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Abstract

Purpose of Review This article describes and discusses new potential disease-modifying therapies for Huntington’s disease that
are currently in human clinical trials as well as promising new therapies in preclinical development.

Recent Findings Multiple potential disease-modifying therapeutics for HD are in active development, including direct DNA/gene
therapies, RNA modulation, and therapies targeted at aberrant downstream pathways.

Summary The etiology of Huntington’s disease (HD) is well-known as an abnormally expanded trinucleotide repeat within the
huntingtin gene. However, the pathogenesis downstream of the mutant huntingtin gene is complex, involving multiple toxic
pathways, including abnormal protein fragmentation and neuroinflammation. The current treatment of HD focuses largely on
symptomatic management. This article discusses new, potential disease-modifying therapies that are currently in human clinical

trials and preclinical development.
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Introduction

Huntington’s disease (HD; OMIM 613004) is an autosomal
dominant, neurodegenerative disorder, characterized by dis-
tinct abnormal movements, psychiatric symptoms, and cogni-
tive deficits. Worldwide prevalence of HD is 2.7/100,000,
with epidemiological studies in Europe, North America, and
Australia (5.7/100,000) showing higher prevalence than in
Asia (0.4/100,000) [1]. The genetic mutation in HD has been
well-established as a pathogenic expansion (> 36 repeats) of a
trinucleotide repeat, cytosine-adenine-guanine (CAG), in the
huntingtin (HTT) gene, located on chromosome 4 [2]. Early
studies in transgenic mice showed abnormal proteinaceous
aggregates of mutant huntingtin protein (mHTT), which were
later also detected in brains of patients with Huntington’s dis-
ease [3—5]. Subsequent studies of neurotransmitter receptor
levels in transgenic mice expressing mHTT revealed that tran-
scriptional dysregulation may play an early role in HD

This article is part of the Topical Collection on Movement Disorders

P4 Ling Pan
ling.pan @nyulangone.org

' Department of Neurology, The Marlene and Paolo Fresco Institute

for Parkinson’s and Movement Disorders, NYU Langone Health,
222 East 41st Street — 13th Floor, New York, USA

pathogenesis [6]. Since then, many studies have implicated
mHTT in several pathways leading to HD pathogenesis, in-
cluding direct damage/aggregation, altered transcription of es-
sential genes, induction of excitotoxicity at cortico-striatal
synapses activating cell death pathways, impaired astrocyte-
medium spiny neuron homeostasis, mitochondrial dysfunc-
tion, and aberrant immune activation [7].

Current treatment of HD focuses largely on symptomatic
management of chorea and psychiatric and cognitive symp-
toms. Tetrabenazine and deutetrabenazine have been shown to
effectively reduce chorea in HD and are the only agents FDA-
approved for the treatment of HD [8, 9]. Neuroleptics are also
commonly used off-label for treatment of chorea as well as
psychosis related to HD [10]. Other psychiatric symptoms of
HD, such as depression, anxiety, and agitation, are treated
with SSRI/SNRIs and benzodiazepines, and dementia related
to HD can be treated with acetylcholinesterase inhibitors [10]
though with limited success. There is no FDA-approved dis-
ease-modifying treatment for HD at this time. Many exciting
preclinical studies and clinical trials are evaluating potential
disease-modifying treatments for HD. This article will focus
on ongoing clinical trials and preclinical studies that aim to
identify disease-modifying therapies for HD.

Although there is one underlying pathogenic gene in HD,
the downstream pathways leading to neuronal cell death in
HD are complex and not completely understood. Mutant
HTT protein (mHTT) differs from wild-type HTT protein by
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an elongated polyglutamine (polyQ) tract near the amino ter-
minus of the HTT protein. Mutant HTT transcripts produce
toxicity through gain-of-function interruption of multiple
downstream pathways including inducing synaptic
excitotoxicity at the striatal-cortical junction involving medi-
um spiny neurons (MSNs), aberrant immune activation, alter-
ation of transcription in essential genes, reduction of neuro-
trophic factors such as BDNF, and mitochondrial dysfunction
[7, 11]. Major drug developments and ongoing investigational
drugs target different stages of HD pathogenesis, including
direct gene editing, modulation of transcription or RNA tran-
scripts, and correction of aberrant downstream pathways. The
following sections will discuss each of these new therapies in
further detail.

