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Prognostic Factors and Treatment-Effect
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Spinal muscular atrophy (SMA) is a rare, progressive neuromuscular disease characterized by loss of motor
neurons and muscle atrophy. Untreated infants with type 1 SMA do not achieve major motor milestones, and

death from respiratory failure typically occurs before 2 years of age. Individuals with types 2 and 3 SMA exhibit
milder phenotypes and have better functional and survival outcomes. Herein, a systematic literature review was
conducted to identify factors that influence the prognosis of types 1, 2, and 3 SMA. In untreated infants with type 1
SMA, absence of symptoms at birth, a later symptom onset, and a higher survival of motor neuron 2 (SMN2) copy
number are all associated with increased survival. Disease duration, age at treatment initiation, and, to a lesser
extent, baseline function were identified as potential treatment-modifying factors for survival, emphasizing that early
treatment with disease-modifying therapies (DMT) is essential in type 1 SMA. In patients with types 2 and 3 SMA,
factors considered prognostic of changes in motor function were SMN2 copy humber, age, and ambulatory status.
Individuals aged 6-15 years were particularly vulnerable to developing complications (scoliosis and progressive
joint contractures) which negatively influence functional outcomes and may also affect the therapeutic response in
patients. Age at the time of treatment initiation emerged as a treatment-effect modifier on the outcome of DMTs.
Factors identified in this review should be considered prior to designing or analyzing studies in an SMA population,
conducting population matching, or summarizing results from different studies on the treatments for SMA.

Spinal muscular atrophy (SMA) is a rare, progressive, genetic neu-
romuscular disease, characterized by loss of motor neurons, mus-
cle atrophy, and weakness." SMA is caused by insufficient levels of
the survival of motor neuron (SMN) protein due to deletion and/
or mutations in the SMNI gene located on chromosome Sq.z_4 A
second, paralogous gene SMN2 also encodes SMN protein but,
due to alternative splicing of SMN2 messenger RNA, only pro-
duces low levels of functional SMN protein that are insufficient
to fully compensate for the lack of SMN1.> SMIN2 copy number
is polymorphic in the population and higher copy numbers are re-
ported to be inversely correlated with discase severity.”” However,
this correlation is not absolute, as protective SMN2 mutations
and polymorphisms in other genes that could modify the disease
course have also been described.®

SMA encompasses a broad spectrum of disease,? classified into
five clinical types: types 0, 1, 2, 3, and 4 SMA,' defined by age
of onset and highest motor milestone achieved, based on natural
history.""'* Type 0 is rare and is the most severe form of SMA with
a prenatal or neonatal onset.”> Type 1 SMA is the most common
form, affecting roughly 58% of all individuals with SMA, while ~
29% and 13% of individuals with SMA are of the type 2 or type 3

phenotype, rcspc:ctivc:ly.14 Type 4, (adult-onset SMA), is also rare
(representing <5% of cases) and is the mildest form of the discase.””
Due to the rarity of type 0 and type 4 within the SMA population,
this review will focus on types 1, 2, and 3 SMA.

Infants with type 1 SMA frequently possess only two copies of
SMN2.5" Type 1 SMA is characterized by hypotonia and severe
muscle weakness that becomes evident in the first 6 months of
life."*” Untreated infants with type 1 SMA never achieve major
motor milestones, have poor, if any, head control, and never sit
indcpcnclc:ndy.l1’16’17 Swallowing is also compromised, with more
than half of infants requiring feeding support at 8 months of age.18
Natural history studies have described a severely shortened lifespan
for patients with two SMN2 copics,lg‘19 with 68% of infants dying
before the age of 2 years, and 82% before the age of 4 years.' >’

Individuals with type 2 SMA generally have three copies of
SMN2>'"* Symptom onset typically occurs between 6 and
18 months of age. Individuals can sit unsupported, and some can
stand with braces, but they will never achieve independent am-
bulation.”** Type 2 SMA can be further stratified into two sub-
groups based on age at independent sitting: types 2a (>8 months
ofage) and 2b (<8 months).? Disease progression can vary greatly;
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however, nearly all individuals will develop scoliosis due to weak-
ness of the axial muscles.”” Untreated children at the severe end of
the spectrum often die in childhood or adolescence, while stron-
ger patients survive into early adulthood.'*? Respiratory muscle
weakness, affecting disproportionately the intercostal muscles, and
poor bulbar function have traditionally been the common causes
of death among patients with type 2 SMA.”

Individuals with type 3 SMA typically have three or four copies
of the SMN2 gene, resulting in a milder disease course and nor-
mal life expectancy.27 Type 3 SMA is further categorized into two
subgroups by age at onset of symptoms: types 3a (< 3 years) and
3b (2 3 years).”” There is broad heterogeneity in the symptoms ex-
hibited: Some individuals will lose the ability to walk (most of the
3a patients) before adulthood, while others may experience only
minor muscle weakness.*! Scoliosis is prevalent in individuals with
type 3a SMA who lose the ability to walk in childhood, but it is less
common in type 367

Improvements in standard of care (SoC) guidr:lincs31'33 and
advances in respiratory and nutritional support have led to in-
creased survival in patients with type 1 and type 2 SMA.>*
Additionally, with the US Food and Drug Administration
(FDA) and European Medicines Agency (EMA) approvals of
nusinersen (Spinraza),35’36 onasemnogene abeparvovec-xioi
(Zolgensma) 3738 and risdiplam (Evrysdi),”’40 the pattern of dis-
ease progression in SMA is changing.34 As patients live longer,
the natural history of SMA and the impact of these emerging
treatments needs further examination.

There is a gap in the literature regarding the synthesis of
studies which evaluate factors that are prognostic of the natural
history of SMA or are predictive of the efficacy of current treat-
ments. Therefore, we conducted a systematic literature review
(SLR) of published clinical trials and observational studies in
order to identify potential treatment-effect modifiers (factors
that affect the efficacy of a given treatment) and prognostic fac-
tors (factors that affect the natural course of the disease) in pa-
tients with SMA.

Methods

Study identification

An SLR of randomized controlled trials (RCTs) and observational
studies in types 1, 2, and 3 SMA was performed. Searches were con-
ducted in Embase (Amsterdam, Netherlands) and MEDLINE data-
bases using the embase.com interface from January 1, 2000 to April
30, 2019. Supplementary searches included a bibliographic search to
identify key studies not retrieved from the structured searches and
a health technology assessment documentation search to identify
any relevant data for nusinersen and onasemnogene abeparvovec.
The health technology assessment search included the assessment
of the National Institute for Health and Care Excellence (NICE),
the Scottish Medicines Consortium, the Pharmaceutical Benefits
Advisory Committee, and the Canadian Agency for Drugs and
Technologies in Health submissions for nusinersen. Key papers pub-
lished after April 30, 2019 until the time of writing were included in
the discussion to provide context to the results.

Selection of relevant studies
A scarch strategy (Table S1) was developed based on the population,
interventions, comparison, outcomes, and study design (PICOS)

framework. Searches were conducted for the broad SMA population
and studies published in English including patients with type 1,2, and 3
SMA were selected for inclusion in the SLR; this also includes a "mixed
SMA type" population that featured types 1-3 SMA. Inclusion criteria
included prospective cohort studies, retrospective cohort studies, RCTs,
and single-arm trials. Cross-sectional studies, case series, case reports,
and congress abstracts were excluded.

A risk of bias (ROB) assessment was carried out on studies included
in the analysis to evaluate their methodologic quality and the strength
of resulting evidence. For RCTs, the ROB tool used was taken from the
NICE single technology appraisal 1:emplaltc:,41 which has seven domains
for assessment: random sequence generation, allocation concealment,
comparability of groups, blinding, imbalance in dropouts, selective report-
ing, and incomplete reporting.*' For observational studies, the Quality in
Prognosis Studies (QUIPS) tool was used.”? This was recommended in
the latest systematic review guidance® and comprises six bias domains:
study participation, study attrition, prognostic factor measurement, out-
come measurement, study confounding, and statistical analysis and re-
porting. The responses to cach of the six domains were taken together to
inform the judgment of ROB as high, moderate, or low.* Observational
studies were considered the most reliable if they met the criteria of at least
three of six QUIPS domains scoring at a low ROB.

Evidence synthesis

Prognostic factors are measures that are associated with changes in prog-
nosis in the natural course of the discase.** Evidence of prognostic factors
can be extracted from interventional and observational studies.

Treatment-effect modifiers are factors that are predictive of an im-
proved response to a given therapy.®’ A treatment-effect modifier can
be identified by comparing the effect of factors in treated vs. untreated
populations. RCTs are most suitable to evaluate whether a factor is a
treatment-effect modifier, as they provide the strictest approach to de-
termine a cause and effect relationship (e.g., a forest plot and test for
interaction).™”

A distinction was made between studies on populations treated with
discase-modifying therapies (DMTs), such as nusinersen, risdiplam and
onasemnogene abeparvovec, and studies reporting on the natural course
of the discase when patients receive supportive care only.

