first human trial using AAV
began in 1995 [117]. The use of AAV offers several advan-
tages for treatment of ALS. Evolutionary, some viruses
have evolved methods to breach the blood-brain barrier
(BBB) to invade the CNS, an aspect that could be exploited
in therapies for ALS. The two preferred serotypes for CNS
delivery are AAV serotype 9 (AAV9) and rhesus monkey10
(AAVrh10), due to their strong tropism preferences for the
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CNS, particularly after delivery directly to the cerebrospi-
nal fluid (CSF) [118-120]. Importantly AAV can transduce
nondividing and dividing cells. This renders it particularly
appropriate for post-mitotic cells such as neurons. In actively
dividing cells, the therapeutic cargo may be diluted as the
cell numbers increase, leading to only a transient therapeutic
effect [111]. AAV can be used for gene augmentation, gene
knockdown, gene editing as well as exon skipping.

gene silencing through CRISPR-Cas9. d AAV-mediated delivery of
antibodies targeting misfolded protein. RISC, RNA-induced silenc-
ing complex; PAM, protospacer adjacent motif; sgRNA, single-guide
RNA. Created with BioRender.com

AAV-Mediated Gene Silencing

SOD1

Several gene therapy strategies delivered by AAV aimed
at reducing SODI1 have been developed in recent years

(Fig. 2). These strategies include the use of short hairpin
(sh) RNA [121-123], miRNA [124-129], AAV-delivered
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antisense sequences [130], CRISPR Cas9 [131-133], and
antibodies [134-136] targeting SOD1. The first approach
published was an shRNA against SOD] delivered by AAV9
[121]. Treatment of SOD1%%** mice and WT non-human
primates demonstrated a robust reduction of SODI1 in the
spinal cord. Intravenous injections of AAV9-sh-SODI1 in
presymptomatic (P1 and P12) and early symptomatic (P85)
SODI1%*A mice delayed disease onset, improved motor per-
formance, and extended survival by 30-51.5 days, with bet-
ter results in earlier treated animals [121]. In a next study,
they treated neonatal SOD19%** mice with intrathecal injec-
tions via the cisterna magna, which resulted in a stronger
effect rescue of disease onset, motor performance, and sur-
vival (61.5 days) [122]. Intravenous treatment of AAV9-sh-
SODI in slower-progressing symptomatic SOD1%7R mice
resulted in an increased motor performance and survival
(86.5 days) [121]. Despite these positive results, Novartis
Gene Therapies, which was involved in these studies, halted
the development of AAV9-sh-SOD1 in 2020 [137].

