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Abstract

Oligonucleotide therapies are currently experiencing a resurgence driven by advances in backbone
chemistry and discoveries of novel therapeutic pathways that can be uniquely and efficiently
modulated by the oligonucleotide drugs. A quarter of a century has passed since oligonucleotides
were first applied in living mammalian brain to modulate gene expression. Despite challenges in
delivery to the brain, multiple oligonucleotide-based compounds are now being developed for
treatment of human brain disorders by direct delivery inside the blood brain barrier (BBB).
Notably, the first new central nervous system (CNS)-targeted oligonucleotide-based drug
(nusinersen/Spinraza) was approved by US Food and Drug Administration (FDA) in late 2016 and
several other compounds are in advanced clinical trials. Human testing of brain-targeted
oligonucleotides has highlighted unusual pharmacokinetic and pharmacodynamic properties of
these compounds, including complex active uptake mechanisms, low systemic exposure,
extremely long half-lives, accumulation and gradual release from subcellular depots. Further work
on oligonucleotide uptake, development of formulations for delivery across the BBB and relevant
disease biology studies are required for further optimization of the oligonucleotide drug
development process for brain applications.

Nucleic acid-based therapies, seemingly deprioritized in the early 2010s when major
pharmaceutical companies, including Roche (Basel, Switzerland), Pfizer (New York),
Abbott (now AbbVie; Deerfield, IL, USA) and Merck (Kenilworth, NJ, USA) shuttered their
oligonucleotide programs, are once again becoming more mainstream in drug development.
Oligonucleotide-based drugs nusinersen (Spinraza), mipomersen (Kynamro) and eteplirsen
(Exondys 51) have been recently approved by the FDA for the treatment of spinal muscular
atrophy, homozygous familial hypercholesterolemia and Duchenne muscular dystrophy,
respectively (http://www.accessdata.fda.gov/scripts/cder/daf/index.cfm). With a growing
cadre of oligonucleotide-focused companies (Fig. 1), hundreds of clinical trials of diverse
oligonucleotide types are being developed to target disease. This resurgence is mostly due to
discoveries of novel oligonucleotide chemistries, delivery agents and greater understanding
of mechanisms of action of oligonucleotides, as well as improved knowledge of disease
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mechanisms, all of which has opened opportunities to address novel therapeutic targets
previously deemed undruggable.

Notably, despite difficulties in delivering oligonucleotides to the CNS, interest is growing in
developing these treatments for disorders of the nervous system. Possible reasons for this
interest include high target specificity of oligonucleotides, an ability to address previously
inaccessible drug targets, limited systemic exposure and toxicity, as well as extended half-
life permitting infrequent dosing. In addition to downregulation of disease-relevant genes,
oligonucleotides offer multiple approaches for precise gene upregulation and splice editing,
goals that are not easily achieved by traditional small-molecule therapies or monoclonal
antibodies. At the same time, oligonucleotide effects are reversible; thus, oligonucleotides
do not have many of the problems associated with the more permanent alterations used in
gene therapy, another possible approach to modulating gene activity or correcting mutations.
An additional advantage of oligonucleotide drugs, which makes them particularly suited to
the treatment of orphan diseases, is their simplified development cycle, due to uniform class
chemistry and a more straightforward candidate selection process.

There are, however, substantial obstacles for the application of oligonucleotides in CNS
disorders. First and foremost, oligonucleotides do not readily cross the BBB. Multiple
studies have shown that fewer than 1% of systemically delivered oligonucleotides reach the
brainl:2. The current solution to this problem is intracerebroventricular (ICV) or intrathecal
(IT) delivery. As these methods are invasive and require office visits burdensome for
patients, a large amount of work, now largely in the investigational stage, is also being
carried out to develop chemical modifications and/or vehicles that will facilitate BBB
crossing with systemic, intranasal or oral administration (see below and ref. 3).

Another difficulty encountered in the application of oligonucleotides to CNS indications is
their unconventional pharmacokinetic (PK) and pharmacodynamic (PD) properties, which
remain poorly studied but have far-reaching implications for dosing regimens and efficacy in
the clinic. Furthermore, as a consequence of their engagement of novel disease targets, the
mechanisms of oligonucleotide action are not yet fully understood. To illustrate the
complexity of the molecular processes that could be modulated by oligonucleotides, we
review examples of CNS disorders that can be addressed by oligonucleotide drugs.

Chemically, oligonucleotide drugs fall into two categories: double- stranded RNA (dsRNA)-
based drugs (e.g., short interfering RNA: siRNA) and single-stranded DNA (ssDNA)-based
drugs (e.g., oligodeoxyribonucleotides: ODNs). Initially, these two groups were associated
with the two mechanisms of oligonucleotide action known at the time, RNA interference
(RNAI) and RNase-H-mediated degradation. The corresponding terms ‘RNAI therapy’ and
‘antisense therapy’ were perceived as describing drugs employing these two mechanisms.
However, in recent years, this association has been gradually fading with the discovery of
additional novel biological mechanisms that can be addressed by oligonucleotides (e.g.,
ODN:s that bind receptors or work through steric hindrance mechanisms to affect splicing or
inhibit microRNA (miRNA)). As the usage of these terms is becoming more inclusive, their
meaning has essentially merged and expanded to denote all oligonucleotide-based
compounds. In the following review, we use ‘oligonucleotide-based compounds/therapies’
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Advances

as they do not imply any particular mechanism. At the same time, there is a point in
discussing oligonucleotide drugs as a group because, even if they might not share the
mechanisms of action, they do share many manufacturing, quality control, cell uptake, PK,
PD and toxicological aspects.

The therapeutic oligonucleotide field is now becoming quite large, with over 200 clinical
trials registered at ClinicalTrials.gov and over 10,000 patients treated with oligonucleotide
drugs by the end of 2016. In the following review, we place greatest emphasis on late-stage
aspects of ssDNA ODN-based drug development for disorders of the CNS.

in ODN chemistry

A major breakthrough in the development of oligonucleotide drugs came in 1966 (Fig. 1)
with the introduction of the phosphorothioate backbone modification?, which replaces one
of the oxygens in the phosphate residue with sulfur (Fig. 2). Phosphorothioate modification
increases nuclease resistance and facilitates association with carrier proteins in the blood,
leading to slower excretion through kidneys, longer half-life and increased absorption?.
Other backbone modifications, including phosphorodiamidate morpholino (PMO)?,
tetramethyl phosphoryl guanidine® and peptide nucleic acids (PNAs)?, were proposed, alone
or in combination with the sugar modifications (Fig. 2). These modifications decrease the
charge on the oligonucleotide backbone, which may facilitate their uptake into cells.

Modifications of the backbone, although highly useful in improving /n vivo characteristics
of the oligonucleotide drugs, introduce multiple chiral centers into oligonucleotide
molecules. As a consequence, the standard synthesis methods produce mixtures of hundreds
of thousands of stereoisomers, only some of which are capable of efficient interaction with
DNA or RNA. Wave Life Sciences (Cambridge, MA, USA) has developed a method
allowing the synthesis of stereopure oligonucleotides, which could increase the potency of
the oligonucleotide drugs.

Modifications of the sugar moiety have further improved RNA/DNA binding affinity, and
bioavailability, and decreased immunostimulatory effects and toxicity of oligonucleotide
drugs. Several oligonucleotides with these chemistries are now in clinical trials for CNS
disorders (see below and Table 1). 2”-modified phosphorothioate oligonucleotides (Fig. 2)
may be particularly adaptable for CNS disorders, given their long half-life, with effects in
the brain lasting up to 6 months following a single injection38-10_ In another type of sugar
moiety modification, locked nucleic acids (LNAS), a bridge is introduced that connects the
2’ oxygen and 4" carbon. This modification substantially elevates the melting temperature
of the LNA-DNA and LNA-RNA hybrids, thus allowing the creation of shorter ODN-based
compounds with increased bioavailability and reduced manufacturing costs®. A recently
proposed tricyclo-DNA, a conformationally constrained oligonucleotide analog, has three
additional C-atoms between C(5") and C(3") of the sugar (Fig. 2). This modification
increases stability, hydrophobicity and RNA affinity, and improves tissue uptake and BBB
permeability2.
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Currently, multiple ODN types are being developed for the same disease, with different
modifications frequently combined in one molecule. For example, ODNs inducing (survival
of motor neuron 2) SMNZ2exon 7 inclusion, currently proposed for spinal muscular atrophy
(SMA), include phosphorothioate 2MOE3.14, phosphorothioate 20Mel> and PMO
chemistries1®.17. Because of the complex sequence-structure-activity relationships of the
oligonucleotide drugs, it is not known whether any of these chemistries are preferable for
CNS applications.

Mechanisms of action

Current oligonucleotide-based drugs employ multiple mechanisms of action that are
frequently not mutually exclusive. These compounds also have the advantage of being able
to address biological processes less amenable to interventions by small molecules. We
briefly describe these mechanisms below, then give detailed disease examples of specific
oligonucleotide therapies in the “ODNs in CNS diseases” section.

RNA knockdown

Knockdown of mRNA via oligonucleotide molecules historically was one of the first
mechanisms engaged by oligonucleotide drugs. Although small-molecule inhibitors of
multiple protein functions were known, oligonucleotides provided higher target specificity
and a possibility to downregulate the expression of ‘non-druggable’ proteins or proteins with
unknown function. These aspects fueled the interest in oligonucleotides as therapeutic
agents, despite their large molecular size and inherent delivery problems.

