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Abstract
Huntington disease (HD) is a fatal progressive neurodegenerative disorder caused by an inherited mutation in the huntingtin 
(HTT) gene, which encodes mutant HTT protein. Though HD remains incurable, various preclinical studies have reported a 
favorable response to HTT suppression, emphasizing HTT lowering strategies as prospective disease-modifying treatments. 
Antisense oligonucleotides (ASOs) lower HTT by targeting transcripts and are well suited for treating neurodegenerative 
disorders as they distribute broadly throughout the central nervous system (CNS) and are freely taken up by neurons, glia, 
and ependymal cells. With the FDA approval of an ASO therapy for another disease of the CNS, spinal muscular atrophy, 
ASOs have become a particularly attractive therapeutic option for HD. However, two types of ASOs were recently assessed 
in human clinical trials for the treatment of HD, and both were halted early. In this review, we will explore the differences 
in chemistry, targeting, and specificity of these HTT ASOs as well as preliminary clinical findings and potential reasons for 
and implications of these halted trials.

Key Points 

Huntingtin (HTT)-lowering strategies are a promis-
ing avenue for the development of disease-modifying 
therapies for Huntington disease (HD), with antisense 
oligonucleotides (ASOs) being the first to reach clinical 
trials.

The clinical trials of three HTT-lowering ASOs were 
recently halted; one due to worsening clinical outcomes, 
and the other two for a failure to lower mutant HTT.

HTT, which is required for embryonic brain develop-
ment, also has functions in the adult brain; it is unclear 
to what extent HTT lowering can be tolerated.

Cerebrospinal fluid neurofilament light chain (NfL) 
emerges as a highly sensitive safety biomarker that may 
be predictive of unfavorable outcomes.

1 Introduction

Huntington disease (HD) is an autosomal dominant neu-
rodegenerative disorder caused by the expansion of the 
glutamine encoding CAG tract in exon one of the hunting-
tin (HTT) gene, which leads to the production of polyglu-
tamine expanded mutant huntingtin (mtHTT) protein [1, 2]. 
HD manifests in people with 36 or more CAG repeats with 
full penetrance seen with 40 or more. The age of disease 
onset is influenced inversely by the length of the expansion, 
and symptoms do not typically develop until midlife [3, 4]. 
Symptoms of HD, including psychiatric disturbance, cogni-
tive dysfunction, and the progressive loss of voluntary motor 
control, worsen over time until death, typically 15–20 years 
after motor onset [5].

There is no cure for HD and no disease-modifying treat-
ments available. There is strong evidence that reduction of 
mtHTT could provide such a treatment. Conditional inacti-
vation of mtHTT in adult, symptomatic HD mice results in 
the recovery of motor function and clearance of toxic protein 
aggregates [6]. In subsequent proof-of-concept studies, RNA 
interference was found to provide benefit to motor and neu-
ropathological aspects of disease in multiple mouse models 
of HD [7–9], demonstrating the potential utility of suppres-
sion of mtHTT in adults as a disease-modifying therapy for 
HD.
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One method of gene suppression is through antisense 
oligonucleotides (ASOs). ASOs are small single-stranded 
chemically modified DNA molecules that use Watson Crick 
base pairing to bind RNA and catalyze downstream events 
[10]. Gene suppressing ASOs form DNA/RNA heterodu-
plexes when bound, recruiting RNase H to degrade the 
targeted transcript. ASOs are a promising treatment option 
because they can bind to both mRNA and pre-mRNA, 
increasing the availability of targetable RNA sequences for 
selection. ASOs are also favorable as therapies for neurolog-
ical diseases, such as HD, because they have long half-lives 
and broad distribution in the central nervous system (CNS), 
where they are taken up by neurons, glia, and ependymal 
cells without the assistance of a carrier [11].

Three ASO therapies for HD were recently assessed in 
human clinical trials (Table 1). Roche, in partnership with 
IONIS Pharmaceuticals, developed a non-selective total 
HTT-lowering ASO that progressed to a phase III trial, and 
Wave Life Sciences developed two allele-selective mutant 
HTT-lowering ASOs that were assessed in phase I/IIa tri-
als. These ASOs, though all aimed at reducing the disease-
causing protein, differ in a number of substantive ways that 
could affect their application, likely leading to the halting 
of all three of these trials for very different reasons. In this 
review, we provide an in-depth overview of the ASO thera-
pies in recent halted HD human trials.

2  Chemistry

ASOs are synthetic, modified, single-stranded DNA mol-
ecules. Single-stranded DNA typically has a short half-life 
due to endonucleolytic degradation pathways so ASOs 

must be chemically modified to enhance stability in order 
to effectively reach their targets [12]. In most ASOs, this 
is accomplished by replacing the oxygen in the phospho-
diester linkage with a sulfur to create a phosphorothioate 
(PS) linkage that is slightly more resistant to endonuclease 
activity [13]. Beyond stability, PS linkages enhance ASO 
distribution by forming disulfide bonds with albumin, the 
most abundant protein in blood plasma and the cerebrospinal 
fluid (CSF), which transports the ASO throughout the CNS 
[14, 15]. Aside from benefits to stability and distribution, PS 
linkages can cause immune activation. However, incorporat-
ing phosphodiester (PO) linkages into the sequence creating 
a mixed (PS/PO) backbone can minimize this response [16, 
17]. Both the Roche/IONIS and Wave ASOs have (PS/PO) 
mixed backbones.

By chemically modifying the phosphodiesterase back-
bone of DNA to create PS linkages, stereochemistry is 
introduced, as each PS linkage becomes a chiral center. 
Each chiral center has the potential to yield a pair of enan-
tiomers, 3D molecules with non-superimposable mirror 
image configurations denoted as Rp or Sp. Therefore, 
using the  2n rule to evaluate the permutability of the mol-
ecule, an ASO that is 18 base pairs in length and has 17 
PS linkages (n), such as the FDA-approved spinal mus-
cular atrophy (SMA) ASO, nusinersen, has 131,072 ste-
reoisomeric forms that are given to patients as a racemic 
mixture [18]. PS/PO mixed backbones have fewer chiral 
centers and stereoisomers because PO linkages are achiral. 
Tominersen, the Roche/IONIS mixed backbone HD ASO, 
has 19 linkages, but since six linkages are achiral, there are 
only 8192 possible forms. Theoretically, each of the 8192 
resulting molecules could have different pharmacologic 
properties. For instance, in ASOs, comparatively speaking, 

