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Introduction

Abstract

Objective: The long-term favorable safety profile of nusinersen provides an
opportunity to consider a higher dose. We report on the relationships between
nusinersen cerebrospinal fluid (CSF) exposure, biomarker levels, and clinical
efficacy. Methods: The analyses used data from the CS3A and ENDEAR studies
of nusinersen in participants with infantile-onset spinal muscular atrophy
(SMA). Steady-state CSF trough (Cyougn) levels, plasma phosphorylated neuro-
filament heavy chain (pNF-H) levels, body weight, and Children’s Hospital of
Philadelphia Infant Test of Neuromuscular Disorders (CHOP INTEND) scores
were selected as parameters of interest. A validated population pharmacokinetic
(PK) model was applied to predict the nusinersen CSF Cioyugn. PK/pharma-
codynamic (PK/PD) models used nusinersen CSF Cy;ougn measurements, which were
time-matched with CHOP INTEND scores. Results: Higher nusinersen CSF
exposure was associated with a greater decrease in pNF-H levels and greater
efficacy, as measured by change in the CHOP INTEND score from baseline.
These findings indicate a dose-response relationship between CSF nusinersen
levels and treatment response. The higher dose is predicted to lead to approxi-
mately a 2.4-fold increase in nusinersen CSF levels with fewer loading doses.
PK/PD modeling indicates that a higher concentration of nusinersen may pre-
dict an additional 5-point increase in CHOP INTEND score beyond that
observed with 12 mg. Interpretation: Our data indicate that a higher dose of
nusinersen may lead to additional clinically meaningful improvement in efficacy
when compared with the currently approved 12-mg dose. The efficacy, safety,
and PK of a higher nusinersen dose are currently under investigation in the
ongoing phase 2/3 DEVOTE study (NCT04089566).

full-length and functional SMN protein.” Nusinersen is
approved for treatment of SMA in the United States, Eur-

Spinal muscular atrophy (SMA) is a progressive motor
neuron disorder caused by deletions or mutations in the
survival motor neuron (SMNI) gene.1 Nusinersen is a
synthetic antisense oligonucleotide administered intrathe-
cally, which modifies splicing of SMN2 pre-mRNA,
resulting in exon 7 inclusion and increased production of

ope, and other countries with a recommended dosing reg-
12-mg followed by
maintenance doses every 4 months.>*

imen of four loading doses,

Nusinersen has been evaluated in a comprehensive clin-
ical study program across a broad spectrum of SMA pop-
ulations. Infants genetically diagnosed with SMA during
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Scientific Rationale for Higher Dose Nusinersen

the presymptomatic stage (most likely to develop SMA
Type 1 or II) who were treated with nusinersen had sub-
stantial clinical benefit with improvements in permanent
ventilation-free survival, as well as motor, bulbar, and
pulmonary function.” Participants with infantile-onset
SMA who initiated nusinersen at a young age were more
likely to be alive and achieved significant improvements
in motor function compared with a control group and a
natural history cohort.®® Similar findings were observed
in the clinical studies of children with later-onset SMA,
whereby nusinersen provided significant and clinically
meaningful improvements in motor function.”'* Partici-
pants who enrolled in the open-label extension SHINE
study (NCT02594124) had continued improvements in
motor function throughout 5years of treatment (based
on interim analysis), with no reports of treatment-related
serious adverse events (AEs).'' '® Elevated phosphorylated
neurofilament heavy chain (pNF-H) levels result from
axonal degeneration and are a biomarker for SMA, corre-
lating with disease severity.>'” Plasma pNF-H levels were
reduced significantly with nusinersen treatment in both
presymptomatic  and  symptomatic  infantile-onset
SMA.>'7 Overall, these data demonstrate significant and
clinically meaningful effect from nusinersen that contin-
ues with long-term treatment. Treatment with nusinersen
has been well tolerated, with the highest incidence AEs
considered unrelated to study drug and associated with
SMA disease: pyrexia, scoliosis, and upper respiratory
tract infections.” 7”'® The favorable safety profile has
been consistent for up to 7.6 years of treatment'"'®' and
provides an opportunity to explore higher doses of nusin-
ersen.

