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Abstract

This is the second part of a two-part document intended to discuss recent therapeutic progresses in genetic neuromuscular
disorders. The present review is for diseases of motor neuron and skeletal muscle, some of which reached recently the most
innovative therapeutic approaches. Nusinersen, an SMN2 mRNA splicing modifier, was approved as first-ever therapy of spinal
muscular atrophy (SMA) by FDA in 2016 and by EMA in 2017. The orally administered small-molecule risdiplam, which
increases SMN protein levels similarly but also in peripheral organs, is tested in ongoing phase 2 and 3 trials. After positive
results with phase 1 treatment with AAV9-SMN, the first gene therapy for SMA, a phase 3 clinical trial is ongoing. Ataluren is the
first approved drug for Duchenne muscular dystrophy (DMD) patients with premature stop codon mutations and its indication
has been recently extended since the age of 2 years. Exon skipping technology was and is currently tested in many phase 3 trials,
and eteplirsen received a conditional approval by FDA for patients amenable to exon 51 skipping, but not by EMA. Many other
compounds with different mechanisms of action are now tested in DMD by phase 2 and 3 trials, including phase 1 gene therapy.
Other innovative approaches are under investigation, i.e., gene therapy in X-linked myotubular myopathy and Pompe disease,
and antisense oligonucleotides in myotonic dystrophy type 1. Positive evidences are discussed about lamotrigine and ranolazine
in non-dystrophic myotonias, chaperons in Pompe disease, and nucleosides in mitochondrial DNA depletion induced by thymi-
dine kinase 2 deficiency.

Keywords Spinal muscular atrophy - Nusinersen - SMN1 gene replacement - Duchenne muscular dystrophy - Ataluren -
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Introduction mutation-specific, therapeutic approaches. Methods used

include splicing modification by antisense oligonucleo-

This is the second part of a two-part document intended to
review recent therapeutic progresses in genetic neuromus-
cular disorders. Part 1 is dedicated to peripheral neuropa-
thies, whereas the present review is for diseases of motor
neuron and skeletal muscle, which reached recently the
most advanced development of new, innovative, often
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tides (ASOs), readthrough of premature stop codons, use
of viral vectors to introduce correct genetic information,
or enhancing the effectiveness of enzyme replacement
therapies [1].

Inherited motor neuron and muscle disorders are com-
plex diseases with special requirements and need of a
multiprofessional care. Improvement of cardiac and/or re-
spiratory function has produced an increasing life expec-
tancy in diseases such as spinal muscular atrophy (SMA)
and Duchenne muscular dystrophy (DMD). On the other
hand, there are now new medical complications being
reported which had not previously been seen, and transi-
tion from pediatric to adult age enhances even more the
demand of innovative care models [2—4]. Here, we review
the most clinically significant therapeutic progresses
which are going to modify completely the natural history
of these disorders.
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Spinal muscular atrophy

SMA, linked to chromosome 5q and with autosomal recessive
inheritance, includes disorders which are different in age of
onset and severity. They all are characterized by degeneration
of alpha motor neurons in the spinal cord with progressive
muscle atrophy and weakness. SMA type 1 (SMA1) is the
most severe form with onset in the first 6 months of age, no
acquisition of the sitting position, and usually death in the first
years. SMA type 2 (SMA2) patients have disease onset be-
tween 6 and 18 months and acquire sitting position but do not
walk unless with support. SMA type 3 (SMA3) and type 4
(SMA4) are the mildest forms, with onset after 18 months and
in the second-third decade, respectively, independent walking
but variable clinical course. SMA patients require a multidis-
ciplinary assistance which has been recently reviewed with an
update on diagnosis, pulmonary management, rehabilitation,
orthopedic and spinal management, nutritional, swallowing
and gastrointestinal care, acute care, and ethical issues [4, 5].

The peculiar genetic alteration of SMA is characterized by
loss or mutation of both copies of the survival motor neuron 1
(SMNT1) gene, which is not compensated by presence of near-
ly identical paralog SMN2. SMN2 gene harbors a silent mu-
tation in exon 7 that alters the splicing of the mRNA leading to
the predominant production of a truncated, unstable protein
along with a minority of correctly spliced transcripts, generat-
ing low levels (around 10%) of full-length protein. Moreover,
SMN2 copy number varies in individuals, being the most
important phenotypic modifier of the disease. Determination
of SMN2 copy number is essential to establish careful
genotype—phenotype correlations, predict disease evolution,
and stratify patients for clinical trials, higher SMN2 copy
number being associated with prediction of more benign evo-
lution [6].

