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Summary

Background Hexanucleotide repeat expansion of chromosome 9 open reading frame 72 (C9rf72) is a
common genetic cause of amyotrophic lateral sclerosis (ALS). Currently, no C9orf72-targeted treatments
are available. BIIB0O78 is an investigational antisense oligonucleotide targeting C90rf72 sense RNA. This
phase 1 study assessed the safety, tolerability, and pharmacokinetics of BIIBO78 in participants with
C9orf72-ALS.

Methods This was a randomised, double blinded, placebo-controlled, multiple ascending dose study of
adults with C90rf72-ALS. Participants were enrolled at 22 sites in six countries: USA, Canada,
Netherlands, UK, Switzerland, and Ireland. Adults with ALS and a pathogenic repeat expansion in
C90rf72 were randomly assigned via Interactive Response Technology in a 3:1 ratio (per cohort) to
receive BIIB078 (5, 10, 20, 35, 60, or 90 mg in cohorts 1-6, respectively) or placebo (all cohorts) via an
intrathecal bolus injection. The treatment period consisted of three loading doses of study treatment,
administered approximately once every 2 weeks, followed by monthly maintenance doses comprising a
treatment period of ~3 months for Cohorts 1-3 and ~6 months for Cohorts 4-6. The primary endpoint was
the incidence of adverse events (AE) and serious AEs. Secondary endpoints included serum BIIB0O78
concentration, serum pharmacokinetic parameters, and clinical assessments.

Findings A total of 106 participants were enrolled with 27 receiving placebo and 79 receiving BIIB078:
90 mg (n=18), 60 mg (n=18), 35 mg (n=19), 20 mg (n=9), 10 mg (n=9) and 5 mg (n=6). All participants
had at least one AE; most AEs were mild or moderate in severity and were not treatment limiting. The
most common AEs in BIIBO78-treated participants were falls, procedural pain, headache, and post lumbar
puncture syndrome. Fourteen participants (18%) receiving BIIBO78 reported SAEs, while nine
participants (33%) receiving placebo reported SAEs. Five participants who received BIIB078 and three
participants who received placebo had fatal AEs: respiratory failure (n=1) in the 10 mg cohort; ALS (n=2)
and traumatic intracranial haemorrhage (n=1) in the 35 mg cohort; pulmonary embolism (n=1) in the 60
mg cohort; and respiratory failure (n=3) in the placebo group. All deaths were assessed as not related to
the study treatment by the investigator. Though target engagement was demonstrated via reductions in
poly(GP) and poly(GA) levels in the CSF, the top dose BIIBO78 cohort experienced increases in
neurofilament levels and worsening on clinical assessments relative to placebo.

Interpretation Based on these phase 1 study results, namely lack of reduction in neurofilament levels and
lack of benefit on clinical outcomes relative to the placebo group, BIIBO78 clinical development has been
discontinued. However, these results will be informative in evolving our understanding of the complex
pathobiology of C90rf72-ALS.

Funding This study (NCT03626012, Eudra CT 2017-000294-36) was sponsored by Biogen.



Research in Context

Evidence before this study: Amyotrophic lateral sclerosis (ALS) due to mutations in chromosome 9
open reading frame 72 (C90rf72-ALS) is the most common known genetic cause of ALS among those
with and without a family history of ALS. We searched PubMed for clinical trial articles published in
English before Jan 15, 2024, using the terms “amyotrophic lateral sclerosis” and “C9orf72”. As of that
date, no C9orf72-targeted treatments are available and there is a high unmet need given the life-
threatening nature of this disease. BIIBO7S is designed to reduce the toxic gain of function in C90rf72-
ALS.

Added value of this study: We present results from a phase 1, randomised, double blinded, placebo-
controlled, multiple ascending dose study conducted to evaluate the effects of BIIBO78 administered
intrathecally in adults with C90rf72-ALS. A total of 106 participants were enrolled with 27 receiving
placebo and 79 receiving BIIB078: 5 to 90 mg. Most adverse events were mild or moderate in severity
and were not treatment limiting. While target engagement was achieved, administration of BIIB078 at all
dose levels did not slow disease progression. At the highest dose tested, an increase in neurofilament light
chain and numerical clinical decline were observed.

