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Abstract

Huntington disease (HD) is a progressive autosomal dominant neurodegenerative disorder in
which patients typically present with uncontrolled involuntary movements and subsequent
cognitive decline. In 1993, a CAG trinucleotide repeat expansion in the coding region of the
huntingtin (H77) gene was identified as the cause of this disorder. This extended CAG repeat
results in production of HTT protein with an expanded polyglutamine tract, leading to pathogenic
HTT protein conformers that are resistant to protein turnover, culminating in cellular toxicity and
neurodegeneration. Research into the mechanistic basis of HD has highlighted a role for
bioenergetics abnormalities stemming from mitochondrial dysfunction, and for synaptic defects,
including impaired neurotransmission and excitotoxicity. Interference with transcription regulation
may underlie the mitochondrial dysfunction. Current therapies for HD are directed at treating
symptoms, as there are no disease-modifying therapies. Commonly prescribed drugs for
involuntary movement control include tetrabenazine, a potent and selective inhibitor of vesicular
monoamine transporter 2 that depletes synaptic monoamines, and olanzapine, an atypical
neuroleptic that blocks the dopamine D2 receptor. Various drugs are used to treat non-motor
features. The HD therapeutic pipeline is robust, as numerous efforts are underway to identify
disease-modifying treatments, with some small compounds and biological agents moving into
clinical trials. Especially encouraging are dosage reduction strategies, including antisense
oligonucleotides, and molecules directed at transcription dysregulation. Given the depth and
breadth of current HD drug development efforts, there is reason to believe that disease-modifying
therapies for HD will emerge, and this achievement will have profound implications for the entire
neurotherapeutics field.
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Introduction

Huntington disease (HD) is a progressive autosomal dominant neurodegenerative disorder in
which patients display motor and cognitive impairment (Table I) [Nance 1997]. HD is a
chronic disorder with a relentlessly progressive clinical course, culminating in death
typically 15 to 25 years after symptom onset. Most HD patients present in the 4t or 5t
decade of life with a combination of motor, affective, and cognitive deficits, together with
sleep disturbances and weight loss. HD patients typically display gradual onset of an
involuntary movement disorder in which occasional adventitious movements develop into
rhythmic uncontrolled motions. This appearance of rhythmic uncontrolled movements led
clinicians to describe the disorder as Huntington chorea to emphasize the “dance-like”
appearance of these movements. With progression of the involuntary movement disorder, the
clinical course is then characterized by cognitive decline, exhibited by an inability to
perform sequenced tasks, suggesting a decline in executive function [Paulsen 2011].
Cogpnitive decline is inexorably progressive and represents the most debilitating aspect of the
disease course, leading patients to no longer be able to perform the activities of daily living,
resulting in the need for institutional care [Paulsen 2011]. While most HD patients present
with motor involvement, a subset of HD patients (~15%) initially develop clinically
significant psychiatric disease and thus present with a psychiatric diagnosis prior to onset of
movement disorder [Paulsen 2011]. The genetic basis of HD was identified in 1993, and
facilitated “presymptomatic” genetic testing of individuals at risk as well as a laboratory
method for accurate confirmation of the clinical diagnosis [Huntington's and others 1993].
Symptomatic HD patients are diagnosed based upon the presence of involuntary adventitious
movements (Table 1), in combination with a positive genetic test, and often, but not always,
in the context of a positive family history of HD [Reilmann and others 2014].

While HD is designated as a rare or orphan disease, it is actually one of the most common
monogenic inherited disorders known to humankind, with a frequency of ~1 in 8,000 in
individuals of Caucasian European ancestry [Dayalu and Albin 2015]. HD also occurs in
individuals of various racial and population groups, though at a much lower frequency than
in Caucasian Europeans, with exceptions due to founder effects, where the disease gene was
introduced to isolated populations (e.g. Venezuelans living along the shores of Lake
Maracaibo). Current estimates place the prevalence of HD in the USA at 35,000 — 40,000
affected individuals [Dayalu and Albin 2015].

Extensive neuropathology studies of HD have been performed, and have led to a rating scale
of 0 (presymptomatic) to 4 (severe) based upon the degree and extent of neurodegenerative
findings at autopsy [Vonsattel and others 1985]. Most striking is an overall loss of brain
volume in HD patients, with different brain regions showing different rates of neuron loss
[Nopoulos and others 2010; Squitieri and others 2009]. Significant cerebral cortex
degeneration and atrophy occurs, especially in the striatum, while cerebellar, thalamic, and
spinal cord neuron populations are spared [Ross and others 1997]. Of particular note is that
only certain populations of neurons degenerate and certain non-neural cell types, in
particular skeletal muscle and adipose tissue, are affected, providing an explanation for the
clinical constellation of symptoms in HD [Dayalu and Albin 2015]. HD neuropathology is
notable for the selective vulnerability of the medium-sized spiny neurons (MSNs) of the
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striatum in the basal ganglia region of the midbrain [Dayalu and Albin 2015]. The basal
ganglia plays a key role in the control of involuntary movement. Striatal neurons in the
putamen projecting to the substantia nigra are often the first to degenerate, and their demise
can even be documented in presymptomatic HD patients [Albin and others 1992; Reiner and
others 1988]. Cortical pyramidal neurons that project to the putamen in the striatum
degenerate as well; hence, the death of MSNs and the cortical neurons that project to them
represents the neuropathological hallmark of HD (for an anatomical diagram, please see
[Calabresi and others 2014]). Although the basal ganglia is viewed as the predominant
arbiter of movement control, the suite of functions under basal ganglia control is not
completely understood, with some theories proposing a contribution to cognitive executive
system control [Montoya and others 2006], as well as regulation of the motor circuit
[Crossman 2000]. In addition to profound neurodegeneration in HD, recent studies over the
last decade have uncovered evidence for glial dysfunction in HD, with astrogliosis,
manifested as an abnormal increase in astrocytes, and activation of microglia (the brain's
immune cells) being prominent features of HD neuropathology [Lobsiger and Cleveland
2007].

HD was originally considered as only a movement disorder with chorea as the defining
feature, and while this is often the case, HD is now understood to be more complex, with a
range of non-motor issues. Determining when a HD patient is symptomatic can be
challenging, as subtle cognitive and psychiatric changes are being uncovered with more
sensitive methods of evaluation [Stout and others 2011]. To address this issue, a number of
longitudinal observational studies have been conducted in order to better define disease
onset (PREDICT-HD [Paulsen and others 2014]; TRACK-HD [Tabrizi and others 2013]).
These studies are also providing insights into the phenotype range of HD, as the clinical
natural history can greatly vary over time in an individual patient. Indeed, the challenge for
managing HD patients is to manage a variety of clinical problems simultaneously. As
discussed below, widespread changes in diverse cellular and molecular processes, including
neurotransmission, BDNF signaling, energy metabolism, and neuroinflammation, occur in
HD and likely account for the clinical features of this disease (Figures 1 and 2).

Underlying Mechanisms

In 1993, a CAG trinucleotide repeat expansion mutation in the coding region of the
huntingtin (H77) gene was identified as the cause of HD [Huntington's and others 1993]. As
observed in other CAG — polyglutamine (polyQ) repeat diseases, A/ 77 glutamine tracts that
exceed a certain length threshold (about 37 repeats for HD) adopt a novel pathogenic
confirmation, yielding conformers that are resistant to the normal processes of protein
turnover, culminating in cellular toxicity and neurodegeneration [La Spada and Taylor
2010]. The CAG repeat size ranges established in HD are as follows: less than 35 CAGs is
normal; more than 40 CAGs yields disease within the typical human lifespan; and 36 — 39
CAGs are indeterminate, as penetrance is reduced and may not manifest as clinical disease.
The length of the mutant /77 polyQ expansion inversely correlates with the age of disease
onset and rate of disease progression in HD patients. Furthermore, expanded CAG repeats in
HTTare genetically unstable, leading to further expansion instead of reproducing an exact
copy of the repeat, causing the number of repeats to change in successive generations, such
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that a parent with a so-called “intermediate” allele (27 — 35 CAGS), or “reduced penetrance”
allele (36 — 39 CAGs) may transmit a CAG repeat that produces fully penetrant HD [Walker
2007]. This increase in the number of CAG repeats in successive generations accounts for
the clinical phenomenon of anticipation, which is defined as an earlier age of disease onset
and more rapid progression of disease in the children and grandchildren of affected HD
patients [Walker 2007]. However, despite knowing the genetic basis of HD, the
pathophysiological pathways leading to cellular dysfunction and neuronal cell loss are still
being elucidated. Consequently, development of meaningful therapies for HD has not been
straightforward. Indeed, there are no available disease-modifying therapies; hence, HD
patients are currently managed with a wide range of symptomatic treatment modalities.