Nusinersen

Without any doubt, SMA is the disease with the most innova-
tive and effective therapies discovered in the last few years [7].
Although olesoxime, a neuroprotective and neuroregenerative
agent, had shown some clinical benefits in maintaining motor
function in SMA2 and SMA3 patients over a 24-month period
in a double-blind, placebo-controlled phase 2 study [8], the
therapeutic scenario has been subverted by nusinersen. It is an
ASO that binds to the SMN2 pre-mRNA downstream of exon
7, leading to the translation of a fully functional SMN protein.
After evidence of increased SMN protein expression in treated
mice spinal cord motor neurons, phase 1, 2, and 3 trials have
been performed with intrathecal drug administration since it
does not cross blood-brain barrier. In both randomized, dou-
ble-blind, sham-controlled, phase 3 trials in infants with onset
at 2-20 weeks (infantile-onset SMA; ENDEAR trial) and at
6—20 months (later-onset SMA; CHERISH trial), respectively,
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interim analysis results prompted early termination, because
of ethical considerations for the infants in the control group. In
the former, treated patients showed improvements in motor
function and were alive without the use of permanent assisted
ventilation compared with those undergoing a sham proce-
dure, and some of them achieved meaningful motor mile-
stones [9]. Significant improvement in motor function was
also achieved in later-onset SMA after nusinersen treatment
[10]. The incidence of all adverse events was similar in the
nusinersen group and the control group in both trials, as well
as that of moderate or severe adverse events in CHERISH, or
even higher in the controls in ENDEAR trial. Nobody
discontinued treatment because of an adverse event in
CHERISH, and adverse events leading to discontinuation
of nusinersen/sham procedure were even lower in
nusinersen group in ENDEAR. Lumbar puncture (LP) re-
lated events such as procedural and post-LP back pain,
headache, and post-LP syndrome occurred below 15% in
later-onset SMA trial [9, 10].

In the United States of America (USA), the Food and Drug
Administration (FDA) approved the drug in December 2016
and the European Medicines Agency (EMA) in June 2017.
Nusinersen became available firstly with an expanded access
program in select territories for approximately 1 year before
becoming available on the market with the commercial name
of Spinraza® (Biogen Inc.) [11]. A phase 2 clinical trial with
nusinersen is still ongoing in 25 infants who were genetically
diagnosed with presymptomatic SMA and also began treat-
ment in the presymptomatic stage of the disease
(ClinicalTrials.gov, NCT02386553). In October 2018,
interim analysis showed that all patients were alive and none
required tracheostomy or permanent ventilation (https://
spinalnewsinternational.com/nurture-spinraza-sma/).
Additionally, 17 participants were able to walk independently,
and all 25 were able to sit without support. This study
confirms that early diagnosis and treatment with nusinersen
has the potential to change the course of SMA. Positive
changes have been even recorded in some SMAI1 patients
outside the age range of the inclusion criteria of the original
trial, i.e., starting nusinersen when they were older than
2 years and even older than 10 years [12]. In July 2018,
Biogen informed about the occurrence of communicating
hydrocephalus not related to meningitis or bleeding in rare
patients treated with Spinraza®, which needs urgent medical
attention to any possible early symptoms or signs [13].

Risdiplam

Risdiplam (RG7916, RO7034067) is an orally administered,
centrally and peripherally distributed, small-molecule SMN2
mRNA splicing modifier, developed by F. Hoffmann-La
Roche, PTC Therapeutics and SMA Foundation for the treat-
ment of SMA. It promotes similar increases of SMN protein
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levels in the brain and peripheral organs of SMA mice [14].
After demonstration of safety and tolerability in a phase 1
study in male volunteers with escalating dose [15], still ongoing
phase 2 and 3 clinical trials started in SMA1, 2, and 3 patients
(NCT02913482, NCT02908685, NCT03032172). In December
2018, a Roche media release announced that EMA has granted
PRIME (PRlIority Medicines) designation for risdiplam. PRIME
designation is granted to support data generation and develop-
ment plans for promising medicines, providing a pathway for
accelerated evaluation by EMA and thus potentially reaching
patients earlier. In the same release, Roche announced that trials’
interim analysis showed that treated SMA1 infants met develop-
mental milestones, including sitting without support. Nineteen of
21 patients remained alive. No infant required tracheostomy or
permanent ventilation and none has lost the ability to swallow.
Interim data from SMA2 and 3 trial demonstrated a median
greater than twofold increase in SMN protein levels in the blood
following 12 months of treatment and a median 3.1-point im-
provement in Motor Function Measure in 30 patients treated with
risdiplam for at least 1 year. To date, there have been no drug-
related safety findings leading to withdrawal from the studies
(https://www.roche.com/media/releases/med-cor-2018-12-
17.htm). An open-label, single-arm, multicenter clinical study is
also going to start to investigate the efficacy, safety, pharmacoki-
netics, and pharmacodinamics of risdiplam in babies with genet-
ically diagnosed and presymptomatic SMA (NCT03779334).

