Review

0
NEURAL REGENERATION RESEARCH @

www.nrronline.org %1 -~

Investigational treatments for neurodegenerative
diseases caused by inheritance of gene mutations:
lessons from recent clinical trials

Bruno P. Imbimbo® ", Viviana Triaca?, Camillo Imbimbo®, Robert Nistico®

https://doi.org/10.4103/1673-5374.363185

Date of submission: June 30, 2022

Date of decision: October 15, 2022

Date of acceptance: November 10, 2022

Date of web publication: December 21, 2022

From the Contents

Introduction 1679
Search Strategy and Selection Criteria 1679
Alzheimer’s Disease 1679
Huntington's Disease 1680
Amyotrophic Lateral Sclerosis 1680
Parkinson’s Disease 1681
Lessons for Potential Future Approaches 1681

Abstract

We reviewed recent major clinical trials with investigational drugs for the treatment of subjects with
neurodegenerative diseases caused by inheritance of gene mutations or associated with genetic

risk factors. Specifically, we discussed randomized clinical trials in subjects with Alzheimer’s disease,
Huntington’s disease and amyotrophic lateral sclerosis bearing pathogenic gene mutations, and
glucocerebrosidase-associated Parkinson’s disease. Learning potential lessons to improve future
therapeutic approaches is the aim of this review. Two long-term, controlled trials on three anti-3-
amyloid monoclonal antibodies (solanezumab, gantenerumab and crenezumab) in subjects carrying
Alzheimer’s disease-linked mutated genes encoding for amyloid precursor protein or presenilin

1 or presenilin 2 failed to show cognitive or functional benefits. A major trial on tominersen, an
antisense oligonucleotide designed to reduce the production of the huntingtin protein in subjects
with Huntington’s disease, was prematurely interrupted because the drug failed to show higher
efficacy than placebo and, at highest doses, led to worsened outcomes. A 28-week trial of tofersen,
an antisense oligonucleotide for superoxide dismutase 1 in patients with amyotrophic lateral sclerosis
with superoxide dismutase 1 gene mutations failed to show significant beneficial effects but the 1-year
open label extension of this study indicated better clinical and functional outcomes in the group with
early tofersen therapy. A trial of venglustat, a potent and brain-penetrant glucosylceramide synthase
inhibitor, in Parkinson’s disease subjects with heterozygous glucocerebrosidase gene mutations
revealed worsened clinical and cognitive performance of patients on the enzyme inhibitor compared
to placebo. We concluded that clinical trials in neurodegenerative diseases with a genetic basis should
test monoclonal antibodies, antisense oligonucleotides or gene editing directed against the mutated
enzyme or the mutated substrate without dramatically affecting physiological wild-type variants.
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Introduction

Advances in the treatment of more than 4000 known monogenic mutations
depend on the development of causal therapies that use the transfer of DNA
and/or RNA to modify gene expression in order to correct or compensate for an
abnormal phenotype. Biological strategies include the use of patients-derived
somatic or induced pluripotent stem cells, gene or mRNA transfer and genome
editing (CRISPR/Cas9). Despite the apparent efficacy of these technologies in
experimental animal models of hereditary genetic disorders, their successful
use in the clinic is a huge challenge (O’Connor and Crystal, 2006). The main
biological barriers to all genetic treatment approaches are to deliver and
maintain new genetic information, except for genome editing that is stable
and genetically transmissible. Overcoming these obstacles requires a full
understanding of the molecular basis of the disorder, its mode of inheritance,
the type of mutations and genotype-phenotype relationships that result in the
disease phenotype. In 2017, the first gene therapy (voretigene neparvovec-rzyl)
was approved by the Food and Drug Administration (FDA) for the treatment
of inherited retinal dystrophy. In 2019, another gene therapy (onasemnogene
abeparvovec-xioi) was approved for spinal muscular atrophy. Both therapies
used adeno-associated virus vectors. A number of chimeric antigen receptor
T cells genetically engineered to produce an artificial T cell receptor capable
of recognizing specific tumor-associated antigens have been approved for
treating acute lymphoblastic leukemia (2017), relapsed or refractory large B-cell
lymphoma (2017), mantle cell lymphoma (2020) and certain types of large B-cell
lymphoma (2021). Genome editing using CRISPR/Cas9 technology has been
applied in several genetic disorders including Duchenne muscular dystrophy,
hereditary tyrosinemia, cystic fibrosis, B-thalassemia, urea cycle disorders and
cataract. To date, the FDA has approved 25 cellular and gene therapy products
and received more than 900 applications to investigate gene therapy in clinical
trials (US Food and Drug Administration, 2022). Treatment of genetic disorders
is also pursued with the use of antisense oligonucleotides, small interfering

RNA, RNA aptamers, monoclonal antibodies, enzyme replacement therapies,
and selective enzyme inhibitors.

