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ABSTRACT
RNA-based therapeutics have entered the mainstream with seemingly limitless possibilities to treat all 
categories of neurological disease. Here, common RNA-based drug modalities such as antisense oligo-
nucleotides, small interfering RNAs, RNA aptamers, RNA-based vaccines and mRNA drugs are reviewed 
highlighting their current and potential applications. Rapid progress has been made across rare genetic 
diseases and neurodegenerative disorders, but safe and effective delivery to the brain remains 
a significant challenge for many applications. The advent of individualized RNA-based therapies for 
ultra-rare diseases is discussed against the backdrop of the emergence of this field into more common 
conditions such as Alzheimer’s disease and ischaemic stroke. There remains significant untapped 
potential in the use of RNA-based therapeutics for behavioural disorders and tumours of the central 
nervous system; coupled with the accelerated development expected over the next decade, the true 
potential of RNA-based therapeutics to transform the therapeutic landscape in neurology remains to be 
uncovered.
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Introduction

The messenger RNA (mRNA)-based COVID-19 vaccines 
have thrust RNA-based therapeutics into the mainstream, 
but RNA drugs are far from new. Over 40 years of research 
is now culminating in the rapid expansion of these new 
classes of drugs, and approvals for diseases involving the 
nervous system are leading the way with ten approvals to 
date (Table 1). RNA-based therapeutics can be categorized 
into three groups according to their mechanism of action 
(Figure 1). The first group target nucleic acid using, for 
example, antisense oligonucleotides (AONs) or the RNA 
interference (RNAi) pathway. The second group of RNA 
drugs target proteins using RNA aptamers and the third 
group are mRNA drugs that encode proteins. Of these types, 
AONs are the most numerous; eight out of the ten RNA- 
based drug approvals for neurological diseases are of the AON 
modality (Table 1) and many more are under pre-clinical 
development. Although the most progress has been made 
for genetic diseases, the potential to develop RNA-based ther-
apeutics to treat brain tumours, neurodegenerative diseases, 
stroke and behavioural disorders is strong, especially when 
you consider that such diseases are increasingly recognized as 
diseases of RNA metabolism [1]. Here, both the current and 
potential neurological applications for each type of RNA- 
based therapeutic are reviewed and their potential to change 
the therapeutic landscape across many diseases is highlighted.

Targeting nucleic acid

The two major types of RNA-based therapeutics that target 
nucleic acid are the single-stranded AONs and the double- 

stranded small interfering RNA (siRNA) molecules that act 
through the RNAi pathway (Figure 2). Other more nuanced 
approaches that combine AONs with cellular machinery and 
traditional gene therapy delivery systems have also been 
developed such as spliceosome-mediated RNA trans splicing 
(SMaRT) [2] and uridine-rich 7 small nuclear RNA (U7 
snRNA)-mediated gene therapy [3]. The goal for any of 
these approaches might be to modulate pre-mRNA splicing, 
alter target gene expression and/or edit RNA. Thus far, stra-
tegies have largely centred around correcting, or mitigating 
against the effect of, genetic mutations and progress has been 
largely driven by rare genetic disease research where an 
orphan drug designation affords a progressive view from 
regulatory agencies.

AONs

AONs are currently the largest modality of RNA-based ther-
apeutics. Their rational design, chemistry and usage in cell, 
animal and clinical studies has been extensively reviewed else-
where [4–6]. Briefly, AONs are short sequences of deoxynu-
cleotides or deoxyribonucleotides which have been chemically 
modified to improve stability. The choice of chemistry largely 
depends on the desired application, all clinically approved 
AONs to date are either phosphorodiamidate morpholino 
oligomers (PMOs) or 2′-O-methoxyethyl (2ʹMOE) oligomers 
with a phosphorothioate (PS) backbone (2ʹMOE-PS) 
(Figure 3). PMOs are uncharged DNA analogues that bind 
to complementary RNA sequences through Watson–Crick 
base pairing and exert their effect by steric blockade [7]. 
2ʹMOE is a common modification that adds a methyl group 
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to the 2ʹhydroxyl of the ribose moiety and the PS backbone 
substitutes a sulphur atom for the non-bridging oxygen in the 
phosphate backbone. The PS backbone improves resistance to 
endonucleases and bioavailability but is known to also reduce 
affinity to the target RNA. Modifications at the 2ʹO position 
increase binding affinity and increase even further their nucle-
ase resistance. Chimeric chemistries such as gapmers act by 
stimulating RNA cleavage via RNase H recruitment [8]. 
Gapmers contain a central region of DNA nucleotides flanked 
by for example, 2ʹO-modified sequences. Alternative and 
improved next-generation chemistries such as peptide- 
conjugated PMOs (pPMOs) have also emerged to improve 
efficiency and delivery to the target tissue [9]. The detailed 
mechanisms and challenges surrounding the delivery of oli-
gonucleotide-based therapies have been recently reviewed [4]; 
delivery mechanisms to the brain are summarized here in 
Box 1. Regardless of their chemistry, therapeutic AONs are 
categorized according to their desired effect as outlined below 
and in Figure 2.

Splice-switching AONs (ssAONs)

Genome-wide analysis of the tissue specificity of alternative 
splicing reveals that the brain makes the most complex use of 
alternative splicing and has the largest group of tissue-specific 

alternatively spliced isoforms [19]. Coupled with the fact that 
up to 50% of pathogenic mutations may affect splicing [20], 
the potential for therapeutic AONs to target splicing events in 
the brain is vast. ssAONs act via the steric block of intronic or 

Table 1. Approved RNA-based therapeutics for the treatment of neurological diseases.

Drug Market name Target Indication First approval Company

AON
Fomivirsen Vitravene CMV gene UL123 Cytomegalovirus retinitis FDA (1998) Ionis Pharmaceuticals
Eteplirsen Exondys 51 DMD exon 51 Duchenne muscular dystrophy FDA (2016) Sarepta Therapeutics
Nusinersen Spinraza SMN2 Spinal muscular atrophy FDA (2016) Biogen
Inotersen Tegsedi TTR Hereditary transthyretin amyloidosis FDA (2018) Ionis Pharmaceuticals
Milasen - MFSD8 CLN7 Batten disease* FDA (2018) Boston Children’s Hospital
Golodirsen Vyondys 53 DMD exon 53 Duchenne muscular dystrophy FDA (2019) Sarepta Therapeutics
Viltolarsen Viltepso DMD exon 53 Duchenne muscular dystrophy FDA (2020) NS Pharma
Casimersen Amondys 45 DMD exon 45 Duchenne muscular dystrophy FDA (2021) Sarepta Therapeutics

siRNA
Patisiran Onpattro TTR Hereditary transthyretin amyloidosis FDA (2018) Alnylam Pharmaceuticals

RNA aptamer
Pegaptanib Macugen VEGF-165 Age-related macular degeneration FDA (2004) OSI pharmaceuticals

*Customized drug designed to treat a single patient. Note that drugs approved for non-neurological conditions are excluded. 