SMN1 gene replacement

A long duration pre-clinical research has led to demonstration
that a single intravenous injection of adeno-associated virus-9
(AAV9) delivering SMN gene (AAV9-SMN) to replace the
missing/mutated SMN1 gene is sufficient to rescue the disease
phenotype in SMA mouse model. Moreover, 10 times lower
dose of AAV9-SMN delivered directly to the cerebral spinal fluid
via single injection produces widespread transgene expression
throughout the spinal cord in mice and nonhuman primates
[16]. Phase 1 treatment with AAV9-SMN, named AVXS-101
(Zolgensma®, Avexis Inc.), in the first ever gene therapy trial
in SMA1 babies, was associated with an increased survival rate
compared to the normal course of the disease and the achieve-
ment and maintenance of motor milestones that SMA1 infants
normally would not be expected to achieve [17]. The most com-
monly observed side effect of AVXS-101 was elevated liver
enzymes. Treated patients have also reduced pulmonary and nu-
tritional support requirements and decreased hospitalization rate
over a 2-year follow-up period [18]. A phase 3, open-label, sin-
gle-arm, single-dose, gene replacement therapy clinical trial with
AVXS-101 in SMALI is ongoing in USA and Europe
(NCT03306277, NCT03461289). In December 2018, Novartis,
the parent company of Avexis Inc., announced that FDA has
accepted the company’s Biologics License Application (BLA)
under Priority Review for Zolgensma®. Priority Review status

requires the FDA to review the application and decide on wheth-
er to approve the drug within 6 months. Moreover, a phase 1 trial
of AVXS-101 in SMA type 2 is now fully enrolled (December
2018) and results are expected by May 2019 (NCT03381729).

Duchenne muscular dystrophy

DMD is a severe progressive X-linked disorder due to the lack of
the protein dystrophin. Deletions, duplications, and point muta-
tions in the dystrophin gene stop the transduction of dystrophin
protein. Therefore, the link between cytoskeleton and extracellu-
lar matrix is lost, leading to instability of muscle membrane and
cell necrosis followed by an exhaustible regeneration. Cell ne-
crosis parallels to a robust inflammatory response involving dif-
ferent factors such as MAPK, COX, LOX, leukotriene B-4,
TNF-«, reactive oxygen species, and nuclear factor-kB and
Hippo signaling pathways, which are considered possible thera-
peutic targets [19-22]. This process produces the increase of
adipose and connective tissue leading to progressive muscle
weakness. Cognitive and motor developmental milestones can
be acquired with delay, and this is a common presentation of the
disorder. The average age at diagnosis is still around 4-5 years of
age and can vary among countries, with a significant delay be-
tween symptoms onset and genetic diagnosis [23].

Since diagnosis but especially after patients become
wheelchair-bound by a median age of 12 years, a multidisci-
plinary approach is mandatory with regard to the respiratory,
cardiological, orthopedic, psychosocial, and nutritional needs
[3, 24, 25]. Moreover, transition from pediatric to adult life is a
fragile period for the management of complications as most
adult medical specialists are not used to care DMD patients
[26], as well as for different personal needs such as indepen-
dent social life. The use of inspiratory and expiratory supports
decreases the number of hospitalizations, and the use of noc-
turnal ventilation significantly prolongs life expectancy in
ventilated patients [27]. Despite this, cardiomyopathy remains
a major cause of morbidity and mortality. The lack of symp-
toms due to limited motor function often causes a late referral
to a cardiac specialist contributing to a poor clinical outcome.
Joint contractures, scoliosis, need of spinal surgery, osteopo-
rosis, and risk of vertebral fractures need a careful manage-
ment. Finally, nutritional complications include obesity, mal-
nutrition, swallowing difficulties, and constipation [28].

Steroids are now part of care recommendations for DMD,
since they improve muscle strength and function in the short
term of 12 months and strength up to 2 years [28]. However,
adverse effects include weight gain, behavioral abnormalities,
cushingoid appearance, excessive hair growth, osteoporosis,
cataract, and increased risk of bone fractures [29]. The best
corticosteroid regime has still to be defined, and an interna-
tional study, FOR-DMD (NCT01603407), is ongoing and
aims to compare the three most frequently prescribed
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regimens of corticosteroids: prednisolone 0.75 mg/kg/day
10 days on and 10 days off, prednisolone 0.75 mg/kg/day,
and deflazacort 0.9 mg/kg/day [30].