Effect sizes and uncertainty estimates (standard error, confidence in-
tervals (Cls) and/or P values) were extracted for qualitative evidence syn-
thesis. A broad threshold for statistical significance (P < 0.2) was adopted
to evaluate association between outcomes and prognostic/predictive
factors. Evidence was classified as showing a prognostic/predictive effect
(i.e., P < 0.2) or that there is no evidence of a prognostic/predictive effect
(i.e., P 2 0.2). However, it should be noted that some studies only report
whether associations are significant or not (typically using a P < 0.05
threshold). Synthesis included all the available evidence; however, studies
with alow ROB were given more weight in the interpretation of the results
than studies with higher ROB.

Similarlz, less weight was given to the study which reported data on
olesoxime.”® This study failed to reach its primary end point, and no
significant effects on motor and respiratory functions were observed in
the open-label extension study (A Study to Evaluate Long Term Safety,
Tolerability, and Effectiveness of Olesoxime in Patients With Spinal
Muscular Atrophy (SMA) (OLEOS)),” resulting in the discontinuation
of the study program. As olesoxime is no longer a possible treatment op-
tion for SMA, data from this study is reported for completeness but not
discussed.

Results

Included studies

The preferred reporting items for systematic reviews and meta-
analyses diagram is shown in Figure S1. A total of 1,483 data-
base records were identified from the Embase and MEDLINE
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database searches for the broad SMA population. After removing
duplicates, 1,450 records were screened by two reviewers for in-
clusion in the literature review; 1,359 records were excluded. One
additional record was added from the supplementary searches.’!
The remaining 92 records then underwent full-text screening to
assess for eligibility.

Finally, 31 studies were identified for inclusion in this literature
review (Table 1). Five studies reported on the effects of DMTs, and
26 studies reported on the natural course of the disease when pa-
tients received best supportive care (BSC) only. Three scudies were
RCTs, and 28 studies were observational studies, which included
one indirect comparison analysis. Twelve studies reported data
from type 1 SMA only, 7 studies reported data from individuals
with types 2 and 3 SMA, and the remaining 12 reported data from
patients in mixed SMA type populations that included all SMA
types. Interventions received in these studies included nusinersen
(n = 4), nusinersen vs. onasemnogene abeparvovec (7 = 1), olesox-
ime (n = l), tracheostomy (n = 1), noninvasive respiratory muscle

aid (7 = 1), valproic acid (VPA; # = 1), and unspecified (» = 23).

ROB in included studies

An overview of ROB scoring for included studies is shown in
Table 1, and the full ROB assessment is provided in Table S2.
The three RCTs identified through the literature search were
determined to be at low ROB, with the nusinersen (A Study to
Assess the Efficacy and Safety of Nusinersen (ISIS 396443) in
Participants With Later-onset Spinal Muscular Atrophy (SMA)
(CHERISH))** and olesoxime® studies in types 2 and 3 SMA
being identified as low bias across all seven NICE domains, and
the nusinersen study (A Study to Assess the Efficacy and Safety
of Nusinersen (ISIS 396443) in Infants With Spinal Muscular
Atrophy (ENDEAR)) in type 1 SMA> at low ROB in six of the
seven domains.

Eleven observational studies were considered to be at a low
ROB (Table 1). The remaining 17 observational studies were
judged to be of a lower methodologic quality due to having more
than three QUIPS domains at high or moderate ROB (Table S2).
The quality of these studies should be considered when interpret-
ing the findings. Evidence from low-ROB studies can be found in
the main manuscript (Tables 2-4), and evidence from high-ROB
studies can be found in the (Tables $3-S6) accompanying this

manuscript.

Factors that affect survival. Factors and their association with
survival outcomes are reported in Table 2 (low ROB) and

Table S3 (high ROB).

Genotype. The literature on genotype factors focuses on two genes:
SMN2 and NLR Family Apoptosis Inhibitory Protein (NAIP).
The prognostic effect of SMN2 copy number on survival was as-
sessed in one low-ROB natural history study in a mixed SMA type
population.54 A positive association was rcported between survival
and higher SMN2 copy numbers: Two SMN2 copies were asso-
ciated with a median survival of 6 months, whereas three or four
SMN2 copies were associated with longer survival (Table 2).>*One
high-ROB natural history study in a mixed population reported
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consistent findings and a hazard ratio (HR) 0f 0.179 (P < 0.05) for
increased numbers of SMN2 copies when comparing survival data
from patients with one, two, three, and four/five copies of SMN2
(Table $3).%

Results from high-ROB studies that investigated the effect of
SMN?2 copy number on survival in untreated infants with type 1
SMA were also consistent with the studies above, with higher copy
number being associated with increased survival (Table §3).6185¢

The SLR did not find any studies that assess whether SMN2
copy number has any predictive effect on survival outcomes in
treated patients: In fact, all studies that evaluated the effect of a
DMT in type 1 SMA enrolled infants with two copies of SMN2
only.53

The presence of the NAIP gene was also associated with in-
creased median survival in infants with type 1 SMA in the same
low-ROB study that evaluated the effect of SMN2 copy number,
with 6, 13, and 53 months median survival observed in infants
with no cogies, one copy, and two copies of NAIP, respectively
(Table 2).S However, statistical significance between subgroups
was not tested. The authors also considered a mixed SMA type
population and found lower NAIP copy numbers (0 vs. 2 copies
and 1 vs. 2 copies) to be associated with greater mortality (0 vs. 2
copies: odds ratio for mortality 19.16; 1 vs. 2 copies: odds ratio for
mortality 3.34, both at P < 0.0001).54

Similar to SMN2 copy number, the SLR did not find any studies
evaluating the predictive value of the NAIP gene on survival out-
comes following treatment with DM T.

Disease severity/symptoms. One low-ROB natural history study in
type 1 SMA found an association between age of symptom onset
and survival, reporting prolonged survival in infants with a later
onset of disease: When prenatal symptom onset was compared
with an onset of symptoms at 1,2, 3,4, and 5 months of age, it was
observed that median survival time increased from 6 months when
symptoms were present at birth, up to 40 months when symptom
onset occurred at 5 months (P = 0.002; Table 2).28 Results from
three additional high-ROB studies”®® were consistent with
these findings, with one study estimating the reduction in the
risk of death for every additional month that infants are without
symptoms to be as high as 40% (HR =0.6; P < 0.001, Table S?)).58

The prognostic effect of SMA type on survival outcomes was
evaluated in one low-ROB natural history study in a mixed pop-
ulation, reporting reduced survival in type 1 SMA (Table 2).28
Consistent observations were reported in six high-ROB stud-
ies (Table 83),30’55’57’59'61 with the shortened median survival
for patients with type 1 SMA varying between 5 months®! and
13.6 months.>® However, there was no evidence that SMA subtype
is a prognostic factor in type 1 SMA: A high-ROB study, con-
ducted in a small population, observed similar trends in median
survival across subtypes 1b and 1c!®

One low-ROB study reported that symptoms such as poor
motor function and respiratory function at baseline were associ-
ated with poorer survival outcomes in untreated infants with type
1 SMA. Infants with signs of the disease in the neonatal period
(HR=2.11(95% CI:0.95,4.69); P = 0.065), respiratory distress at
birth (HR = 4.10 (95% CI: 1.02, 16.40); P = 0.046), and reduced

3



REVIEW

(penunuo))
UBIH SN (r'6:a9)Ae1T paijioadsun w Gg 6. sod 99CTOT ‘Uuewyney
Mo N ‘Aleyl ‘sn (TroT:as)AeeT paijioadsun wet vIT sod 1,670¢ ‘eldd
(7't :as)
Mo N ‘Aleyl ‘sn Aget paijioadsun w 80T €L sod 0,8T0T ‘sdIuoN
wnigleg (G'g6-g'z :e8uel)
Mo ‘Mn ‘Aley ‘sn Ago0oT paijioadsun weT 89¢ sod ,970C ‘UNdJaN
(sa1unod
Mo 9) adoing (E¥'CT :aS) A LOVT paiyoadsun weT 8¢ S0d 1, €T0T ‘duozze
(Lt :e8ue)) A ¢ :weys weys (aa ‘e oseyd)

MO jeuoneun Ny (6—¢ :28uel) A 7 :uasIauISNN *SA U9SJBUISNN wGT oCT 104 2gHSI¥3HO 8TOT ‘“UN2JBIN uonejndod yAS