Figure 1. A schematic diagram illustrating the three broad categories of RNA-based therapeutics set against the central dogma of molecular biology. Group 1 targets 
RNA, group 2 uses RNA to target protein and group 3 uses mRNA to make protein. Illustration was created using BioRender.

Box 1. Delivery to the brain.

An efficient, and safe, delivery system is a current major hurdle. The blood- 
brain-barrier (BBB) prevents the passive diffusion of AONs without 
a delivery agent or brain-targeting conjugation. Direct intrathecal (IT) 
administration is therefore the most common delivery route to the central 
nervous system whereby AONs are administered into the subarachnoid 
space of the spinal cord [4]. IT administration can result in long-lasting AON 
concentrations since the BBB will prevent their peripheral circulation; as 
a result, a lower dose can be used. A subcutaneous port linked to an 
intrathecal catheter has been proposed as a safe alternative for repetitive 
lumbar punctures in individuals with spinal muscular atrophy but larger 
studies with long-term follow up are required [10]. Intraventricular injection 
can also be used to deliver AONs to the cerebrospinal fluid in the cerebral 
ventricles. Direct delivery to the eye using intravitreal injection or subretinal 
delivery is also well tolerated and intranasal delivery has also been 
achieved whereby the drug is transported into the brain along the rostral 
migratory stream [11,12]. Passage through the vascular BBB after systemic 
delivery can be achieved by exploiting existing receptor-mediated 
endocytosis pathways; for example, transferrin-targeting nanoparticles or 
antibodies complexed with AONs have been used in small animal model 
studies [13,14]. AONs conjugated to arginine-rich cell penetrating peptides 
(CPPs) are also known to cross the BBB in mice [15,16]. Naturally forming 
exosomes, and other nanoparticles, can be modified to display brain- 
targeting peptides and proteins such as the rabies virus glycoprotein (RVG) 
to enhance delivery across the BBB [17,18].
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exonic cis-regulatory elements to either force the inclusion or 
exclusion (skipping) of a target exon (Figure 2). ssAONs can 
target the splice sites themselves and/or exonic splicing 
enhancers (ESEs) or silencers (ESSs) or their intronic counter-
parts: intronic splicing enhancers (ISEs) and intronic splicing 
silencers (ISSs). The identification of these in and around the 
target region using bioinformatic tools is important for the 
rational design of efficient ssAONs and detailed guidelines for 
their use alongside other tools have been described [5]. 
ssAONs can also effectively block the use of cryptic splice 
sites or create novel donor or acceptor splice sites.

Most of the AONs approved for the treatment of neurolo-
gical diseases to date are ssAONs (Table 1). Currently, these 
are Nusinersen for spinal muscular atrophy (SMA), the four 
ssAONs approved for the treatment of Duchenne muscular 
dystrophy (DMD) and Milasen (a customized ssAON for 
a single patient with Batten disease). The mechanism of action 
for Nusinersen is one of exon inclusion. SMA is a motor 
neurone disease caused by the loss or mutation of the SMN1 
gene which cannot be compensated for by its paralogue, 
SMN2, due to the almost total exclusion of exon 7. 
Nusinersen is a 2ʹMOE-PS ssAON that targets a strong ISS 
in intron 7 of SMN2 (ISS-N1) to promote exon inclusion and 
the production of functional SMN protein from the SMN2 
gene [21,22]. Nusinersen is delivered to the central nervous 
system via intrathecal injection and is approved for the treat-
ment of both paediatric and adult patients with all types of 
SMA [23–25]. After four initial loading doses, patients receive 
an indefinite maintenance dose three times a year.

In contrast, the parallel development of ssAONs for DMD 
utilized an exon skipping mechanism [6]. Duchenne is the 
most common type of muscular dystrophy and is caused by 
frame-shifting mutations in the DMD gene that prevent the 
full translation of its protein product, dystrophin [26]. 
Although dystrophin is essential for muscle function, it is 
lost throughout the whole body including the brain. 
A ‘DMD neuropsychiatric syndrome’ is common alongside 
the characteristic severe muscle wasting [27]. ssAONs for 
DMD are designed to skip exons that when removed would 
restore the reading frame and dystrophin protein production. 
Unlike for SMA, a single ssAON cannot treat all DMD 
patients due to the wide variability in patient deletions. Of 
the four FDA-approved drugs, Eteplirsen skips exon 51 and 
can treat approximately 13% of DMD patients in the Leiden 
DMD database [28]. Golodirsen and Viltolarsen both skip 
exon 53 and can treat approximately 8% of patients and 
Casimersen skips exon 45 to treat approximately 11% of 
patients in this database [29]. These DMD ssAONs are all 
PMOs and are delivered systemically via weekly intravenous 
infusions and all four compounds were approved based on 
evidence from surrogate outcome measures under the FDA’s 
accelerated approval pathway. The drugs are considered to be 
reasonably likely to provide a clinical benefit to patients, but 
confirmatory studies are required to verify and describe them. 
The development of exon skipping for DMD has therefore 
highlighted the importance of standardized and validated 
biochemical outcome measures to accurately quantify exon 
skipping and dystrophin expression [30–33]. Many other 

Figure 2. Targeting RNA using AONs and siRNA. (a) siRNA. After cellular uptake, 
a double-stranded siRNA is recruited to the RNA-induced silencing complex 
(RISC) and the passenger strand is removed. The guide strand then binds to 
its complementary mRNA before it is converted into protein, the RISC complex 
together with the siRNA cleaves the target mRNA thus silencing its protein 
production. (b) ssAONs. ssAONs are targeted to the nucleus where they bind to 
their target pre-mRNA. This binding sterically blocks the spliceosome and results 
in splicing modulation. In the example illustrated, the AON targets exon 51 of 
the dystrophin gene resulting in exon skipping. (c) Gapmer AONs. Gapmers can 
induce RNAse H-mediated cleavage of a target mRNA in both the nucleus and 
the cytoplasm. Illustration was adapted from ‘siRNA Nanoparticle Delivery 
System’, by BioRender.com (2021). Retrieved from https://app.biorender.com/ 
biorender-templates.
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ssAONs to either skip different DMD exons using the same 
chemistry, or to provide enhanced delivery to target tissues 
such as the heart and brain using next-generation chemistries 
such as the pPMOs are currently progressing through pre- 
clinical and clinical development [9].