Ataluren

Ataluren (Translarna™, PTC Therap.), the first approved drug
for DMD, is an oral drug which can be prescribed in patients
with premature stop codon mutations. Point mutations intro-
ducing a premature stop codon into mRNA and therefore
causing the translation of a truncated and non-functional pro-
tein, are present in 10-15% of DMD patients [31]. Ataluren
binds ribosomal RNA subunits and impedes the recognition of
premature stop codons. In August 2014, EMA gave to
ataluren a conditional approval for the treatment of DMD
ambulatory patients aged 5 years and older with nonsense
mutations. ACT DMD, a multicenter, randomized, double-
blind, placebo-controlled, phase 3 trial (NCT01826487), had
tested the safety and efficacy of ataluren, administered orally
three times daily, in ambulatory boys aged 7-16 years with
nonsense mutation DMD. The primary endpoint, distance
change at 6-min walk test (6MWT), was in favor of ataluren
in the intent-to-treat population analysis, although it did not
reach the statistical significance (mean change —47.7 m in
treated vs —60.7 m in placebo patients). In the pre-specified
subgroup with baseline 6MWT values between 300 and
400 m, the difference was significant in favor of ataluren-
treated patients vs placebo (—27.0 m vs —69.9 m; p =0.007,
respectively) [32]. After 48 weeks of treatment, the number of
non-ambulatory patients was lower in the treated group com-
pared to controls (8% vs 12%) and in the pre-specified >300
to <400 m subgroup (none vs 8%). Ataluren was generally
well tolerated, and most treatment-emergent adverse events
were mild to moderate in severity.

A clinical trial assessing the long-term outcomes of
ataluren in patients with nonsense mutation DMD is currently
ongoing (NCT03179631). It is a randomized, double-blind,
placebo-controlled, 72-week study followed by a 72-week
open-label period. The completion date for this study is
December 2021. In October 2018, PTC Therap. announced
preliminary data from the first international drug registry for
DMD patients receiving Translarna™, highlighting the long-
term clinical benefit in delaying irreversible muscle loss when
compared with published natural history. In the real-world
setting, DMD children and adolescents are continuing to walk
years longer than untreated children and are staying more
physically able. A time-to-event analysis for loss of ambula-
tion in treated subjects has shown a median age of loss of
ambulation of 16.5 years of age (https://www.multivu.com/
players/English/8420051-ptc-therapeutics-stride-registry-
duchenne-muscular-dystrophy-translarna/). Based on the pos-
itive results of a phase 2 study in DMD children from 2 to
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5 years, in May 2018, EMA has extended the indication of
ataluren since the age of 2 years.

Exon skipping

Exon-skipping ASOs technology has the potential to induce
cellular machinery to “skip over” a targeted exon and restore
the reading frame, resulting in the production of internally trun-
cated, but functional dystrophin protein [1]. Eteplirsen is a
phosphorodiamidate morpholino oligomer which, delivered in-
travenously, targets the splice-donor region of exon 51 [33].
Eteplirsen, commercially available as Exondys 51™ in the
USA, obtained in September 2016 a conditional approval by
FDA to treat DMD patients amenable to exon 51 skipping
(13% of DMD patients). The company supported its marketing
request with results from two studies involving 12 boys with
DMD, ages 7 to 13. The first, a phase 2 trial, randomized 12
patients to receive weekly intravenous infusions of eteplirsen or
a placebo over 24 weeks. All study participants continued on
weekly eteplirsen treatment into the second study, an open-label
trial that ran for 3 years. The decline in the 6MWT was slower
in the treated patients vs matched controls with a statistically
significant difference of 151 m (p < 0.01). Moreover, the per-
centage of patients who lost the ambulation was lower in the
treated patients vs matched controls (16.7% vs 46.2%) [34].
Furthermore, a clinically meaningful and statistically significant
reduction in pulmonary function annual decline was demon-
strated (2.3% vs 4.1%, respectively, in treated and natural-
history controls) [35]. A confirmatory and open-label phase 3
study (NCT02255552), required by the FDA as part of its ap-
proval decision, is ongoing and due to conclude in May 2019.