Implications of all the available evidence: Based on these phase 1 study results, namely the elevations
in NfL and consistent numerical declines in clinical outcome measures, BIIB078 clinical development has
been discontinued, including the open-label extension study. However, these results will be informative in
evolving understanding of the pathobiology of C90rf72-ALS. These results show the heterogeneity of
pathology among different genetic mutations causing ALS such as C9orf72, and the importance of
conducting well-designed phase 1 studies, including biomarkers of target engagement and efficacy.



Introduction

In ~10% of people living with amyotrophic lateral sclerosis (ALS), the disease is thought to be caused by
a hexanucleotide repeat expansion (HRE) in the intron 1 non-coding region of chromosome 9 open
reading frame 72 (C90rf72). C9orf72-ALS is the most common known genetic cause of ALS among
many North American and European people, and can occur in individuals with and without a known
family history of ALS.' The dominant hypothesis of pathogenicity suggests that the HRE leads to a toxic
gain of function through: (i) the production of sense and antisense repetitive RNA species that form RNA
foci and (ii) dipeptide repeat (DPR) proteins that are translated from the sense and antisense RNA
transcripts through a mechanism known as repeat-associated non-AUG (RAN) translation. It has also
been proposed that loss of C90rf72 function may contribute to the pathophysiology of C90rf72-ALS or
the toxicity driven directly by the DNA expansion.® Currently, no C9orf72-targeted treatments are
available, and there is a high unmet need given the life-threatening nature of this disease.

In C90rf72-ALS, the hexanucleotide repeats reside between exon la and exon 1b of the C90rf72 gene.
Transcription of this C90rf72 gene may initiate at either exon la or exon 1b, giving rise to three common
RNA sense transcripts, including V1 and V3 (both initiated at exon la, and therefore including
hexanucleotide repeats), and V2 (initiated at exon 1b, and therefore not including the hexanucleotide
repeats). BIIBO78 is an investigational antisense oligonucleotide (ASO) designed to bind to a site in
intron 1 that is adjacent to the 5’ end of hexanucleotide repeat-containing sense RNA transcribed from the
mutant C9orf72 gene, resulting in its degradation via RNase H. BIIBO78 targets exon la-initiated RNA
transcripts (V1 and V3) generated from both mutant and normal C9orf72 alleles, and is designed with the
goal of decreasing production of toxic RNA and DPRs, with the intent of reducing the toxic gain of
function in C90rf72-ALS without altering V3 transcript levels. While BIIB078 targets the hexanucleotide
repeat regions in V1 and V3 sense transcripts, it does not target the antisense transcripts generated
between exon la and exon 1b, therefore not altering production of both DPR and RNA foci from the
antisense strand (figure 1). Moreover, BIIBO78 does not target exon lb-initiated transcripts, which have

been shown to be the dominant RNA transcript produced from the C90rf72 gene. Therefore, it is expected
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that total C9orf72 RNA and protein expression will be largely preserved with BIIB078 treatment, thus not
markedly exacerbating known reductions of C90rf72 expression. In a preclinical study of mice expressing
C9orf72 RNAs with up to 450 GGGGCC repeats or with one or both C90rf72 alleles inactivated,
administration of a single dose ASO that targets repeat-containing sense C9orf72 transcripts was shown
to significantly reduce the accumulation of repeat-containing C90rf72 and poly(GP) and poly(GA)
proteins in the cortex and spinal cord, RNA foci in the dentate gyrus, and the development of behavioural
deficits.”

A phase 1, randomised, double blinded, placebo-controlled, multiple ascending dose (MAD) study was
conducted to evaluate the effects of BIIBO78 administered intrathecally in adults with C90rf72-ALS.
Dose levels for the MAD were selected based on the expected target tissue concentrations of BIIB078 that
were projected to achieve various levels of biological activity, derived from the identified exposure
response relationships in human C90rf72 transgenic mice and the predicted human tissue profiles from a
physiologically-based PK model.”*

Following completion of the MAD study (NCT03626012, Eudra CT 2017-000294-36), participants had
the opportunity to screen for enrolment in an open-label extension (OLE) study evaluating the long-term
safety, tolerability, pharmacokinetics (PK), pharmacodynamics (PD), and effect on disease progression of

BIIB078. Here, we describe the results from the MAD study.

