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INNOVATIVE THERAPIES IN GENETIC DISEASES:
SPINAL MUSCULAR ATROPHY

Elena-Silvia Shelby', Andrada Mirea'*
!,,Dr. Nicolae Robdnescu”, National Clinical Center for Childrens Neurorehabilitation,
Bucharest, Romania
2,,Carol Davila” University of Medicine and Pharmacy, Bucharest, Romania

— ABSTRACT —

Spinal muscular atrophy is a congenital neuromuscular disease characterized by the deterioration of the motor
neurons located mainly in the anterior horns of the spinal cord, leading to progressive muscle weakness and atro-
phy. Globally, SMA is, after cystic fibrosis, the second cause of death due to a a genetic disease in the pediatric
population. Over 95% of the total cases of SMA are represented by 5q SMA, caused by biallelic mutations in the
SMN1 gene (5913.2), the rest of the SMA types being called, generically, non-5q SMA. Currently, a few genetic
targeted therapies are available for 59 SMA, while other innovative therapies are still in clinical trials. Early diagno-
sis and treatment of 50 SMA have an essential role in preventing the onset and evolution of symptoms and can save
the life of the patient and prevent debilitating sequelae. This article aims to briefly describe the cause and symp-
tomatology of 5q SMA as well as to make a short review of the genetic therapies available for this disease.

Keywords: spinal muscular atrophy, gene therapy, nusinersen, risdiplam, onasemnogene

abeparvovec-xioi, motor neuron

INTRODUCTION

Spinal muscular atrophy (SMA), or spinal amyo-
trophy, is a neuromuscular genetic disease caused by
the deterioration of the motor neurons located mainly
in the anterior horns of the spinal cord, manifesting
through progressive muscular weakness and atrophy
(1). Over 95% of the total cases of SMA are caused
by biallelic mutations in the SMN1 gene, located on
chromosome 5q, in the 5q13.2 locus, this disease be-
ing called 59 SMA, while for the rest of about 4-5%
of the SMA cases, named, generically, non-5q SMA,
currently, 16 genes (such as, for example, DYNC1H]1,
BICD2, PLEKHGS and ASAH1) and a still unelluci-
dated locus are known to be involved (1-4).

Currently, 5q SMA represents, globally, the sec-
ond cause of child mortality due to a genetic disease,
after cystic fibrosis (5).

This article aims to briefly present the innovative
and recently approved therapies for treating spinal
muscular atrophy (SMA), stressing the important as-
pects regarding the disease and efficient therapy.

SMA PHENOTYPES

5q SMA and non-5q SMA can have very similar
phenotypes, in spite of the different chromosomal lo-
cation of the involved genes (1,3).

With an incidence between 1 in 8,000 to one in
10,000 (1) and a global carrier frequency of 1 in 40 to
1 in 60 (3), 5q spinal muscular atrophy is character-
ized by progressive, bilaterally symmetric muscle
weakness and atrophy (1), with a predominantly
proximal onset, a more severe involvement of the
lower limbs compared to the upper limbs, with the
absence or marked decrease of the deep tendon re-
flexes and with a relative sparing of the facial, ex-
traocular and diafragm muscles (3).

According to the clinical severity, 5q SMA can be
divided into 5 types, from type 0 — the most severe —
to type 4 — the least severe (3).

Thus, type 0 5q SMA, the rarest type of 5q SMA
(less than 1% of the total cases) has a prenatal onset
characterized by the absence of fetal movements.
Children with this disease never acquire sitting or
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head control and present marked hypotonia and se-
vere muscle weakness, facial diplegia, contractures,
absent response to stimuli, dysphagia and breathing
insufficiency. A large number of these cases also pre-
sent congenital cardiac defects. Death occurs before
the age of 6 months, sometimes even after a few
weeks of life (5,6).