In the European Union, the Committee for Medicinal
Products for Human Use (CHMP), part of EMA, gave a neg-
ative opinion for eteplirsen in 2018. Sarepta Therapeutics, the
company producing eteplirsen, appealed and a reevaluation
started with a meeting involving also DMD experts and pa-
tient representatives. However, the second evaluation
remained negative [36].

At the moment, Sarepta is developing a variety of other
drug candidates based on proprietary RNA-based technology
and unique phosphorodiamidate morpholino oligomer chem-
istry. A phase 3 trial is ongoing for golodirsen, able to skip
exon 53 (8% of DMD patients), and casimersen for exon 45
skipping (8% of DMD patients) (NCT02500381). In
December 2018, Wave Life Sciences Ltd., a biotechnology
company focused on stereopure oligonucleotide skipping pro-
gramme with higher efficacy than other ASOs [37], an-
nounced that the safety and tolerability data from the WVE-
210201 (suvodirsen) phase 1 clinical trial in DMD boys who
are amenable to exon 51 skipping support initiation of a phase
2/3 placebo-controlled efficacy and safety clinical trial in 2019
(https://ir.wavelifesciences.com/news-releases/news-release-
details/wave-life-sciences-announces-positive-phase-1-
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results-wve-210201). Furthermore, several other therapeutic
options are currently tested in experimental models and in
DMD patients [38]. Table 1 summarizes the main therapeutic

options currently tested in clinical trials.

X-linked myotubular myopathy

X-linked myotubular myopathy (XLMTM) is caused by mu-
tations in the myotubularin gene (MTM1). The age of onset

varies from the birth to young adulthood, and the clinical
spectrum is variable ranging from individuals who require a
wheelchair and full time breathing support to those who are
able to walk and breathe on their own. Symptoms include a
long face, facial and eye muscle weakness, hypotonia, and
generalized muscle weakness. Muscle biopsy demonstrates
central nucleated fibers, resembling myotubes [41].
Recently, the effects of MTM1 gene therapy using AAVE
vector on muscle weakness and pathology has been demon-
strated in MTM 1-mutant dogs with evident long-term benefits

Table 1 Main therapeutic options currently tested in clinical trials in DMD
Agent Mechanism of action Status/study design No. in
ClinicalTrials.gov
Givinostat Anti-fibrotic, Recruiting: A phase 3 randomized, double-blind, parallel NCT02851797
pro-regenerative group, placebo-controlled study in ambulatory boys
(previously tested in Estimated primary completion date: June 2020
phase 2 trial [39] A phase 2 study is ongoing in Becker muscular dystrophy
(NCT03238235)
BMS-986089/R0O7239361 Myostatin inhibition Recruiting: A phase 2/3 randomized, double-blind, NCT03039686
placebo-controlled study in ambulatory boys
Estimated primary completion date: December 2020
Valmorolone Anti-inflammatory Recruiting: A phase 2b randomized, double-blind, parallel ~ NCT03439670
(previously tested in group, placebo and active-controlled (prednisolone) study
phase 1 trial [40] in ambulatory boys
Estimated primary completion date: May 2020
Idebenone Antioxidant Recruiting: A phase 3 open-label extension study NCT03603288
(SIDEROS-E) to assess the long-term safety and efficacy
of idebenone in patients who completed the SIDEROS
study
Estimated primary completion date: December 2021
Tamoxifen Selective estrogen receptor Recruiting: A phase 3 randomized, double-blind, NCT03354039
modulation placebo-controlled, in ambulatory boys
Estimated primary completion date: June 2020
Edasalonexent Nuclear factor-xB Recruiting: A phase 3 randomized, double-blind, NCT03703882
inhibition placebo-controlled, in ambulatory boys
Estimated primary completion date: June 2020
Cosyntropin (MNK-1411) Melanocortin receptor Recruiting: A phase 2 randomized, double-blind, NCT03400852

rAAVrh74 MHCK7.micro-dystrophin

PF-06939926

SGT-001

Myoblasts

agonist;
Anti-inflammatory
Gene therapy

Gene therapy

Gene therapy

Cell therapy

placebo-controlled, in ambulatory boys

Estimated primary completion date: August 2020

Active, not recruiting: A phase 1/2 single-dose controlled trial NCT03375164
with intravenous infusion of micro-dystrophin AAV vector
in subjects ages 3 mos. to 3 yrs. and 4 to 7 yrs.

