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Abstract

Antisense oligonucleotides represent a novel therapeutic platform for the discovery of medicines
that have the potential to treat most neurodegenerative diseases. Antisense drugs are currently in
development for the treatment of amyotrophic lateral sclerosis, Huntington’s disease, and
Alzheimer’s disease, and multiple research programs are underway for additional
neurodegenerative diseases. One antisense drug, nusinersen, has been approved for the treatment
of spinal muscular atrophy. Importantly, nusinersen improves disease symptoms when
administered to symptomatic patients rather than just slowing the progression of the disease. In
addition to the benefit to spinal muscular atrophy patients, there are discoveries from nusinersen
that can be applied to other neurological diseases, including method of delivery, doses, tolerability
of intrathecally delivered antisense drugs, and the biodistribution of intrathecal dosed antisense
drugs. Based in part on the early success of nusinersen, antisense drugs hold great promise as a
therapeutic platform for the treatment of neurological diseases.
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INTRODUCTION

The genetic basis for most of the common inherited neurodegenerative diseases was
determined over the past 25 years, and subsequently, a wealth of information on the
biochemical, molecular, and neural pathways impacted by these genetic changes has been
uncovered. In addition to inherited neurodegenerative diseases, there has been enormous
progress in our understanding of the mechanisms of pathology in sporadic
neurodegenerative diseases such as Alzheimer’s disease. Although there are several
promising therapies currently in clinical trials, except for spinal muscular atrophy (SMA),
there are no available treatments that significantly modify the course of these diseases. As it
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is estimated that Alzheimer’s and other neurodegenerative diseases will consume a large part
of our health care dollars, it is imperative that more effective therapies be identified.

A key challenge presented by these discoveries from a drug-discovery perspective is that
most identified genes are not readily targeted with current small-molecule therapeutics. For
example, the genetic change identified in Huntington’s disease (HD) is a polyglutamine
expansion in the amino terminus of the huntingtin protein that is thought to result in a
dominant gain of function (MacDonald et al. 1993, Munoz-Sanjuan & Bates 2011).
Huntingtin is a large (>300 kDa) protein that lacks a characterized enzymatic function and,
as such, has not been amenable to direct targeting with small-molecule drugs. Although
antibody-based (Yu & Watts 2013) and conformation-correcting (Eisele et al. 2015)
therapeutics are being developed to enhance the removal or spread of protein species that are
implicated in causing some instances of neurodegenerative disease, candidate genes for
other dominantly inherited neurodegenerative disease are not obvious targets for small-
molecule or antibody drugs. Similarly, studies into the mechanisms of recessively inherited
genes have yielded a limited number of candidate proteins for developing conventional
small-molecule-based drugs.

RNA represents a unique target for developing therapeutics. There are several advantages in
using RNA as a therapeutic target such as broad applicability to most RNAs in the cell,
including noncoding RNAs, direct translation of genetic discoveries to drug discovery
programs, and the speed and efficiency of the drug-discovery process. Although there has
been some encouraging progress in the identification of small-molecule drugs that modulate
RNA function (Naryshkin et al. 2014, Palacino et al. 2015), antisense oligonucleotides
(ASOs) offer a more direct approach. The first concerted studies to evaluate antisense drugs
as possible therapeutics for neurodegenerative diseases began approximately 15 years ago.
The initial focus was on inherited neurodegenerative diseases with a clearly defined
therapeutic target. Given the unknowns about the distribution of ASOs in the central nervous
system (CNS), these studies focused on diseases that primarily produced pathology in more
accessible tissue from the cerebral spinal fluid (CSF) (e.g., spinal cord) (Cartegni & Krainer
2003, Hua et al. 2007, Smith et al. 2006). Once proof of concept was established, the goal
was to expand first to inherited diseases that produced pathology in the brain and then to
sporadic diseases with more target risk. The strategy has been successful, producing one
approved drug, six drugs in clinical development, and numerous drug discovery programs. In
this review, we highlight some of the more advanced programs as examples of the potential
of antisense technology for treating neurodegenerative and neurological diseases.

Antisense Therapeutics

ASOs are synthetic oligonucleotide or oligonucleotide analogs usually between 12 and 30
nucleotides in length that are designed to bind to RNA by Watson-Crick base pairing. ASOs
can be designed to bind to protein coding RNAs (messenger RNASs) as well as noncoding
RNAs such as microRNAs or large noncoding RNAs. After binding to the targeted RNA, the
antisense drug can modulate the function of the targeted RNA by several different
mechanisms (Bennett & Swayze 2010, Crooke et al. 2018). The molecular mechanisms
through which an ASO modulates RNA function are dependent on the chemical
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modifications, the position the modifications are incorporated into the oligonucleotide, and
where on the target RNA the oligonucleotide binds. A detailed discussion of different
antisense mechanisms and chemical modifications can be found in several recent reviews
(Bennett et al. 2017, Bennett & Swayze 2010, Crooke 2017, Crooke et al. 2018). Briefly,
ASOs generally incorporate sugar modifications to enhance binding affinity to the target
RNA, increase metabolic stability, and decrease adverse effects and phosphate
modifications; which enhance metabolic stability and increase protein binding to enhance
tissue distribution and cellular uptake (Figure 1). The morpholino modification increases
metabolic stability but decreases protein binding (Bennett et al. 2017). The most widely used
modifications for CNS applications are oligonucleotides containing both phosphorothioate-
and 2”-O-methoxyethyl (MOE)- modifications, either as uniform 2’-MOE modified for
splicing applications or as chimeric 2’-MOE/DNA modifications (gapmer), for the RNase H
mechanism (Figure 1).