(0'9:as) A 2" TT :009%e|d ogaoe|d (9a ‘z sseud) € pue g sadA|
Mo leuoireuniniAl (G'G :as) A T°6 :oWIX0S3|0 "SA BWIX0S3|0 w g GoT 104 6 T0C ‘lunJag ul salpms
UBIH Auew.sn UN pioe ojoidjep UN 99 sod 95600 ‘ulogauoyds-yiupny
UsIH SN paijloadsun w 6°61 VT sod 95200 ‘IN0YsO
usIH ueder A LG 01w L paiyoadsun N Ly S0y 0zLTOT ‘0xauey

viN
UsIH Aley dN SNONUIUOD "SA AL AN 6T sod £o€TOT ‘M2I0819
qW 82-9 :(uelpaw) YIN'S OT adAL
W ¥8T-G6'C
UsIH sn {(uelpaw) YIS 9T 2dAL paljoadsun w 9e 6. S0d 517T0T ‘19ul4
UBIH Auew.sn dN paijioadsun UN €TT sod 4200¢ ‘491190%p|e4
UBIH Aley UN paijioadsun UN (014 sod 698T0T ‘shoues aq
o(672=1"T) W €'G :ussiauisnN uasJauisnu
(6 /-6°0) W '€ *'SA DanoAIedaqe

ysiH |euoneunnin :09/n0NIedagR BUSBOUWBSBUQ auagouwaseuQ 4N 26 o1l »96T0C ‘snoqged
Mo Auew.sn o(€6-T) W 80'TT uasJauisnN w9 T9 sod §98T0T ‘UuBWYDDd

«(C92-0¢€) b T8T :0090e|d ainpadoid weys (aa
Mo leuoieuniniy o(CZ—TQ) P €9T :USSIBUISNN "SA USSIBUISNN weT zeT ‘e aseyd) 104 «cdVIANT LTOT ‘Iul4 dod

: uolle|ndo
Mo Aley dN paijioadsun dN 8¢ sod 29800 ‘oolwy,d VINS T 9dAL
Mo aouely (TETT-E€8) W ETT uasJauIsnN wo €€ sod ,o8TOT ‘Bysuimen-uogely ul salpms
juswissasse A1unop (e8uel) ueaw ‘a8y juawieal] uolpeinp azis ugisap Apnis (29uaiajai) Jeak “Joyiny
g0y sdind dn-mojjo4 a|dwes

/30IN

saipn}s papnjou] T ajqeL

VOLUME O NUMBER O | Month 2021 | www.cpt-journal.com



REVIEW

"HSIA 3S11/3UBW||0JUS 1B 88Y,, "UoneIul JusWIea.} Je 88Y,

sieak ‘A fuone|nuan [eodlueydaw dAISBAUl pue Awolsoayoely
‘AL ‘uoneinap piepuels ‘gs ‘Aydosie Jeinosnwi jeulds ‘YIAIS ‘ApN1S [BUOIIBAISSOO SA102dS0418) ‘SOY ‘SeIq JO YSI ‘GOY el pa]jos1uod paziwopuel ‘10Y ‘salpnis sisougold ul A&llend ‘sdind ‘Apnis |euoiealasqo
aA110adso0ud ‘SOd ‘ple 9|osnw Alojelidsal aAISeAUI-UOU ‘YYN ‘paliodal Jou ‘YN 9oud||99x] a1e) pue yijeaH Jo 81n1isu| [euoneN ‘JOIN ‘Syuow ‘w ‘uosiiedwos yuawieal) 10a.Ipul ‘01| ‘puljg-ajgnop ‘gq ‘shep ‘p

‘YINS € pue gz ‘T sadAl yum siuaned uo pariodal 1eyy suonendod yAS paxiw pue suonendod YAS € pue g sadA] pue T adA] 01Ul papIAIp 819m SBIPN1S "M3IASJ J1WBISAS Byl Ul papn|oul SaIpnis ||V

q(2'€9:a8) A €°0TT VNS € adAL
4(0°€Z :aS) A Z°9€ VNS T 2dAL

UsIH eulyo o(2°G:as) A8, VNS T 2dAL paijoadsun W 61 zeT S0y 56GTOT ‘Ueni
UsIH aouel dN payoadsun dN €0T soy 4 TT0T ‘Med
UsIH sn dN payloadsun dN ov soy 19600 ‘eeuue|y
UsIH uleds dN payoadsun dN L€ soy 09GTOT ‘Zan3Lpoy pupen
o(L'22 :as) A 82€ WINS € adAL
(00T :as) A 82T VNS T 2dAL
UsIH BuIyo o(Lv:aS) A£G 'WINS T 2dAL paijoadsun w9 L€C S0y ,6CT0T ‘99
(€0'8 :aS) A £6°9 VINS ag adAL
(29°0:aS) A TE'T :VIAIS b€ adAL
UsIH Suoy BuoH (850 :aS) £ 96°0 VNS T 2dAL payoadsun dN €8 Sod 0e7002 Bunuo
adoun3
‘elsejensny
usiH ‘edliswy YHoN dN payoadsun AN 890G soy ,17T0T ‘Uspelg
UsIH sn dN payoadsun dN 996T soy 6s8T0T ‘191°eg
puepaziIms (€721 :as) A 18T VIS € adAL
Mo ‘wnig|ag ‘aouely (G:aS)AG'TT :VINS T 2dAL paijoadsun w9'Te AN S0y 2,€T0T 10J3][IINA
Mo BUIyD dN payoadsun dN zee Sod »sGTOT ‘NO
(8'709-¥'82)
a (VNS €
W 9'9¥T :VINS € 9dAL pue g ‘T sadAl)
o(68G—EY"0) W T'/8 VNS T 8dAL uonejndod
MO sn 4(€92-80°T) W 6'8T VNS T 2dAL paijoadsun N 68 S0d 49G00T ‘epoqoms VINS paxiw
Mo eljensny dN payloadsun dN 0L soy ¢zET0T ‘ledied e Ul salpms
juswissasse A1uno) (e8uel) ueaw ‘a8y juawieal] uolpeinp azis ugisap Apmis (29uaiajai) Jeak “Joyiny
404 SdInd dn-mojjo4 a|dwes
/30IN

(penunuoQ) T alqel

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME O NUMBER O | Month 2021



REVIEW

(panupuo))
(L6'C ‘6€°0) LO'T 4N oT S9A SIUBWIBAOW
S68°0 90usJ8jey dN 8¢ ON |e19) paonpay
(79T ‘20T T'Y 4N o S9A UIQ 18 SSaNSIp
9100 ERIEIETEN| UN ce oN Kiojesidsay
(z€'0'€0°0) TT'0 uN 7 90udsaId |013U00
T000°0> 2oualajey 4N lC 20uasqy yuniy/pesy
(69t ‘S6°0) TT" ERIVELE)] swoyduifs
69 'S6°0) TT'C 4N 1¢C d a150j0InaU £6800C
G900 ERIEIETEN| 4N |eAIAINS /T Qouasqy |eyeuoan QUON ‘oolwy.q (3) swoydwAs
(dN) YN 6T € adAL
adA
(4N) YN 1€ 4 L o€T0Z
4N 4N (95 :€) 'L |BAIAINS oc T adAL paijoadsun ‘Jelieq (W) 2dAy YINS
(4N) o € syuow g
(UN) g€ € syiuow
(4N) 6€ T syjuow €
(4N) 8 T syuow g
(4N) g9 14 yauow T (3) 10su0
52€T0C woldwAs swoldwAs
2000 dN (UN) 9 |eAIAINS / |eleuald paiyoadsun ‘leled 1e 93y /Kienss asesasiq
9dudlajey (Tvz-L6T ‘6TC :ueaw) ¥N [4ei sa1dod ¢
(€68 ‘€€'T)
T000°0> 7€°€ 1H0 (TGT-ETT ‘CET :ueaw) yN ST Adoo T
(€6°8G ‘€2'9)
T000°0> 9T°6T *¥0 (8¥—0c ‘vg :ueaw) L |BAIAINS Ge saldod 0 paijoadsun (IN) s31d09 dIYN
(4N) €5 T saidod ¢
(UN) €T 99 Adoo T
4N 4N (4N) 9 |BAIAINS 8C saldod 0 paijoadsun »sGTOT ‘N0 (3) sa1dod dIvN
9dualajey (992-98T ‘92 :ueaw) ¥N €T sa1dod
(rS'8 ‘2T'0)
S0'0< ¢0'T ™0 (96T-2.T 8T :ueaw) yN €GT saidood €
(89CT8T ‘80°6T) (W)
T000°0> 98T ™0 (€7LT-GL 72T ueaw) 9 |BAIAINS 99 saldod ¢ paijoadsun »sGTOZ ‘N0 sa1dod ZNINS adAyousn
(enjea-g) ads asimiaylo oads awo91nQ N dnoigqns juawieal] Apnis 101084
dnoigqns ssajun (19 %S6) 4H asImIay3o ssa|un (19 %S6)
uaamiaq SYJUOW U] [BAIAINS UBIPIA
aoueoiugis
|eanisnels