Therapies Targeted at Gene Transcript
and Gene

As the toxic and neurodegenerative pathogenesis of HD be-
gins with an abnormal HTT gene and gene transcript (mHTT),
it makes sense that disease-modifying therapy would directly
target the mutant gene or immediate gene transcripts to lower
the level of mutant HTT. Studies in mouse models have
shown that suppression of mHTT or inactivation of the HTT
gene can reverse HD-like behavioral and neuropathological
phenotypes [12, 13]. Recently, therapies designed to lower
HTT expression using antisense oligonucleotide or
microRNA techniques have advanced to human clinical trials.

RNA-Targeted Therapies Antisense oligonucleotides (ASOs)
lower HTT RNA transcripts by binding to an RNA-specific
sequence of HTT that activates RNase H-mediated degrada-
tion. Non-selective ASO targets both wild-type and mutant
HTT transcripts, whereas selective ASO targets only mutant
allele HTT transcripts. The advantage of selective ASO is that
it preserves wild-type HTT. A disadvantage is that in order for
the ASO to be allele specific, selective ASOs are designed to
target single nucleotide polymorphisms (SNPs) that are pres-
ent in the mutant allele but not wild-type [14]. HD patients
with different geographical origins express different SNPs, so
a disadvantage of selective ASOs is that therapy is only effec-
tive in patients who express the particular SNP that is targeted
[15]. Thus, the advantage of non-selective ASOs is its gener-
alizability to all HD populations, with the disadvantage of also
downregulating wild-type HTT transcripts. However, studies
have shown that partial reduction of wild-type HTT does not
cause changes in motor function or alterations in histopatho-
logical findings in both rodent and non-human primate studies
[16]. Whether long-term reductions in wild-type HTT could
have adverse consequences in adult patients remain unknown.

Two drugs are currently being investigated for HD using
ASO technology. A non-selective ASO for the HTT transcript
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(TIonis-HTTrx) (clinicaltrials.gov, NCT02519036) has
completed early phase clinical trials, and has now entered a
large multicenter international efficacy trial. Phase I and Ila
clinical trials completed in November 2017 were randomized,
double-blind, placebo-controlled studies with the primary out-
come measure of safety and secondary outcome measure of
HTTRx pharmacokinetics. HTTRx or matching placebo was
administered via intrathecal injection every 4 weeks for 4
doses at 5 concentrations in 46 patients with early manifest
HD. The treatment was found to be safe, with no serious
adverse events in the treatment group. HTTRx was measur-
able in the CSF of patients who received doses of 30 mg or
more, with a plateau in the concentration in CSF over the 60-
mg dose. Additional end points showed a dose-dependent
reduction of mutant huntingtin concentrations in CSF, with
~40% reduction of mHTT at the 2 highest drug concentra-
tions [17¢¢].

Based on these findings, a phase III clinical trial of this
non-selective ASO intrathecal treatment (RO7234292, or
RG6042) to evaluate efficacy and safety has begun
(clinicaltrials.gov, NCT03761849). This randomized,
multicenter, double-blind, placebo-controlled study will fol-
low subjects over 2 years, and will enroll 909 manifest HD
patients in three arms: (1) RG6042 every 8 weeks, (2)
RG6042 every 16 weeks, versus (3) placebo every 8 weeks
via intrathecal injection. Primary outcome measures will be
changed in composite Unified Huntington’s Disease Rating
Scale (cUHDRS) and change in total functional capacity
(TFC) score at week 101. Secondary outcome measures will
include additional clinical rating measures of motor and cog-
nitive function, adverse events, concentration of RG4602,
mHTT protein level and neurofilament light chain (NfL) level
in CSF, and MRI measures of brain volumes. This clinical
trial has been actively recruiting since January 2019, and es-
timated study completion date is August 2022.