We reviewed recent important results of clinical trials with investigational
drugs for the treatment of subjects with neurodegenerative diseases caused
by inheritance of gene mutations or associated to genetic risk factors.
Specifically, we will discuss major recent trials in subjects with Alzheimer’s
disease (AD), Huntington’s disease (HD) and amyotrophic lateral sclerosis
(ALS) with genetic origin and glucocerebrosidase (GBA)-associated Parkinson’s
disease (PD). Herein, we attempt to learn potential lessons to improve future
therapeutic approaches.

Search Strategy and Selection Criteria

We reviewed double-blind, placebo-controlled clinical studies carried out in
the last 3 years (2020-2022) in AD, HD, ALS and PD subjects using PubMed,
meeting abstracts and ClinicalTrials.gov. Only controlled clinical trials in
subjects with disease-related gene mutations were considered. Pilot studies
(< 40 subjects) were excluded. We found two publications in AD subjects
with APP or PSEN1 or PSEN2 gene mutations, four publications in HD, two
publications in ALS subjects with SOD1 gene mutations and three publications
in PD subjects with GBA gene mutations. In the final analysis, we discussed
three randomized controlled trials on crenezumab, solanezumab and
gantenerumab in AD, two trials on tominersen in HD, two trials on toferesen
in ALS and three trials on venglusat in PD.

Alzheimer’s Disease

AD is a progressive neurodegenerative disease biologically defined by
the presence of B-amyloid (AB)-containing extracellular plaques and tau-
containing intracellular neurofibrillary tangles. AD represents the most
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common cause of cognitive impairment in middle-aged and elderly people
(Scheltens et al., 2021). As of 2020, approximately 50 million people are
living with dementia worldwide, and this number is estimated to increase
to 152 million by 2050. Typical clinical features of the disease are early and
prominent episodic memory loss, with progressive and variable involvement of
other cognitive domains (visuospatial and executive functions, and language).
Diagnosis relies on emerging cerebrospinal fluid (CSF) and imaging biomarkers
that can detect the key neuropathologic hallmarks of the disease in living
people, allowing for the biological characterization of the patients. There are
two forms of AD: one is sporadic, generally occurs after 65 years of age and
represents the vast majority of cases (> 95%). The other form is familial and
is caused by point mutations of the APP gene, which encodes for amyloid
precursor protein (APP), or the PSEN1 and PSEN2 genes, which encode
for presenilin 1 (PS1) and presenilin 2 (PS2), two enzymes involved in the
processing of APP. APP is initially cleaved by the B-secretase at the B-cleavage
site and then by the y-secretase complex within the transmembrane domain.
The y-secretase complex consists of Aph1, nicastrin, presenilin (PS1 and PS2)
and Pen-2, which generates the AR peptide and the APP intracellular domain.
The AD pathogenic alterations are mostly identified in the PSENI gene, while
mutations in PSEN2 and APP are less frequently observed. No treatments stop
or reverse the disease progression, though some may temporarily improve
symptoms (Scheltens et al., 2021). Several monoclonal antibodies directed
against AB have been developed (Panza et al., 2019).

Crenezumab is a monoclonal antibody that preferentially binds to oligomeric
forms of AR (Yang et al., 2019). In June 2022, Genentech announced (Hurdle,
2022) the failure of an AD prevention study on crenezumab in 252 cognitively
unimpaired subjects carrying the autosomal dominant form of the disease
(Tariot et al., 2018). Participants in the prevention study were carriers of a
presenilin 1 mutation (PS1 E280A) and received either crenezumab or placebo
for at least 5 years. Compared with placebo, crenezumab did not significantly
improve either cognitive or clinical primary or secondary measures. This
setback follows the cognitive and clinical failure of another AD prevention
study on two other anti-Af monoclonal antibodies, solanezumab, a
monoclonal antibody selective for soluble monomeric AR, and gantenerumab,
a monoclonal antibody selective for fibrillar AB, in 142 pre-symptomatic
subjects carrying PSEN1 or APP autosomal dominant mutations which
received monoclonal antibodies or placebo for at least 4 years (Salloway et
al., 2021).