There are multiple mechanisms by which ASOs can interfere with RNA function (Figure 2).
ASOs can be designed to promote degradation of the bound RNA by endogenous nucleases
such as RNase H1 or, alternatively, argonaute 2 (Ago2), which is the active enzyme in the
RNA-induced silencing complex (RISC). Oligonucleotides that work through RNase H1
generally have between 8 and 10 consecutive DNA nucleotides to support binding and
cleavage by RNase H1 (Figure 1), while ASOs that work through Ago2 are generally
delivered to the cell as double-stranded RNA or modified RNA oligonucleotides (Figure 1).
Once in the cell, the double-stranded molecule interacts with RISC, followed by the
selective binding of one strand to Ago2 to form a ribonuclear protein complex (Meister &
Tuschl 2004). ASOs can also be designed to modulate the processing of the RNA molecule,
such as by modulating RNA splicing (Kole et al. 2012) or polyadenylation site selection
(Vickers et al. 2001) or by nonsense-mediated mRNA decay (Nomakuchi et al. 2016).
Alternatively, ASOs can be designed to disrupt RNA structures that inhibit translation, block
upstream AUG codons (upstream open reading frames or uORFs), or bind to microRNAS so
as to block their interaction with messenger RNA (mRNA), all of which can increase protein
translation (Esau et al. 2006; Liang et al. 2016, 2017). Each of these antisense mechanisms
has been documented to work in cell culture, and most have been documented to occur in
animals. The choice of which method to exploit depends on the specific molecular changes
desired.

ASO Distribution and Pharmacokinetics in the Central Nervous System

Chemical modifications have a major impact on the pharmacokinetic properties of ASO
drugs (Geary et al. 2015). Single-stranded phosphorothioate-modified
oligodeoxynucleotides (ODNs) as well as phosphorothioate-modified chimeric DNA/2’-
sugar oligonucleotides (Figure 1) distribute broadly when administered systemically, with
the highest concentrations found in kidney, liver, spleen, and lymphatic tissues (Geary et al.
2001, 2015). As mentioned above, morpholino-modified ASOs have limited protein binding
and are rapidly cleared in the urine. The same is true for double-stranded ASOs, unless they
are conjugated to specific targeting ligands or formulated in nanoparticulate formulations
(Geary et al. 2015). Although there are reports of phosphorothioate modified ODNs crossing
the blood-brain barrier (BBB) (Banks et al. 2001), in our experience, the amount that crosses
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an intact BBB is not sufficient for pharmacological activity. Injection of single-stranded
phosphorothioate-modified and 2"-MOE-modified ASOs into the CSF results in rapid
distribution throughout the spinal cord and into most regions of the brain (Butler et al. 2000,
Finkel et al. 2016, Kordasiewicz et al. 2012, Passini et al. 2011, Rigo et al. 2014, Smith et al.
2006). Approximately 80% or more of an intrathecal injected dose appears in systemic
circulation, peaking 4-6 h after injection (Finkel et al. 2016, Rigo et al. 2014), which is
consistent with clearance out of the CSF by normal CSF turnover pathways. The remaining
20% of the injected dose remains in brain tissue. The tissue half-life for 2’-MOE-modified
oligonucleotides ranges from 3 weeks to 6 months in CNS tissues of mice and nonhuman
primates. Depending on the chemistry and chemical design, the effects of single-stranded
phosphorothioate ASOs on gene expression can last from 6 weeks to more than 6 months
following a single injection, supporting infrequent administration of the antisense drug (Hua
et al. 2010, Kordasiewicz et al. 2012, Rigo et al. 2014).

Following intrathecal administration, the highest drug concentrations are found in the
lumbar spinal cord (near the site of injection), with slightly lower concentrations found in
other regions of the spinal cord and cortical regions of the brain (DeVos et al. 2017, Finkel et
al. 2016, McCampbell et al. 2018, Rigo et al. 2014). In the brain there is a concentration
gradient, with the highest drug concentrations found in the cortex, hippocampus, and
Purkinje cells of the cerebellum, and the lowest drug concentrations are found in deeper
brain structures such as the striatum and in the granular layer of the cerebellum. The
distribution is similar following intracerebral ventricle administration, although higher drug
concentrations are found in the tissue surrounding the ventricle. Similar distribution patterns
have been observed in mice, rats, cynomolgus and Rhesus monkeys, dogs, pigs, and human
subjects.

NEURODEGENERATIVE DISEASES

As discussed above, there is an urgent need to identify more effective therapies for
neurological diseases, including neurodegenerative diseases. Based on the experience with
nusinersen, antisense technology has the potential to create transformative medicines for the
treatment of a variety of neurodegenerative diseases. This section briefly reviews nusinersen
and several ASO drugs currently in clinical trials.

Spinal Muscular Atrophy

SMA is a rare autosomal recessive neuromuscular disease caused by deletions or point
mutations in the telomeric Survival Motor Neuron 1 (SMNJI) gene (Figure 3) (Lefebvre et al.
1995, Sugarman et al. 2012, Sumner 2007). The disease presents as a spectrum of
phenotypes, with the most severe form, type | SMA, resulting in mortality shortly after birth.
Children with type | SMA present with generalized muscle weakness and hypotonia in the
first few months of life. These children are never able to sit unaided and usually die by 2
years of age without nutritional and respiratory support (Cobben et al. 2008, Finkel et al.
2014b, Rudnik-Schoneborn et al. 2009). Type 1l SMA children are able to sit or stand
unaided but unable to walk unaided, with survival expected into adulthood (Kaufmann et al.
2011, 2012; Oskoui & Kaufmann 2008). Type 1l SMA patients are able to sit and walk
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unaided and have a normal life span. However, as they age, type Il patients gradually lose
muscle function and become dependent on wheelchairs. Type IV or adult-onset SMA
patients have a normal life expectancy but develop weakness over time due to a loss of
muscle function.