Table 1  Properties of tominersen, WVE-120101, and WVE-120102

Lower-case letters indicate ribose nucleosides with 2′ sugar modifications; upper-case letters indicate deoxyribose nucleosides; O indicates phos-
phodiester (PO) linkage; non-labeled linkages indicate chiral phosphorothioate (PS) linkages; underlined letters indicate single nucleotide poly-
morphism (SNP)

Tominersen WVE-120101 and WVE-120102

Backbone chemistry Phosphorothioate (PS) and Phosphodiester 
(PO) linkages

Phosphorothioate (PS) and Phosphodiester (PO) linkages

Wing chemistry 2′-O-methoxyethyl (2′-MOE) 2′-O-methyl (2′-O-Me)
Sequence ctocoaogTAA CAT TGACaococoac WVE-120101

ggocoaocAAG GGC ACAGaocououc
WVE-120102
guogocoaCAC AGT AGATgoaogogg

Stereochemistry Stereorandom Stereopure
Number of isomers 8192 1
Selectivity Nonselective Selective: targets CAG expansion associated SNPs
Population coverage 100% WVE-120101: 20–56%

WVE-120102: 24–51%
Combinatorial use: 36–70% [32]
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the Rp stereoisomer is expected to be favored by RNase 
H for cleavage while the Sp configuration offers increased 
stability [19–22]. Together the Rp and Sp linkages seem 
to create a functionally balanced molecule. Tominersen 
is stereorandom—a mixture of both Rp and Sp linkages.

Historically, the safety and potency of stereorandom 
drugs has been called into question. Although some ste-
reoisomers may perform similarly therapeutic functions, 
there are others that are less than complementary, rang-
ing from biologically inactive to highly toxic molecules 
[23, 24]. ASOs yield potentially hundreds of thousands 
of different stereoisomers making it technically prohibi-
tive to use separation techniques to isolate one pure ASO 
molecule. In lieu of stereoisomer separation, Wave Life 
Sciences has developed stereocontrolled oligonucleotide 
synthesis with iterative capping and sulfurization (SOS-
ICS) [22]. SOSICS grants control over the stereochemistry 
of each PS linkage during molecule production, allow-
ing Wave to synthesize a single stereopure ASO molecule 
[25]. While this stereopure synthesis method eliminates 
the risk of enantiomeric impurities, controlling chirality 
influences drug activity [26]. Stereopure molecules com-
posed of only Sp linkages demonstrate improved stabil-
ity [22], but are significantly less potent [20]. RNase H 
has been reported to favor Rp linkages [19] but molecules 
composed of only Rp linkages do not show a significant 
increase in potency [20]. Controlling stereochemistry may 
provide enhanced stability, RNase H activity, or tolerabil-
ity but the most potent ASO molecule may not be the most 
stable, potentially requiring a balance to be sought.

Regardless of stereochemistry, PS-modified ASOs have 
relatively low RNA binding affinity and are still substrates 
for endonucleases, limiting overall drug potency. ASO 
bases can be modified at the 2′ carbon of the sugar ring to 
enhance RNA binding affinity and improve stability [27]. 
Nucleosides containing these 2′ sugar modifications are 
not substrates for endonucleases so an ASO composed 
completely of 2′ modified sugars would not recruit RNase 
H. Therefore, ASOs that induce target degradation are 
designed as gapmers—chimeric oligonucleotides com-
posed of the DNA sequence ‘gap’ that is susceptible to 
RNaseH-mediated degradation and the flanking chemically 
modified RNA wings, providing stability and affinity [28].
The first 2′ sugar modification was the 2′-O-methyl (2′-
O-Me), which increases the melting temperature of the 
molecule indicating improved stability. The Wave ASOs 
are 2′-O-Me gapmers, as the core sequence is flanked by 2′ 
sugar moieties with 2′-O-Me modifications and mixed PS/
PO linkages [29]. Subsequent modifications, such as the 
2′-O-methoxethyl (MOE) developed by IONIS Pharmaceu-
ticals, have even higher RNA binding affinity and proved 
to be more stable than 2′-O-Me modifications [30]. The 
Roche/IONIS ASO is a MOE gapmer, as its core sequence 

is flanked by 2′ sugar moieties with MOE modifications 
and mixed PS/PO linkages [31].

3  Targeting

HD is an autosomal dominantly inherited disease, thus the 
causative mtHTT gene is the first logical therapeutic target. 
The HTT gene is haplosufficient, meaning that, while com-
plete inactivation of HTT is embryonically lethal [33–35], 
the deletion of one copy of HTT does not cause an overt 
abnormal phenotype [36]. This suggests allele-selective 
lowering of mtHTT as a potential treatment for HD. This 
would typically be achieved by targeting the disease-causing 
mutation for suppression. However, the CAG tract that is 
expanded to cause HD is present in all HTT genes as well 
as many other genes throughout the genome [37]. Target-
ing the expanded CAG tract, therefore, has the potential for 
off-target hybridization—where the ASO binds to a similar 
sequence not within the gene of interest.

In lieu of targeting the mutation selectively, a nonselec-
tive approach was adopted to partially suppress both wild-
type huntingtin (wtHTT) and mtHTT. In preclinical studies, 
50% suppression of mtHTT is sufficient to provide benefit 
[38] and total HTT can be lowered by 50% without overt 
phenotype, [33], suggesting that appropriately dosed nonse-
lective ASOs could provide a potentially safe and effective 
therapy. Nonselective ASOs, like the Roche/IONIS ASO, 
target HTT, indiscriminately binding to both wtHTT and 
mtHTT transcripts, and degrade a portion of each (Fig. 1).

While this nonselective strategy was widely pursued, 
population genetics studies identified single nucleotide 
polymorphisms (SNPs) that are in linkage disequilibrium 
with the CAG expansion (HD-SNPs), providing alternate 
targets for allele-selective mtHTT suppression [39, 40]. 
Human fibroblast lines were screened and selected for het-
erozygosity of HD-SNPs and subsequently used to screen 
potential allele-selective ASOs. This led to the development 
of a SNP-targeted ASO that discriminated and lowered fibro-
blastic mtHTT mRNA by a 5-fold difference compared with 
the wtHTT [41]. Single base-pair mismatches alter RNase 
H cleavage patterns, so ASOs were chemically modified to 
reduce RNase H activity outside the desired cleavage site, 
improving single nucleotide discrimination from 5-fold to 
100-fold [42]. ASO selectivity was demonstrated in vivo 
using humanized HD mice that are heterozygous for human 
mtHTT and wtHTT transgenes, including some HD-SNPs 
[43], and the preclinical therapeutic benefit of this approach, 
including restoration of cognitive and behavioral deficits in 
previously impaired mice, has been established [44].