The reasons for the failure of crenezumab in subjects with PSEN1 mutations
are not clear but two recent studies (CREAD and CREAD2) showed that
the drug has no beneficial effects also in subjects with early sporadic AD
(Ostrowitzki et al., 2022). In these studies, there was evidence of target
engagement by crenezumab since total AB,, and AB,, levels in plasma and CSF
were significantly increased after crenezumab administration. However, there
were no significant differences between treatment groups in amyloid PET
burden and CSF levels of AR oligomers, total tau, phosphorylated tau-181,
and other biomarkers studied. Interestingly, at week 53 there was a greater
increase in tau PET standardized uptake value ratio in the crenezumab arm
compared to placebo. Finally, in a subgroup analysis, crenezumab significantly
worsened compared to placebo activities of daily living as measured with the
Alzheimer’s Disease Cooperative Study-Activities of Daily Living scale in the
subjects with prodromal AD (n = 734) which represented 48% of the studied
population. Although crenezumab was designed to target AB oligomers
(Meilandt et al., 2019), the drug binds also to AR monomers, with about 10-
fold lower affinity (Ultsch et al., 2016). This means, that in humans the 10-
fold selectivity of crenezumab for oligomeric AB is not biological relevant and
the drug binds to AB monomers without affecting oligomeric species. Indeed,
in the CREAD studies the baseline CSF concentrations of oligomeric AR were
very low (2-3 pg/mL) compared to the total CSF AB,, levels (570-600 pg/mL).
At the end of treatment, the crenezumab and placebo treatments had a
negligible effect on AR oligomers (=0.93 + 0.58 pg/mL and —0.22 + 0.53
pg/mL, respectively), while the effect of the monoclonal antibody on total CSF
AB,, levels (+281 + 32 pg/mL) was marked when compared to that of placebo
(=1.03 £ 29.70 pg/mL) (Ostrowitzki et al., 2022).

Despite clinical failures of crenezumab, solenezumab and gantenerumab both
in familial and sporadic AD, other anti-AB monoclonal antibodies targeting
aggregated AP forms have shown encouraging results. In June 2021, the
US Food and Drug Administration accelerated the approval for the anti-AB
antibody aducanumab for the treatment of early AD (Dunn et al., 2021) after
two interrupted studies demonstrated a reduction in AR plagues and signals
of potential cognitive and clinical efficacy (Budd Haeberlein et al., 2022).
Although the FDA decision was widely contested (Nistico and Borg, 2021),
other two potent anti-AR monoclonal antibodies, donanemab (Mintun et al.,
2021) and lecanemab (Swanson et al., 2021) have shown profound reducing
effects in clearing brain amyloid plaques and encouraging results in Phase
2 studies in subjects with sporadic early AD. Importantly, a recent press
release by Eisai Co., Ltd. (Tokyo, Japan) and Biogen Inc. (Cambridge, MA, USA)
(Hurdle, 2022) have announced positive cognitive and clinical results in a
large 18-month study with lecanemab in almost 1800 patients with early AD
(CLARITY AD) that could lead to the approval of the drug (Prillaman, 2022).
Lecanemab is being also tested in a 4-year prevention study (AHEAD 3-45
study) in 1400 cognitively normal individuals with intermediate and high
brain plaque load (Rafii et al., 2022). It has been hypothesized that potent
anti-AR monoclonal antibodies while dissolving brain AB plaques can release
monomeric AB,, from the plaques and this is reflected in an increase in CSF
AB,, levels (Imbimbo et al., 2022). The failure of crenezumab, solanezumab
and gantenerumab in patients with familial or sporadic AD could be due to

their weak effects on brain plaques and thus their inability to increase brain
monomeric AB,, levels at physiological levels. Indeed, solanezumab studies
in sporadic AD patients have shown a significant increase compared to
baseline in total CSF AB,, levels in drug-treated patients (63—-71%) while free
monomeric AB,, levels decreased by 7-17% (Willis et al., 2018).