The approval of ssAONs for SMA and DMD has paved the 
way for other genetic diseases making the ssAONs a rapidly 
expanding drug modality. With advanced sequencing tech-
nologies the discovery of novel mutations amenable for such 
precision medicine is increasing. An example from neuromus-
cular field is the deep intronic splice defect in the collagen VI 
gene, COL6A1, that is causative of a collagen VI-related dys-
trophy, an extracellular matrix disorder [34]. This mutation 
inserts a pseudoexon which results in the production of 
a mutant collagen protein and defective collagen VI matrix 
assembly and function. A ssAON to skip the pseudoexon in 
patient-derived fibroblast cells effectively restored a wild-type 
collagen VI matrix assembly [34]. Such RNA sequencing 
initiatives used as a diagnostic tool have realized the develop-
ment of n-of-1 AON-based therapies (Box 2.).

There is extensive pre-clinical and clinical research on the 
use of ssAONs to correct splicing defects in inherited retinal 
dystrophies [35–37]. For example, for Stargardt disease, 
ssAONs to correct intronic mutations which cause exon elon-
gation or pseudoexons in the ATP-binding cassette transpor-
ter type 4 subfamily A, ABCA4, transcript show promise when 
tested in various cell models including induced pluripotent 
stem cell (iPSCs)-derived photoreceptor precursor cells 
[38,39]. The ssAON, sepofarsen, is under clinical development 
as a treatment for Leber congenital amaurosis [40] and an 
exon skipping ssAON is being investigated for the treatment 
of Usher syndrome type 2 [36,41].

ssAONs show promise also in the treatment of trinucleo-
tide-repeat expansion disorders such as the spinocerebellar 
ataxias (SCAs). The SCAs comprise a heterogeneous group 
of approximately 45 autosomal dominant neurodegenerative 
diseases characterized by progressive ataxia, cognitive impair-
ment, cerebellar atrophy and loss of cerebellar Purkinje cells 
and brainstem neurons [42,43]. The most common SCA sub-
types are SCA1, 2, 3, 6 and 7 which are all nucleotide repeat 
expansion disorders. The long-term and/or complete 

downregulation of the resultant expanded proteins may not 
always be desirable given their important wild-type function-
(s). For SCA type 3, exon skipping can instead remove just the 
expanded exon (exon 10 of the ATXN3 gene) to retain impor-
tant functions such as ubiquitin binding and cleavage [44,45]. 
Repeated intracerebroventricular injections of such ssAONs 
in a SCA3 mouse model resulted in a beneficial effect on 
pathogenicity [45].

The rare developmental and epileptic encephalopathy, 
Dravet syndrome, is characterized by seizures, developmental 
delay and intellectual impairment. Most cases are caused by 

Box 2. n-of-1 AON therapy.

The potential for AONs to be used for individualized treatment has been 
realized. Milasen, a ssAON designed and developed to treat a single patient 
with a rare Batten disease-causing mutation went from concept to first 
injection in under ten months [55]. Batten disease is a broad group of 
severe neurodegenerative diseases characterized pathologically by defects 
in lysosomal function and clinically by visual loss, seizures and psychomotor 
impairment in early childhood [56]. The patient, Mila, whom the AON was 
named after, first experienced symptoms aged three and was treated aged 
seven. Unfortunately, she died of the disease aged 10 but fewer and milder 
seizures were reported after treatment by intrathecal injection [55]. 
A further n-of-1 ssAON, Atipeksen, has also been administered to a three- 
year-old patient with a specific ataxia-telangiectasia (AT) mutation. AT is 
caused by mutations in the ataxia telangiectasia mutated, ATM, gene and is 
associated with many multisystem defects in addition to the hallmark 
neurodegeneration [57]. Cryptic splice variants are common in AT [58] and 
Atipeksen creates a novel splice donor site so that a functional ATM protein 
can be made. Whilst no data on Atipeksen has been published, in-vitro 
proof-of-concept for the use of ssAONs for additional AT mutations has 
been demonstrated [59]. Another example comes from a 25-year-old 
patient, Jaci, with amyotrophic lateral sclerosis (ALS) who advocated to 
receive an experimental drug for the disease that also killed her twin sister. 
‘Jacifusen’, delivered intrathecally, was developed to treat her specific form 
of ALS which was caused by the P525L fused in sarcoma (FUS) gene 
mutation. After being reported that Jaci showed improved symptoms before 
she died, the drug is currently in phase III clinical trials with up to 63 other 
patients worldwide [60]. The rapidly emerging field of n-of-1 AON therapies 
and n-of-1 trials is however not well supported by current drug 
development processes and the regulatory conditions vary worldwide [61– 
63]. Robust guidance and standards are required to allow the effective 
scaling and measurement of the benefits of this approach across diverse 
disease types. To this end an AON treatment registry and the inclusion of 
generic outcome measures to allow an aggregated analysis of individual 
trials has recently been proposed [63].

Figure 3. Common oligonucleotide chemistries. An unmodified DNA/RNA nucleotide is shown followed by the phosphorothioate (PS) backbone modification which 
replaces the original phosphodiester bond. A PS backbone is often used together with modifications to the 2ʹ-O position of the ribose; 2ʹ-O-methyl (2ʹOMe) and 2ʹ- 
O-methoxyethyl (2ʹMOE) modifications are illustrated. The uncharged phosphorodiamidate morpholino oligonucleotide (PMO) replaces the deoxyribose moiety of 
DNA with a 6-membered morpholino ring whilst retaining the normal nucleobases. Illustration was created using BioRender.
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mutations in the SCN1A sodium channel gene. A ssAON to 
block the inclusion of a poison exon containing an in-frame 
stop codon is currently under clinical development after 
demonstrating efficacy in cell and animal models [46]. 
A single intracerebroventricular injection of the lead ssAON 
reduced seizures and sudden unexpected death in the mouse 
model.

