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ABSTRACT
Huntington’s disease (HD) has become a target of the first clinical trials for gene therapy among movement disorders with a ge-
netic origin. More than 100 clinical trials regarding HD have been tried, but all failed, although there were some improvements 
limited to symptomatic support. Compared to other neurogenetic disorders, HD is known to have a single genetic target. Thus, 
this is an advantage and its cure is more feasible than any other movement disorder with heterogeneous genetic causes. In this 
review paper, the authors attempt to cover the characteristics of HD itself while providing an overview of the gene transfer 
methods currently being researched, and will introduce an experimental trial with a preclinical model of HD followed by an up-
date on the ongoing clinical trials for patients with HD.
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INTRODUCTION

More than half of human genes are expressed in the nervous 
system.1 Perhaps this is the reason why human genetic disorders 
frequently manifest with neurological problems. Many neuro-
degenerative disorders have been explored, and one of the most 
common causes is defects in gene structures. Usually, genes that 
affect most movement disorders are heterogeneous. As a result, 
one success in a genetic trial is difficult to apply to another disor-
der, despite rigorous new drug development.

However, Huntington’s disease (HD) is a well-known disor-
der that could be an ideal model, as it is an autosomal dominant 
progressive neurodegenerative movement disorder with a sin-
gle genetic target. The defect is present in a trinucleotide repeat 
(CAG) expansion of the IT15 gene, leading to a polyglutamine 
strand at the N-terminus. Under the system of central dogma, the 
DNA genetic code determines the RNA that will be transcribed 

in complement to the DNA; then, this RNA will go on to be trans-
lated into a protein that has a certain function in cells. The CAG 
repeats present in the gene will result in the translated protein 
Huntingtin (Htt) containing repeated stretches of glutamine that 
make it prone to misfolding and eventually cause the aggrega-
tion of the protein2,3 that then loses its original function. This 
mutant protein causes clinical symptoms such as chorea, dysto-
nia, incoordination, cognitive decline, and behavioral difficulties. 

The cellular functions of Htt are still not fully understood. Htt 
shuttles into the nucleus, but it is usually active in the cytoplasm, 
and it plays a role in vesicle transport and can regulate gene ex-
pression. When an abnormal conformation arises in the Htt pro-
tein, it gains toxic functions that affect the central nervous system 
(CNS), directly causing massive striatal neuronal death within 
the brain. There can be up to 95% loss of  γ-aminobutyric acid–
releasing (GABAergic) medium spiny projection neurons, with 
selective sparing of some large interneurons that project to the 
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globus pallidus and the substantia nigra.3

With technical advancements, gene transfer has been tried for 
several neurogenetic disorders, and now, gene therapy such as 
antisense oligonucleotides (ASOs) for spinal muscular atrophy 
has already been Food and Drug Administration (FDA) approved 
for clinical use. Hopefully, HD will be soon approved for treat-
ment with ASOs or other new advances for its gene therapy. So 
far, the list of FDA-approved gene therapy products is quite short, 
showing that the approaches to gene therapy research are ex-
perimental. This review addresses the gene therapy methods for 
HD that are under development.

SEVERAL STRATEGIES TO DELIVER 
GENES

The main task of gene therapy is to selectively replace, repair, 
or control the expression of mutant genes by the transfer of ge-
netic material to the target cells that are responsible for each dis-
ease. Vectors for delivering genes in gene therapy can be classi-
fied as viral and nonviral.4,5

