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spinal cord, it did not significantly reduce

key pathological features of the disease.
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and reliable biomarkers for ASO therapy,

with broad implications for treatment of

other diseases.
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SUMMARY

C9orf72-associated amyotrophic lateral sclerosis (c9ALS) is caused by an intronic G4C2 repeat expan-

sion that leads to toxic RNA transcripts and dipeptide repeat proteins (DPRs). A clinical trial using the

antisense oligonucleotide (ASO) BIIB078 to target these transcripts was discontinued after failing to pro-

vide clinical benefit. Here, we determine the extent of target engagement in the central nervous system

(CNS) and elucidate pharmacodynamic cerebrospinal fluid (CSF) biomarkers following treatment. CSF

from BIIB078-treated cases showed reduced DPRs and sustained increases in inflammatory biomarkers,

including C-C motif chemokine ligand 26 (CCL26). BIIB078 was widely distributed in postmortem CNS

tissue; however, DPRs and phosphorylated TDP-43 remained abundant. Proteomic signatures in

c9ALS spinal cord were not altered with treatment, although a distinct increase in RNase T2 abundance

that correlated with BIIB078 concentration was observed. Thus, despite widespread distribution,

BIIB078 did not significantly impact key CNS pathologies, emphasizing the need to identify pharmaco-

dynamic biomarkers that reflect disease-relevant neuropathological changes in response to ASO

therapies.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a progressive neurode-

generative disease characterized by the loss of motor neurons

in the motor cortex and spinal cord.1 The most common genetic

cause of ALS and frontotemporal dementia (FTD) is an

expanded G4C2 repeat in the first intron of the gene

C9orf72.2,3 The mechanism(s) by which the G4C2 repeat expan-

sion promotes neurodegeneration remain unknown; however,

several lines of evidence implicate toxic gain of function result-

ing from the bidirectional transcription and translation of

expanded repeats.4 Sense (G4C2) or antisense (C4G2) repeat

RNAs can sequester RNA-binding proteins (RBPs), disrupting

their function.5–9 Translation of repeat-containing transcripts

produces dipeptide repeat proteins (DPRs)10–12 that have

been shown to be toxic through myriad mechanisms.13–19

Motivated by preclinical and clinical successes in other dis-

eases,20 antisense oligonucleotides (ASOs) have emerged as

a leading therapeutic strategy in C9orf72-associated ALS

(c9ALS).7,8,21–27

BIIB078 (tadnersen) is a mixed-backbone, 4-8-6 ‘‘gapmer’’

ASO composed of a central unmodified DNA gap and flanking

2′-O-methoxyethyl (MOE)-modified RNA wings (GSRS UNII:

OSO6W71NMN) designed to target an 18-bp sequence in
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the first intron of C9orf72 and to degrade G4C2 repeat-con-

taining transcripts via RNase-H cleavage. Preclinical studies

showed that C9orf72-targeting ASOs silenced expression

of G4C2 repeat-containing transcripts and reduced DPR

toxicity.7–9,23–25 A seminal preclinical study demonstrated

that a single intracerebroventricular (ICV) injection of a similar

ASO delivered to transgenic c9BAC mice silenced expression

of G4C2 repeat transcripts and resulted in a sustained

reduction of DPR burden.25 These studies supported the clin-

ical trial of intrathecal BIIB078 in c9ALS (NCT03626012;

NCT04288856). Although clinical results showed reduced ce-

rebrospinal fluid (CSF) poly(GP) and poly(GA) DPR proteins,

BIIB078 did not improve clinical outcomes.28 Here, we

conducted molecular and neuropathological analyses of

BIIB078-treated c9ALS cases to address key questions: (1)

did BIIB078 distribute broadly in the central nervous system

(CNS); (2) did it reduce G4C2 transcripts in CNS parenchyma;

(3) did it alter c9ALS pathology; (4) did it trigger an immune

response; and (5) did it result in proteomic changes in spinal

cord tissue?

RESULTS

Fluid biomarkers are variable in c9ALS ASO-treated

patients

This study includes eight c9ALS patients treated with BIIB078:

four with matched CSF and postmortem tissue, two with post-

mortem tissue only, and two with CSF only. Drug-naive c9ALS

(n = 31) and non-ALS cases (n = 32) were included as controls.

Dosing for treated cases and clinical, demographic, and neuro-

pathological data for all cases are summarized in Table S1. In

six treated cases with longitudinal CSF sampling, we measured

soluble poly(GP), a pharmacodynamic biomarker of target

engagement,24,29,30 and neurofilament light chain (NfL), a prog-

nostic biomarker of ALS31 and a potential therapeutic response

biomarker.32 Poly(GP) abundance decreased in five of six cases

(avg. = − 37.2%), with substantial variability across time points

(Figures 1A, S1A, and S1B). One case, case #6, exhibited a

robust, monotonic reduction in poly(GP) abundance (− 77.4%).

Near-contemporaneously recorded measurements of neurolog-

ical function using the ALS Functional Rating Scale-Revised

(ALSFRS-R) showed a decline in scores during BIIB078 treat-

ment (Figures 1A, S1A, and S1C). NfL abundance measured

before the first and at the last BIIB078 dose also varied across

cases: four cases showed increases in NfL, while two showed

decreases (Figure S1D).

BIIB078 concentrations in the CSF do not correlate with

poly(GP) abundance

Adapting a plate-based oligonucleotide electrochemilumines-

cent (POE) immunoassay33 (Figures S2A–S2D), we assessed

BIIB078 concentration in CSF. BIIB078 was detectable at all

time points following the initial dose (Figures 1B and S2E). All

cases showed a salient spike in CSF BIIB078 concentration after

the first two loading doses, administered ∼2 weeks apart, fol-

lowed by a decline prior to administration of the first mainte-

nance dose (∼1-month interval). Through subsequent mainte-

nance doses, BIIB078 concentrations varied across cases and

time points (Figures 1B and S2E). In case #5, BIIB078 remained

detectable at 78 and 119 days after the last 10-mg dose but was

undetectable at day 429 (Figure S2E). Case #6 (60-mg cohort)

uniquely showed a gradual increase in BIIB078 concentration

across maintenance doses (Figure 1B). Poly(GP) abundance

and BIIB078 concentration in CSF did not correlate in four cases;

however, cases #5 and #6 showed a moderate and strong corre-

lation between poly(GP) and BIIB078, respectively (Figures 1C

and S2F).

BIIB078 induces immune-related protein abundance

changes

We used the highly sensitive nucleic acid linked immuno-

sandwich assay (NULISA)34 to profile 79 CSF samples across

6 BIIB078-treated cases (Figure 1D; Table S2). Comparing

protein abundances between the first and last doses, we iden-

tified increases in pro-inflammatory cytokines or cytokine re-

ceptors including tumor necrosis factor (TNF) receptor super-

family member 11b (TNFRSF11B), colony stimulating factor 2

receptor subunit beta (CSFR2B), growth differentiation factor

15 (GDF15), and C-C motif chemokine ligand 26 (CCL26)

(Figures 1E and 1F). CCL26 exhibited the most robust and

consistent increase in abundance across all cases and time

points (Figures 1G and S3A), which was confirmed using an

independent immunoassay (Figures 1H, S3B, and S3C).

Importantly, CCL26 abundance remained stable during pla-

cebo dosing (cf. case #6 and case #8), indicating this was

not a response to repeated lumbar punctures or excipient.

CCL26 abundance increased following the loading phase,

and it remained elevated during maintenance dosing, even

when measurable BIIB078 concentration in the CSF declined

(e.g., case #8) (Figures 1G, 1H, S3A, and S3B). The NULISA

CNS panel also measured NfL, which remained stable

throughout dosing (Table S2).

BIIB078 distributes broadly throughout the CNS

parenchyma

Immunohistochemical (IHC) analysis using a polyclonal

antibody showed positive staining in the spinal cord, which

was more intense and widely distributed in cases with shorter

intervals between the last BIIB078 dose and autopsy

(Figure 2A).

An orthogonal in situ hybridization (ISH) approach using a

custom miRNAscope (ACDBio) probe (Figure S4) was more

robust than IHC and revealed that BIIB078 was present in

the spinal cords of all cases (Figure 2A). Signal intensity was

reduced as the interval between the last dose and autopsy

increased. BIIB078 was observed in white matter tracts of

the dorsal, ventral, and lateral columns as well as in the

gray matter of dorsal and ventral horns. Internalization of

BIIB078 was detected in both the cytoplasm and nucleus of

all cell types in the spinal cord, including motor neurons. Us-

ing the ISH probe, BIIB078 was observed throughout sub-

arachnoid brain regions—including the motor, frontal, and

cerebellar cortices (Figures 2B–2D; Data S1A–S1C)—as well

as periventricular regions of the hippocampus, basal ganglia,

and medulla (Figures 2E–2G; Data S1D–S1F). In the motor and

frontal cortices, BIIB078 was strongly localized to the
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Figure 1. Assessment and discovery of pharmacodynamic biomarkers in CSF following BIIB078 treatment in c9ALS patients

(A) Timeline of BIIB078 dosing, CSF poly(GP) abundance, and ALSFRS-R scores. CSF was collected prior to dosing at each time point. Left axis shows relative

CSF poly(GP) abundance normalized to a baseline (100%, dotted line); right axis shows ALSFRS-R scores recorded near-contemporaneously.

(B) Timeline of BIIB078 dosing and corresponding CSF BIIB078 concentration. CSF was collected prior to dosing at each time point.

(C) Correlation between CSF BIIB078 concentration and poly(GP) abundance (Pearson correlation).