salpn}s gOU-Mo| Ul payiodal [BAIAINS YHM UOIIRID0SSE 118y} pue siojoed g ajqel

VOLUME O NUMBER O | Month 2021 | www.cpt-journal.com



REVIEW

‘uone|iiuaA Jusuewlad uo Suiag 10U se paljisse|oal aleom ‘Aep Jad sinoy 9T> Joj uone|uaA uisn aq 0} Apnis Jo pus 8yl 1e

punoy alem oym Ing ‘uone|iusA Jusuewlad uo se palyisseo A|snoinaid ussqg pey oym siueul ‘sisAjeue syl uj, ‘suoleirep [000104d JUBDLIUSIS OU Y1Im Sluswssasse Aoeolyle €8T Ae 1sea| 1e pue auljaseq pey pue
24npa00.d Weys IO USSIDUISNU JO SBSOP UNOJ }SIl} U} ISES| JB PAAISdDI OUM SIUBLUI JO }OSUNS B} Ul POEN|BAS-81 SBM S, "BUIUSSIOS 1B UOIJeINp 9SeasIp S,uejul Yoes 10) pPalsnipe uoissaigal Xo) e wold, "(Jusns
9|qISIanas 8INJE U JO SOUSSE BU) Ul SAep snonuiuod Tg< Joj Aep Jad sinoy 9T< 1oj 1oddns Aloje|iuan 1o Awolsoayoe.}) Uone|uSA pa)sisse Jusuewsad Jo asn auy) JO Uyleap 0} dwi} se paulyad, A1jeriow 1o YO,
'SHY9OM ‘M {Z UOJINBU JOJOW JO |BAIAINS ‘ZNANS ‘Aydoiie Jejnosnw |eulds ‘YIAS ‘Selq JO YS1 ‘gOY {[BAIAINS ||BISAO ‘SO ‘011eJ SPPO ‘YO ‘pariodal jou ‘YN
‘ula10.1d A1o1qiyul sisordody Ajiwed 4N ‘dIVN ‘algejieae 1ou ‘yN ‘uoneindod adAy VNS paxiw ‘|A ‘011ed piezey ‘YH {|eAIAINS 981)-1UdAd ‘S43 ‘uonendod (T adAl) 10Suo-AlJea ‘3 {|eAlalul 80UspPIHU0D ‘|D

(Le'C'c50)CT'T 4N GT alewa
29800C
11,0 ERIEIETEN| N |eAIAINS €T ale payoadsun ‘oolwy.a (3) 4opusn solydesgowaq
10J1U00
ERIVEYETEN M BT 0z weys EIVIVEETRE
1’ (M T'ET<)
70 (L9°T ‘ev'0) ¥8°0 ML »S43 194 ussisuisnN uelpsw aAoqy
10J3U00
ERITETETEN M ST T2z weys EVIVEETR
1’ (M T ETS) ecdVIANT (3) uoneinp
T000> (8G°0 ‘T'0) ¥Z'0 VN ,S43 6g uasiauisnN uelipaw moleg uasiaulsnN /TOC ‘I9uld aseasiq
2dualsja 0 uone|usA 0J1U02 we
JEX| %89 JusuewIad 194 104} us
€10 (L€'T ‘2€°0) 99°0 %8L ON 08 uasiauisnnN
ELIEIETEN] %T9 Ty 10J3U00 Weys
00°0 (22°0'8T°0) LE0 %V 8 SO 08 ussisuisnN
9oudlajey dN T 10J3U00 weys
4N (06°0 ‘'TE0) €50 4N 5S43 08 ussJsulisnnN
ERIEIETEN| N uN 10J1U00 Weys
4N (09'T ‘0€°0) 0L°0 4N pS43 4N uasJauisnN
ERIEIETEN| %CE ¥ 10J1U00 Weys
4N (68'0 ‘¢€°0) €50 %19 »S43 08 ussisuisnN
EERIVEYEETEE) 9 01U00 We ainpaosoid
4oy %CE 13% I us weys ‘sa ccdV3IAN3 sio0e}
S00°0 (68'0 ‘c€°0) €50 %19 ¢S43 08 uasJsulisnN uasiauisnN LTOT ‘|19Mul4 (3) ussiauisny pajejal-aled
(anjea-q) panloads asimiaylo payoads awo21nQ N dnoi8qns juswieal) Apnis J0)0e4
dnoigqns ssa|un (19 %S6) 4H asImIayo ssajun (19 %S6)
uaamiaq SYJUOW Ul [BAIAINS UBIPIA|
aoueoliugls
|eadnsnels

(ponunuo)) g 9jqel

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME O NUMBER O | Month 2021



REVIEW

"90UdJaYIp JUBWIED],
*Z U0JINauU 1010W JO [BAIAINS ‘ZNIA'S ‘UOIIBIASD

piepuels ‘gs ‘selq Jo ¥si ‘goy ‘pariodal Jou ‘YN ‘parenoled jou ‘QN ‘uoneindod adAy YINS paxiw ‘N ‘uoneindod (£/z sadAl) 19suo-191e| ‘7 {Z UO}0aS ‘uoljeulwexdy |eoI30|0INaN JUBLU| YHwSIowweH ‘Z-INIH
{papuedx3 — 8|9S J0JO\ |BUOIOUNS YHwsIawweH ‘JSIN4H ‘dn-mojjo) ‘n/} {(uoneindod T adA]) 19suo-Ajies ‘3 is1aplosiq Jejndsnwoinap Jo 1s9] jueju| elyd|ape|iyd 40 |erdsoH s,uaip|iyd ‘dNILNI-dOHD

ON weys
ON 0o¢c 4 uasJaulIsnN umouxun
0'0T— weys
ST 0'S 4 uasJauISNN sa1dod ¢
€0- weys
VY v GT UIUO\ 01 /8 uasJaulsnN s91doo ¢
R 9109s JISIN4H
ee ul suljeseq _owEs zgHSIMAHO (1) Jlaquinu
4N 9'G c'e wouy s8uey) 6 uasJiaulsnN soldoo ¢ ussiJauIsnN 8TOZ ‘UNdIBIN Adoo ZNINS
%9 € sa1doo g
%L vT sa1dod ¢
%ST T sa1dod €
EES k)
%0 /SYIeM :snieis cc saldoo g
%0 |euoiyound T Adoo T
%EE S s91d0o g
%6.L VT sa1dod ¢
%89 TV s91doo €
payioddnsun
% SUS smeis cc saydod g
%0 |euoilound T Adoo T
%0 S s91doo g
%Y T VT sa1dod ¢
%LT v so1doo €
o s 0} d
%SG 9|qeun snieis 42 seidod ¢ (IN) Jequinu
T00'0> %0 |euopound T Adoo T payoadsun 49G00T ‘epOaomMs Adod gnINS
(€' :as) ¢'8 ‘uesiy (n/ syuow ) 014 s91dod g2
T00< (072 :aS) T'8 uealy AN3ILNI-dOHO 8€ sa1dod gs ussiauisnN 9o8T0C ‘uuewydad
T ‘) v (n/s syow 9) 0T so1doo €
S0'0< (TT‘c) g€ AN3ILNI-dOHO T sa1dod ¢
(Gos (n/ siuowr g) 9 seldoo € 16870C (3) soquinu
G0'0< (‘17981 Z-ANIH vT sa1doo g uasJauIsnNN ‘eysuimen-uogely Adoo ZNIS
(anjea-d) palyoads asiMIaylo ssajun awo091nQ N dnoigqns juswieall a0d/4Apnis Jojoe4

sdnoigqns uaamiaq
aoueoiiugdis |eansnels

(88uel) 2109s ul 93ueyd uelpal

saIpn}s gOY-MO| Ul UOI}oUNy 10}0W YIM UOI}RID0SSE 119y} pue sio}oey adAjousay ¢ ajqel

VOLUME O NUMBER O | Month 2021 | www.cpt-journal.com



REVIEW

‘|opow ainseaw pajeadal S109)49-paxIW & WOoi) dIe S}NSaY,

‘sieak ‘A {Aydouie Jeinosnw |eulds ‘yYINS ‘9INPoN quii Jaddn pasinay ‘INTNY ‘Seliq 40 ¥Sl ‘g0oY ‘{pariodal 10U ‘YN ‘e4nsea|n uoioung J010A ‘N4IN ‘Syuow ‘w ‘uoneindod (g/z sadAl) VINS 19Suo-1a1e| ‘]
‘popuedx3 — 9|0S JOJO\ |BUOIIOUNS YHWSIBWWEH ‘JSINAH D90UdIDHIP ‘4JIp (9]EOS JOJOIA [BUOIIOUNS YHWSIOWWEH ‘SINHH 90UdIBHIP ‘4P ‘Ulewop ‘g {|eAI91Ul 90USPIHU0D ‘| ‘90UBISIP Y|EM dINUIW-9 ‘MIND