We have explored the potential of artificial microRNAs
(amiRNAs) to suppress SODI. Mueller, Sena-Esteves, and
others on our team designed several silencing constructs
and tested different AAV serotypes, promoters, treatment
routes, age at treatment, and animal models to design a safe
and effective therapy to lower SOD1 levels. AAV9-amiR-
SODLICV injections in neonatal SOD1%** mice increased
median survival by 69 days and prevented hindlimb paraly-
sis [125]. As most ALS patients are diagnosed in adult-
hood, a subsequent study treated presymptomatic adult
SOD1%%*A mice (by intravenous tail vain injections). Treat-
ment with the U6 promoter-driven construct resulted in
substantially delayed disease onset, an increased survival of
27 days, preservation of limb strength and motor skills, and
stabilization of respiratory physiology [124]. Treatment
of marmosets with AAVrh10-U6-miR-SOD1 via lumbar
intrathecal injection reduced SOD1 in motor neurons by
93% in the lumbar, 65% in the thoracic, and 92% in the cer-
vical spinal cord regions; similar levels of silencing were
observed in the non-motor neuron tissue [124]. In a subse-
quent study using cynomolgus macaques, we found 45-65%
SOD1 silencing within motor neurons in different parts of
the spinal cord. The procedure was well tolerated during
both the infusion and the post-procedure period, monitored
up to 92 days after the procedure [126]. These promis-
ing preclinical results culminated in the first human study.
Two SOD1-ALS cases each received intrathecal infusions
of 4x 10'* genomes of AAVRh10.miR-SOD1 using an
FDA-approved protocol. The first case, a 22-year-old man
harboring the SOD1”Y mutation, was treated ~6 months
after symptom onset. At infusion, he received prednisone,
but nonetheless developed an adverse CNS inflammatory
response and elevation of liver enzymes ~5 weeks after the
infusion; over the ensuing 15-20 weeks, these responded
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to increased and then tapering doses of prednisone. His
ALSFRS-R score, which initially was 42, fell to 38 at
6 months after treatment. Weakness of his left arm and
leg, which heralded disease onset, continued to progress,
but other functions, such as right knee extension, showed
improvement. At 14 months after the treatment, he recov-
ered minimal finger flexion and extension in the left hand.
Unfortunately, his respiratory function (gauged by his vital
capacity) declined relentlessly, and he died of respiratory
arrest 15.6 months after treatment. At autopsy, spinal cord
SODI1 protein levels were reduced by ~90% as compared
to both healthy controls and untreated individuals with the
same mutation. Strikingly, there was notable preservation
of motor neurons in the right lumbosacral spinal cord.
Because of the inflammatory response in the first case, the
second individual in this study, a 56-year-old man with
the SOD1P1ADIIA mutation, received immunosuppression
therapy. Prednisone, intermittent rituximab, and sirolimus
were administered for 6 months beginning at the time of
infusion. On this regimen, this person did not develop an
inflammatory response. His disease course was generally
stable, although his ALSFRS-R score reduced from 28 to
24 throughout the 90-week period reported [127]. Further
studies of this approach will be undertaken by ApicBio,
which is planning a phase I/II clinical to begin in late 2022
[138].

Another interesting approach to silence SODI used an
AAVrh10 that expressed an exon-2-targeting antisense
sequence to skip exon 2 to generate a premature stop codon.
This strategy combines the properties of ASO and AAV vec-
tors, preventing the need for re-administration. Combined
intracerebroventricular and intravenous treatment increased
the survival of SODI9%*4 mice injected either at birth or
at P50 by 121 and 63 days, respectively. It also prevented
weight loss and the decline of neuromuscular function for
both neonatally and adult injected mice [130].

Various groups have developed CRISPR/Cas9 strate-
gies delivered by AAV to disrupt SODI expression. Intra-
venous injections of AAV9 expressing Staphylococcus
aureus (Sa) Cas9 and a gRNA targeting SODI in neonatal
SOD1%%** mice extended survival by 30 days and signifi-
cantly improved motor function [132]. Another study using
a similar approach found 71 days increased survival after
treating neonatal SOD1%%** mice with intracerebroventricu-
lar (ICV) injections [131]. Since both groups used the same
serotype, dose, and SaCas9, the difference in survival could
be explained by the use of a different administration route
or the effectiveness of the gRNAs used. Another approach
to suppress SODI protein levels was published by the Gaj
group in 2020 [139], which used cytosine base editors. Cyto-
sine base editors convert C—G to T—A in the DNA using the
CRISPR system without making double-stranded breaks,
thereby eliminating the likelihood of insertions, deletions,
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DNA translocations, and DSB-induced toxicity. Base editors
can be used to correct disease-causing mutations but in this
study were used to generate nonsense mutations in SOD].
Because of the limited packaging capabilities of AAV and
the large size of Streptococcus pyogenes (Sp) Cas9, the Gaj
group developed a resourceful split-intein system which
used two AAVY vectors expressing the two halves of a
SpCas9-based cytosine base editor fused to intein fragments
that are reassembled in vivo via trans-splicing. SOD9%34
mice were treated intrathecally with the AAV9 base editor.
Deep sequencing of the spinal cord showed that only 1.2%
of reads showed the correct C > T edit. High percentages of
bystander editing, editing of non-target bases, were found
in treated HEK293T cells. Despite the low correct editing
efficiency, treatment in adult SOD19** mice resulted in a
40% reduction in SODI1 inclusions, a 12-day extension of
survival, and improvement of neuromuscular function [139].