(D) Schematic of CSF NULISA workflow. 79 CSF samples across 6 different BIIB078 cases were analyzed using the NULISA CNS and inflammation panel. A

three-point moving average was applied to smooth pre-dose and last dose values prior to calculating log2 fold changes (log2FCs) (ΔNPQ) for volcano plots in (E).

LP, lumbar puncture.

(E) Volcano plots showing the log2 fold changes (log2FCs) (ΔNPQ, x axis) against the t test-derived − log10 statistical p value (y axis) for protein abundance

between smoothed pre-dose and last-dose samples. NULISA protein quantification (NPQ) units are log2 transformed units.

(F) Slope plots demonstrating changes in raw NPQ units between CSF collected at last dose and immediately preceding initial dose (‘‘pre-dose’’) for each case.

Several proteins including CCL26 (eotaxin-3) and GDF15 showed consistent increases in CSF abundance upon ASO dosing. Numbers in parentheses represent

ΔNPQ (log2FC).

(G) Time course of CCL26 abundance measured by NULISA across dosing intervals. Left axis: NPQ units; right axis: BIIB078 concentration (dotted line).

(H) Validation of CCL26 abundance changes using an orthogonal Mesoscale Discovery (MSD) CCL26 immunoassay.

See Figures S1, S2, and S3.
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Figure 2. BIIB078 is broadly distributed throughout the CNS

(A) Detection of BIIB078 in the spinal cord using anti-ASO IHC staining and miRNAscope in situ hybridization (ISH) in control, drug-naive c9ALS (Naive), and

BIIB078-treated cases (ASO). BIIB078 signal is present in ventral horn neurons. Numbers in parentheses indicate days between last BIIB078 dose and autopsy.

Scale bar, 30 μm.

(B–G) Macro and high magnification images showing BIIB078 distribution by ISH in subarachnoid regions (motor cortex, frontal cortex, cerebellar cortex) and

periventricular regions (hippocampus, basal ganglia, medulla). Scale bar, 30 μm.

(legend continued on next page)
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arachnoid and pial linings along sulco-gyral patterns but also

penetrated both superficial and deep cortical laminae

including the internal pyramidal (layer 5) and multiform (layer

6) layers (Figures 2B and 2C). In cases with a short last

dose-to-autopsy interval (e.g., case #1; 17 days), BIIB078

was detectable in neurons, glia, and neuropil. In cases with

longer intervals (e.g., case #6; 455 days), BIIB078 was less

abundant throughout cortical layers but was observed in cells

surrounding Virchow-Robin spaces and the Purkinje layer of

the cerebellum. In periventricular regions, BIIB078 signal

was observed in regions abutting the respective ventricular

space (Figures 2E–2G).

BIIB078 was detected by POE assay in all brain regions exam-

ined including spinal cord and motor cortex (Figures 2H, 2I, and

S5). To assess relative distribution, BIIB078 concentrations in

brain regions were normalized to spinal cord concentrations

within each case, which revealed reduced BIIB078 in the

periventricular regions and marked variation in subarachnoid re-

gions (Figure 2J). BIIB078 concentration was positively corre-

lated with the dose administered (mg) at last visit and negatively

correlated with the interval between the final dose and autopsy

(Figure 2K).

C9orf72 transcripts are moderately reduced in BIIB078-

treated cases

C9orf72 produces three major transcript variants: V1 (NM_

14005.6) and V3 (NM_001256054.2) from exon 1a (with G4C2 re-

peats in intron 1) and V2 (NM_018325.5) from exon 1b. BIIB078

was designed to target repeat-containing transcripts, V1 and V3.

Quantitative PCR (qPCR) in spinal cord showed no differences in

total C9orf72 transcript levels among controls, drug-naive, and

BIIB078-treated cases, although c9ALS cases trended lower

(Figure 3A). V3 expression was reduced in treated vs. controls;

V1 was unchanged. The lowest V1/V3 levels were observed in

cases with a high BIIB078 concentration and short last dose to

autopsy interval. In the motor cortex, effects were overall less

pronounced (Figure S6A).

To assess intronic G4C2-containing RNA transcript abun-

dance, we used a custom NanoString probe designed to recog-

nize intron 1 upstream of the G4C2 repeat. In BIIB078-treated

cases, there was a trend toward lower intronic G4C2-containing

transcripts, compared with drug-naive c9ALS (Figure S6B), with

the lowest expression in those cases treated with the highest

doses. We also assessed the C4G2-containing antisense tran-

script using a custom NanoString probe and found the expected

increase in antisense transcripts in c9ALS, compared with con-

trols, but found no difference between drug-naive and BIIB078-

treated cases (Figure S6B). Using tandem mass tag mass spec-

trometry (TMT-MS) there was no difference in C9orf72 protein

abundance in the spinal cord comparing drug-naive and

BIIB078 cases (Figure 3B).

DPR and TDP-43 pathology persist in BIIB078-treated

patients

Immunostaining for poly(GP) and poly(GA) showed inclusions in

the spinal cord, motor cortex, and frontal cortex in both un-

treated and treated c9ALS cases (Figures 3C, S6C, and S6D). In-

clusions localized to ventral horn motor neurons and cortical

layers 2 and 5. Poly(GP) immunoassays showed comparable

abundance between groups, except for lower poly(GP) in the

spinal cords of treated cases (Figures 3D and S6E). Poly(GA)

was undetectable in spinal cord by immunoassay but not

changed in the motor or frontal cortex between drug-naive and

BIIB078-treated c9ALS cases (Figure S6F). Dual IHC confirmed

that DPR inclusions persisted in BIIB078-positive cells

(Figure S6G).

Mislocalization, hyperphosphorylation, and aggregation of

TDP-43 are characteristic pathologies of ALS and frontotempo-

ral lobar degeneration (FTLD) with TDP-43 pathology.35 We

quantified phosphorylated TDP-43 (pTDP-43) abundance in

the spinal cord, motor cortex, and frontal cortex and found no

differences between drug-naive and BIIB078-treated cases

(Figures 3E and S6H). We also quantified truncated STMN2

(tSTMN2) expression, a surrogate measure for loss of nuclear

TDP-43 function36,37 and found no difference between drug-

naive and BIIB078-treated cases (Figures 3F and S6I).

Global proteomic changes in c9ALS spinal cord are not

normalized by BIIB078

TMT-MS of 34 lumbar spinal cords reliably quantified 9,016

proteins (Figure 4A). We found a substantial number of differen-

tially abundant proteins (DAPs) between both drug-naive and

BIIB078-treated c9ALS and non-ALS controls (Figures 4B and

4C; Table S2). Proteomic changes in drug-naive and BIIB078

c9ALS were highly concordant (R = 0.8; p value =

2.2 × 10− 16), with considerable overlap of DAPs; 1,748 DAPs

found in BIIB078-treated cases were observed in drug-naive

cases (Figures 4B, 4C, and S7A). CNS cell-type-specific prote-

omic signatures consistent with neuronal loss and reactive glio-

sis (Table S2),38 including decreased neuronal and oligoden-

drocyte markers and increased astrocyte and microglial

markers, were observed in c9ALS compared with control, but

these were not altered by BIIB078 treatment (Figures 4D, 4E,

S7B, and S7C).

RNase T2 and DNase II are upregulated in BIIB078-

treated spinal cords and correlate with BIIB078

concentration

The number and effect size of DAPs between drug-naive and

BIIB078-treated c9ALS cases were less than either group

compared with controls (Figure 4F). However, in response to

BIIB078, several DAPs were upregulated, including the serine/

threonine-protein phosphatase 2A regulatory subunit B" subunit

(H and I) Quantification of BIIB078 concentration in spinal cord (H) and motor cortex (I) from control, drug-naive c9ALS, and BIIB078-treated c9ALS cases. Spinal

cord: n = 6 control, n = 8 drug-naive c9ALS, n = 6 BIIB078-treated c9ALS cases. Motor cortex: n = 6 control, n = 10 drug-naive c9ALS, n = 6 BIIB078-treated

c9ALS cases.

(J) Relative BIIB078 concentrations across various brain regions, normalized to spinal cord values (n = 6 cases per region).

(K) Heatmap showing Kendall τ rank correlation of BIIB078 concentration and dosing parameters across brain regions. L.D., last dose.

See Figures S4 and S5.
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alpha (PPP2R3A) and the ribonucleases ribonuclease T2

(RNASET2; RNase T2) and deoxyribonuclease-2-alpha

(DNASE2; DNase II), or downregulated, including calseques-

trin-2 (CASQ2) and LBH domain-containing protein 2 (LBHD2)

(Figures 4F and 4G). Several DAPs were strongly correlated

with ASO concentration, notably RNase T2 (R = 0.96) and DNase

II (R = 0.96) (Figures 4H and 4I; Table S2). Since RNase T2 and

DNase II are lysosomal proteins with optimal activity at pH 4–

6,39,40 we assessed whether the upregulation and correlation

of these proteins were due to a general increase in lysosomal

proteins. Compared with established lysosomal proteins41

(Table S2), RNase T2 and DNase II were more strongly correlated

with BIIB078 tissue concentration and robustly upregulated in

BIIB078-treated c9ALS cases (Figures S7D and S7E).

MOE modifications confer resistance to RNase T2-

mediated cleavage of BIIB078

We investigated whether RNase T2 can cleave BIIB078. Cleav-

age assays were performed by incubating BIIB078 with

recombinant RNase T2, followed by urea-PAGE analysis

(Figure S8A). BIIB078 (‘‘ASO’’) was resistant to RNase T2 cleav-

age, whereas RNA40, a known substrate of RNase T2,42 was

efficiently cleaved (Figure S8B). As a gapmer ASO, BIIB078 is

composed of both ribose and deoxyribose sugars, with its ribose

residues modified to contain MOE groups. To systematically

assess the contribution of each modification to the resistance

of BIIB078 to RNase T2 cleavage, we generated several oli-

gonucleotides based on the BIIB078 sequence (Figure S8A).