(4N) ¥8°0- 0T ON (1) smes
6200 (UN) €8°0 ISN4H 89¢ S9A payioadsun £,970C ‘UNdIBN A1ore|nquiy
(7) smeis
0€0 6T°0 w ZT 4970 dMINO Ul 98uey)d 8¢ uol1e|a1i00 J uosiead paijloadsun »,€T0T ‘duozzey Aiore|nquiy
(0'e) ve'0- ce (ueinquie) ¢ adAL
(22) €T 0- oSueyo W ZT zC (1ugnquie-uou) € adAL
160 (6°2) G¥°'0— ATNY 09 T adAL paljoadsun 1,670C ‘esdd
(7't ‘LLT-) s1erow 9'9— TC qg adAL
8.0 (L'T-‘C’GT-) sielow g'g—  93ueydo W gT uesw AMIN9 zs eg adf| paloadsun 0,8T0T ‘SaUON (1) adAyans VNS
. . 111Ip 0g@2e|d "SA BWIX0S9|0
9T°€ 'CTLT-) TLO a8UeYO W b2 Ly € adAy
dN o(62°C ‘TS'0-) 68°0 SIN4H €TT T adAL
o . 1Ip 0gaoe|d *SA BWIX0Sd|0
(V6’7 '€8°0-) 90°C o8UBYO W bZ Ly € adAL 0geoe|d
dN (06'% ‘81°0-) 90°C za+ta W4 €TT T adAL "SA BWIX0S3|0 6y, TOT ‘luniog (1) @dAy VINS
aul|aseq 1e 2100S
STV ‘v9'T-) GT'T T8 2a+1a 4N uelpsw <
JJ1p 0gaoe|d “SA 8WIX0S9|0 aul|aseq 1e 2100S ogoeoe|d
dN o(T€'9 '9€°0-) 16T e8ueyd w ¢ ¢a+1a W4W 6L Za+Ta INJIA uelpaw > “SA SWIX0S3|0 6L TOT ‘udg (1) AuJanas aseasiq
(anjea-d) paoads asiMIaylo ssajun aw09InQ N dnoi3qns juswieal] Apmis Jojoe4

sdnoJ3qns uaamiaq (19 %S6) 98ueyd ues|y
aaueolIugIs |eansnels

S3IpN}s gOY-MO] Ul uoijouny 1030w Y}Mm uoljeioosse 119y} pue siojoej woldwAs/A}41aAas aseasiq { ajqel

CLINICAL PHARMACOLOGY & THERAPEUTICS | VOLUME O NUMBER O | Month 2021



REVIEW

fetal movements (HR = 1.07 (95% CI: 0.39, 2.97); P = 0.895)
were found to have reduced survival, even if associations were not
always significant. Likewise, the achievement of early motor mile-
stones was found to be a positive prognostic factor for survival in
type 1 SMA, with head/trunk control being associated with longer
survival compared with infants who did not achieve this milestone
(HR =0.11 (95% CI: 0.03,0.32); P < 0.0001; Table 2).°* Similarly,
the involvement of brain stem motor neurons (determined by the
presence of facial weakness or feeding/swallowing difficulties or
tongue/speech symptoms) was found to be associated with poorer

survival outcomes in a single high-ROB study (Table $3).°

Care-related factors. In the ENDEAR RCT, infants who received
nusinersen were significantly more likely to be alive without the
need for permanent ventilation at the end of the study than those
treated with placebo (Table 2; HR = 0.53, 95% CI: 0.32, 0.89;
P=0.005), providingevidence that treatment witha DMT such as
nusinersen is associated with improved outcomes in type 1 SMA.?

The study also compared the effect of treatment in infants with
a disease duration above and below the median of 13.1 weeks at
time of initiation of treatment. Event-free survival was significantly
improved (HR = 0.24 (95% CI: 0.1, 0.58); P < 0.001) for patients
who received nusinersen compared with sham control in patients
with a shorter disease duration.> Conversely, there was no evidence
(HR = 0.84 (95% CI: 0.43, 1.67); P = 0.4) of a treatment effect
in infants having a disease duration above 13.1 weeks at screening.
The P value for the interaction term (test for effect modification)
was not reported,53 but the data seem to suggest that disease dura-
tion has a significant modifying effect on the efficacy of nusinersen.

Since the publication of SoC guidelines in 2007,%! there have
been significant advances in BSC for SMA, with an increased drive
in the use of respiratory and nutritional support. Several high-ROB

ositive effect of clinical
,58,63

observational studies documented the
supportive care on survival (Table $3).°

Two high-ROB studies found an association between treat-
ment with VPA or onasemnogene abeparvovec and survival

(Table §3).56.64

Demographic factors. One low-ROB natural history study did not
find any difference in survival between female and male patients
with type 1 SMA (Table 2),62 whereas some high-ROB studies
found some associations between gender and survival outcome

(Table §3).18°6°7:62

Factors that affect motor function. Factors and their associations
with motor function are reported in Tables 3-6 (low-ROB
studies) and Tables $4-S7 (high-ROB).

Genotype. This SLR did not find any studies reporting on the
effect of SMN2 copy number on motor function in the natural
history of type 1 SMA.

In a mixed SMA type natural history population (types 1, 2, and
3 SMA), SMN2 copy number was found to be a prognostic fac-
tor associated with improved functional status (P < 0.001), with
a greater proportion of infants with higher SMN2 copy numbers

10

able to sit unassisted or cruise/walk (Table 3).°> SMN2 copy num-
ber and its effects on motor functions in types 2 and 3 SMA were
reported also in one high-ROB study. Functional motor declines
over time were visually steeper in individuals with three copies
of SMN2 compared with individuals with four to five copies of
SMN2, but these differences were not significant (Table 54).66

In the ENDEAR RCT, evaluating treatment with nusinersen in
type 1 SMA, all infants had two copies of SMN2 .23 it was therefore
not possible to assess whether SMN2 copy number had any effect
upon treatment outcomes related to motor function.

Two low-ROB studies investigated the effect of SMN2 copy
number on treatment outcomes in a type 1 SMA population treated
with nusinersen (Table 3).°® Neither study reported statistical
associations between SMN2 copy number and motor function im-
provements. When comparing infants aged >7 months with two
vs. three copies, no difference was observed in cither the median
change of the Hammersmith Infant Neurological Examination,
Section 2 total score (1.5 on average for both groups) or the me-
dian change in score on the Children’s Hospital of Philadelphia
Infant Test of Neuromuscular Disorders (CHOP-INTEND) over
6 months (two copies: 3.5 points; three copies: 4.0 points).67 Ina
similar study that included children as young as 1 month, greater
absolute effects were observed over the same time span,68 but iden-
tical improvements in the CHOP-INTEND scores were observed
in children with two or fewer SMN2 copies (8.1-point improve-
ment) and children with three or more copies (8.2-point improve-
ment) on average.

In the CHERISH RCT)? the change in Hammersmith
Functional Motor Scale ~Expanded (HFEMSE) scores from base-
line to 15 months was evaluated in nusinersen and sham groups
stratified by SMN2 copy number. The median age of patients at the
time of study was 4 years (range: 2-9 years). Individuals in the nusin-
ersen arm with three copies of SMN2 had a larger mean change in
HFMSE score when compared with individuals with three SMN2
copies who received sham (Table 3; treatment difference: 4.4
points). Most of the CHERISH participants had three copies of
SMN?2, which makes inferences about the efficacy of nusinersen
across different SMN2 copy number populations difficult.

Disease severity/symptoms. The SLR did not find any low-ROB
studies evaluating the prognostic effect of disease severity on
motor function outcomes in type 1 SMA, but one high-ROB
natural history study investigated the effect of the severity of the
SMA phenotype (classified as mild, typical, or severe) and reported
greater monthly decline in CHOP-INTEND score in patients
with more severe SMA (Table $5).°” When severity was defined
by subtype (cype 1b vs. 1c), greater declines in CHOP-INTEND
score were reported in infants with type 1b SMA in a high-ROB
study, although this difference was not significant (Table SS).18

The ENDEAR study did not report on efficacy of nusinersen by
disease severity.