In the case of dsRNA oligonucleotides, mRNA knockdown is mediated by RISC (RNA-
induced silencing complex) complex. The first siRNAs were easily degraded by nucleases
and poorly absorbed by the cells, which necessitated the use of liposome carriers. Since that
time, less toxic and more bioavailable carriers, such as biodegradable nanopolymers, and
sophisticated modifications of the sSiRNA molecule itself, including phosphorothioate,
20Me, LNA, as well as conjugation with carrier molecules (e.g., polyethylene glycol (PEG),
peptides, lipids and glycosides), have been developed8. Furthermore, multiple approaches
to introduce siRNA /n vivo, including plasmid and viral expression of short hairpin RNASs in
target cells, have been proposed, although the synthetic molecules represent the shorter route
to the clinic. Although these efforts resulted in multiple dsSRNA drugs entering clinical trials
in recent years!®, we do not address the achievements of the dsRNA field here owing to
space constraints and instead concentrate on the more clinically advanced ssDNA-ODN
drugs. The therapeutic siRNA field has recently been reviewed9-21,

ODNs are widely used to achieve highly specific gene knockdown, most often through
interaction with the RNase H mechanism. RNase H recognizes an RNA-DNA heteroduplex
and cleaves its RNA strand, releasing an intact ODN. The mRNA cleavage products
downstream of the initial cleavage site contain intact polyA tails and are bound by the
polyA-binding protein. They are further degraded by cytoplasmic 5" to 3" exoRNase XRN1
(ref. 22). The mRNA cleavage products upstream from the initial cleavage site are further
degraded by the exosome complex containing Dis3 or cytoplasmic Dis3L1 nucleases. In the
case of nuclear long-noncoding RNAs (IncRNAs) and pre-mRNAs, the downstream
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cleavage products are degraded by nuclear exoRNase XRN2 (ref. 22). The upstream
cleavage products of the INcRNAs are degraded in the 3" to 5" direction by the exosome
complex containing the nuclear exoRNase Dis3 (ref. 22).

As RNase H is not efficient on nucleotides with most types of 2" sugar modifications, for
knockdown applications these modifications are usually arranged in ‘gapmer’ configuration
(with a central ‘gap’ of 8—10 unmodified nucleotides and 3- to 5-nucleotide-long 2’-
modified ‘wings’)3.

Both RISC and RNase H mechanisms can be employed for allele-specific knockdown when
they are targeted to sequences that differentiate the alleles. For example, Miller et a/23 used
single-nucleotide polymorphisms (SNPs) known to segregate with the mutant Machado—
Joseph disease (also known as spinocerebellar ataxia type 3) allele, which contains CAG
repeat expansion, to design an siRNA. SNP sites were used because of the difficulty
designing the oligonucleotides to the repeat sequence itself. The siRNA treatment reduced
the expression of the mutant, but not wild-type (WT) allele of ATXN3 (ref. 23).

Another mechanism that can be used for RNA knockdown is the induction of aberrant exon
skipping, which leads to RNA degradation through nonsense-mediated decay (NMD). For
example, Ward ef a/.2* have shown that transfection of ODNSs that do not support RNase H
degradation and are complementary to constitutive exons in Stat3 and Sod1 transcripts
induces exon skipping and generation of premature termination codon (PTC)-containing
mRNAs, which are then degraded by the NMD pathway. PTC-containing mMRNAs were
recognized by the ATP-dependent RNA helicase Upfl (up frameshift 1), cleaved by the
Smg6 nonsense-mediated MRNA decay factor and finally degraded by the cytoplasmic
exonuclease Xrn1. Transfection with SiRNA against the nuclear 5°-to-3" exonuclease Xrn2
did not attenuate the ODN-induced Stat3 mRNA degradation. In addition to exon skipping,
ODN treatment caused intron retention and reduction of chromatin-associated Stat3
MRNA24,

Exon skipping via modulation of pre-mRNA splicing

Although small-molecule drugs inducing point mutation read-through are known—for
example, ataluren (also known as PTC124) is currently in clinical trials for Duchenne
muscular dystrophy2® and cystic fibrosis28—they have low target specificity and may thus
be associated with an elevated risk for side effects. Oligonucleotides, on the other hand, can
be designed to specifically modulate splicing of a single protein, reducing the risk of off-
target toxicity. In this mechanism, oligonucleotides are designed to bind in the area of the
mutated exons, causing their exclusion from the final spliced mRNA version. The exact
mechanisms of the oligonucleotide-induced exon skipping are not completely understood,
but probably include interfering with the function of splicing machinery or splicing
repressors (reviewed in ref. 27). Frequently, the resulting truncated proteins retain some or
most of the functions of the original protein and thus lead to a positive therapeutic effect.

Several clinical trials have been initiated for exon-skipping ODNs in recent years. In 2016,
the clinical data for nusinersen (http://bit.ly/2iWikcg) and eteplirsen (http://bit.ly/2iXI30b)
resulted in approvals for SMA and DMD, respectively. An NDA application for drisapersen
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in DMD was rejected by the FDA (https://www.drugs.com/history/kyndrisa.html) (see
“ODNs in CNS diseases” below, reviewed in ref. 28).

Transcriptional regulation by blocking miRNA

In recent years, miRNAs have emerged as important regulators of gene expression and
attractive therapeutic targets (reviewed in ref. 29). These miR-NAs are small non-coding
regulatory RNAs, initially transcribed as long primary miRNA transcripts (pri-miRNA)
containing a double- stranded hairpin structure. The pri-miRNAs are processed into 70-nt
stem-loop structures known as precursor miRNAs (pre-miR-NAs) by a complex consisting
of an RNase Drosha and a dsRNA binding protein DGCR8 (Di George syndrome critical
region 8). Pre-miRNAs are then further processed by an RNase Dicer, to generate RNA
duplexes with 2-base-pair overhangs (ds-miRNAS). Ds-miRNAs are loaded onto RNA-
induced silencing complex (RISC) where the strand with the less stable 5 end associates
with AGO. AGO unwinds the duplex, removes the ‘passenger’ strand and retains the guide
strand. The ‘seed’ region of the guide strand (positions 2 to 8 at the 5" end) pairs to its
responsive elements in MRNAs. Multiple proteins can associate with the miRNA-Ago-
mRNA complex, determining the type of regulation to be carried out by the miRNA, with
mRNA degradation being one of the possibilities (reviewed in refs. 29,30). Synthetic
oligonucleotides imitating ds-miRNAs can enter the miRNA processing pathway as miRNA
mimics and guide the regulation of their target mRNA. Alternatively, synthetic
oligonucleotides, termed Antagomirs (or Antimirs), can be designed to block a disease-
relevant endogenous miRNA3L, For example, miRagen Therapeutics (now Signal Genetics;
Boulder, CO, USA) is targeting miR-155, an miRNA increased in the spinal cord of patients
with amyotrophic lateral sclerosis (ALS), with an ODN (MRG-107), as a novel therapy for
the disease. Development is now in the Investigational New Drug (IND)-enabling phase
(http://miragentherapeutics.com).

Transcriptional upregulation by modulation of epigenetic factors

IncRNAS, notably from the natural antisense transcript (NAT) class, can function as fine
modulators of ongoing transcription for a single gene or a small subset of related genes32.
NAT-mediated regulation is present in many gene loci and is potentially applicable to
multiple genetic disorders. Many NATSs act as gene-specific repressors, likely through
tethering and/or scaffolding of general-purpose epigenetic complexes to a specific gene
locus. The tethering can occur by the nascent IncRNA at the time of transcription33 or
independently of transcription, by pairing of NATs with DNA or mRNA sequences3?.

As demonstrated in our studies (by C.W. et al.), depleting NAT molecules, or blocking their
interaction with epigenetic proteins using ODNs (termed AntagoNATS) leads to upregulation
of the associated protein-coding genes34-38. AntagoNATs shown to upregulate SCNIA
expression improve disease phenotype in a mouse model of Dravet syndrome and represent
a disease-modifying treatment for this condition38. The AntagoNAT technology, developed
at the Scripps Research Institute and its spin-out CURNA (Jupiter, FL, USA), is currently
being advanced by the Miami-based company OPKO Health (http://www.opko.com/
therapeutics/opko-curna/).
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A different but likely related mechanism for mediating transcriptional regulation is via
polycomb-associated long non-coding RNAs. This approach, pioneered by Jeannie Lee and
RaNA Therapeutics (Cambridge, MA, USA), is capable of selectively upregulating
individual genes by sterically blocking interaction of PRC2 with regulatory INcRNA39, A
novel INcRNA specific to the SMNZ2locus was found to recruit PRC2 complex to SMN2
gene leading to its repression. ODNs capable of blocking this recruitment are now being
developed at RaNA. This technology is also being used for other CNS- disease-associated
genes (http://ranarx.com/).

Transcriptional upregulation by interactions at promoter regions

Small-activating RNAs (saRNA) are double-stranded synthetic RNAs complementary to
promoter regions. Treatment with saRNA leads to upregulation of target gene
expression4041, Although the exact mechanism of gene upregulation by saRNA is unknown,
it could be related to the function of RNA polymerase 1l (RNAP I1). It has been proposed
that saRNAs may be involved in the regulation of the transcription elongation step through
their interaction with Ago2 (ref. 42). Ago2, mostly known for its role in the RISC complex,
can serve as an RNA-programmable homology search engine. It is proposed that saRNAS
program Agoz2 to find and associate with target gene promoters. The saRNA-Ago2 complex
then interacts with other proteins to form RNA-induced transcriptional activation complex
(RITA), which interacts with RNAP 1l and stimulates both the initiation and elongation steps
of transcription?3. Besides saRNA and Ago2, RITA includes RHA and CTR9 proteins.
Formation of RITA is accompanied by monoubiquitination of histone 2B and increased
methylation of histone 3 at lysine 4 at the saRNA-targeted promoters. Furthermore, higher
accumulation of RNAP Il phosphorylated at Ser2 (elongating form) and lower accumulation
of RNAP Il phosphorylated at Ser5 (pausing form) is observed throughout the transcribed
region of the target gene after saRNA treatment#3. saRNA-induced gene upregulation is
observed after a 24- to 48-h delay and persists for extended periods of time.

It has also been proposed that targeting promoter regions using exogenous saRNAs can
induce the formation of nucleosome-depleted regions with exposed regulatory sites
including TATA box, CpG islands, proximal enhancers and proximal promoters leading to
increased initiation of transcription®t. Additionally, saRNA may induce transcriptional
activation through interaction with heterogeneous nuclear ribonucleoprotein A2/B1 (ref. 44).