Targeting CAG expansion-associated SNPs, allele-selec-
tive HD ASOs can discriminate between the mtHTT and 
the wtHTT transcripts (Fig. 2) but SNP heterozygosity is 
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required. Considering that haplotypes of upper and lower 
alleles, and thus heterozygosities, vary between individuals, 
this approach requires development of multiple ASO drugs 

targeting different SNPs in order to treat the majority of 
HD patients [45, 46]. Wave Life Sciences designed allele-
selective ASOs that target two of these SNPs, rs362307 and 

Fig. 1  Nonselective ASO-
mediated suppression of total 
HTT. Figure by Erin Kenzie 
for Amber Southwell. Adapted 
from [44]. ASO antisense oli-
gonucleotide, mRNA messenger 
ribonucleic acid, mtHTT mutant 
huntingtin, polyQ polyglu-
tamine, RNaseH ribonuclease 
H, wtHTT wild-type huntingtin

Fig. 2  SNP-targeted allele-
selective ASO-mediated 
suppression of mtHTT. Figure 
by Erin Kenzie for Amber 
Southwell. Adapted from [44]. 
ASO antisense oligonucleotide, 
mRNA messenger ribonucleic 
acid, mtHTT mutant huntingtin, 
polyQ polyglutamine, RNaseH 
ribonuclease H, SNP single 
nucleotide polymorphism, 
wtHTT wild-type huntingtin
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rs362331. Based on HD population genetics, an estimated 
36%–70% of HD patients globally are heterozygous for at 
least one of the two SNPs targeted by the allele-selective 
ASOs recently in clinical trials [32]. There is an estimated 
8% of HD patients precluded from receiving SNP targeted 
allele-selective HD ASOs as they are homozygous for the 
known CAG expansion-associated SNPs [46] as well as a 
portion of individuals homozygous for the HD mutation for 
whom allele-selective HTT lowering via HD-SNP targeting 
would not be possible.

4  Selectivity

Due to their differences in targeting, nonselective ASOs 
lower both wtHTT and mtHTT whereas allele-selec-
tive ASOs preferentially suppress mtHTT. While both 
approaches suppress mtHTT, the selective approach will 
leave more wtHTT production, potentially enhancing post-
treatment ongoing HTT function. In adults, the extent of 
HTT function and its necessity is not fully understood.

It is known that HTT is required for normal brain devel-
opment as ablation of the mouse HTT homolog (Hdh) in 
mouse embryos leads to reabsorption around embryonic day 
8.5, the time when brain formation begins [33–35]. Geneti-
cally reducing HTT expression to ~ 33% of endogenous lev-
els in embryos leads to mice born with misshapen heads and 
abnormal brain morphology [47]. Conversely, Hdh-het mice 
that are heterozygous for inactivation of HTT and express 
HTT at 50% have no overt phenotype, though on closer 
evaluation exhibit hyperactivity, some cognitive deficits, 
and neuronal loss in the subthalamic nucleus [34]. Similarly, 
there have been cases reported of adults who are heterozy-
gous for HTT but still had normal neurodevelopment and 
function [48]. These data demonstrate that HTT is required 
for embryonic brain development, but that as little as 50% 
of the normal level is sufficient to perform this role. Interest-
ingly, mice that only express mtHTT develop normally, sug-
gesting that the HD mutation does not preclude this obligate 
role of HTT in brain development. Even in postnatal devel-
opment HTT has obligatory roles as complete inactivation 
of (Hdh) in neonatal mice results in neurodegeneration and 
reduced survivability [49].

Further evaluating the effect of HTT deficiency, in a trans-
genic mouse model of post-development HTT loss, complete 
inactivation of Hdh in mice younger than 4 months caused 
acute pancreatitis whereas the inactivation of Hdh in mice 
older than 4 months had no impact on cell viability or motor 
function in one study [50]. Contrarily, in a similar study, 
complete inactivation of Hdh in adult mice led to widespread 
gliosis, thalamic calcification, and disturbed iron homeosta-
sis [51]. Together these studies indicate post-development 

HTT lowering may be tolerated, though complete loss may 
have consequences at any age.

Since HTT is a key transcriptional regulator throughout 
development, it is perhaps unsurprising that, in adults, HTT 
has recently been implicated in corticospinal motor neuron 
repair, as these cells must first regress to an embryonic state 
to regenerate [52]. In neurogenesis, HTT is required for the 
proliferation and differentiation of neural stem cells [47], 
whereas mtHTT disrupts neuroepithelial junctions leading to 
premature differentiation [53]. During cell division, HTT is 
required for proper spindle placement in mitosis [54]. HTT 
becomes phosphorylated in response to elevated corticos-
terone levels, blocking neurogenesis [55]. In an HD mouse 
model, cell proliferation is reduced, suggesting that mtHTT 
may not be as effective as wtHTT in facilitating neurogen-
esis [56]. Supporting this is the finding that adult striatal 
neurogenesis is diminished in the HD brain [57].

After development and neurogenesis, one of the ongoing 
roles of HTT is as a scaffold protein in a variety of cellular 
processes. HTT colocalizes with postsynaptic density-95 
(PSD-95) on postsynaptic striatal projection neurons (SPNs) 
[58]. HTT protein interacts with huntingtin associated pro-
tein 1 (HAP1) to recruit dynactin to the vesicles, inducing 
axonal transport of neurotrophic factors like brain-derived 
neurotrophic factor (BDNF) [59]. To provide the ATP nec-
essary for fast axonal transport, HTT binds the glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) enzyme to cata-
lyze vesicular glycolysis [60]. Complexing with huntingtin 
associated protein 40 (HAP40) and Rab5, HTT modulates 
motility in early endosomes [61]. HTT facilitates selective 
autophagy by recruiting proteins required for cargo loading 
[62, 63]. Involved in the transport of autophagosomes along 
the neuronal process, a decrease in available HTT leads to 
reduced motility and incomplete degradation of cargo [64]. 
Likewise, in mitophagy, which is the selective degradation 
of dysfunctional mitochondria, HTT acts as a scaffold [65, 
66]. Mitochondria produce reactive oxygen species (ROS) 
as a by-product of metabolism, but as dysfunctional mito-
chondria produce ROS in excessive quantities, impaired 
mitophagy leads to increased oxidative stress, which is seen 
in HD brains [67].