Two low-ROB natural history studies examined the effect of
subtype on motor function outcomes in types 2 and 3 SMA and
did not find any differences in motor decline across subtypes at
month 12, although declines were more pronounced in less severe
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Table 6 Demographic factors and their association with motor function in low-ROB studies

Statistical
Mean change significance
(95% Cl) unless between subgroups
Factor Study Treatment Subgroup N Outcome otherwise specified (P-value)
Age (L) Mazzone, 2013 Unspecified NR 38 6MWD at 12 m Pearson r correlation 0.80
r=0.04
Mercuri, 20167 Unspecified <5y 200 HFMSE 12 m change 0.04 (0.34) 0.048
5-14y (Non-ambulant Type 2) ~0.96 (0.24)
>15y -0.35(0.43)
<5y 68 HFMSE 12 m change 0.56 0.34
514y (Ambulant Type 3) _061
>15y -1.2
Age class (assumed NR HFMSE 12 m change NR 0.067
<5 vs. 5-14 vs. (Type 3a)
>15y)
Age class (assumed NR HFMSE 12 m change NR 0.80
<5 vs. 5-14 vs. (Type 3b)
>15y)
Montes, 20187 Unspecified <6vs.6-10y 24; 24 6MWD -17.7 (-34.1, -1.4) 0.03
<6vs. 1119y  24;10 Digﬁ;gzeait”fgtg °of 307 (-486,-12.7) 0.0009
<6 vs. >20y 24; 15 -19.6 (-38, -1.1) 0.04
6-10vs. 11-19y 24; 10 -12.9 (-22.4, -3.4) 0.008
6-10vs. 220y 24; 15 -1.8 (-13.8, 10.2) 0.77
11-19vs. > 20y 10; 15 11.1 (-2.5, 24.7) 0.11
<6y 24 6MWD 9.8 (-6.2, 25.9) 0.23
6-10y 04  Rateofchangeatl2m .o 1575 g1 0.05
11-19y 10 -20.8 (-31.1, -10.6) <0.0001
220y 15 -9.7 (-19.3,-0.1) 0.05
Pera, 2019’ Unspecified <5y 114 RULM 12 m change 1.2 (4.7) NR
5-9y (Type 2/3) ~0.3(2.4)
10-14y -1.1(2.6)
>15y -0.6 (2.3)
<5y 60 RULM 12 m change 0.9 (4.2) 0.21
59y (Type 2) -0.9 (2.9)
10-14y -1.5(2.9)
>15y 0.2 (1.8)
<5y 22 RULM 12 m change NA 0.22
5-9y (Non-ambulant Type 3) 1.0 2.4)
10-14y -0.2(2.9)
>15y -1.7 (2.4)
<5y 32 RULM 12 m change 1.8 (5.8) 0.79
5-9y (Ambulant Type 3) ~0.2(1.0)
10-14y -1.4 (2.5)
>15y -1.4(2.7)
Gender (L) Bertini, 2017*°  Olesoxime Male 80 HFMS 24 m change 1.5 (-0.32, 3.33) NR
Female O'eso"im%i‘ﬁ‘ placebo 4 75 (1 02, 2.47)
Male 80 MFM D1+D2 24 m 0.6 (-2.51, 3.70) NR
Female Cha”%fagéebsoogii?f‘e ¥S© 3.05(-0.11, 6.21)
Montes, 20187 Unspecified Female 73 6MWD -5.9 (NR) 0.51
Male -10 (NR)
(Continued)
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Table 6 (Continued)

Statistical
Mean change significance
(95% Cl) unless between subgroups
Factor Study Treatment Subgroup N Outcome otherwise specified (P-value)
Geographic Mercuri, 2(%%8 Nusinersen North America 64 LSM change from 5.9 (3.4, 8.3) NR
location (L) CHERISH baseline in HFMSE
Europe 32 score at Month 15 5.6 (3.1, 8.0)
Asia-Pacific 4 between nusinersen NR
vs. sham
North America 64 >3-point change in 34.33 (8.45, 57.71) NR
HFMSE (%) at Month
Europe 32 15 between nusinersen 29.87 (-8.18, 60.90)
Asia-Pacific 4 vs. sham 50.00 (-61.18, 98.74)

6MWD, 6-minute walk distance; Cl, confidence interval; D, domain; diff, difference; HFMS, Hammersmith Functional Motor Scale; HFMSE, Hammersmith
Functional Motor Scale — Expanded; L, later-onset (Types 2/3) SMA population; LSM, least-squares mean; m, months; MFM, Motor Function Measure; NR, not
reported; ROB, risk of bias; RULM, Revised Upper Limb Module; SD, standard deviation y, years.

types of the disease (Table 4).7%71 These findings are consistent
with observations in high-ROB natural history Stuc‘1i<°,s,66’72 al-
though one study found significantly better motor function out-
comes in patients with type 3a SMA compared with patients with
type 3b with regard to stair climbing (Table $5).%

An RCT of olesoxime in types 2 and 3 SMA found no effect of
disease severity (defined by Motor Function Measure Domain 1 +
Domain 2 total score) on outcomes (Table 4).*’

The effect of ambulatory status at baseline on motor function
(6-minute walk distance (6MWD), HEMSE, and GMFM (Gross
Motor Function Measure) were assessed in two low-ROB natural
studies in types 2 and 3 SMA (Table 6).”>”* The first study reported
that 6GMWD at baseline had no significant correlation with change in
6MWD at month 12 (Pearson 7 = 0.19; P = 0.30) in a type 3 SMA
population.74 However, in the second, larger study, ambulation was
found to be associated with better HFMSE outcomes after adjust-
ing for baseline score and age class (P = 0.029): HFMSE score in-
creased on average in ambulant individuals (+0.83) compared with
a decrease in nonambulant individuals (—0.84).”® Similarly, in a high-
ROB study, ambulant individuals had a lower decline in mean motor
function scores (GMFM and HFMSE) scores over a 3-year period
compared with nonambulant individuals, although this difference
was not found to be signiﬁca.nt.66

Care-related factors. In type 1 SMA, no low-ROB studies report
on the prognostic value of diagnosis time frame on natural
history of disease. One high-ROB natural history study found no
evidence to suggest that diagnosis time frame (>3 months before
study enrollment vs. recent diagnosis) had a prognostic effect on
12-month changes in CHOP-INTEND (Table $5)."® The SLR
found no studies reporting on predictive value of diagnosis time
frame on treatment with DM Ts.

In types 2 and 3 SMA, there were no low-ROB studies evalu-
ating the effect of non-SMN-targeting medications on motor
function, with the exception of one RCT evaluating the efficacy
of olesoxime (Table 5).* In a high-ROB study, treatment with
medicines such as albuterol, carnitine, creatine, hydroxyurea, oral
steroids, and VPA were associated with a greater decline in motor

function score over a 3-year period (Table $6).
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Treatment with a DMT was predictive of improved motor mile-
stone response in type 1 SMA:41% (21/51) of infants randomized
to nusinersen in ENDEAR compared with 0% (0/27) randomized
to sham control achieved a motor milestone response (P < 0.001;
interim analysis). In the final analysis, the percentage of children
who achieved an increase of >4 points in CHOP INTEND score
was greater in the nusinersen group than in the sham control (71%
vs. 3%, P < 0.001).>

The ENDEAR study did not report on the effect of treatment
initiation on motor functional end points, but age at treatment
initiation was suggested to be a major determinant of the change
from baseline in CHOP-INTEND scores in children treated
with nusinersen in a low-ROB observational study,®® where every
month of delay in initiation of therapy negatively impacted re-
sults achieved at 6 months of follow-up (effect size for the change
in CHOP-INTEND score: -0.146 (95% CI: —-0.227, —0.006;
P =0.0006); Table 5).%8

A high-ROB study found an association between treatment with
onasemnogene abeparvovec and motor function (Table $6).

Individuals with types 2 and 3 SMA in the CHERISH
study (median age at treatment initiation: 4.0 years; range:
2-9 years) treated with nusinersen improved on their base-
line HEMSE score by 3.9 points on average, while individu-
als randomized to the sham group lost on average 1.0 point
relative to baseline after 15 months of treatment (Table 5).>
At the end of the study, a greater proportion of individuals in
the nusinersen group than in the placebo group demonstrated
an increase of at least 3 points in their HFMSE score (57% vs.
26%; P < 0.001; Table 5).

Results in the CHERISH study were not stratified by age and
there were no further studies in this SLR that evaluated the effect of
nusinersen on motor function by age at treatment initiation in DMT-
treated individuals with types 2 and 3 SMA. Age at treatment initia-
tion was investigated in the phase IIRCT investigating olesoxime and
suggested that greater effects were seen in patients aged 615 years;
however, the study did not meet the primary end point.

Demographic factors. The prognostic effect of age at enrollment
on the change in HFMSE, GMFM, Revised Upper Limb
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Module (RULM), and 6MWD were investigated in four low-
ROB observational studies (Table 6)”*7"7>7* and one high-ROB
study66 in types 2 and 3 SMA (Table S7). All studies reported
that younger individuals experienced improved motor function
outcomes.