Over the last three decades, hundreds of research groups have devoted their efforts to
understanding the cellular and molecular basis of HD. For a comprehensive discussion of
this body of work, we refer the reader to these reviews [Imarisio and others 2008; Labbadia
and Morimoto 2013; McFarland and Cha 2011; Zuccato and others 2010]. For the purposes
of therapeutic strategies and treatment development, two key observations have turned out to
be especially important: 1) HD patients consistently display bioenergetics abnormalities,
likely stemming from mitochondrial dysfunction (reviewed in [Oliveira 2010]; and 2)
Synaptic neurotransmission defects and excitotoxicity underlie degeneration of neural
circuits, and thus are the defining features of the HD pathogenic cascade (reviewed in
[Hardingham and Bading 2010].

Bioenergetics and mitochondrial abnormalities

Neurons have enormous demands for continued mitochondrial production of high-energy
compounds, such as ATP [Oliveira 2010], and for the buffering of CaZ* ions due to their
susceptibility to excitotoxicity [Hardingham and Bading 2010]. Mitochondria
functionalities: the negative mitochondria membrane potential, the ability to generate ATP,
the production of reactive oxygen species, and the buffering of calcium ions (Ca2+) are
interlinked. Changes in one will affect the others. These functions are also affected by the
size and structure of the mitochondria — for example, mitochondria can form long calcium
conduits in the dendrites of neurons to attenuate excitotoxicity [Popov and others 2005]. In
1993, one group reported that chronic administration of a mitochondrial toxin, 3-
nitopropionic acid, resulted in a selective loss of MSNs in the striatum [Beal and others
1993]. This finding, which was corroborated by a wide range of studies in cell culture
models, mice, and human HD patients (reviewed in [Lin and Beal 2006]), suggested that
mitochondrial dysfunction may underlie HD pathogenesis and account for cell-type
specificity in this disorder. At the same time, it was shown that the mutant htt protein must
localize to the nucleus to produce disease [Saudou and others 1998], and an extensive
literature then emerged, suggesting that amino-terminal fragments of mutant htt protein
interfere with gene transcription to initiate the HD pathogenic cascade (reviewed in [Riley
and Orr 2006]). We, and others, have linked the mitochondrial dysfunction and metabolic
deficits in HD to transcription dysregulation of peroxisome proliferator-activated receptor
(PPAR) gamma coactivator-1 alpha (PPARGC1A), a co-activator of the PPARS (a, B, y) that
is the key regulatory node in a network of transcriptional programs culminating in enhanced
mitochondrial energy production through oxidative phosphorylation [Cui and others 2006;
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Lin and others 2004; Weydt and others 2006]. The importance of PGC-1a for HD
pathogenesis is underscored by the observation that Ppargcla over-expression in HD mice is
sufficient to rescue motor phenotypes, prevent accumulation of misfolded htt protein in CNS
through increased autophagy, and reduce neurodegeneration [Tsunemi and others 2012].
Additionally, the expression of dominant-negative PPARS in the CNS of mice induced
neurodegeneration in the cortex and striatum, and multiple motor symptoms, recapitulating
aspects of HD [Dickey and others 2016]. Hence, nuclear transcription dysregulation and
metabolic dysfunction are key molecular events in HD pathogenesis (Figure 1), and thus
“high priority” targets for therapy development.

Synaptic neurotransmission defects and excitotoxicity

More than two decades ago, a model of basal ganglia organization and circuit pathway
function was proposed in which cerebral cortex activity modulates physical movement
through a set of distinct neuronal pathways originating in the striatum and projecting to the
substantia nigra [Smith and others 1998]. In one pathway (the so-called “direct” pathway),
activation of the striatum by the cerebral cortex resulted in striatal inhibitory
neurotransmitter release onto substantia nigra, which sends inhibitory neuron projections to
the thalamus. By inhibiting the substantia nigra inhibitory outflow tracts, activation of the
direct pathway was posited to promote locomotion. In the other pathway (the so-called
“indirect” pathway), activation of the striatum by the cerebral cortex resulted in striatal
inhibitory neurotransmitter release onto the global pallidus pars externa, which sends
inhibitory neuron projections to the subthalamic nucleus, which in turn sends activating
neuron projections to the substantia nigra, whose inhibition of the thalamus results in
reduced locomotion and movement [Walker 2007]. Furthermore, in addition to this
anatomical pathway distinction, it was noted that the MSNs of the striatum could be
distinguished by the presence of dopamine D1 or D2 receptors, such that D1 receptor-
containing MSNs project to the substantia nigra via the direct pathway, while D2 receptor-
containing MSNs project to the substantia nigra via the indirect pathway [Calabresi and
others 2014], providing a molecular basis for our understanding of the HD synaptic
pathophysiology that accounts for loss of involuntary movement control in affected patients.

Biphasic changes in dopamine neurotransmission in HD were initially revealed by
neurochemical, electrophysiological, and behavioral studies in both patients and mouse
models [Cepeda and others 2014]. In the early stages of disease, dopamine
neurotransmission is increased, leading to hyperkinetic movements that can be alleviated by
depleting dopamine stores (Figure 2). Altered dopamine neurotransmission through D2
receptors and the indirect pathway would thus increase glutamatergic signaling, producing
the excitotoxicity seen early in disease [Cepeda and others 2014]. In contrast, in later stages,
dopamine deficits produce hypokinesia that must be treated by increasing dopamine action.
Cortical brain-derived neurotrophic factor (BDNF) production is required for the cortico-
striatal synapse and for the survival of GABA-ergic striatal MSNs that are preferentially lost
in HD [Zuccato and Cattaneo 2007]. Studies of HD postmortem patient samples have
confirmed a dramatic loss of BDNF in the striatum, which likely contributes to the initial
clinical manifestations of the disease [Zuccato and Cattaneo 2007]. Hence, ameliorating this
deficit could be a useful therapeutic approach.
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The current landscape and philosophy for treating patients with HD

At the time of writing this review, we still do not have any disease-modifying therapies to
treat the underlying pathophysiology of HD. Rather, treatment is purely symptomatic,
typically combining a variety of medications with speech, occupational, and/or physical
therapy. While some medications have been specifically tested for efficacy in HD, many
have been validated in other diseases to treat symptoms that also occur in HD. Most HD
patients are prescribed multiple drugs to treat their array of symptoms, but as symptoms can
and do evolve with disease progression, the use of a particular drug must be re-evaluated
over time. For example, rigidity and bradykinesia can be problematic upon initial disease
onset, while chorea and adventitial movements predominate, as HD progresses.

Compounds that primarily target motor symptoms

Uncontrolled movements in HD are believed to stem from over-activation of the
dopaminergic D2 indirect pathway circuits in the basal ganglia [Schwab and others 2015].
Thus, neuroleptic agents are typically used to block receptors or deplete presynaptic
dopamine to treat these motor aspects of HD [Schwab and others 2015]. This has become
the standard of care based upon years of clinical experience (though there is little in the way
of clinical trial data to support use of the most prescribed medications). A variety of other
drugs can also be employed, and these compounds modulate glutamatergic
neurotransmission, BDNF-Trk B signaling, or inflammation. In the United Kingdom,
medications that bind the dopamine D2 receptor to block dopamine activation are preferred
[Priller and others 2008]. Recently, tetrabenazine has emerged as an efficacious anti-chorea
medication based upon clinical trial experience, and it was the first FDA-approved
medication for HD. Deutetrabenazine was recently approved as the second. All other
treatments are prescribed “off-label”.

1) Modulation of dopaminergic signaling

Tetrabenazine (TBZ), developed by Lundbeck pharmaceuticals (Copenhagen, Denmark),
was FDA-approved in 2008 to suppress the involuntary movements classically observed in
HD patients. TBZ is potent, selective, reversible, and short-acting; it is an inhibitor of the
Vesicular Monoamine Transporter 2 (VMAT2) and thus depletes synaptic monoamines
[Jankovic and Clarence-Smith 2011]. Unfortunately, TBZ has a serious side effect — it can
trigger or worsen depression and other psychiatric conditions in some HD patients. TBZ can
also interact with a subset of anti-depressant drugs, due to its effect on dopaminergic
signaling.