HTT is also involved in ongoing stress signaling in neu-
rons. HTT localizes to the endoplasmic reticulum (ER) 
but can travel to the nucleus to signal ER stress [68]. HTT 
mitigates the oxidative stress response through promotion 
of NRF2 activity [69, 70]. In response to damage from oxi-
dative stress, HTT localizes to the site of DNA damage and 
recruits DNA repair proteins [71]. Accumulation of mtHTT 
impairs this stress response and makes neurons more sensi-
tive to ROS [72]. The combined presence of mtHTT and 
endotoxins causes microglia to release more inflamma-
tory cytokines [73]. Expression of mtHTT makes striatal 
cells susceptible to loss of BDNF leading to glutamate 
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excitotoxicity [74]. HTT is neuroprotective and can prevent 
apoptosis in response to excitotoxicity [75]. As part of the 
canonical stress response, HTT frees up ATP by localizing 
to cofilin to prevent actin remodeling [76] and through the 
formation of huntingtin stress bodies (HSBs), which halt 
endosomal trafficking [77]. In the body, prolonged stress 
may interfere with HTT function. Moreover, mtHTT fails to 
adequately perform many stress response roles, leading to 
increased basal cellular stress in the HD brain.

As HTT serves such a critical role in the development 
and maintenance of the nervous system, the complete loss 
of available HTT protein at any stage of life would likely 
be detrimental. Partial suppression in adults appears toler-
ated [38, 78–80], though the threshold as to safe HTT loss 
is unclear. The interpretation of results from these studies 
may be limited, as HTT lowering was only evaluated for 6–9 
months in healthy animals in a controlled lab environment.

These studies were conducted using animal models, most 
not HD models. In healthy adult mice and monkeys that lack 
mtHTT, lowering of total HTT is well tolerated. However, 
in mouse models of HD, phenotypes vary depending on 
mtHTT expression level. The zQ175 knock-in model of HD 
is hypomorphic, meaning that knock-in mtHTT expression 
is very low. When this transgene is expressed in FVB mice 
(Q175F), mice display early death from fatal seizures. These 
mice express 50% wtHTT and a small amount of mtHTT. 
Yet, Hdh-het mice on the FVB strain, which also have 50% 
wtHTT but lack mtHTT, do not display early fatal seizures, 
though they may still develop spontaneous seizures later in 
life at a proportion greater than that seen in WT FVB mice. 
Thus, the small amount of mtHTT transforms the late onset, 
moderate seizure phenotype with low penetrance to an early 
onset, fatal phenotype with higher penetrance. Importantly, 
this is not an aspect of HD. In this case, the addition of a 
small amount of mtHTT exacerbates an existing HTT defi-
ciency phenotype of Hdh-het FVB mice. Q175FDN mice 
have the same knock-in as Q175F mice but with restored 
mtHTT expression. Q175FDN het mice have 50% wtHTT 
and increased mtHTT expression yielding total HTT levels 
closer to WT mice. The increased mtHTT in these mice pro-
tects them from the early fatal seizures, transforming it back 
to a late onset, low penetrance seizure phenotype similar 
to Hdh-het mice. However, these mice do display reduced 
survival compared with WT mice following an extended 
period of HD-like neurological decline. Thus, they die from 
HD, unlike the Q175F mice with reduced total HTT and a 
small amount of mtHTT that die from mtHTT-exacerbated 
HTT deficiency [81]. This demonstrates that the threshold 
of tolerability for HTT loss may be very different in HD 
patients than in the healthy mice and monkeys used to assess 
preclinical tolerability of HTT suppression.

The question of whether HTT reduction is tolerated is by 
no means black and white, so it is necessary to weigh the 

costs versus benefits of HTT lowering. In humans, like the 
Hdh-het mice, who are heterozygous for reduced wtHTT 
but lack mtHTT, neurodevelopment and brain function 
are phenotypically normal [48]. Yet, just as the increase in 
mtHTT protein in the Q175FDN mice protected from loss 
of HTT effects, it also led to more severe HD-like pathol-
ogy. There is also evidence, in humans, that mtHTT is more 
toxic than loss of HTT. There is a SNP in the NF-kB binding 
site in the HTT promoter that inhibits binding, resulting in 
modest downregulation of HTT. When found on the wtHTT 
allele, modestly reducing wtHTT expression throughout 
life, it accelerates age of HD onset on average ~ 4 years. 
Conversely, when the SNP is on the mtHTT allele, modestly 
reducing mtHTT expression throughout life, disease onset 
is delayed by ~ 9 years [82].This is further supported by 
a study in humanized HD mice showing that nonselective 
HTT lowering dose-dependently increases striatal volume of 
HD mice, ameliorating atrophy, but the opposite effect was 
observed in non-HD mice, with a dose-dependent reduction 
in striatal volume [83].

Taken together, these data suggest that mtHTT is more 
toxic than loss of total HTT, and in a nonselective approach, 
the benefit of lowering mtHTT should outweigh any poten-
tial detriment from loss of total HTT. However, it is likely 
that below some threshold of total HTT loss, the detriment 
may reduce or outweigh benefit.

5  Summary of Clinical Findings

5.1  Tominersen

Ionis Pharmaceuticals, in partnership with Roche, developed 
tominersen, a nonselective stereorandom 2′ MOE gapmer 
ASO that has completed a phase I/IIa clinical trial, an open-
label extension study, and a phase III clinical trial.