Type 1 5q SMA (Werdnig-Hoffmann disease or
SMA with infantile onset) represents about 45% of
the total number of cases and occurs before the age of
6 months. The patients are very hypotonic, with pre-
dominantly proximal muscle weakness, weak cry,
breathing insufficiency or abdominal breathing, dif-
ficulties in suckling, swallowing difficulties, tongue
fasciculation and a high risk of aspiration pneumo-
nia; these patients never acquire sitting; in the ab-
sence of assisted ventilation, death occurs in the first
two years of life by breathing insufficiency (3,5,6).

Type 2 5q SMA (Dubowitz disease) represents ap-
proximately 20% of the total number of cases. Onset
is before one and a half years of age (between 6 and
18 months). Patients acquire sitting, but never achieve
orthostatic position or independent ambulation (5,6).
Patients have predominantly proximal muscle weak-
ness, swallowing difficulties, tongue fasciculations
and breathing insufficiency (5). Usually, facial and
ocular muscles are not involved (6). Life expectancy
is prolonged compared to type 0 or type 1 59 SMA,
as these patients can reach adulthood without treat-
ment (3).

Type 3 5q SMA, also called Kugelberg-Welander
disease or SMA with juvenile onset (3,6) manifests
itself after the age of 18 months and has a variable
evolution. Some patients are wheelchair-bound since
childhood, while others can maintain independent
ambulation until adulthood. All patients acquire
walking, but the predominantly proximal muscle
weakness affecting mainly the lower limbs leads to
frequent falls and difficulties in climbing stairs, with
gradual loss of ambulation (6). Life expectancy is
normal (3).

Type 4 5q SMA begins during adulthood, usually
after the age of 30. Patients maintain their mobility
throughout the entire lifespan. Life expectancy is
normal (3,6).

GENETIC SUBSTRATE

The SMN protein, which causes 5q SMA when
present in an insufficient quantity (7) is ubiquitously
expressed (8), predominantly in the spinal cord (2),
being involved in many essential processes of cell
homeostasis regulation, such as spliceosome assem-
bly, ribonucleoprotein synthesis, messenger-RNA
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transport, translation, endocytosis or regulation of
the ubiquitin-proteasome system. Moreover, this pro-
tein is involved in the homeostasis of cell energy,
having an important role at the mitochondrial level
.

The largest amount of SMN protein (90%) is pro-
duced by the SMNI1 gene, with a small quantity
(10%) of SMN protein produced by the SMN2 gene
2).

The SMNI1 and SMN2 genes (located in the
5q13.2 chromosomal region, with SMN1 in the telo-
meric region SMN2 in the centromeric region) (2,9)
are paralogous, the SMN2 gene being produced,
throughout the evolution, through the duplication and
inversion of a fragment in the 5q13.2 region (9). Due
to their similarity and opposite direction, these genes
are predisposed to frequent mutational events during
crossing-over. The SMN1 and SMN2 genes are al-
most identical, with the exception of 7 nucleotides in
intron 6, 2 nucleotides in intron 7, one nucleotide in
exon 7 and one nucleotide in exon 8 (10).

The C to T transition in exon 7 of the SMN2 gene
(the cytosine in this position of the SMN1 gene being
replaced, in the SMN2 gene, with thymine) leads to
the activation of a splicing situs, promoting the bind-
ing of several splicing-promoting proteins which re-
move the exon 7 of SMN2 gene. Consequently, about
90% of the SMN2 transcripts do not contain exon 7,
which leads to the formation of a truncated SMN2
protein that is quickly degraded by the ubiquitin-pro-
teasome system (10). Therefore, because of these
small structural differences between the SMN1 and
SMN2 genes, in the healthy individuals, the SMNI1
gene is completely functional and the splicing is done
correctly, while during SMN2 splicing, exon 7 is re-
moved in about 90% of the transcripts. Thus, in
healthy individuals, only 10% of the total quantity of
the SMN protein encoded by the SMN2 is functional
9).

It has been proved that the severity of the mani-
festations of 5q SMA is inversely proportional with
the number of copies of the SMN2 gene (11).