The saRNA technology is currently being developed by a London-based company MiNA
Therapeutics. MiNA has created a bioinformatics platform to design saRNA for targeted
gene activation (http://minatx.com/5/29/16). A first-in-human clinical study of MTL-CEBPA
in patients with advanced hepatocellular carcinoma was initiated in 2016 (Clinical Trials.gov
ID# NCT02716012). MTL-CEBPA is a dsRNA, designed to activate the CEBPA gene, that
is delivered in amphoteric iminolipid nanoparticles.

Nucleic acid aptamers

Oligonucleotide aptamers are compounds selected to bind to a specific target molecule,
frequently a protein, through mechanisms other than base-pairing. An example of a
successful aptamer is pegaptanib (Macugen), developed by NeXagen (Boulder, CO, USA)
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and later Gilead Sciences (Foster City, CA, USA) and OSI Pharmaceuticals (New York),
which was approved in 2004 for the treatment of age-related macular degeneration (http://
www.accessdata.fda.gov/drugsatfda_docs/nda/2004/21-756_Macugen.cfm).

A novel aptamer chemistry, L-ribonucleic acid aptamers (Spiegelmers) is being developed
by Noxxon Pharma (Jena, Germany). Spiegelmers are highly resistant to nuclease digestion
because they use L-ribose, rather than the D-ribose present in natural nucleic acids. Several
Spiegelmers are now in early clinical trials for cancer and anemia of chronic disease (http://
WWW.noxxon.com/).

Oligonucleotides can simultaneously engage several mechanisms to achieve a given
outcome. For example, both RNase-H-mediated mMRNA destruction and blocking of mRNA
access to the ribosome will lead to reduced levels of the target protein. In an interesting
combination of mechanisms, the effect of bevasiranib, a compound designed to engage the
RISC-mediated RNA degradation, was also mediated through its interaction with toll-like
receptor 3 (TLR3)%.

When seeking to intervene in disease with an oligonucleotide therapy, knowledge of the
underlying biology and peculiarities of the affected genes plays into the choice of
mechanism of action. For example, exon-skipping ODN treatment for SMA became possible
due to the presence of a partially damaged duplicate of the mutated SMNI gene that can be
reactivated to assume the SMN1 function (see below).

Oligonucleotide uptake mechanisms

Oligonucleotide uptake pathways are currently poorly understood. Most of the data on the
uptake mechanisms has been generated in cultured cells, and only limited information about
in vivo neuronal uptake is available. However, insights gained from other cell types may
provide guidance in understanding neuronal and glial uptake mechanisms. Although some
amount of naked ODNSs can pass through the BBB unassisted, little is known about the
mechanisms of this phenomenon as well.

The time frame for the ODN uptake into cells was estimated by Koller et a/*6. When mouse
hepatocellular carcinoma (MHT) cells were incubated with 6 nM to 20 uM of anti-SR-B1
ODN for short periods of time (15 min to 2 h), then washed to remove the free ODN and
incubated for an additional 24 h, the ODN potency was decreased compared to a continuous
24 h exposure, indicating that the rate limiting step of the uptake likely occurs at the initial
entry through the cell membrane. The maximal effect of 1 uM ODN on SR-B1 expression in
MHT cells occurred at ~30 h after adding the ODN to the media. Maximal effect of lower
concentrations of ODN was delayed to 48—72 h?6.

It has been proposed that ODNs enter cells by at least two distinct uptake pathways:
productive and non-productive” (Fig. 3). The non-productive pathway acts as a saturable
sink that competes with the productive pathway for oligonucleotides. It is likely that many
different non-productive sinks exist, with candidates including lysosomes, cell-surface
proteins, or specific cell types. The nature of the productive pathway is also currently
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uncertain. Productive uptake accounted for <20% of the total ODN delivered to liver
tissue?s.

It is possible that both productive and non-productive pathways start with ODNs being taken
up by clathrin-coated endocytic vesicles, together with other endocytosed material.
However, other endocytic pathways may be also involved*’. The endocytic vesicles bud
from the plasma membrane, and GTPase dynamin catalyzes membrane scission. Freed
cargo-containing vesicles are transported along actin- or tubulin-based cytoskeletal
structures to fuse with early endosomes. The resulting fusion vesicles then undergo
maturation. One of the important steps in the endosome maturation process is lowering of
the internal pH to ~5.5 to accommodate the acid hydrolases involved in the degradation of
the lysosomal contents. Mature late endosomes eventually fuse with enzyme-containing
transport vesicles, budded from the trans-Golgi network, to form lysosomes*8. This
endosomal/lysosomal compartment likely corresponds to cytoplasmic phosphorothioate
bodies, large, sharply defined structures, intensely staining for ODNSs, observed in cells after
ODN administration /7 vitroand in vivd*® (see ref. 34 for confocal video).

Productive and non-productive uptake pathways may diverge during or after lysosome
formation with the majority of oligonucleotide remaining in the non-productive pathway,
possibly in endosomes/lysosomes, and a small amount escaping into the productive pathway,
which likely involves ODN entry into the nucleus. This model is supported by the fact that
the share of productive uptake is not affected by knockdown of clathrin, caveolin or
dynamin, and thus is likely independent from the initial stages of lysosome formation“6.
Nuclear import of phosphorothioate ODNs occurs at least partially through the RAN-
mediated pathway®°%-51, Obviously, rerouting higher proportions of ODNSs to the productive
pathway is central to enhancing drug bioavailability and reducing off-target effects; thus,
extensive effort currently aims to understand the mechanisms of both uptake processes,
including identification of ODN-binding proteins capable of enhancing the functional
activity of the ODNs.

Non-productive pathway proteins

Recently, an unbiased short-hairpin-RNA screen has revealed that knockdown of TSG101
and VVPS28, components of ESCRT-I (endosomal sorting complexes required for transport)
complex increases anti-proliferative effects of anti-miR-21, a phosphorothioate ODN.
ESCRT-I complex enables membrane budding associated with the formation of intraluminal
vesicles (ILVs) during endosome maturation. This process helps concentrate selected
proteins and lipids in the late endosome lumen facilitating their lysosomal degradation®8.
Depletion of ESCRT-I in several cancer cell lines with inherently poor ODN uptake resulted
in improved activity of anti-miR-21. Finally, knockdown of TSG101 /in vivo increased
uptake of anti-miR-21 following systemic delivery, indicating that late endosomes/
lysosomes may represent one of the non-productive ODN sinks48.

Notably, when transfected, synthetic 20-mer phosphorothioate ODNs have been shown to
associate with paraspeckle proteins, including P54nrb, PSF, PSPC1 and hnRNPK and form
morphologically normal and apparently functional paraspeckle-like structures containing no
NEAT1 RNA%. NEAT1 is an IncRNA, which normally seeds co-transcriptional paraspeckle
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formation. Paraspeckles may serve to concentrate and/or sequester proteins in the nucleus®°.
Moreover, paraspeckle proteins including P54nrb, PSPC1 and PSF have been shown to
negatively affect the antisense activities of phosphorothioate- ODNs, indicating that nuclear
localization alone is not sufficient for ODN participation in the productive uptake
pathway*®.

Ku70 and Ku80 proteins, which are involved in DNA double-strand break repair and V(D)J
recombination, can inhibit ODN activity, possibly by competing with RNase H for binding
to the ASO-RNA duplex®2. Binding to alpha 2 macroglobulin (A2M) could mediate
delivery of ODNs to non-productive compartments. Shemesh er a/.52 have shown that
activity of a phosphorothioate MOE ODN targeting SRB1 (scavenger receptor class B type
I) was substantially improved in murinoglobulin double-knockout mice compared to WT
mice. The overall plasma and tissue exposure kinetics were not different between the two
mouse strains, indicating increased distribution of ODNs to productive uptake pathway®2.

Productive pathway candidates

It is possible that the productive pathway requires a lysosome acidification step because it is
negatively affected by chloroquine, an inhibitor of lysosome acidification as well as of
autophagy. Interestingly, although chloroquine blocked the antisense effects of an ODN, it
increased the total ODN amount accumulated in cells*6. Additionally, experiments with bio-
responsive nanovehicles show that nuclear drug uptake efficiency strongly depended on the
lysosomal acidity®3.

A screen for ODN-interacting proteins has identified six out of eight subunits of the TCP1
complex®4, TCP1 is an ~1-mDa chaperone complex involved in folding of ~10% of cellular
proteins, including actin, tubulin, cyclin E1 and histone deacetylases. A beta subunit of the
TCP1 complex bound ODNSs and co-localized with them in nuclear and cytoplasmic
phosphorothioate-bodies. Interaction of phosphorothioate-ASOs with TCP1 proteins
enhanced the knockdown activity of ASOs, indicating that TCP1 is involved in the
productive uptake pathway®4,

Reduction of Hsp90 protein levels decreased activity of some ODN chemistries®L.
Additionally, La (also known as SSB) and NPM1 proteins may increase ODN retention in
the nucleus, thus facilitating ODN activity®L. La is an RNA-binding chaperone protein
involved in tRNA transcription and processing. NPML1 is a nucleic-acid binding protein
associated with nucleolar ribonucleoprotein structures. AP2M1, ANXA2 and PC4 proteins
have also been shown to enhance ODN activity®l. AP2M1 is involved in endocytosis and
autophagy. ANXAZ is a calcium-dependent phospholipid-binding protein involved in
exocytosis of intracellular proteins to the extracellular domain, among other functions. PC4
protein is involved in transcription, chromatin organization and DNA repair.

ODNSs have also been shown to bind and be taken up by scavenger receptors. Miller et a/.>°
have demonstrated that members of the stabilin family of scavenger receptors, including
stabilin-1 (STABL) and stabilin-2 (STAB2) were responsible for bulk clathrin-mediated
endocytosis of phosphorothioate ODNSs. These receptors likely belong to the productive
uptake pathway as increased internalization rates in stabilin- overexpressing cell lines
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enhanced ODN potency for knockdown of the INCRNA Malat-1. Class A scavenger receptors
have also been implicated in ODN uptake36:57.