While the above strategies targeted DNA and RNA, AAV
can also be utilized to deliver a DNA construct encoding
an antibody against SOD1 protein. Intrathecal delivery of
AAV2/1 expressing a monoclonal antibody targeting specif-
ically misfolded SOD1 to P45 SOD1%%* mice resulted in a
survival increase of 16 days. Misfolded spinal SOD1 as well
as neuronal stress and gliosis were reduced [134]. Another
study treated neonatal and P120 SOD1%”*A mice with an
intravenous injection of an AAV9 expressing an antibody
also targeting misfolded SOD1 and found an extension of
survival of 27 days for neonatally treated mice and 14 days
for P120 treated mice [136]. Of all strategies discussed in
this paragraph, only these two studies that used antibod-
ies to target misfolded SODI1, specifically targeted patho-
logical SODI1. The other studies utilizing shRNA, miRNA,
CRISPR, and ASO delivered by AAV did not distinguish
between mutant and wild-type SODI in their in vivo studies,
although some studies demonstrated in vitro the possibility
of specifically targeting mutant SOD1. To provide a more
universal therapy for SOD1 patients, the in vivo studies
mostly targeted SOD1 regions in which no mutations had
been described. This could, however, come with a cost, as
SOD1 LOF plays a modifying role in ALS [27, 28].

TDP-43

As mentioned earlier, silencing all TDP-43 may be problem-
atic because of its many cellular functions [36]. One strategy
for lowering TDP-43 was published in 2019 [140], which did
not show overt toxicity in vivo. A single-chain antibody tar-
geting an aggregation-prone region of TDP-43 was delivered
by an AAV9 vector and tested in symptomatic TDP-433#¢
mice. These mice demonstrate cytoplasmic accumulation
of TDP-43 and memory impairment. Treatment reduced
TDP-43 proteinopathy, microgliosis, motor defects, and
cognitive impairment. In addition to reducing cytoplasmic

insoluble TDP-43, the antibody also significantly reduced
nuclear TDP-43, which has many critical cellular functions
[36]. Nonetheless, the authors noted that the mice remained
healthy after treatment; further, treatment in HEK293T cells
did not affect cell survival [140].

C90RF72

UniQure published two studies in 2019 [141, 142] in which
they used amiRNAs targeting C9ORF72 that were delivered
by AAVS. They first used a bidirectional targeting approach
in vitro, by expressing two concatenated microRNA hairpins
targeting both sense and antisense C9ORF72. Such a bidi-
rectional approach is in theory advantageous for a C9ORF72
treatment, as RNA foci and toxic polydipeptides are formed
by both the sense and the antisense strands. Surprisingly,
the two concatenated amiRNAs did not perform better than
single amiRNAs in HEK293T cells [141]. In a subsequent
study, the UniQure team treated iPSC-derived frontal neu-
rons harboring the offending C9ORF72 hexanucleotide
expansion with two types of amiRNAs: (1) amiRNAs that
target all C9ORF72 transcripts and (2) amiRNAs target-
ing intron 1 just before the HRE. Both types of amiRNAs
reduced intronic C9ORF72 by ~30%, but overall C9ORF72
levels were only spared in intron-1 targeting amiRNA-
treated cells. They next treated C9ORF72 mutant BAC trans-
genic mice with amiRNAs targeting all C9ORF72 transcript
variants and demonstrated significant silencing of repeat-
containing C9ORF72 and total C9ORF72 transcripts, and
a significant reduction of RNA foci after treatment [142].
An alternative way to treat the toxic GOF pathology of
CI90RF72, RNA foci, and toxic polydipeptides is to target the
double-stranded RNA-dependent protein kinase (PKR) path-
way, instead of directly targeting COORF72. The PKR path-
way can phosphorylate the translation initiation factor eIF2
on its o subunit (eIF2a), which impairs translational initiation
of most proteins while provoking the translation of a selec-
tive set of mRNAs [143]. C9ORF72 RAN-positive repeat
expansion RNAs can activate the PKR pathway, and inhibi-
tion of PKR can decrease in turn RAN protein levels. ICV
treatment of neonatal C9-500 mice with a dominant-negative
AAV2/9-PKR-K296R resulted in a 50% and 60% reduction
of poly-GA and poly-GP, respectively [144], making this an
intriguing gene therapy alternative for COORF72-ALS.