Clinical experience with TBZ in HD dates back to 1988, where initial evidence for efficacy
was suggested [Jankovic and Orman 1988]. However, it was not until 2006 that a landmark
clinical trial by the Huntington Study Group, using the Unified Huntington's Disease Rating
Scale (UHDRS), documented a decrease in total maximal chorea (TMC), baseline Clinical
Global Impression (CGI) severity, and baseline chorea score, at a dose of 100 mg TBZ / day
[HuntingtonStudyGroup 2006]. However, TBZ proved to be deleterious for other outcome
measures, including the UHDRS Functional Checklist, the 17-item Hamilton Depression
scale, the Epworth Sleepiness Scale, and the Stroop word reading test. Moreover, there were
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a number of adverse events (akathisia, suicide, intracranial hemorrhage, and depression) that
prevented a subset of patients from completing the trial. Nonetheless, most clinicians who
care for HD patients will attempt TBZ at dosages of up to 100 mg / day, and this clinical
experience has confirmed that TBZ can quite effectively lessen chorea in ambulatory
patients. A follow-up study examined the safety and efficacy of TBZ for both short-term and
long-term control of chorea in HD, and found that mean UHDRS-TMC scores decreased
markedly during the first 10 weeks of TBZ treatment, remained lower than baseline
throughout 80 weeks, and returned to baseline levels after TBZ discontinuation [Frank
2009]. Nevertheless, TBZ-treated patients again performed worse in the UHDRS Functional
Checklist, and serious adverse events occurred exclusively in the treatment group. Due to
concern over serious side effects, TBZ must be dosed individually.

SD-809 (Deutetrabenazine)—Owned by Teva Pharmaceuticals (Petah Tikva, Israel),
SD-809 is a drug with the same mechanism of action as TBZ. SD-809 (deutetrabenazine) is
a novel molecule containing deuterium, which attenuates metabolism of TBZ and its break-
down products, thereby increasing active metabolite half-life, and may therefore permit
stable systemic exposure, while preserving pharmacological activity. In a Phase 3 study of
90 HD patients, SD-809 reduced chorea at 12 weeks compared to placebo [Frank and others
2016]. HD patients could safely switch from TBZ to SD-809 with continued control of
chorea [Frank and others 2016]. In 2017, Teva received FDA approval for SD-809.

In addition to TBZ, a number of commonly used anti-psychotic medications, which bind the
dopamine D2 receptor to block dopamine activation, exhibit the well-known side effect of
suppressing voluntary movements, resulting in an inability to initiate motor actions or
perform motor skills. As such, they can be used to treat chorea in HD. Haloperidol and
chlorpromazine, “traditional” anti-psychotics, bind very tightly, and dissociate slowly from
the dopamine receptor. Newer compounds (olanzapine, sulpiride, amisulpride, risperidone,
and clozapine) transiently occupy D2 receptors, slowing dopamine neurotransmission to a
lower rate, thereby sparing effects on cognition. However, these compounds can also worsen
dystonia and muscle rigidity if the D1 direct pathway receptors are activated. As these drugs
cause drowsiness due to blocking of the D2 receptors, physicians prescribe such anti-
psychotics to HD patients to take at bedtime as a concomitant treatment for insomnia.

A survey of prescribing practice across Europe identified olanzapine, a second-generation
atypical neuroleptic, as the most commonly used drug to manage chorea in HD. This is
particularly true in the United Kingdom, where approximately 55% of all patients with HD
are given this drug [Priller and others 2008]. Given the popularity of olanzapine, the absence
of any robust scientific evidence to demonstrate its efficacy is somewhat surprising. In fact,
evidence from two small open-label studies has shown that low doses of olanzapine, similar
to those commonly prescribed clinically (5 mg), are ineffective at managing the motor
aspects of HD [Paleacu and others 2002; Squitieri and others 2001]. However, a case report
indicated that olanzapine at 5 mg/day, when used in combination with sodium valproate, was
helpful in reducing chorea and improving the gait disturbance in two patients with advanced
HD [Grove and others 2000]. Furthermore, a high dose of olanzapine (30 mg) virtually
eradicated disabling chorea in a 30 year-old patient with advanced HD, allowing her to live
independently [Bonelli and others 2002]. Olanzapine is often preferred to other anti-
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psychotics, because it is well tolerated and is associated with weight gain and sedation,
which can help counteract the weight loss and sleep abnormalities commonly seen in HD
[Goodman and others 2008]. Olanzapine is particularly indicated in patients with
troublesome chorea, as this hyperkinetic movement disorder is often accompanied by
“hyperkinetic” behavioral syndrome — with irritability, mood swings, poor sleep and
impulsive behavior. Since it is taken once a day at night, this facilitates compliance. Many
physicians start with olanzapine, and if it is not effective, then prescribe TBZ.

Other dopamine receptor antagonists, such as sulpiride, amisulpiride, and risperidone, can
also be used clinically in HD, but are selected less often, as the data for their efficacy is
minimal [Quinn and Marsden 1984; Reveley and others 1996]. While a series of studies in
the late 1970's and 1980's found that haloperidol can be effective at suppressing chorea
[Barr and others 1988; Gimenez-Roldan and Mateo 1989; Koller and Trimble 1985; Leonard
and others 1975; Saran and others 1980], this drug is not commonly used due to the high
frequency of side effects, including sedation, dystonia, akathisia, Parkinsonism, and tardive
dyskinesia [Casey 1991; Grohmann and others 1990], which can be especially problematic
for HD patients. A number of other anti-psychotics, including tiapride, clozapine, and
transdihydrolisuride, have been evaluated in small series of HD patients, but none have
demonstrated convincing results to warrant further consideration [Deroover and others 1984;
Roos and others 1982; Stocchi and others 1989; van Vugt and others 1997].

2) Modulation of glutamatergic signaling

Beyond the dopaminergic system, other commonly used drugs in HD target glutamate
neurotransmission. There is some evidence that amantadine, a glutamate antagonist, is
effective at reducing chorea at a dose of 400 mg/day [Verhagen Metman and others 2002],
but not at lower doses [O'Suilleabhain and Dewey 2003]. Unfortunately, this drug has also
been shown to worsen irritability and aggression in HD patients [Stewart 1987], which can
exacerbate the behavioral problems frequently found in this population of patients and
thereby negatively impact quality of life [Banaszkiewicz and others 2012; Ho and others
2009; Ready and others 2008]. In 2002, a double-blind, placebo-controlled study examined
the efficacy and safety of amantadine in 24 HD patients, and found that amantadine therapy
was associated with a median reduction of 36% in extremity chorea score at rest versus 0%
with placebo, with mean improvement of 56% for the 10 patients with the highest drug
plasma levels [Verhagen Metman and others 2002]. Furthermore, amantadine was generally
safe and well tolerated, and no deleterious effects on cognitive function were noted.
Additional clinical studies of amantadine have been performed, and one trial documented
reduced dyskinesia scores in treated patients [Lucetti and others 2003], while the other trial
failed to detect any improvement in mean chorea score in patients receiving drug therapy
[O'Suilleabhain and Dewey 2003]. In this latter study, a meta-analysis of amantadine therapy
as a treatment for HD was conducted, and concluded that amantadine does not significantly
reduce chorea in HD patients.

A number of other inhibitors of glutamatergic neurotransmission have been considered and
evaluated in HD, including riluzole, which blocks a subset of sodium channels [Song and
others 1997], and directly inhibits kainate and N-methyl-D-aspartate (NMDA) glutamate
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receptors [Debono and others 1993], ketamine and remacemide, which are NMDA receptor
blockers, and lamotrigine, which inhibits glutamate release. For riluzole, a dosage of 200
mg/day showed efficacy for the selected primary outcome measure (change in total chorea
score-UHDRS), but not when neuroleptic-treated patients were removed from analysis
[HuntingtonStudyGroup 2003]. However, a safety issue was raised due to a persistent and
significant elevation of the liver enzymes ALT and AST in the 200 mg/day riluzole group,
which curtailed further investigation. 379 HD patients then completed a 3-year, randomized,
placebo-controlled study of riluzole at 50 mg twice daily, but no intergroup difference in
primary outcome was demonstrated [Landwehrmeyer and others 2007]. Thus, efficacy for
riluzole, as well as for these other NMDA inhibitors, as a treatment for HD has not been
attained.