The chromosomal region where the SMNI gene lies, 5913, underwent a duplication during
primate evolution, resulting in a nearly identical SMNZ2 gene located centromeric to the
SMN gene (Figure 3) (Rochette et al. 2001). The SMNZ2 gene differs from SMN1 by 5-13
nucleotides (Lefebvre et al. 1995, Lorson et al. 1999, Monani et al. 1999). The most
important difference between SMNI and SMNZ2is a C to T transition in exon 7, which
inactivates a splicing enhancer and simultaneously introduces a splicing silencer, resulting in
the skipping of exon 7 in most SMNZ2transcripts (Cartegni & Krainer 2002, Cartegni et al.
2006, Kashima & Manley 2003, Kashima et al. 2007, Lorson et al. 1999). Because the
SMN1and SMNZgenes lie in an unstable chromosomal region, there is variation in the
number of copies of both genes in the human population, including individuals with more
than two copies of SMN2without any known deleterious effect. Patients with type 1 SMA
typically have two SMNZ2 gene copies, those with type 2 SMA have three SMNZ2 gene
copies, and patients with type 3 SMA have three to four SMN.2 gene copies. These
observations support the idea that SMNZ2 copy number is a robust disease modifier (Prior et
al. 2009; Rudnik-Schoneborn et al. 2009; Wirth et al. 1999, 2006).

Nusinersen (Spinraza) is an antisense drug designed to increase the expression of SMN
protein by modulating splicing of the SMNZ2 precursor messenger RNA (premRNA) to make
a full-length mature messenger RNA (mRNA) from the SMNZ2 premRNA. Nusinersen was
identified following an extensive screen of uniform 2”-MOE-modified ASOs. Several sites
within exon 7, intron 6, and intron 7 enhanced exon 7 inclusion when targeted with ASOs
(Hua et al. 2007, 2008, 2012). The most effective ASO target site was within intron 7,
approximately 10 nucleotides downstream of the 5”-splice site (Hua et al. 2008). The same
regulatory region was also independently identified by another laboratory and termed 1SS-
N1, for intronic splicing silencer N1 (Singh et al. 2006). Nusinersen produced dose-
dependent ASMNZ2exon 7 inclusion in peripheral tissues in transgenic mice expressing the
human SMNZ gene when administered systemically and in CNS tissues when administered
directly into CSF (Hua et al. 2008, 2010, 2011; Rigo et al. 2014). In neonatal mice but not
older mice, systemic dosing with nusinersen resulted in SMN.Z2exon 7 inclusion in spinal
cord and brain tissue, consistent with the postnatal formation of an intact BBB. In adult
mice, a single administration into the CSF by injection into the lateral ventricle had long-
lasting effects, with enhanced exon 7 inclusion observed between 6 months and 1 year (Hua
et al. 2010, Rigo et al. 2014). In mouse models of SMA, nusinersen was shown to prolong
survival, prevent motor neuron and muscle pathology, and increase muscle strength when
injected into the CSF (Hua et al. 2010, Passini et al. 2011, Sahashi et al. 2012). Systemic
dosing produced remarkable increases in survival in severe SMA mouse models (Hua et al.
2011, 2015), likely due to the prevention of cardiac, gastrointestinal, and other systemic
pathologies known to occur in severe SMA mouse models (Bevan et al. 2010, Heier et al.
2010, Hua et al. 2011). These systemic pathologies are not common features of SMA, so it
is not clear at present if systemic treatment is warranted in SMA patients. Interestingly,
systemic dosing in neonate mice can rescue motor neuron and neuromuscular junction
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phenotypes even when the fraction of nusinersen that crosses the immature BBB is
effectively neutralized with an ASO that targets nusinersen and antagonizes the action of
nusinersen in the CNS (Hua et al. 2015). This observation suggests that motor neuron health
can be indirectly affected by nusinersen effects in peripheral tissues, perhaps via a
neurotrophic factor(s), in addition to its direct effects when administered to the CNS.

Nusinersen was advanced into clinical development based on the consistent improvements in
pathology and muscle function in multiple SMA mouse models. Toxicology and
pharmacokinetic studies were performed following administration of nusinersen by lumbar
puncture in juvenile cynomolgus monkeys in 3- and 12-month studies, which supported its
advancement into clinical trials. The initial phase 1 clinical study was an open-label study in
which increasing doses of nusinersen were administered by lumbar puncture to type 2 and
type 3 SMA children (Chiriboga et al. 2016). The drug was well tolerated, and encouraging
signs of activity were observed. The phase 1 study was followed by two different open-label
phase 2 studies, one in the same population as the phase 1 study and a second in infantile-
onset SMA infants (consistent with type 1 SMA). A loading regime was utilized in these
studies to more quickly achieve steady-state drug concentrations in tissues. Results from the
phase 2 study in children with type 2/3 SMA again demonstrated no safety or tolerability
concerns with multiple doses, feasible intrathecal dosing, and dose-related CSF and plasma
pharmacokinetics that were consistent with predictions from nonclinical studies of the
extended drug half-life. In addition, the initial observations of dose- and time-dependent
improvement in motor function scores were replicated, and improvements utilizing the new
end points of the upper limb module and 6-min walk test were also evident (Darras et al.
Neurology, In press). In the infantile-onset study, intrathecal-administered nusinersen was
well tolerated in these infants, and changes in clinical efficacy on measures of motor
function (CHOP-INTEND), incremental motor milestone achievement, muscle
electrophysiology, and ventilation-free survival data were promising compared to published
natural history cohorts (Finkel et al. 20144, 2016).

A third phase 2 open-label study was initiated once the safety and tolerability of nusinersen
were established in infants and children with SMA (NURTURE, NCT02386553); the study
was designed to evaluate the effects of nusinersen in infants genetically diagnosed with
SMA (most likely to develop type 1 or type 2 SMA), with treatment initiated before
symptom onset. A key objective of the study is to determine if nusinersen can delay disease
onset and/or result in a milder form of the disease. Subjects had to receive their first dose of
the drug at or before 6 weeks of age and were required to have a baseline ulnar compound
muscle action potential (CMAP) amplitude value =1 mV. This trial is currently ongoing;
however, interim data from the NUTURE study are encouraging and support early treatment.