The potential for ssAONs as therapeutics for the dementia- 
causing diseases is also gaining traction especially since 
defects in RNA metabolism are increasingly becoming appar-
ent [1]. Targeting RNA at the source of pathogenesis may 
have a higher chance of success than targeting downstream 
pathways with different therapies. Given the role the proteo-
lytic processing of the amyloid precursor protein (APP) plays 
in neurodegeneration, ssAONs have been investigated to 
modulate APP. ssAONs to skip APP exon 17 which encodes 
the γ-secretase cleavage site required for toxic amyloid-β 
production have shown efficacy in cell lines as well as in in- 
vivo [47,48]. ssAONs targeted against another major player in 
neurodegeneration, tau, are also under development. The 
tauopathies are characterized by the abnormal accumulation 
of the microtubule-associated protein tau, encoded by the 
MAPT gene. There are tau six isoforms that are split into 
two groups according to whether they have three microtu-
bule-binding repeats (3 R) or four (4 R). 3 R and 4 R tau differ 
by the presence or absence of exon 10 which is extensively 
regulated [49–51]; many tauopathies are associated with an 
altered ratio of 3 R:4 R tau isoforms which in the normal adult 
human brain is one [49]. In frontotemporal dementia with 
parkinsonism linked to chromosome 17 (FTDP-17), several 
causative mutations destabilize a stem loop structure at the 3ʹ 
end of exon 10 resulting in increased exon 10 inclusion and 
4 R tau [49]. Thus, altering the exon 10 splicing pattern using 
AONs may have a therapeutic benefit as has been shown 
using the SMaRT approach discussed below. Tau exon 10 
inclusion can also be inhibited to reverse the effect of 
FTDP-17 mutations using bipartite AONs that flank the 
stem loop as well as by ssAONs targeting either splice site 
[52,53]. Further, exon skipping of tau exons 1, 5 or 7 alters the 
reading frame and will lead to a premature stop codon and 
a reduction in MAPT expression which may prevent aggrega-
tion. ssAONs that skip exon 5 efficiently reduced MAPT RNA 
and protein expression both in-vitro and in an in-vivo mouse 
model transgenic for the human MAPT gene [54].

AONs that alter gene expression

AONs that do not modulate splicing alter target gene expres-
sion through other means. Most commonly, AONs in this 
category are designed to downregulate protein expression and 
reduce mutant protein toxicity. The first AON to be approved 
in 1998, Fomivirsen, specifically inhibits the replication of the 
human cytomegalovirus (CMV) by binding to the CMV gene 
UL123. Fomivirsen was used in the treatment of cytomegalo-
virus retinitis in immunocompromised patients but was taken 
off the market in the early 2000’s due to a drastic reduction in 
CMV cases after the development of highly active antiretro-
viral therapy [64].

A common modality for reducing protein expression is the 
gapmer AON which stimulates RNA cleavage via the recruit-
ment of RNase H to a DNA-RNA duplex (Figure 2) [8]. There 
are many examples in both pre-clinical and clinical develop-
ment. From the neuromuscular diseases field, gapmer AONs 
have shown efficacy for collagen VI-related congenital mus-
cular dystrophy where they can selectively supress the expres-
sion of mutant allele transcripts and restore functional 
protein production [65]. Similarly, studies in myotonic dys-
trophy type 1 (DM1) have shown some efficacy for gapmer 
AONs to induce the degradation of mutant DMPK transcripts 
[66,67], however after only small insignificant changes were 
observed in a phase I/IIa clinical trial by Ionis 
Pharmaceuticals on ISIS-DMPKRx, this work was halted in 
favour of exploring further improved next-generation AON 
chemistries for DM1 treatment. The inhibition of aberrant 
DUX4 expression in the adult muscular dystrophy, faciosca-
pulohumeral muscular dystrophy (FSHD) has also been 
investigated as a potential therapeutic strategy. PMO AONs 
have shown efficacy in supressing DUX4 expression in cell 
models as well as patient muscle xenografts in mice through 
targeting the DUX4 polyadenylation signal [68,69]. More 
recently, locked nucleic acid (LNA) gapmers have been used 
to achieve knockdown of DUX4 and show improvements in 
muscle fusion and structure in-vitro and efficient uptake and 
efficacy in-vivo further demonstrating the potential for AON 
therapy for FSHD [70]. An additional AON, IONIS- 
DNM2-2.5RX targeting the dynamin 2 protein is also in devel-
opment for the treatment of centronuclear myopathy, a rare 
congenital myopathy characterized by the abnormal localiza-
tion of nuclei in the centre of skeletal muscle cells. The 
myopathy can be reversed in mice using AON-mediated 
knockdown of dynamin 2 [71].

The example of using ssAONs to remove a polyglutamine- 
expanded exon in SCA3 was discussed above. The trinucleo-
tide repeat disorders are also good candidates for AON target-
ing designed to downregulate toxic protein expression and 
reduce aggregation. In the case of SCA1, SCA2, SCA3 and 
SCA7 this has been investigated in mouse models where 
AONs delivered via intracerebroventricular injection reduced 
disease protein levels and improved phenotypes highlighting 
significant promise for AON therapy in this group of diseases 
[72–77]. For Huntington’s disease (HD), also a trinucleotide 
repeat disorder, multiple AONs designed to reduce the pro-
duction of the huntingtin protein have been developed with 
promising results from early clinical trials [78–80]. However, 
Tominersen developed by Roche in partnership with Ionis 
Pharmaceuticals and two AONs targeting single nucleotide 
polymorphisms (SNPs) in the mutant allele developed by 
Wave Life Sciences were disappointingly and unexpectedly 
halted at phases III and I/II respectively after it was concluded 
the potential benefits did not outweigh the risks [81]. 
Tominersen supresses wild-type as well as mutant huntingtin 
which may have played a role and the AONs from Wave likely 
did not have an efficient enough delivery to significantly 
lower levels of mutant huntingtin. The field awaits news 
from further analysis of the data from these trials.

In Parkinson’s disease (PD), a key pathological feature 
accompanying the loss of dopaminergic neurones in the 
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substantia nigra is the cytoplasmic accumulation of α- 
synuclein, encoded by the SNCA gene. It is suggested that 
decreasing SNCA expression could delay disease onset or 
modify progression; this hypothesis has been tested using 
AONs. An amido-bridged nucleic acid (AmNA)-modified 
AON efficiently reduced SNCA mRNA and protein levels in- 
vitro and was efficiently delivered to the mouse brain via 
intracerebroventricular injection resulting in an amelioration 
of neurological defects in a PD mouse model expressing 
human wild-type SNCA [82]. Cole et al. with Ionis 
Pharmaceuticals have also tested such an approach and 
demonstrated efficacy in the non-human primate brain after 
intrathecal injection [83]; an AON, ION464, is currently being 
tested in clinical trials for patients with multiple system atro-
phy where the aberrant accumulation of α-synuclein is also 
prominent. Ionis Pharmaceutics have an additional AON in 
clinical development for PD (ION859) targeting Leucine Rich 
Repeat Kinase 2 (LRRK2). LRRK2 is commonly mutated in 
PD and its increased activity is associated with pathogenesis; 
LRRK2 AONs have been shown to prevent the formation of 
α-synuclein inclusions in a PD mouse model [84]. An alter-
native, and novel, application of AON technology in PD 
comes from the suppression of the RNA-binding protein, 
PTBP1, to switch cell fate in-situ and repopulate lost neurones 
[85]. Here, the depletion of PTB through the AON targeting 
of PTBP1 results in the conversion of astrocytes to functional 
dopaminergic neurones which reverses disease phenotype in 
a mouse model of PD [85].

ssAONs targeting tau were discussed above, but like for 
SCA3, AONs to reduce overall tau expression are also under 
investigation. This comes at a time where other high-profile tau- 
targeting treatments are returning disappointing results in clin-
ical trials and there is uncertainty over how central tau is to 
neurodegeneration; supressing tau using AONs will help to shed 
light in this area. A phase 1b trial by Biogen and Ionis 
Pharmaceuticals testing IONIS-MAPTRX for the treatment of 
Alzheimer’s disease has reported a robust time and dose- 
dependent reduction in total tau and phospho-tau in the cere-
brospinal fluid; results from mouse and non-human primates 
were also encouraging but the effects on cognition are as yet 
unknown [86].