As a consideration for the interpretation of data from the ODN-binding protein screens, 2'-
modifications may affect ODN protein binding profiles. ODNs containing more hydrophobic
2’-modifications exhibit higher affinity for proteins in general. In particular, Hsp90 protein
binds LNA or constrained ethyl (cEt) ODNs more efficiently than 2MOE ODNSs.
Furthermore, reduction of Hsp90 protein levels decreased activity of LNA or cEt ODN, but
not 2MOE ODNs®L. Differential ability of ODNs of different chemistry to self-assemble into
nanoparticles may affect their uptake by class A scavenger receptor subtypes (SCARAS).
Peptide-conjugated PMO (PPMO) and tricyclo-DNA have high propensity to form
nanoparticles and are predominantly transported by SCARAs, including SCARAL,
SCARAZ3 and SCARADS, as shown by competitive inhibition, co-localization and RNAI
silencing experiments /in vitroand in vivo, in SCARAL knockout mice compared to wild-
type animals. 20Me ODNs were also transported by SCARAL, but to a lesser extent than
PPMO and tcDNA56:57,

Furthermore, the oligonucleotide uptake pathways may be different in cases of free uptake
(in the absence of delivery agent) and liposome-mediated delivery (transfection). After free
uptake, ODNs predominately localize in the cytoplasmic phosphorothioate bodies. After
transfection, ODN's localize primarily in the nucleus for extended periods of time?®,
accumulating in the nuclear phosphorothioate bodies®®. Phosphorothioate bodies appear
within minutes after the start of oligonucleotide treatment and remain stable for extended
periods of time. However, during mitosis phosphorothioate bodies are reorganized and then
reassembled from diffuse ODN pools in the daughter nuclei®8.

Transfected ODNs are quickly released from their cationic vesicle carriers. Using
transfection complexes with fluorescently labeled lipids and oligonucleotides targeted to
protein kinase C-alpha, Marcusson et a/.5% demonstrated that the lipids initially co-localized
with the oligonucleotides on the cell surface and in punctate structures in the cytoplasm. At
later times the oligonucleotides, but not lipids, began to appear in the nucleus. Knockdown
of protein kinase C-alpha mRNA did not begin until the oligonucleotides entered the
nucleus®®,

ODN uptake mechanisms can also differ depending on the cell types involved. For example,
in vivo kidney proximal tubule cells and liver Kupffer cells exhibit a strikingly higher
productive and non-productive oligonucleotide uptake capacity than other cell types.
Positional signaling and cell surface proteins may be involved in the regulation of the uptake
process. For example, in primary hepatocytes productive uptake is substantially diminished
in the first 24—36h after introduction into culture*6. However, information on the uptake
mechanisms in different CNS cell types is currently scarce.

Moreover, ODN uptake mechanisms can undergo disease-associated changes. It has been
shown that in mdx mice (a DMD maodel) skeletal muscles show 4-8 times higher ODN
levels (up to 10 pg/g) than in WT mice at 48 h after single intravenous (1V) injection of 50
mg/kg of 20Me-phosphorothioate ODN. Disease-dependent differences in uptake were not
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observed in kidney and liver, which showed high (up to100 pg/g) and equal levels of ODN in
both mouse strains®.

Assisted delivery and CNS targeting of ODNs

Although ODNs are readily taken up by brain tissues and have extended tissue half-life,
development of specialized carriers or further chemical modification of ODNSs can be
beneficial in terms of enhancing passage through the BBB, improving distribution to a
productive uptake pathway and targeting ODNs to specific cell types or diseased cells. At
the current state of knowledge, this additional chemistry is likely to elevate toxicity,
complicate drug approval process and increase cost. However, if optimized, it could be
highly beneficial for disease treatment, thus, extensive research is being carried out in this
field3.

Among modifications aimed at improving ODN delivery are cationic lipids and polymers
that can destabilize the endosome membrane. Buffering peptides or polymers have been
used to change intra- endosomal pH to affect endosome stability and trafficking. Small
molecules that increase endocytosis of oligonucleotides or selectively permeabilize
endosomal compartments, thus leading to oligonucleotide release to the cytosol, have been
proposed. Different types of nanocarriers have been used to both facilitate the transport
through the cell membrane and target ODNS to particular cell typess.

Multiple cell-penetrating peptides and conjugation with receptor ligands are being tested for
targeted delivery of ODNs, and all of the above methods are being used to increase BBB
permeability3. For example, an advanced peptide-oligonucleotide, Pip6a-PMO designed to
modulate exon 7 splicing of SMN2, demonstrated potent efficacy in the CNS after systemic
administration at doses an order of magnitude lower than those of naked ODNs. Animal
survival was extended from 12 to 456 days, with improvement in neuromuscular junction
morphology and other disease manifestations6Z.

Some chemical modifications, such as tricyclo-DNA, have been shown to improve trans-
BBB availability of ODNs!2. Purified exosomes loaded with ODN cargo are capable of
crossing BBB after IV injection (reviewed in ref. 9). It is important to note, however, that
most, if not all of these approaches are likely to reduce ODN specificity and increase
treatment-associated adverse events by simultaneously redistributing other non-related
molecules into new subcellular compartments and tissues.

Another approach to optimizing delivery of ODNSs through the BBB is intranasal
administration. Intranasal delivery has been previously used for delivery of small molecules
with poor BBB permeability, peptides or proteins. For example, in an Alzheimer’s disease
clinical trial, insulin delivered intranasally successfully reached the brain, without adversely
affecting blood insulin or glucose levels. Treatment-related adverse events were minor, such
as mild rhinitis®2. Furthermore, an FITC (fluorescein isothiocyanate)-labeled ODN GRN163
administered to rats intranasally every 2 min as 6 p1 drops into alternating sides of the nasal
cavity over 22 min was observed in brain tumor cells at all time points studied, with a peak
at 4 h after delivery. When delivered intranasally daily for 12 days, GRN163 significantly
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prolonged the median survival of rats from 35 days in the control group to 75.5 days in the
GRN163-treated group®3. Moreover, an anti-miR-210 LNA ODN delivered ICV or
intranasally in rats produced similar decreases in hypoxia-induced neonatal brain injury and
improvements of neurological function later in life®4. Finally, intranasal administration of a
sertraline-conjugated siRNA inhibited serotonin transporter (SERT) expression and function
and produced antidepressant-like effects in mice®°.

An alternative method of enhancing intranasal delivery has been proposed by Bleier ef a/.56.
It involves introducing a semipermeable window in the BBB by creating an opening using
endoscopic surgery, then engrafting autologous nasal mucosa. This procedure is currently
used in the clinic to remove brain tumors endoscopically, accessing the skull base through
the nose. After surgery, the opening in the skull base is sealed with mucosal grafts harvested
from the patient’s nasal septum. The engrafted nasal mucosa, which lacks restrictive BBB
qualities, may be subsequently dosed with ODNSs, peptides, proteins or other large
molecules. This procedure can be further enhanced by carriers that improve residence time
and permeation of the mucosa.

PK and PD characteristics

The complex multi-stage and multi-compartment uptake and clearance mechanisms of the
ODN drugs lead to their very unusual PK and PD properties, which bear little resemblance
to those of small molecules. Consequently, ODNs cannot fully benefit from the existing pre-
clinical development tools that are largely optimized for small compounds. At the same
time, the information on PK of ODN drugs, which may lead to the development of tools
fundamental for determining dose and regimen for chronic administration, is scarce. In this
section, we review the available data, mostly centered on 2MOE ODNs because of their
advanced position in clinical development. However, the distribution and metabolism of
other oligonucleotide chemistries may be somewhat different, as seen from the diverging
side-effect profiles of 20Me and PMO ODNSs reported in their respective clinical trials for
Duchenne muscular dystrophy (http://www.fda.gov/downloads/AdvisoryCommittees/
CommitteesMeetingMaterials/Drugs/
PeripheralandCentralNervousSystemDrugsAdvisoryCommittee/UCM473737.pdf accessed
5/29/16; http://www.fda.gov/downloads/AdvisoryCommittees/
CommitteesMeetingMaterials/Drugs/
PeripheralandCentralNervousSystemDrugsAdvisoryCommittee/UCM473737.pdf accessed
5/29/16).

Following subcutaneous (SC), IV, ICV or IT administration, ODNs are rapidly absorbed
from the injection site into the circulation or into cerebrospinal fluid (CSF). Below, we
consider absorption and distribution profiles following direct CNS administration of ODNSs.

Application of ODNs to the brain

In the early 1990s, one of us (C.W. et a/)87-"1 was involved in the first successful attempts
to apply ODNSs directly into CSF (ICV or IT) to target specific mMRNAs in the brain of living
rodents. At that time, we suggested that the CNS could be viewed as a protected
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environment because of the demonstration that CSF contains negligible nuclease activity to
degrade ODNSs and, moreover, that it is an immune- privileged zone; oligonucleotides are
therefore highly stable in this body fluid®%70, Over the following quarter century, many
academic and industry-based investigators have applied a variety of different types of
oligonucleotides, injected ICV, IT or into specific brain sites of experimental animals.
However, it is only in the past few years that this approach has matured to the point where
clinical trials for human brain disorders are being pursued in a concerted manner (see
below).

After IT administration, ODNSs are distributed from CSF within minutes to hours, mainly
through uptake into CNS tissues and, to a lesser degree, through transfer to systemic
circulation’2. Similar to plasma, elimination of ODNs from CSF follows a two-phase course.
Seven days after a single IT bolus injection of either 1, 3 or 7 mg of a phosphorothioate
2MOE ODN in adult cynomolgus monkeys, the greatest ODN accumulation was observed in
large and small cell bodies of the gray matter, consistent with neuronal and glial cell
uptake’3. Interestingly, when the same 2MOE ODN was administered by IP bolus injection,
the half maximum effective concentration (ECsg) value in the liver was more than tenfold
higher than in the brain, possibly reflecting a lower ratio of productive to non- productive
uptake in the livers,

The existence of productive and non-productive pathways substantially complicates the PD
characteristics of ODNs. Counterintuitively, ICV bolus injection of a phosphorothioate MOE
ODN resulted in a 4-5 times lower ECs than a one-week osmotic pump infusion’3.
Furthermore, although infusion of ODN resulted in a larger amount taken into the liver cells,
little increase in ODN activity was associated with this higher concentration, suggesting that
the saturation point of the non-productive pathway was not being reached and only small
amounts of ODN were available for the productive pathway. Addition of a nonsense ODN
resulted in lower overall amount of active ODN in liver but paradoxically greater target RNA
silencing”3.