5.1.1  Phase I/IIa Clinical Trial

In this trial, participants received intrathecal injections of 
10, 30, 60, 90, or 120 mg of the ASO or placebo every 4 
weeks for a duration of 16 weeks. The primary endpoint of 
this trial was safety, assessed in part by tolerability. Of the 
46 participants enrolled, all completed the trial. In both the 
treatment and placebo groups, 98% of participants reported 
adverse events, and of those, 83% were mild with 6% consid-
ered to be drug related, none of which were serious adverse 
events. Secondary endpoints included quantitation of CSF 
mtHTT protein as a potential measure of target engagement, 
CSF neurofilament light chain (NfL) and Tau as potential 
measures of neurodegeneration, and neuroimaging. CSF 
samples were collected and assessed longitudinally at each 
injection as well as the two post-dosing 4-week time points 



111Antisense Oligonucleotide Therapy for Huntington Disease

at days 113 and 141. In participants receiving tominersen, 
there was an observed dose-dependent lowering of mtHTT 
in the CSF. An average mtHTT reduction of 20–42% was 
recorded, with a maximum reported lowering of 63%, sug-
gesting that HTT protein was successfully lowered in the 
CNS. The CSF concentrations of NfL and Tau in partici-
pants that received injections of tominersen 90–120 mg 
increased 1–2 months after the final injection. These bio-
markers returned to baseline after a reported 7–27 months 
following the cessation of treatment. While NfL has now 
emerged as a potential biomarker of clinical significance, 
at the time of this trial, and in the context of the otherwise 
satisfactory trial outcomes, the clinical implications of this 
finding were unclear. In hindsight, this may have been an 
early indication that chronic dosing would lead to poor toler-
ability over time. Furthermore, there were reported increases 
in ventricular volume at days 113 and 197 in the patients 
from the treatment group that were not associated with any 
known adverse events. This was seen across the ASO dosing 
groups, and though the 120-mg dosage group showed the 
greatest increase in volume, the 10-mg and 90-mg dosage 
groups demonstrated a similar degree of enlargement sug-
gesting that this was not fully dose dependent.

As intracellular proteins, the release of NfL and Tau into 
the CSF could be the result of axonal loss, remodeling, or 
toxicity, which may be in part due to the on-target effects 
of HTT lowering or potential off-target liabilities, such as 
aptameric effects or the activation of immune pathways. For 
example, the aptameric or protein oligonucleotide interac-
tions between the PS linkages of ASOs and albumin facili-
tates transport and distribution throughout the CNS [14, 
15]. However, PS linkages can interact adversely with other 
proteins and can cause immune activation. The half-life 
of ASOs in the brain is over 100 days [84], meaning that 
administration every 4 weeks could result in a buildup of 
ASO in the brain, potentially exceeding planned dosages. 
In this trial, it is important to note that while there was no 
reported ASO build up in the plasma or the CSF [31], CSF 
mtHTT levels were trending down [85], which may have led 
to HTT lowering that exceeded the therapeutic target range.

5.1.2  Open‑Label Extension Study

At the completion of the phase I/IIa trial [31, 85], dosing 
was discontinued in all patients prior to initiation of the 
open-label extension (OLE), which was designed to evaluate 
the safety and tolerability of tominersen 120 mg at differ-
ent dosing intervals. Following an interval of 7–27 months 
after final dosing in the phase I/IIa study, during which CSF 
mtHTT and NfL levels returned to baseline, participants 
were randomized to either the 4-week or 8-week dosing 
arms. All participants received two 120-mg loading doses 
of ASO administered intrathecally, 4 weeks apart. After this, 

patients received doses according to their assigned dosing 
arm. Patients in the 4-week arm continued receiving 120 mg 
of the ASO every 4 weeks, while patients in the 8-week arm 
began receiving 120-mg injections of ASO every 8 weeks. 
Thus, following the loading doses, the 4-week dosing group 
received an additional 14 doses, while the 8-week dosing 
group received an additional seven.

Over the course of 15 months, there were a total of 621 
adverse events reported. The 4-week group accounted for 
412 of these adverse events and, of the 23 patients in this 
group, 100% experienced at least one adverse event. There 
were a total of 14 serious adverse events that were reported 
in five of the 23 patients. Of these 14 serious adverse events, 
there were seven that were suspected to be drug related 
and they occurred in only two of the five patients. Mean-
while, 98% of the 23 patients in the 8-week group reported 
at least one adverse event, accounting for 209 of the 621 
total adverse events. There were six serious adverse events 
reported in three patients in this group, none of which were 
suspected to be drug related.

In each group, CSF mtHTT reduction and NfL levels 
were monitored over the duration of the trial. In the 4-week 
dosing group, CSF mtHTT lowering exceeded the therapeu-
tic target range of 30–50% with a mean 70% trough reduc-
tion. The 8-week dosing group remained in therapeutic tar-
get range with a mean 44% trough reduction. There were 
frequent transient elevations in the CSF white blood cell 
counts of patients in the 4-week group that were not linked 
to any known adverse events. In the 8-week group, eleva-
tions were minimal and infrequent. Similarly, there were 
elevations in CSF protein in the 4-week group, reaching an 
apparent maximum of 500 g/L compared with the 8-week 
group, which had roughly < 250 g/L. On day 141, in the 
4-week group, there was a spike in CSF NfL concentrations 
that mirrored the phase I/IIa in both timing and magnitude 
and remained 53% above baseline at the end of the 15-month 
study. Although there was still an increase in NfL in the 
8-week arm at the same time as in the 4-week arm, it was of 
a lower magnitude that did not reach statistical significance 
and remained only 10% above baseline at the 15-month 
timepoint. Moreover, the 8-week arm achieved steady-state 
CSF exposure at roughly 1.6 ng/mL, whereas the 4-week 
arm showed a steady rise through the first 12 months of 
treatment, reaching a peak exposure of roughly 5.8 ng/mL. 
Both the 4-week and 8-week arms had similar trough expo-
sure in plasma [85].

Through less frequent dosing, the study demonstrated 
steady-state exposure and some mitigation of the transient 
CSF NfL elevations. Using the data from this trial and the 
phase I/IIa trial, a pharmacokinetic/pharmacodynamic (PK/
PD) model was developed which showed that 8-week dosing 
was predicted to exceed the preclinical efficacy threshold in 
the cortex and the caudate, whereas a 16-week dosing arm 
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was only predicted to exceed the efficacy threshold in the 
cortex. Together these findings supported revision of the 
dosing schedule for subsequent trials.

5.1.3  Phase III Clinical Trial

Tominersen was assessed in a phase III pivotal trial evaluat-
ing the therapeutic efficacy and safety of 120 mg delivered 
at either 8- or 16-week dosing intervals. At the initiation 
of the trial, two 120-mg loading doses of the ASO were 
intrathecally administered to every ASO treatment patient 4 
weeks apart in an effort to reach and maintain steady-state 
drug concentrations before continuing the experimental dos-
age schedule of every 8 weeks [86]. One group of ASO-
treated participants received the drug at every injection, 
while another group received alternating 120-mg injections 
of ASO and placebo, resulting in an 8-week treatment group 
and a 16-week treatment group. To evaluate the efficacy of 
the ASO, each participant in this trial received a composite 
Unified Huntington Disease Rating scale (cUHDRS) score 
and a Total Functional Capacity (TFC) score, assessing for 
everyday capabilities.