To date, most clinical trials have used viral vectors because vi-
ruses such as adeno-associated virus (AAV), lentivirus (LV), 
adenovirus (Adv), and retroviruses can express full-length genes, 
thus allowing for gene replacement.5 Viruses can easily be utilized 
to develop more targeted treatments because they have tropism 
for specific tissues and cell types.6 Because there are no adverse 
effects reported for humans, AAV has become the most common 
type of virus utilized as a vector in human gene therapy. Adv is 
an icosahedral capsid virus with a size of 70 to 100 nm, and few 
studies used Adv as a vector for gene therapy because it has fea-
tures that limit its gene transfer. Adv induces transient expres-
sion of transgenes because they are unable to insert their gene 
into the host genome.7,8 In addition, humans have an innate im-
mune response to Adv, which limits the therapeutic potential of 
Adv for CNS gene therapy.7,9 However, it has an excellent safety 
profile.8 Unlike Adv, retroviruses and LVs can provide more sta-
ble and longer transgene expression by reverse transcription, 
which enables them to insert their DNA into the host genome. 
However, it should be noted that genotoxicity and insertional mu-
tagenesis must be considered carefully before the adoption of ret-
roviruses and LVs for gene therapy.8

Although viral vectors are commonly used for gene therapy, 
broad tropism, limited loading capacity, difficulty in vector pro-
duction, and host inflammatory responses are critical drawbacks 
that limit the adoption of viral vectors in gene therapy.10-12 Non-
viral vectors can be an alternative for transferring genes by over-
coming some of these issues because they are relatively free from 
safety issues.13-15 Nonviral vectors, including nanoparticles, li-
posomes, exosomes, etc., can be classified into lipid-based vec-

tors and polymeric vectors depending on their composition.8

Lipid-based vectors are the most common type of nonviral 
vectors16 and they can be sorted into neutral lipids such as cho-
lesterol, dioleoyl phosphoethanolamine (DOPE), and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine (DSPE) and cat-
ionic lipids such as 1,2-dioleoyl-3-trimethylammonium propane 
(DOTAP), 1,2-dioleyl-3-dimethylammonium propane (DODAP), 
N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethyammonium 
chloride (DOTMA), and 3b(N-(N',N'-dimethylaminoethane)
carbarmoyl)-cholesterol (DC-cholesterol). Neutral lipids help li-
posomal components improve the stability and capacity of trans-
fection,17 and cationic lipids have interesting characteristics that 
make them promising vectors for gene therapy: hydrophobic 
tails, linking groups, and cationic cap groups.13,18 However, the 
unsatisfactory pharmacokinetic biodistribution and cytotoxicity 
due to nonspecific binding and rapid clearance of cationic lipids 
limit their capability of gene transfer.13,19 Thus, optimizing the 
pKa values of cationic lipids has been studied.14,16 Another type 
of nonviral vector, cationic polymers, has a sponge-proton effect, 
fine spherical architecture, and a large variety of functional groups. 
The high degree of freedom in designing functional groups such 
as hydrophobic modifications or the addition of naphthalimide 
units or aneN3 moieties to cationic lipids enables them to have 
a large capacity for endosomal/lysosomal escape, making them 
promising candidates for vectors of gene therapy.16,20-22 Lipidoids 
(lipid-like materials) and exosomes also have the potential to be 
vectors of gene therapy for neurodegenerative diseases.23,24

Exosomes are the smallest membranous vesicles (40–1,100 nm) 
that have cargo ability for intercellular matter exchange.25-27 Exo-
somes are generated via the inward budding of endosomes to 
form multivesicular bodies that fuse with membranes to release 
exosomes into the surrounding environment.28,29 Exosomes, de-
pending on their parental origin, contain a variety of proteins, lip-
ids, noncoding RNAs, mRNA, and miRNA, collectively termed 
“cargo.” Due to their cargo ability, exosomes represent a novel 
form of intracellular communication among cells that does not 
require cell-to-cell direct contact. Exosomes are selectively tak-
en up by the surrounding or distal cells and can reprogram the 
recipient cells due to their active cargo content.30,31

Recently, it has been reported that clustered regularly inter-
spaced short palindromic repeats (CRISPR)/Cas9 nanocomplex-
es targeting β-site amyloid precursor protein cleaving enzyme 1 
(BACE1) could modulate the pathologies of Alzheimer’s disease, 
including cognitive deficits and amyloid β accumulation. There-
fore, developing vectors carrying the CRISPR/Cas9 complex is 
a promising strategy for neurodegenerative disorders. However, 
many obstacles remain when targeting CRISPR/Cas9 to treat neu-
rodegenerative diseases in humans.8 In addition to safety issues, 
since it cannot be applied to nondividing cells, neurological dis-



Gene Therapy for Huntington’s Disease
Byun S, et al.

www.e-jmd.org  17

orders that do not have mitotic potential in the neurons them-
selves is a major limitation of the technology.32,33 Further under-
standing of the characteristics, morphology, and function of vectors 
for gene transfer and the important factors limiting effective gene 
transfer must be achieved before it will be possible to use gene 
therapy in the clinical treatment of neurodegenerative diseases.