An unmodified BIIB078 oligonucleotide composed of only

C D

E

A B

F

Figure 3. C9orf72-associated neuropa-

thology persists in the CNS of BIIB078-

treated cases

(A) Top: qPCR analysis for total, variant 1 (V1), and

variant 3 (V3) C9orf72 transcripts. Bottom: corre-

lation between C9orf72 transcript expression and

BIIB078 ASO concentration. n = 8 control, n = 14

drug-naive c9ALS (Naive), n = 6 BIIB078-treated

c9ALS cases (ASO).

(B) Top: total C9orf72 protein abundance as

measured by TMT-MS. Bottom: correlation be-

tween C9orf72 protein abundance and BIIB078

ASO concentration. n = 10 control, n = 18 drug-

naive c9ALS, n = 6 BIIB078-treated c9ALS cases.

(C) IHC detection of poly(GP) inclusions in the

spinal cord of drug-naive and BIIB078-treated

cases. Scale bar, 30 μm.

(D) Quantification of poly(GP) abundance via MSD

immunoassay in the spinal cord, and motor cortex

shows abundant poly(GP) DPRs in drug-naive and

BIIB078-treated c9ALS cases. Only comparisons

between drug-naive and BIIB078-treated c9ALS

cases were considered; two-sided Mann-Whitney

test. Spinal cord: n = 11 control, n = 18 drug-naive

c9ALS, n = 6 BIIB078-treated c9ALS cases. Motor

cortex: n = 17 control, n = 21 drug-naive c9ALS,

n = 6 BIIB078-treated c9ALS cases.

(E) Quantification of pTDP-43 abundance via MSD

immunoassay in the spinal cord and motor cortex

of control, drug-naive c9ALS, and BIIB078-

treated cases. Spinal cord: n = 11 control, n = 18

drug-naive c9ALS, n = 6 BIIB078-treated c9ALS

cases. Motor cortex: n = 17 control, n = 21 drug-

naive c9ALS, n = 6 BIIB078-treated c9ALS cases.

(F) qPCR analysis of truncated STMN2 (tSTMN2)

expression in spinal cord and motor cortex. Spinal

cord: n = 8 control, n = 14 drug-naive c9ALS, n = 6

BIIB078-treated c9ALS cases. Motor cortex:

n = 11 control, n = 16 drug-naive c9ALS, n = 6

BIIB078-treated c9ALS cases.

In (A), (B), and (D)–(F), Kruskal-Wallis test followed

by Conover-Iman post hoc comparisons with

Bonferroni correction. *p < 0.05, **p < 0.01,

***p < 0.001, ****p < 0.0001.

See Figure S6.
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Figure 4. Global proteomic analysis in spinal cord tissue revealed significant changes in c9ALS cases that were not corrected following

BIIB078 treatment

(A) Schematic of TMT-MS experimental workflow for protein assessment in spinal cord of control (n = 10), drug-naive c9ALS (naive; n = 18), and BIIB078-treated

c9ALS cases (ASO; n = 6).

(B and C) Volcano plots displaying log2FC (x axis) vs. − log10 Tukey’s HSD-corrected p values (y axis) comparing (B) drug-naive c9ALS vs. control cases and (C)

BIIB078-treated c9ALS vs. control cases. Vertical dotted lines indicate log2FC = ±0.378 (1.3-fold change).

(D) Boxplots of Z score-normalized eigenprotein values (first principal component) representing variance in curated cell-type marker proteins.38

(E) Line plots of Z scored individual protein abundances from the respective cell-type marker list; dotted black line represent mean Z scored value across proteins.

(F) Volcano plots displaying log2FC (x axis) vs. − log10 Tukey’s HSD-corrected p values (y axis) comparing BIIB078-treated vs. drug-naive c9ALS cases.

(G) Boxplots showing abundance of RNase T2 and DNase II across all samples.

(H) Volcano plot showing the biweight midcorrelation coefficient (x axis) vs. the − log10 p value (y axis) between protein abundances and log2 BIIB078 spinal cord

concentration (n = 6 BIIB078-treated c9ALS cases).

(legend continued on next page)
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ribonucleotides, but lacking deoxyribonucleotides, was cleaved

by RNase T2; substituting uridine with 5-methyluridine, a modifi-

cation used in BIIB078, did not prevent RNase T2 cleavage

(Figure S8C). An unmodified gapmer oligonucleotide (‘‘R/

Dmid’’) exhibited partial cleavage, indicating that the ribonucle-

otide wings of BIIB078 are susceptible to RNase T2 cleavage

(Figure 4J). However, the incorporation of MOE modifications

on all ribonucleotides rendered the BIIB078-derived sequence

resistant to RNase T2 cleavage (Figure 4J).

BIIB078 binding modulates RNase T2 cleavage kinetics

Although the unmodified ribonucleotide version of BIIB078 is an

RNase T2 substrate, the modified BIIB078 was not cleaved. We

used bio-layer interferometry (BLI) to determine whether the fully

modified BIIB078 is still bound by RNase T2. Incubation of re-

combinant RNase T2 with a biotinylated BIIB078 ASO immobi-

lized on a streptavidin sensor produced a concentration-depen-

dent response signal (9.8 nM–1.25 μM) (Figure 4K), indicating

direct binding. BIIB078 exhibited a strong affinity for RNase T2,

with an apparent dissociation constant (Kd) = 23.8 nM

(Figure 4K). We thus hypothesized that binding of BIIB078 to

RNase T2 would decrease its catalytic activity against other sub-

strates. To test this, we performed competitive cleavage assays

in which recombinant RNase T2 was preincubated with

increasing concentrations of BIIB078, followed by the addition

of a fluorogenic RNA40 oligonucleotide. Urea-PAGE analysis re-

vealed a BIIB078 concentration-dependent shift in cleavage pat-

terns (Figure S8D). In addition, a fluorescence-quenched oligor-

ibonucleotide from a commercial nuclease assay demonstrated

that increasing BIIB078 concentrations robustly reduced RNase

T2 cleavage efficiency (Figures 4L and S8E).

DISCUSSION

In this study, we demonstrate that intrathecal administration re-

sults in widespread, sustained distribution of BIIB078 throughout

the CNS, including the spinal cord and motor cortex, key regions

affected in disease, for over a year after the last dose. Impor-

tantly, c9ALS-associated pathologies including DPRs and

pTDP-43 persisted, and global spinal cord proteomic changes

in c9ALS patients were not normalized following BIIB078

treatment.

We measured BIIB078 concentration in the CSF at all dosing

time points. At each visit, CSF was collected immediately prior

to receiving BIIB078; thus, CSF measurements represent ASO

concentration at the nadir of each dosing interval. An initial spike

in BIIB078 concentration was observed during the loading dose

phase, followed by a drop in concentration at the next dose

approximately 1 month later. For several cases, BIIB078 concen-

tration remained stable or continued to decrease with subse-

quent maintenance doses. Only case #6 demonstrated a clear

upward trend in BIIB078 CSF concentration with continued

dosing. Why BIIB078 concentration increased with subsequent

doses in only one case is perplexing; however, a stable or

even decreasing CSF ASO concentration in the other cases

could represent greater ASO uptake into the parenchyma.

In five cases, CSF poly(GP) was lower at the final measure-

ment, compared with baseline. However, poly(GP) abundance

fluctuated from baseline by as much as ∼26%, even in patients

treated with placebo prior to transitioning to active drug during

the open-label extension (cases #4 and #8). Time intervals be-

tween poly(GP) measurements were relatively short (2–4 weeks),

which may have contributed to the observed fluctuations in poly

(GP) abundance. In comparison to CSF, poly(GP) and poly(GA) in

CNS tissues were not robustly different between BIIB078-

treated and drug-naive c9ALS cases. Only in the spinal cord

did poly(GP) show reduced abundance, compared with the

drug-naive c9ALS group, which may be related to proximity of

dosing to spinal cord tissue. This discrepancy between CSF

and tissue measurements implies a less than direct relationship

between target engagement and CNS pathology.

Detection and internalization of BIIB078 in CNS parenchyma,

coupled with an overall but variable reduction in CSF poly(GP),

suggest engagement with G4C2 repeat-containing transcripts.

However, no consistent reduction in total or variant-specific

C9orf72 transcripts was observed in the spinal cord or motor

cortex. Three cases with the highest BIIB078 tissue concentra-

tions exhibited markedly lower C9orf72 transcript V1/V3 expres-

sion in the spinal cord, and transcript abundance strongly corre-

lated with BIIB078 concentration, suggesting that a threshold

concentration may be required for robust target engagement.

The correlation between C9orf72 V1/V3 expression and

BIIB078 concentration was absent in the motor cortex, where

BIIB078 concentrations were lower than in the spinal cord.

Although clinical-pathological correlations were limited by the

small number of patients, there were no observable correlations

between CSF poly(GP) and either ALSFRS-R scores or CSF neu-

rofilament proteins, data that are consistent with prior find-

ings.24,43 As an example, one patient (case #6) who showed

the most pronounced reduction in poly(GP) (77.6% reduction)

and an increase in CSF neurofilament did not show a parallel

response to change in ALSFRS-R score. This was the only

case that exhibited an increasing concentration of BIIB078 in

the CSF that inversely correlated with poly(GP) abundance.

Despite a remarkable reduction of poly(GP) in the CSF, case

#6 had the lowest BIIB078 concentration at autopsy, although

it is important to consider the long interval between poly(GP)

measurements at last CSF collection and autopsy. The other

(I) Scatterplots showing strong correlations between RNase T2 and DNase II protein abundance and BIIB078 concentration in the spinal cord (n = 6 BIIB078-

treated c9ALS cases).