However, a different situation was observed after systemic administration in dystrophin-
deficient mdx mice treated with different dosing regimens of exon-skipping
phosphorothioate 20Me ODN over a period of 8 weeks’4. In this study, higher levels of
ODN, more pronounced exon skipping and increased protein were observed in muscle after
low daily doses compared with large weekly doses. After receiving a high loading dose
(1,250 mg/kg) in the first week, mice treated with maintenance injections twice weekly for 8
weeks showed higher preservation of therapeutic effects than mice receiving fewer or no
maintenance injections’#. These differences could be due to impaired barrier function and
lower reliance on active uptake mechanisms in mdx mice.

Another unusual aspect of ODN pharmacology is the delayed protein effect. For example,
huntingtin (Htt) protein reduction was observed 2 weeks later than downregulation of Hitt
mRNA in Huntington’s disease (HD) mouse model’>. At the same time, protein expression
did not return to vehicle-treated levels until 4 months after the end of treatment. Motor
function improved after a two-month lag in 6-month-old mice. Improvement in motor
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performance persisted over 6 months after the end of treatment and 2 months past the return
of the protein expression to saline levels’®.

Furthermore, SMNZ splicing correction in mouse spinal cord and brain after a single ICV
bolus injection of 100 pg of a 2MOE ODN also resulted in prolonged pharmacological
activity, which was maintained for at least 36 weeks after dosing and past complete ODN
elimination’3. Notably, duration of action of the ODN in the liver after IP bolus injection
was much shorter, with minimal SMN2 splicing correction observed 8 weeks after dosing’3.
SMN2 splicing correction in the spinal cord and brain 71 days after the end of the 30-ug/day
ICV infusion was comparable to the level observed 2 days after the end of the infusion’3.

Such persistent effects of the ODNs could be partially explained by their long half-life in the
peripheral tissues and extremely long half-life in the CNS (due to its low nuclease levels and
immune- privileged status). For example, nusinersen, a 2MOE ODN, was detectable in
motor neurons 1 year after a 7-day ICV infusion’3. Tissue half-life of ICV-infused 2MOE
ODNSs were 71-206 days in the brain and 145-191 days in the spinal cord’3. Meanwhile,
half-life of 20Me phosphorothioate ODNSs in rodent peripheral tissues was around 10-65
days after IV injection®0.74.75_ Slower rates of degradation and clearance from the CNS,
together with the fact that the CNS represents a relatively small contained volume, allow
using decreased doses of ODNs for IT administration, thus reducing the possibility of
adverse events.

Importantly, an antidote (a fully complementary oligonucleotide) can be designed to
counteract the effects of an ODN drug. Such antidote reversed SMN2 exon 7 inclusion in
SMA mice initially treated with splice-modulating 2MOE phosphorothioate ODN’3,

More than 85% of phosphorothioate ODNs escaping into systemic circulation are bound to
plasma proteins, mainly albumin, in all species studied372. This may result in different
relative potency of ODNs observed /n vitro and in vivo. For example, a PMO ODN, which
exhibited the same potency as a 2MOE phosphorothioate ODN Jn vitroin SMA patient
fibroblasts, was three- to fivefold less potent for SMIN2 exon 7 inclusion /n vivo. This could
be due to a 4-8 times lower accumulation of the PMO ODN in CNS tissues compared with
that of 2MOE phosphorothioate ODN’3,

In vivo, minimal nuclease cleavage of ODNs is observed with the main degradation product
being 3" n-1 oligonucleotides. Because of the decreased binding to plasma and tissue
proteins, the shorter endonucleolytic products are rapidly eliminated in urine’2. Kidney is
the primary route of excretion of phosphorothioate ODNs, although this is a relatively slow
process and mainly involves nuclease degradation products3.

Differences in PK and toxicology among species

The limited clinical trial experience with direct ODN administration to the CNS shows that
although the PK of 2MOE ODNss is generally similar for different sequences and species’S,
there could be some species- and ODN-sequence-specific differences in PK and toxicologic
profiles. Insights gained from the studies using systemic administration of ODNs indicate
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that animal species used in toxicology studies are possibly more sensitive to ODN
treatment’ 781,

The unusual PK and PD properties of the ODNs could be partly responsible for the
difficulties surrounding two exon-skipping ODNs being developed for the treatment of
DMD: drisapersen, which was rejected by the FDA, and eteplirsen, which ultimately
received accelerated approval in 2016. For both these drugs, the time frames required to
observe statistically significant accumulation of their target protein (months) and to
demonstrate slowing of disease progression (years) are strikingly different from those
commonly used in the trials for small-molecule compounds. At the same time, the clinical
trials for ODNs cannot be simply extended to the required duration without modifying the
current trial requirements and rules optimized for small molecules®2. As study duration is
extended, placebo controls, and especially sham controls common in cases of IT injections,
become less feasible because of difficulties with maintaining blinding of the trial.
Furthermore, subject recruitment can be negatively influenced by the prospect of receiving
placebo treatment for extended periods. Possible solutions may involve multi-stage approval
and more extensive use of surrogate markers.

In addition to the recent approval of nusinersen, multiple other ODN compounds are
currently in different stages of clinical development (Table 1). In the following sections, we
briefly review the current status of these studies below, starting with the more advanced
clinical programs.

Exon-skipping ODNs

SMA

Multiple CNS-targeted ODN compounds are currently in different stages of clinical
development (Table 1). We briefly review the current status of these studies below, starting
with the more advanced clinical programs. Exon-skipping ODNs have been applied to treat a
variety of splicing disorders. These include spinal muscular atrophy (SMA), spinocerebellar
ataxia type 3 (SCA3) and ataxia telangiectasia (AT).

SMA is a severe genetic disorder characterized by degeneration of spinal motor neurons,
progressive muscle weakness beginning in infancy, and early death. The disease is caused by
reduced amounts of SMN1 protein. A known modifier of SMA severity is the copy number
of the SMN2gene. SMNZ sequence is highly similar to SMNZ but has a mutation that leads
to exon 7 omission and production of a truncated protein, which is normally rapidly
degraded.

Nusinersen, a phosphorothioate 2MOE ODN (also known as Spinraza, ISIS 396443, I1SIS-
SMNRx and ASO-10-27) is designed to target a site in intron 7, called ISS-N1. ISS-N1
normally recruits splicing repressors heterogeneous nuclear ribonuclear proteins (hnnRNP)
Al and A2, which inhibit exon 7 inclusion. Hybridization of nusinersen to 1ISS-N1 blocks
hnRNP recruitment, which leads to exon 7 inclusion and increased production of the full-
length SMN2 protein83.
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Nusinersen has shown good safety and tolerability profiles in open-label phase 2 clinical
trials after IT delivery in infants and children with SMA. Immunogenic response to
nusinersen was not observed over 9-14 months after treatment®4. Nusinersen study
represents the first experience of IT ODN delivery in children 2-14 years of age. The ODN
was administered IT as a 5-mL bolus over 1 to 3 min at the L3-L4 disc space; 5 to 6 mL of
cerebrospinal fluid was collected before drug injection. Additional lumbar punctures were
conducted for follow-up collection of CSF for safety and PK analyses8®. Most adverse
events observed in nusinersen studies were attributed to lumbar puncture, including
headache, back pain and post-lumbar puncture syndrome. Adverse events were more
frequent in older children, children with type 3 SMA and with the use of 21- or 22-gauge
needle (compared with a 24-gauge or smaller). Lumbar puncture was complicated by
scoliosis, common in SMA patients8°.

The dose range selected for the phase 2 study was expected to produce the tissue
concentration of ODN of 1-10 ug/g in spinal cord tissues, shown to elicit a 50-90% SMN2
exon 7 inclusion in animal models. Preliminary efficacy data showed increases in motor
function scores at the highest dose used (9 mg/kg) in treated patients compared with values
from natural history studies. As no dose-limiting toxicity was observed, Chiriboga et a/.84
proposed to use higher doses in the future studies.

PK data from the clinical trial were consistent with results from animal studies and other
ODN clinical trials81. Peak plasma levels were observed after a few hours followed by a
slow decline lasting for ~20 h and an extended final elimination period of 7 days. Nusinersen
was detectable in plasma for over 24 h after a dose, and at 7 days after a dose in the CSF.
Furthermore, in the CSF of the 9-mg group, detectable levels of nusinersen were observed
29 days after dose (2.33 + 0.928 ng/ml). At the 9- to 14-month evaluation, CSF nusinersen
concentrations were still above the limit of quantification (1 ng/ml). Apparent terminal half-
life in CSF was estimated to be 132-166 days (4.5-6 months). For comparison, nusinersen
half-life in CNS tissues in mice was estimated at 145-191 days and in monkeys at 139 + 54
days. This extremely long CNS half-life may justify infrequent administration of nusinersen
(e.g., every 4-6 months)84. No correlation was observed between age or total body weight of
patients and CSF concentrations of nusinersen, consistent with literature reports indicating
that CSF volume is similar in children older than 2 years. Thus, no dose scaling was
proposed for this pediatric population®4. Consistent with delayed effects observed for many
ODN:s, doubling of SMNZ2 protein levels in the CSF was observed at 9-14 months after a
dose, compared to baseline, in the 6- and 9-mg groups. The 9-mg group demonstrated
improved functional assay scores compared to baseline at 3 months after a dose, and further
improvement at 9-14 months during the extension study84.

A phase 3 clinical trial sponsored by lonis Pharmaceuticals (formerly ISIS Pharmaceuticals;
Carlsbad, CA, USA) and Biogen (Cambridge, MA, USA) was initiated in 2014. The
randomized, double-blind, sham-procedure-controlled, 13-month study evaluated the
efficacy and safety of a 12-mg dose of nusinersen in 110 infants with SMA with a primary
endpoint of survival. The preliminary results announced in 2016 demonstrated that children
receiving nusinersen experienced a highly statistically significant improvement in motor
function compared to those who did not receive treatment. Additionally, the phase 2 open-
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SCA3

AT

label study of nusinersen in infants with SMA showed continued increases in mean event-
free survival and muscle function scores, as well as achievement of motor milestones
normally not seen in infants with type 1 SMA, such as sitting, standing and walking. In
December 2016, FDA approved nusinersen.