We present analyses indicating a dose—response rela-
tionship between nusinersen levels in cerebrospinal fluid
(CSF), neurofilament levels, and efficacy measured by the
Children’s Hospital of Philadelphia Infant Test of Neuro-
muscular Disorders (CHOP INTEND). Furthermore, our
pharmacokinetic/pharmacodynamic ~ (PK/PD)  analysis
indicates that increased exposures obtained with a higher
dose of nusinersen may lead to a clinically meaningful
increase in efficacy above that seen with the 12-mg
approved dose. The efficacy, safety, and PK of higher
doses of nusinersen are currently under investigation in
the ongoing phase 2/3 DEVOTE study (NCT04089566).

Methods

The relationship between nusinersen CSF levels and
plasma pNF-H levels was analyzed using data from 93
participants with infantile-onset SMA who had two
SMN2 copies from the CS3A (NCT01839656) and
ENDEAR (NCT02193074) studies. Briefly, the CS3A study
was an open-label, phase 2, escalating-dose clinical study
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that assessed the safety and efficacy of nusinersen in 20
participants with infantile-onset SMA (eligibility criteria:
3 weeks to 7 months of age, symptom onset at 3 weeks to
6 months, and confirmed 5q SMA).*® Participants
received loading doses (or equivalent adjusted for those
<2years of age) of 6-mg or 12-mg equivalent nusinersen
on days 1, 15, and 85, followed by 12-mg equivalent
doses on day 253 and every 4 months thereafter.”® The
ENDEAR study was a randomized, double-blind,
sham-controlled, phase 3, efficacy and safety study of
nusinersen with 121 participants with infantile-onset SMA
(eligibility criteria: age <7 months, symptom onset at <6
months of age, and two SMN2 gene copies).” Infants were
randomly assigned in a 2:1 ratio to 12-mg equivalent
doses of nusinersen or sham administered on days 1, 15,
29, and 64, and maintenance doses on days 183 and 302.”
For the CSF and pNF-H analysis, data were plotted sepa-
rately for participants with SMA who received a different
number of loading doses and different dosages. CSF PK,
CSF and plasma pNF-H levels, and the relevant standard
errors were calculated and plotted as a function of time
after the first dose was administered. The steady-state
nusinersen CSF and plasma levels were modeled for both
the 12-mg approved dose and the higher dose for a range
of body weights (9—115kg [20-254 1bs]).

To generate the PK/PD model, CSF trough concentra-
tion (Cyougn) measurements were time-matched with
CHOP INTEND scores in 82 participants with two SMN2
copies from CS3A and ENDEAR. A maximum effect
(Emax) model was constructed assuming a direct correla-
tion between the Ciyougn and improvement in CHOP
INTEND scores. The model includes data after three
loading doses when both PK and CHOP INTEND were
collected; days 253, 379, 505, 631, and 757 from CS3A,
and days 64, 183, and 302 from ENDEAR. The E.
model was fitted to this PK/PD data set. Baseline charac-
teristics of participants from CS3A and ENDEAR that
were included in this analysis were similar. For CS3A, 11
participants were included who had a mean (SD) age at
SMA onset of 1.9 (1.3) months, mean (SD) age at first
dose of nusinersen of 146.5 (61.2) days, mean (SD) dis-
ease duration at first dose (i.e., time from symptom onset
to first dose) of 2.9 (1.2) months, mean (SD) baseline
weight of 6.4 (0.8) kg, and a mean (SD) baseline CHOP
INTEND score of 26.1 (6.9) points. For ENDEAR, 71
participants were included who had a mean (SD) age at
SMA onset of 1.79 (0.9) months, mean (SD) age at first
dose of nusinersen of 159.9 (48.3) days, mean (SD) dis-
ease duration at first dose of 3.5 (1.4) months, mean
(SD) baseline weight of 6.6 (1.0) kg, and a mean (SD)
baseline CHOP INTEND score of 27.1 (7.9) points.