(J) Urea-PAGE analysis of BIIB078-derived oligo(ribo)nucleotides with recombinant RNase T2. Schematic of oligo(ribo)nucleotides tested provided in Figure S8A.

(K) BLI sensorgrams showing BIIB078 interaction with RNase T2 at varying concentrations.

(L) Fluorescence assay measuring FAM-labeled fluorescence-quenched oligoribonucleotide (500 nM) by RNase T2 (5 nM) with increasing BIIB078 concentrations

over 60 min. RFU, relative fluorescence units. Uncropped gel images provided in Data S2.

In (D) and (H), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ANOVA followed by Tukey’s HSD multiple comparison test.

See Figures S7 and S8.
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cases are informative, albeit to a lesser extent, and suggest that

robust delivery of BIIB078 to CNS tissue and reduction of CSF

poly(GP) does not necessarily correlate with a reduction of

DPRs in tissue nor with a positive clinical response.

The immunogenicity of ASO therapeutics depends on

sequence and chemical modifications.44–47 However, since the

CNS is immunologically restrictive, intrathecal ASO delivery is

thought to mitigate immunogenic risk. Nonetheless, several cy-

tokines were increased in response to BIIB078, suggesting

engagement of immune-related pathways. Notably, CCL26

(eotaxin-3) exhibited the most robust and sustained increase

across all cases. Like other members of the eotaxin family,

CCL26 signals through C-C chemokine receptor type 3

(CCR3)48; it has also been shown to be a functional ligand for

other receptors including CX3C chemokine receptor 1

(CX3CR1).49 A role for CCL26 in the recruitment of leukocytes

via the CCL26-CCR3 axis has been shown for several allergic

diseases such as eosinophilic esophagitis50; however, there

are limited studies examining the role of CCL26 in neurodegen-

erative diseases.51 It is possible that these cytokine changes

could influence disease progression or treatment efficacy. Eval-

uating CCL26 responses in other intrathecally delivered ASO

therapies will provide critical insight into the broader relevance

of CCL26 in these treatments. These findings contribute to our

understanding of innate immune responses in the human CNS

following ASO administration and offer an important framework

for pharmacodynamic monitoring of immune system engage-

ment during future clinical trials.

RNase T2 is a lysosomal endoribonuclease that specifically

cleaves single-stranded RNA (ssRNA) with a preference for

adenosine and uracil52 and optimal catalytic activity at an acidic

pH.39,40,52 While several uptake pathways have been identified

for ASOs,53 once internalized, ASOs have been shown to localize

to lysosomes.54 Thus, it is plausible that BIIB078 is a substrate

for RNase T2 and DNase II. However, owing to backbone and

nucleoside modifications, BIIB078 is resistant to cleavage by

RNase T2. Nevertheless, BIIB078 interacts with RNase T2, lead-

ing us to hypothesize that BIIB078 binding can inhibit RNase T2

activity, as supported by our in vitro data. The BIIB078 concen-

trations needed to inhibit RNase T2 activity in our cleavage as-

says are comparable to those measured in bulk tissue from

BIIB078-treated cases (e.g., case # 1); it is possible that local

concentrations within lysosomes are even higher. RNase T2 is

involved in innate immunity and mediates Toll-like receptor 8

(TLR8) signaling in response to ssRNA pathogens.42 Supporting

its role in immunity, recessive loss-of-function mutations in

RNASET2 result in cystic leukoencephalopathy.55 Although not

necessarily relevant to the outcome of this trial, it is intriguing

to consider that inhibition of RNase T2 by this ASO could

dampen innate immune responses to such pathogens. The

observed upregulation of RNase T2 may represent a protective

response to the cellular accumulation of BIIB078, sequestering

BIIB078 in lysosomes, rendering it non-functional.

Overall, this study resolves important knowledge gaps in our

understanding of BIIB078 distribution, efficacy, and inflamma-

tory responses in CNS tissue. Although the failure of BIIB078

to provide a clinical benefit28 might suggest that sense strand

gain-of-function mechanisms do not underlie neurodegenera-

tion in c9ALS/FTD, abandoning efforts to target G4C2 repeat-

containing transcripts may be premature. Our data show that

despite broad distribution throughout the CNS, BIIB078 did not

in fact adequately suppress G4C2-related pathobiology in tissue.

Our integrated proteomics approach across CNS tissue and

CSF provides a framework for molecular assessments in future

ASO clinical studies, offering valuable insights that will help

guide the design and execution of upcoming trials.

Limitations of the study

A limitation of this study is that we were unable to assess C9orf72

expression and DPR abundance in tissue before and after

BIIB078 treatment, as only postmortem tissue was available.

However, the diverse sample cohort, which varied in dosing

schemes, total dose administered, and time interval between

the last dose and autopsy, allowed us to get a broader picture

of BIIB078 distribution and pathological efficacy throughout

the CNS. A second limitation is the number of BIIB078-treated

cases, which reflects the limited availability of postmortem cases

from patients enrolled in this clinical trial. While this study

focused on BIIB078, it will be important to determine whether

key findings, particularly pharmacodynamic biomarkers and

proteomic changes, such as CCL26 and RNase T2, are also

observed in other ASO treatments.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-poly(GP) Target ALS Cat#: TALS 828.179; RRID: AB_2753317

Mouse monoclonal anti-poly(GA), clone 5E9 Millipore Sigma Cat#: MABN889; RRID: AB_2728663

Rabbit polyclonal anti-TDP-43 (C-terminal) ProteinTech Cat#: 12892-1-AP; RRID: AB_2200505

Mouse monoclonal anti-phosphorylated

TDP-43 (S409/410)

CosmoBio Cat#: CAC-TIP-PTD-M01; RRID: AB_1961900

Sheep polyclonal anti-Digoxygenin Novus Biologicals Cat#: NB100-65495; RRID: AB_963219

Rabbit anti-ASO Gift from Jeffrey Rothstein N/A

Biological samples

ALS Postmortem Tissue (see Table S1) Emory University; Mayo

Clinic Jacksonville

N/A

ALS Cerebrospinal Fluid (see Table S1) Emory University N/A

Chemicals, peptides, and recombinant proteins

Envision HRP anti-mouse Dako/Agilent Cat#: K400111-2

Envision HRP anti-rabbit Dako/Agilent Cat#: K400311-2

DAB+ Liquid Kit Dako/Agilent Cat#: K346811-2

Serum-free Protein Block Dako/Agilent Cat#: X090930-2

Dual Endogenous Enzyme Block Dako/Agilent Cat#: S200389-2

Antibody Diluent Dako/Agilent Cat#: S080983-2

Sulfuric Acid 0.3M Dako/Agilent Cat#: GC20330-5

EnVision FLEX HRP Magenta Substrate

Chromogen System

Dako/Agilent Cat#: GV92511-2

ImmPACT® SG Substrate Kit,

Peroxidase (HRP)

Vector Laboratories Cat#: SK-4705

Methyl Green Counterstain Vector Laboratories Cat#: H-3402-500

Proteinase K Thermo Fisher Scientific Cat#: EO0491

SuperBlock Blocking Buffer Thermo Fisher Scientific Cat#: 37580

Taqman Advanced MasterMix Thermo Fisher Scientific Cat#: 4444964

HALT™ Protease Inhibitor Cocktail Thermo Fisher Scientific Cat#: 87786

Trypsin, Mass Spectrometry-grade Thermo Fisher Scientific Cat#: 90059

ExpiFectamine™ 293 Transfection Kit Thermo Fisher Scientific Cat#: A14525

TMTpro 16plex Label Reagent Set Thermo Fisher Scientific Cat#: A44520; Lot#: YA357799

TMTpro 1134C & TMTpro 135N Label Reagents Thermo Fisher Scientific Cat#: A52846; Lot#: YB370079

Lysyl Endopeptidase, Mass Spectrometry-grade Fujifilm/Wako Cat#: 125-05061

Histo-Clear II National Diagnostics Cat#: HS-202

MSD Blocker A Kit Mesoscale Discovery Cat#: R93AA-2

MSD GOLD Read Buffer A Mesoscale Discovery Cat#: R92TG-1

MSD GOLD Read Buffer T (4x) Mesoscale Discovery Cat#: R92TC-2

Recombinant Human RNASET2 This paper N/A

Recombinant Human RNASET2 H65/118F Mutant This paper N/A

SYBR Gold Nucleic Acid Gel Stain Thermo Fisher Scientific Cat#: S11494

TBE-Urea Sample Buffer (2x) Thermo Fisher Scientific Cat#: LC6876

TBE Running Buffer (5X) Thermo Fisher Scientific LC6675

15% TBE-Urea Gel Thermo Fisher Scientific EC6885BOX

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical commercial assays

Custom BIIB078 ASO miRNAscope Probe Bio-Techne Probe ID: SR-ASO-Hs-C9orf72-S1

miRNAscope™ HD Detection Reagents - RED Bio-Techne Cat#: 324510

RNAscope™ Hydrogen Peroxide and Protease Reagents Bio-Techne Cat#: 322381

RNAscope® Target Retrieval Reagents Bio-Techne Cat#: 322000

RNAscope® Wash Buffer Reagents Bio-Techne Cat#: 310091

NF-Light V2 Advantage Quanterix Cat#: 104073

MSD GOLD 96-well Small Spot Streptavidin Plates Mesoscale Discovery Cat#: L45SA-1