HISTORY OF GENE TRANSFER IN THE 
EXPERIMENTAL MODEL OF HD

Most neurodegenerative disorders are not yet fully understood 
in terms of their genetic bases.34 However, since the primary cause 
of HD is a single genetic target, that would bind to the Htt gene 
and reduce its expression. Therefore, many treatments that were 
conducted for HD aimed to target this specific gene in different 
forms of gene therapy. One of the methods used for gene therapy 
was the discovery of RNA interference in 1998. This revolution-
ized gene therapy as it worked to silence genes at the posttran-
scriptional level. The study showed33 the design of small interfer-
ing, short hairpins, and microRNAs that would bind to the Htt 
gene and reduce its expression. Viral vectors are usually used as 
the delivery method, especially AAV vectors. It was successful in 
delivering the RNA to mice and contributed to suppressing mu-
tant Htt aggregation formation. Another study34 also used simi-
lar methods for HD treatment, as it was based on the use of re-
combinant AAV serotype-5 vectors to deliver the anti-mutant 
huntingtin protein (mHTT) short hairpin RNA molecule into a 
transgenic HD mouse model.35

Other studies used gene therapy as a treatment of HD, but not 
all treatments aimed to target the Htt gene directly. In some stud-
ies,36 the PA28γ gene was injected via LVs, as it is assumed that 
this gene transfer improves the proteasome function and motor 
behavior in HD mouse models. Their results proved that this 
gene transfer did indeed help with motor improvements in HD 
mouse models.36

A recent approach is the use of ASOs. ASOs are short, synthetic 
DNA molecules that bind to target RNA and silence the targeted 
gene. The CAG region of the Htt gene is associated with single 
nucleotide polymorphisms and it can be targeted with ASOs to 
silence the Htt gene. These could be injected directly into the in-
tracerebroventricular space without a vector.37 However, they can 
also bind nonspecifically to mRNA as well as premRNA.37

DEVELOPMENT OF GENE TREATMENTS 
FOR NEURODEGENERATIVE DISEASE

Examples of gene therapy for the treatment of neurogenetic 
disease are listed in Table 1.5 One of those described above is now 
commercially available, i.e., spinal muscle atrophy (SMA). The 
expense of gene therapy targeting SMA is 1.4 M USD per pa-
tient. In 2017, the FDA approved gene therapy for a type of Leb-
er’s congenital amaurosis that applied AAV to transfer genes, 
and in 2019, the FDA also approved gene therapy for SMA that 
is based on the onasemnogene transfer by AAV. 

Currently, many trials are being developed for other neurode-
generative and genetic diseases. For example, a study on the effi-
cacy of nusinersen was conducted using a double-blind, placebo-
controlled method for 126 patients with spinal muscular atrophy 
type2 (SMA2). They were aged from two to twelve years, and their 
symptoms started after six months of age. They were able to sit with-
out assistance, had no history of independent walking, and had 
Hammersmith Functional Motor Scale-Expanded (HFMSE) scores 
of 10 to 54. Among these patients, 100 completed the 15-month 
treatment regimen, with 66 allocated to the Nusinersen arm and 
34 to the sham-treatment arm. Of the 66 patients treated, seven 
were over 6 years of age, and 59 were under 6 years. Only one pa-
tient (14%) older than 6 years of age at baseline was considered 
a responder based on an improvement of 3 points or more on the 
HFMSE, whereas 38 of the 59 patients (64%) under 6 years of age 
at treatment initiation improved by 3 points or more.38

