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Moving toward a gene therapy for Huntington’s disease
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GENE THERAPY

Gene therapy has recently undergone a renaissance with renewed
expectation that transfer of genetic information to diseased cells
will restore function. Gene therapy for highly diverse, rare
metabolic diseases appears promising where single gene defects
predict a disease phenotype that can be corrected by the addition
of the wild-type (wt) gene. Genetic interventions in neurodegen-
erative diseases (NDs) affecting the brain, however, face added
complexities that include: (i) late stage onset of clinical signs of
disease where considerable neuronal loss and damage to non-
neuronal cell types such as glia has already occurred, (ii) wide-
spread degenerative processes suggesting that more global
vector delivery will likely be needed for long-term effective
treatment and (iii) symptoms that often affect specific brain
activities and pathways, necessitating targeted gene delivery to
specific neuronal or glial subtypes. Although early disease
diagnosis would provide the opportunity to intervene prior to
clinical symptoms, the genetic basis underlying several prevalent
NDs (for example, Parkinson’s disease) is complex and not fully
understood so that early identification of individuals at risk is
difficult.

POLYQ EXPANSION

NDs caused by polyglutamine (polyQ) expansion represent an
important group because early diagnosis exists." These diseases
lead to mutant protein aggregate accumulation that not only
blocks critical protein function but also acquires a destructive gain
of function that contributes to the disease phenotype. As such,
these diseases are autosomal dominant and elimination of the
root cause requires knock out or knock down of the mutant gene
or product. Although gene repair (restoration of the normal
number of glutamine (CAG) codons) is the most desirable option,
this template-dependent strategy is not yet practical in vivo.
Moreover, both gene repair and targeted gene inactivation
methods using such tools as CRISPR-Cas9 have an associated risk
of creating off-target mutations and their reduced efficiency in
non-dividing cells poses a challenge. A gene repressor strategy
using viral vectors has been developed for Huntington's disease
(HD) using engineered zinc finger fusion proteins specific for the
CAG repeat of the mutant Huntingtin gene to effectively and
selectively inhibit transcription of the expanded allele.>® Other
efforts over the past decade have focused on using single-
nucleotide polymorphisms (SNPs) linked to the CAG expansion to
selectively target mutant gene mRNA for degradation or reduced
translation (see below).

HUNTINGTON'’S DISEASE

HD is a neurodegenerative disorder affecting 30 000 Americans. It
is characterized by chorea, dystonia, psychiatric and cognitive
abnormalities and dementia occurring sometime during mid-life,
progressing inexorably to death 10-20 years following onset.**
A polyQ expansion in the Huntingtin gene (HTT) exceeding ~40
copies within the amino-terminal region of the Huntingtin protein

(HTT) causes abnormal folding and accumulation of mutant
protein aggregates in cytoplasmic/neuropil inclusions and in the
nuclei of cells in both the central nervous system and peripheral
tissues.>” The pathology of HD involves the prevalent loss of
efferent medium spiny neurons (MSNs) in the striatum (caudate
nucleus and putamen) of the basal ganglia,® as well as more
widespread degeneration throughout the cortex and ultimately
the hippocampus.®'® The HD pathology is thought to result
mostly from gain-of-function toxicity of the mutant (mu) HTT
protein that is accompanied by broad-based neuronal transcrip-
tome dysregulation, significant alterations in the synaptic proper-
ties of multiple neuronal cell types in the basal ganglia and
extensive alterations in the circuitry encompassing the cortico-
striatal-thalamic loops.>'"'> Mutant HTT also directly inhibits
mitochondrial protein import resulting in mitochondrial dysfunc-
tion and lowering the threshold for caspase activation.'® Full-
length wt HTT, found primarily within the cytoplasm, is crucial for
survival of specific MSNs within the striatum due to its anti-
apoptotic activity and important role in maintaining the proper
functional status of neurons.'* Currently there is no treatment for
HD, although genetic therapy appears possible and may be the
most potentially effective intervention, particularly if delivered
early in the disease course.

MOUSE MODELS

A major advance in studying HD has been the development of
genetic mouse models that exploit the mutation underlying HD
and mimic some of the clinical and neuropathological phenomena
observed in HD patients.'®'® These model systems generally have
highly extended CAG repeats in order to accelerate the disease
phenotype. However, the human disease typically involves fewer
repeats and the onset is more insidious with abundant
neurodegeneration, which is lacking in the rodent models.
Nevertheless, these models provide an opportunity to test HD
gene therapy approaches. Both viral and non-viral gene transfer
have been exploited as potential therapies for HD. A number of
approaches have been tested, including vector delivery of genes
encoding neurotrophic factors to enhance interneuron survival,
muHTT mRNA (SNP)-specific microRNAs and single hairpin RNAs to
block formation of the mutant protein, and most recently,
allele-specific blockage of transcription elongation.?® A variety of
viral vectors have been used for gene delivery, predominantly
vectors derived from adenovirus,''®  adeno-associated
virus>*'972> and lentivirus.® In addition, multiple studies have
been performed with directly administered antisense oligonucleo-
tides (ASOs), small interfering RNAs, % and aggregate-specific
antibodies'*?