Methods

Study design

This was a phase 1, randomised, double blinded, placebo-controlled MAD study (NCT03626012)
designed to evaluate the safety, tolerability, and PK of BIIB078 administered intrathecally to adults with
C9orf72-ALS and conducted from September 2018 to November 2021. Participants were enrolled at 22

sites in six countries: USA, Canada, Netherlands, UK, Switzerland, and Ireland (see clinicaltrials.gov for

details on included sites). The trial lasted up to ~52 weeks, and included a 6-week screening period, a 12-

week (cohorts 1-3) or 24-week (cohorts 4-6) treatment period, and a follow-up period of 22 weeks for



those who did not enrol directly in the OLE. Informed consent was obtained during the Screening Period,
prior to performing any study assessments.

Participants were randomly assigned via Interactive Response Technology system in a 3:1 ratio of
BIIB078:placebo to receive a 15mL intrathecal bolus injection via lumbar puncture of BIIB078 (5, 10, 20,
35, 60, or 90 mg in cohorts 1-6, respectively) or placebo (artificial CSF). The treatment period consisted
of three loading doses of study treatment, administered approximately once every 2 weeks, followed by
two maintenance doses for cohorts 1-3 and five maintenance doses for cohorts 4—6, administered
approximately once every 4 weeks. The sample size in cohorts 4 through 6 (n=15) allowed for more than
80% power to detect a reduction in key biomarkers, such as RAN dipeptides in the CSF, of an effect size
0f 0.89, at an a level of 0.1 (2-sided) based on 2-sample t-test. For each participant, a review of all
available safety and tolerability data was performed, by the sponsor with the site Investigator, ~7 days
after the first dose was administered and before administration of the second planned dose on Day 15 to
allow continuation to subsequent doses. The second dose was not administered until this review was
complete.

Prior to escalating to a higher dose level, a safety surveillance team reviewed all available blinded safety
data from all randomised participants with the Investigators from sites where participants were dosed.

In addition to review of the safety data, there was a review of trough ASO levels after the fourth dose
(samples collected pre-dose on Day 85). Participants who completed the phase 1 study had the
opportunity to participate in the OLE study (NCT04288856).

Participants

This trial enrolled adults (>18 years of age) diagnosed with ALS according to the World Federation of
Neurology revised El Escorial criteria’ and documentation of a clinical genetic test demonstrating the
presence of a pathogenic repeat expansion in C90rf72. Key inclusion criteria included: slow vital capacity
(SVC) >50% of predicted normal adjusted for sex, age, and height (from the sitting position); and ALS
Cognitive Behavioural Screen (ALS-CBS) score >11 for the cognitive portion and >33 for the
behavioural portion. Participants taking concomitant riluzole at study entry were required to be on a stable
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dose for >30 days prior to the first dose of study treatment (day 1); and participants taking concomitant
edaravone at study entry were required to be on a stable dose for >60 days prior to the first dose of study
treatment (day 1). Key exclusion criteria included: tracheostomy; pre-screening Amyotrophic Lateral
Sclerosis Functional Rating Scale — Revised (ALSFRS-R) slope (AFRS score <0.4 points/month (defined
as: (48 - ALSFRS-R score at screening) / months from date of symptom onset to date of screening); and
concurrent enrolment in any other interventional study. A full list of inclusion and exclusion criteria is
available in the protocol (Supplementary Materials).

Trial oversight

This trial was conducted in accordance with Good Clinical Practice Guidelines of the International
Council for Harmonisation, and according to the ethical principles outlined in the Declaration of Helsinki.
The protocol (Supplementary Materials) was approved by relevant ethics committees. Written informed
consent was provided by the participants or their legal representatives (in the event of the participant’s
physical incapacity to sign, in accordance with local practice and regulations). The background of the
proposed study, the procedures, the benefits and risks of the study, and that study participation is
voluntary for the participant was explained to the participant (or the participant’s legal representative),
and the participant was required to be given sufficient time to consider whether to participate in the study.
The sponsor (Biogen) and authors designed the trial. Biogen provided study treatment (BIIB078 and
placebo) and oversaw the trial. Data were collected by the investigators and analysed by the sponsor. No
independent statistician was involved with this study. To maintain the integrity of the trial conduct and
analyses, the study management team were blinded and all analyses were prespecified prior to unblinding
to eliminate potential bias.