In terms of 6MWD, no significant linear association was ob-
served between age and 1-year changes in ambulant type 3 SMA
patients (= 0.04, P = 0.80; Table 6).74 However, children <6 years
old tended to have slightly better scores compared with prepuber-
tal patients, who had a more variable range and relatively higher
risk of deterioration. In a second study,70 annual gains in 6MWD
were observed in the youngest age group (<6 years, 9.8-m increase
in 1 year; P = 0.23), compared with adolescents (11-19 years,
20.8-m decrease; P < 0.0001) and adults (220 years, 9.7-m de-
crease; P = 0.05).

A significant difference was observed in the 12-month change
in HMFSE score between different age groups of nonambulant
individuals with type 2 SMA,”? with scores increasing by 0.04 in
younger patients (<5 years), and decreasing in intermediate (5 to
14 years) and older individuals (215 years) (P = 0.048). Similar
results were observed in HFMSE scores in ambulant individu-
als with type 3 SMA,”? though these results were not significant
(P =0.34). When ambulant children were separated into subtypes
(3a or 3b), the change in HFMSE score was associated with age in
type 3a children (P = 0.067) only.”?

Among the three functional groups (type 2, type 3 ambulant,
and type 3 nonambulant SMA), on average, RULM scores im-
proved over the course of a year in younger patients and declined
in patients >10 years.71

Results in the high-ROB study were consistent with the low-
ROB data, with motor function decliningless over time in younger
individuals (Table §7).%

No studies report on the prognostic or predictive value of gen-
der on motor function in type 1 SMA. Overall, there is no signifi-
cant impact of gender on the natural history of types 2 and 3 SMA
in both low-ROB (Table 6)*7° and high-ROB (Table $7)% stud-
ies. One low-ROB study found no evidence of predictive value of
gender on treatment with olesoxime (Table 5).%

There were no low-ROB studies that compare natural history
across geographies. One high-ROB study observed a significant ef-
fect on geographic location and the loss of ambulation, with mean
age at loss of ambulation ranging from 9 years (Serbia) to 19 years
(United Kingdom) (Table $7)."7 Patients in Germany/Austria,
Switzerland, and the United Kingdom experienced longer median
times of ambulation after diagnosis (P = 0.014) compared with pa-
tients in Argentina, Hungary, Ukraine, and Serbia.”

Geographic location was evaluated in one RCT (Table 6.
Due to small sample sizes in Asia, only data from Europe and North
America could be compared. Results on the efficacy of nusinersen

. . . 2
were similar across thC two IOC‘athl’lS.5

Factors that affect respiratory function. Only two high-ROB
studies investigated respiratory function in type 12° SMA and
types 2 and 3 SMA (Table $8).%¢

In type 1 SMA, consistent with what was observed above, infants
with head control had a longer median time to the introduction of
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respiratory support with tracheostomy positive pressure ventila-
tion compared with patients without head control.

In types 2 and 3 SMA, there was no association between SMA
type (type 2 vs. 3 SMA; P = 0.61; Table $8), ambulatory status
(P =0.55) or HFMSE score at bascline (P = 0.36) and change in
forced vital capacity (FVC) after 3 years.66 Higher SMN2 copy
numbers (4-5 copies vs. 2-3; Table S8; P = 0.19) were associ-
ated with a smaller decline in mean change in FVC, and a better
baseline respiratory function (FVC = 70%) was associated with
alarger decline in mean change in FVC (Table $8; P = 0.0007).
A prognostic effect on the change in FVC was found for patients
taking SMA medication (albuterol, carnitine, creatine, hydroxy-
urea, oral steroids, and VPA) vs. those not taking medication,
with treatment being associated with a larger decline in FVC
after 3 years.

Discussion
This SLR aimed to identify prognostic factors and treatment-
effect modifiers in types 1,2, and 3 SMA.

Factors affecting survival

Studies evaluating the prognostic value of genetic factors in SMA
natural history indicated that higher SMN2 and NAIP copy
number were associated with prolonged survival, although SAMN2
seems to be a stronger predictor of survival than NAIP?* Recent
data have indicated that NAIP copy number does not predict clin-
ical phenotype in SMA, thereby limiting its usefulness as a prog-
nostic factor.”” Based on the results of this review, SMN2 copy
number emerges indeed as a strong genetic prognostic factor for
survival in natural history studies.

However, the genotype-phenotype relationship of SMN2 copy
number is not absolute;® a limited number of individuals who carry
the mutation ¢.859G>C variant within SMN2 do not appear to
present the most severe form of SMA, regardless of SMN2 copy
number.”®

Disease severity is also a key prognostic factor of survival in
SMA. Clinically, disease severity is categorized by SMA type,
which is based on the age of symptom onset. In this manuscript,
an association between SMA type and survival was observed,
with reduced survival in type 1 SMA.?® Likewise, the carly onset
of symptoms28 and also the presence of severe symptoms (such
as respiratory distress at birth, reduced fetal movements, and
the absence of head/trunk control)®*
reduced survival. In total, regardless of how it is defined, it ap-

were also associated with

pears that clinical disease severity is a strong prognostic factor of
survival. This finding is consistent with recently published data
demonstrating that longer end point—free survival (defined as
the need for mechanical ventilation) is associated with less se-
vere SMA.””

High-ROB observational studies in individuals with type
1 SMA who have not received treatment with DMTs report a
beneficial effect of supportive care interventions such as assisted

5863 1nd nutritional support.58 Indeed, SoC recom-

ventilation
. . 1 . .

mendations in 2007 have led to a measurable improvement in

the survival of patients treated in subsequent years.59 The role

of supportive care alone may be under-represented in recent
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literature as infants in clinical trials all received BSC; however,
BSC does not result in acquisition of motor milestones in this
condition.

While the importance of the implementation of SoC guide-
lines should not be diminished, the recent approval of DMTs has
dramatically altered the prognosis of SMA. Nusinersen was in-
vestigated in two of the three RCTs included in this review. The
ENDEAR study, the only RCT published in a type 1 SMA popu-
lation, found that nusinersen treatment was associated with signifi-
cantly prolonged survival.” Similar to findings from observational
studies discussing symptom onset,”® a shorter disease duration be-
fore nusinersen initiation was associated with prolonged survival
in type 1 SMA.>

Improvements in survival in type 1 SMA have also been re-
ported in response to treatment with other DMTs, not included
in this SLR. Onasemnogene abeparvovec has also been associated
with a significant increase in survival in an open-label study.78
This study was identified in the literature search but was excluded
during screening as it did not report Cls, statistical significance, or
relative measures of treatment effect for subgroups. Significantly
prolonged survival was observed in an open-label study in infants
with type 1 SMA treated with risdiplam.79

Factors affecting motor function
Increasing SMN2 copy number is prognostic of improved motor
function in untreated individuals with type 1 SMA, with greater
proportions of individuals achieving major motor milestones such
as sitting and walking as SMN2 copy number increases.®®

However, in individuals treated with DMTs, SMN2 genotype
does not seem to have any predictive value in response to nusin-
ersen treatment. In fact, two observational studies evaluating
change in motor function observed near-identical trajectories in
infants with type 1 SMA with two or fewer SMN2 copies as in
children with three or more copies of SMN2.578 As many clinical
trials only include individuals with a specified number of SMN2
copies, it may be difficult to ascertain the true effect of SMN2 copy
number on motor function in an SMA patient population treated
with DMTs until more real-world studies have been conducted.

Indeed, from the results in this SLR, we are unable to assess
the predictive value of SMN2 copy number on motor function
outcomes with relation to DMT treatment, as in the ENDEAR
study, all infants enrolled had two copies of SMN2.5? Similarly,
most (87%) individuals in the CHERISH study with types 2
and 3 SMA had three copies of SMN2,>* which made evaluat-
ing the efficacy across SMN2 copy number populations difficult.
Consequently the CHERISH data indicated only a trend towards
higher SMN2 copy numbers being beneficial; they did not test for
signiﬁcance.52 However, although this may be the case in patients
with measurable clinical disease, in individuals treated at the pre-
symptomatic stage, lower SMN2 copies are associated with motor
delay and bulbar symptoms.so

The effect of disease severity on motor function was only re-
ported in high-ROB observational studies in type 1 SMA.!8¢
These studies indicated that more severe disease is associated
with worse motor outcomes. Indeed, greater baseline motor func-
tion (and a clinical response to treatment) predicts an increased
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probability of acquiring a sitting position after 6 months of nusin-
ersen treatment.

In types 2 and 3 SMA the effect of disease severity is less obvious
than in type 1 SMA. Although all low-ROB studies in our review
report that increased discase severity was associated with poorer

49,70,71,73,74
motor outcomes, 970737

only one study examining ambulatory
status (walkers vs. non walkers) in a mixed population reported
significant findings (P < 0.05), with ambulant individuals having
a better prognosis over 12 months.”® This is to be expected as the
types 2 and 3 SMA encompass a broad spectrum of functional abil-
ities: Some individuals can sit independently but not stand, some
can stand and others can walk, and some can lose these abilities
over time.>* Additionally, these studies report results over relatively
short follow-up time frames (12-24 months). As there is large het-
erogeneity between individuals, these time scales may not be suffi-
cient to capture differences in individuals who are declining more
slowly.