V-PLEX Human Eotaxin-3 Kit Mesoscale Discovery Cat#: K151NUD

MSD GOLD SULFO-TAG NHS-Ester Mesoscale Discovery Cat#: R91AO-1

NULISAseq™ CNS Disease Panel 120+ Alamar Bioscience N/A

NULISAseq™ Inflammation Panel 250 Alamar Bioscience N/A

Quick-RNA Miniprep Plus kit Zymo Research Cat#: R1058

High-Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific Cat#: 4368814

Pierce BCA Protein Assay Thermo Fisher Scientific Cat#: 23225

EZ-Link™ Sulfo-NHS-LC-Biotin Thermo Fisher Scientific Cat#: A39257

Octet® High Precision Streptavidin (SAX) Biosensors Sartorius Cat#: 18-5117

RNaseAlert Substrate – 2 bulk tubes IDT Cat#: 11-04-02-03

Deposited data

Raw proteomic data This paper ProteomeXchange, PrideID: PXD055796

Experimental models: Cell lines

Expi293F Thermo Fisher Scientific A14527

Oligonucleotides

Total C9orf72 Taqman Thermo Fisher Scientific Cat #: 4351370; Assay ID: Hs00376619

C9orf72 Variant 1 Taqman Thermo Fisher Scientific Cat #: 4351370; Assay ID: Hs00331877

C9orf72 Variant 3 Taqman Thermo Fisher Scientific Cat #: 4351370; Assay ID: Hs00948764

Truncated STMN2 (tSTMN2) Taqman Thermo Fisher Scientific Cat #: 4331348; Assay ID: APZTKFJ

RPLP0 Endogenous Control Taqman

(VIC™/MGB probe; primer limited)

Thermo Fisher Scientific Cat#: 4326314E

GAPDH Endogenous Control (VIC™/MGB

probe, primer limited)

Thermo Fisher Scientific Cat#: 4326317E

C9ASO_5’Bio (/5BiotinTEG/GAGTCG+CGC) IDT N/A

C9ASO_3’DIG (GCTA+GGGGC/3Dig_N/) IDT N/A

BIIB078 (Tadnersen) Antisense Oligonucleotide MedChemExpress Cat#: HY-132581

BIIB078 ‘‘ASO’’ (/52MOErG/*/i2MOErC//

i2MOErC//i2MOErC/*/iMe-dC/*T* A*G*/

iMe-dC/*G*/iMe-dC/*G*/i2MOErC//

i2MOErG//i2MOErA//i2MOErC/*/

i2MOErT/*/32MOErC/)

IDT N/A

BIIB078 ASO 5’ Biotin Modification

(/5BiotinTEG//52MOErG/*/i2MOErC//

i2MOErC/ /i2MOErC/*/iMe-dC/*T* A*G* /

iMe-dC/*G*/iMe-dC/*G*/i2MOErC//i2MOErG//

i2MOErA//i2MOErC/*/i2MOErT/*/32MOErC/)

IDT N/A

BIIB078 ‘‘RNA’’ (rG*rCrCrC*rC*rU*rA*

rG*rC*rG*rC*rG*rCrGrArC*rU*rC)

IDT N/A

BIIB078 ‘‘DNA’’ (G*CCC*C*T*A*G*

C*G*C*G*CGAC*T*C)

IDT N/A

BIIB078 ‘‘mU’’ RNA (rG*rCrCrC*rC*/irT/*rA*

rG*rC*rG*rC*rG*rCrGrArC*/irT/*rC)

IDT N/A

(Continued on next page)
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METHOD DETAILS

Lysate preparation

For protein immunoassays and proteomics, ∼50 mg tissue was homogenized in 8M Urea buffer (8M Urea, 30 mM Tris pH8.0, 1x

HALT protease/phosphatase inhibitor) at a 1:5 weight to volume ratio. Lysates were sonicated at 30% amplitude for 4 cycles of 2

seconds on/2 seconds off. Bicinchoninic acid (BCA) assay was used to determine protein lysate concentration. For POE immuno-

assays, ∼50mg tissue was homogenized in POE lysis buffer (1% NP-40, 1x PBS) at 1:10 weight to volume ratio.

miRNAscope in situ hybridization (ISH) Assay

miRNAScope assay was performed using ACDbio’s protocol with additional modifications. In short, paraffin-embedded sections

(8 μm) were deparaffinized in Histo-clear (National Diagnostics), incubated in 100% ethanol, dried out for 5 min at 60◦C, and incu-

bated in 10% neutral buffered formalin (NBF) overnight at room temperature (R.T.). Slides were subsequently washed for 2 min in

dH2O and dried for 5 min at 60◦C. Sections were treated with hydrogen peroxide for 10 minutes at R.T. to quench endogenous perox-

idase activity and subsequently washed twice in dH2O. Slides were initially acclimated in dH2O for 10 sec in a steamer followed by

antigen retrieval in 1x RNAscope® Target Retrieval buffer for 15 min. Tissue sections were treated with Protease III for 30 min at 40◦C,

rinsed twice in dH2O, and incubated with a custom miRNAscope probe for 2h at 40◦C. The custom miRNAscopeTM probe was

devised to specifically target antisense oligonucleotides (ASOs) against C9orf72 (Probe ID: SR-ASO-Hs-C9orf72-S1). miRNAsco-

peTM HD (RED) Assay kit was used to perform ISH signal amplification. All ISH AMP steps were followed by two washes in

1xRNAscope®. Slides were developed with miRNAscopeTM Fast Red substrate. Sections were subsequently counterstained

with Gill’s hematoxylin, blued in Scott’s tap water substitute, and dried for 15 min at 60◦C.

CSF Neurofilament (NfL) Immunoassay

All CSF samples were assayed on the same instrument and by the same person in a blinded fashion. NfL concentrations in CSF were

measured with the NF-Light V2 Advantage digital immunoassay (Quanterix, Cat#104073, Lot 503892) using the HD-X Analyzer per

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

BIIB078 ‘‘R/Dmid’’ (rG*rCrCrC*/iMe-dC/*T*A*

G*/iMe-dC/*G*/iMe-dC/*G*rCrGrArC*rU*rC)

IDT N/A

BIIB078 ‘‘MOE’’ (/52MOErG/*/i2MOErC//

i2MOErC//i2MOErC/*/i2MOErC/*/i2MOErT/*/

i2MOErA/*/i2MOErG/*/i2MOErC/*/i2MOErG/*/

i2MOErC/*/i2MOErG/*/i2MOErC//i2MOErG//

i2MOErA//i2MOErC/*/i2MOErT/*/32MOErC/)

IDT N/A

ssRNA40 (rG*rC*rC*rC*rG*rU*rC*rU*

rG*rU*rU*rG*rU*rG*rU*rG*rA*rC*rU*rC)

IDT N/A

ssRNA40-Fluoro (/5Alex488N/rG*rC*

rC*rC*rG*rU*rC*rU*rG*rU*rU*rG*rU*rG*rU*rG*rA*rC*rU*rC)

IDT N/A

Recombinant DNA

Twin-StrepTag-RNASET2-WT This Study N/A

Twin-StrepTag-RNASET2-H65/118F This Study N/A

Software and algorithms

Methodical Mind Mesoscale Discovery N/A

R The Comprehensive R

Archive Network

https://cran.r-project.org/

Fragpipe v19.0 N/A N/A

MSFragger v3.5 N/A N/A

Octet N1 Sartorius https://www.sartorius.com/

Other

MSD Quickplex SQ120 Mesoscale Discovery N/A

Alamar ARGO System Alamar Bioscience N/A

Quantstudio 6 Flex System Thermo Fisher Scientific N/A

Orbitrap Astral Spectrometer Thermo Fisher Scientific N/A

Vanquish Neo Thermo Fisher Scientific N/A
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the manufacturer’s protocol. In brief, samples were thawed on ice and diluted at 1:25 before transferring samples to 96-well plates.

Samples were further diluted 1:4 by the instrument and tested in duplicate. In addition to participant CSF samples, the run included 8

calibrators, and 2 quality control samples provided with the kits that were tested in triplicate. Concentrations were interpolated from

the standard curve using a 4-parameter logistic curve fit (1/y2 weighted).

Meso-Scale Discovery (MSD) immunoassay (pTDP-43, polyGP, polyGA)

Phosphorylated TDP-43 measurements were performed using a custom MSD immunoassay. The capture antibody was a mouse

monoclonal antibody that detects TDP-43 phosphorylated at serines 409/410 (1 μg/mL CAC-TIP-PTD-M01, Cosmo Bio USA),

and the detection antibody was a sulfo-tagged rabbit polyclonal C-terminal TDP-43 antibody (1 μg/mL, 12892-1-AP, Proteintech).

For poly(GP) immunoassays, an affinity purified monoclonal poly-GP antibody (TALS 828.179) generated by Target ALS was used

as both the capture antibody (biotinylated TALS 828.179, 1 μg/mL), and the detection antibody (sulfo-tagged TALS 828.179, 1 μg/

mL). Similarly, for poly(GA) MSD immunoassay, an affinity purified monoclonal poly-GA antibody (clone 5E9, Cat. #MABN889, Milli-

pore Sigma) was used as both the capture antibody (5E9, 1 μg/mL), and the detection antibody (sulfo-tagged 5E9, 1 μg/mL). Lysates

were diluted in 8M urea such that all samples of a given type were made up to the same concentration and an equal amount of protein

for samples was tested in duplicate wells. Response values corresponding to the intensity of emitted light upon electrochemical stim-

ulation of the assay plate using the MSD QUICKPLEX SQ120 were acquired. These response values were background corrected by

subtracting the average response values from corresponding control lysates. Recorded values from MSD immunoassays are pre-

sented in arbitrary units.