RESTORATION OF WT FUNCTION

Although there are a number of potential gene therapy strategies,
knock-out of the mutant HTT gene using a vector-expressed
editing tool that distinguishes between the mutant and wt allele is
currently the most attractive option for treatment of HD by gene
therapy. However, allele-selective mutant gene knockout is
challenging, as the mutant gene differs from the wt allele only
in the number of CAG repeat codons aside from an occasional
linked SNP. Thus both alleles will be vulnerable, necessitating
complementation with an editing-resistant (for example, codon-
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modified) copy of the gene. To our knowledge, this two-pronged
strategy has not thus far been attempted. The HTT gene is large
(~9.4 kb complementary DNA), clearly exceeding the capacity of
most currently developed viral vector systems. In addition, co-
delivery of muHTT editing tools can only be assured by expression
from the same vector, further raising the demands on the vector
payload capacity. Choosing the best vector system to pursue
treatment of HD will likely involve a combination of considerations
that include safety data in patients, vector capacity, tropism, mode
of delivery, vector distribution (including the ability to spread
broadly through microtubule mediated transport in afferent cells)
and sensitivity to anti-viral immunity. AAV and replication-
defective, helper-independent herpes simplex virus (HSV) repre-
sent two extremes in payload capacity, that is, ~ 4.5 kb versus 25—
30 kb, but both virus systems have favorable safety data in clinical
trials. AAV has been used to deliver neurotrophic factors to
patients with ND (for example, Parkinson’s Disease) whereas HSV
vector introduction into the central nervous system has thus far
been limited to the treatment of brain tumors. AAV has favorable
distribution data in animal models, including evidence of
serotype-dependent transcyctosis through the blood brain barrier,
albeit at low efficiency,® and both viruses can be axonally
transported along nerve fiber tracks in brain;**~>¢ axonal transport
could allow vector targeting to cortical neurons affected in HD. For
example, vector injection into different brain regions such as
caudate/putamen should allow axonal transport to cortical/
thalamic and substantia nigral regions. In this way, specific and
functionally related brain areas can be targeted. Although both
AAV and HSV can move in both a retrograde and anterograde
direction, HSV is more efficient, requiring orders of magnitude
fewer viral particles to accomplish equal transduction. AAV
delivery can be enhanced by magnetic resonance imaging-
guided delivery using advanced cannula, and under pressure,’
methods that are untested with HSV vectors but should work in a
similar manner. The two vector systems differ substantially in
sensitivity to immune-mediated inhibition of transduction, AAV
being quite sensitive whereas HSV is effectively delivered to brain
tumors despite pre-existing immunity. HSV reactivates from
latency despite high neutralizing antibody titers, which has
thwarted vaccine development.®® Intrathecal AAV vector delivery
has the advantage of avoiding toxicity related to vector
accumulation in peripheral organs, but might allow transduction
of only a limited percentage of brain cells in rodents and
primates;*® the efficiency is likely to differ depending on the
serotype used.

Although HSV vectors have previously suffered from toxicity
and loss of transgene expression, recent vector designs suggest
that these issues can be overcome.*° In particular, after functional
deletion of all of the immediate early genes, resulting in complete
transcriptional silencing of all viral genes, we have identified
specific sites in the viral genome that protect inserted non-viral
promoters against epigenetic silencing in neurons and
thereby allow sustained transgene expression in rodent brains
(G Verlengia, M Simonato, Y Miyagawa and J Glorioso, unpub-
lished). These highly defective viruses can be propagated in
engineered cells that complement critical replication functions in
trans. In addition to high capacity, HSV offers other attractive
features. These include full retargeting of virus infection and
transduction of particular brain cell types, and ongoing efforts in
our laboratory are attempting to design HSV vectors capable of
transcytosis by retargeting the viral envelope for interaction with
transcytosis receptors. Transgenes can be further controlled by
combining specific promoter-enhancers with cellular microRNA-
binding sites engineered into the transgene mMRNA to exquisitely
control the regulation of transgene expression at multiple levels.*’
Although an ‘ideal’ delivery tool for gene therapy of HD is still
under development, it appears likely that such vehicles will
become available in the near term. It seems clear that the ideal
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vector should have the space to accommodate multiple
transgenes, such as CRISPR/Cas9 and editing-resistant HTT.
Furthermore, the ideal vector should be amenable to targeting
of various affected cell types in different brain areas and should be
able to provide temporary transcription of editing genes for
inactivation of muHTT while allowing continued expression of the
wt allele or vector-based homolog.

CLINICAL TRIALS

Beyond vector selection, clinical trial design will require
pharmacodynamic and disease progression biomarkers to
measure disease amelioration. Considerable progress is being
made in this area, installing confidence that successful therapy
can be monitored by analyses of cerebrospinal fluid and blood,
including the measurement of spinal fluid biomarkers of axonal
transport activity*?> and magnetic resonance spectroscopy to
evaluate metabolic markers of neurodegeneration.**** The first
gene therapy clinical trial is now underway (ISIS Pharmaceuticals
Inc., Carlsbad, CA, USA) using chemically modified ASOs that do
not distinguish between mutant and wt HTT mRNA. These
compounds are administered intrathecally, which limits their
distribution, and they must be given chronically, requiring
repeated hospital visits. Nonetheless, this development repre-
sents an important first step in the translation of laboratory
findings into clinical practice. New vector designs will likely
provide the opportunity to create permanent muHTT gene
knockout and replacement therapy, paving the way for broad
application to other polyQ-related NDs. Indeed, it may be
anticipated that the next generation of therapies to emerge will
involve one or more of these nascent approaches.
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