Table 1. Methods of gene therapy depending on the genetic makeup of the disease

Disease Gene Method Administration
Spinal muscle atrophy SMN1 AAV, ASO Intravenous, intrathecal

Duchenne muscular dystrophy DMD AAV, ASO Intravenous

Batten disease CLN2 AAV Intraparenchymal, intrathecal

Charcot–Marie–Tooth disease NTF3 AAV Intramuscular

Alzheimer’s disease APOE AAV Intracisternal

Parkinson’s disease GDNF AAV Neurosurgical

Leber’s congenital amaurosis RPE65, G11778A mitochondrial AAV Intraocular

Retinitis pigmentosa USH2A ASO Intraocular

Huntington’s disease HTT ASO Intrathecal

SMN, survival motor neuron; AAV, adeno-associated virus; ASO, antisense oligonucleotide; DMD, Duchenne muscular dystrophy; CLN, ceroid-lipo-
fuscinosis; NTF, neurotrophin; APOE, apolipoprotein E; GDNF, glial cell derived neurotrophic factor; RPE, retinal pigment epithelium; USH2A, ush-
erin; HTT, huntingtin. Adapted from Renthal W.5 Pract Neurol 2019;18:88-91. 
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CURRENT ADVANCES IN 
Htt-LOWERING GENE 
TRANSFER IN PATIENTS WITH HD

The Htt-lowering strategy using ASOs is the state-of-art strat-
egy. ASOs are short, single-stranded nucleic acids that bind to 
the complementary mRNA strand through Watson-Crick base 
pairing. Depending on the target sequence of the mRNA, they 
can prevent protein biosynthesis, block splicing, or inhibit the 
binding of proteins.39 However, they can only transiently down-
regulate the expression level of Htt. Therefore, to keep the Htt 
expression level low, repetitive application is essential. This is a 
great disadvantage compared to gene therapy using viral vectors 
such as AAV6 because they can regulate gene expression perma-
nently by introducing RNA interfering structures into brain re-
gions.39 Other than approaches using ASOs,40 single-stranded 
RNA molecules (ssRNAs), small interfering RNAs (siRNAs)41 and 
short hairpin RNA (shRNAs)42 or artificial micro RNA (miRNAs)43 
were investigated to confirm the effect of lowering Htt levels by 
interfering with transcription in the modification of the disease. 
All of them interfere with transcription at the RNA level and 
downregulate Htt levels in vitro and in vivo.

Roche’s ASO RO7234292 (RG6042) was developed by IONIS 
Pharmaceuticals Inc. (Carlsbad, CA, USA) (ISIS443139; IONIS-
HTTRx), and it is currently being tested in Phase III clinical tri-
als based on the results in a Phase I/IIa study.43 This technology 
has been used successfully in other rare, inherited conditions. 
ASO is a chemically modified synthetic oligomer in the second 
generation that is complementary to a 20-nucleotide portion of 
Htt mRNA. Tabrizi et al.44 demonstrated an approximately 40% 
reduction in mutant Htt protein in the cerebrospinal fluid (CSF) 
through 4 intrathecal injections of 120 mg HTTRx (later 267 
RG6042) by lumbar puncture every 4 weeks. This effect was main-
tained during the follow-up period of two months, satisfying the 
safety requirements for consecutive multicenter Phase III testing. 
The expansion of open labels for the Phase I/IIa trial is currently 
in progress. The progressing Phase III clinical trial (called Gen-
eration HD 1, NCT03761849, Sponsor: Hoffmann-La Roche) is 
the first to investigate ASO in HD to demonstrate the potential 
of modulating the progression of the disease by a global study 
conducted in 101 regions. This randomized, double-blind, pla-
cebo-controlled trial will have registered 804 participants. In the 
3-arm study, participants received either RG6042 at 120 mg or 
RG6042 at 120 mg plus placebo every 8 weeks or constantly re-
ceived placebo for 2 years.39 The purpose of the Phase III trial was 
to determine whether Tominersen was effective in reducing the 
expression of Htt protein, leading to improved clinical signs of 
HD in patients already showing symptoms.45