Huntington’s Disease

HD is the most common monogenic neurological disorder in the western
world, with an estimated prevalence of 5.7 cases per 100,000 persons (Bates
et al., 2015). HD is an autosomal dominant progressive neurodegenerative
disorder with a cytosine-adenine-guanine (CAG) trinucleotide repeat
expansion in the huntingtin gene (HTT) on chromosome 4p. Mutant
huntingtin is produced with abnormally long polyglutamine sequences, and
it is thought to cause toxic gains of function and protein fragmentation that
lead to neuronal dysfunction and death. HD brain pathology mainly includes
atrophy of the caudate and putamen. Symptoms generally appear between 30
and 50 years, with an inverse correlation between the number of CAG repeats
in the HTT gene and age at onset. Subjects with 40 or more CAG repeats
have complete penetrance, while individuals with 36—39 CAG repeats have
incomplete penetrance. Generally, symptoms do not manifest in individuals
with fewer than 36 CAG repeats. Clinically, HD is characterized by movement
disorders (especially chorea), cognitive impairment and neuropsychiatric
features. Symptoms begin insidiously, with a slow but relentless deterioration
in cognitive and motor function. The average length of survival after clinical
onset ranges from 10 to 20 years. Diagnosis of HT is based on genetic testing.
There is no cure for HD and full-time care is required in the later stages of
the disease. Symptomatic treatments attenuate disease burden and improve
quality of life. Tetrabenazine is used to treat movement disorders. Present
research is directed to the full understanding of the disease mechanisms,
the development of predictive animal models, the clinical testing of drug
candidates, and the development of disease-modifying approaches like cell-
based therapies for replacing damaged or lost neurons (Ross and Tabrizi,
2011).

Tominersen is an antisense oligonucleotide (ASO) designed to reduce the
production of the huntingtin protein, which is believed to be the cause
of HD. Optimism around the drug soared after a 28-week Phase I/l trial
(NCT02519036) in 46 HD patients, because tominersen significantly reduced
levels of mutant huntingtin in the CSF (Tabrizi et al., 2019). In March 2021,
Roche prematurely interrupted a 2-year, Phase Il trial (NCT03761849) on
tominersen in 899 patients with HD following a planned review of the data
that indicated that the potential benefits of the drug did not outweigh its risks
(Kwon, 2021). The study tested two tominersen dose regimens: 120 mg given
either every 8 weeks or every 16 weeks. Roche reported that after 69 weeks,
participants on the highest tominersen dose regimen (120 mg per 8 weeks)
experienced a more marked motor function and cognitive decline than those
in the placebo group. Participants in the lowest dose regimen (120 mg per 16
weeks) did not show overall benefit compared with those receiving placebo.
Participants in both tominersen-treated groups also experienced larger
increases in brain ventricle volumes than did those who received a placebo.
Tominersen suppressed the production of the mutant form of huntingtin
but also of the healthy wild-type, and this could have caused neurotoxicity.
One week after the interruption of the tominersen trial, Wave Life Sciences
revealed that it would discontinue the development of two of its ASOs that
were in Phase I/Il clinical development in HD (Kwon, 2021).

Amyotrophic Lateral Sclerosis

ALS is the most common form of motor neuron disease (Hardiman et al.,
2017). ALS may initially occur in any body segment (bulbar, cervical, thoracic,
or lumbosacral), manifested as upper motor neuron (spasticity, slowness of
movement, increased tendon reflexes) or lower motor neuron (weakness,
reduced reflexes, muscle atrophy, fasciculations, and cramps) symptoms or
signs. Approximately 70% of patients develop spinal-onset disease, mainly
characterized by asymmetric limb weakness, while around 25% of patients
suffer from bulbar-onset disease, mainly characterized by dysarthria and
dysphagia. Up to 50% of ALS patients present with cognitive impairment
during the course of disease, and 13% of them suffer from concomitant
behavioral variant frontotemporal dementia. The global incidence of ALS is
2-3 per 100,000 individuals, with a lifetime risk of ALS in western countries
of 1in 350 for men and 1 in 400 for women. The disease can affect people at
any age, but usually starts around 60 years or at 50 years in inherited cases.
The average survival is 2—4 years and death is usually due to respiratory
failure. Most cases of ALS (90-95%) are classified as sporadic ALS with no
known cause. The remaining 5-10% of cases have a genetic cause and these
are classified as familial ALS. About 2% of ALS cases are linked to mutations
of SOD1, an antioxidant enzyme whose activity is preserved in most mutant
forms. Mutant SOD1 protein forms toxic intracellular aggregates. In sporadic
ALS, cytoplasmic aggregates of wild-type SOD1 are also observed. It is
believed that misfolded forms of mutant SOD1 can cause misfolding and
aggregation of wild-type SOD1 in adjacent neurons in a prion-like propagation
fashion. There are no disease-modifying treatments for ALS. The available
symptomatic treatments are aimed to attenuate clinical burden. Riluzole may
prolong median survival by 2—3 months. Non-invasive ventilation may prolong
survival and improve quality of life. Mechanical ventilation can prolong
survival without affecting disease progression (Brown and Al-Chalabi, 2017).