Another ASO approach in human trials involves the use of
two selective ASOs targeting the most commonly occurring
SNPs in mutant HTT transcripts—WVE-120101
(PRECISION-HD1) and WVE-120102 (PRECISION-HD2)
(clinicaltrials.gov, NCT03225833, NCT03225846). The
study designs are randomized, double-blind, placebo-
controlled, with the goal of enrolling 60 early, stage I, or
stage II HD participants, to receive monthly intrathecal
injections of drug versus placebo. Primary outcome
measures are safety and tolerability, and secondary outcome
measures are pharmacokinetics of drug in plasma and
pharmacodynamics of mHTT in CSF and TFC. Other
outcome measures are UHDRS, behavior assessments, and
MRI brain imaging. A press release with preliminary results
from the WVE-120102 trial (PRECISION-HD2) reported a
reduction of mutant HTT in CSF by 12.4% compared to pla-
cebo without significant change in total HTT or NfL levels
[18]. Additionally, it was announced that the drug has been
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well-tolerated up to a dose of 16 mg [19]. Results from
PRECISION-HDI1 have not been announced. Future trials
will likely explore higher doses in an effort to achieve greater
reductions in mHTT.

MicroRNAs (miRNAs) can lower HTT RNA transcripts
by recruiting HTT mRNA to RNA-induced silencing complex
(RISC), whereby the HTT mRNA is degraded. However, for
therapeutic purposes, miRNAs need to be delivered through a
vector, such as adeno-associated virus (AAV) or lentivirus.
AAV9-miRNA delivered via direct intrastriatal administration
have resulted in a therapeutic benefit in multiple HD mouse
models and a sheep model [20-22¢]. While peripheral intra-
venous administration of AAV9-miRNA in HD mouse
models showed therapeutic benefit, peripheral administration
in a primate model was ineffective [23-25]. Both selective
and non-selective allele targeting is feasible with the AAV9-
miRNA approach, but administration requires direct
intrastriatal injection.

RNA interference (RNAI) approaches to lowering mHTT
are also entering human trials. AMT-130 (rtAAV5-miHTT), a
miRNA directed against HTT, is in a phase I/II clinical trial
(clinicaltrials.gov, NCT04120493). This trial will enroll 26
early manifest HD participants in a randomized, double-
blind, sham surgery—controlled study of 3 cohorts—(1)
intrastriatal administration of low dose rAAV5-miHTT, (2)
intrastriatal administration of high dose rAAVS5-miHTT ver-
sus (3) sham surgery. Primary outcome measures are safety
and adverse events over 18 months, and secondary outcome
measures will explore the duration of AMT-130 in brain (mea-
sured in CSF), mHTT, and NfL levels in CSF, MRI imaging
of brain volumes, and clinical rating scales assessing motor,
cognitive, psychiatric, and quality of life functions. Study en-
rollment started in September 2019, with estimated primary
completion in December 2022 and study completion in
May 2026.

Several other RNA1 approaches are nearing human clinical
trials. A stereotactically guided intracerebral injection of
AAV1-delivered anti-HTT miRNA, which has been shown
to be safe and well-tolerated in partially reducing HTT levels
in the putamen of non-human primates [26], is likely to enter
clinical trials with human patients soon. Another AAV1 de-
livery system (VY-HTTO1), which has been shown to im-
prove motor and behavioral phenotype in an HD transgenic
mouse model [27], is also being developed. Preliminary stud-
ies in non-human primates have shown good safety and toler-
ability, and reduction of HTT mRNA in striatum and
cortex [28]. VY-HTTO1 is also expected to enter human
clinical trials soon.

DNA-Targeted Therapies Direct DNA-targeted approaches are
still in preclinical phases and include zinc finger nucleases
(ZFNs), transcription activator-like effector nucleases
(TALENSs), and CRISPR/Cas9 system [29]. Zinc finger

proteins (ZFPs) are DNA-binding elements that bind directly
to the mutant HD gene allele and can block transcription of the
mutant huntingtin gene with an abnormally expanded CAG
repeat sequence [30]. In a transgenic HD mouse model, ZFPs
with a repressor element directly introduced into the striatum
were able to reduce mHTT levels and improve HD-like be-
havior [31]. Similarly, TALENs contain a DNA recognition
domain made of amino acid repeats and a repressor or nucle-
ase component, which can either prevent transcription or di-
rectly cleave DNA. TALEN constructs applied to fibroblasts
derived from HD patients have been shown to reduce mHTT
expression and aggregation [32]. The CRISPR/Cas9 system
was derived from a bacterial immune system against viral
infection, and allowed for direct DNA cleavage via binding
of protospacer-adjacent motif (PAM) sequences, and guide
RNA-based nuclease activity [29]. Application of CRISPR/
Cas9 to HD patient—derived fibroblasts via cleavage of CAG
repeats from the HTT gene resulted in the reduction of mHTT
expression [33¢¢]. In a transgenic HD mouse model, applica-
tion of CRISPR/Cas9 to excise CAG repeats in the HTT gene
resulted in reduced expression and aggregation of mHTT, as
well as improved motor function [34e]. All these DNA-
targeted therapies remain in preclinical phases and have lim-
itations including off-target effects, difficulty in design, and
risk of activating inflammation due to non-host elements, and
require invasive administration.