However, Roche recently announced that they are stopping the 

Phase III trial of the ASO HD drug Tominerson.45 The decision 
was based on the potential risk/benefit profile, and data need to 
be further analyzed by Roche, but until then, the Phase III trial 
is not fully closed. Some factors that researchers might need to 
review are whether blocking the normal Htt protein affects pa-
tients and whether Tominersen’s injection into the spinal column 
method is not effective enough.45 The information is still very lim-
ited, but the Phase III trial is not yet canceled, as there are no re-
ported new poor medical outcomes, and second, the benefit/risk 
profile could have changed. The future of ASO research in HD 
treatment depends on the decision about the continued use of 
Tominersen.

In parallel to Generation HD1, studies using ASO to downreg-
ulate the Htt level are in progress: Precision-HD1 (NCT03225833, 
Sponsor: Wave Life Sciences Ltd. [Cambridge, MA, USA]) and 
Precision-HD2 (NCT03225846). The criteria that target mutant 
Htt mRNA, while not affecting the translation of the normal al-
lele, are achieved in the ASOs WVE-120101 and WVE-120102 
by the recognition of 2 single nucleotide polymorphisms (SNPs) 
in the extended Htt gene.46 The first SNP (RS362037) and the 
second SNP (RS362331) are present in approximately 50% and 
40% of HD patients, respectively. Clinical Phase I/II is in prog-
ress to investigate the safety and target selectivity of WVE-12010 
and WVE-120102. Phase I of Precision-HD1 and Precision-HD2 
started in 2017, and preliminary data for the Precision-HD2 study 
were published in a press release in 2019 by WAVE Life Sciences 
Ltd. It was demonstrated that mutated Htt in CSF was downreg-
ulated by 12% through WVE-120102, for which the regulation 
is rather inferior as compared to RG6042 but it is not complete-
ly ineffective.39

AAV-based gene therapy is being developed in Uniqure, called 
AMT-130 therapy, which delivers adeno-associated viral vector 
serotype 5 (AAV5) by one-shot brain surgery, resulting in perma-
nently reduced Htt expression. AVV5 is injected into the brain 
parenchyma using MRI technology. The miRNA will be loaded 
into the nucleus of the cell and bind to the Htt mRNA, marking 
it for degradation. In theory, the procedure is thought to be irre-
versible. It is a nonselective miRNA targeted for people in the early 
HD stages.47 In vivo studies conducted in Q175 mouse models 
utilizing the surgical method of injecting AVV5 described above 
revealed a significant dose-dependent average decrease in mHTT 
protein of up to 39% in the striatum and up to 13% in the cor-
tex.48 The current AMT-130–01 study is researching its effect in 
humans as well as its safety. This study was conducted under dou-
ble-blind conditions with a sham group. It is currently being in-
vestigated at the Phase I/II level.47 Enrollment is currently ongo-
ing in the US, and 26 patients will receive therapy by brain surgery 
and will be monitored at specialist HD clinics around the world.



Gene Therapy for Huntington’s Disease
Byun S, et al.

www.e-jmd.org  19

SUGGESTIONS AND CONCLUSION

HD can be a potential and ideal model neurogenetic disorder 
with a single unique target. We have learned certain lessons from 
HD therapeutic advancement that modulating the mHTT level 
through gene transfer is one of the most important strategies to 
ameliorate the disease. This strategy is versatile and can be ap-
plied to various other neurodegenerative diseases, such as target-
ing amyloid-beta in Alzheimer’s disease by gene transfer. Several 
independent clinical trials for HD gene therapy are ongoing in 
Phase III. Other than HD, there are patients with triplet repeat 
disorders with similar pathogenic mechanisms, waiting for a new 
therapeutic strategy to cure their disorders. In conclusion, the 
impact of the outcome of gene targeting therapy seems to be an 
initial step toward overcoming the tragedy of suffering from neu-
rological genetic disorders.