Estimated primary completion date: January 2021

Recruiting: A phase 1b, first-in-human/first-in-patient,

NCT03362502

multicenter, open-label, non-randomized, ascending dose,
of a single intravenous infusion of recombinant AAV9
carrying a truncated human dystrophin gene
(mini-dystrophin) under the control of a human muscle
specific promoter in ambulatory subjects

Estimated primary completion date: May 2020

Recruiting: A randomized, controlled, open-label,

NCT03368742

single-ascending dose study to evaluate the safety,
tolerability, and efficacy of SGT-001 in adolescents and
children

Estimated primary completion date: March 2020

Recruiting: A phase 1/2 randomized, single-group

NCT02196467

assignment of myoblast transplantation in non-ambulant
patients.
Estimated primary completion date: January 2019
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[42]. ASPIRO phase 1/2, multinational, open-label, ascend-
ing-dose, delayed-treatment concurrent control clinical study
is ongoing to evaluate the safety and preliminary efficacy of a
viral vector carrying the MTM1 gene (AT132) in subjects with
XLMTM aged less than 5 years. Subjects receive a single dose
of AT132 and are followed for safety and efficacy for 5 years
(NCT03199469). An interim analysis presented at 2018
World Muscle Society Congress has reported increased limb
and trunk strength, improved velocity and accuracy of move-
ments, advanced ability to communicate, recovery in secretion
management, and swallowing capability [43].

Non-dystrophic myotonias

Autosomal inherited non-dystrophic channelopathies include
myotonia congenita (MC) and paramyotonia congenita
(PMC), in which myotonia, disabling muscle stiffness and
pain are the most troublesome symptoms that limit daily living
[44]. MC exists in a dominantly (Thomsen myotonia) and a
recessively inherited form (Becker myotonia), while all cases
of PMC are dominantly inherited. In these conditions, myoto-
nia usually presents in childhood and may affect all skeletal
muscles, but the pattern and severity of muscle involvement
varies among mutations, and individuals, even among family
members. Mutations in the sarcolemmal chloride ion channel
(CLCN1) reducing resting chloride conductance are the
causes of MC, whereas mutations in the sodium ion channel
gene (SCN4A) causing long-lasting depolarization due to im-
paired sodium conductance are associated with PMC [45]. In
both MC and PMC, the changed conductance results in sar-
colemmal hyperexcitability.

Several anticonvulsant drugs, antiarrhythmic drugs, and
other channel blockers have been suggested as treatment for
myotonia. The dramatic effect of flecainide on disabling mus-
cle stiffness has been reported in anecdotical familial cases of
MC linked to SCN4 mutations [46, 47]. However, mexiletine
is to date the only drug that has shown evidence of alleviating
myotonia [48]. Recently, lamotrigine has been investigated in
ablinded, cross-over randomized placebo-controlled trial. The
drug reduced self-assessed myotonia severity score and clini-
cal myotonia and the SF-36 domain of physical function im-
proved, with acceptable side effects [49]. More recently
ranolazine, used to control chest pain in symptomatic coro-
nary artery disease, which acts by enhancing slow inactivation
of sodium channels, has been proposed as a therapeutic option
in PMC and MC. Two open-label, single-center trials to eval-
uate efficacy and tolerability of ranolazine in patients with
PMC and MC have been conducted in the last 2 years.
Ranolazine was well tolerated without any serious adverse
events, providing class IV evidence that ranolazine improves
myotonia [50, 51].
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Myotonic dystrophy type 1

Myotonic dystrophy type 1 (DM1) is the most common form
of muscular dystrophy in adults, inherited with an autosomal
dominant mechanism and caused by an unstable CTG expan-
sion in the DM protein kinase (DMPK) gene. As a conse-
quence, mutant transcripts containing expanded CUG repeats
are retained in nuclear foci and alter the function of splicing
regulatory factor members of the MBNL and CELF families,
resulting in alternative splicing misregulation of specific tran-
scripts in affected tissues. DM 1 phenotype is characterized by
a multisystemic array of symptoms, including distal and facial
muscles wasting and weakness, myotonia, cataract, diabetes,
hypogonadism, and arrhythmic cardiopathies [52].

In the recent years, it has been confirmed that the reduction
of CUGexp RNA improves muscle strength in DM1 mice,
suggesting that muscle weakness in DM1 patients may be
improved following elimination of toxic RNAs [53]. A phase
1/2a blinded, placebo-controlled study to assess the safety,
tolerability, and dose-range finding of multiple ascending
doses of ISIS 598769, an ASO drug, was started with the
aim to reduce the production of toxic DMPK RNA. The drug
was administered subcutaneously to adult patients with DM1
with good security profile (NCT02312011).