Dose selection

Selection of dose levels was driven by the prediction of human exposures informed by a physiologically-
based pharmacokinetic (PBPK) model developed based on non-human primate (NHP) PK data, as well as
potencies derived from humanized C90rf72 transgenic mice experiments.”* Concentrations of BIIBO78 in

the human spinal cord and cortex were derived by dividing the concentrations predicted with the NHP-



based model by factors of 6.5 and 20, respectively. The scaling factors reflect approximate ratios in
physiological volumes of the spinal cord and brain between cynomolgus monkeys and humans. This
approach assumes that the compartmental model structure and especially CNS-related transfer rates in
human are similar to those in NHP.

The exposure-response relationship was established in C90rf72 transgenic mice and further combined
with PK predictions scaled to human to predict the expected mRNA reduction in human cortex and spinal
cord at different dose regimens. The ECsg values for BIIB078 were determined to be 0-32 pg/g in the
spinal cord and 1.56 pg/g in the cortex. Doses of BIIB078 10 mg, 20 mg, 35 mg, 60 mg, and 90 mg were
respectively projected to result in average C9orf72 mRNA knockdown (at steady state) corresponding to
45%, 62%, 77%, 85%, 91%, and 94% in the cervical spinal cord, and 7%, 14%, 24%, 36%, 49%, and
59% in the cortex.

Randomisation and masking

Randomisation numbers were generated by Signant Health (Bluebell, PA, USA) Interactive Response
Technology system for each cohort according to the randomisation specifications, in ascending order, as
participants enrolled into the study. No treatment or dose information were shared with participants, their
families, or any member of the blinded study team, either at the study site or at the sponsor or its
representatives.

Endpoints

The primary endpoint was the incidence of adverse events (AEs) and serious AEs (SAEs). Secondary
endpoints were serum PK parameters and measures of clinical function, including changes in ALSFRS-R
scores (measure of clinical function that comprises 12 items across bulbar, fine motor, gross motor, and
respiratory domains), percent-predicted SVC (measure of ventilatory strength), handheld dynamometry
(HHD) megascore (measure of muscle strength), and lowa Oral Pressure Instrument (IOPI; measure of
tongue strength). Exploratory endpoints included assessments of cerebrospinal fluid (CSF) PK, PD
(including poly-GP and poly-GA as indirect measures of target engagement), neurofilament light (NfL;

measure of axonal injury and neurodegeneration),'® quality of life measures (ALS Assessment



Questionnaire — 5 Item Form [ALSAQ-5], Fatigue Severity Scale [FSS], 36-Item Short Form Health
Survey, and Zarit Burden Interview). The treatment duration and the frequency of the ALSFRS-R, HHD,
and IOPI assessments for Cohorts 4 -6 were increased to improve the likelihood of detection of any
effects of BIIBO78 on amyotrophic lateral sclerosis (ALS) disease progression. Detection of such putative
clinical effects during the study could accelerate development, potentially leading to the earlier
availability of an effective therapy without jeopardizing subject safety. NfL concentration in both plasma
and CSF were determined utilising the NF-light Advantage Kit immunoassay on the Quanterix single
molecule array (Simoa) platform (Quanterix, Billerica, MA, USA) and separately using the Atellica® IM
Neurofilament Light (NfL) immunoassay (Siemens Healthineers, Malvern, PA, USA). Study samples
were analysed using analytically validated manufacturer’s protocols at the respective manufacturer’s
laboratories. NfL results generated on the Siemens assay are presented in the main body, and those
generated on the Quanterix assay are presented in the Supplementary Appendix. CSF samples for the
assessment of C90rf72-RAN dipeptide proteins were scheduled to be taken pre-dose at Days 1, 15, 29,
57, 85 (cohorts 1-3) and Days 1, 15, 29, 57, 85, 113, 141, 169 (cohorts 4—6). In addition, samples were
also taken at non-dosing visits on Day 134 and EOS/Day 176 (cohorts 1-3) and Day 218 and EOS/Day
260 (cohorts 4-6). To account for natural disease progression in this study population, baseline NfL, a
prognostic marker for disease progression, was adjusted as a covariate. The size of expanded GGGGCC
repeats was not recorded in the DNA sample collection form. Ventilatory support data was not collected
in this study.