A previously published population PK model was
applied to predict the nusinersen Ciougn in the CSE.»
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Briefly, the model is a four-compartment model where
nusinersen is administered to a CSF compartment. This
compartment equilibrates with adjacent tissues and drains
unidirectionally into the plasma compartment. Nusin-
ersen within the plasma compartment clears linearly and
equilibrates with peripheral tissues and matrices adjacent
to circulation. Combined, this results in pharmacokinetics
that are linear within the range of concentrations simu-
lated, and a half-life within the CSF of approximately 4
months. Further, body weight (and, consequently, partici-
pant age) was identified as a relevant covariate impacting
plasma exposure and, at weights below 20kg, exposure
within the CSF. However, the exposure within the CSF
even below 20 kg and in young infants was not meaning-
fully impacted by the age and growth of the participants.
The model was informed by a large body of clinical data
from 10 different clinical studies covering a broad range
of ages, SMA types, and body weights, including infants
dosed at <6 months of age.

The higher-dose regimen for the DEVOTE study was
simulated to predict the anticipated CSF exposure as a
function of time. The model described the steady-state
Cirough concentration in the CSF, which is the value most
robustly associated with efficacy, and compared with the
steady-state Ciougn concentration of the 12-mg approved
dose.

Results

Nusinersen CSF levels and plasma pNF-H
Levels

To assess the potential dose-response relationship, nusin-
ersen CSF levels and plasma pNF-H levels were analyzed
from participants with infantile-onset SMA in the CS3A
and ENDEAR studies. Three different dosing regimens of
nusinersen were administered in this population, enabling
us to explore exposure response. Specifically, participants
with SMA in CS3A received three loading doses of 6-mg
or 12-mg equivalent doses of nusinersen on days 1, 15,
and 85, followed by 12-mg equivalent doses on day 253.
Participants with SMA in ENDEAR received four loading
doses of 12-mg equivalent doses on days 1, 15, 29, and
64, followed by 12-mg equivalent doses on days 183 and
302 (Fig. 1A). Data were plotted separately for these three
groups for both nusinersen CSF levels and plasma pNF-H
levels. Data from participants with two SMN2 copies were
used for the analysis. As expected, the lowest nusinersen
CSF levels were observed in the CS3A group treated with
the 6-mg three loading dose regimen (1.1 ng/mL at day
85). Higher nusinersen CSF levels were seen in the CS3A
group treated with three 12-mg loading doses (3.7 ng/mL
at day 85), and the highest levels were observed in the
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ENDEAR group treated with the 12-mg four loading dose
regimen (6.1 ng/mL at day 64; Fig. 1A and B). The higher
nusinersen CSF levels also corresponded with a greater
percentage reduction in plasma pNF-H levels (Fig. 1C).
The mean percentage reductions from baseline in plasma
pNEF-H among those treated with 6-mg and 12-mg nusin-
ersen loading doses in CS3A at day 85 were 25.0% and
62.7%, respectively. The greatest decrease (71.4%) in
plasma pNF-H levels was observed among the ENDEAR
participants at day 64. Similar results were observed when
using absolute pNF-H values (Fig. 1D), although the dif-
ferent levels of plasma pNF-H at baseline need to be
accounted for when considering the degree of change.'” A
similar inverse relationship was observed between nusin-
ersen CSF levels and reductions of CSF pNF-H levels
(data not shown).

Three participants in the CS3A study did not have two
SMN?2 copies (two participants had three SMN2 copies,
one participant had an unknown number of SMN2
copies). When data from these participants were added to
the analysis (all in the 12-mg, three loading doses group),
similar results were observed with a 75% reduction in
CSF pNE-H levels, compared with a 63% reduction when
data from these participants were not included.

PK/PD modeling of motor function and CSF
nusinersen levels

To further explore the dose-response relationship, we
developed a PK/PD model using nusinersen CSF levels
obtained at the same time as CHOP INTEND assessments
from the CS3A and ENDEAR studies based on data from
participants with two SMN2 copies. This analysis indi-
cated that the higher the CSF concentration of nusin-
ersen, the greater the efficacy as measured by CHOP
INTEND change from baseline (Fig.2). Using a popula-
tion PK model, the steady-state CSF concentration of the
12-mg approved dose is 5ng/mL.*° In the PK/PD model,
the nusinersen concentration attained with the 12-mg
ENDEAR dosing regimen (5ng/mL) was associated with
an estimated improvement of 7.5 points from baseline in
CHOP INTEND score (Fig.2), which is consistent with
the mean 9.1-point improvement observed in the
ENDEAR study. We also conducted a sensitivity analysis
using all available data that included two additional par-
ticipants with three SMN2 copies and observed nearly
identical results, also with an estimated improvement in
CHOP INTEND score of 7.5 points from baseline (data
not shown).