In March of 2021, an independent safety monitoring 
board found that the risk/benefit ratio to patients did not 
support further dosing [87]. The preliminary data from this 
trial revealed poor safety signals. Of the 260 patients in 
the 8-week dosing group, 90% reported adverse events and 
15% reported a serious adverse event. In the 16-week dos-
ing group, 86.2% of the 261 patients experienced an adverse 
event while 8.4% experienced serious adverse events. Lastly, 
the placebo group was made up of 260 patients, 90.4% of 
whom had an adverse event and 10.8% had a serious adverse 
event. Overall, the 8-week dosing group had the highest 
number of adverse events and serious adverse events, while 
the 16-week dosing group had the fewest, suggesting that 
the 8-week dosing was not as well tolerated as the 16-week 
dosing or placebo groups, which were comparable. While 
fluid biomarker data is still pending, CSF mtHTT reduc-
tion is expected to mirror previous trials, yet the prelimi-
nary findings from this study indicate that there may be no 
associated therapeutic benefit [86]. There is little evidence 
that the treatment halted or reversed disease progression 
and there are indications that the treatment may have actu-
ally exacerbated it over time. Total Motor Score (TMS), 
Stroop Word Reading Test (SWR), and Montreal Cognitive 
Assessment (MoCA) scores were comparable between the 
16-week dosing group and the placebo group, but in the 
8-week group, the scores were diminished, indicating an 
association between the treatment and the deterioration of 
cognitive and motor capabilities. Moreover, in the span of 
69 weeks there was an observed dosing frequency-dependent 
decline in cUHDRS, TFC, and Clinical Global Impression 
of Severity (CGI-S) scores, suggesting that overall clinical 

performance in patients receiving tominersen worsened 
more so than it did in patients with untreated disease. Still, 
both the trial and the OLE have continued without dosing, 
allowing for further analysis.

Considering the dosing frequency effect observed with 
the 8-week dosing group performing worse than the 16-week 
dosing group, ongoing studies to compare ASO exposure 
and target engagement to specific clinical measures may 
provide additional insight into the risk/benefit profile of 
this treatment. One such insight comes from the observed 
changes in ventricular volume over the course of the treat-
ment. While the phase I/IIa clinical trial showed an increase 
in ventricular volume that was not wholly dose-dependent 
[31], the phase III clinical trial revealed an observed dose 
frequency-dependent response. There was an 11.4% increase 
in the ventricular volume of the placebo group, whereas 
the 8-week and 16-week group had a ventricular volume 
increase of 24.3% and 17.3%, respectively. This was one 
area in which the 16-week dosing group was not similar to 
the placebo. Still, the volumetric analyses of the whole brain 
and the caudate showed that, after 15 months, there were no 
drug-related changes in the 8- and 16-week dosing groups 
when compared with placebo. As there were no significant 
changes in caudate volume between the ASO treatment 
groups when compared with placebo, the increase in ven-
tricular volume is more likely due to increased CSF volume, 
rather than atrophy, which may indicate inflammation.

5.2  Wave Life Sciences WVE‑120101 
and WVE‑120102

Wave Life Sciences developed two stereopure allele-selec-
tive ASOs, WVE-120101 and WVE-120102, each target-
ing a different CAG-associated SNP, rs362307 (SNP1) or 
rs362331 (SNP2). Each SNP is heterozygous in ~40% of HD 
patients of European descent [45, 46]. Since some patients 
are heterozygous for more than one of the two targeted 
SNPs, it is estimated that in combination, these two allele-
selective ASOs could potentially offer therapeutic coverage 
to 36%–70% of the HD population [45]. Recently, both of 
these allele-selective ASOs underwent phase I/Ia clinical 
trials, PRECISION-HD1 and PRECISION-HD2, evaluating 
the safety and tolerability of the drugs in dosages of 2, 4, 8 
16, and 32 mg. Early topline data for PRECISION-HD2, 
including dosing of up to 16 mg, was released in December 
of 2019. At these dosages, 72% of the 31 participants in the 
treatment group and 83% of the 13 participants from the 
placebo group experienced an adverse event, none of which 
were considered serious [88]. Meanwhile, in the PRECI-
SION-HD1 study, 91% of the patients in the treatment group 
and 75% of those in the placebo group reported an adverse 
event, though none were considered serious [89]. In par-
ticipants receiving WVE-120102, there was a statistically 
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significant mean reduction of 12.4% in CSF mtHTT across 
dosage groups and no changes in CSF NfL were observed 
[88]. In participants receiving WVE-120101, CSF mtHTT 
reduction trended downward but, when compared with the 
placebo group, did not reach statistical significance [89]. 
Though these seemed to be modest reductions compared 
with the nonselective HD ASO, the maximum dosages 
administered in these trials was 16 mg, whereas the tomin-
ersen trials included dosages of up to120 mg.

A 32-mg treatment arm was initiated to evaluate whether 
dose escalation could safely lead to an effective mtHTT 
knockdown. The PRECISION-HD2 32-mg arm began dos-
ing in January 2020 [90] and the PRECISION-HD1 32-mg 
arm, which was delayed due to COVID-19 [91], began dos-
ing in March 2020 [90]. However, based on the results from 
PRECISION-HD2, both studies were halted in early 2021 
due to a failure to consistently lower mtHTT in patient CSF 
[89, 92]. While the PRECISION-HD1 data is still pending, 
the data from the PRECISION-HD2 32-mg treatment group 
shows that, despite increasing the dosages of the respec-
tive ASOs, there were no significant reductions in CSF 
mtHTT over time. The mean CSF mtHTT reduction did not 
vary between treatment groups; the lack of a dose response 
further indicating that the drug had failed to engage the 
therapeutic target. In terms of overall tolerability of WVE-
120102, 83% of the 66 participants in the treatment group 
and 90% of the 22 patients in the placebo group reported 
adverse events. In the 32-mg treatment group alone, seven 
of the 13 patients reported a serious adverse event, such as 
amnesia, ataxia, delirium, disorientation, and slurred speech. 
These serious adverse events were transient, but they led six 
of the 13 patients in the 32-mg group to discontinue treat-
ment. NfL did not increase over time and though cUHDRS 
scores did not improve, they were not significantly worse 
than the natural history study projections suggesting that the 
ASO treatment was not directly associated with the exac-
erbation of HD progression. However, increasing the dose 
to 32 mg did not lead to a significant knockdown in CSF 
mtHTT but instead raised concerns about the underlying 
safety and tolerability of the platform. At this time, Wave 
does not plan to continue development of WVE-120101 and 
WVE-120102 but will instead focus on a different allele-
selective HD ASO [92].