Small-Molecule Modulators of RNA Delivery of these DNA-
and RNA-altering therapies is invasive, requiring either intra-
thecal or direct intraparenchymal injection. Small molecules
that downregulate HTT protein levels have been identified
from stem cells of HD patients, and ongoing preclinical stud-
ies of these small-molecule modulators, administered as an
orally bioavailable pill, have shown promise in reducing brain
HTT levels in mice [35]. There are also preclinical studies
looking at targeting specific transcription elongation cofactors
required for regular DNA transcription through long-
expanded CAG repeats [36]. Preclinical studies have shown
that blocking these transcription factors in HD transgenic
mouse models results in reduced HTT aggregation, improved
lifespan, and delayed motor impairment, and suggest that
these transcription factors are promising therapeutic targets
[37+]. Another potential therapy directed at RNA splicing is
using an exon-skipping technique. Cleavage of mHTT RNA
by caspases has been shown to generate toxic fragments, and
inhibition of these caspase-binding sites has been shown to
improve motor and behavioral function in HD transgenic
mouse model [38—40]. Exon-skipping ASO, which has been
used in other neurodegenerative diseases such as Duchenne
muscular dystrophy (eteplirsen) and spinal muscular atrophy
(nusinersen), has shown promising proof-of-concept studies
in HD transgenic mice, by using ASOs to promote exon 12
skipping to omit caspase cleavage sites [7, 41].
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Therapies Targeted at Aberrant Downstream
Pathways

Neuropathology of post-mortem brains of HD patients shows
significant degeneration of the striatum and deeper layers of
the cortex [42, 43]. Magnetic resonance imaging of brain in
premanifest and early HD patients has revealed significant
regional striatal volume loss, but also more widespread atro-
phy including both white- and gray matter [44]. Medium
spiny neurons (MSNs) are the predominant neuron population
in the striatum, and MSNs are critical to mediating signals
from the cortex to output pathways in the basal ganglia.
There are two main striatal output pathways, direct and indi-
rect, which contain different MSN populations—the direct
pathway contains MSN's which express D1 receptors and pro-
ject to SNr and GPi, whereas the indirect pathway contains
MSNSs expressing D2 receptors that project to GPe [45]. In
HD, there is early loss of indirect pathway MSNs (seen in
presymptomatic and early-stage HD), and later loss of direct
pathway MSNs [46]. This observation explains some of the
clinical manifestations of HD, which often includes early hy-
perkinetic movements such as chorea, and can progress to
bradykinesia and rigidity in late-stage HD. In HD, there is
aberrant post-synaptic activation of pro-death pathway signal-
ing at the cortico-striatal synapse. Several post-synaptic pro-
teins have been implicated in this aberrant downstream signal-
ing, including extrasynaptic NMDA receptors (GIuN2B), sig-
ma 1 receptors (SIGIR), post-synaptic density protein 95
(PSD95), and phosphodiesterase 10A (PDE10A) [7, 47]. In
addition, pathogenic or mutant HTT activates chronic neuro-
inflammation, via activation of cytokines, oxidative stress,
reactive astrocytes, and reactive microglia [48]. HD patients
and HD rodent models demonstrate increased migroglial acti-
vation, elevated proinflammatory cytokines, and chemokines,
which correlate with disease progression [49—53].
Pridopidine is a small molecule with high affinity for sigma 1
receptors (SIG1R). SIG1Rs are transmembrane proteins located
at the endoplasmic reticulum-mitochondrial interface, and
through interaction with inositol 1,4,5 triphosphate receptors
(IP3Rs), modulate calcium ion transport to promote