Based on safety and tolerability of the drug and the lumbar puncture procedure, as well as
encouraging clinical activity, two phase 3 clinical studies were initiated, one in infantile-
onset SMA and the second in childhood-onset SMA (Finkel et al. 2017, Mercuri et al. 2018).
In general, the inclusion/exclusion criteria were the same as in the infantile-onset phase 2
study with the exception that enrollment was limited to infants with 2 copies of SMNZ (i.e.,
most likely to develop type | SMA). A sham procedure control was selected, as it was
determined that placebo injections would represent an unfavorable risk/benefit in this patient
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population. To mitigate the ethical concerns of a controlled study, the study was designed
with an interim analysis to be conducted when at least 80 infants had reached 6 months of
study duration, using the last available data for each infant in the analysis. In August 20186,
the planned interim analysis was conducted, which demonstrated a significantly greater
proportion of nusinersen-treated motor milestone responders using part 2 of the
Hammersmith Infant Neurological Examination (HINE) versus sham procedures (41%
versus 0%; p < 0.001), in addition to a favorable survival benefit. Following the interim
analysis, the study was ended early out of ethical consideration for the sham control group.
Nusinersen demonstrated a favorable safety profile, with commonly reported adverse events
consistent with those expected in infants with SMA (Finkel et al. 2017).

The design of the global phase 3 study in children with later-onset SMA (CHERISH,
NCT02292537) was based on a detailed analysis of the data from the phase 1 and phase 2
studies in children. This global phase 3 randomized, double-blind, sham-procedure-
controlled study to assess the clinical efficacy, safety, tolerability, and pharmacokinetics of
nusinersen in patients with later-onset SMA also contained a prespecified interim analysis to
be conducted when all subjects had completed their 6-month or later evaluation and more
than 50 subjects had completed the 15-month assessment (which was the end of study
assessment), using the last data available for each subject. As was the case for ENDEAR, the
CHERISH interim analysis was also successful, and in November 2016 it was announced
that results from the prespecified analysis of the primary end point demonstrated a clinically
meaningful difference (Mercuri et al. 2018).

Based on the striking results from the phase 3 study in infantile-onset SMA (ENDEAR), in
conjunction with the overwhelming evidence of a highly favorable benefit-risk profile in
multiple SMA populations, the US Food and Drug Administration (FDA) approved
nusinersen for the treatment of pediatric and adult patients with all types of SMA
approximately three months after the initial filing, which is among the fastest approvals by
the FDA. Nusinersen was approved almost five years to the day following the first patient
being exposed to the drug, which reflects a thoughtful and well-executed development plan
(Xu et al. 2017). Market authorization for nusinersen has been approved in more than 40
countries throughout the world. Nusinersin is the first approved drug for the treatment of
SMA and the first intrathecally dosed antisense drug. Nusinersen demonstrated that
neurodegenerative diseases are treatable and that it is possible to improve disease symptoms
rather than only slow down disease progression. As expected, results from multiple clinical
studies with nusinersen demonstrate greater efficacy if treatment is initiated early in the
disease process and support newborn screening for this disease.

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease affecting
motor neurons in the cortex and spinal cord. The loss of motor neurons results in progressive
muscle weakness and ultimately death within 3 to 5 years of symptom onset, usually due to
respiratory failure. Riluzole and edaravone have been approved for the treatment of ALS,
based on modest increases in survival, with other therapies focused on managing patient
symptoms. For most patients, the cause of their disease is currently unknown, although
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approximately 10-15% of ALS cases are familial (Hardiman et al. 2017). There are over 20
known genes that have been documented to cause ALS, with dominant mutations in
chromosome 9 open reading frame number 72 (C9orf72) and superoxide dismutase 1
(SOD1I) accounting for approximately 40% of cases (Hardiman et al. 2017, Volk et al. 2018).
There is not a common cellular pathway affected by the mutations, suggesting that
dysfunction in several pathways may lead to clinical ALS. The familial forms of ALS are an
attractive opportunity for antisense therapeutics, as target risk is minimized because
therapies aimed at lowering the mutant protein or RNA are clearly on target. Currently, there
are antisense therapies in development targeting SOD and C9orf72 transcripts.

SOD1—The first gene to be identified that causes familial ALS was SODZ, which accounts
for approximately 20% of familial ALS cases (Rosen et al. 1993). More than 100 different
mutations in the SODI gene have been associated with ALS (Andersen & Al-Chalabi 2011).
The exact mechanism by which mutations in SODZ cause disease is still not understood, but
most data suggest that it is due to a toxic gain of function that may impact neuronal function
and survival (Bruijn et al. 2004). Numerous preclinical studies demonstrated that decreasing
the expression of the toxic protein increases survival in transgenic mice and rats (Bruijn &
Cleveland 1996, Foust et al. 2013, Raoul et al. 2005, Smith et al. 2006). Based on data
showing that reducing SODZ expression in rodent models of ALS delayed disease onset and
increased survival, an ASO was developed that targets SOD1 mRNA via an RNase H1
mechanism of action (Smith et al. 2006). ISIS 333611, a 2’-MOE gapmer, produced a dose-
dependent lowering of SOD1 mRNA and protein in transgenic rats expressing human mutant
SODIG%ARNA (Smith et al. 2006). The decrease in SOD1 expression was well tolerated
and delayed disease onset in the transgenic rats. Based on the encouraging preclinical data,
ISIS 333611 was advanced into clinical development to become the first experimental
antisense drug administered intrathecally into patients for the treatment of a
neurodegenerative disease (Miller et al. 2013). When this trial was started, it was anticipated
that the antisense drug would be given as a continuous infusion using implantable pumps.
Therefore, to model a single dose, subjects were infused intrathecally with increasing doses
of the drug over 12 h using external pumps. No drug-related safety issues were identified in
the study. Although the data were encouraging, advances in antisense therapies for other
neurological diseases, including SMA, identified more effective designs for CNS-
administered antisense drugs that improved potency and tolerability. In addition, preclinical
work in mice and nonhuman primates demonstrated that the delivery of antisense drugs by
intrathecal bolus injection was more effective than continuous infusion (Rigo et al. 2014).
Therefore, additional work on ISIS 333611 was halted, and a new drug discovery project
was initiated to identify a more potent backup drug.