AAV-Mediated Gene Correction

C90RF72

Unlike most ALS genes that can have many different disease-
causing mutations, only the HRE in C9ORF72 has been

documented to cause pathology. This makes the C9ORF72
gene a strong candidate for gene correction. We developed
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an AAV9-mediated CRISPR/Cas9 gene-editing approach
to remove the GGGGCC, HRE using gRNAs targeting
sequences flanking the HRE.

This gene-editing approach was tested in vivo in three
different C9-BAC transgenic mouse models by striatal injec-
tions and show that HRE excision resulted in a strong reduc-
tion of COORF72-related GOF pathology. Due to the large
size of SpCas9 and the small packaging capability of AAV,
adult mice received striatal injections with both an AAV9
expressing the Cas9 and an AAV9 expressing the gRNAs.
Staining for both vectors demonstrated that > 50% of cells in
the striatum were transduced with both. There was a~50%
reduction of poly-GP and poly-GR and a>50% reduction
of RNA foci, but no effect on overall C90ORF72 mRNA and
protein levels after in vivo treatment. In C9-ALS patient,
iPSCs generated an isogenic cell line, in which the HRE was
edited out of the expanded allele in all cells. This resulted
in a complete obliteration of poly-GP and a significant 50%
increase of C9ORF72 mRNA and protein levels. One of the
drawbacks of using CRISPR/Cas9 is the potential for inser-
tions and deletions at the editing site. In this study, this risk
is blunted by targeting the intron, wherein insertions and
deletions are not likely to change amino acid composition
of the C9ORF72 protein or change transcription levels. A
similar approach was recently published in which C9-BAC
transgenic mice expressing Cas9 were treated with AAV1/2
gRNAs targeting the flanking regions of the HRE, which
resulted in a reduction of RNA foci [145].