Thus, patients with type 0 5q SMA have one copy
of the SMN2 gene, patients with type 1 have two
copies, patients with type 2 have three copies, pa-
tients with type 3 have three to four copies and pa-
tients with type 4 have over four copies (11) (table 1).

INNOVATIVE THERAPIES IN SMA

Currently, the most promising therapies for SMA
have been proven to be either the modulation of the
splicing process of SMN2 premesseger RNA or gene
therapy by introducing into the nucleus, using a viral
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TABLE 1. Types of 5g SMA in the pediatric practice — table made according to the expertise of ,Dr.
Nicolae Robanescu”, National Clinical Center for Children’s Neurorehabilitation, Bucharest, Romania,

in accordance with the information from literature (1,4,5,11)

Number of Age of first - . Ability to achieve .
SMA type SMN2 copies S\fmptoms Ability to sit orthoszatic position Ability to walk
0 0-1 In utero No No No
1 2 < 6 months No No No
2 2-3 6-18 months Yes Yes Yes, assisted (with support)
3 3-4 > 18 months Yes Yes Yes

vector, a healthy SMN1 gene meant to replace the
mutant one (12).

Nusinersen (known under the commercial name
of Spinraza) was approved in the United States of
America in December of 2016 (13) and in Europe in
May of 2017 (14) and consists of antisense modified
oligonucleotides which have the capacity of binding
to ISS-N1 (intronic splice silencer N1) in intron 7 of
the SMN2 pre-messenger RNA. This leads to the
synthesis of a complete, functional SMN protein,
which will not be degraded (15).

The drug has resulted in statistically significant
improvements of the motor function and survival in
all types of 5q SMA (16).

The improvement of the motor status was all the
more increased as the therapy was started earlier and
the manifestations of the disease were more severe
(17). The therapy has made acquiring and keeping
the motor milestones possible, while improving the
respiratory function and nutritional status and de-
creasing the number of hospital admissions, at the
same time (17).

The drug has no important side effects (17),
among the potential adverse reactions being head-
aches, vomiting, fever, constipation, infections of the
lower respiratory tract as well as lumbar pain (18).

Administration is done intrathecally, according to
an injection calendar, the first 3 doses being adminis-
tered at an interval of 14 days, the fourth, 30 days
from the third dose, after which a maintainance dose
is administered every 4 months, for the rest of the
patient’s life (18,19).

In Romania, the cost of nusinersen is covered by
the National Health Insurance House through the Na-
tional Rare Disease Program (20).

Nusinersen was first administered in Romania in
September, 2018 in the ,,Dr. Nicolaec Robanescu”,
National Clinical Center for Children’s Neuroreha-
bilitation in Bucharest. Gradually, other centers from
the country started to offer this therapy for 5q SMA
patients (20,21). Our experience in administering
nusinersen has shown that this therapy is the more
efficient, the sooner it is started. Following the initia-
tion of this therapy our patients have shown a signifi-

cant improvement of motor function and a marked
increase in the quality of life. Moreover, the necessity
of costly assisting devices, which represent a supple-
mentary financial burden for the parents and for the
health system, was reduced. Thus, among the patients
which received nusinersen shortly after the onset of
the disease, we mention: a type I SMA patient who
has achieved walking with support at the age of three,
a type Il SMA patient who has achieved independent
ambulation when he was one year and 11 months old,
as well as a patient with two SMN2 copies (who has
a brother with type II SMA) who achieved autono-
mous ambulation and climbing the stairs when she
turned one. The latter patient had normal motor de-
velopment.

Onasemnogene abeparvovec-xioi (known under
the commercial name of Zolgensma) is a gene thera-
py recommended for the treatment of patients under
two years of age which have biallelic mutations in the
SMNI gene, in the USA, and for the treatment of pa-
tients with biallelic mutations in SMN 1, as well as
clinical diagnosis of type 1 SMA and up to three cop-
ies of the SMN2 gene, in Europe (22). The therapy
consists in introducing the SMN1 transgene into the
cell’s nucleus using, as a vector, AAV-9 (adeno-asso-
ciated virus 9). Administration is made through a sin-
gle i.v. perfusion (23).