Tofersen is an ASO that can reduce SOD1 protein synthesis via modulating the
degradation of SOD1 messenger RNA. In a dose-ranging Phase I/l study on
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tofersen in 50 patients with ALS due to SOD1 mutations, the highest drug dose
of 100 mg given intrathecally over a period of 12 weeks decreased significantly,
compared to baseline, CSF SOD1 levels by 33% (Miller et al., 2020). In June
2022, Biogen announced encouraging clinical results from the 12-month open
label extension phase of a 28-week, double-blind, placebo-controlled study
on tofersen in patients with ALS associated with SOD1 mutations (Kos et al.,
2022). The original 28-week, double-blind, placebo-controlled Phase Il study
evaluated the effects of tofersen 100 mg per day in 108 patients, in which 72
received tofersen (faster progression predicted in 39) and 36 received placebo
(faster progression predicted in 21). In faster-progressors, tofersen triggered
greater reductions than placebo in concentrations of SOD1 in CSF (—29% vs.
+16%) and of neurofilament light chains (a marker of neuronal damage) in
plasma (=60% vs. +20%). In the faster-progression subgroup (primary analysis),
the change to week 28 in the Revised Amyotrophic Lateral Sclerosis Functional
Rating Scale (ALSFRS-R) score was —6.98 with tofersen and —8.14 with placebo
(difference, 1.2 points; 95% confidence interval [Cl], —3.2 to 5.5; P = 0.97) (Miller
et al., 2022). Ninety-five participants entered the open label extension phase
of the study with a median exposure to tofersen of approximately 20 months.
The 12-month open label extension data made a comparison between early
initiation of tofersen and delayed initiation of tofersen (6 months later). Over
12 months in the overall study population, the group with early therapy
showed better clinical outcomes as measured by the improvement in the
ALSFRS-R (difference of 3.5 points; 95% Cl: 0.4 to 6.7), in the respiratory
function as measured by slow vital capacity (difference of 9.2 percent-
predicted; 95% Cl: 1.7 to 16.6) and in the muscle strength as measured by the
handheld dynamometry megascore (difference of 0.28; 95% ClI: 0.05 to 0.52).
Early survival data suggested a lower risk of death or pulmonary ventilation
(hazard ratio: 0.36; 95% Cl: 0.14 to 0.94) and death (hazard ratio: 0.27; 95% Cl:
0.08 to 0.89) with earlier initiation of tofersen. The 12-month results indicated
sustained reductions in total SOD1 protein and neurofilament light chains
(Miller et al., 2022).