In November 2020 [93], Wave Life Sciences announced 
the development of WVE-003, an allele-selective ASO tar-
geting a third HD-SNP that is targetable in an estimated 
40% of the HD patient population [89]. The WVE-003 
ASO reportedly has increased potency, distribution, and 
a longer half-life in the CNS due to the incorporation of 
novel backbone chemistry. Wave has introduced phospho-
ramidate diester (PN) backbone modifications by substitut-
ing phosphoryl guanidine for sulfur or oxygen onto existing 
PS/PO backbones, creating PS/PO/PN backbones. While 

PS/PO backbones are negatively charged, PN modifications 
are uncharged, likely contributing to enhanced distribu-
tion. Based on favorable pre-clinical mtHTT-lowering data 
in motor neurons and BACHD mice [92], Wave is moving 
forward with WVE-003 and expects to begin a phase I trial 
sometime in 2021.

6  Concluding Remarks

The ASOs discussed here are the first of the many HTT-
lowering therapies in development to reach clinical trials. 
ASOs are useful for this purpose as they distribute widely 
throughout the CNS and do not require a viral or lipid car-
rier. In non-human primate models, single-stranded ASOs 
administered directly to the CSF are distributed widely 
throughout the cortical regions of the brain [44, 94] that 
are involved in cognition, but are not as effective as viral 
therapies in reaching subcortical structures, such as the basal 
ganglia and limbic system, which influence motor function 
and psychiatric symptoms in HD [95]. With the approval of 
nusinersen for SMA, ASOs also have an established track 
record for successful and tolerated CNS application.

This year the clinical trials for three HD ASOs were 
halted. These trials were conducted in early-manifest HD 
patients. Roche/Ionis required a cUHDRS independence 
scale score of 70/100 and Wave required a total functional 
capacity score between 7 and 13, excluding later-stage 
patients that have declined to the point of needing assistance 
in self-care. Both trials stipulated cUHDRS diagnostic con-
fidence scores of 4, meaning there was 99% confidence that 
there was motor-manifest HD, excluding prodromal partici-
pants. HD therapies may have less of an effect on late-stage 
HD because there is greater damage accumulated, while 
prodromal participants may not demonstrate measurable 
progression during the course of the trial.

If therapeutic efficacy is demonstrated in early-manifest 
individuals, future studies should include both the later-
stage HD and prodromal participants to assess whether 
HTT ASOs can effectively reverse, delay, or even prevent 
disease onset. Though the possibility of preventative treat-
ment options is appealing, it raises the question of when is 
the ideal time to begin therapeutic intervention in people 
who are still healthy. The psychiatric symptoms of HD can 
appear up to 12 years before emergence of motor dysfunc-
tion [96]. Cognitive decline can begin an estimated 15 years 
before motor HD manifests [97]. Neuronal damage can begin 
at least 24 years prior to predicted disease onset as elevated 
mtHTT and NfL are detected in the CSF of young gene car-
riers [98]. However, HTT-lowering intervention prior to age 
26 years should be approached cautiously considering that 
HTT is critical for brain development, which is not complete 
until age 25 [99]. This presents a challenge for the treatment 
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of juvenile-onset HD as symptoms manifest during post-
natal brain development.

The nonselective approach is attractive as it offers a 
universal treatment option to the majority of the HD com-
munity, but the tolerability of such an approach has been 
called into question. The findings from the most recent trial 
indicate that tominersen, at least at 120 mg, is not well tol-
erated [86], yet the cause of this remains unclear. Based on 
the transient increase in CSF NfL levels that was seen at the 
same post-treatment interval in the OLE, in the 4-week and, 
to a lesser magnitude, the 8-week dosing groups, dosing fre-
quency likely played a role in this negative outcome. Taking 
into account the aggressive dosing strategy and the impres-
sive half-life of ASO drugs in the brain, tominersen may 
have been better tolerated in smaller doses. Still, it remains 
to be seen whether poor tolerability was driven by off-target 
aptameric or inflammatory effects or by on-target HTT loss.

Considering that ventricular enlargement was not accom-
panied by caudate volume loss, suggesting hydrocephalus 
rather than accelerated atrophy, this may be a non-specific 
effect of ASO chemistry. This is further evidenced by the 
transient increase in the CSF NfL. CSF NfL is currently 
being studied as a marker in neurodegenerative diseases 
[100–102] and pre-clinical animal models of HD [103]. NfL 
has also been found in higher concentrations in plasma and 
CSF of HD and pre-HD patients and is thought to be related 
to neuronal cell death [104]. However, since acute neurotox-
icity leads to transient increases in CSF mtHTT [105, 106], 
which is known to predominantly originate from neural tis-
sues of the CNS [105], the concomitant reduction in CSF 
mtHTT suggests that the increase in CSF NfL may not nec-
essarily be tied to cell death. Considering that HTT is mostly 
perinuclear, while NfL is found throughout processes, both 
would be released by cell death, while NfL could be pref-
erentially released by changes affecting cell processes, such 
as de-arborization and loss of connectivity. Changes to 
neuronal processes are important in neurodevelopment but 
also occur throughout life due to toxicity and disease and 
are thought to be responsible for age-related increases in 
CSF NfL [107]. In other neurodegenerative diseases, such 
as multiple sclerosis and spinal muscular atrophy, reductions 
in CSF NfL concentrations are associated with improved 
clinical outcomes [108], suggesting that this may also be an 
important marker of therapeutic efficacy in HD. Overall, the 
tominersen program showed that increased CSF NfL may 
be predictive of worsening clinical outcomes. Despite the 
transience of the observed spikes, NfL appears to be a highly 
sensitive safety signal and should be closely monitored in 
future clinical trials for HD. Going forward, even transient 
changes should be considered an early indicator of reduced 
tolerability.