AAV-Mediated Gene Delivery

Although few of the major ALS-causing mutations arise from
loss of function of the mutated ALS genes, AAV-mediated
gene delivery holds potential for the ALS field. The vast
majority of ALS cases are sporadic, in whom the exact
pathological mechanisms underlying motor neuron death
are not well understood. One strategy to treat both familial
and sporadic ALS is to activate neuroprotection mechanisms
through AAV-mediated delivery of neurotrophic factors and
neuromuscular junction modulators. Neurotrophic factors
regulate several physiological processes, such as neuronal
differentiation and survival, neurogenesis, synapse mainte-
nance, and axonal outgrowth [146], which makes them a
promising strategy to treat ALS. Despite encouraging results
in preclinical models, many different neurotrophic factors
and other growth factors have been tested in clinical tri-
als without success. Reasons for their failure are numerous.
Some neurotrophic factors could not penetrate the BBB;
some have a short half-life, some did not achieve therapeu-
tic target tissue levels, and tissue levels were variable over
time [146, 147]. AAV-mediated delivery of neurotrophic and
growth factors have the potential to address those issues.
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Treatment with an AAV expressing insulin-like growth
factor 1 (IGF1) in early symptomatic SOD1%°** mice using
different serotypes (AAV1, 2, 4, 9) and diverse adminis-
tration routes (deep cerebellar nuclei, ICV, intramuscular,
intravenous injections) resulted in comparable outcomes in
different studies. Survival in treated mice (predominantly
the SOD1%%*A transgenic mice) in many studies was mod-
estly increased (9—15 days) with improved muscle strength
[148-151]. Expression of IGF1 also resulted in a strong
decrease of astroglial and microglial responses and res-
cue of motor neurons in the spinal cord of SOD%* mice
[148, 150, 151]. One of the studies compared ICV treat-
ment of SOD1%%* mice with an AAV4 expressing IGF1
and an AAV4 expressing vascular endothelial growth fac-
tor (VEGF) and found a slightly improved survival (12 vs.
20 days). When given in combination, no additional benefit
was observed, suggesting that IGF1 and VEGF likely acti-
vate a common signaling pathway that is therapeutically
beneficial [149]. Early studies of AAV-mediated glial-
derived neurotrophic factor (GDNF) delivery showed prom-
ise, extending the lifespan of SOD1%%*A mice by 17 days
after four-limb intramuscular delivery [152]. A more recent
study used a systemic approach in which SOD19%** rats
were treated with AAV9-GDNF intravenous injections. This
report documented that upregulation of GDNF outside the
muscular system caused adverse effects, such a decrease in
working memory, activity levels, and weight. While treat-
ment had no effect on survival, the rats demonstrated modest
improvement in strength and a delay of forelimb paralysis
[153]. A study in 2021 used intravenous injections to over-
express GDNF with muscle-specific promoter [154], delay-
ing progression of disease, preserving motor function, and
reducing glial activity without prolonging survival. This
strategy prevented the previously noted adverse cognitive
effects [153]. AAV-mediated delivery of other neurotrophic
factors and growth factors, such as granulocyte-colony stim-
ulating factor and hepatocyte growth factor, produced mod-
erately beneficial effects on survival with some improvement
in motor function [155-157].

Macrophage migration inhibitory factor (MIF) has proven
to inhibit mutant SOD1 misfolding specifically. Intraspinal
injection of AAV2/9 in neonatal SOD1%%*A mice resulted in
a>50% reduction of misfolded SOD1 in the spinal cord and
an increase of survival of 30 days [158]. Another intrigu-
ing strategy to treat SOD1-ALS was published by Tung and
colleagues who investigated endogenous motor neuron-
enriched miRNAs and found that miR-17 ~92 is essential
for embryonic distal limb-innervating motor neuron sur-
vival. Furthermore, miR-17 ~92 was strongly decreased
in patient iPSCs and SOD1%** mice. Intrathecal injection
of AAV9-mirl7 ~92 into presymptomatic adult SOD 5%
mice yielded a 23-day survival increase [159]. It must be
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said that these varied interventions have been tested almost
exclusively in SOD1 animal models; their relevance has
yet to be demonstrated in other ALS models; ultimately, it
is hoped that they will be therapeutic in both familial and
sporadic ALS patients. The authors also argue that this
treatment might hold potential for other types of ALS, as
impaired mirl7 ~ 92 production could be a general phenom-
enon in familial ALS [159].

AAV-Mediated Gene Expression Activation
Suppressor tRNA Platform

As mentioned above, there are various ALS-causing and
ALS disease-modifying genes that demonstrate LOF pathol-
ogy when mutated [101]. About 11% of human pathogenic
mutations are nonsense mutations [160], which are single
nucleotide mutations that convert a sense codon to one of
three stop codons (e.g., TAG, TGA, or TAA) in mRNA,
resulting in incorrect termination of translation and genera-
tion of non-functional, truncated proteins. To read through
premature termination codons to increase expression, a
suppressor transfer RNA (tRNA) can be used. Suppressor
tRNASs are derived from natural tRNAs, but have the antico-
don modified to base pair with one of the three stop codons
in the mRNA and to aminoacylate. This continues transla-
tion elongation through the premature termination codon
and rescues full-length protein expression [161]. Suppres-
sor tRNAs are limited in size and so can be delivered and
expressed through AAV. A recent study on the lysosomal
storage disease mucopolysaccharidosis typel showed suc-
cessful gene restoration in vitro and in vivo in the Idua gene
after AAV-mediated delivery of suppressor tRNA. Intrave-
nous injections resulted in gene activity restoration to a level
of 27% in WT mice, which almost completely normalized
lysosome abundance in the liver [162].