The effects of the treatment have proven to be sig-
nificant: following therapy, the normal levels of SMN
protein were restored in the motor neurons, the motor
function was shown to be significantly increased and
the life expectancy of patients with SMA was signifi-
cantly improved, with effects persisting 6 years after
the first administration (23). The most frequent side
effects of onasemnogene abeparvovec-xioi were in-
creased liver enzymes and vomiting, therefore the
level of transaminases must be monitored for at least
3 months following administration of this therapy
(23). Furthermore, in March of 2021 Novartis warned
on the risk of thrombotic microangiopathy (thrombo-
cytopenia, hemolitic anemia and renal failure, with
varied manifestations — bruising, convulsions, oligu-
ria) following the administration of onasemnogene
abeparvovec-xioi and has recommended, in this re-
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gard, careful monitorization of the hemoleucogram
and creatininemia. Up to March of 2021, the therapy
had been administered to 800 patients among which
5, with ages between 4 and 23 months, had been con-
firmed with thrombotic microangiopathy (24).

Onasemnogene abeparvovec-xioi was approved
by FDA on the 24th of May, 2019, for 5q SMA type
1, 2 and 3 patients (25). On the 19th of May, 2020,
the Swiss pharmaceutic company Novartis obtained
conditional approval (the benefits of the immediate
availability overcome the risks, but the safety of this
medicine has not been studied enough, yet) of the Eu-
ropean Comission for the treatment of 5q SMA pa-
tients with biallelic mutations in the SMN1 gene and
up to 3 copies of the SMN2 gene, with a weight of up
to 21 kilograms (26,27).

In December 2019, Avexis, a subsidiary of
Novartis, announced the launch of a global acces pro-
gram (global MAP — global managed-access pro-
gramme) for Zolgensma (28,29). The program was
launched in January of 2020 and aims to distribute
doses of this drug in countries throughout the world
where its use has not been approved yet, with the
possibiliy of prolongation, after a reevaluation, and
of introducing new doses every 6 months (29). The
program is addressed to children with ages under 2
and genetically confirmed 5q SMA, regardless of the
type of SMA, age of onset or previous treatments
(28). The attending physicians must send a request
for treatment of their patients and, once patient eligi-
bility is established, an authorisation from the pa-
tient’s country must be obtained (28). Starting with
February of 2020, lotteries take place twice a week,
and the patients which have not been selected for
treatment are automatically signed in for the next lot-
tery (28). The requests for patients in countries where
the therapy with Onasemnogene abeparvovec-xioi
has already been approved are automatically rejected
(28).

Thus, in July of 2020, the first gene therapy ever
performed in Romania was done in the ,,Dr. Nicolae
Robédnescu”, National Clinical Center for Children’s
Neurorehabilitation, following the administration to
a patient with SMA, within the MAP program (30).

Up to now, we don’t have any evidence that this
therapy has brought additional benefits to our pa-
tients, as they had also been concomitantly receiving
nusinersen, a therapy which has been constantly im-
proving their motor function. Nevertheless, we re-
marked a substantial improvement in the deglutition
function of a 12 months old male patient. About three
months since gene therapy was performed, the pa-
tient didn’t need the nasogastric tube anymore and
feeding could be done orally. Furthermore, it’s im-

m

portant to say that a one year and seven months old
female patient with type I SMA presented, in the first
week following gene therapy, multiple organ failure
requiring peritoneal dialysis for about one month and
intubation and mechanical ventilation throughout the
entire hospitalization period, up to her death, which
occured about 2,5 months after gene therapy.

The rest of the four patients receiving gene thera-
py presented increases of the transaminase levels
(three times the maximum normal values), which re-
quired cortisone administration up to 5 months after
dosing. Only one patient had demineralization frac-
tures (Milchmann Looser), possibly as a consequence
of the prolonged administration of prednisone.