Using a population PK model, we modeled a number
of dosing regimens (data not shown) to select one that
would be expected to lead to nusinersen CSF levels asso-
ciated with a clinically meaningful increase (>4 points in
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Figure 1. Higher nusinersen CSF levels are associated with greater reduction in plasma pNF-H levels. (A) Summary table showing median nusin-
ersen CSF Gyougn, Median plasma pNF-H levels, and percentage reduction in plasma pNF-H levels in each treatment group. (B) Higher Nusinersen
CSF Girough levels were observed with higher and/or more frequent doses, as expected. (C) Greater percentage decreases in plasma pNF-H levels
were seen in groups with higher nusinersen levels. (D) Similar results were observed with absolute plasma values. CSF = cerebrospinal fluid;
Cirough = trough concentration; LD = loading dose; pNF-H = phosphorylated neurofilament heavy chain; SE = standard error.

CHOP INTEND score) above the 12-mg dose based on
the PK/PD model. We selected the dosing regimen with
two loading doses of 50 mg separated by 2weeks and
maintenance doses of 28 mg (Fig. 3A). Using the popula-
tion PK model, this regimen is predicted to lead to

822

nusinersen CSF steady-state levels of 12 ng/mL, a 2.4-fold
increase in nusinersen CSF concentrations over the 12-mg
approved dose of nusinersen (Fig.3B). Based on the PK/
PD model (using data from participants with two SMN2
copies), this higher concentration is estimated to lead to

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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Figure 2. PK/PD modeling indicates that higher nusinersen CSF levels are associated with higher efficacy, and that higher dose may lead to
clinically meaningful increase in efficacy above that seen with 12-mg approved dose. PK/PD modeling using CS3A and ENDEAR data from partici-
pants with two SMN2 copies shows higher nusinersen CSF levels are associated with higher efficacy as measured by change from baseline in the
CHOP INTEND score. This model indicates that a higher dose of nusinersen may lead to additional clinically meaningful improvement in efficacy
(~5 points in CHOP INTEND) above that seen with the 12-mg approved dose of nusinersen. CHOP INTEND change from baseline estimated with
exposure at 12 mg is 7.5 points, whereas the exposure at the higher dose is expected to lead to CHOP INTEND change from baseline of 12.7
points (incremental gain of 5.2 points above 12 mg). Exposures are based on steady-state concentrations calculated using population PK model*®
— 12-mg approved dose of nusinersen leads to 5 ng/mL nusinersen CSF levels and higher dose of nusinersen is expected to lead to 12 ng/mL
nusinersen CSF levels. Both observed and predicted mean PK/PD values per decile (10% of values) are similar, indicating this model is representa-
tive of the observed values. Each box represents one decile of the data, shown as a standard box plot (whiskers 90% Cl, box 50% Cl, line in box
represents median value, outliers are shown as single points outside of the box). CHOP INTEND = Children’s Hospital of Philadelphia Infant Test of
Neuromuscular Disorders; Cl = confidence interval; CSF = cerebrospinal fluid; Cyough = trough concentration; PD = pharmacodynamic; PK = phar-

macokinetic.

a 5.2-point increase in CHOP INTEND score above that
observed with 12-mg approved dosing regimen (Fig. 2).
Given that age at first dose represents an important
determinant of response,7’8’21 we conducted additional
analyses to determine whether our PK/PD analysis could
have an alternative explanation and be driven primarily
by younger participants with a higher change from base-
line in CHOP INTEND score. First, we separated the data
according to median participant age at first dose (i.e.,
150 days) and plotted the PK/PD curve for data of partic-
ipants below (Fig.4A) and above (Fig.4B) median age at
first dose. We hypothesized that if age was the key driver
for this analysis, we should not see any PK/PD relation-
ships, or potentially only in one group or substantially
altered PK/PD curves. In contrast, we observed similar
PK/PD curves in both groups. As expected, the mean
change from baseline in CHOP INTEND total score was
greater in the group that was younger at first dose than
in the group that was older at first dose. This applied
both at exposures associated with steady state of 12 mg