Interestingly, although SMA is considered a motor neuron disease, considerable
amelioration of disease symptoms is observed after systemic administration of splice
switching 2MOE ODNs. Systemic treatment completely eliminated necrosis in mice with
mild SMA and resulted in a 21-fold increase in life span and improved motor neuron counts
in mice with severe SMA. Meanwhile, increasing SMN levels specifically in motor neurons
ameliorated the phenotype of SMA mice only partially, including a limited increase in
survival®®. Peripheral rescue of SMA phenotype could be explained by peripheral
production of trophic factors supporting survival of central motor neurons. After systemic
ODN treatment in neonatal mice, all gastrointestinal abnormalities observed in the mouse
model of SMA, including reduction of vascular density, overabundance of enteric neurons
and increased macrophage infiltration, were restored to near-normal levels8”. Additionally,
IP injection of 80 pg/g of 2MOE ODN twice at the age of onset in a mouse model of the
intermediate forms of SMA extended survival and rescued the delay in neuromuscular
junction maturation8®8.

Besides exon 7 retention, a new therapeutic target for SMA, an intronic repressor Elementl
(EX1), located upstream of SMN2 exon 7, has been described. A single ICV injection of E1-
blocking MAO ODN resulted in an increase of SMN protein and extension of life span from
an average of 13 days in the control to 54 days in ODN-treated SMNA7 mice. These
changes were accompanied by large weight gains and correction of the neuronal pathology.
In an intermediate SMA mouse model, ODN treatment extended life span by ~700%8°.

This disorder, also known as Machado—-Joseph disease (MJD), is caused by polyglutamine
expansion in the ATXN3, resulting in production of a toxic mutant protein. As ATXN3 is
involved in deubiquitination and proteasomal degradation of proteins, its long-term silencing
might not be desirable. Evers et a/.% described targeted removal of the polyglutamine repeat
using 20Me ODN-mediated exon skipping. Because omitting the CAG-repeat-containing
exon 10 in the ATXN3gene disrupts the reading frame, both exons 9 and 10 had to be
skipped simultaneously. Single ICV co-injection of 20 ug per ODN resulted in significant
exon skipping in mice after 7 days. The generated novel truncated version of ATXN3
retained its normal ubiquitin binding function and did not show any toxicity /7 vivo®.

This progressive autosomal recessive neurodegenerative disorder, also referred to as Louis—
Bar syndrome, results from mutations in the A7M (ataxia telangiectasia mutated) gene.
Sequencing of a patient’s DNA has identified a novel mutation which created a new donor
(57) splice site 405 bp upstream of the exon 12 acceptor (3”) splice site. The mutation results
in the inclusion of a 212-bp non-coding pseudoexon with a premature stop codon. Treatment
with 1-2 uM of a PMO ODN, designed to mask the mutant donor splice site, corrects ATM
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splicing and restores ATM kinase activity to 50% of the WT levels in patient lymphoblasts.
AT patients with 5-20% of functional ATM have a mild phenotype, and ATM heterozygotes
do not show any sign of disease®?.

MRNA-knockdown ODNs

ALS

ODN:Ss that work through mRNA knockdown have a longer track record in the clinic than
those that intervene in splicing. Thus far, they have been applied to treat a variety of CNS
disorders, including amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), focal
ischemia, familial amyloid polyneuropathy (FAP), leptomeningeal amyloidosis and MECP2
duplication syndrome. We discuss work with these ODNs below.

This rapidly progressive disorder, also called Lou Gehrig’s disease, attacks neurons
controlling voluntary muscles. The exact causes of ALS are not known, but several genes
causing ALS in subsets of patients have been identified.

Mutations in SOD1 account for ~2% of all ALS cases and are characterized by high
penetrance and dominant inheritance. SOD1 mutations generate toxic protein, therefore
reduction in SOD1 levels is considered a desirable therapeutic target. lonis and Biogen are
currently evaluating IONIS-SOD1Rx, a 2MOE ODN, in a phase 1/2a clinical study in
patients with SOD1-ALS started in 2016 (ClinicalTrials.gov ID# NCT02623699). In the
phase 1 randomized, placebo-controlled trial of IONIS-SOD1RXx (ClinicalTrials.gov ID#
NCT01041222), started in 2010, 21 participants received IT infusions of ODN using an
external pump over 11.5 h at increasing doses (0.15 mg, 0.50 mg, 1.50 mg, 3.00 mg).
Subjects were allowed to re-enroll in subsequent cohorts. Safety and tolerability assessments
were made during the infusion and periodically over the following 28 days. No dose-limiting
toxicities were identified. The most common adverse events were related to post-lumbar
puncture syndrome’®, There were two adverse events potentially related to the study drug: a
mild paresthesia in the 1-mg group and a report of palpitations in the 3-mg group, both of
which resolved spontaneously. There were no clinically significant changes in CSF clinical
chemistry or CSF cytokines®.

Another frequent cause of ALS is GGGGCC repeat expansions in C9ORF72 (chromosome
9 open reading frame 72). The mechanism of the COORF72-related disease likely involves
the toxic gain-of-function effects of the GGGGCC expansion-containing RNA
(GGGGCCexp RNA), including its increased expression and accumulation in the
intranuclear foci, together with hnRNPA1 and Pur-a proteins. Such accumulation may alter
RNA metabolism, dysregulate expression of genes involved in membrane excitability,
including DPP6, induce sequestration of GGGGCCexp-RNA-binding protein ADARB?2,
diminish neuronal capacity to fire continuous spikes upon depolarization and increase
susceptibility to excitotoxicity92:93, ODNs that degrade only the repeat-containing RNAs but
preserve the levels of healthy COORF72 RNAs would represent a desirable option, because a
chronic 50% reduction of C9ORF72 in mice did not result in overt symptoms, while its
complete inactivation produced splenomegaly, enlarged lymph nodes, and mild social
interaction deficits without motor dysfunction®2. Donnelly et a/92 have developed such
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ODNs, targeting the intronic region downstream of the repeat or exon 2. These ODNs
effectively reduce COORF72 RNA levels in C9ORF72 patient fibroblasts and iPSCNs
(induced pluripotent stem cell motor neurons)?. The ODN treatment results in a sustained
decrease in RNA foci and dipeptide-repeat proteins, and ameliorates behavioral deficits®®.

Apart from SOD1 and hexanucleotide repeat expansions of CIORF72, ODNs have been
designed against another two targets in ALS pathogenesis: acetylcholinesterase (AChE) and
miR-155. AChE, an enzyme involved in cholinergic synapses in the CNS and peripheral
nervous system, has been linked with motor unit denervation and neurotoxicity in ALS. ALS
(G93A-SOD1) mice treated with AChE-downregulating ODN mEN101 at the
presymptomatic, but not at the symptomatic, stage, show prolonged survival and attenuated
motor-neuron loss%. The microRNA miR-155 has been found to be significantly
upregulated in the CSF of ALS patients. When G93A-SOD1 ALS mice were treated for two
weeks by ICV infusion of a phosphorothioate 2MOE/2F ODN against miR-155, survival
was extended by ten days compared with controls®’.

Huntington’s

HD is caused by expansion of the CAG trinucleotide sequence in the /77 gene. The
expanded mRNA variants produce a toxic protein that progressively destroys neurons in the
brain. IONIS-HTTRXx is a 2MOE ODN developed by lonis and Roche (Basel, Switzerland)
for the treatment of HD. A phase 1/2a clinical study in patients with HD was initiated in
2015. It is a randomized, placebo-controlled, dose escalation study to evaluate the safety,
tolerability, PK and PD of multiple ascending doses of IONIS-HTTRXx, administered IT.

In preclinical studies, continuous ICV infusion of IONIS-HTTRXx (10, 25 or 50 ug/day) for
two weeks into the right lateral ventricle of the BACHD mouse model of HD mediated a
sustained reversal of disease phenotype that persisted longer than the HTT knockdown at 16
weeks after the end of the infusion. Suppression of mutant HTT for 8 weeks was required
before reversal in phenotype was apparent’®.

Another approach to HD treatment is allele-specific HTT knockdown, which is potentially
safer than the reduction of total HTT levels. ODNs targeted to HD-associated SNPs
selectively silenced the mutant HTT mRNA throughout the CNS for 16 weeks or more after
a single ICV injection of a 300-ug dose in an acute humanized mouse model of HD,
Hu97/18 (ref. 98). The cEt ODNs employed showed greater potency than 2MOE ODNE.
Mutant HTT reduction of 25-35% was still observed at 36 weeks after injection98.

Focal ischemia

Inhibition of expression of A-methyl-D-aspartate receptor 1 (NMDA-R1) can prevent the
neurotoxicity elicited by NMDA during ischemic conditions and minimize brain damage by
reducing the volume of the focal ischemic infarctions. Treatment with LNA ODNs to
NMDA-R1 protected cortical neurons from excitotoxicity, reduced focal ischemic
infarctions after occlusion of the middle cerebral artery in rats and prevented NMDA
neurotoxicity in vitrcP8.
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FAP

In patients with FAP and other transthyretin (TTR) amyloidosis diseases, both the mutant
and WT TTR build up as fibrils in CNS, peripheral nerves, heart, gastrointestinal system,
eyes, kidneys, thyroid and bone marrow. Thus, lowering the expression levels of both mutant
and WT alleles could slow the disease progression. IONIS-TTRRx is a 2MOE ODN
designed to reduce the production of TTR for the treatment of all forms of TTR amyloidosis.
IONIS-TTRRXx is currently in a phase 3 study, NEURO-TTR, initiated in 2013. It is a
randomized, double-blind, 15-month study of 300 mg/week of IONIS-TTRRXx or placebo.
The study will evaluate the effects of IONIS-TTRRx on neurological dysfunction and
quality of life. The results are expected in 2017. lonis and GlaxoSmithKline are preparing an
new drug application (NDA) filing (http://ir.ionispharma.com/phoenix.zhtml?
€=222170&p=irol-newsArticle&ID=2172683, accessed 5/28/16). After 3 months of IONIS-
TTRRX treatment in the open-label extension study, initiated for FAP patients who have
completed the phase 3 study, an average reduction in TTR protein of 76% compared to
patients’ baseline TTR levels was observed.