Treatment algorithm for chorea

In summary, the choice for treating significant chorea in HD is typically between TBZ and
olanzapine. Clinical evidence favors TBZ, but its side effects of depression and drowsiness
are relative contra-indications in some HD patients. Furthermore, as TBZ is now approved
for the treatment of HD in the USA, it costs more than $2000 per month at the starting dose
of 25 mg/day, compared with about $45 per month, before it was licensed [Murphy and
others 2012]. TBZ is typically prescribed in divided doses and thus must be taken several
times a day, which can reduce compliance. For these reasons, many clinicians favor
olanzapine as the initial choice in HD as olanzapine can be given once a day, typically at
night, when its sedative side effects can counter insomnia. Other beneficial effects (mood
stabilization and weight gain) of olanzapine make it an even more attractive first line therapy
for HD, even though definitive clinical trial data confirming its utility in HD is still lacking.
Hence, a reasonable algorithm is to initiate therapy with olanzapine, with TBZ as the second
line therapy, if olanzapine fails to yield a satisfactory response. Selection of another drug
from the various other options discussed above should only be pursued after both olanzapine
and TBZ have failed to elicit symptomatic benefit.

Compounds that target bioenergetics pathways

1) Coenzyme Q10

Coenzyme Q10 is a component of the electron transport chain, and it acts as a reducing
agent to transfer electrons to promote aerobic respiration and scavenge toxic reactive
oxidative species generated during the process of oxidative phosphorylation in the
mitochondria. Coenzyme Q10 has been studied extensively in different HD mouse models,
and while initial experimental reports indicated that coenzyme Q10 extended survival,
improved motor behavior, and countered molecular pathology in HD [Matthews and others
1998; Schilling and others 2001; Smith and others 2006], a more recent large-scale HD
mouse study found no significant benefit [Menalled and others 2010]. Given the initial
encouraging mouse data, a double-blind, randomized controlled trial of 347 early
symptomatic HD patients commenced, and coenzyme Q10-treated patients showed a trend
toward slowing in total functional capacity (TFC) decline (13%) over 30 months, but this did
not achieve significance (p=0.15) [HuntingtonStudyGroup 2001]. A double-blind, placebo-
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controlled, randomized study of 609 early symptomatic HD subjects followed, but this study
was terminated, as interim futility analysis predicted a very low likelihood for a positive
outcome [McGarry and others 2017]. These studies indicate that coenzyme Q10 is likely
ineffective in HD.

Creatine is a naturally occurring compound that promotes energy production in cells by
recycling adenosine diphosphate (ADP) to ATP via donation of phosphate groups.
Considerable attention has focused on creatine as a potential therapy for HD, given its safety
and presumed ability to favor a positive energy balance. Three double-blind placebo-
controlled clinical trials of creatine were initially performed, and while two creatine clinical
trials found no difference between placebo and treatment groups [Hersch and others 2006],
[Verbessem and others 2003], another trial of 64 HD patients in which subjects were
randomly allocated to 15 g twice daily or placebo for a 6-month double-blind phase,
followed by a 12-month open-label extension, did demonstrate treatment-dependent slowing
of cortical and striatal atrophy, but without improvement in performance on memory and
cognitive tests [Rosas and others 2014]. To resolve these contradictory outcomes, the
Huntington Study Group initiated the Phase 3 “CREST-E” clinical trial of 40 g/day of
creatine, but a futility analysis part-way through the trial predicted that creatine would not
show clinical benefit and thus the study was halted [Hersch and others 2017]. In conclusion,
the clinical trial experience with creatine indicates that creatine conferred minimal, if any
improvement, to HD patients.

3) Fatty acids, ethyl-EPA, carnitine, and free radical scavenger

Managing

A variety of other therapies targeting bioenergetics have been attempted in HD patients.
Unsaturated fatty acids (at 8 g/day) were evaluated in a small HD cohort and yielded a
significant reduction in dyskinesia, but without any beneficial effects on functional
performance or other efficacy measures [Vaddadi and others 2002]. Three trials have studied
the effects of ethyl-eicosapentaenoic acid (ethyl-EPA), a derivative of omega-3 fatty acid,
and found no benefit in the primary outcome measure [Ferreira and others 2015;
HuntingtonStudyGroup 2008; Puri and others 2005]. In another randomized double-blind
placebo-controlled trial, no difference was noted on the Total Motor Score (TMS) or any
measures of function, cognition, or global impression [HuntingtonStudyGroup 2008]. A
small trial of acetyl-L-carnitine, 45mg/kg / day, to assess a potential acute effect on HD,
found no evidence for efficacy for all treatment measures [Goety and others 1990]. The free-
radical scavenger OPC-14117 also yielded no difference between treatment and placebo
groups on defined outcome measures in a HD clinical trial [HuntingtonStudyGroup 1998].

non-motor complications (I): cognitive impairment

One of the most troubling features of HD is cognitive dysfunction. With the advent of more
sensitive neuropsychological testing modalities, it has become clear that mild cognitive
impairment occurs early, often predating the onset of motor symptoms. Despite being
functionally disabling, cognitive defects in HD remain refractory to all available therapies
[Beglinger and others 2010]. One potentially promising approach is to use drugs shown to
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counter cognitive impairment in other neurodegenerative disorders, such as cholinesterase
inhibitors. The rationale for the use of cholinesterase inhibitors to boost cognition is based
upon numerous post-mortem and biopsy studies of dementia patients in whom reduced
acetylcholine synthesis, decreased acetylcholine release, and loss of nicotinic CNS receptors
were documented [Benzi and Moretti 1998]. Of the candidate drugs from this class of
agents, interest has been drawn to rivastigmine, which has shown some benefit on motor
performance in treated HD patients together with a trend toward improvement in functional
disability and cognitive impairment [de Tommaso and others 2007]. In a follow-up placebo-
controlled trial however, treatment with rivastigmine for 6 months had no statistically
significant effect on cognition [Sesok and others 2014]. Evaluation of donepezil, another
drug of the same class, also yielded no improvement in cognitive performance in a Phase 3
clinical trial [Cubo and others 2006]. Other drug classes once considered as candidate
therapies for HD cognitive decline include selective serotonin reuptake inhibitors
(citalopram) and norepinephrine reuptake inhibitors (atomoxetine) to boost CNS
neurotransmission, but despite promising evidence in preclinical studies, clinical trials failed
to show any improvement in cognitive performance in early-stage HD patients [Beglinger
and others 2014; Beglinger and others 2009]. An alternative approach to directly treating the
cognitive impairment in HD is to increase the alertness of the patient, which may in turn
have an indirect beneficial effect on cognition, with drugs such as modafinil, a wakefulness-
promoting agent, but this approach was ineffective [Blackwell and others 2008]. In light of
the dismal experience with drugs tested to treat cognitive impairment in HD, it should come
as no surprise that the cognitive problems experienced by HD patients tend to go untreated.
However, physicians caring for HD patients need to ensure that any cognitive deficit is not
being exacerbated by the side effects of other prescribed medications, or that cognitive
issues in HD patients are not secondary to depression or an affective disorder, which can be
treated with drugs directed specifically at these conditions.

non-motor complications (ll): Depression, irritability, and anxiety

Psychiatric disturbances experienced in HD remain poorly understood. Depression,
irritability, and anxiety are commonly reported by HD patients and their caregivers [van
Duijn and others 2007], and the rate of suicide in HD carriers is 4-6x higher than in the
general population [Schoenfeld and others 1984]. The incidence of such psychiatric
disturbances in HD is both variable and transient, and often does not track with disease
progression [Zappacosta and others 1996]. The ability to treat psychiatric illness in HD can
be transformative, as it is often much more disabling than the motor features, and can
present earlier. As such, many agents have been attempted, but the empirical evidence
supporting their use, or establishing the superiority of any one of them is lacking. Of course,
one useful approach is to address the often complex and dysfunctional social situation by
insuring that social work and other social services are in place to support the patient and
his/her caregivers.