There are several advantages to AAV-mediated suppres-
sor tRNA delivery over AAV-mediated gene delivery. It
avoids issues of cDNA cargo size constraints on packag-
ing cargo in AAV. Furthermore, in contrast to gene replace-
ment therapy, suppressor tRNAs only induce expression in
cells that normally express the gene. Moreover, suppres-
sor tRNAs operate on endogenous transcripts and there-
fore restore mRNA and protein levels under physiological
expression regulation. This avoids toxicity related to “Goldi-
locks genes” in which both the absence and overexpression
are detrimental to the cell, such as with TDP-43, for which
research indicates a role in LOF pathology [36], while over-
expression of WT TDP-43 causes toxicity [37, 38].

Tethered mRNA Amplifier

Another strategy is to increase mRNA expression at the
post-transcriptional level by mimicking an mRNA poly(A)
tail using a tethered mRNA amplifier. Poly(A) tails pro-
mote the process of translation through PABPC proteins
(poly(A)-binding protein, cytoplasmic) that bind to the tail.
A recent study found an increase of MeCP2 mRNA expres-
sion by tethering a known translational stimulator, PABPC1,
to the 3'UTR of MeCP2. PABPCI was fused to the RNA
binding protein dCAS13b complex with a gRNA targeting
the 3'UTR. In vitro MeCP2 protein levels were increased
1.5-fold after treatment. Up to twofold increase of protein
expression was achieved for other genes associated with hap-
loinsufficiency disorders. The authors minimized the mRNA
amplifier to a size that is suitable for AAV for future in vivo
delivery [163]. This strategy can be used for haploinsuf-
ficiency diseases in which one allele is unaffected by muta-
tions, such as TBK1-ALS [164]. Like the suppressor tRNA
platform, this strategy is potentially useful for enhancing the
expression of large genes that cannot be packaged by AAV
because of size constraints.

Challenges
Therapeutic Window

Several animal studies have concluded that early treatment
correlates with functional benefit, a point that is likely to
be central to the design of ALS gene therapies (Table 2).
Various parameters merit consideration when determin-
ing the therapeutic window for ALS treatment. First, not
all affected cell types and tissues have the same window.
Post-mitotic motor neurons cannot be replaced after degen-
eration and, moreover, have limited capacity to regener-
ate; this dictates that treatment should ideally start before
degeneration becomes irreversible. By contrast, non-neu-
ronal cells in the CNS, which clearly impact the course of
ALS (e.g., astrocytes, microglia, oligodendrocytes [165]),
are not post-mitotic and so do have the ability to repopu-
late. Arguably, the window for therapeutic intervention in
these non-neuronal cells may extend to later in the disease
course than that for motor neurons. Second, the causes of
ALS are highly heterogenous, as underscored by the diver-
sity of ALS-causing mutant genes. Diverse ALS genes dif-
fer in their proximal pathological mechanisms; this is prob-
ably also true for different mutations in the same gene. One
indicator of heterogeneity of mechanism is the variability in
ages of onset and rates of disease progression. For example,
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Table 2 Gene therapies for ALS in human studies