Statistical analysis

The sample size of the study was typical for first-in-human clinical studies, with the goal of balancing
safety considerations for study participants and the need to obtain sufficient information to assess the
safety and biological activities of BIIBO78. For cohorts 4-6, a sample size of 15 participants in each
cohort exposed to the experimental ASO was calculated to allow for an >80% probability of observing at

least one occurrence of an AE with an event rate of 11%.
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The analysis population included all randomised participants who received at least one dose of study
treatment (BIIB078 or placebo). The actual scores and changes from baseline in secondary and
exploratory clinical endpoints were summarised by visit and dose level using descriptive statistics. The
change from baseline in each of these clinical function scores at day 176 for the BIIBO78 60 mg and 90
mg dose levels was estimated separately versus the pooled placebo group and presented along with their
95% Cls based on a mixed-effects repeated-measures model (MMRM). The model included baseline
score, scheduled visit day for data collection (days 15, 29, 57, 85, 113, 141, and 169/176 for NfL. and
SVC; days 36, 64, 92, 120, 148, and 176 for ALSFRS-R and HHD), treatment, treatment-by-visit
interaction (to account for potential differences in response over time between the two groups), baseline-
by-visit interaction, AFRS, and CSF NfL baseline value. In consideration of the consistency with protocol
planned analyses for CSF NfL and high correlation between plasma and CSF NfL baseline, CSF NfL
baseline was included in the model for analysing clinical efficacy endpoints to account for predicted
patient disease progression.

Role of the funding source

The study funder was involved in study design, study monitoring, data collection and management,
statistical analysis, data interpretation, and writing of the draft report of this study. All authors were able
to have full access to the data, and had full responsibility for the decision to submit for publication.
Authors Leonard H. van den Berg, Susie Sinks, Steve Garafalo, and Stephanie Fradette verified the

underlying data in the study.
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Results

A total of 106 participants were enrolled, with 27 receiving placebo across dose cohorts. Among
participants who were randomised to BIIB078, 18 received 90 mg, 18 received 60 mg, 19 received 35 mg,
nine received 20 mg, nine received 10 mg, and six received 5 mg (figure 2). All participants received at
least one dose of study treatment and were included in the intention to treat, safety, and PK analysis
populations. Overall, the clinical characteristics of the participants at baseline were generally similar in
the trial groups for use of riluzole and edaravone, time since symptom onset, baseline ALSFRS-R score,
and percentage predicted SVC, with some variations observed across treatment groups (table 1). Relative
to placebo, baseline plasma and CSF NfL levels were higher, AFRS was greater, and time from symptom
onset was shorter in the top-dose BIIB078 cohort (90 mg), all suggesting a faster rate of disease
progression. All participants receiving BIIB078 or placebo had at least one AE, and most AEs were mild
or moderate in severity (table 2). No statistically significant differences in overall adverse events were
found between the high dose groups (BIIB078 60 mg and 90 mg) versus pooled placebo. In general, no
dose-responsive differences were observed in the safety results across the different BIIB078 dose groups;
therefore, safety results will be presented as a total BIIBO78 treatment group (n=79). The most common
AEs in BIIB078-treated participants by Medical Dictionary for Regulatory Activities preferred term were
fall, procedural pain, headache and post lumbar puncture syndrome. Most AEs were not treatment
limiting. Fourteen participants (17.7%) receiving BIIB078 reported SAEs, while nine participants
(33.3%) receiving placebo reported SAEs. The most common SAEs in BIIBO78-treated participants were
respiratory failure, ALS (verbatim term: ALS worsening), dysphagia, fall, pneumonia aspiration, and
pulmonary embolism. All SAEs were assessed as unrelated to study treatment by the investigator, and
most were secondary to ALS according to investigators. There were no clinically meaningful changes in
laboratory tests, including CSF white blood cells or protein in participants treated with BIIB078.

Five participants who received BIIB078 and three participants who received placebo had fatal AEs:
respiratory failure (n=1) in the 10 mg cohort; ALS (n=2) and traumatic intracranial haemorrhage (n=1) in

the 35 mg cohort; pulmonary embolism (n=1) in the 60 mg cohort; and respiratory failure (n=3) in the