Aside from the transient increases in CSF NfL, elevations 
in CSF white blood cell counts and protein concentrations 

[85] may further support the onset of acute neuroinflam-
mation. While extensive preclinical safety in non-human 
primates was performed prior to human trials, human-spe-
cific liabilities cannot be ruled out. Additionally, preclinical 
safety was performed in healthy monkeys, and considering 
the increased sensitivity of HD neurons to any type of stress, 
it is possible that the HD neurons were unable to tolerate 
the ASO-induced effects as well as healthy neurons. In an 
in vivo evaluation of pre-trial ASOs, an allele-selective ASO 
passed the initial tolerability screens, including acute toler-
ability in HD mice as well as repeated dosing and overdos-
ing in wild-type rats and mice [43]. However, in a longer-
term preclinical efficacy study, the same ASO induced hind 
limb ataxia and death in multiple HD models, regardless 
of whether the target sequence was present [44]. Thus, this 
ASO drug that was well tolerated in healthy brains was toxic 
in HD brains independent of HTT-lowering activity. This 
suggests that HD brains are more susceptible to non-specific 
ASO toxicity, and that some tolerability liabilities may not 
be uncovered by preclinical safety in healthy animals. This 
is, in fact, quite similar to what occurred with tominersen, 
which demonstrated excellent preclinical safety in healthy 
animals as well as subacute tolerability in HD patient brains 
during phase I testing. Overt toxicity was not apparent until 
long-term delivery of high doses to people with HD. It 
would be interesting to determine whether testing in HD 
non-human primates could yield more stringent preclinical 
safety standards and could have detected reduced tolerability 
of tominersen. However, we lack robust primate models of 
HD, reducing feasibility of this approach. The toxicity of the 
drug may explain why, in the phase III clinical trial, lower-
ing CSF mtHTT failed to offer therapeutic benefit [86], as 
it seems probable that the poor tolerability in these highly 
susceptible HD neurons outweighed and likely masked any 
benefit from the suppression of mtHTT.

On-target toxicity related to total HTT loss is also a pos-
sibility. Though suppression of mtHTT is beneficial and 
partial suppression of wtHTT has been well tolerated in 
animals, it is unknown to what extent wtHTT can be safely 
lowered in the HD brain. Throughout the course of the trial, 
CSF mtHTT was used as a marker for target engagement 
and while this data has yet to be released, the PK/PD model, 
which is based on data from preclinical non-human primate 
studies as well the data from on the phase I/IIa clinical trial 
and OLE supports a target therapeutic range of 30–50% CSF 
mtHTT reduction [85]. Due to the size and complexity of 
the human brain, ASO distribution is uneven and may poten-
tially yield high magnitude HTT reduction in regions that 
are in close contact with CSF. Using the data from a study in 
which the endogenous wild-type HTT was knocked down in 
the brains of non-human primates [38], it was predicted that 
a CSF mtHTT knockdown of 30–50% could potentially indi-
cate a cortical mtHTT reduction of 55%–80% and a caudate 
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mtHTT reduction of 25–45% [85]. While data from primates 
is clearly more similar to humans than the smaller and sim-
pler rodent brains, it is important to keep in mind that a 
monkey brain is still much smaller and less complex than a 
human brain, and a monkey spinal column much shorter than 
that of an adult human. Thus, it is unclear to what extent this 
data is predictive of ASO distribution and activity in the HD 
patient brain.

It is also unclear whether or not the alternative splice 
variant of HTT exon 1 [109, 110] would be suppressed by 
this ASO. Because ASOs are active against pre-mRNA, in 
the nucleus of cells, they are able to induce degradation of 
transcripts prior to splicing events, so could reduce both 
the full-length and exon 1 splice variants of HTT. However, 
the target of tominersen, in exon 36, is distal to the exon 1 
transcript, and depending on kinetics of RNA processing, 
this splice variant may still be generated, potentially lead-
ing to ongoing pathogenesis in the presence of full-length 
HTT suppression. However, evidence from mice suggests 
that ASO targeting outside of exon 1 is therapeutically effi-
cacious. Additionally, there are two modifications of the 
YAC128 HD model, the C6R line [111] and the shortstop 
line [112], that express identical exon 1 regions to the symp-
tomatic YAC128 line, but have alterations downstream in 
the gene that mitigate toxicity and prevent neurodegenera-
tion. This suggests that, at least in mice, a distinct exon 1 
transcript is not the major driver of disease. Nonetheless, 
considering the validated CSF mtHTT lowering by tomin-
ersen, the question remains whether the lack of therapeutic 
efficacy is related to non-specific ASO toxicity that masks 
any benefit in sensitive HD neurons, excessive total HTT 
knockdown in superficial brain regions resulting in HTT 
deficiency toxicity, inefficient knock-down of HTT exon 
1 transcripts, or insufficient mtHTT knockdown in critical 
deep brain regions, such as the caudate nucleus.

For this reason, the allele-selective approach, though 
more technically challenging with each drug only applica-
ble to a portion of the HD population, may be more effective 
in the long run because it provides the benefit of mtHTT 
lowering without the potential detriment of wtHTT loss. 
Yet, the most recent trials were halted due to the apparent 
absence of a dose-dependent response, failure to consist-
ently lower mtHTT in patient CSF, and poor tolerability at 
higher doses. There were no reported increases in CSF white 
blood cells or proteins suggesting that the toxicity may not 
be neuroinflammatory in nature, but the exact cause remains 
unclear. Regardless, at 32 mg the drug reached the maximum 
tolerated dosage and still did not induce significant mtHTT 
knockdown. These ASOs were advanced to clinical trials in 
the absence of preclinical therapeutic efficacy or tolerability 
studies in HD models, which may have been able to deter-
mine that the effective dose was greater than the tolerated 
dose. While there are no mouse models of HD that include 

SNP1, preclinical tolerability studies in HD mice may have 
provided useful information. Additionally, the Hu97/18 
model developed in 2013 [113] is heterozygous for SNP2 
with the SNP on the mutant allele, thus could have been 
used for both preclinical tolerability and efficacy assessment.

The failure of these trials highlights the need for pre-
clinical evaluation in appropriate models of disease. It is 
not enough to demonstrate target engagement in patient 
cells and tolerability in healthy animals. Ideally, preclinical 
assessments of therapeutic efficacy should be performed but, 
at the minimum, long-term tolerability in rodent models of 
HD should be assessed prior to clinical translation of all 
experimental HD therapies. However, there are currently 
no regulatory requirements for preclinical safety testing in 
diseased animals, so these studies are not always performed.

While all three recent HTT-lowering ASO trials failed, 
they did so for very different reasons. Despite these out-
comes, it is still our belief that HTT is a promising thera-
peutic target and both ASO strategies will be necessary to 
meet the needs of the HD community for disease-modifying 
therapy.
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