NULISAseq Assay

NULISAseq was performed at Alamar Bioscience as described in Feng et al.34 In brief, 10μL of CSF of each sample was loaded into a

96 well plate and assayed for the either the NULISAseq CNS Panel 124 or NULISAseq Inflammation Panel 250. There are 52 over-

lapping targets between the CNS and Inflammation panel. The CNS panel is comprised of antibody pairs that target proteins asso-

ciated with neurodegeneration and the Inflammation panel is comprised of antibody pairs that target inflammation and immune

response related cytokines/chemokines. Immunocomplex formation with paired sets of oligo-conjugated antibodies, oligo-dT cap-

ture, strepavidine capture, and ligation were performed on the automated Alamar ARGO™ system. The DNA reporter library of target-

specific molecular identifiers (TMI) and sample-specific molecular identifier (SMI) were pooled, PCR amplified and sequenced on an

Illumina NextSeq 2000 system.

To identify proteins exhibiting sustained changes following BIIB078 administration, a moving average of NPQ values was calcu-

lated for each subject using a window size of three. Fold change was then determined by comparing the group mean of NPQ values

at the final dose to the group mean at the first dose across all six subjects. Paired sample t-tests were performed for each target to

calculate p-values, comparing NPQ values from the first and last doses. A volcano plot was then generated, with fold change on the

x-axis and –log(p-value) on the y-axis.

Immunohistochemistry

Paraffin embedded sections (8μm) were deparaffinized in Histo-clear (National Diagnostics) and rehydrated in ethanol. Antigen

retrieval was performed in ddH2O by steam heat for 30 minutes. Endogenous peroxidase activity was quenched using hydrogen

peroxide and washed 3 times in 0.05% PBS-Tween (PBS-T). Tissue sections were blocked using serum-free protein block (Dako)

for 20 minutes. Slides were incubated in primary antibodies for 45 minutes at R.T. followed by 3 washes in PBS-T. Polymer HRP-con-

jugated secondaries (Dako) were applied for 30 minutes at R.T. Peroxidase labeling was visualized with 3,3’-diaminobenzidine (DAB).

Sections were subsequently counterstained with Gill’s hematoxylin and blued in Scott’s tap water substitute.

For dual IHC, antigen retrieval was performed in ddH2O by steam heat for 30 minutes. Endogenous peroxidase activity was

quenched using hydrogen peroxide for 5 minutes and washed 3 times in 0.05% PBS-Tween (PBS-T). Tissue sections were blocked

using serum-free protein block (Dako) for 20 minutes. Slides were incubated in with anti-ASO primary antibody (1:5,000) for 45 mi-

nutes at R.T. followed by 3 washes in PBS-T. A polymer HRP-conjugated secondary (Dako) was applied for 30 minutes at R.T. fol-

lowed by 3 washes in PBS-T. Peroxidase labeling was visualized with HRP Magenta Chromogen (Dako). Slides were wash 3 times in

PBS-T. Slides were incubated in 0.3M sulfuric acid for 3 minutes to remove antibodies, followed by 3 washes with PBS-T. An addi-

tional peroxidase quenching step was performed using hydrogen peroxide for 5 minutes followed by PBS-T washes. Slides were

incubated in anti-polyGA (1:3,000; clone 5E9, Cat. #MABN889, Millipore Sigma) second primary antibodies for 45 minutes at R.T.

followed by 3 washes in PBS-T. A polymer HRP-conjugated secondary (Dako) was applied for 30 minutes at R.T. followed by 3

washes in PBS-T. Peroxidase labeling of the second antibody stain visualized with impact SG Substrate (Vector Laboratories). Sec-

tions were subsequently counterstained with Methyl Green.

Plate-based oligonucleotide electro-chemiluminescent (POE) immunoassay

POE assay for ASO detection performed based on Neumann et al.35 In short, 25 nM each of capture (C9ASO_5’Bio: /5BiotinTEG/

GAGTCG+CGC) and detection (C9ASO_3’DIG: GCTA+GGGGC/3Dig_N/) oligonucleotides (IDT) were prepared in a volume of 50

μL with 1X TE buffer for duplicate reactions in the presence of BIIB078 ASO (Cat# HY-132581, MedChemExpress) for standards,

or sample lysates. Sample lysates were homogenized in Addition of 50 μL of 2x SSC (saline sodium citrate) hybridization buffer
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with 100μg/ml final Proteinase K (Thermo Fisher, EO0491). Hybridization reaction in PCR machine as follows: 50◦C for 15 minutes,

95◦C for 5 minutes, 40◦C for 30 minutes, and 12◦C for hold. Hybridized reactions were plated in duplicate onto MSD GOLD 96-well

Small Spot Streptavidin plates (MSD, L45SA-1); incubated for 30 minutes at RT with shaking at 600rpm. Wells were washed 3 times

with 1x PBS-T (0.05% Tween-20). Detection antibody (Sulfo-tagged Anti-Digoxigen, Novus Biologicals, NB100-65495) was added to

wells at 0.5 ug/ml final in Superblock (Thermo Scientific, 37580) and incubated as before. Wells were washed 3 times with 1X PBS-T

(0.05% Tween-20) then read in 150 μL of 1x MSD Read Buffer T by MSD QUICKPLEX SQ120. Standards were serially diluted 4-fold

from 160 nM to 0.039 nM, with an additional blank well included. Standard curves were fitted using a four-parameter logistic model in

MSD Discovery Workbench software to determine the concentrations of unknown samples. Concentrations were back-calculated to

reflect a 1x tissue-equivalent concentration, accounting for dilution during tissue homogenization in lysis buffer.

RNA extraction and quantitative reverse transcription with PCR (RT-PCR)

RNA was extracted using the Quick RNA kit (Zymo Research) with a combined on-column DNase I digestion step. For RNA extraction

from post-mortem tissue, ∼30 mg of tissue was homogenized in lysis buffer using a bullet blender tissue homogenizer (Next

Advance). RNA lysates were cleared by spinning samples at 10,000g for 1 minute. RNA extraction was performed as per the man-

ufacture’s protocol, concentration was measured with a Synergy

H1 Multi-Mode Plate Reader, and RNA integrity assess with a Bioanalyzer. Only spinal cord tissue RNA with RIN values >5 were

used for downstream qPCR applications. cDNA was obtained via RT-PCR using the High-Capacity cDNA Reverse Transcription Kit

(Thermo). 1000 ng total RNA was used for cDNA reactions; cDNA was diluted 1:2 with nuclease free water. To quantify relative mRNA

expression of C9orf72 and tSTMN2, qPCR was performed for each sample using predesigned and custom Taqman gene expression

assays (Thermo) on a Quantstudio 6 Flex system (Applied Biosystems). For each sample, 4 μL of cDNA, corresponding to ∼67 ng of

input RNA, were loaded per well in duplicate for qPCR. The Ct method was used to assess relative expression. Relative tissue RNA

expression was normalized to RPLP0 and GAPDH; specifically, the geometric mean of RPLP0 and GAPDH Ct values was calculated

and subtracted from the Ct value for each cryptic exon Taqman tested to generate a sample specific ΔCt. The ΔCt values for the

healthy control samples were averaged to generate an averaged control group ΔCt value (ΔCtAVG). ΔΔCt values were calculated

by subtracting the ΔCtAVG from the ΔCt of each sample. Relative expression was calculated using 2(-ΔΔCt).

Neonatal Intracerebroventricular (ICV) Injections

Intracerebroventricular injections of BIIB078 ASO (Cat# HY-132581, MedChemExpress) were carried out in neonatal B6 wild-type

mice as follows. Two microliters of ASO were administrated bilaterally into the cerebral ventricle. PBS injections served as control.

At weaning pups were euthanized, brains were harvested and one hemibrain was fixed overnight in 4% paraformaldehyde at 4◦C

followed by processing and paraffin embedding for immunohistochemical staining. The other hemibrain was snap-frozen in isopen-

tane on dry ice and then stored at -80◦C for further analysis.

Production and purification of recombinant RNase T2 protein

A codon optimized DNA sequence encoding amino acids 1-24 (signal peptide) of RNase T2, Twin-StrepTag, and amino acids 25-256

of RNase T2 was synthesized as a gBlock (Integrated DNA Technologies). A second gBlock was synthesized with the same sequence

but with mutations converting the conserved histidine residues to phenylalanine in the two respective conserved active site (CAS)

domains (H65/118F), resulting in a catalytically inactive protein. Synthesized gBlocks were cloned into pcDNA3.1 using NheI

and BamHI.

The protein expression plasmids were individually transfected into Expi293F cells (Thermo Fisher Scientific) using the

ExpiFectamine™ 293 Transfection Kit following the manufacturer’s instructions. For each plasmid, cells were seeded at a density

of 3 × 10⁶ cells in 60 mL of Expi293 medium and maintained at 37 ◦C with 8% CO₂ under shaking conditions (125 rpm).

For transfection, 60 μg of plasmid DNA was diluted in 3 mL of Opti-MEM™ I serum-free medium and filtered. Separately, 180 μL of

ExpiFectamine™ 293 reagent was mixed with 3 mL of Opti-MEM™, gently swirled, and incubated for 5 minutes. The solutions were

then combined, incubated for 20 minutes, and added to the cell culture.

After 20 hours of incubation under shaking conditions, 300 μL of Transfection Enhancer-1 and 3 mL of Transfection Enhancer-2

were added. Cells were cultured for six days post-transfection. The culture was then centrifuged at 4,000 × g for 20 minutes at

4 ◦C, and the supernatant was collected and filtered through a 0.45 μm membrane.

To block free biotin in the culture medium that could interfere with Strep-Tactin® XT purification, BioLock™ (IBA Lifesciences) was

added according to the manufacturer’s recommendations. A protease inhibitor cocktail (Sigma-Aldrich) was also added to prevent

protein degradation.