12



placebo group. All deaths were assessed as not related to the study treatment by the investigator, and most
fatal events were common causes of death in the ALS population. Both CSF and serum PK data from
participants exposed to multiple doses in a range of 5-90 mg indicate that median concentrations of
BIIB078 in CSF and blood increased in a dose-dependent manner (figure S1). A nearly linear dependence
on dose was observed for median serum exposure parameters (maximum concentration [Cmax] and area
under the curve [AUCy.o4n] after the first dose) and CSF trough levels (pre-5" dose on day 85) up to 35
mg. The dependence of median serum Cpax and CSF trough levels on dose was slightly under-
proportional above 35 mg, whereas the dose-linearity for serum AUCy.241 persisted over the entire dose
range. Although the BIIB078 exposures in serum and CSF were highly variable across the 5- to 90 mg
dose range, the 5™ and 95" percentiles of the exposure parameters increased in a dose-dependent manner.
Although some individual serum Cpax and AUCo 24 values exceeded the median values achieved at the
no observed AE level (NOAEL in mice (median Cpnax = 5380-0 ng/mL and AUC = 15-2 pg/mL*h. at 5
mg/kg), the cohort median values were below the median threshold values at all doses.

BIIB078 serum concentrations peaked at a median time (Tmax) ranging between 4—6 hours after the first
dose (day 1) across study groups. In all dose groups, BIIB078 serum concentrations declined below the
limit of quantitation (1 ng/mL) by the end of each dosing cycle (2 or 4 weeks post-dose). No dose-related
change was observed in the median Tmax for BIIBO78 serum concentrations. Mean BIIB0O78 levels in CSF
demonstrated a steady increase until day 29, followed by a slight decrease indicating adjustment of PK
due to switching from biweekly to monthly dosing (figure S1). This transient decrease was observed until
day 57, then remained stable for the rest of the monthly treatment maintenance period in each dose
group.Reductions in both CSF poly(GP) and poly(GA) protein levels were relatively similar, and
observed across BIIB078 treatment groups, consistent with BIIB078-induced reduction of C90rf72 RAN
transcripts. Similar reductions in CSF poly(GP) and poly(GA) were observed over 6 months in the two
highest dose cohorts (60 mg cohort: 65% and 44%, respectively; 90 mg cohort: 54% and 49%,
respectively; figure 3). Across secondary efficacy endpoints including ALSFRS-R, SVC, HHD, and IOPI
anterior or posterior assessments, no significant slowing of decline was observed with any BIIBO78
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treatment group compared to placebo (BIIBO78 60 mg and 90 mg vs pooled placebo shown in figure 4, all
cohorts shown in figure S3). Secondary efficacy endpoints analyzed with all-dose MMRM were generally
consistent with BIIB078 60 mg and 90 mg vs pooled placebo results, showing no significant slowing of
decline with any BIIBO78 treatment group compared to placebo (data not shown). Greater numerical
clinical declines were observed in the 90 mg BIIB078 (n=18) group compared with placebo (n=27;
difference [BIIBO78 vs placebo] in adjusted means [95% CI] —2-84 [-7-13 to 1-46]). In addition, no
improvement was observed in any of the BIIB078 treatment groups when evaluating changes from
baseline in ALSAQ-5 scores, FSS scores, or SF-36 scores, consistent with results of the clinical
functional measures (figure S5). Consistent results were observed for each clinical endpoint with and
without adjustment for covariates, including adjustment for a combination of different covariates
(including age, sex, time since symptom onset to first dose of study treatment, site of onset, pre-screening
slope, plasma NfL, CSF NFL, concomitant use of edaravone and/or riluzole use). Consistent results were
also observed for each clinical endpoint with all dose groups included in the MMRM model. BIIB078 60
mg and 90 mg treatment groups experienced a significant increase from baseline in CSF NfL levels at 6
months compared with the placebo group (Siemens assay results: geometric mean ratio [GMR] [95% CI]
to baseline: 1-32 [1-:09-1-60], p=0-01 and 1-31 [1-07-1-60], p=0-01 for BIIB078 60 mg and 90 mg vs
pooled placebo, respectively) (Siemens assay results shown in figure 5, Quanterix assay results shown in
figure S2). Consistently, the BIIB078 90 mg treatment group also experienced a significant increase from
baseline in plasma NfL levels at 6 months compared with the pooled placebo group (Siemens assay
results: 1-:23 [1-04—1-46], p = 0-02 for BIIBO78 90 mg vs pooled placebo). The Siemens assay NfL levels
results for BIIB078 60 mg and 90 mg versus pooled placebo are shown in figure 5, and Siemens assay

results for all cohorts are shown in figure S4.
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Discussion

In this trial of BIIBO78 administered intrathecally to people with C90rf72-ALS, the most common AEs in
BIIB078-treated participants were falls, procedural pain, headache, and post-lumbar puncture syndrome.
Most AEs were mild-to-moderate in severity and were not treatment limiting. All SAEs and fatal events
in BIIBO78-treated participants were assessed as unrelated to study treatment, and most were consistent
with ALS disease progression. There were no clinically relevant changes in CSF white blood cells or
protein in BIIBO78-treated participants, in contrast to results observed in other intrathecal ASO clinical
trials.'"+'?