Depression is the most commonly treated problem in HD, with evidence from case studies
indicating that patients are generally responsive to antidepressant medications, including
mirtazapine [Bonelli 2003], fluoxetine (a SSRI) [Patel and others 1996], and monoamine
oxidase inhibitors [Ford 1986]. In a review of international prescribing practices for
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treating the behavioral symptoms of HD [Groves and others 2011], antipsychotic drugs were
the most common class of agents used to treat patients with severe aggressive behaviors,
whereas selective serotonin reuptake inhibitors were typically used to treat mild-to-moderate
irritability [Groves and others 2011] and obsessive-compulsive behaviors [Anderson and
others 2011]. There is some anecdotal evidence to support the use of haloperidol [Candelise
1976], olanzapine [Paleacu and others 2002], risperidone [Dallocchio and others 1999], and
guetiapine [Alpay and Koroshetz 2006] for aggressive outbursts and irritability in HD. In
addition, in case studies, both lamotrigine [Shen 2008] and lithium [Danivas and others
2013] can positively affect mood swings, but no larger studies have been conducted to
confirm their potential utility. Many other drugs have been deployed to treat the behavioral
features of HD, such as mood stabilizers, particularly carbamazepine (GABA / serotonin-
releasing agent) for irritability; olanzapine in combination with sodium valproate and
lamotrigine; fluoxetine; paroxetine; citalopram; and benzodiazepines (clonazepam,
lorazepam). In summary, several agents have been used for the treatment of affective
disorder in HD, although the limited trial experience does not indicate that any one is
superior.

non-motor complications (lll): Insomnia and weight loss

There is an increasing realization that HD has many more features than the classic triad of
motor, cognitive, and psychiatric illness. Problems with weight loss and sleep disturbance
are common in HD, and can exacerbate the neurological problems. Indeed, insomnia can
lead to worsening cognition, mood disturbance, and apathy [Lazar and others 2015].
Similarly, weight loss can worsen gait and the motor features of HD. As these aspects of HD
are greatly understudied, their treatment strategies are predicated upon the experience in
more common neurodegenerative diseases, without empirical evidence of efficacy in HD.
For example, weight loss is managed through a combination of dietary supplements and the
use of olanzapine, because of its well-documented side effect of weight gain [Chen and
others 2011]. Similarly, the side effect profile of a drug is often the approach to remedy
insomnia in HD patients, with use of olanzapine, amitriptyline, trazodone, or mirtazapine at
bed-time. Among drugs used specifically to treat insomnia in HD, commonly used sedatives
include zopiclone, zolpidem or zaleplon.

Other compounds

Baclofen and benzodiazapines

Although loss of MSNSs in the striatum is one of the main pathological hallmarks of HD, few
drugs are known to target this neurotransmitter system. Baclofen, which can act as agonist at
GABAg receptors to block mono-and-polysynaptic reflexes by acting as an inhibitory
neurotransmitter, blocking the release of excitatory transmitters, significantly reduced chorea
in small open-label trials, [Anden and others 1973; Paulson 1976] although the results from
a larger placebo-controlled study did not corroborate this finding [Shoulson and others
1989]. Benzodiazapines, such as clonazepam and diazepam, enhance the effect of GABA at
the GABA receptor, leading to an increase in GABA's inhibitory effects and resultant
central nervous system depression. There is some evidence that these drugs have a positive
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effect on motor signs, but this has only been reported in a few case studies [Farrell and
Hofmann 1968; Peiris and others 1976; Stewart 1988]. Clonazepam may worsen the
cognitive side effects of HD and cause drowsiness. It also has a high risk of dependence and
abuse.

Cannabinoids

Donepezil

CB1 cannabinoid receptors, which mediate the hypokinetic motor effects of certain
cannabinoids, are significantly reduced in the basal ganglia in HD [Pazos and others 2008].
Cannabinoids may also protect striatal neurons from death by reducing neuroinflammation
via CB2 receptor activation, and by normalizing glutamate levels to limit excitotoxicity via
CB1 receptor activation [Pazos and others 2008]. Cannabinoids, such as nabilone, have
been proposed as a treatment for chorea, and although they are typically only used in HD
patients who seem resistant to all other approaches, there is some indication of efficacy in
small, placebo-controlled crossover trials [Curtis and others 2009; Curtis and Rickards
2006]. In a small trial of cannabidiol (CBD), non-significant changes were found in chorea
severity and in functional capacity. In a variety of other tests measuring motor function,
cognition, and psychological distress (Symptom Checklist-90-Revised), no difference was
found between treatment and placebo [Consroe and others 1991]. A trial of nabiximols, an
extract of cannabis with an equimolecular combination of delta-9-tetrahydrocannabinol
(THC) and CBD, yielded no differences on motor, cognitive, behavioral, and functional
scores as compared to placebo during a 12-week treatment period [Lopez-Sendon Moreno
and others 2016].

Donepezil binds and reversibly inactivates cholinesterases, inhibiting hydrolysis of
acetylcholine, thereby increasing acetylcholine concentrations at cholinergic synapses. A 12-
week randomized double-blind placebo-controlled trial of donepezil failed to show
significant improvement for the primary outcome, chorea, using the UHDRS [Cubo and
others 2006]. Similar results were observed for selected secondary outcomes, and donepezil
did not significantly improve cognitive symptoms in a small open-label study of HD
[Fernandez and others 2000].

Treatments under development: Assessing the HD therapeutic pipeline—
Shared challenges in the design, conduct, and interpretation of clinical trials in rare
neurodegenerative disorders include diagnosis, patient selection, endpoint selection, and a
lack of biomarkers. Hence, awareness of these pitfalls and developing strategies to address
them is vital. Studies should be designed to include patients at a similar stage in their disease
progression, which for HD is typically a 15 to 25-year course, but can vary because of
differences in age of onset and rate of progression due to the clinical phenomenon of
anticipation, increasing the difficulty of obtaining a large sample size. The National Institute
for Neurological Disorders and Stroke (NINDS) solicited a group of HD clinicians and
researchers to make recommendations for common data elements (CDE) in HD clinical
trials and research [NINDS 2017]. The UHDRS Motor Exam is a core recommendation
from the NINDS HD CDE group for motor testing, while both the Stroop Test and the
Symbol Digit Modalities Test are recommended as core measures for cognitive evaluation.
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To assess functional limitations, the Total Functional Capacity scale, the Independence
Scale, and the Functional Assessment Scale of the UHDRS are recommended. Since it may
take three years for detectable changes to occur in scores, scientists are desperately
searching for biomarkers that can be used as shorter-term indicators of potential therapeutic
efficacy. Progress has been made in identifying potential biomarkers, but work is ongoing
[Mastrokolias and others 2015; Ross and others 2014].

As HD is a rare disorder affecting approximately 1 in 8,000 individuals in the USA [Bonelli
and Wenning 2006], conducting placebo-controlled clinical trials is challenging because
patient recruitment is difficult due to a shortage of HD individuals not already enrolled in
other studies or trials, and support from industry has traditionally been unattainable, since
the financial return for an orphan disease therapy is expected to be modest. However, in
recent years, biopharma has reversed course for Mendelian diseases that are not exceedingly
rare, as such disorders offer the advantage of definitive diagnostic (genetic) testing and a
patient population in which the pathogenic process is likely to be very similar across the
disease group. Furthermore, due to collaborative data repositories such as the Huntington
Study Group (www.huntingtonstudygroup.org) and the European Huntington's Disease
Network (www.eurohd.net), large numbers of HD patients have been enrolled into central
databases with extensive clinical information, permitting recruitment of patients of varying
severity at all stages of the disease process. These factors have convinced industry sponsors
that placebo-controlled trials of promising therapy candidates are appealing for HD. Here we
describe some of the most exciting emerging therapies being developed as “disease-
modifying” treatments for HD (Figure 1 and Figure 2).