The clarified supernatant was run through a 1 mL Strep-Tactin® XT 4Flow® column (IBA Lifesciences) pre-equilibrated with

Buffer A (50 mM HEPES, 150 mM NaCl, pH 8.0) using the NGC chromatography system (Bio-Rad) at a flow rate of 0.5 mL/min. Un-

bound proteins were removed by washing with 10 mL of Buffer A. Bound proteins were eluted with 10 mL of Buffer A containing

50 mM D-(+)-biotin (Enzo). The first six column volumes (CVs) of elution fractions were pooled and dialyzed against 1x PBS and

concentrated using the Amicon® Ultra-15 Centrifugal System (Millipore). Protease inhibitors were added, and the purified proteins

were quantified using the BCA assay before storage at -80 ◦C.
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RNase T2 Cleavage Assays

Oligonucleotides at a concentration of 1 μM were incubated with 50 nM of recombinant human RNase T2 in 1x cleavage (50

nM Sodium Acetate, 100 nM NaOH, pH4.5) for 15 min at 37oC in a 10 μL total reaction volume. An equal volume of TBE-

urea sample buffer (2x) was added to each reaction and incubated at 95oC for 5 min. Samples were separated on a 15%

TBE-urea gel for 45min at 250V. The gel was incubated with 1x SYBR gold diluted in 1x TBE for 10 min and then imaged on

a BioRad ChemiDoc.

Nuclease Competition Assay

For Urea-PAGE competition assays, 50 nM of recombinant human RNase T2 was incubated with increasing concentrations of

BIIB078 (2-fold difference from 160 nM to 40 μM) in 1x cleavage buffer for 15 min at 37oC. One microliter of a 5 uM stock of a 5’

FAM modified ssRNA40 (corresponding to a final concentration of 500 nM) was added to each tube and incubated for an additional

15 min at 37oC. The cleavage reaction was stopped by the addition of an equal volume of 2x TBE-Urea sample buffer (Thermo) fol-

lowed by incubation at 95oC for 5 min.

For fluorophore-quenched nuclease competition assays, 5 nM of recombinant RNase T2 and increasing concentrations of

BIIB078 (0 nM to 5 μM) were mixed in 1x cleavage buffer (5 0nM Sodium Acetate, 100 nM NaOH, pH4.5); a total reaction volume

of 50 uL was added to a clear bottom, black 96 well in duplicate wells. A commercial fluorophore-quenched ribooligonucleotide

(RNaseAlert Substrate; IDT) was immediately added. Fluorescence was measured (493nm excitation/520nm emission) on a

BioTek synergy H1 instrument every 45 seconds for 1 hour. All time points were background subtracted from the initial reading

for each well.

Bio-layer interferometry (BLI) binding assays

Bio-layer interferometry experiments were conducted using a ForteBio Blitz system. A streptavidin high-precision SAX biosensor

(Sartorius) was loaded and incubated in 1x binding buffer (50 mM sodium acetate, 100 mM NaOH, 0.02% Triton X-100, pH 4.5)

for 30 seconds. The biosensor was then incubated with 4 μL of 1 μM biotin-labeled BIIB078 ASO for 120 seconds. After loading,

the BIIB078-coated biosensor was incubated in 1x binding buffer for 30 seconds. Subsequently, the BIIB078-loaded biosensor

was incubated in 4 μL of increasing concentrations of RNase T2 for 120 seconds (‘‘association’’ phase), followed by incubation in

1x binding buffer for 120 seconds (‘‘dissociation’’ phase). Working stocks of biotin-labeled BIIB078 and recombinant RNase T2

were prepared by dilution in 1x binding buffer. A 1:1 binding model using a global fit method was used to calculate kinetic parameters

(Sartorius Octet N1 Software)

Tissue Homogenization and Protein Digestion

Samples (100 μg) were reduced with 5 mM IAA and 10mM DTT at room temperature (each for 30 mins) in the dark. Samples were

diluted to 4M Urea and digestion was started with the addition of 5 ug of Lysyl endopeptidase (Wako) and allowed to proceed over-

night. Samples were then 4-fold diluted with 100mM Tris and 5 μg of trypsin (ThermoFisher Scientific) and digestion proceeded over-

night. The peptide solutions were acidified to a final concentration of 1% (vol/vol) formic acid (FA) and 0.1% (vol/vol) trifluoroacetic

acid (TFA) and desalted with a 10 mg HLB column (Oasis). Each HLB column was first rinsed with 1 mL of methanol, washed with

1 mL 50% (vol/vol) acetonitrile (ACN), and equilibrated with 2×1 mL 0.1% (vol/vol) TFA. The samples were then loaded onto the col-

umn and washed with 2×1 mL 0.1% (vol/vol) TFA. Elution was performed with 2 volumes of 0.5 mL 50% (vol/vol) ACN. Samples were

dried by SpeedVac (LabConco).

Isobaric Tandem Mass Tag (TMT) Peptide Labeling

Each sample was re-suspended in 100 mM TEAB buffer (50 μL). The TMTpro labeling reagents (5 mg) were equilibrated to room tem-

perature, and anhydrous ACN (200 μL) was added to each reagent channel. Each channel was gently vortexed for 5 min, and then

10 μL from each TMT channel was transferred to the peptide solutions and allowed to incubate for 1 h at room temperature. The re-

action was quenched with 5% (vol/vol) hydroxylamine (5 μl) (Pierce). All channels were then combined and dried by SpeedVac

(LabConco). The combined sample was then resuspended in 500 uL of 0.1% TFA and then diluted 1:1 with 4% H3PO4 and desalted

with a 30 mg MCX column (Waters). Samples were loaded onto the MCX column and then washed with 100 mM ammonium formate

in 2% formic acid. This is followed by a methanol wash and finally the samples were eluted with 300 μL of 5% ammonium hydroxide in

methanol. The eluates were then dried to completeness using a SpeedVac (LabConco).

High-pH Off-line Fractionation

Dried samples were re-suspended in high pH loading buffer (0.07% vol/vol NH4OH, 0.045% vol/vol FA, 2% vol/vol ACN) and loaded

onto a Water’s BEH 1.7 um 2.1mm by 150mm. A Thermo Vanquish was used to carry out the fractionation. Solvent A consisted of

0.0175% (vol/vol) NH4OH, 0.01125% (vol/vol) FA, and 2% (vol/vol) ACN; solvent B consisted of 0.0175% (vol/vol) NH4OH, 0.01125%

(vol/vol) FA, and 90% (vol/vol) ACN. The sample elution was performed over a 25 min gradient with a flow rate of 0.6 mL/min. A total of

192 individual equal volume fractions were collected across the gradient and subsequently pooled by concatenation into 96 fractions

and dried to completeness using a SpeedVac.
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Liquid Chromatography Tandem Mass Spectrometry

All fractions were resuspended in an equal volume of loading buffer (0.1% FA, 0.03% TFA, 1% ACN) and analyzed by liquid chroma-

tography coupled to tandem mass spectrometry. Peptide eluents were separated on Water’s CSH column (1.7um resin 150um by

15 cm) by a Vanquish Neo (ThermoFisher Scientific). Buffer A was water with 0.1% (vol/vol) formic acid, and buffer B was 99.9%

(vol/vol) acetonitrile in water with 0.1% (vol/vol) formic acid. The gradient was from 3% to 35% solvent B over 17 mins followed

by column wash and equilibration for a total of 23 mins. Peptides were monitored on a Orbitrap Astral mass spectrometer

(ThermoFisher Scientific) fitted with a high-field asymmetric waveform ion mobility spectrometry (FAIMS Pro) ion mobility source

(ThermoFisher Scientific). Two compensation voltages (CV) of -45 and -60 were chosen for the FAIMS. Each cycle consisted of

one full scan acquisition (MS1) with an m/z range of 400-1500 at 120,000 resolution and standard settings and as many tandem

(MS/MS) scans in 1.5 seconds. The Astral higher energy collision-induced dissociation (HCD) tandem scans were collected at

35% collision energy with an isolation of 0.5 m/z, an AGC setting of 100%, and a maximum injection time of 20ms. Dynamic exclusion

was set to exclude previously sequenced peaks for 30 seconds within a 5-ppm tolerance window.

Database Searches and Protein Quantification

All raw files underwent a database search using Fragpipe (version 19.0). The database search parameters have been described.56

Initially, mzML files were created from the original MS.raw files for spinal cord using the ProteoWizard MSConvert tool (version 3.0)

with specific options, including ’Write index,’ ’TPP compatibility,’ ’Use zlib compression,’ and a "peakPicking" filter setting.

Following the creation of mzML files for each set, they were subjected to a search using MSFragger (version 3.5). The human pro-

teome database used contained 20,402 sequences (Swiss-Prot, downloaded 2/11/2019) along with corresponding decoys and com-

mon contaminants.

The search settings included a precursor mass tolerance of -20 to 20 ppm, a fragment mass tolerance of 20 ppm, mass calibration,

parameter optimization, isotope error set to -1/0/1/2/3, strict-trypsin enzyme specificity, and allowance for up to two missed cleav-

ages. Fully enzymatic cleavage type, peptide length (7 to 50), and peptide mass (200 to 5,000 Da) criteria were defined. Variable mod-

ifications included oxidation on methionine, N-terminal acetylation on protein, and TMTpro modification on the peptide N-terminus,

with a maximum of 3 variable modifications per peptide. Static modifications comprised isobaric TMTpro (TMT16) modifications on

lysine, along with carbamidomethylation of cysteine.