Conflicts of Interest
The authors have no financial conflicts of interest.

Funding Statement
This research was supported by the Brain Research Program through the Na-

tional Research Foundation of Korea Future Planning (2016M3C7A1914002) 
and KBRI (19-BR-02-01) by the Ministry of Science and ICT. 

Acknowledgments
The authors address special thanks to Pf. Edward Wild, UCL Huntington’s 

Disease Centre, UCL Queen Square Institute of Neurology, University Col-
lege London, United Kingdom. He visited Korea and introduced gene thera-
py clinical trials at the meeting of the ‘Korean Huntington’s Disease Associa-
tion’ together with patients and families with Huntington’s disease.

Author Contributions
Conceptualization: Manho Kim. Formal analysis: Seulgi Byun. Funding 

acquisition: Manho Kim. Investigation: Seulgi Byun, Mijung Lee. Project ad-
ministration: all authors. Resources: Seulgi Byun, Mijung Lee. Supervision: 
Manho Kim. Validation: Manho Kim. Writing—original draft: all authors. 
Writing—review & editing: Manho Kim. 

ORCID iDs 
Seulgi Byun https://orcid.org/0000-0003-0379-2587
Mijung Lee  https://orcid.org/0000-0002-7709-7766
Manho Kim  https://orcid.org/0000-0002-0277-6326

REFERENCES

1. National Institute of Neurological Disorders and Stroke. Brain basics: 
genes at work in the brain [Internet]. Bethesda, MD: National Institute of 
Neurological Disorders and Stroke; 2010. Available from: https://www.
ninds.nih.gov/Disorders/Patient-Caregiver-Education/Genes-Work-
Brain. 

2. Walker FO. Huntington’s disease. Lancet 2007;369:218-228. 
3. Ross CA, Tabrizi SJ. Huntington’s disease: from molecular pathogenesis 

to clinical treatment. Lancet Neurol 2011;10:83-98.
4. Puhl DL, D’Amato AR, Gilbert RJ. Challenges of gene delivery to the 

central nervous system and the growing use of biomaterial vectors. Brain 
Res Bull 2019;150:216-230.

5. Renthal W. Genomics to gene therapy in neurology. Pract Neurol 2019; 

18:88-91.
6. Hudry E, Vandenberghe LH. Therapeutic AAV gene transfer to the ner-

vous system: a clinical reality. Neuron 2019;101:839-862.
7. Barkats M, Bilang-Bleuel A, Buc-Caron MH, Castel-Barthe MN, Corti O, 

Finiels F, et al. Adenovirus in the brain: recent advances of gene therapy 
for neurodegenerative diseases. Prog Neurobiol 1998;55:333-341.

8. Chen W, Hu Y, Ju D. Gene therapy for neurodegenerative disorders: ad-
vances, insights and prospects. Acta Pharm Sin B 2020;10:1347-1359. 

9. Kritzinger A, Ferger B, Gillardon F, Stierstorfer B, Birk G, Kochanek S, et 
al. Age-related pathology after adenoviral overexpression of the leucine-
rich repeat kinase 2 in the mouse striatum. Neurobiol Aging 2018;66:97-
111.

10. Baum C, Kustikova O, Modlich U, Li Z, Fehse B. Mutagenesis and onco-
genesis by chromosomal insertion of gene transfer vectors. Hum Gene 
Ther 2006;17:253-263.

11. Thomas CE, Ehrhardt A, Kay MA. Progress and problems with the use 
of viral vectors for gene therapy. Nat Rev Genet 2003;4:346-358.

12. Waehler R, Russell SJ, Curiel DT. Engineering targeted viral vectors for 
gene therapy. Nat Rev Genet 2007;8:573-587.

13. Buck J, Grossen P, Cullis PR, Huwyler J, Witzigmann D. Lipid-based 
DNA therapeutics: hallmarks of non-viral gene delivery. ACS Nano 2019; 
13:3754-3782.