Trophic Factor Supplementation

Brain-Derived Neurotrophic Factor (BDNF) promotes neuron survival and synaptic
plasticity, and is markedly reduced in HD [Shannon and Fraint 2015] (Figure 2). RE1-
Silencing Transcription factor (REST), also known as Neuron-Restrictive Silencer Factor
(NRSF), acts as a transcriptional repressor, and its principal target is BDNF. Ischemia
(reduced blood profusion of tissues; decreased nutrient and oxygen supply) induces REST
transcription and nuclear accumulation, leading to the epigenetic repression of neuronal
genes leading to cell death [Noh and others 2012]. Mutant huntingtin fails to bind REST in
the cytosol, allowing REST to enter the nucleus and carry out its repression regime as above
[Zuccato and Cattaneo 2007]. Reduction in BDNF in the striatum correlates with symptom
onset and increased disease severity in HD transgenic mice. Interestingly, BDNF knock-out
mice recapitulate the striatal atrophy phenotype in HD, further supporting the hypothesis
that reduced trophic factor function in the striatum is a key contributor to HD
neurodegeneration [Ciammola and others 2007; Zuccato and others 2001]. Treatment of HD
model mice with BDNF delivered by osmatic pump has been shown to improve neurological
dysfunction and survival [Giampa and others 2013]. Current research efforts are focused
upon the development of effective delivery methods, such as the use of viral vectors,
including adeno-associated virus (AAV), to target BDNF to striatal neurons [Kells and
others 2008].
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Cysteamine (RP103)

Cysteamine is a FDA-approved drug therapy for nephropathic cystinosis. Cysteamine is the
reduced form of cystamine, and through its interaction with heat-shock protein chaperones,
is believed to stimulate the release of BDNF in the brain [Borrell-Pages and others 2006]. A
variety of preclinical trials in mice have established that cysteamine is neuroprotective in HD
[Bailey and Johnson 2006; Dedeoglu and others 2002; Fox and others 2004; Van
Raamsdonk and others 2005]; however, clinical trials in human HD patients have yielded
mixed results, failing to improve outcome measures in one case [Prundean and others 2015],
but yielding significantly slower progression of TMS in a sub-group of HD patients who
were not concurrently on TBZ, and revealing a trend toward slower progression in the
overall study group [Corp. 2015].

Mesenchymal stem cells (MSCs)

Despite success in preclinical trials, AAV delivery of BDNF in the clinic has proven difficult
due to host immunogenicity and limited biodistribution [Murlidharan and others 2016]. As
the beneficial effects of BNDF are potentiated by noggin [Benraiss and others 2012], a
factor secreted by mesenchymal stem cells (MSCs) [Diefenderfer and others 2003], and as
MSCs may release additional trophic factors, considerable efforts are being devoted to the
evaluation of MSC delivery to HD patients. Initial clinical trial experience has shown that
MSCs are well tolerated by HD patients, and enthusiasm for MSC therapy has been buoyed
by findings in an amyotrophic lateral sclerosis (ALS) trial, in which treated patients
displayed improvements in breathing and delayed motor decline compared to placebo-
treated patients [Petrou and others 2016]. A future clinical trial to demonstrate safety of
intra-striatal injection transplantation of MSCs is being planned to treat HD patients
screened in a recent observational study (i.e. PRE-CELL; ClinicalTrials.gov identifier:
NCT01937923).

Dosage reduction

As the expression of the toxic huntingtin protein drives all subsequent disease pathology in
HD, a very attractive therapeutic paradigm is to prevent the expression of the mutant gene
product. One approach to stop expression of a gene product is to target the messenger RNA
for destruction or inhibit protein translation, a strategy known as “gene silencing”. As
interrupting the pathogenic cascade at its earliest step has great potential to dramatically
alter disease course, interventions intended to reduce huntingtin gene expression are now
considered among the most promising emerging therapies [Garriga-Canut and others 2012;
Magen and Hornstein 2014]. There are three major approaches that are under investigation
to reduce mutant huntingtin expression: RNA interference (RNAI), antisense
oligonucleotides (ASOs), and zinc finger proteins (ZFPs) (Figure 1).

RNA interference (RNAI)

In RNAI (reviewed and diagrammed in [Novina and Sharp 2004]), a so-called “short
interfering RNA” (siRNA) is introduced into cells, and it provides a substrate that is
processed by the RNA-induced silencing complex (RISC), which is the cellular machinery
that normally mediates the action of microRNAs (miRNAS) — the endogenous RNAs that
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turn off gene expression. As delivery of naked double-stranded RNA is challenging, sSiRNA
sequences can be encoded as short hairpin RNAs (shRNAs) that are expressed from viral
vectors, such as AAV. While AAV delivery of shRNAs was found to be a robust and highly
successful method for treating mouse models of polyglutamine disease [Xia and others
2004], further studies demonstrated that high-level expression of exogenous sShRNAs may
cause toxicity [Grimm and others 2006], prompting the development of artificial miRNA
vectors, packaged into AAV, where huntingtin-targeting sShRNAs are instead embedded in
the sequence of a miRNA so that the processing of the siRNA follows the full endogenous
Drosha-Dicer pathway [Boudreau and others 2009]. At present, various methods for sSiRNA
delivery are being pursued, ranging from siRNAs in nanoparticles to sShRNA viral vectors
and artificial miRNA viral vectors. In the case of viral vectors, delivery will require a
neurosurgical procedure of stereotactic injection into specific brain regions in HD patient
subjects. In addition to viral vectors, exosomes [Alvarez-Erviti and others 2011], cholesterol
conjugation [DiFiglia and others 2007], convection-enhanced delivery, and novel conjugates
of single-stranded siRNA compounds [Lima and others 2012; Yu and others 2012] represent
cutting-edge approaches that are also under development.

Antisense oligonucleotides (ASOs)

ASOs are modified single-stranded DNA molecules, and upon binding a target RNA, the
bound RNA is either degraded by RNAse H (reviewed and diagrammed in [Lu and Yang
2012; Martinez and others 2013]), or protein translation of the bound RNA is inhibited. In
either case, the production of protein product from the target mRNA is typically reduced by
greater than one-half. ASO dosage reduction can be “non-allele specific”, i.e., both the
disease allele and the normal allele mRNAs are targeted, or “allele-specific”, i.e., the disease
allele is selectively targeted, usually because of a single nucleotide polymorphism that is in
linkage with the disease allele. While allele-specific targeting of mutant huntingtin (htt)
would be ideal, numerous studies in HD mouse models have established the safety and
efficacy of non-allele specific ASOs [Boudreau and others 2009; Kordasiewicz and others
2012]. Because of dramatic successes in preclinical trial work in mice, ASO therapy is being
advanced into human HD patients. lonis Pharmaceuticals (Carlsbad, CA) and Roche
(Indianapolis, IN) have completed enrollment for a randomized, double-blind, placebo-
controlled Phase 1/2A clinical trial in early stage HD patients in Europe and Canada to
evaluate the safety, tolerability, pharmacokinetics and pharmacodynamics of ascending
doses of an investigational ASO, IONIS-HTTgy (ClinicalTrials.gov identifier:
NCT02519036). Each patient will receive four doses of IONIS-HTTry or placebo by an
intrathecal (spinal) injection, with doses four weeks apart for 13 weeks. The estimated study
completion date is November 2017. IONIS-HTTRgy is the first therapy to enter clinical
development that is designed to treat the underlying cause of this fatal disease, and it has
been granted Orphan Drug Designation by the FDA and the European Medicines Agency
(EMA). As an ASO, IONIS-HTTRgy binds to /77 RNA, promating its destruction and
decreasing the amount of HTT protein to cause toxicity. Research studies with IONIS-
HTTRy in animal models of HD have been promising [Skotte and others 2014; Stanek and
others 2013]. BioMarin Pharmaceutical (San Rafael, CA) is undertaking a similar approach
to the lonis-Roche ASO strategy [Inc. 2017]. Their PRO289 program targets CAG repeats in
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the HTT gene and has been shown to reduce levels of expanded HTT protein in fibroblast
cultures derived from HD patients.

Zinc Finger Proteins

Zinc finger proteins (ZFPs) are transcription factor DNA-recognition motifs that can be
designed to allow selective binding to specific DNA sequences, and when fused to a
transcription repressor domain, can be used to repress protein production of a designated
target [Maeder and Gersbach 2016]. By acting at the level of the DNA, production of mutant
HTTRNA would be suppressed. Preliminary data indicate successful selective repression of
mutant htt and amelioration of motor manifestations in HD mice [Garriga-Canut and others
2012]., but this approach still has the delivery and distribution hurdles of other viral vector
methods. Sangamo BioSciences (Richmond, CA) is focused on developing ZFPs for treating
HD patients [Sangamo 2012].

Modulation of Synaptic Function and Excitotoxicity

HD pathogenesis has been shown to involve alterations in cortico-striatal circuits that
prevent maintenance of robust neurotransmission. At the same time, sustained over-
activation at synapses, known as excitotoxicity, is hypothesized to contribute to the neural
dysfunction and neuron cell death in HD [Matthews and others 1998]. A variety of therapies
are thus being developed to promote synaptic function and to counter excitotoxicity (Figure
1).