Currently, Novartis has renewed this program
with another 100 doses planned for 2021 (31).

After the FDA’s approval and EMA’s conditional
authorization for the administration of onasemno-
gene-aboparvovec-xioi were obtained, there were a
few cases of pediatric patients that followed both
types of treatment, concurrently. As it is already
known, the two types of therapy have different mech-
anisms of action and the long-term effects of the con-
current administration of these drugs are not known
yet. According to a study from 2020, made on only 5
patients, the nusinersen-onasemnogene-abeparvo-
vec-xioi combination was well tolerated (32). Ac-
cording to our information obtained after consulting
various international SMA experts, concurrent ad-
ministration of the two drugs cannot bring any bene-
fit.

Regarding nusinersen’s efficiency compared to
onasemnogene abeparvovec, a study (33) from 2019
made, indirectly, on children up to 2 years of age with
type 1 SMA which has compared two clinical trials
for onasemnogene abeparvovec (AVXS-101-
CL-101) and nusinersen (ENDEAR), analysing the
global survival rate, survival with no events and mo-
tor improvement rate, has concluded that onasemno-
gene abeparvovec seems to be more efficient in re-
gards to the global survival rate, motor function and
need for assisted ventilation, compared to nusinersen.

Risdiplam (RG7916, RO7034067) is an oral ther-
apy developed by Roche and Genetech in collabora-
tion with PTC Therapeutics and SMA Foundation
(34), which acts on the splicing process of SMN2
premessenger RNA, promoting the inclusion of exon
7 with the synthesis of complete SMN2 transcripts
which lead to the encoding of a functional SMN pro-
tein (35). The mechanism of action is similar to nurs-
inersen (36). Risdiplam binds the two SMN2 premes-
senger RNA sites, namely the 5’ splicing site in intron
7 (5’ss) and the exonic splicing activator 2 (ESE2)
from exon 7, with the subsequent recruitment of Uls-
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nRNP, a component of the spliceosome which pro-
motes the inclusion of exon 7 (37). Risdiplam’s oral
administration route makes this drug a more attrac-
tive option than nusinersen in regards to bioavailabil-
ity (36). The administration of risdiplam for 12
months has shown a double increase in the bodily
level of SMN protein and a good distribution of this
drug in the central nervous system and peripheric
nervous system of patients with SMA (36). The SUN-
FISH study proved that Risdiplam significantly im-
proved the motor function of type 2 and 3 SMA pa-
tients (34). Furthermore, the FIREFISH study showed
that this drug is very efficient and safe for treating
type 1 SMA patients (38). The most common side ef-
fects are fever, diarrhea, upper respiratory tract infec-
tion, otitis, pneumonia, constipation, vomiting, cough
and inflammation of the upper respiratory tract, in the
above-mentioned order (39).

In November of 2019, the FDA has granted prior-
ity to this drug, as a NDA (New Drug Application)
(40). In January of 2020, the pharmaceutical compa-
ny Roche made this therapy available globally
through a compassionate program (Pre-Approval Ac-
cess/Compassionate Use Programme) (35). This pro-
gram made the administration of risdiplam possible
in April of 2020, in the ,,Dr. Nicolae Robanescu” Na-
tional Clinical Center for Children’s Neurorehabilita-
tion (30).

We could thus notice that this therapy is the more
efficient, the sooner it is started. Moreover, we have
noticed an improvement in the ventilation function of
the tracheostomized and permanently ventilated pa-
tients, through the increase of the respiratory trigger
with the doubling of the number of respirations initi-
ated by the patient. Except for one type I SMA pa-
tient, aged 7, who gained 800 grams following the
first month of treatment, no other side effects were
noted in the other 9 patients treated during this com-
passional use program. With the exception of the two
patients needing permanent ventilation, who didn’t
have any active movements before the therapy was
initiated, all patients had a significant increase in
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