Amyotrophic lateral sclerosis (ALS), has not escaped the rise of 
investigative AON therapies. Tofersen is an AON developed by 
Ionis Pharmaceutics in partnership with Biogen and targets super-
oxide dismutase 1 (SOD1) to reduce its expression [87]. SOD1 
mutations are a common and well-understood cause of familial 
ALS thought to result in a toxic gain-of-function. Delivered 
intrathecally to SOD1 familial ALS patients, an AON against 
SOD1 was well tolerated in early trials [87] but it was recently 
announced that Tofersen did not meet its primary efficacy end-
point in a phase III trial, though reduced disease progression was 
apparent in secondary and exploratory endpoints. Ionis have other 
AONs in their ALS pipeline including ION363 (otherwise known 
as Jacifusen, Box 2) and IONIS-C9RX. ION363 and IONIS-C9RX 
target FUS and mutant chromosome 9 open reading frame 72 
(C9ORF72) respectively. A hexanucleotide repeat expansion of 

Figure 4. RNA-based gene therapy strategies. A) SMaRT is depicted in the context of the MAPT gene. A pre-trans-splicing molecule (PTM) is used to reprogram 
a mutant MAPT pre-mRNA transcript. The PTM contains the wild-type coding sequence of MAPT exons 10–13. A FLAG sequence at the 3ʹ end allows the detection of 
trans-spliced products. The PTM binding domain is complementary to the 3ʹ end of MAPT intron 9 and the PTM contains a branch point (BP), a polypyrimidine tract 
(PPT), an AG dinucleotide acceptor site and a spacer sequence separating the binding domain and branch point. B) U7snRNA-mediated exon skipping of the DMD 
gene using exon 51 as an example. An AON targeting exon 51 is indicated alongside the structure of the U7 snRNA cassette which is inserted between two inverted 
terminal repeats (ITRs) encoded by an AAV delivery vector. The U7 snRNA sequence is under the control of the natural U7 promoter (black box); the 3ʹ downstream 
elements are represented by the white box. Illustration was created using BioRender.
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C9ORF72 is the most common cause of familial ALS, producing 
toxic RNA foci and dipeptide proteins [88]. Wave Life Sciences 
also have an investigational stereopure AON targeting the 
C9ORF72 expansion, WVE-004, which is delivered via intrathecal 
injection and substantially reduced repeat-containing C9orf72 
transcripts and dipeptide repeat proteins whilst preserving normal 
protein expression in transgenic mice [89].

The polyneuropathy and protein misfolding disorder, her-
editary transthyretin-mediated amyloidosis (hTTR) is caused 
by the abnormal breakdown of the transthyretin (TTR) pro-
tein which deposits as amyloid fibrils in various organs and 
tissues including frequently in the peripheral nervous system, 
the deposits ultimately lead to organ failure and death within 
five to 15 years of disease onset [90]. The AON Inotersen 
(marketed as Tegsedi and developed by Ionis 
Pharmaceuticals) has been approved for the treatment of 
hTTR in adults by weekly subcutaneous injection. Inotersen 
is a 2ʹMOE-PS gapmer that inhibits TTR production to reduce 
the build up of amyloid throughout the body. Another AON, 
Eplontersen is also in clinical development for all types of 
TTR amyloidosis. Eplontersen is a second-generation ligand- 
conjugated AON designed to reduce TTR production [91].

The leukodystrophy Alexander disease (AxD) is a rare 
condition affecting myelin sheath and is most often caused 
by gain-of-function mutations in glial fibrillary acidic protein 
(GFAP) which lead to the overproduction and toxic accumu-
lation of GFAP in protein inclusions called Rosenthal fibres. 
ION373 is an AON under development by Ionis 
Pharmaceuticals which targets GFAP mRNA to inhibit its 
production. A striking reversal of Rosenthal fibres and long- 
lasting elimination of GFP throughout the brain and spinal 
cord was observed after intracerebroventricular injection in 
an AxD mouse model [92].

AONs to reduce mutant protein expression in the eye also 
show promise. The AON QR-1123 aims to restore vision in 
patients with RHO-associated autosomal dominant retinitis 
pigmentosa. QR-1123 is an allele-selective AON that targets 
the P23H mutation in the rhodopsin (RHO) gene to remove 
mutant transcripts and is currently in phase I/II clinical 
trials [37].

SMaRT

An elegant alternative to delivering short naked AONs to 
modify splicing or alter target gene expression is to use the 
specificity of an AON to repair an endogenous RNA spe-
cies, expressed under endogenous transcriptional control, 
through a trans-splicing reaction. Spliceosome-mediated 
RNA trans-splicing, or SMaRT, is an RNA reprogramming 
technology that creates a hybrid mRNA through a trans- 
splicing reaction mediated by the spliceosome between the 
5ʹ splice site of an endogenous target pre-mRNA and the 3ʹ 
splice site of an exogenously delivered pre-trans-splicing 
RNA molecule, or PTM (Figure 4) [2,93]. A typical PTM 
comprises a domain binding to an intron of the targeted 
RNA and a coding sequence corresponding to the new 3ʹ 
end of the reprogrammed mRNA and is delivered to cells 
by transfection of an expression vector, or by viral trans-
duction. Trans-splicing is particularly suitable for the 