PDE10A Inhibitor

Impairment of cyclic adenosine monophosphate (CAMP) signaling [Gines and others 2003]
and dysregulation of gene transcription mediated by the cAMP response element (CRE)
[Sugars and others 2004] have been implicated in HD. Phosphodiesterase (PDE) 10A is
almost exclusively expressed in the striatum, and its activity is linked to the synaptic
function of the striatal MSNs whose death is a prominent feature of HD [Coskran and others
2006]. PDE10A regulates cAMP, synaptic plasticity, and response to cortical stimulation
[Threlfell and others 2009; Threlfell and West 2013]. PDE10A expression in early pre-
manifest HD is decreased in striatum and pallidum, and increased in motor thalamic nuclei,
compared to matched healthy controls. PDE10A inhibition with TP10 ameliorated motor
deficits, reduced striatal atrophy and BDNF levels in a mouse model of HD [Giampa and
others 2010].

Deep Brain Stimulation

Deep brain stimulation (DBS) is a surgical procedure wherein a neurostimulator is implanted
into the midbrain to block abnormal neuronal electric activity and thereby treat abnormal
involuntary movements in patients. DBS has been employed as a treatment for Parkinson
disease, where it continues to be used. Several small case reports have reported improvement
in chorea in HD patients, with either a trend or significant increase in dystonia and
bradykinesia [Beste and others 2015; Delorme and others 2016; Gonzalez and others 2014;
Gruber and others 2014]. In a longer term follow-up, one HD patient showed benefit for the
first two years, however, from years 2 to 5, the patient had a steep decline in overall motor
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function [Lopez-Sendon Moreno and others 2014]. A Phase 2 prospective, randomized study
to evaluate pallidal DBS in HD patients is currently underway: ClinicalTrials.gov Identifier:
NCT02535884. Another safety and efficacy study of DBS in HD has not yet started
recruiting: ClinicalTrials.gov Identifier: NCT02263430.

Kynurenine 3-monooxygenase (KMO) Inhibitors

The earliest HD rodent models were generated by intra-striatal injection of the excitotoxic
NMDA agonist quinolinic acid (QA) [Schwarcz and others 1983]. QA is an endogenous
metabolite produced by the degradation of tryptophan by the kynurenine pathway. The
enzyme kynurenine 3-monooxygenase (KMO) is a key branch point in this pathway, and its
activity determines the balance of QA and the neuroprotective metabolites, kynurenic acid
(KA) and kynurenine. In the CNS, the kynurenine pathway is confined to microglial cells
[Zadori and others 2009]. QA levels are increased and KA levels decreased in post-mortem
HD patient brain [Beal and others 1992; Guidetti and others 2004]. The metabolites
kynurenine and kynurenic acid may modulate synaptic plasticity and have neuroprotective
and anti-inflammatory roles in HD models [Zadori and others 2009; Zwilling and others
2011]. Zwilling and colleagues treated HD model mice with a KMO inhibitor compound,
JMB, and reported improved survival, reduced synapse loss, and a decrease in microglial
activation [Zwilling and others 2011]. Neither JM6 nor its metabolites cross the blood-brain
barrier, suggesting that its beneficial effects are mediated by peripheral KMO inhibition,
producing beneficial effects for the CNS via the transit of an intermediate compound,
possibly kynurenine [Zwilling and others 2011]. Subsequent work by Beconi and colleagues
questioned if JM6 is a KMO inhibitor, suggesting that the observed effects were likely
attributable to contamination by the known KMO inhibitor Ro 61-8048 [Sigma-Aldrich]
[Beconi and others 2012b]. A novel peripherally acting KMO inhibitor, CHDI-340246, has
been reported to increase levels of kynurenine and KA in HD rodent models and in the
cerebrospinal fluid of non-human primates, and it can restore several electrophysiological
alterations in mouse models of HD, both acutely and after chronic administration [Beaumont
and others 2016]. However, using a comprehensive panel of behavioral tests, chronic dosing
of this KMO inhibitor did not significantly modify behavioral phenotypes or natural
progression in HD mouse models.

Transcription dysregulation and impaired bioenergetics function

HDAC Inhibitors

With the aim of correcting transcription dysregulation through chromatin modification,
histone deacetylase (HDAC) inhibitors have been under study as a treatment for HD for a
number of years. HDAC inhibitors prevent the removal of acetyl groups from histones,
allowing the DNA to be accessible to transcription factors and permitting gene transcription.
The non-selective HDAC inhibitor suberoylanilide hydroxamic acid (SAHA) was shown to
ameliorate the motor phenotype in R6/2 mice [Hockly and others 2003]. A reappraisal of
SAHA in HD model mice revealed that it reduced HDACA4 levels by promoting its
degradation [Mielcarek and others 2011]. HDAC4 inhibition thus emerged as a therapy
focus in HD, and potent, selective small-molecule inhibitors of HDAC4 are under
development [Burli and others 2013]. The basis for therapeutic benefit from HDAC4

Am J Med Genet A. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Dickey and La Spada

Page 19

inhibition remains unclear, however, as crossing R6/2 mice onto a HDAC4 null background
ameliorated neuropathology, synaptic function, motor read-outs, and lifespan, but did not
improve the transcription dysregulation [Mielcarek and others 2011]. Studies of a HDAC
inhibitor 4b, which also targets HDAC1 and HDACS3, yielded beneficial effects in HD mice
[Jia and others 2012], but this positive result could not be replicated in a follow-up
preclinical trial by another group [Beconi and others 2012a]. Recent attention has turned to
yet another HDAC inhibitor — RGFP966, which inhibits HDAC3, and showed some benefit
as a treatment for HD in a preclinical trial [Jia and others 2016]. Thus, targeting HDACs as a
treatment for HD remains under active investigation in mouse models, but is yet to yield a
consistent enough set of results to warrant further evaluation in human patients.

Nuclear receptor transcription factors: PPARy and PPARS

The mitochondrial dysfunction and metabolic deficits in HD have been linked to
transcription dysregulation of peroxisome proliferator-activated receptor (PPAR) gamma
coactivator-1 alpha (PPARGC1A), a transcription factor that, through its co-activation of the
PPARSs (a,8,y), positively regulates a network of transcription programs that culminate in
mitochondrial biogenesis and enhanced energy production through oxidative
phosphorylation [Cui and others 2006; Lin and others 2004; Weydt and others 2006]. The
importance of PGC-1a for HD pathogenesis is underscored by the observation that PGC-1a
over-expression in HD mice is sufficient to rescue motor phenotypes, prevent accumulation
of misfolded htt protein in CNS through increased autophagy, and reduce neurodegeneration
[Tsunemi and others 2012]. Although strong evidence for impaired function of PGC-1a in
HD has been documented by a number of independent groups, PGC-1a is less than ideal as
a target for therapy development, because it regulates a vast array of processes through its
interactions with many different nuclear receptor transcription factors. Thus, once PGC-1la
was implicated in HD pathogenesis, a number of investigators evaluated PPAR~y agonist
therapies, including rosiglitazone, since PPARy compounds had already been developed for
human use for type Il diabetes. While numerous studies found that PPAR-y agonist treatment
can ameliorate disease phenotypes in HD mice [Chiang and others 2010; Chiang and others
2012; Jin and others 2013], the beneficial effects of PPAR-y agonist therapy in HD likely
stem from improved metabolic function, based upon its actions in peripheral tissues, the
hypothalamus, and non-neural cells of the CNS (i.e. microglia), as PPARy is not expressed
in midbrain or cortical neurons. Furthermore, safety concerns exist with PPARy, as PPARy
agonists have been linked to adverse cardiovascular outcomes, including congestive heart
failure [Graham and others 2010; Nissen and Wolski 2007].