neuroprotection and plasticity [54, 55]. In HD mouse models,
mutant HTT aberrantly binds to IP3Rs, causing tonic calcium
ion leakage, which promotes apoptosis in MSNs [56, 57].
Preclinical studies of pridopidine in mouse models showed nor-
malization of cellular membrane calcium levels, improved mo-
tor and psychiatric phenotypes, and increased BDNF levels,
improved survival, and rescue of transcriptional deficits in the
striatum [58—60]. Phase II and III clinical trials (HART [61],
MermaiHD [62]) failed to show significant improvement of the
primary outcome measure (modified UHDRS motor score), and
a follow-up phase II clinical trial (PRIDE-HD) found no signif-
icant improvement in UHDRS total motor scores in the whole
study population, though there was improvement in total motor
score and dystonia in early-stage participants [63e°].
Importantly, in a post hoc analysis, PRIDE-HD demonstrated
a statistically significant benefit in total functional capacity at
52 weeks in subjects receiving pridopidine compared to those
receiving placebo [64¢]. These observations suggest that a de-
finitive clinical trial to assess the potential disease-modifying
effects of pridopidine in HD is warranted.

Semaphorin 4D is a transmembrane signaling molecule,
which promotes B cell and dendritic cell activation [65]. In
addition, SEMA4D promotes glial cell inflammatory transfor-
mation in the setting of neurodegenerative processes such as
HD. Preclinical studies of a blocking monoclonal antibody to
SEMAA4D (pepinimab) in rodents have shown reduction of neu-
roinflammation and prevention of autoimmune encephalomy-
elitis [66]. In a transgenic HD mouse model, treatment with anti-
SEMAA4D showed reduced brain atrophy, improvement of cog-
nition, and reduction of anxiety [67]. Good safety data for anti-
SEMA4D was shown in a phase I clinical trial for multiple
sclerosis [68]. SIGNAL, a phase II/IIT clinical trial of anti-
SEMAA4D (pepinemab), is evaluating safety and efficacy in ear-
ly manifest and late prodromal HD patients receiving monthly
infusions of pepinemab or placebo for 18 months in a parallel
group double-blind fashion. The SIGNAL trial has used an
adaptive design; in addition to measuring safety and tolerability,
the study will assess numerous efficacy outcome measures in-
cluding motor, cognitive, behavioral, and functional assess-
ments; MRI brain volumetrics; and PET imaging. An early

“m
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Fig. 1 Pathogenic targets of new HD therapeutics. Key: ZFP = zinc finger protein, TALEN = transcription activator-like effector nucleases, ASO =
antisense oligonucleotide, RNAi = RNA interference, STAR = small-molecule therapies for alternative splicing in RNA
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Table 1 New therapeutics in human clinical trials

Therapeutic Mechanism of action Sponsor Clinical trial stage

Tonis-HTTrx; RG6042 Non-selective ASO binding to HTT RNA and Tonis Pharmaceuticals, Phase III
activating RNase H-mediated degradation Hoffman-LaRoche

WVE-120101, WVE-120102 Selective ASO binding to mHTT RNA Wave Life Sciences Phase I/II
activating degradation

AMT-130 RNAi (miRNA) against mHTT to activate UniQure Biopharma Phase I/I1
RISC mediated degradation

Pridopidine SIGIR agonist to normalize calcium ion transport Prilenia Phase II/111
and reduce toxicity to MSNss

Pepinemab Anti-SEMA4D Ab to reduce neuroinflammation Vaccinex Phase II/I1

planned interim analysis in 36 participants followed for
6 months under double-blinded conditions and an additional
5 months of open-label treatment showed no concerning safety
issues and promising stabilization or reduction of decline of
cortical brain atrophy and metabolism [69]. The results of the
larger second cohort of the SIGNAL trial involving 265 subjects
followed for 18-36 months are expected by the end of 2020.

Other New Therapeutic Approaches

Gene therapy conversion is a unique technique that is being
developed in preclinical stages for application in HD. In vivo
cell conversion technology reprograms adult endogenous glial
cells into neurons, which avoids external transplantation and
potential immunorejection [71, 72]. Studies have shown suc-
cessful reprogramming of adult glial cells into functional neu-
rons in astrocytes, NG2 cells, and mouse and monkey brains
[73-75]. In vitro studies have shown successful
reprogramming of fibroblast cells into medium spiny neurons
[76]. In vivo studies have been published recently and show
successful reprogramming of adult striatal astrocytes into
functional, GABAergic striatal neurons by co-administration
of two transcription factors, NeuroD1 and DIx2, in two HD
transgenic mouse models, R6/2 and YACI128 [77]. These

Table 2 New therapeutics in preclinical stages

reprogrammed neurons show similar electrophysiological
properties to preexisting neurons, and these reprogrammed
mouse models show partial rescue of motor functional deficits
and increased survival [77e¢].