Recently metformin, the most widely used antidiabetic
drug, has been identified able to induce changes toward nor-
malization in ratios of protein isoforms, the alteration of which
is associated to various DM1 clinical symptoms [54]. A sig-
nificant increase in 6MWT performance was identified in
DMI1 patients who fully completed a recent 52-week
monocentric, double-blind, placebo-controlled phase 2 ran-
domized study, suggesting promising effects of metformin
on the mobility of patients [55].

Pompe disease

Pompe disease, a severe metabolic myopathy, is caused by
mutations in the gene coding for acid alpha-glucosidase
(GAA), the enzyme breaking down glycogen in the lyso-
somes. A deficiency of the enzyme leads to lysosomal accu-
mulation of glycogen in multiple tissues, but cardiac and skel-
etal muscles are most severely affected. Pompe disease affects
people of all ages with varying degrees of severity. The most
severe form, referred to as classic infantile onset Pompe dis-
ease (IOPD), is characterized by the age of onset at <
12 months, rapidly progressive hypertrophic cardiomyopathy,
left ventricular outflow obstruction, hypotonia and muscle
weakness, respiratory distress, and progressive loss of inde-
pendent ventilation. Less severe is the late-onset form (LOPD)
that manifests usually without significant cardiac involvement
with symptoms resembling a proximal limb-girdle myopathy



Neurol Sci (2019) 40:671-681

677

with respiratory failure due to the involvement of the dia-
phragm [56, 57].

Since 2006 the standard of care of Pompe disease is the en-
zyme replacement therapy (ERT). ERT dramatically changed the
natural course of the disease in infants and resulted in much
longer survival. The most reliable effect of ERT in infants has
been demonstrated on cardiac pathology and motor functions as
well as in adults, motor performances and respiratory parameters,
although less impressively, were improved or maintained [58].
ERT efficacy depends on the mannose 6-phosphate (M6P) con-
tent of the recombinant human GAA (thGAA) and on the abun-
dance of the cation-independent mannose-6-phosphate receptor
(CI-MPR) on the target tissue. M6P groups are critical for effi-
cient uptake and lysosomal delivery of the recombinant enzyme.
The limited effect of ERT in Pompe muscles has been mainly
attributed to both low number of M6P groups on the thGAA and
the low expression of the receptor on the cell surface of muscle
cells [59]. Several approaches designed to improve traditional
ERT are currently under investigation. One of these is aimed at
enhancing the enzyme delivery by increasing the number of
MG6P residues on the recombinant enzyme [60]. Neo-GAA
(GZA02666, Sanofi Genzyme), a second-generation GAA with
increased affinity for the CI-MPR, had well-tolerated safety pro-
file and exploratory efficacy profile in a phase 1 study [61]. It is
now tested in an ongoing phase 3 randomized, multicenter, mul-
tinational, double-blinded study (NCT02782741). The estimated
primary completion date is February 2022.

An emerging strategy for the treatment of Pompe disease is
chaperone therapy which relies on the ability of small-
molecule pharmacological chaperones to promote folding,
stability, and lysosomal trafficking of chaperone-responsive
mutant enzymes [62]. In addition, the chaperones have been
shown to have a stabilizing effect on the recombinant enzymes
leading to their improved pharmacokinetics and pharmacody-
namics. Indeed, improved stability of GAA in blood was ob-
served in Pompe disease patients receiving ERT in combina-
tion with iminosugar N-butyldeoxynojirimycin [63]. A similar
approach has been used by associating ERT with new inves-
tigational drug ATB200 alone or coadministered with the
iminosugar miglustat. Safety, tolerability, and efficacy of co-
administration are being investigated in a phase 2 clinical trial
in LOPD (NCT02675465). Estimated primary completion
date is September 2019.

A potential alternative to ERT is gene therapy. Systemic
and intradiaphragmal delivery of rAAV1-hGA A was shown
to improve respiratory function in KO mice. Subsequent
studies demonstrated the capacity of AAV for retrograde
movement and transduction of phrenic motoneurons.
Based on these preclinical studies, the first-in-human trial
of diaphragmatic gene therapy (AAVI-CMV-GAA) was
conducted in children with IOPD who required assisted
ventilation prior to the study. The safety of the AAV treat-
ment was demonstrated but the clinical outcome was

minimal. There was an anti-capsid and anti-transgene anti-
body response except for subjects who received concomi-
tant immunomodulation [64, 65].

Another approach is liver-targeted gene therapy. To en-
hance systemic delivery and expression of GAA protein, in-
vestigators have harnessed the high metabolic capacity of the
liver to produce and secrete the GAA protein. This strategy
has been tried in GAA™ mice and relies on infection with
AAVSE, which has a tropism for hepatic cells [66, 67]. Such a
strategy could enhance and potentially replace ERT.