correction of dominant gain-of-function mutations; in this 
case, a corrected transcript is expressed while simulta-
neously, the mutant form is down-regulated. Possible trans- 
splicing on targets other than the intended target is possible 
but is unlikely to represent a major problem as many such 
products will be lost through nonsense-mediated decay 
[94]. In the context of neurological disorders, SMaRT has 
been used to successfully reduce the size of the CUG track 
in the DMPK transcript, which is expanded in myotonic 
dystrophy [95]. For SMA, SMaRT has been used to incor-
porate exon 7 in the transcript from the SMN2 gene in 
SMA patient fibroblasts and in a mouse model of SMA, 
resulting in increased levels of full-length SMN protein 
[96–98]. In the latter case, reprogramming of SMN2 
mRNA resulted in an improved phenotype and longer 
survival [97]. Exon 10 usage in the neuronal MAPT gene 
transcript, encoding the microtubule-associated protein tau, 
can also be modulated using SMaRT [99]. SMaRT can 
correct splicing defects due to pathogenic MAPT mutations 
causing frontotemporal dementia with parkinsonism linked 
to chromosome 17 (FTDP-17) [100]. SMaRT can efficiently 
modulate MAPT alternative splicing in human-derived neu-
rones [101] and can significantly reduce neurodegenerative 
pathology and improve cognitive impairment in-vivo in 
a mouse model of tauopathy [102]. Thus, there is substan-
tial evidence to demonstrate that a neuronal transcript can 
be reprogrammed using SMaRT and improve pathology in- 
vivo.

U7 snRNA-mediated gene therapy

Another more nuanced alterative to standard AONs takes 
advantage of the U-rich small nuclear ribonucleoproteins 
(snRNPs) which mediate pre-mRNA splicing. The U7 snRNP 
however does not play a role in splicing but rather processes the 
3ʹend of replication-dependent histone mRNAs. The U7 snRNP 
histone binding domain can be custom-modified to target the 
splicing of a gene of interest and delivered using traditional gene 
therapy vectors such as adeno-associated viral (AAV) vectors 
(Figure 4) [3]. This has been achieved to induce both single and 
multiexon skipping (up to three exons in a single vector) for 
DMD, with proof-of-concept obtained in mouse models 
[103,104]. A phase I/IIa study is currently underway in humans 
to test the systemic (intravenous) delivery of scAAV9.U7. 
ACCA. This molecule targets a rare duplication of DMD exon 
2 leading to either mRNA containing a single copy of exon 2 or 
no copies at all, the latter resulting in a functional but 
N-terminally truncated protein isoform [105]. Planned three- 
month post infusion data showed apparent expression of full- 
length dystrophin in two patients [106]. A potential benefit of 
this approach, and SMaRT, are that as gene therapy tools they 
can ensure a one-time lifelong treatment as opposed to the 
repeated administration of AONs.

siRNA

In principle many neurological and neurodegenerative disor-
ders could be treated or greatly diminished via gene silencing, 
however delivery roadblocks have slowed progress in 
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comparison to siRNA delivery elsewhere such as the liver [4]. 
The one approval in the neurological field to date is Patisiran 
(Alnylam Pharmaceuticals) for the systemic polyneuropathy, 
hTTR [107]. Patisiran is intravenously delivered using a lipid 
nanoparticle delivery system. But the blood-brain barrier will 
limit the effectiveness of this for most brain diseases which 
require direct or efficient delivery to the brain itself. As with 
other RNA drug modalities, chemical modifications and con-
jugates are playing a role in furthering the promise of siRNA 
therapeutics through improving the delivery, stability and 
durability of the siRNA. There is strong commitment and 
investment from pharmaceutical companies who are rapidly 
progressing the therapeutic development of brain-targeting 
siRNAs for many neurological disorders. Pre-clinical pro-
grammes include targets for the neurodegenerative diseases: 
Alzheimer’s disease, Parkinson’s disease and Huntington’s 
disease [108]. Unlike for AONs which to date have focused 
largely on correcting specific genetic mutations, siRNA-based 
therapy also has a strong potential to deliver treatments for 
a full range of neurological disorders including stroke and 
brain tumours.

Until recent advances, when directly injected into the 
brain, siRNA affects only nearby cells for a short duration, 
leading to the undesirable requirement for frequent adminis-
tration. However, potent and sustained huntingtin gene silen-
cing throughout the central nervous system in small and non- 

human primate animal models has now been achieved using 
a divalent chemical scaffold (di-siRNA) delivered via a single 
injection into the cerebrospinal fluid [109]. Di-siRNAs consist 
of two phosphorothioate siRNAs connected through a linker, 
the number of PS modifications appears critical and unlike 
studies using traditional siRNA Alterman et al. observed 
minimal evidence for immune stimulation demonstrating its 
high tolerability as well as minimal off-target effects. 
Alternative conjugated-based delivery systems are being pio-
neered by Alnylam Pharmaceuticals who have used the sugar 
molecule, N-acetylgalactosamine (GalNAc) to effectively tar-
get the liver, the company have presented on the development 
of a similarly novel conjugate system to target the central 
nervous system with data in non-human primates on the 
silencing of β-catenin, a component of the Wnt signalling 
pathway and have an siRNA targeting APP in the pipe-
line [108].

An siRNA that efficiently crosses the BBB, Gal-NP 
@siRNA, has shown to effectively target BACE1 in an 
Alzheimer’s disease mouse model showing improved cogni-
tive capacity [110]. Gal-NP@siRNA is described as 
a glycosylated triple-interaction stabilized polymeric siRNA 
nanomedicine and blood-brain barrier penetration is achieved 
via stimulating the recycling of the glucose transpoter-1 (Glut- 
1) which is overexpressed on the luminal membrane after 
fasting [110]. Another BBB-crossing siRNA technology, the 

Figure 5. The SELEX process for the identification of RNA aptamers. The initial RNA library which is typically transcribed from DNA is bound to cells or beads with no 
target, or with structural analogues of the target, in a pre-clearing or negative selection step. After removing non-specific aptamers, the remaining pool is subjected 
to binding with the target and unbound aptamers are discarded. RT-PCR is used to amplify bound RNAs which can be identified via sequencing. A new library for the 
next round is generated using in-vitro transcription and the process repeated up to 40 times. Illustration was created using BioRender.
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XB3 platform developed by Bioasis works via peptide conju-
gation (a 12 amino acid peptide called MTfp) and receptor- 
mediated transcytosis. Proof-of-concept has been obtained for 
the silencing of NOX4 which plays a role in ischaemic stroke 
[111]. After induction of ischaemic stroke, animals treated 
with this novel siRNA suffered significantly reduced infarcts 
and improved recovery [111].

Many studies have explored the potential for siRNA to 
treat glioblastoma, the most aggressive form of glioma. 
These include for example the use of synthetic protein nano-
particles to target signal transducer and activator of transcrip-
tion 3 (STAT3) [112] and siRNAs targeting β-catenin and the 
epidermal growth factor receptor (EGFR) genes [113].

siRNA also holds promise for the many genetic diseases 
discussed above for AON therapy. For example, there are 
numerous studies on the development of siRNA for the 
SCAs using various experimental systems, of which siRNA 
for SCA3/Machado-Joseph disease (MJD) has seen the most 
extensive effort towards allele-specific gene silencing [72]. 
Similarly, there is extensive siRNA-based research in the 
ophthalmology field with several ongoing clinical trials for 
disorders such as glaucoma, dry eye syndrome, age-related 
macular degeneration and diabetic macular oedema [37].