ALS mutation Treatment Route Phase Status Trial number Reference
SOD1 ISIS 333611 ASO against Intrathecal 1 Completed Discontinued NCT01041222 [74]
SOD1
SODI1 Tofersen ASO against Intrathecal I/II Completed NCT02623699 [76]
(BIIB067) SOD1
SODI Tofersen ASO against Intrathecal III Completed NCT02623699 [77, 78]
(BIIB067) SOD1
SODI Tofersen ASO against Intrathecal 1III Recruiting NCT04856982 [79]
(BIIB067) SOD1
C90ORF72 IONIS-C9g, ASO against Intrathecal 1 Completed Discontinued NCT03626012 [89]
(BIIBO78) CY90ORF72
C90ORF72 WVE-004 ASO against Intrathecal Ib/Ila Recruiting NCT04931862 [180]
CY90ORF72
C90ORF72 Afinersen ASO against Intrathecal Expanded access [88]
C9ORF72
FUS ION363 (Jaci- ASO against FUS Intrathecal Expanded access [91,92]
fusen)
FUS ION363 (Jaci- ASO against FUS Intrathecal 1II Recruiting NCT04768972 [93]
fusen)
ATXN?2 BIIB105 ASO against Intrathecal 1 Recruiting NCT04494256 [96]
ATXN2
SOD1 AAVRh10.miR- AAV-miR against Intrathecal Expanded access [127]
SOD1 (APB- SOD1
102)

ALS-causing FUS mutations are often more clinically severe
than mutations in other ALS genes. Although the peak age
of onset of ALS overall is 58—63 years and for familial ALS
patients 47-52 years [166], the mean of age of onset for FUS
patient is decades earlier at 21 years [167]. Moreover, the
cases of FUSP?L frequently show onset in childhood. The
survival in SOD1-mediated ALS can vary dramatically with
the specific mutation. At one extreme, the mean survival for
SOD14%V is rarely more than 1 year, while survival of ALS
cases in northern Sweden with the SOD1P?!AP91A genotype
can be more than a decade [168]. A perplexing unknown in
the field is the age at which the preclinical biological pathol-
ogy begins. Because the offending mutations are present at
conception, preclinical biological dysfunction could theoret-
ically precede clinical manifestations by decades, raising the
possibility that the optimal time to treat asymptomic gene
carriers is prior to, or just at, disease onset. Confounding
the matter is that in both USA and western Europe, the typi-
cal time from symptom onset to diagnosis is 10-16 months
[169], a delay that significantly reduces the therapeutic
window. This is of high consequence for ALS clinical trial
design. It is impossible to know if a treatment such as gene
therapy fails because it does not rescue biological function
or because it is administered too late in the disease course.

@ Springer

Dosing: Blood-Brain Barrier and Repeated
Administration

Several ASOs targeting ALS genes are currently in clinical
trials, and some preliminary findings are promising. How-
ever, there are challenges associated with the use of ASOs
for ALS or other neurodegenerative disorders. ASOs do not
typically cross the BBB and thus must be directly infused
into the CNS. This is potentially a problem when one must
also consider the role of peripheral cells and tissues in ALS,
such as skeletal muscle [170]. The ASOs in human trials
described in this review all employed intrathecal delivery.
Intrathecal injections not uncommonly trigger adverse
findings such as post-lumbar puncture headaches due to
persistent CSF leakage from the puncture site. Another
hurdle is that ASOs require repeated administration. This
requirement for regular treatments, combined with the
challenges of intrathecal delivery, adds additional strain on
already physically vulnerable ALS patients. Clearly, opti-
mization of delivery systems and routes of administration
will strengthen the therapeutic potential of ASOs. Various
promising carriers and modifications, such as lipid nano-
particles [171] and cell-penetrating peptides [172], could
address this.
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Immunoreactivity to AAV and ASOs

A potential advantage of AAV-mediated gene modulation
(silencing, editing, augmentation) is that the year-long episo-
mal persistence of AAV, and the corresponding continuous
expression of therapeutic cargoes, should eliminate the need
for recurrent dosing. For this reason, as noted above, AAV
therapy has been piloted in ALS, using intrathecal delivery.
A recently reported study of gene augmentation therapy in
Tay-Sachs disease combined intrathecal and intraparenchy-
mal delivery [173]. Three substantial benefits of intrathe-
cal administration are by-passing the blood—brain barrier,
avoiding exposure to the peripheral immune system and
using markedly lower doses than are required in attempted
peripheral AAV delivery. However, while AAV is generally
considered safe, clinically significant immune responses to
AAV therapies have been observed in animals and in human
studies, as in the first AAVRh10.miR-SOD1-treated patient
described above [127]. The main components that trig-
ger immune responses are the capsid, vector genome, and
transgene. Furthermore, pre-existing neutralizing antibodies
may reduce AAV vector delivery efficiency, making some
serotypes unsuitable for certain patients [174]. Additionally,
AAV-infected cells can be targeted by cytotoxic T lympho-
cytes, leading to transgene loss and cell death [174]. In stud-
ies in pigs, neuroinflammatory toxicity targeting the dorsal
root ganglia has initiated severe neuronal cell body loss and
immune cell infiltrates after intrathecal AAV delivery [175].
Fortunately, these points notwithstanding, it is encouraging
that pilot studies suggest immunoreactivity can be attenuated
and avoided with appropriate immunotherapy [127, 173].