BIIB067 (IONIS-SOD1gy) was identified following a screen of 2”-MOE gapmer
oligonucleotides in cell culture and ASODIG93A transgenic mice and rats (McCampbell et al.
2018). BIIB067, which targets a different region on the SODI premRNA than ISIS 333611,
was approximately six-fold more potent than ISIS 333611 in cultured cells and three- to
four-fold more potent for inhibition of SOD1 mMRNA expression in transgenic rodents.
BIIB067 was also more effective in delaying disease progression and increasing survival in
transgenic rodents compared to ISIS 333611. Interestingly, administration of BIIB067 to
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symptomatic ASODIC9A mice reversed CMAP decrements in the mice, suggesting a partial
recovery of motor neuron function (McCampbell et al. 2018). Intrathecal injection of
BIIB067 into cynomolgus monkeys, which has a single mismatch to cynomolgus monkey
SOD1, produced a dose-dependent reduction of SOD1 mRNA and protein in CNS tissues
and CSF. A phase 1b/2a single- and multiple-ascending-dose clinical study of BIIB067 in
familial ALS with a mutation in SODZ is currently in progress (NCT02623699).

C9orf72—A hexanucleotide expansion (GGGGCC) in the noncoding region of the C9orf72
gene was recently identified as the most common cause of familial ALS and frontotemporal
dementia, accounting for 40% of familial cases of ALS (DeJesus-Hernandez et al. 2011,
Majounie et al. 2012, Renton et al. 2011). The C90rf72 gene codes for a protein with
homology to DENN proteins, likely functioning as a guanine nucleotide exchange factor for
small GTPases involved in membrane trafficking (Farg et al. 2017, Levine et al. 2013).
There are two transcription initiation sites for the C9orf72 gene, resulting in alternative first
exons (exons 1A and 1B) (DeJesus-Hernandez et al. 2011). The hexanucleotide expansion
occurs within the first intron corresponding to transcripts that initiate with the 1A exon
(transcription variant 2). The number of hexanucleotide repeats is variable and can range
from 2 to 24 hexanucleotide repeats in unaffected controls and from the mid-thirties to
several thousand repeats in cells from C9orf72 ALS patient samples (Van Mossevelde et al.
2017). At least three different potential mechanisms have been described for how the
hexanucleotide expansion causes neurodegeneration (Balendra & Isaacs 2018, DeJesus-
Hernandez et al. 2011, Renton et al. 2011). Because the repeat occurs in a noncoding region
of the transcribed RNA, one proposed mechanism is a toxic gain of function for the RNA in
which the repetitive sequence binds to and depletes RNA-binding proteins (Donnelly et al.
2013, Lagier-Tourenne et al. 2013, Sareen et al. 2013), similar to the mechanism of
myotonic dystrophy (Cooper et al. 2009, Wojciechowska & Krzyzosiak 2011). A second
proposed mechanism is that the toxic dipeptides are translated from the repeat sequence via
an unconventional repeat-associated nonATG (RAN) translation (Ash et al. 2013, Gendron
et al. 2013, Kwon et al. 2014), which was first described for spinocerebellar ataxia (SCA)8
and myotonic dystrophy type 1 (Zu et al. 2011). Five different poly-dipeptides may be
translated from the sense and antisense transcripts, with poly(glycine-arginine) and
poly(proline-arginine) demonstrating the greatest degree of toxicity to cultured cells and in
fly models when over expressed (Kwon et al. 2014, Mizielinska et al. 2014). The third
proposed mechanism is decreased production of the C9orf72 protein. As mentioned above,
there are two transcription initiation sites: one upstream from the hexanucleotide repeat
producing the 1A exon that produces transcript variant 2 and one originating at the 1B exon
producing transcript variant 1. The repeat expansion decreases transcription initiation from
the downstream initiation site (transcript variant 1), resulting in approximately a 50%
decrease in total C9orf72 protein (Balendra & Isaacs 2018, DeJesus-Hernandez et al. 2011).
Deletion of the C90rf72 gene in mice does not result in detectable neurodegeneration (Jiang
et al. 2016, O’Rourke et al. 2016); therefore, the loss of C9orf72 protein by itself does not
explain the mechanism of neurodegeneration. However, it cannot be ruled out that the loss of
C9orf72 protein may exacerbate the toxicity of the hexanucleotide-expanded RNA or poly-
dipeptides.
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RNase H1-dependent ASOs have been shown to reduce RNA foci and RAN dipeptides in
both cellular and mouse models of C90rf72 ALS (Donnelly et al. 2013, Gendron et al. 2017,
Jiang et al. 2016, Lagier-Tourenne et al. 2013, Sareen et al. 2013). Given the theoretical
concerns about the reduction of C9orf72 protein, ASOs were evaluated for their effects on
transcript variants 1 and 2. ASOs designed to bind to the C9orf72 premRNA 5’ to the repeat
selectively promoted the loss of the repeat-containing transcript variant 2 without affecting
the levels of the transcript variant 1 and total C9orf72 protein (Lagier-Tourenne et al. 2013).
In contrast, ASOs designed to bind 3 to the repeat reduced both transcripts and total
C9orf72 protein. Reduction of the repeat-containing transcripts in induced pluripotent stem
cells decreased RNA foci, decreased dipeptide production, reversed transcriptional changes,
and enhanced sensitivity to glutamate toxicity (Donnelly et al. 2013, Lagier-Tourenne et al.
2013, Sareen et al. 2013). These results were extended to mouse models expressing the
human C9orf72 gene with the hexanucleotide expansion (Jiang et al. 2016). Mice expressing
the human C9orf72 gene with 450 GGGGCC repeats have both RNA foci and aggregates of
RAN dipeptide repeats in cortical and hippocampal neural cells but no loss of motor neurons
or motor deficits. The mice do manifest some cognitive and behavioral deficits such as in
spatial learning, the marble-burying test, and the elevated plus maze (Jiang et al. 2016).
Treatment with an ASO that selectively reduced the repeat-containing transcript variant 2
decreased the number of neural cells with RNA foci and dipeptide aggregates and attenuated
the cognitive function and anxiety dysfunction observed in the mice. Based on these
findings, an ASO selectively targeting the repeat-containing C9orf72transcript has started
clinical trials in ALS patients documented to have the C9orf72hexanucleotide expansion
(NCT03626012).