Parkinson’s Disease

PD is the second-most common neurodegenerative disorder affecting 2—3%
of the population aged 65 years or above (Poewe et al., 2017). The disease is
mainly characterized by the progressive loss of dopaminergic neurons in the
substantia nigra pars compacta. Histologically, the disease is characterized by
the presence of intra-neuronal Lewy body inclusions containing a-synuclein
aggregates. Core clinical features of PD include bradykinesia, rigidity, resting
tremor and postural instability. A spectrum of non-motor symptoms has also
been described, including cognitive impairment, autonomic dysfunction,
disorders of sleep, neuropsychiatric symptoms and hyposmia; some of
these symptoms can precede by years the onset of classic motor symptoms.
PD is diagnosed clinically, but neuroimaging techniques such as dopamine
transporter SPECT are helpful in differential diagnosis distinguishing between
essential tremor and tremor from parkinsonian syndromes. Pharmacological
treatment of PD is based on dopamine replacement therapy to improve
disease symptoms. Levodopa is the gold standard and it is administered
with a levodopa decarboxylase inhibitor (carbidopa) to reduce its peripheral
breakdown and to improve efficacy. Other available drugs include dopamine
agonists, catechol-O-methyltransferase inhibitors, monoamine oxidase
type B inhibitors, an N-methyl-D-aspartate antagonist, and anticholinergic
medications. Innovative surgical therapies such as deep brain stimulations
may be used when motor symptoms persist despite optimal medical
management and for those developing intractable levodopa-related motor
complications (Poewe et al., 2017). a-Synuclein is a small cytoplasmic
protein that can misfold and form aggregated polymers, which are a major
component of Lewy bodies and Lewy neurites. Rare genetic mutations of the
SNCA gene encoding a-synuclein lead to autosomal dominantly inherited
PD (Singleton et al., 2003). a-Synuclein is highly expressed in the brain and
its physiological roles include vesicular transport and neurotransmitter
release, including the release of dopamine (Bridi and Hirth, 2018). A
proposed mechanism for the progressive nature of PD is the propagation
of the misfolded oligomeric a-synuclein from neuron to neuron in a prion-
like fashion (Volpicelli-Daley and Brundin, 2018). Targeting intra- and extra-
neuronal a-synuclein aggregates has been proposed as a disease-modifying
treatment of PD (Fields et al., 2019). Mutations in the GBA gene, encoding the
lysosomal enzyme glucocerebrosidase (GBA), increase the risk of developing
PD (Migdalska-Richards and Schapira, 2016). There are 7-10% of patients
with PD carrying a GBA mutation and presenting with reduced GBA activity,
earlier disease onset, and more rapid cognitive decline. It is believed that GBA
loss of function triggers accumulation of its substrate, glucosylceramide (GL-1),
which accelerates the formation of toxic a-synuclein oligomers (Sardi et al.,
2018). High plasma levels of GL-1 are associated with impaired cognition in PD
patients and have been proposed as a marker of toxic a-synuclein aggregates
in the brain (Lerche et al., 2021). In animal models of synucleinopathy, the use
of a brain-penetrant glucosylceramide synthase inhibitor reduced a-synuclein
aggregation in the hippocampus (Sardi et al., 2017).

Venglustat is a potent, CNS-penetrant, glucosylceramide synthase inhibitor
that reduces GL-1 production. In a 2-week, Phase | study involving 55 healthy
individuals, venglustat was found to be safe and well tolerated and dose-
dependently reduced plasma GL-1 levels (Peterschmitt et al., 2021a). A
Phase lla study in 29 PD patients with GBA mutations confirmed the ability
of venglustat to dose-dependently inhibit GL-1 levels in plasma and also
in CSF (Peterschmitt et al., 2022). A 1-year, Phase Il study (MOVES-PD)
randomized 221 participants with PD and heterozygous GBA mutations to a
1-year regimen of once-daily venglustat or placebo, plus 2 years of follow-
up (Peterschmitt, 2021b). The primary endpoint was the Unified Parkinson’s

Disease Rating Scale (UPRDS) Part Il and Ill; secondary outcomes were the PD
Cognitive Rating Scale, UPRDS all parts, and Hoehn and Yahr score. In March
2021, Sanofi announced the negative results of the MOVES-PD study with
the primary endpoint of the MDS-UPDRS Part Il and Il worsening more with
venglustat than placebo. A similar trend was seen for the MDS-UPRDS total
score and for the PD Cognitive Rating Scale. Target engagement was deemed
successful. There was an approximately 75% reduction in glucosylceramide
GL-1 levels in plasma and CSF within 2 weeks after administration and
the levels remained within normal limits during the study. A decrease in
a-synuclein in CSF was also documented in patients receiving venglustat
(Peterschmitt et al., 2021b).