BIIB078 exposure generally increased in a nearly linear dose-proportional manner across the 5- to 90 mg
dose groups; however, a plateauing effect of CSF and plasma exposures appeared to emerge at doses
above 35 mg. Administration of BIIBO78 treatment led to robust reduction of CSF poly(GP) and
poly(GA) proteins (53% and 49% reduction at day 169/176 compared with baseline, respectively),
consistent with BIIBO78-induced reduction of C90rf72 sense strand RNA transcripts. This reduction was
predicted based on the BIIBO78 concentrations in C9orf72 transgenic mouse. The magnitude of CSF
poly(GP) and poly(GA) reduction was similar in the 60- and 90 mg cohorts, suggesting the
pharmacodynamic response may have been saturated at 60 mg. Notably, greater increases in NfL and
numerical clinical decline were seen in the BIIB0O78 90 mg cohort. Poly PR (or PA), which would be
produced by the antisense, C4G>, RNA strand, were not measured due to the unavailability of a
commercial or academic assay with appropriate analytical parameters to at this time.

The dose nonlinearity observed in CSF and serum PK was mild (figure S1). However, the plateauing
effect of poly(GP) and poly(GA) with increasing dose was much more remarkable and persistent.

There was no improvement observed in the BIIB078 treatment groups on any of the clinical outcomes,
including measures of physical function (ALSFRS-R), respiratory function (SVC), muscle strength
(HHD), and tongue strength (IOPI). Although this study was not powered to detect changes in these
efficacy measures, numerically greater clinical worsening was observed for the 90 mg group, as compared

with placebo across all outcome measures. Consistent with these clinical findings, increases in CSF and
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plasma NfL were observed for the BIIB0O78 90 mg group, and increases in CSF NfL were observed for
the BIIB078 60 mg group. Given the importance of this finding, samples were tested on both the Siemens
and Quanterix NfL assays, and results were concordant.

One possible confounding factor for interpretation of the clinical worsening and increase in mean NfL
observed in the BIIB078 90 mg group is that the participants randomized to this treatment group had
more quickly progressing disease at baseline. Specifically, baseline plasma and CSF NfL levels were
numerically higher in the BIIBO78 90 mg group compared to the placebo group. Given NfL levels have
been found to be strongly prognostic for disease progression and survival in ALS,'>'” baseline CSF NfL
levels were prospectively incorporated as a covariate across analyses to account for potential

imbalances. As such, these potential differences in natural disease progression do not explain

the worsening observed in the BIIB078 90 mg group.

Ultimately, this Phase 1/2 study was conducted to inform whether to move BIIB078 (and at what dose
level) into later stages of development. While the treatment period and cohort size were sufficient to
assess safety, PK, changes in poly(GP), poly(GA), and neurofilament levels, clinical outcome data (e.g.,
ALSFRS-R) should be interpreted with caution in studies of this size/duration due to heterogeneity in the
population and limitations of available outcome measures. The development of BIIB078 was
discontinued based on the results of this study, namely increases in NfL (generally accepted as evidence
that the drug was worsening axonal injury and neurodegeneration) and lack of benefit on clinical
outcomes relative to the placebo group across BIIB078 dose groups. These signals were further confirmed
with longer-term follow-up in the OLE study.

This phase 1 study of BIIB078 was designed to test the therapeutic value of targeting the sense
hexanucleotide repeat-containing C9orf72 transcripts (initiated from exon 1a). While target engagement
was achieved, as reflected by reduced poly(GP) and poly(GA) protein levels, administration of BIIBO78
did not slow clinical disease progression or lower NfL. This was an unexpected outcome and not
predicted by the preclinical human cellular or rodent transgenic model systems, employing single dose
ASO treatment paradigms. A null or negative effect could be attributed to several potential factors
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including, but not limited to: (i) a more prominent role of antisense hexanucleotide repeat-containing
C9orf72 transcripts (initiated from exon 1a) and translated antisense DPRs (i.e. PR and PA) in disease
pathogenesis, (ii) the role of haploinsufficiency (failure to correct existing haploinsufficiency or
exacerbation of existing haploinsufficiency by knockdown of exon la-initiated transcripts), (iii)
suppression of C9orf72 expansion repeat-mediated toxicity not suitably addressing downstream disease
propagation (mediated, for example, via TDP-43 dysfunction), (iv) toxicity induced by DNA repeat
expansion, and/or (iv) effect of ASOs on yet unknown pathogenic mechanisms in C90rf72-ALS."® In
addition, it is possible that effects specific to this ASO, particularly at higher doses, may have impacted
the clinical outcomes observed in this study.