To delineate the basis for PGC-1a transcription dysregulation, we performed an unbiased
screen of transcription factors that physically interact with htt protein and identified PPARS
as an interactor [Dickey and others 2016]. This discovery led us to consider the role of
PPARS in the CNS and in HD, especially when we found that PPARS is highly expressed in
cortical and striatal neurons [Dickey and others 2016], consistent with earlier work that
showed its expression in CNS to exceed that of skeletal muscle [Bookout and others 2006;
Higashiyama and others 2007], where PPARS agonist treatment and over-expression had
elicited profound physiological effects [Evans and Mangelsdorf 2014]. We showed that
PPARS transactivation ameliorated mitochondrial dysfunction and improved cell survival in
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neurons from HD mice, and when we directed the expression of dominant-negative PPARS
to the CNS of mice, we observed motor defects, neurodegeneration in the cortex and
striatum, and transcription interference, which accurately recapitulated key aspects of HD
observed in human patients [Dickey and others 2016]. To determine if PPARS agonist
therapy might hold promise as a treatment for HD, we repurposed a drug known as KD3010,
which had been developed as a treatment for diabetes and metabolic syndrome, and was
found to be safe in humans in a Phase 1b clinical trial. Importantly, KD3010 crosses the
blood-brain barrier and activates PPARS in the brain, resulting in approximately 2-fold up-
regulation of PPARS target genes [Dickey and others 2016]. In a rigorous preclinical trial in
HD N171-82Q mice (an aggressive HD model), we found that KD3010 improved motor
function, neurodegeneration, and survival. We also confirmed the therapeutic utility of
KD3010 in MSNs derived from HD patient pluripotent stem cells [Dickey and others 2016].
Further development of KD3010 as a therapy candidate for HD is underway, and plans for a
Phase 2 clinical trial are being formulated.

Pridopidine is a relatively new drug, originally developed to stabilize dopamine in the CNS;
however, further analysis suggests that it can up-regulate the expression of BDNF and
activate the PI3-kinase / AKT pathway, as well as other pathways thought to promote
neuronal plasticity and survival, thereby eliciting therapeutic benefit in HD mice [Geva and
others 2016]. Results of two large, randomized, placebo-controlled safety / efficacy trials of
pridopidine were recently published, which indicated that the drug is generally well
tolerated, but did not produce significant improvement in the primary motor endpoint,
though a trend toward amelioration of certain motor outcomes was noted [de Yebenes and
others 2011; HuntingtonStudyGroup 2013]. In light of these clinical trial data, regulatory
agencies have requested further testing. Pridopidine will thus now be evaluated in another
Phase 2 clinical trial to test the safety and tolerability of higher doses, and ascertain whether
pridopidine may achieve a more marked symptomatic benefit at higher doses
ClinicalTrials.gov Identifier: NCT02494778.

Immune modulation and neuroinflammation targeted therapies

Laquinimod

Prior work has shown that mutant huntingtin protein promotes aberrant activation of the
nuclear factor kappa B (NFkB) pathway in monocytes and microglia, culminating in
immune system over-activation in HD [Trager and others 2014]. Laquinimod reduces
activation of the NFkB pathway in astrocytes [Bruck and others 2012], and may additionally
boost BDNF levels [Aharoni and others 2012], thereby modulating immune cell lineages in
the periphery and CNS [Ehrnhoefer and others 2016]. Experience with laquinimod in HD
has been disappointing, as use of its highest dose in an ongoing HD clinical trial was
discontinued, but a Phase 2 study of its safety and efficacy in HD is proceeding, with
expected completion in late 2018 ClinicalTrials.gov Identifier: NCT02215616. The primary
endpoint in this study is change from baseline in the UHDRS-TMS after 12 months of
treatment.
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VX15 is a humanized 1gG4 monoclonal antibody that binds to and blocks the activity of
semaphorin 4D protein, a molecule that induces inflammation in the brain of patients with
HD [Southwell and others 2015]. Anti-semaphorin 4D immunotherapy ameliorates
neuropathology and some cognitive impairment in HD mice [Southwell and others 2015].
Reducing brain inflammation may retard the progression of motor and cognitive defects in
HD. To fully assess the therapeutic potential of VX15, a Phase 2 clinical trial (SIGNAL) is
being organized to assess safety and efficacy of VX15 in at-risk HD individuals
(ClinicalTrials.gov Identifier: NCT02481674). SIGNAL is a randomized, double-blind,
placebo-controlled trial seeking to enroll 84 patients, who are either early in the progression
of their disease or not yet diagnosed. VX15 will be administered via monthly intravenous
infusion, and estimated completion date is 2020.

Caspase 6 inhibitor

Synopsis

ED11 is a novel caspase-6 inhibitor peptide based on the huntingtin caspase-6 cleavage site,
fused with a cell-penetrating sequence. The peptide reduces caspase 6-mediated proteolytic
cleavage of mutant huntingtin, which is expected to blunt mutant huntingtin toxicity.
Continuous subcutaneous administration of the peptide protected pre-symptomatic BAC-HD
mice from motor deficits and behavioral abnormalities. Moreover, administration of the
peptide in an advanced disease state yielded partial recovery of motor performance, and
alleviated depression-related behavior and cognitive deficits in full-length expanded polyQ
tract htt transgenic mice, a longer-term model [Aharony and others 2015].

The HD therapeutic pipeline is clearly robust and diverse, with compounds targeting
divergent aspects of disease pathophysiology (Figure 1 and Figure 2), and agents ranging
from small molecules to biologicals, where delivery is achieved through direct injection with
viral vectors or via instillation into cerebrospinal fluid to permit widespread distribution
through the CNS. The vast number of ongoing and planned clinical trials of HD is also a
strong testament to the vibrancy and vitality of therapy development for a disorder, which is
classified as rare, based upon accepted criteria. While HD is a rare disease, its
pathophysiology overlaps with much more common neurodegenerative disorders, such as
Parkinson disease, suggesting that therapeutic efficacy in HD may highlight an approach or
particular compound with promise for Parkinson disease and related disorders. Certainly, the
advance of therapy development in HD has been aided by the existence of highly
representative mouse models and availability of pluripotent stem cells from human patients,
where differentiation into the neurons of interest is possible for cross-validation of
treatments found to be efficacious in HD mice. While dosage reduction appears to be the
most powerful therapeutic strategy under development, there is no reason to believe that
combination of diverse therapies will ultimately be the standard of care for HD patients in
the future. It is our belief that disease-modifying therapies for HD will soon be realized, and
that HD patient management will convert from the use of drugs that are solely intended to
treat symptoms to agents that will dramatically retard disease progression, or perhaps even
prevent disease onset in the first place. Attaining this level of therapeutic efficacy for HD
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will be a wonderful development for the entire neurodegenerative disease field and for those
committed to the neurotherapeutics endeavor.
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Figure 1. Huntington's Disease therapies directed at intracellular processes
, A schematic illustration showing various intracellular processes that are perturbed by

mutant huntingtin protein and thus high priority targets for therapy development. Note that
some therapies are designed to work in the nucleus, others in the cytosol, and some at
specific organelles, including especially mitochondria. AMPK (AMP-activated protein
kinase); SIRT1 (Sirtuin 1); mTOR (mechanistic target of rapamycin); PPARSs (peroxisome
proliferator-activated receptors); PPARGC1A (PPAR gamma co-activator 1-alpha);
OXPHOS (oxidative phosphorylation); TCA (tricarboxylic acid cycle); siRNA (small
interfering RNA); RISC (RNA induced silencing complex); ASO (antisense
oligonucleotide); ZFPs (zinc finger proteins); TFs (transcription factors); mtDNA
(mitochondrial DNA).
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Figure 2. Huntington's Disease therapies that target extracellular pathways
, Diagram of neurons, astrocyte, and microglia, highlighting treatments that act on

extracellular processes and events at the cell surface membrane, including glutamatergic
signaling, dopaminergic signaling, trophic factor release and action, inflammation, and
calcium flux.
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Genetically Confirmed

NOT Genetically Confirmed

Presymptomatic

No clinical motor signs or symptoms (Motor DCL = 0 or 1)
No cognitive signs or symptoms

May or may not have changes in imaging, quantitative motor
assessments, or biomarkers

No symptomatic treatment indicated

Disease-modifying treatment when safe and available

Clinically At-Risk

Prodromal HD

Subtle motor signs (Motor DCL = 2)
AND/OR subtle cognitive signs or symptoms

Apathy, depression or other behavioral changes related to HD
may be present

Usually changes in imaging and quantitative motor
assessments

May need symptomatic treatment

Disease-modifying treatment appropriate

Clinically Prodromal HD

Manifest HD

Presence of clinical motor AND/OR coghnitive signs and
symptoms that have an impact on life

Functional changes, eg, decrease in TFC

Motor DCL = 3 or 4 (or Motor DCL of 2 if cognitive changes
are significant AND there is evidence of progression)

Symptomatic treatment appropriate

Disease-modifying treatment appropriate

Clinically Manifest (requires
Motor DCL = 4 and cognitive

changes)

DCL = diagnostic confidence level; TFC = Total Functional Capacity scale
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