Lessons for Potential Future Approaches

The encouraging clinical results obtained in the open label extension phase
on the study of tofersen in patients with ALS and SOD1 mutations may
be informative for other CNS degenerative conditions with genetic basis.
SOD1 genetic variants are generally determined by heterozygous mutations
inherited in an autosomal dominant manner. These mutations involve one
allele, leaving partial production of the wild-type SOD1 by the normal allele
still possible. Mutated SOD1 tends to be a little more unstable than the wild-
type, therefore patients usually have more wild-type SOD1 than mutated
SOD1. It is believed that the toxicity of mutant SOD1 might arise from an
initial misfolding reducing nuclear protection from the active enzyme (Sau et
al., 2007). In the tofersen trial in ALS, a rational approach has been adopted:
a drug (ASO) decreased the levels of the toxic mutated enzyme (mSOD1)
but did not affect either the substrate of the enzyme (superoxide) or the
metabolite (hydrogen peroxide) produced by the enzyme. In the 28-week,
double-blind, placebo-controlled trial, tofersen dose-dependently lowered
SOD1 levels in CSF with a 36% average decrease compared baseline on the
100-mg dose vs. 3% decrease with placebo (Miller et al., 2022). No signals
of toxicity were detected in this study. Compared to placebo, the 100-mg
dose showed positive trends with less decline in the ALSFRS-R score (-1.19
vs. =5.63 points), the percentage of predicted slow vital capacity (-7.08
vs. —14.46 percentage points) and the handheld dynamometry megascore
(=0.03 vs. —0.26 points). Compared to baseline, at day 85 the concentrations
of neurofilament light chains in plasma and CSF were largely unchanged in
the placebo group, whereas they were decreased in the 100-mg group. The
results of the 12-month open label extension confirmed the positive clinical
and biological trends in favor of the 100-mg dose observed in the initial 28-
week double-placebo, controlled trial. The delayed-start design of the study
suggests that tofersen may have disease-modifying properties although this
hypothesis needs to be confirmed in a larger cohort study.

The clinical failure of the 69-week, Phase II/Ill trial of tominersen in HD is
not a complete surprise. The results of the previous 4-week, Phase I/Il study
have evidenced neurotoxicity signals. Mean brain ventricular volume showed
dose-dependent and time-dependent increases on days 113 and 197, i.e. 4
and 16 weeks after the last intrathecal administration (day 85). Elevations
of the concentration of neurofilament light protein in CSF occurred in some
patients in the 90-mg and 120-mg cohorts at day 113 or day 141, again 4 and
8 weeks after cessation of the regimen (Tabrizi et al., 2019). These long-term
neurotoxicity signals might reveal structural detrimental effects of the drug of
the brain. The dose-dependent neurotoxicity signals were again observed in
the Phase Ill study and led to the premature interruption of the trial. Several
factors could have contributed to tominersen’s failure. The drug suppresses
production of the healthy, as well as the mutant form of huntingtin, and this
could have caused problems. In the Phase I/Il study we know that tominersen
caused dose-dependent decreases compared to baseline in the CSF
concentration of mutant huntingtin in CSF at the 4-week post-dose sampling
point of —20%, —25%, —28%, —42%, and —38% in the 10-, 30-, 60-, 90-, and
120-mg dose groups, respectively. Unfortunately, we do not know the extent
of the drug’s inhibition of physiological wild-type huntingtin.

The apparent clinical success of tofersen in ALS patients with mutated SOD1
suggests that we may treat patients with autosomal dominant familial AD with
an ASO or a monoclonal antibody specific for the mutated enzyme (mPSEN1
or mPSEN2) or mutated APP (mAPP) rather than targeting the metabolite of
wild-type APP (AB). It has been shown that pathogenic PSENI mutations may
inhibit also wild-type presenilin function, suppressing y-secretase-dependent
cleavage of APP and Notch. Surprisingly, mutant PSEN1 could stimulate
production of AB,, by wild-type PSEN1 while decreasing its production of
AB,o (Heilig et al., 2013). Thus, targeting mutant PSEN1 gene in patients with
inherited autosomal dominant AD appears a rational approach. Indeed, recent
studies have showed that CRISPR-Cas9 gene editing technology is able to
selectively disrupt PSEN1 mutations leading to an autosomal dominant form
of early-onset AD and counteract the AD-associated phenotype (Konstantinidis
etal., 2022).