Post-MSFragger (version 3.6) search, Percolator57 was used for PSM validation, succeeded by Philosopher (version 4.6.0) for pro-

tein inference using ProteinProphet and FDR filtering. Reports containing quantified peptides and UniprotID-identified proteins with

an FDR < 1% were generated. The database search culminated in the identification of a total of 9,694 protein groups. Before perform-

ing any abundance analysis, the data from all batches were merged and protein levels were first scaled by dividing each protein in-

tensity by intensity sum of all proteins in each sample followed by multiplying by the maximum protein intensity sum across all sam-

ples. Instances where the intensity was ‘0’ were treated as ‘missing values’.

Bioinformatics processing and statistical analysis

To account for batch variation, we employed a Tunable Approach for Median Polish of Ratio (TAMPOR)58 along with removal of pep-

tides or proteins absent in 50% or more of cases, as previously published.38,59 To ensure data reliability, we identified and removed

outliers that were >3 SD below the mean sample connectivity as determined by WGCNA as determined by the fundamentalNetwork-

Concepts function run on a bicor adjacency matrix. We next performed parallelized, ordinary, nonparametric, bootstrapping regres-

sion to remove age, sex, brain bank, TMT batch, and residual batch effects using an established pipeline.38,59 One-way ANOVA with

Tukey’s HSD (Honestly Significant Difference) correction was performed using an in-house script (https://github.com/edammer/

parANOVA) to identify peptides and proteins that were differentially expressed. Additionally, multiple testing correction was per-

formed within each disease groups using Benjamini-Hochberg correction or permutation based false discovery rate (FDR) correction

via the ROTS package60 (Table S2). Differential abundance is presented as volcano plots, displaying log2 fold change versus the

negative log10 of the Tukey’s HSD corrected p-value.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are displayed as box plots displaying the median and interquartile range (IQR). Statistical analysis of qPCR data was per-

formed on ΔCt values. Statistical analysis of qPCR was performed using the Kruskal-Wallis test. Pairwise comparisons across all

groups were performed with Conover-Iman’s post hoc analysis with Bonferroni correction for multiple comparisons. MSD immuno-

assay data was performed using the Mann Whitney test. Only drug-naı̈ve and BIIB078-treated c9ALS cases were considered for

analysis. All samples were included in MSD statistical analyses. For visualization purposes, within group outliers as determined

by Grubb’s test, were not shown. Kendall’s τ rank correlation coefficient was used to assess the correlation of BIIB078 ASO concen-

tration and various dosing parameters. Pearson correlation coefficient was used to assess correlation between BIIB078 concentra-

tion and C9orf72 transcript expression.
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Supplemental figures
A

B C D

Figure S1. Poly(GP) DPRs are reduced in the CSF of c9ALS patients treated with the sense strand-targeting ASO BIIB078, related to Figure 1

(A) Timeline of BIIB078 dosing, CSF poly(GP) abundance, and ALSFRS-R scores. CSF was collected prior to dosing at each time point. Left axis shows relative

CSF poly(GP) abundance normalized to a baseline (100%, dotted line); right axis shows ALSFRS-R scores recorded near-contemporaneously. Cases #3 and #6

are presented in Figure 1.

(B) Slope plot of raw poly(GP) abundance (A.U., arbitrary units) in CSF as measured by immunoassay at baseline and last dose for each case.

(C) Slope plot of ALSFRS-R measured at most proximal visit preceding first dose and last visit after terminal BIIB078 dose.

(D) Slope plot of neurofilament light-chain (NfL) abundance measured in CSF by immunoassay at visit preceding first BIIB078 dose and last dose for each case.
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Figure S2. Validation of BIIB078 POE assay and assessment of BIIB078 concentration in CSF, related to Figure 1

(A) Schematic of plate-based oligonucleotide electrochemiluminescent (POE) assay.

(B) POE immunoassay specifically detects BIIB078 (tadnersen) but not another RNase-H competent ASO, BIIB067 (tofersen). 4-fold dilutions from 160 to

0.039 nM.

(C) BIIB078 POE assay accurately quantifies BIIB078 ASO spiked into human control lysate at various concentrations; n = 3 separate cases per concentration

tested.

(D) BIIB078 POE assay specifically detects BIIB078 in mice injected with BIIB078 ASO but not in mice injected with PBS via ICV.

(E) Timeline and summary of BIIB078 dosing, CSF BIIB078 ASO concentration. CSF was collected prior to BIIB078 dosing at each time point.

(F) Correlation between BIIB078 ASO concentration and poly(GP) abundance for each time point. Pearson correlation.

For (E) and (F), cases #3 and #6 are presented in Figure 1.

ll
OPEN ACCESS Short article



A B C

(legend on next page)
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Figure S3. Longitudinal assessment of CCL26 abundance in BIIB078-treated c9ALS cases, related to Figure 1

(A and B) Measurement of CCL26 abundance by NULISA (A) and Mesoscale Discovery (MSD) immunoassay (B) for all BIIB078-treated c9ALS cases (n = 6 cases;

79 total CSF time points).

(C) CCL26 abundance as measured by NULISA strongly correlates with abundance measured by MSD immunoassay. Pearson correlation. Case #6 is presented

in Figure 1.
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Figure S4. Validation of custom miRNAscope probe targeting BIIB078 ASO, related to Figure 2

(A) Top: schematic of mice injected with a single ICV bolus of PBS or BIIB078. Bottom: custom miRNAscope assay specifically detects BIIB078 ASO in mice

injected with BIIB078 but not PBS. Scale bar, 30 μm.

(B) BIIB078 ASO is detectable by miRNAscope ISH in the spinal cord of a BIIB078-treated c9ALS case but not a non-ALS control or drug-naive c9ALS case; a

scrambled and RNU6 probe included as negative and positive controls for ISH assay. Scale bar, 50 μm.
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Figure S5. BIIB078 POE assay across CNS regions, related to Figure 2

BIIB078 concentrations in BIIB078-treated c9ALS cases across various CNS regions.
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(legend on next page)
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Figure S6. Assessment of C9orf72-associated neuropathology in disease relevant brain regions in BIIB078-treated cases, related to Figure 3

(A) Top: qPCR for total and variant 3 (V3) C9orf72 expression in motor cortex. n = 11 control, n = 16 drug-naive c9ALS, n = 6 BIIB078-treated c9ALS cases.

Bottom: correlation of total and transcript-specific C9orf72 expression and BIIB078 ASO concentration. A moderate correlation between C9orf72 transcript V3

expression with BIIB078 ASO concentration was observed.

(B) Top: NanoString analysis for C9orf72 intron containing transcripts, intron 1a, and antisense in spinal cord. Bottom: correlation of intron containing C9orf72

transcripts and BIIB078 ASO concentration.

(C and D) Immunopositive poly(GA) and poly(GP) inclusions were detected in the motor cortex and frontal cortex of drug-naive (naive) and BIIB078-treated (ASO)

cases. Scale bar, 30 μm.

(E) Quantification of poly(GP) abundance via MSD immunoassay in the frontal cortex shows abundant poly(GP) DPRs in drug-naive and BIIB078-treated c9ALS

cases.

(F) Quantification of poly(GA) abundance via MSD immunoassay in the motor cortex and frontal cortex shows abundant poly(GA) DPRs in drug-naive and

BIIB078-treated c9ALS cases.

(G) BIIB078 ASO and poly(GA) inclusions co-occur in the same cell as detected by double staining immunohistochemistry in BIIB078-treated cases.

(H) Quantification of pTDP-43 abundance via MSD immunoassay in the frontal cortex of control, drug-naive c9ALS, and BIIB078-treated cases.

(I) qPCR analysis of tSTMN2 expression in frontal cortex.

In (A), (B), (H), and (I), Kruskal-Wallis test followed by Conover-Iman post hoc comparisons with Bonferroni correction. In (E) and (F), only comparisons between

drug-naive and BIIB078-treated c9ALS cases were considered. Mann-Whitney test. Motor cortex: n = 17 control, n = 21 drug-naive c9ALS, n = 6 BIIB078-treated

c9ALS cases. Frontal cortex: n = 12 control, n = 18 drug-naive c9ALS, n = 6 BIIB078-treated c9ALS cases. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure S7. Upregulation and correlation of RNase T2 and DNase II are independent of lysosomal protein abundance changes, related to

Figure 4

(A) Scatterplot of protein log2 fold changes between drug-naive c9ALS and control cases (x axis) and BIIB078-treated c9ALS and control cases (y axis).

(B) Boxplots of Z score-normalized eigenprotein values (first principal component) representing variance in curated cell-type marker proteins.

(C) Line plots of Z scored individual protein abundances from the respective cell-type marker list (Table S2); dotted black line represents mean Z scored value

across proteins.

(D) Volcano plot displaying the biweight midcorrelation coefficient (x axis) against the − log10 statistical p value between all protein abundances and BIIB078

concentration in the spinal cord of BIIB078-treated c9ALS cases (n = 6 cases). Proteins from an established lysosomal protein list are highlighted by black

circle outlines.

(E) Line plots showing the Z scored value for individual proteins from an established list of lysosomal proteins (Table S2). Dotted black line represents mean Z

scored value for all proteins.
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Figure S8. BIIB078 is not cleaved but binds RNase T2 and modulates cleavage efficiency, related to Figure 4

(A) Schematic depicting various BIIB078-derived oligo(ribo)nucleotides synthesized for cleavage assays.

(B) Urea-PAGE of BIIB078 or RNA40 digested with RNase T2 or a catalytically inactive RNase T2 (H65/118F).

(C) Urea-PAGE of BIIB078-derived oligo(ribo)nucleotides with RNase T2.

(D) Urea-PAGE of a fluorogenic RNA40 (1 μM) digested for 15 min with RNase T2 (50 nM) after a 15-min preincubation with various concentrations of BIIB078.

(E) Schematic of FAM-labeled fluorescence-quenched oligoribonucleotide assay presented in Figure 4. Uncropped gel images provided in Data S2.
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