Another novel approach includes active and passive immu-
nization against mutant HTT protein. Preclinical studies in
HD mouse models have shown active immunization via intro-
duction of an immunogenic short peptide that generates host B
cell-mediated antigen-specific antibodies targeting exonl of
mutant HTT protein, which further downregulates aberrant
neuroinflammatory and cell death pathways [78]. Other pre-
clinical studies have designed antibody fragments directed
specifically at a region in the N-terminus of the mutant HTT
protein, to prevent protein misfolding. Studies in HD mouse
models have shown that delivery of these therapeutic antibody
fragments, via AAV vector directly into the striatum, can re-
duce mutant HTT aggregates [79].

As many of the therapies discussed here require invasive ad-
ministration, via intraparenychymal or intrathecal delivery, there
are ongoing studies examining the application of orally bioavail-
able small-molecule therapies for alternative splicing in RNA
(STAR) technology in Huntington’s disease [80]. This new tech-
nology aims to develop small molecules that target splicing mod-
ifiers in RNA structures and harness these modifiers to correct
mutant, pathogenic RNA. This approach has been studied in

Potential therapeutic Mechanism of action

Preclinical studies

AAV1 delivered anti-mHTT miRNA RNAi

ZFPs
TALENs

CRISPR/Cas9 DNA cleavage

Small-molecule modulators/
transcription factors
ASOs promoting exon 12 skipping

Gene reprogramming

Repression of transcription via direct DNA binding
Repression of transcription via direct DNA binding

Downregulate HTT transcription

Omit caspase cleavage sites encoded in exon 12
Reprogram endogenous adult glial cells

Transgenic mouse model, safety in
non-human primates

Transgenic mouse model
HD patient—derived fibroblasts

HD patient—derived fibroblasts,
transgenic HD mouse model

Transgenic mouse models

Transgenic mouse models

Transgenic mouse models

into functional striatal cells

Immunization against mutant HTT protein

Generate immunogenicity against mHTT protein

Transgenic mouse models
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changing the alternative splicing of SMN2 pre-mRNA in spinal
muscular atrophy (SMA) and is now being applied to
Huntington’s disease and amyotrophic lateral sclerosis [81].

Conclusion

While the gene mutation underlying Huntington’s disease has
long been known, the pathogenesis from mutant gene to ab-
errant aggregation, neurotoxicity, metabolic dysfunction, and
neuroimmunological dysfunction is complex and not fully
understood. We have reviewed new, potential disecase-
modifying treatments that are targeted at various known path-
ogenic stages, from gene to RNA to protein pathways (Fig. 1).
Several of these therapeutics are already being investigated in
human clinical trials, and others show promising preclinical,
in vivo data (Tables 1 and 2). The ultimate goal of these new
therapies is to improve survival, function, and quality of life,
and potentially cure Huntington’s disease. Gene therapies
show great promise in correcting or muting the underlying
abnormal trinucleotide expansion at the DNA level, which
would theoretically prevent all downstream aberrant path-
ways. Therapies directed at the RNA level are also promising
in early pathogenic intervention to prevent activation of down-
stream mutant HTT toxicity. Therapeutic limitations common
to those targeting DNA and RNA levels include invasive ad-
ministration (often requiring direct intraparenychmal or intra-
thecal delivery), as well as potential off-target effects, with
inadvertent downregulation of non-HD-related genes or tran-
scripts. Therapies targeted at important downstream pathways
include those reducing MSN atrophy and neuroinflammation.
Other novel techniques in preclinical development include
using endogenous, adult glial cells to regenerate striatal neu-
rons and immunization against mutant HTT protein. These
therapies may be especially significant in application to pa-
tients with advanced disease where therapy targeted at DNA
or RNA levels may not reverse prior neurotoxicity. Together,
these exciting and novel therapeutic strategies have raised
hope that disease-modifying therapies for Huntington’s dis-
ease may soon become a reality.
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