Ataxin 2 is an RNA-binding protein found in RNA-containing granules, including stress
granules, P bodies, and neuronal RNP granules. Ataxin 2 has a polyglutamine tract encoded
by up to 23 cytosine-adenine-guanine (CAG) repeats. CAG repeat lengths of 34 or larger are
associated with the severe neurodegenerative disease spinocerebellar ataxia 2 (SCA2)
(Scoles & Pulst 2018). Intermediate-size expansions between 27 and 32 CAG repeats are
associated with an increased risk of ALS (Elden et al. 2010, Gispert et al. 2012). Decreasing
the expression of ataxin 2using genetic methods or ASOs reduced neurodegeneration
introduced in yeast, flies, and mice by increased expression of mutated 7DP-43 (Becker et
al. 2017, Elden et al. 2010). As TDP-43 protein mislocalization to cytoplasmic aggregates is
a common pathological feature for both sporadic and familial forms of ALS (Neumann et al.
2006), reduction of ataxin 2by ASOs may be broadly beneficial as a therapy for most forms
of ALS. In addition, SCA2 patients should also benefit from an ataxin 2antisense drug
(Scoles et al. 2017). Based on these findings, efforts are underway to identify and develop an
antisense drug targeting ataxin 2for ALS and SCA2.

Huntington’s Disease

HD is an autosomal-dominant neurodegenerative disorder that commonly affects adults in
mid-life, although there are juvenile variants of the disease. The disease is characterized by
progressive motor decline, cognitive decline, and psychiatric symptoms, accompanied by
brain atrophy. The disease is also caused by a CAG repeat expansion in the first exon of the
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huntingtin (HTT) gene (MacDonald et al. 1993). The mechanisms by which the CAG repeat
expansion causes HD have been extensively studied but are still not well understood,
although most published data suggest that the disease is caused by a toxic gain of function
for the huntingtin protein (Zuccato et al. 2010).

The identification of therapies that reduce the expression of the huntingtin protein
(huntingtin lowering) has been an active area of research for the past 15 years. Most
strategies focus on the reduction of huntingtin RNA and the subsequent decrease in the
production of huntingtin protein using viral-delivered small hairpin RNAs or microRNAsS,
synthetic small interfering RNAs (siRNAs), or single-stranded ASOs that work through the
RNase H1 mechanism (Boudreau et al. 2009, Carroll et al. 2011, DiFiglia et al. 2007, Evers
et al. 2018, Grondin et al. 2015, Harper et al. 2005, Hu et al. 2012, Keiser et al. 2016,
Kordasiewicz et al. 2012, McBride et al. 2011, Ostergaard et al. 2013, Pfister et al. 2009,
Southwell et al. 2018, Yu et al. 2012). In addition, synthetic ASOs targeting the CAG repeats
to selectively block translation of the mutant huntingtin transcript have been described
(Evers et al. 2011, Gagnon et al. 2010, Hu et al. 2009). All approaches have been
documented to work in cell culture assays, and most have been shown to produce benefits in
various mouse models of HD, with a 40-50% reduction of mutant huntingtin being
sufficient for therapeutic benefit. Short-term (2-week infusion) administration of a 2’-MOE
gapmer ASO targeting huntingtin reduced huntingtin protein for up to 4 months following
the termination of dosing and produced a motor function benefit for more than 9 months,
suggesting that huntingtin does not need to be continually suppressed (Kordasiewicz et al.
2012).

In most cases, the siRNAs or viral-delivered siRNAs/microRNAs were administered into the
parenchyma of the striatum and were shown to knock down the huntingtin RNA in tissue
adjacent to the site of injection, with limited effects in more distal tissue (DiFiglia et al.
2007, Evers et al. 2018, Grondin et al. 2015, McBride et al. 2011). Single-stranded ASOs
delivered into the CSF diffuse more broadly throughout the brain, with cortical and
hippocampal regions showing the best response, although some activity is observed in
deeper brain structures such as the striatum. Studies in mouse models of HD demonstrate
that the selective removal of mutant huntingtin from cortical neurons partially reversed
motor and behavioral deficits; selective removal from striatal neurons had minimal benefits,
and removal from both cortical and striatal neurons ameliorated all deficits (Estrada-Sanchez
et al. 2015, Wang et al. 2014).