Mitochondrial DNA depletion induced
by thymidine kinase 2 deficiency

Mitochondrial DNA (mtDNA) depletion syndrome is a frequent
cause of severe childhood encephalomyopathy, associated to nu-
clear DNA gene mutation as thymidine kinase 2 (TK2). This gene
encodes for a mitochondrial enzyme, involved into pyrimidine
salvage pathway, that is essential for maintenance and replication
of mtDNA. TK2 mutations can result in three disease subtypes:
infantile-onset myopathy with rapid progression to early death;
childhood-onset myopathy, similar to SMA type 3; and late-
onset myopathy with moderate-to-severe manifestations as isolat-
ed chronic progressive external ophthalmoplegia (CPEO) or a
generalized myopathy with CPEO, associated to facial and limb
weakness [68]. Since TK2 deficiency results in the lack of
deoxycytidine monophosphate (dCMP) and deoxythymidine
monophosphate (ATMP), they were administered orally in TK2”
"~ mice, inducing a delayed onset of molecular and biochemical
abnormalities, symptoms amelioration, and prolonged lifespan
[69]. However, nucleotides were rapidly catabolized to nucleosides
deoxycytidine (dC) and deoxythymidine (dT). To further enhance
such therapy, direct dC and dT supplementation was recently test-
ed in the mutant mice. This resulted in excellent restoring of
mtDNA copy number and respiratory chain enzyme activities
and levels, associated to a prolonged lifespan, supporting the use
of this novel therapy in patients with TK2 deficiency [70].

Conclusions

In the past recent years, basic researchers and clinicians have
worked together, often with the complementary and necessary
help of advocacy groups, to guide research, to plan clinical
trials, and to support requests to the regulatory agencies. A
marvelous job has been done but still more work is ongoing to
deal with new challenges. In SMA, which is the disease with
the most innovative therapeutic advances, a previous consen-
sus had already been decided upon a classification on current
functional status in the form of non-sitters, sitters, and walkers
[4, 5, 71]. Now, the changed clinical scenario because of ther-
apeutic advances accentuates the need to plan a tailored care to
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single patient on the basis of the functional level, which will
possibly change, for the first time, with a positive and not
negative trajectory. Another important challenge in SMA is
the newborn screening (NBS). The identification of therapeu-
tic interventions that are more effective as early started and
even more in the pre-symptomatic stage has created a pressing
demand for NBS pilot studies to test the possibility to include
SMA NBS in the public health programs [72].

Nusinersen, the first-ever therapy of SMA, has an extremely
high cost, which has limited its market access in some countries.
This issue has caused a large range of access type, from regular
reimbursement to any SMA type to restrictions to type, age, or
further inclusion/exclusion clinical criteria established by na-
tional committees. The high social and economic burden of
SMA had been already discussed [73, 74], and the high price
of nusinersen has stimulated pharmacoeconomics and cost-
effectiveness ratio analyses [75]. On the other hand, the absence
of any drug for SMA for decades has caused very high patient’s
and caregiver’s expectations for nusinersen [76, 77], despite the
different level of functional improvement obtainable according
to time of treatment start [12]. Presumably, we are just at the
beginning of a very wide discussion about the cost of innovative
drugs for rare diseases and specific cost-benefit analysis, which
has to consider all direct and indirect effects, real and perceived,
on patients, their family, and society.

Achievements in new successful therapeutic strategies in one
disease can produce further impetus on research approaches in
other diseases. This already occurred after the first development
of ASOs and gene therapy. The “new frontier” is now CRISPR-
Cas9 genome editing system to cut and repair a specific target
sequence of DNA in a genome. This approach was tried to rescue
RNA toxicity in myoblasts from transgenic DM1 mouse model
and DM patients. Myogenic capacity, nucleocytoplasmic distri-
bution, and abnormal ribonucleoprotein particle-binding behav-
iour of transcripts from the edited DMPK gene were normalized,
suggesting new therapeutic opportunities for DM1 patients [78].
In a very recent experiment, AAVs were used to deliver CRISPR
gene editing components to canine DMD model by intramuscu-
lar delivery. Dystrophin protein expression was restored to levels
ranging from 3 to 90% of normal, depending on muscle type. In
cardiac muscle, dystrophin levels reached 92% of normal. Both
skeletal and cardiac muscles showed improved muscle histology
[79]. Finally, multiple therapeutic approaches described here,
including already commercially available drugs, just approved
drugs and new therapeutic promises, give us good reasons to
be optimistic about the future.
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