14. Mintzer MA, Simanek EE. Nonviral vectors for gene delivery. Chem Rev 
2009;109:259-302.

15. Pack DW, Hoffman AS, Pun S, Stayton PS. Design and development of 
polymers for gene delivery. Nat Rev Drug Discov 2005;4:581-593.

16. Yin H, Kanasty RL, Eltoukhy AA, Vegas AJ, Dorkin JR, Anderson DG. 
Non-viral vectors for gene-based therapy. Nat Rev Genet 2014;15:541-
555.

17. Li W, Szoka FC Jr. Lipid-based nanoparticles for nucleic acid delivery. 
Pharm Res 2007;24:438-449. 

18. Conceição M, Mendonça L, Nóbrega C, Gomes C, Costa P, Hirai H, et al. 
Intravenous administration of brain-targeted stable nucleic acid lipid par-
ticles alleviates Machado-Joseph disease neurological phenotype. Bioma-
terials 2016;82:124-137.

19. Carradori D, Eyer J, Saulnier P, Préat V, des Rieux A. The therapeutic con-
tribution of nanomedicine to treat neurodegenerative diseases via neural 
stem cell differentiation. Biomaterials 2017;123:77-91.

20. Chen W, Luan J, Wei G, Zhang X, Fan J, Zai W, et al. In vivo hepatocellu-
lar expression of interleukin-22 using penetratin-based hybrid nanopar-
ticles as potential anti-hepatitis therapeutics. Biomaterials 2018;187:66-
80.

21. Malhotra M, Tomaro-Duchesneau C, Prakash S. Synthesis of TAT pep-
tide-tagged PEGylated chitosan nanoparticles for siRNA delivery target-
ing neurodegenerative diseases. Biomaterials 2013;34:1270-1280.

22. Morris VB, Labhasetwar V. Arginine-rich polyplexes for gene delivery to 
neuronal cells. Biomaterials 2015;60:151-160.

23. Kojima R, Bojar D, Rizzi G, Hamri GC, El-Baba MD, Saxena P, et al. De-
signer exosomes produced by implanted cells intracerebrally deliver ther-
apeutic cargo for Parkinson’s disease treatment. Nat Commun 2018;9: 
1305.

24. Niu S, Zhang LK, Zhang L, Zhuang S, Zhan X, Chen WY, et al. Inhibi-
tion by multifunctional magnetic nanoparticles loaded with alpha-synu-
clein RNAi plasmid in a Parkinson’s disease model. Theranostics 2017;7: 
344-356.

25. Isola AL, Chen S. Exosomes: the messengers of health and disease. Curr 
Neuropharmacol 2017;15:157-165.

26. Kalani A, Tyagi A, Tyagi N. Exosomes: mediators of neurodegeneration, 
neuroprotection and therapeutics. Mol Neurobiol 2014;49:590-600.

27. Singh M, Kaur M, Kukreja H, Chugh R, Silakari O, Singh D. Acetylcho-
linesterase inhibitors as Alzheimer therapy: from nerve toxins to neuro-
protection. Eur J Med Chem 2013;70:165-188.

28. Boukouris S, Mathivanan S. Exosomes in bodily fluids are a highly stable 
resource of disease biomarkers. Proteomics Clin Appl 2015;9:358-367.

29. Cho YE, Mezey E, Hardwick JP, Salem N Jr, Clemens DL, Song BJ. In-



20

J Mov Disord  2022;15(1):15-20
JMD

creased ethanol-inducible cytochrome P450-2E1 and cytochrome P450 
isoforms in exosomes of alcohol-exposed rodents and patients with alco-
holism through oxidative and endoplasmic reticulum stress. Hepatol 
Commun 2017;1:675-690.

30. Keller S, Sanderson MP, Stoeck A, Altevogt P. Exosomes: from biogenesis 
and secretion to biological function. Immunol Lett 2006;107:102-108.

31. Ludwig AK, Giebel B. Exosomes: small vesicles participating in intercel-
lular communication. Int J Biochem Cell Biol 2012;44:11-15.