Preliminary data from an ongoing phase 2 study in patients with TTR amyloid
cardiomyopathy showed evidence of cardiac disease stabilization after a 12-month treatment
with IONIS-TTRRx. However, a planned phase 3 outcome study, CARDIO-TTR, of IONIS-
TTRRX in patients with amyloid cardiomyopathy was placed on clinical hold by the FDA as
a result of safety findings in the ongoing NEURO-TTR study (http://ir.ionispharma.com/
phoenix.zhtml?c=222170&p=irol-newsArticle&ID=2172683, accessed 5/28/16).

Another approach for the treatment of FAP is taken by Alnylam (Cambridge, MA, USA),
which is developing patisiran, an sSiRNA compound. Preliminary results from its ongoing
phase 2 open-label extension studies with patisiran were announced in July 2016. Data from
the patisiran study showed improvement or no change in the mean neuropathy impairment
score (MNIS+7) after 24 months of dosing in patients with FAP. There was a positive
correlation between the degree of serum TTR knockdown and changes in mNIS+7. A total
of 225 patients with FAP were enrolled in the phase 3 study of patisiran between December
2013 and January 2016 (http://www.alnylam.com/product-pipeline/hereditary-attr-
amyloidosis-with-polyneuropathy/).

Another dsRNA compound from Alnylam, revusiran, which was in clinical trials for
hereditary ATTR amyloidosis with cardiomyopathy (hATTR-CM) was discontinued in
October 2016. Although initial 12-month data from the revusiran study showed knockdown
of serum TTR and stable 6-min walk distance (6-MWD) results in hAATTR-CM patients,
there were reports of new-onset or worsening peripheral neuropathy in the trial.
Additionally, there was an imbalance of mortality in the revusiran arm compared with the
placebo. The Data Monitoring Committee did not find conclusive evidence of these effects
being drug-related, but concluded that the benefit-risk profile for revusiran no longer
supports continued dosing (http://www.alnylam.com/product-pipeline/hereditary-attr-
amyloidosis-with-polyneuropathy/).
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Leptomeningeal amyloidosis

Leptomeningeal amyloidosis associated with mutations in TTR is a rare fatal form of
amyloidosis characterized by dementia and intracerebral hemorrhage. Mice transgenic for a
human amyloidosis-associated mutation I1e84Ser were treated with an ICV infusion of a
TTR-specific ODN (50 pg or 75 g per day) for 4 weeks. This treatment significantly
reduced human TTR expression in choroid plexus, which is believed to be the source of the
amyloid protein in leptomeningeal amyloidosis®°.

MECP2 duplication syndrome

This disease is characterized by autism, intellectual disability, motor dysfunction, anxiety,
epilepsy, recurrent respiratory tract infections and early death. In a conditional Mecp2-
overexpressing mouse model, reduction of Mecp?2 levels reversed the behavioral, molecular
and electrophysiological deficits associated with Mecp2 overexpression. ODN treatment
also induced phenotypic improvement in adult symptomatic transgenic Mecp2 duplication
mice (MECP2-TG). Furthermore, ODN treatment of lymphoblastoid cells from MECP2
duplication patients reduced MECP2 levels in a dose-dependent manner90,

MRNA-upregulating ODNs

ODNs can also increase transcript production by a variety of mechanisms. We discuss two
CNS conditions below where this mechanism has been applied.

Dravet syndrome (DS)

DS is caused by heterozygous loss-of- function mutations in the SCNZA gene, which
encodes the pore-forming alpha subunit of the voltage-gated sodium channel Nav1.1.
Clinically, DS is characterized by seizure onset in the first year of life, febrile seizures
resistant to anticonvulsants, progressive psychomotor retardation and high incidence of
sudden unexpected death. Upregulation of the remaining healthy SCN.1A allele represents a
desirable therapeutic target in DS. Such upregulation has been achieved by blocking the
transcriptional inhibitory activity of a regulatory IncRNA from the SCNIA locus
(SCN1ANAT) using 20Me ODNSs termed AntagoNATSs. In non-human primates and a
knock-in mouse model of Dravet, IT injection of AntagoNATs induced upregulation of
Scnla. A once-weekly injection of 20 pg of AntagoNAT for 4 weeks led to significant
improvements in seizure frequency and duration, as well as normalization of excitability of
hippocampal interneurons in Dravet mice38,

Angelman syndrome

Angelman syndrome is characterized by intellectual disability, developmental delay, seizures
and ataxia. It is caused by maternal deficiency of the imprinted gene UBE3A (ubiquitin
protein ligase E3A). The paternal copy of UBE3A is usually intact, but silenced by a
nucleus-localized IncRNA, UBE3A-ATS. Ube3a-ATS reduction in mice has been shown to
increase paternal UBE3A expression. ICV treatment with anti-Ube3a-ATS ODN led to
reduction in Ube3a-ATS expression and upregulation of Ube3a in mice. No significant
changes in body weight, microglial activation marker (AIF1) or astrocyte marker (GFAP)
expression were observed one month after single ICV injection. Notably, a blocking ODN
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did not affect paternal UBE3A expression, indicating that RNase H degradation of the
UBE3A-ATS transcript is required for paternal UBE3A derepressionlol,

Notably, knockdown of Ube3a-ATS is complicated by the fact that Snrpn, Snord116 and
Snord115 small nucleolar RNAs are processed from the same precursor transcript.
Mutations affecting these small nucleolar RNAs are known to cause Prader-Willi syndrome.
Interestingly, expression of these RNAs was not affected by the ODN treatment, possibly
due to a very fast rate of Snord splicing101.

Combination ODN approaches

In a final category, ODNSs have been combined to address disease targets by different
mechanisms. An example of such therapeutic application is Alzheimer’s disease (AD).

AD is a progressive brain disorder that severely affects learning and memory. Accumulation
of toxic aggregates of Abeta peptide is considered a hallmark of AD. Although the exact
genetic causes of AD remain unclear, multiple proteins have been proposed as potential
therapeutic targets for the treatment of this disorder.

In one of the early ODN applications, an ODN against Abeta reversed learning and memory
deficits of aged SAMP8 mice, a model of AD that overproduces Abetal. In another attempt
to use ODNSs to decrease Abeta accumulation, a phosphorothioate ODN corresponding to the
17-30 region of Abeta (OL-1) was administered ICV three times at two-week intervals to
SAMP8 mice. OL-1 did not change mMRNA levels, suggesting that its major effect is
blocking at the level of translation. Treatment with OL-1 reversed learning and memory
deficits in T-maze foot-shock-avoidance tests and lowered oxidative stress in SAMP8 mice.
In a second study, OL-1 was injected systemically three times at two-week intervals in the
tail vein of SAMP8 mice. OL-1 was shown to cross the BBB, perhaps partially due to
impairment of the BBB observed in AD models. OL-1 administered IV also improved
learning and memory in both T-maze foot-shock-avoidance and novel object-place
recognition tests?.

Other therapeutic targets for AD are now being investigated. It has been shown that the
balance of ApoERZ2exon 19 splicing is deregulated in postmortem brain tissue from AD
patients and in a transgenic mouse model of AD. Blocking putative binding sites of SRSF1,
a regulator of exon 19 splicing, with a 2MOE ODN results in increased exon 19 inclusion. A
single ICV dose of the ODN administered 1 or 2 days after birth by ICV injection in AD
mice corrected ApoER?2 splicing starting already at 1 week after injection. Splicing
correction lasted up to 6 months and was accompanied by improvements in synaptic
function, learning and memory102,

MicroRNA-33 is proposed as another therapeutic target for the treatment of AD. Inhibition
of microRNA-33 increased lipidation of brain ApoE and reduced Abeta levels by inducing
ABCAL1. A four-week ICV infusion of 30 pg/d of anti-miR-33, a 2MOE ODN from Regulus
Therapeutics (San Diego, CA, USA), resulted in the brain-specific inhibition of
microRNA-33 and markedly decreased Abeta levels in the cortex of APP/PS1 mice103.104,
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Glycogen synthase kinase 3 beta (GSK-3p) represents yet another AD target. To suppress
the level of GSK-33, SAMP8 mice were treated with an anti-GSK-33 ODN (GAO). The
treatment decreased GSK-3p levels in the cortex and improved performance in aversive T-
maze and object recognition tests05,

Low expression of another target, brain-derived neurotrophic factor (BDNF), has been
associated with AD and other disorders of the nervous system. Our work (C.W. and
colleagues)3® has shown that interfering with function of a BDNF NAT, a regulatory
IncRNA in the BDNF locus, using ICV administration of LNA ODNs (AntagoNATS) results
in increased expression of biologically active BDNF protein in mouse brain and proliferation
and differentiation of neurons in mouse neurosphere cultures3®.