© 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.

and a higher dose of nusinersen (28 mg). Importantly, the
additional in CHOP INTEND  score
expected with the higher dose of nusinersen above that
seen with the 12-mg regimen was similar in both younger
and older participants based on age at first dose with 5.2-
and 5.1-point improvement in CHOP INTEND scores,
respectively (Fig. 4C). This analysis suggests that while age
at first dose is an important contributing factor to change
in CHOP INTEND score from baseline, it is not a con-
tributor to the higher efficacy predicted in this model
with the higher dose of nusinersen.

To analyze for potential impact of age on nusinersen levels in
CSF in this data set, we separated the data in the PK/PD model
into four different quartiles by age at first dose (Fig. 4D). We
did not observe any clear pattern of age and CSF levels, consis-
tent with our analyses described above (Fig. 4A—C).

In summary, age at first dose of nusinersen does not
impact the predicted additional increase in CHOP
INTEND score with a higher dose of nusinersen com-

improvement

pared with 12-mg nusinersen.
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Figure 3. Higher dose of nusinersen is expected to lead to ~2.4-fold
increase in nusinersen levels in CSF compared with the approved 12-mg
dose. (A) Schematic illustrating higher-dose regimen (two loading doses
2 weeks apart of 50 mg and maintenance dose 28 mg every 4 months)
and the 12-mg approved dose of nusinersen (four loading doses of
12 mg and maintenance dose 12 mg every 4 months). (B) Population
PK model estimates steady-state CSF concentration of nusinersen of
5 ng/mL with the 12-mg approved dose of nusinersen and 12 ng/mL
with the higher nusinersen dosing regimen. Steady state is predicted to
be achieved after six maintenance doses, or 24 months after the final
loading dose. Median values are shown; the confidence intervals for
12-mg dose were previously described in MacCannell et al.?° Data for
the higher dose will be obtained from the DEVOTE study. CSF =
cerebrospinal fluid; D = day, PK = pharmacokinetic.

Our PK/PD model uses data from participants in
ENDEAR and CS3A who had different dosing regimens
and doses, which lead to different nusinersen concentra-
tions (Fig. 1B) and thus allows for exploration of PK/PD.
SMA is a rare disease, and our data set is relatively lim-
ited because of the small sample size in the clinical stud-
ies; thus, we used the maximum data set available to use
in our PK/PD modeling (Fig.2). We then conducted sen-
sitivity analysis using only PK/PD data from the first
maintenance dose (day 253 for CS3A and day 183 for
ENDEAR). Similar results were observed with an addi-
tional increase of approximately 5.0 points from baseline
in CHOP INTEND score with a higher dose of nusinersen
compared with the 12-mg dose (Fig. 4E).

R.S. Finkel et al.

Steady-state nusinersen CSF exposures
across different body weights

Given the relationship between nusinersen CSF concentra-
tions and efficacy, we assessed the potential changes of
nusinersen CSF levels as participants age and grow. The
steady-state nusinersen CSF levels for both the 12-mg
approved dose and higher dose were modeled for a range
of body weights using the population PK model. The
steady-state concentrations of nusinersen CSF were simi-
lar across the different body weights of 9-115kg (20-254
Ibs) for both the 12-mg approved dose and higher dose
of nusinersen (Fig. 5). Similarly, sex was not identified as
a significant covariate in CSF or plasma pharmacokinetics
(data not shown).

Discussion

Nusinersen has been evaluated in a clinical development
program across a broad spectrum of SMA populations:
infants treated in the presymptomatic stage of SMA,
infants and children with infantile-onset SMA, and chil-
dren, teenagers, and adults with later-onset SMA. Results
from the clinical studies have demonstrated significant
and clinically meaningful effect on motor function and
survival endpoints.” ”*'%** The favorable safety profile,
with up to 7.6 years of follow-up during nusinersen treat-
ment, provides an opportunity to explore higher doses of
nusinersen.'”'®'? This is further supported by preclinical
toxicology studies of higher doses (data not shown).