The anti-a-synuclein therapeutic approach in PD started in 2003 when Braak
et al. (2003), after examining the brains of patients with PD and individuals
with incidental Lewy pathology, proposed a unifying theory according to which
a-synuclein pathology progressed through different stages and propagated in
different brain areas of affected individuals. This neuropathology study made
the role of a-synuclein central in the development of neurodegenerative
Parkinsonism. Almost 20 years later, two Phase Il trials of humanized
monoclonal anti-a-synuclein antibodies in PD have been reported: one
with cinpanemab, which binds to the N-terminal end of a-synuclein, and
prasinezumab the C-terminal. The SPARK trial tested intravenous monthly
administrations of cinpanemab (250, 1250, or 3500 mg) vs. placebo for 1 year
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(Lang et al., 2022) whereas the PASADENA trial tested intravenous monthly
administrations of prasinezumab (1500 mg or 4500 mg doses) vs. placebo
for 1 year (Pagano et al., 2022). In both trials, the primary endpoint was the
total Movement Disorders Society-Unified Parkinson Disease Rating Scale
(MDS-UPDRS) score at 52 weeks. There was no dose-response change or
separation from placebo with either approach. Unfortunately, CSF biomarkers,
including a-synuclein, were not measured. Thus, target engagement could
not be verified. Nevertheless, both monoclonal antibodies were shown to
markedly bind to aggregated a-synuclein in preclinical studies. In Phase 1
studies, prasinezumab dose-dependently reduced from baseline free serum
a-synuclein levels in subjects with PD (Jankovic et al., 2018). In a Phase 1
study involving healthy volunteers and participants with PD, cinpanemab—
a-synuclein complexes were found in the plasma suggesting dose-dependent
biologic activity in subjects with PD (Brys et al., 2019). The negative SPARK
and PASADENA studies indicate that the general reduction of a physiological
protein like a-synuclein in patients with sporadic PD does not produce
clinical benefits. These negative results mimic the negative outcome of
the indirect approach of lowering a-synuclein levels with venglustat in PD
subjects with heterozygous GBA mutations. It is important to point out that
in general in neurologic gene defects, the mutations are in heterozygous
form and therefore both the mutated form of the protein and the wild-
type form are present in the organism. In these cases, a drug targeting the
mutated protein may also affect the wild-type physiological form. When the
mutation is in homozygous form, only the mutated form of the protein exists,
generally with important clinical consequences. On the other hand, there
are also dominant mutations, which cause negative clinical effects even in
heterozygous conditions. Ideally, drugs targeting a specific mutation should be
initially tested in homozygous subjects to have a higher chance to target the
pathological protein. This is the strategy that is being pursued in AD. A 1-year,
open label, Phase 1 study (NCT03634007) in 15 AD APOE €4/e4 carriers with
evidence of brain amyloid accumulation is presently assessing the safety and
tolerability of intracisternal AAV-mediated delivery of a human APOE2 cDNA
sequence (AAVrh.10hAPOE2).

In conclusion, the results of recent clinical trials in neurodegenerative diseases
with a genetic basis suggest that selective monoclonal antibodies, antisense
oligonucleotides or gene editing should be directed against the mutated
enzyme or the mutated substrate without dramatically affecting physiological
wild-type variants (Figure 1).
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Figure 1 | The 3D structures of amyloid precursor protein (APP), presenilin 1 (PS1),
huntingtin (Htt), superoxide dismutase (SOD1), and a-synuclein (a-SYN) proteins are
shown.

Examples of protein mutations underlying familial dominant forms of Alzheimer’s disease
(A), Huntington’s disease (B), amyotrophic lateral sclerosis (C), and Parkinson’s disease (D)
are shown (for structure rendering see Additional file 1). (A) In Alzheimer’s disease, there
are hundreds of point missense mutations of APP, PS1 and PS2 proteins. As example, the
Glu693Gly mutation of APP and the Glu280Ala mutation of PS1 are shown. APP is initially
cleaved by the B-secretase at the B-cleavage site and then by the y-secretase complex
within the transmembrane domain (TMD). The y-secretase complex is formed by the
sequential assembly of Aph1, nicastrin, presenilin (PS1 and PS2) and Pen-2 and generates
the AB peptide and the APP intracellular domain. Most of the AD pathogenic alterations
are identified in the PSEN1 gene, while mutations in PSEN2 and APP are less frequently
observed. (B) In Huntington’s disease, the genetic expansion of the CAG triplet repeat

of the HTT gene leads to extra glutamines in the poly-Q region near the N-terminus

of the Htt protein. (C) In amyotrophic lateral sclerosis, more than 180 SOD1 variants
exist. As example, the Ala4Val and Asp90Ala mutations of SOD1 are shown. The Ala4Val
mutation is the most common SOD1-ALS mutation and it is localized within the dimer
interface region and is frequent in the North American population and it is associated
with an early onset, and short duration of the disease. The Asp90Ala mutation is diffused
in the Scandinavia and it has a longer post-presentation survival. (D) In Parkinson’s
disease, there are several a-synuclein mutations. As example, the Ala53Thr mutation

at the a-synuclein N-terminus is shown. This missense mutation is associated with an
aggressive early onset familial Parkinson’s disease form.
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