The most advanced strategy for reducing mutant huntingtin expression is the use of single-
stranded ASOs that work through the RNase H1 mechanism; three different drugs are
currently in clinical trials (NCT02519036, NCT03225846, and NCT03225833). Two
different therapeutic strategies are being pursued: nonallele selective, which will result in
reductions in both wild-type and mutant huntingtin proteins (Kordasiewicz et al. 2012,
Southwell et al. 2018), and allele-selective, which targets polymorphisms that are linked to
the expanded CAG repeat (Carroll et al. 2011; Ostergaard et al. 2013; Skotte et al. 2014;
Southwell et al. 2014, 2018). The advantage of the nonallele-selective approach is that the
therapeutic agent could be used in all HD patients, while the allele-selective approach would
only treat a subset of HD patients, with a drug directed to the more prevalent polymorphism
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treating approximately 40% of HD patients of European heritage (Kay et al. 2015). Thus,
several allele-selective drugs would be needed to treat the entire HD population. The main
concern with total huntingtin—lowering approaches is that huntingtin may be required for
normal neural function. Complete deletion of huntingtin is embryonically lethal in mice
(Duyao et al. 1995, Zeitlin et al. 1995). Inducible knockout of Auntingtin in adult mice did
not produce neurodegeneration or behavioral effects but did result in acute pancreatitis
(Wang et al. 2016). A second study performed conditional knockout of the Auntingtin gene
in adult hemizygous mice (e.g., they had 50% of normal huntingtin throughout
development), which resulted in behavioral deficits, reactive gliosis, and bilateral thalamic
calcification (Dietrich et al. 2017). Additional studies are needed to reconcile these results.
ASOs targeting Auntingtin produce predictable dose-dependent knockdown of the target in
brain tissue, achieving a maximal reduction of approximately 80%. In addition, several
studies using a variety of huntingtin-lowering strategies in rodents and nonhuman primates
failed to identify a toxicity related to the lowering of total huntingtin protein (Boudreau et al.
2009, DiFiglia et al. 2007, Kordasiewicz et al. 2012, McBride et al. 2011).

ISIS 443139 is a 5-10-5 2’-MOE gapmer, with both phosphodiester and phosphorothioate
linkages in the backbone, that targets an exonic sequence in the Auntingtin RNA, and it has
advanced into clinical studies. The initial clinical study was a randomized, double-blind,
multiple-ascending-dose study in early manifest HD patients (Tabrizi et al., manuscript
submitted). ISIS 443139 (RG6042) was delivered by bolus intrathecal injection every month
for 3 months (4 injections) to 46 subjects, followed by a 4-month untreated follow-up
period. The primary objectives of the study were safety and tolerability, with the secondary
objective being characterization of the CSF pharmacokinetics of ISIS 443139. Five dose
cohorts were investigated: 10 mg, 30 mg, 60 mg, 90 mg, and 120 mg. The drug was well
tolerated at all dose levels, with adverse effects being generally mild and not related to the
study drug. Drug exposure in the CSF was dose-related and appeared to plateau at the higher
doses. A dose-dependent reduction in mutant huntingtin protein was detected in the CSF,
documenting target engagement, which also appeared to plateau at the higher doses. Based
on the preclinical modeling, the mean 40% reduction in CSF mutant huntingtin is predicted
to produce a mean 60% reduction of mutant huntingtin protein in cortical tissue. As
expected, based on the short-term nature of the study and limited number of subjects in each
dose cohort (4-12), there were no group-wise differences in clinical outcomes. Based on
these encouraging results, an open-label extension study was started in which subjects
participating in the phase 1 study are eligible to participate (NCT03342053). In addition, a
pivotal phase 3 study is being planned.

Wave Life Sciences has started clinical studies of two allele-selective antisense drugs, which
target two different polymorphisms linked to the CAG expansion. There is limited publicly
available information on the drugs, including the chemistry and design of the ASOs.

Disease

Alzheimer’s disease is the most prevalent of the neurodegenerative diseases, with over 5
million people affected in the United States and more than 20 million worldwide. The
disease is characterized by progressive cognitive decline, leading to complete dependency
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and ultimately death. Alzheimer’s disease has characteristic neuropathology with diffuse
extracellular amyloid plaques containing B-amyloid and intracellular neurofibrillary tangles
largely composed of the tau protein. With newer in vivo imaging techniques and CSF
measurements of p-amyloid and tau in a genetically predisposed patient population, the
temporal relationship between these two pathologies has become better defined (Fleisher et
al. 2015, McDade & Bateman 2018, McDade et al. 2018, Quiroz et al. 2018). The results
show that cortical p-amyloid deposits occur 15 years or more before the clinical onset of
symptoms, while increases in CSF p-amyloid peptides occur 5 or more years prior to p-
amyloid deposition. Neurofibrillary tangles of tau protein are temporally more closely
aligned to the onset of clinical symptoms. Targeting the production, disaggregation, and
clearance of B-amyloid has been an active area of drug discovery and research over the past
20 years but has yielded limited success (Murphy 2018). Possible explanations include that
treatments are initiated too late, trial designs are inadequate, the wrong form of g-amyloid is
being targeted, or the B-amyloid hypothesis is incorrect. Despite the limited success to date,
B-amyloid-targeting therapies remain an active area of investigation.

Tau is a microtubule-associated protein encoded by the Microtubule-Associated Protein Tau
(MAPT) gene located on chromosome 17 and is expressed primarily in neurons.
Intracellular tau can be hyperphosphorylated and can form toxic oligomers and aggregates,
which are visualized as neurofibrillary tangles in certain neurodegenerative diseases and are
referred to as tauopathies. The most common tauopathy is Alzheimer’s disease, but other
examples include frontotemporal dementias due to mutations in MAPT, progressive
supranuclear palsy, corticobasal degeneration, and Pick’s disease. Interestingly, even though
tau is an intracellular protein, it has been shown that oligomerized tau can spread from cell
to cell, causing tau aggregation in the newly infected cell (de Calignon et al. 2012, Kaufman
et al. 2016, Wu et al. 2016). Antibody-based therapies to reduce the cell-to-cell spread of tau
are currently in clinical trials.