Our analyses demonstrate a dose—response relationship
between nusinersen CSF levels and plasma pNF-H levels.
Plasma pNF-H levels have been suggested to be a valuable
biomarker in SMA, with an observed 10-fold higher level
in infants with SMA compared with age-matched non-
neurological disease controls.'” Treatment with nusinersen
rapidly reduces pNF-H levels in both participants in the
presymptomatic stage of SMA and those with symp-
tomatic infantile-onset SMA.>'” Additionally, levels of
plasma pNF-H after treatment (day 64) were the best pre-
dictors of future motor function achievement in partici-
pants treated with nusinersen in the presymptomatic
stage of SMA in the NURTURE (NCT02386553) study.’
Although our analysis does not allow us to predict the
degree of reduction in pNF-H at the higher dose, our
results showing a dose response (Fig. 1C) raise the possi-
bility that pNF-H levels may be reduced further and faster
owing to the higher expected nusinersen CSF levels
achieved after only two loading doses.

The potential for additional clinical efficacy at the
higher dose of nusinersen is supported by our PK/PD
analysis, which shows that higher nusinersen CSF levels
are associated with higher efficacy as measured by CHOP

824 © 2022 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association.
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>150 days (above median in this data set), higher nusinersen CSF concentration was also associated with higher CHOP INTEND change from
baseline, albeit with a flatter curve. (C) As expected, the change from baseline in CHOP INTEND scores was greater in younger participants at
exposures associated with the steady state of 12 mg and higher dose of nusinersen (28 mg). Importantly, the additional improvement in CHOP
INTEND score expected with the higher dose of nusinersen compared with 12 mg was similar in each population (~5 points). (D) No clear
relationship between CSF Ciougn and age was observed when patients were stratified into four different quartiles according to their age at first
dose. As expected, younger participants (first quartile) have greater change from baseline in CHOP INTEND scores, consistent with Figure 3C and
results from the ENDEAR study.” (E) A similar PK/PD relationship indicating 5.0-point increase in CHOP INTEND above 12 mg at exposures
expected with the higher dose of nusinersen was observed using only data from the time of first maintenance dose administration (day 183 for
ENDEAR study and day 253 for CS3A study). The Enax Value in this model could not be determined, likely due to the limited a data set. CHOP
INTEND = Children’s Hospital of Philadelphia Infant Test of Neuromuscular Disorders; CSF = cerebrospinal fluid; Cyougn = trough concentration;
Emax = maximum effect.
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Figure 5. Nusinersen CSF levels are similar as participants age and grow. Body weight is predicted to have minimal impact upon the Cyough
either at the 12-mg or 28-mg dose of nusinersen. Steady-state trough concentrations were simulated over a wide range of body weights (9.0
114.5 kg). Despite an over 10-fold change in body weight, the volume of the CNS is predicted not to change significantly over a wide range of
body weights, leading to consistent exposure within the CNS. The total simulated patient population was divided into weight deciles (the range
of body weights is presented on the x-axis). The boxes represent 50% of the simulated population, bisected by the median value. The whiskers
represent the predicted range for 95% of the simulated population. CNS = central nervous system; CSF = cerebrospinal fluid; Cyough = trough

concentration.

INTEND change from baseline in infantile-onset SMA.
Our PK/PD model indicates that the higher dose of
nusinersen may lead to a clinically meaningful increase in
the CHOP INTEND score, estimated at approximately 5
points above that observed with the 12-mg approved dose
of nusinersen. Although this analysis uses time-matched
observations and relies on actual data collected at differ-
ent times in the CS3A and ENDEAR studies, the majority
of the data are from the ENDEAR study from day 64 and
day 183. As a result, this model likely predicts effects
expected after 6 months of treatment.

While age is an important contributing factor to
change in CHOP INTEND score from baseline in our
studies, our sensitivity analyses suggest it is not a contrib-
utor to the higher efficacy predicted by our model with
the higher dose of nusinersen. This is consistent with lack
of any clear pattern between age at first dose and nusin-
ersen CSF levels.