Importantly, since the initiation of the BIIB078 trial, new work has revealed that an ASO targeting the
C90rf72 sense strand does not correct TDP-43 functional deficits as measured by downstream splicing
changes in human iPSC models, yet an experimental ASO targeting the antisense strand was able to
mitigate TDP-43 mediated loss of function.'*?! Similar to the results of this study, administration of
another ASO targeting V1 and V3 transcripts (WVE-004), led to significant increases in NfL with greater
clinical decline in some treatment groups versus placebo in the phase 1b/2a FOCUS-C9 study.* In
addition, arginine-rich DPRs, including the antisense poly(PR), have been implicated in the pathobiology
of CY9orf72 within both in vitro and in vivo models of disease. These data suggest that antisense
hexanucleotide repeat-containing C90rf72 transcripts (and/or downstream antisense DPRs) may be an
important therapeutic target in C9orf72-ALS. Ongoing analysis of autopsy tissue from trial participants

may help further our understanding of the underlying disease pathophysiology and effects of BIIBO7S.
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Figure I1: C90rf72 gene structure and transcripts. Figure adapted from Jiang and Ravits 2019

(A) Structure of the C90rf72 gene. Yellow boxes indicate untranslated regions and blue boxes indicate
translated regions; exon 2 contains the start codon for translation and is an obligatory exon for all
transcripts. The red triangle indicates the location of the disease-associated hexanucleotide repeats
between exons la and 1b.

(B) Transcripts originating from the C90rf72 locus. Transcription initiates at either exon la or 1b; la-
initiated primary transcripts but not 1b-initiated primary transcripts contain the hexanucleotide repeats
(indicated by the green resistor symbols). The red box indicates the binding site for BIIB078 in intron 1,
upstream of the hexanucleotide repeat region. Given the location of its binding site in intron 1, BIIBO78
targets only exon la-initiated, repeat-containing C90rf72 RNAs.

C9orf72 = chromosome 9 open reading frame 72; G4C2 = GGGGCC; RNA = ribonucleic acid.

Figure 2: Participant disposition

AE=adverse event. ALS= amyotrophic lateral sclerosis.

"Receiving at least one dose. All deaths assessed as unrelated to study drug. Deaths in placebo were
respiratory failure (n=2) and chronic respiratory failure. Deaths in the 10 mg group were due to
respiratory failure. Deaths in the 35 mg group were due to traumatic intracranial haemorrhage and ALS
(n=2). Death in the 60 mg group was due to pulmonary embolus. Two AEs in the 90 mg group leading to
withdrawal were pulmonary embolus and respiratory failure, both assessed as unrelated to BIIBO7S.

Figure 3: Ratio of CSF poly(GP) and poly(GA) to baseline values on observed data for all cohorts
CSF=cerebrospinal fluid. GMR=geometric mean ratio.
*Indicates common visits between cohorts 1-3 and cohorts 4-6.

Figure 4: Clinical outcome measures: (A) ALSFRS-R total score, (B) Percent-predicted SVC, (C)
HHD megascore, (D) IOPI anterior, (E) IOPI posterior

ITT=intention to treat.

“Indicates common visits between cohorts 1-3 and cohorts 4-6.

P values on figure represent difference in adjusted means (BIIB0O78 versus placebo) at last study visit.
Figure 5: Siemens assay results for (A) CSF NfL and (B) plasma NfL.

LS mean estimates are different between placebo groups as the model was fitted separately by dose cohort
against placebo.
CSF=cerebrospinal fluid. GMR=geometric mean ratio. LS=least squares. NfL=neurofilament light chain.

*Indicates common visits between cohorts 1-3 and cohorts 4—6.

P values on figure represent ratio of GMR (BIIB078 versus placebo) at last study visit.
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