A final drug target in AD is pathological accumulation of tau protein. This could be
potentially reversible via ODNs that knockdown tau expression. Indeed, such ODNs (2MOE
PS gapmers) have recently been shown to selectively decrease human tau mMRNA and protein
in mice expressing human tau with P301S mutation, which led to dissolution of the pre-
existing phosphorylated tau and thioflavin S pathology. Furthermore, hippocampal volume
loss, neuronal death, nesting deficits and mouse survival were normalized after ODN
treatment. In non-human primates, tau ODN-induced reduction of tau mMRNA and protein in
both the CNS tissue and CSF persisted for at least 6 weeks after lumbar IT injection. These
results support the feasibility of a tau-lowering therapy in AD, even after pathological tau
deposition has begunl. Another possible drug target in AD is the pathological
accumulation of tau protein, potentially reversible by ODNs that knockdown tau expression.
Indeed, such ODNs (2MOE PS gapmers) were shown to selectively decrease human tau
MRNA and protein in mice expressing human tau with P301S mutation, which led to
dissolution of the pre-existing phosphorylated tau and Thioflavin S pathology. Furthermore,
hippocampal volume loss, neuronal death, nesting deficits and mouse survival were
normalized after ODN treatment. In nonhuman primates, tau ODN-induced reduction of tau
MRNA and protein in the CNS tissue and CSF persisted for at least 6 weeks after lumbar IT
injection. These results support the feasibility of a tau-lowering therapy in AD even after
pathological tau deposition has begun?18,

Conclusions

Overall, the therapeutic oligonucleotide field has made great progress in recent years,
including substantial achievements in the CNS area. As initially suggested, already a quarter
of a century ago, because of their unique properties, ODNSs represent viable drug candidates
for the therapy of CNS disorders. In fact, CNS can be viewed as a protected environment for
exogenously applied oligonucleotides, and show striking stability in CSF. High target
specificity and a relatively simple design/selection process, as well as adaptability to diverse
therapeutic targets, ensure continued interest in developing oligonucleotide drugs, especially
for rare genetic disorders and other diseases with known genetic causes. Discovery of
regulatory long-noncoding RNAs has created an opportunity to selectively upregulate the
expression of most genes. In addition, exon skipping methods allow targeted mutation
correction. As shown above, ODNs with diverse mechanisms of action are already being
developed to address the underlying genetic defects in several CNS diseases. The advantages
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of the ODN approach over gene therapy in genetic diseases include reversibility of the
treatment and lack of need for the viral vectors with their inherent liabilities.

Although long half-lives and gradual release from tissue depots ensure the possibility of
infrequent dosing, direct CNS administration using IT or ICV routes could be a challenge
for chronic treatment due to the possibility of infection and tissue damage during the
injection procedure (Table 2). Medium-term (months to years) exposure to IT-administered
ODNs did not reveal any serious toxicity; however, the possibility of complications after
long-term IT or ICV use cannot be excluded. Oral or inhalation-ready formulation would
greatly reduce these risks. Although development of such formulations is underway,
substantial further efforts are required to bring alternative administration routes and/or
carriers for efficient trans-BBB uptake of oligonucleotides to the clinic, to overcome the
potential adverse effects of direct CNS delivery.

Furthermore, extensive CNS-focused studies of ODN PK and PD characteristics are urgently
needed. Given class similarities of different ODNs, PK and PD data from IND filings, if
made available by the FDA, would facilitate development of PK models that in turn will
improve dosing regimen and clinical study designs for future ODN therapies.
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1965
1966 — PS chemistry introduced®
1967
1968
1969 — 20Me modification introduced®
1970
1971
1972
1973
1974
1975
1976
1977
1978 — ASO inhibits Rous sarcoma virus
in cell cultures™® "
1979 — RNase H cleaves the RNA strand
in RNA-ASO heteroduplexes''"
1980
1981
AntiVirals (later AVI BioPharma/Sarepta —1982
Therapeutics) starts oligonculeotide program
1983 — Ribozymes introduced’'?'**
1984
1985
1986
Gilead Sciences founded — 1987
1988
SIS Pharmaceuticals (iater lonis), —1989 — PMO chemistry introduced®
Hybridon founded
1990 — PNA chemistry introduced’
Eyetech Pharmaceuticals founded — 1991
Ribozyme Pharmaceuticals (later Sima — 1992 — ICV administration of

Therapeutics), Tekmira (later Arbutus) founded oligonucleotides introduced”
Avidity founded — 1993 — Fomivirsen pre-clinical data
published'™®
1994 — IT administration of oligonucletides
introduced”

1995 — 2MOE modification introduced'*;
fomivirsen (Vitravene) clinical
trials start

Gilead exits oligonucleotide field —
Dynavax Technologies founded — 1996
Noxxon Pharma, Coley —1997 — LNA introduced"'"'"7; oblimersen
icals founded clinical trials start
(Genta)
Antisense Pharma (later Isarna — 1998 — Fomivirsen (Vitravene) approved
Therapeutics), Mologen founded is)
Atugen (later Silence Therapeutics) founded —1999
Gene Signal, OncoGenex Technologies, —2000
Ribopharma, Archemix, SomaLogic founded!
Protiva Biotherapeutics Inc., —2001 — siRNA introduced’**
Regado Biosciences founded
Alnylam Pharmaceuticals, Prosensa, — 2002 — Spiegelmers introduced''®
Acuity Pharmaceutical founded

BioLine Rx, Santaris Pharma, — 2003 — Trabedersen study starts

ProNAi Therapeutics founded (Antisense Pharma, later Isama
Therapeutics/Autotelic)
Arrowhead Pharmaceuticals, RiboBio, —2004— Aptamer pegaptanib (Macugen)
NapaJen founded (NeXagen/Gilead Sciences/OS|
Pharmaceuticals) approved
iCo Therapeutics founded —2005
Sylentis, RXi, Stera Biologicals founded —2006
Dicerna Pharmaceuticals, Sirnaomics, —2007
Regulus Therapeutics, miRagen Therapeutics
(later Signal Genetics), Mima Therapeutics,
Ophthotech founded
CuRNA (later OPKO), ZATA Pharmaceuticals, —2008
Mina Therapeutics, Silenseed founded
2009
2010
Exicure, RaNA founded — 2011
Synthena, ProQR Therapeutics, — 2012
Wave Life Sciences founded
Arcturus tics founded — 2013 — Mij (Kynamro, lonis/

Genzyme) approved

Rigontec GmbH founded — 2014

2015
InDex Pharma AB founded —2016— Sarepta receives approval for

eteplirsen (Exondys 51); lonis/
Biogen receive approval for
nusinersen (Spinraza); Prosensa/
BioMarin files NDA for drisapersen
(Kyndrisa); Dynavax files BLA for
Heplisav-B

Figure 1.

Page 32

Selected milestones from the history of ODN drug development. The list shows on the left
selected companies mentioned in the text, having compounds in clinical trials or employing

novel mechanisms of action of ODNSs; on the right are shown key milestones in the

development of ODN therapies.
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Figure 2.
Oligonucleotide modifications. Backbone modifications include the following: PD,

phosphodiester bond; PS, phosphorothioate (one of the oxygens in the phosphate moiety is
replaced with sulfur)*; PNA, peptide nucleic acid (entire sugar phosphate backbone is
replaced with polyamide linkage)’; Tmg, internucleotide phosphate modified with a
tetramethyl phosphoryl guanidine group®; PMO, phosphorodiamidate morpholino
oligonucleotide, or morpholino (backbone composed of methylenemorpholine rings and
phosphorodiamidate linkages)®. Sugar modifications include the following: DNA, hydrogen
at the 2" position of the sugar moiety; RNA, OH group at the 2" position of the sugar
moiety; 20Me, 2”-O-methyl (a methyl substitution in the 2" position of the sugar moiety)8;
2MOE, 2’-O-methoxyethyl (a methoxyethyl substitution in the 2" position of the sugar
moiety)197: 2F, 2"-fluoro substitution in the 2" position of the sugar moiety; LNA, locked
nucleic acid (an extra bridge between 2" oxygen and 4" carbon of the sugar moiety)10-11;
cEt, constrained ethyl (an ethyl bridge between 2" oxygen and 4" carbon of the sugar
moiety); ENA, 2'-0,4" - C-ethylene-bridged nucleic acid (an ethylene bridged at the furanose
sugar ring at 2"-O and 4’-C ends); tcDNA, tricyclo-DNA (3 additional C-atoms between
C(5") and C(3") of the sugar moiety)108: ZNAs, zip nucleic acids, oligonucleotides
conjugated with oligospermine chains; XNAs, polymers formed from building blocks not
found in nature that mimic many of the properties of RNA and DNA.
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Figure 3.
Proposed oligonucleotide uptake mechanisms. It is proposed that ODNSs enter cells by two

competing pathways: productive pathway (gray outlines), which gives them access to their
targets, and non-productive pathways (black outlines), which sequesters them in saturable
sinks. Both productive and non-productive pathways start with ODNs being taken up by
clathrin-coated endocytic vesicles. The endocytic vesicles bud from the plasma membrane,
and GTPase dynamin catalyzes membrane scission. Freed cargo-containing vesicles are
transported along actin- or tubulin-based cytoskeletal structures to fuse with early
endosomes (EE). The fusion vesicles then undergo maturation. Internal pH of endosomes
(E) drops to ~5.5 to accommodate the acid hydrolases involved in the degradation of the
contents at the lysosome stage. Mature late endosomes (LE) eventually fuse with enzyme-
containing transport vesicles, budded from the trans-Golgi network, to form lysosomes. This
endosomal/lysosomal compartment likely corresponds to cytoplasmic phosphorothioate
(PS)-bodies, large sharply defined structures intensely staining for ODNSs. Productive and
non-productive uptake pathways diverge during or after lysosome formation with the
majority of oligonucleotides remaining in the non-productive pathway, possibly in
endosomes/lysosomes, and a small amount escaping into the productive pathway, which
likely involves ODN entry into the nucleus through the RAN-mediated pathway. Transfected
ODNSs may associate with paraspeckle proteins in the nucleus and form morphologically
normal and apparently functional paraspeckle-like structures containing no NEAT1 RNA.
Additionally, ODN can be sequestered into a non-productive pathway by binding to
membrane-associated glycoproteins.
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Table 2

Comparison of different oligonucleotide delivery routes
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Applicability to
Probability of ~ CNSdelivery of
Route Delivery site Convenienceto patients  adverse events naked ODNs
Oral (PO) By mouth +H+tt+t + -
Intranasal Inhalation or application of gel/ +H++++ + ++
liquid formulation inside the
nose
Subcutaneous injection (SC) Intra-skin injection ++++ ++ -
Intraperitoneal injection (IP) Injection into body cavity ++ +++ -
Intramuscular injection (IM) Injection deep into the muscle +++ +++ N.A.
Intravenous injection (1V) Injection directly into vein +++ ++++ -
Intrathecal injection (IT) Injection through brain/spinal ++ +H+++ +H++t+
cord sheath, usually between
lumbar vertebrae
Intracerebroventricular injection (ICV)  Injection deep inside the brain, + +tttt+t +H++t+

into a ventricle, requires brain
surgery to install a catheter

+, high; N.A., not applicable; -, low
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