Additional analyses support the dose—response relation-
ship between nusinersen and clinical outcomes. Among
participants with infantile-onset SMA, higher nusinersen
CSF area under the curve values in the initial few months
of treatment were associated with a higher probability of
being a motor milestone responder (Fig.S1). In partici-
pants with later-onset SMA, the median change from
baseline Motor Scale
— Expanded score associated with higher exposures
(10-15ng/mL) was twice that associated with lower expo-
sures (0-5ng/mL) (Fig. S2). However, given the relatively

in Hammersmith Functional

limited data in participants with later-onset SMA, lower
nusinersen exposures, and heterogeneous participant pop-
ulation, it is difficult to estimate efficacy of higher doses
in this population or draw quantitative conclusions with
respect to any potential PK/PD relationship. Our assess-
ment of the greater efficacy of higher dose nusinersen
relies primarily on data from the infantile-onset SMA
studies since these enrolled the largest number of partici-
pants and included different dosing regimens, allowing
for construction of PK/PD models. Furthermore, given
the likely relationship between higher nusinersen levels
and higher SMN levels in the central nervous system, the
higher dose of nusinersen has the potential for additional
efficacy beyond that observed with the 12-mg approved
dose in the broad SMA population.

Our PK model shows that steady-state concentrations
of nusinersen in CSF are predicted to increase approxi-
mately 2.4-fold with the higher dose of nusinersen. In
addition, the analysis of nusinersen CSF levels across a
wide range of body weights shows that nusinersen levels
remain similar as participants age and grow, as expected
with intrathecal administration.

The modeled weight range was selected to enable com-
parison across steady-state concentrations in CSF as the
most relevant comparisons. Specifically, maximum weight
(115kg) was selected based on highest weight of a partici-
pant in the clinical development program, and minimum
weight modeled was selected based on when we were con-
fident steady-state concentration would be established
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even in the youngest patients, given the long half-life of
nusinersen. As steady-state concentrations are achieved
after five half-lives (~20 months), patients with lower
weights will also have similar concentrations of nusin-
ersen in CSF after ~20 months of nusinersen administra-
tion. During the initial loading phase, the CSF trough
concentration exceeds the steady state by approximately
34% (16 vs. 12ng/mL at steady state) and returns to a
steady-state value, which remains stable throughout the
duration of dosing. The steady-state CSF trough concen-
tration is minimally impacted by age or body weight in
all simulated patient populations. Furthermore, our PK
modeling shown in Figure 3B indicates that nusinersen
CSFE concentrations are similar even before reaching
steady state.

Thus, a higher dose of nusinersen is expected to lead
to higher concentrations of nusinersen across broad SMA
populations, which may in turn lead to additional clinical
benefit. Therefore, we expect that once a steady-state con-
centration of nusinersen is achieved in patients with
SMA, remaining o-motor neurons are likely exposed to
similar concentrations of nusinersen independent of body
weight or age, leading to maintenance of SMN protein
levels.

The limitations of the analyses described in more detail
above include primarily a limited number of participants
from clinical studies, as SMA is a rare disease, and inter-
pretations are based primarily on data from clinical stud-
ies with participants with infantile-onset SMA treated
with nusinersen using efficacy data matched with nusin-
ersen CSF exposures. Nonetheless, the totality of the data
indicates that the higher dose of nusinersen may lead to
additional clinically meaningful improvement in efficacy
when compared with the currently approved 12-mg dose.
This hypothesis is currently being evaluated in the
DEVOTE clinical study.

The long-term favorable safety profile of nusinersen
provides an opportunity to explore higher doses for
patients with SMA. Higher nusinersen CSF levels were
associated with a greater decrease in pNF-H levels, sug-
gesting a dose-response relationship. The PK/PD model
indicates that the higher dose of nusinersen may be asso-
ciated with a clinically meaningfully increase in efficacy
above that seen with the 12-mg approved dose of nusin-
ersen. The efficacy, safety, and PK of the higher dose of
nusinersen are currently being investigated in the ongoing
DEVOTE study.
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Figure S1. Exposure response analysis of motor milestone
response.

Figure S2. Median change from baseline in HFMSE total
score associated with higher exposures (10-15ng/mL) of
nusinersen was twice that associated with lower exposures

(0-5ng/mL) of nusinersen in participants with later-onset
SMA.
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