Targeting proteins

RNA aptamers are RNA molecules with a stable three- 
dimensional structure that are selected to bind a target with 
high affinity and specificity; targets include proteins, ions, 
whole cells and viruses [114]. Selection and isolation of 
RNA aptamers is performed from an RNA library using 
systematic evolution of ligands by exponential enrichment 
(SELEX) which allows for multiple successive rounds of evo-
lution and screening (Figure 5) [115]. RNA aptamers have 
difficulty entering cells without specific cell-penetrating com-
ponents and therefore primarily target cell surface molecules 
or those present in the blood stream [116]. The ability of 
aptamers to effectively bind cell-surface proteins however 
does makes them attractive delivery vehicles for siRNA. For 
example, aptamer-siRNA chimeras can be designed to inhibit 
a receptor function via the aptamer and silence a specific 
mRNA via the internalization of the siRNA [116,117]. 
Aptamers can also be fused together, such a bifunctional 
aptamer targeting the transferrin receptor and the epithelial 
cell adhesion molecule (EpCAM) has demonstrated proof-of- 
concept that such RNA aptamers can overcome the BBB to 
target brain disorders [118].

The specificity of RNA aptamers offers a functional advan-
tage over small-molecule therapy owing to reduced toxicity 
and off-target effects and their immunogenicity is limited due 
to chemical modification [117]. Currently, there is one 
approved RNA aptamer targeting the nervous system; 
Pegaptanib (Macugen, approved by the FDA in 2004) for age- 
related macular degeneration. Pegaptanib is delivered by 
intravitreous injection and targets vascular endothelial growth 
factor (VEGF) to reduce pathological angiogenesis and vision 
loss [119]. After initial success however, pegaptanib has been 
somewhat superseded by the more effective monoclonal anti-
body therapies ranibizumab and bevacizumab. A major 

limitation of RNA aptamers is that their pharmacokinetic 
parameters such as renal excretion, hydrolysis and degrada-
tion are difficult to control which strongly influences efficacy 
[116]. Nonetheless, novel technologies and advances in apta-
mer design are driving forward the pre-clinical development 
of RNA-aptamers for the treatment of diverse neurological 
disorders such as multiple sclerosis (MS), stroke, epilepsy, 
prion disease and Alzheimer’s disease.

MS is characterized by pro-inflammatory leukocyte infil-
tration. Two therapeutic RNA aptamers targeting interleukin- 
17 (IL-17) and midkine (a heparin-binding growth factor) 
have both shown reduced inflammation in the experimental 
autoimmune encephalitis mouse model which resembles MS 
[120–122]. For ischaemic stroke, inhibition of the clotting 
factor IXa using an intravenously delivered RNA aptamer 
improved neurological function and reduced inflammation 
after cerebral ischaemia in mice [123]. To minimize the risk 
of life-threatening haemorrhage associated with such treat-
ment, Blake et al. show that aptamer treatment in the context 
of intracranial haemorrhage can be reversed using a specific 
antidote, thus presenting a safer approach to the treatment of 
stroke. Similarly, an antidote-controlled RNA aptamer target-
ing Von Willebrand Factor has also been shown to signifi-
cantly reduce stroke volumes in a dog model [124]. For 
epilepsy, RNA aptamers may also hold some significant 
advantages over current antiepileptic drugs which have high 
toxicity and suffer from poor targeting [125]. Targets for 
epilepsy RNA aptamers include the GABA receptor, the cell 
surface signalling receptor TrkB and the NMDA and AMPA 
receptors which all play recognized roles in epilepsy [125]. For 
neurodegeneration aptamers targeting β-secretase, Aβ fibrils 
and tau have been investigated for use primarily as diagnostic 
and imaging tools, but they may also hold promise as ther-
apeutic agents [126–129]. For example, RNA aptamers target-
ing tau significantly inhibited tau oligomerisation and 
reduced neurotoxicity and dendritic spine loss in primary 
hippocampal neurons in tauopathy cell models [126]. 
Furthermore, RNA aptamers have been isolated that show 
specificity for insoluble prion protein (PrP) and have potential 
for the therapeutic prevention of PrP formation in humans 
[130,131].

Making protein

Administering mRNA as a therapeutic to treat neurological 
disorders has several advantages such as being able to pro-
duce proteins in their native form in mature non-dividing 
cells, without having to enter the nucleus. However, like all 
RNA-based therapeutics, delivery poses a challenge since 
mRNA is not particularly stable and is strongly immuno-
genic. There are currently no approved mRNA drugs to 
treat neurological diseases and clinical research is limited; 
but spurred by the success of COVID-19 vaccines, renewed 
efforts are underway for example to develop an mRNA vac-
cine for glioblastoma immunotherapy [132,133]. Such vac-
cines are designed to make a protein that can trigger an 
immune response. In an alternative approach, the feasibility 
and safety of the use of RNA-pulsed dendritic cell vaccines 
has already been demonstrated for recurrent glioblastoma 
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(Figure 6) [134,135]. Here, RNA obtained from brain tumour 
stem cells is ‘pulsed’ into dendritic cells ex-vivo and redeliv-
ered. A first in human phase I/II study (NCT04573140) of an 
RNA-loaded nanoparticle vaccine is also underway for glio-
blastoma [135].

More in line with the other RNA-based therapeutics 
approaches discussed thus far, the feasibility of using mRNA 
to treat a sensory nerve disorder has been demonstrated by 
Baba et al. who, using a novel polyplex nanomicelle carrier, 
delivered brain-derived neurotrophic factor (BDNF) expres-
sing mRNA via daily intranasal administration to a mouse 
model of olfactory dysfunction. They showed increased neu-
rological recovery of olfactory function as well as the repair of 
olfactory epithelium to a nearly normal architecture [136]. An 
mRNA delivery system to produce BDNF has also more 
recently been shown to effectively prevent ischaemic neuronal 
death in a transient global ischaemia rat model after intraven-
tricular injection [137].