32. Park H, Oh J, Shim G, Cho B, Chang Y, Kim S, et al. In vivo neuronal gene 
editing via CRISPR-Cas9 amphiphilic nanocomplexes alleviates deficits in 
mouse models of Alzheimer’s disease. Nat Neurosci 2019;22:524-528.

33. Setten RL, Rossi JJ, Han SP. The current state and future directions of 
RNAi-based therapeutics. Nat Rev Drug Discov 2019;18:421-446.

34. Glorioso JC, Cohen JB, Carlisle DL, Munoz-Sanjuan I, Friedlander RM. 
Moving toward a gene therapy for Huntington’s disease. Gene Ther 2015; 
22:931-933.

35. Miniarikova J, Zimmer V, Martier R, Brouwers CC, Pythoud C, Richetin 
K, et al. AAV5-miHTT gene therapy demonstrates suppression of mu-
tant huntingtin aggregation and neuronal dysfunction in a rat model of 
Huntington’s disease. Gene Ther 2017;24:630-639.

36. Jeon J, Kim W, Jang J, Isacson O, Seo H. Gene therapy by proteasome ac-
tivator, PA28γ, improves motor coordination and proteasome function 
in Huntington’s disease YAC128 mice. Neuroscience 2016;324:20-28.

37. Southwell AL, Skotte NH, Bennett CF, Hayden MR. Antisense oligonu-
cleotide therapeutics for inherited neurodegenerative diseases. Trends 
Mol Med 2012;18:634-643.

38. Dangouloff T, Servais L. Clinical evidence supporting early treatment of 
patients with spinal muscular atrophy: current perspectives. Ther Clin 
Risk Manag 2019;15:1153-1161. 

39. Marxreiter F, Stemick J, Kohl Z. Huntingtin lowering strategies. Int J Mol 

Sci 2020;21:2146.
40. Kordasiewicz HB, Stanek LM, Wancewicz EV, Mazur C, McAlonis MM, 

Pytel KA, et al. Sustained therapeutic reversal of Huntington’s disease by 
transient repression of huntingtin synthesis. Neuron 2012;74:1031-1044.

41. Stiles DK, Zhang Z, Ge P, Nelson B, Grondin R, Ai Y, et al. Widespread 
suppression of huntingtin with convection-enhanced delivery of siRNA. 
Exp Neurol 2012;233:463-471.

42. Harper SQ, Staber PD, He X, Eliason SL, Martins IH, Mao Q, et al. RNA 
interference improves motor and neuropathological abnormalities in a 
Huntington’s disease mouse model. Proc Natl Acad Sci U S A 2005;102: 
5820-5825.

43. McBride JL, Pitzer MR, Boudreau RL, Dufour B, Hobbs T, Ojeda SR, et 
al. Preclinical safety of RNAi-mediated HTT suppression in the rhesus 
macaque as a potential therapy for Huntington’s disease. Mol Ther 2011; 
19:2152-2162.

44. Tabrizi SJ, Leavitt BR, Landwehrmeyer GB, Wild EJ, Saft C, Barker RA, 
et al. Targeting Huntingtin expression in patients with Huntington’s dis-
ease. N Engl J Med 2019;380:2307-2316.

45. Gardner J. Roche stops giving Huntington’s disease drug in closely 
watched study [Internet]. Washington, DC: Biopharmadive; 2021 [cited 
2021 Mar 23]. Available from: www.biopharmadive.com/news/roche-
stop-dosing-huntington-tominersen-ionis/597171/. 

46. Pfister EL, Kennington L, Straubhaar J, Wagh S, Liu W, DiFiglia M, et al. 
Five siRNAs targeting three SNPs may provide therapy for three-quarters 
of Huntington’s disease patients. Curr Biol 2009;19:774-778.

47. Rodrigues FB, Wild EJ. Huntington’s Disease Clinical Trials Corner: April 
2020. J Huntingtons Dis 2020;9:185-197.

48. Martinez B, Peplow PV. Altered microRNA expression in animal models 
of Huntington’s disease and potential therapeutic strategies. Neural Re-
gen Res 2021;16:2159-2169.