By contrast with early AAV experience, initial studies with
ASOs are, in general, not associated with strongly adverse
immunologic responses. The FDA-approved ASO therapies
have not stimulated major immune toxicity. That said, a note
of caution is that there are infrequent references to meningo-
radiculitis after intrathecal ASO treatments (e.g., [76]).

The issue of immunoreactivity to AAV arises in the con-
text of CRISPR/Cas9 therapy, which has been associated with
immune responses triggered by long-term expression of a bac-
terial protein (Cas9) [176]. Other important cautionary issues
in AAV-mediated CRISPR/Cas9 therapy include increased
genomic instability, off-target editing due to the sustained activ-
ity of an active nuclease [177], and high rates of AAV integra-
tion at the double-stranded break site [115]. These concerns have
underscored the view that other delivery strategies are more
appropriate for DNA editing, such as the delivery of Cas9 and
gRNA ribonucleoprotein or mRNA by lipid nanoparticles [178].

Conclusions and Future Approaches

Therapies that suppress gene expression are emerging as
a powerful therapeutic approach to treat many diseases,
including ALS. Currently, six gene modulation therapies
for ALS are in human trials: one ASO and one AAV tar-
geting SOD1, one ASO targeting FUS, 2 ASOs targeting
CI90RF72, and one ASO targeting ATXN2. The pilot
studies of AAV therapy for SOD1 and ASO therapies
for C9orf72 and FUS offer compelling evidence that the
offending, dominantly acting genes have been suppressed,
as reviewed above. On the other hand, while some promis-
ing clinical responses have emerged, most of the treated
cases have succumbed to the disease. One can speculate
at length about this, but two points are salient. First, in
every case, the disease was well underway at the time
of treatment, raising the possibility that the above-noted
therapeutic window had closed. And second, in each case,
both the mutant and the wild-type non-mutant alleles were
suppressed. To the extent that the normal allele may con-
fer some neuroprotective benefit, it may be desirable in
the future to target the mutant allele selectively. Ideally,
gene suppression therapies that target the mutated genes
specifically, and thereby blunt acquired, gain-of-function
pathologies, will not exacerbate potential loss of function
consequences of the mutation. Selective allele suppression
has been extremely challenging in preclinical studies. This
has suggested that another approach will be to address both
GOF and LOF pathologies by using an AAV dual-function
vector in which a microRNA that suppresses both copies of
the gene (mutant and wild type) is administered simultane-
ously with a copy of the same gene modified to be resist-
ant to the microRNA; the latter is intended to replace the
function of the suppressed gene. In preclinical proof-of-
concept studies, this approach looks promising in therapy
of alpha-1 anti-trypsin disease [179].

Immense progress has been made in the field of gene ther-
apy and modulation of gene function over the past decade.
Virtually all of the major new technologies have potential
application to the treatment of ALS. These technologies,
and early pilot studies in ALS, instill hope that gene therapy,
either alone or in combination with other more conventional
therapies targeting various pathological mechanisms in ALS,
will significantly slow ALS disease progression. There is lit-
tle doubt that continued study of gene modulation methods,
vehicles, and strategies, and improved understanding of the
associated therapeutic challenges and limitations, will build
the foundation for clinical success.
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