Small, circular and long non-coding RNAs

Circulating endogenous non-coding RNAs such as miRNAs, 
circular RNAs (circRNAs) and long non-coding RNAs are 
increasingly recognized for their potential use as accessible 
biomarkers for the diagnosis and prognosis of CNS diseases. 
Underlying disease mechanisms often begin pre- 
symptomatically and earlier diagnosis could be achieved 
(without direct access to brain tissue) through profiling the 
expression of miRNAs and other RNA species which are 
secreted into circulation. For example, many individual stu-
dies show that Alzheimer’s disease and/or mild cognitive 
impairment can be differentiated from cognitively normal 
controls through peripheral miRNA biomarkers [138], though 

few studies have yet assessed the same miRNAs under stan-
dardized conditions.

Improvements in sequencing technologies and bioinfor-
matic pipelines have also revealed the potential for circRNAs 
as biomarkers in, for example, Alzheimer’s and Parkinson’s 
diseases where their association with pathological processes is 
well established [139]. However, research on circRNAs in 
CNS disorders remains in its infancy largely due to challenges 
surrounding the accurate detection of circRNAs. Nonetheless, 
their potential as both therapeutic agents and targets is an 
emerging and relevant area of investigation for neurological 
diseases, especially since they are highly expressed in the brain 
[140]. The circular structure renders circRNAs resistant to 
enzyme digestion and they are secreted from the brain in 
exosomes into bodily fluids making them attractive biomar-
kers as well as novel RNA therapeutics [141]. As an example, 
circDLGAP4 (a known mir-143 sponge) is downregulated in 
the brains of a rodent stroke model as well as in the plasma of 
human acute ischaemic stroke patients [142]. The overexpres-
sion of circDLGAP4 delivered using a lentivirus to the lateral 
brain ventricle ameliorated stroke outcomes and improved 
neurological function in a mouse model of stroke [142].

There is now a long-standing recognition of the value of 
miRNAs as biomarkers, but as with circRNAs they are also 
viable drug targets and therapeutic agents themselves. The 
expression of target genes can be increased or decreased 
using miRNA inhibitors (antisense oligonucleotides called 
antagomiRs) and synthetic miRNA mimics respectively. 
miRNA mimics and inhibitors have been identified for appli-
cation in CNS injuries such as stroke, traumatic brain injury 
and spinal cord injuries [143]. Similarly, miRNA-based thera-
pies are also in development for neurodegenerative diseases 
such as Alzheimer’s disease; however, an important consid-
eration is their multi-targeting mode of action which 

Figure 6. RNA-pulsed dendritic cell vaccine therapy for glioblastoma. After resection, total tumour RNA, or RNA encoding a specific tumour antigen, is ‘pulsed’ ex-vivo 
into dendritic cells derived from patient peripheral blood mononuclear cells (PBMCs). The resulting antigen presenting dendritic cells are administered as a vaccine to 
enable an antigen-specific immune response against the targeted tumour expressed epitope. Illustration was adapted from ‘Personalized Cell Therapies to Combat 
COVID-19’, by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-templates.
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necessitates extensive pre-clinical assessment [144]. 
Combined with delivery challenges, the clinical targeting of 
miRNAs is therefore less advanced than other RNA-based 
therapeutics [145]. Nonetheless, a number of pharmaceutical 
companies are trialling miRNA inhibitors for the treatment 
of for example glioblastoma (Regulus Therapeutics: 
RGLS5579, an AON to inhibit miR-10b) [146] and ALS 
(miRagen Therapeutics: MRG-107, a miR-155 inhibitor) 
[147] and the next decade promises to define the feasibilities 
of miRNA-based drugs for clinical use in neurological 
diseases.

Safety and toxicology

The rapid development of new chemistries and delivery 
systems for RNA-based therapeutics warrants careful 
screening for unwanted on- and off-target side effects. 
There is limited information on the toxicological properties 
of RNA aptamers but hybridization-dependent and hybri-
dization-independent effects are well documented for 
AONs [4]. Hybridization-dependent effects include on- 
target toxicology issues induced by the prolonged activity 
of the RNA therapeutic during long-term treatment. The 
complete or partial off-target hybridization of RNA drugs is 
also a strong concern especially when a shorter sequence 
length is used. This is a particular issue for siRNA and 
gapmer drug modalities since they are designed to knock-
down gene expression which could have disastrous effects if 
unintended genes are also downregulated [148,149]. Off- 
target effects are less of a concern for ssAONs since they 
require specific binding to regulatory splicing elements at 
the target site.

Hybridization-independent effects are more common 
than the above on- and off-target effects caused by 
Watson–Crick base pairing. AON toxicities induced by 
RNA-protein interactions are common and depend on the 
delivery system and chemistry used [4]. For example, PS- 
modified antisense oligonucleotides have a high protein- 
binding affinity which is known to inhibit blood coagula-
tion, activate complement pathways and in some instances 
cause thrombocytopenia [4,150,151]. Various RNA-based 
drug modalities are also known to stimulate the immune 
system through for example binding to Toll-like receptors; 
of note however, the neutral PMO appears to not stimulate 
the immune system [4]. Infusion-related reactions manifest-
ing as flu-like symptoms have also been reported for nano-
particle delivery systems such as that used for Patisiran 
where patients are required to be pre-medicated to supress 
such effects.

Regardless of the chemistry used, after intravenous admin-
istration a very high concentration of AON is found in the 
liver and kidneys (high exposure organs) where it accumulates 
as basophilic granules. This accumulation is generally consid-
ered non-adverse since the effect is reversed when treatment 
is terminated. However, some gapmers do induce a more 
severe and sequence-specific acute liver toxicity in mice after 
only a single treatment [4,152]. Thus, besides the delivery 
challenge, ensuring the safety and a favourable toxicology 

profile for the many new RNA-based therapeutics under 
development for CNS disorders is paramount.

Conclusions

The possibilities to develop RNA-based drug modalities to 
treat neurological diseases appear limitless. Whilst progress 
is rapid across basic, translational and clinical research for 
most disease categories, there remains significant untapped 
potential in the use of RNA-based therapeutics for beha-
vioural disorders and tumours of the central nervous sys-
tem. Efficient, and safe, delivery remains an important 
hurdle but there is precedent to overcome such challenges 
from for example the discovery of GalNAc conjugation for 
liver targeting. With the advent of n-of-1 therapies, we are 
likely to witness changes in the regulatory processes for 
individualized medicine to best accommodate the require-
ment for the rapid treatment of rare progressive brain dis-
eases, as well as the need to collectively measure the success 
of this approach across many different disease types. In 
parallel to the excitement surrounding n-of-1 therapies, 
the field is fast emerging out of the rare genetic disease 
research communities and witnessing the testing of RNA- 
based drugs in more common and chronic conditions. This 
is an essential development since AON drug approvals to 
date have been based on testing only small numbers of 
patients. Thus, their true potential to transform the neuro-
logical therapeutic landscape is yet to be uncovered.
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