ASOs represent another strategy to reduce the intracellular load of tau, reducing the
formation and spread of intracellular neurofibrillary tangles. Similar to the experience with
huntingtin-targeting ASOs, a 2’-MOE-modified gapmer ASO targeting tau RNA produced a
dose-dependent reduction in tau expression, with effects lasting longer than four months
(DeVos et al. 2013). Reducing tau expression was well tolerated in normal mice and
protected against picrotoxin-induced seizures. These studies were extended to a mouse
model of human tauopathy. Treatment with a tau-targeting RNase H ASO prevented and
reversed tau aggregates in the PS19 transgenic mice that express the human P301S mutation
(DeVos et al. 2017). The tau ASO also reduced tau seeding activity in brain lysates from
treated mice. A single administration of the tau ASO prevented hippocampal volume and
neuron loss and prolonged survival in the mice as well as reversed nesting deficits.
Intrathecal dosing of cynomolgus monkeys with a tau ASO produced dose- and time-
dependent reductions of tau mMRNA and protein in the spinal cord, cortex, hippocampus, and
CSF (DeVos et al. 2017). The reduction of tau in the CSF was important to observe as it
could translate to a pharmacodynamic biomarker in clinical studies. After the completion of
toxicology studies, a phase 1 clinical trial of a MAPT-targeting ASO has been initiated in
mild Alzheimer’s disease patients (NCT03186989).
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CONCLUSIONS

The examples discussed above highlight the broad potential of antisense therapies for
neurodegenerative diseases and other neurological diseases. It is still early in the application
of this technology, so caution is warranted; however, there is strong foundational science
driving the development of ASO drugs for the treatment of neurological diseases. In addition
to the projects discussed above, there are active antisense drug—discovery programs
underway for additional diseases, including Parkinson’s disease, various SCAS, prion
disease, ALS, Alzheimer’s disease, Angelman syndrome, and infantile seizure disorders. It
is unlikely that all these projects will yield drugs, but if a few are successful, antisense drugs
will be an important treatment option available to neurologists.

Currently, ASOs are dosed by an invasive procedure, e.g., lumbar puncture; therefore,
applications of ASO technology have been focused on the more severe, rapidly progressive
diseases. Although lumbar puncture procedures are commonly done in the clinical setting,
the procedure is more technically demanding than other drug administration routes, and it
will put additional pressure on the health care system to deliver these novel therapeutics.
Developing more convenient methods of delivering antisense drugs, such as the use of
subcutaneously accessed intrathecal catheters, should broaden the use of ASOs for
neurological diseases (Strauss et al. 2018). In the longer term, advances in ASO chemistry to
enhance potency, conjugation of targeting ligands to the ASO, and novel formulations are
predicted to result in more effective antisense drugs. Finally, the holy grail will be to identify
methods to safely and efficiently deliver ASOs across the BBB, allowing systemic dosing of
antisense drugs.

In summary, ASO technology has made remarkable advances in the past 10 years, with a
drug approval and multiple potential therapeutic agents for neurodegenerative diseases in
development. The profound clinical benefit of nusinersen in SMA patients validates the
platform. Further validation should occur over the next few years based on the large pipeline
of drugs in clinical development. We may be at the cusp of finally addressing the therapeutic
needs of patients who suffer from these devastating neurodegenerative diseases.
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Figure 1.

Common chemical modifications and designs used for ASO therapeutics. Common chemical
modifications include 2”-sugar modifications such as 2”-O-methyl, 2"-O- MOE), and
2'fluoro; 2’,4"-bridged sugar modifications such as LNA and cEt BNA, the phosphate
modification phosphorothioate, which can be synthesized as the (Sp) and (Rp) isomers; and
the sugar-phosphate replacement morpholino. ASOs can be designed as single-stranded
ASOs that utilize the RNase H mechanism (gapmer), uniformly modified to promote
splicing, or as double-stranded designs that work through the RISC pathway (SiRNA).
Abbreviations: ASO, antisense oligonucleotide; cEt BNA, constrained ethyl bicyclic nucleic
acid; fluoro, fluorine; LNA, locked nucleic acid; MOE, methoxyethyl; RISC, RNA-induced
silencing complex; siRNA, small interfering RNA.
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Figure2.
Mechanisms of action for ASOs. ASOs can modulate RNA function by a variety of

mechanisms, including degradation of the pre-mRNA in the nucleus or mature RNA in the
cytoplasm by RNase H1, and degradation of RNA in the cytoplasm by the RISC complex
(Ago2) or ribozymes or DNAzymes. ASOs can also modulate RNA functiona by
nondegradative mechanisms such as splicing or polyadenylation modulation in the nucleus
and decrease or increase protein translation in the cytoplasm. Abbreviations: Ago2,
argonaute 2; ASO, antisense oligonucleotide; mMRNA, messenger RNA; pre-mRNA,
precursor mMRNA; RISC, RNA-induced silencing complex; uORF, upstream open reading
frame.
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Mechanism of nusinersen action. (a) Humans express two SMN genes, SMN1 and SMN2,
that differ by a few nucleotides due to a duplication in chromosome 5. A cytosine to thymine
transition in exon 7 of SMN2 weakens the RNA splicing signal such that most transcripts
derived from SMN2 skip exon 7, creating a truncated protein that is rapidly degraded. SMA
patients have a deletion mutation in the SMN1 gene, resulting in an SMN protein deficiency.
(b) Nusinersen binds to a site in intron 7 of the SMN2 premRNA, displacing the splicing
suppressor proteins hnRNP A1/A2 and allowing U1 small nuclear ribonucleoproteins to
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bind to the 5”-splice site, promoting inclusion of SMN2 exon 2 into the mMRNA.
Abbreviations: mMRNA, messenger RNA; premRNA, precursor mRNA; SMA, spinal
muscular atrophy.
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