Recent data in nusinersen-treated individuals reported that im-
provements in motor function are greater in individuals with type
3 SMA than in type 2 SMA, when assessed by the HFMSE and
RULM.® However, when examined more closely, most of the ben-
efit in the RULM was observed in individuals with type 3 SMA
population who are able to sit, but not walk, and although no
significant improvement was reported in individuals with type 2
SMA overall, improvements in RULM were observed in individu-
als with type 2 SMA with residual motor function. Although gen-
erally, individuals with more severe disease have worse outcomes,
it is clear that SMA type alone as a measure of disease severity is
not sufficient to predict the prognosis of individuals with SMA.%

In terms of care-related factors, the use of nusinersen treatment
is associated with improved motor function outcomes in type 1
SMA>>® and types 2 and 3 SMA.>* The most important modi-
fying factors for nusinersen treatment were age at treatment initi-

ationsz’é8

and disease duration,” with younger individuals being
associated with better motor function outcomes. Further evidence
to support this key concept can be taken from recently published
studies: Following treatment with the gene therapy onasemno-
gene abeparvovec, infants with type 1 SMA who were dosed at an
carlier age demonstrated larger gains in CHOP-INTEND when

compared with those who were older,*%

and younger children
with type 2 SMA (<6 years) also experienced greater improvement
in motor function compared with older children (>6 years) when
treated with nusinersen.

In natural history studies, the pattern of disease progression
in types 2 and 3 SMA also typically depends on age.70’71’73’74’87
Younger age groups experience gains in motor function. The steep-
est declines in motor function occur during adolescence as weight
is gained, and contractures and scoliosis develop. As individuals
age further (>16 years), declines in motor function plateau as con-
tractures and weight gain stabilize. Recently reported data show
that the risk of declining in motor function increases with age and

greater baseline motor function.®®

Factors affecting respiratory measures

Our review found only two high-ROB studies reporting on respi-

26,66

ratory outcomes, which included no evidence from individuals
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treated with DM Ts. These studies observed that disease severity and
ageinfluence outcomesin SMA. Recentliterature in both nusinersen-
treated®? and untreated’®”! individuals supports these findings.

Limitations

Although we conducted an SLR, our search strategy was restricted
by date of publication (January 1, 2000 to April 30, 2019) and
to studies published in the English language. As SMA is a rare
disease, there is a paucity of data in the SLR from RCTs or high-

49,52,53 were

quality observational studies. Indeed, only three RCTs
published within the time frame of the SLR.

To assess the quality of the available literature, ROB assessments
were conducted on observational studies using the QUIPS tool.
Since the QUIPS tool does not provide an overall score, we made an
ad hoc interpretation of study quality (studies were less reliable if they
exhibited four or more domains at a moderate or high ROB). Most of
our findings for the observational evidence are informed by univari-
able analyses, which is suboptimal. Ideally, studies should control for
all possible covariate factors when assessing prognostic effect. When
studies did not report multivariate analysis control for confounding
factors, they were given a moderate/high-ROB score on the QUIPS
domain “adjustment for other prognostic factors.”

Furthermore, some studies comprised small numbers of patients
or subgroups, limiting generalizability and power to detect statis-
tically significant differences. In addition, we did not attempt to
calculate statistical significance from graphs or other measures of
variability if it was not present in the original study.

The studies in this SLR do not all report the same factors and do
not always report the same factors consistently. For example, time
to death or permanent mechanical ventilation is a common sur-
vival end point in many studies in type 1 SMA. However, perma-
nent ventilation is defined differently in different studies: Finkel,
et al. 2014 defined permanent ventilation as 216 hours per day,18
whereas in Rudnik-Schoneborn, ez 4l it was for =16 hours per day
for >14 days. Finkel ez al>® went further and defined permanent
assisted ventilation as =16 hours per day for >21 continuous days.

It is important to note that many of the prognostic factors an-
alyzed within this study showed some correlation. SMN2 copy

5455 Which is in turn

number is associated with SMA type/subtype,
defined clinically by age of symptom onset. "2 There is significant
correlation between SMN2 copy number and SMA type: 80% of
patients with type 1 SMA possess one or two SMN2 copies, 82%
of patients with type 2 SMA possess three copies, and 96% of type
3 SMA patients possess three or four copies.6 Although lower
SMN?2 copy numbers correlate with lower levels of SMN protein,
and lower SMN levels are associated with greater degrees of mus-
cle denervation,”* the relationship between SMN2 copy number
and disease severity is not absolute; recent studies have shown that
other cellular mechanisms may also play a role.® This analysis did
not consider statistical associations between prognostic factors.

Conclusions

The recent availability of DM Ts has revolutionized the manage-
ment of SMA; treated individuals are now living longer and have
improved functional abilities and quality of life. In summary,
prognostic factors in patients with SMA include:
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e SMN2 copy number

e baseline motor, bulbar, and respiratory function
o age of symptom onset

o age at study enrollment in natural history studies
o clinical disease severity and SMA type

e the implementation of supportive care

Factors with modifying effects on outcomes of treatment with

DMTs include:

o disease duration before DMT initiation
e ageat treatment initiation

In treated patients with type 1 SMAY o types 2 and 3 SMA,>?
disease duration before DMT initiation has been consistently re-
ported as a strong predictor of treatment efficacy. Age at treatment
initiation was found to be a prognostic factor in types 1, 2, and 3
SMA, further emphasizing that treatment at a younger age is the most
important prognostic factor to contemplate when considering treat-
ment outcomes. In particular, individuals with SMA aged 6-15 years
are particularly vulnerable to developing complications, e.g., scoliosis
and progressive contractures, which negatively influence functional
outcomes. Additional evidence from not-yet published but public
data have also been recently reviewed,” reinforcing the importance
of the effects of these factors on DMT initiation.

Factors beyond treatment that are prognostic of outcomes in
SMA include age of symptom onset, supportive therapy, and fac-
tors indicative of disease severity, such as the presence of symptoms
at birth, and functional status. Discase severity and symptom onset
are in turn influenced by a genetic component, principally SMN2
copy number.

Opverall, although SMN2 was found to have a clear prognostic
effect in untreated patients,54 greater SMN2 copies were not as-
sociated with a significantly better response to treatment®® in
infants with type 1 SMA. There is however, published evidence in
the literature indicative of better outcomes in patients with three
copies of SMN2 when treated at the presymptomatic stage.78 In
CHERISH,? there was some indication of a trend in individuals
with types 2 and 3 SMA treated with nusinersen, but due to low
copy number diversity, we have no evidence from an RCT to indi-
cate a predictive effect with regard to DMT treatment. Altogether,
outside presymptomatic patients, there is no evidence of SMN2 as
a predictor of treatment response. This could be due to the limited
amount of long-term data and possible confounding factors in ob-
servational studies, such as age at treatment initiation.

The factors discussed in this study, notably age at treatment ini-
tiation, the use of supportive therapies and disease duration, should
be considered prior to designing or analyzing studies in an SMA
population, conducting population matching, or summarizing
results from multiple studies on the treatments for SMA. It also
prompts the importance of accelerating diagnosis to reduce the dis-
case duration before treatment initiation, which naturally leads to
newborn screening programs that have flourished across the world.

Although we have identified key prognostic and predictive fac-
tors in this review that determine how well an individual might
respond to treatment, there is a need for markers to monitor
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responses to ongoing treatment. Although our SLR did not identify
any of these studies, in more recent literature there has been a drive
to discover new biological markers that can be used to assess how
well a patient is progrcssing.%97 For example, plasma phosphor-
ylated neurofilament heavy chain (pNF-H), a marker of axonal
damage, is elevated in SMA and reduced in response to nusinersen
treatment.”*”’ High levels of pNF-H are associated with an ear-
lier onset of symptoms, later initiation of treatment, and a lower
CHOP-INTEND score.”* Interestingly, most patients with two
SMN?2 copies already have signs of disease. Indeed, by the age of
1 month many already exhibit subtle features of disease which can
be demonstrated using electroph}fsiology or by the higher levels of
phosphorylated neurofilament.”

Future research should be focused on robust statistical methods
to adjust for potential confounders (e.g., using multivariable analy-
sis). By synergistically acting, when possible, on prognostic factors,
such as the use of supportive therapy, and by treating infants with
DMTs as early as possible following a diagnosis, the natural history
of this life-threatening disease may be dramatically changed.

SUPPORTING INFORMATION
Supplementary information accompanies this paper on the Clinical
Pharmacology & Therapeutics website (www.cpt-journal.com).
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