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Amyotrophiclateral sclerosis (ALS) is a fatal neurodegenerative disease
partly caused by gain-of-function mutations in superoxide dismutase 1
(SOD1I). Here we developed RAG-17, an siRNA-targeting SODI, using an
accessory oligonucleotide conjugate platform for enhanced central

nervous system (CNS) delivery. Preclinically, RAG-17 rescued motor

neuron degeneration, delayed disease progression, preserved motor
function and extended survival in SOD1°*** ALS rodents, even with
advanced-stage treatment. In cynomolgus monkeys, intrathecal RAG-17 led
to dose-dependent, durable reductions in SODI mRNA (CNS) and protein
(cerebrospinal fluid (CSF)). In a first-in-human trial in patients with SODI-ALS
(n=6), participants were assigned to two cohorts—cohort 1 (n =3) received
aninitial 60 mg dose (seven doses total) and cohort 2 (n = 3) received an
initial 90 mg dose (six doses total). The dose was escalated in 30 mg steps
to maintenance doses of 150 mg (n =5) or180 mg (n =1). Thus, the primary
safety endpoint was met, showing acceptable safety and tolerability.
Treatment-emergent adverse events (TEAEs) occurred in 33% of participants
(two of'six). Al TEAEs were mild to moderate, including muscle tremor (two
patients) and elevated alanine aminotransferase (one patient), all of which
resolved. No serious adverse events were reported. Furthermore, no other
clinically meaningful changes were observed inlaboratory parameters,
vital signs, the ALS Functional Rating Scale-Revised score, physical or
neurological examinations or ECG. The key secondary endpoints showed
CSF SOD1reductions of 69% (cohort 1, day 240) and 56% (cohort 2, day 210),
and plasma neurofilament light chain reductions of 62% (cohort1) and

52% (cohort 2), from baseline; no patient required invasive mechanical
ventilation or died by the end of the study. These results demonstrate a
favorable safety outcome, supporting the continued clinical evaluation of
RAG-17 for SODI-ALS. ClinicalTrials.gov registration: NCT05903690.

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative dis-
ease characterized by the progressive loss of motor neurons (MNs)".
Treatment options remain limited due to unclear pathogenesis’.
Mutations in the superoxide dismutase 1(SODI) gene represent akey
genetic cause, responsible for 15-30% familial ALS and up to 2% of all
cases™*, with higher prevalence in Asian populations*®. These muta-
tions produce toxic misfolded SOD1 protein, thought to drive MN
degeneration through a ‘gain-of-function’ mechanism’°. Therefore,

reducing mutant SOD1 expressionis a compelling therapeutic strategy
for this subgroup.

Thisrationaleled to accelerated approval of tofersen, an antisense
oligonucleotide (ASO) that degrades SODI mRNA, largely based on
dramatic reduction of neurofilament light chain (NfL)". In the phase
3 trial (VALOR), tofersen reduced plasma NfL levels and showed a sig-
nificantdifference in Amyotrophic Lateral Sclerosis Functional Rating
Scale-Revised (ALSFRS-R) total scores between the early-treatment
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and the delayed-treatment groups at 52 weeks'. Real-world evidence
further suggests disease stabilization in some patients, with some ben-
efits extendinginto the long-term treatment™'. Single-stranded ASOs
like tofersen leverage their self-delivering properties for cell entry®;
other potent gene-silencing approaches are also under exploration.

Small interfering RNAs (siRNAs) offer potent and durable gene
silencing through RNA interference (RNAi)'*", but effective deliv-
ery to the central nervous system (CNS) remains a major challenge®.
Consequently, only afew siRNA programs have reached clinical devel-
opment for CNS disorders, contrasting with multiple CNS-approved
ASOdrugs™'®. To address this, we developed a Smart Chemistry Aided
Delivery (SCAD), which conjugates atherapeutic siRNA with anacces-
sory oligonucleotide (ACO) to facilitate cellular uptake and tissue
distribution, enabling the knockdown capabilities of the siRNA".
We previously reported that RAG-17 (a SCAD-siRNA also referred
to as siSOD1-047M3-AC1"") demonstrated remarkable efficacy in
SODI®*** mice®.

In this study, we characterize the preclinical profile of RAG-17,
including stability, specificity, pharmacokinetics (PK) and pharma-
codynamics (PD) inrodents and nonhuman primates (NHPs). We then
investigate its therapeutic efficacy in SODI1°%** rats and mice. Finally,
we report a human clinical trial assessing safety, tolerability, PK and
preliminary efficacy in patients with SODI-ALS, providing a compre-
hensive evaluation of RAG-17 from bench to bedside.

Results

Invitro stability, secondary pharmacology and
immunogenicity analyses of RAG-17

RAG-17 is a therapeutic siRNA duplex against SODI conjugated with
anontargeting, chemically modified ACO (Extended Data Fig. 1a).
To characterize the preclinical profile of RAG-17, we first assessed its
serum stability by incubating it with human serum for 24 h to 14 days
(Extended Data Fig. 1b). Polyacrylamide gel electrophoresis analysis
revealed that RAG-17 progressively released its duplex siRNA from
day 1, while the ACO component remained mostly bound, indicating
sufficient stability for tissue distribution and subsequent separation
into oligonucleotides for cellular functions, supporting our hypothesis
that ACO enhances the PK of SCAD (Extended Data Fig. 1c,d).

We then assessed the potential off-target genes of RAG-17 using in
silico prediction followed by reverse transcription (RT)-qPCRin T98G
cells 24 h post-transfection. Candidates were selected on the basis of
perfect complementarity to the RAG-17 guide strand’s ‘seed’ region
and <4 mismatches in the extended region (Extended Data Fig. 1e).
Five geneswereidentified—CYTH2, NDUFC2, DISP2 and KNOPI1, each of
these genes containing three to four mismatchesin their 3’ UTRs, and
UBAP2L, which contains two mismatches in its coding region. RAG-17
did not significantly affect the mRNA levels of these genes at concentra-
tions ranging from 0.25 nM to 25 nM (Extended Data Fig. 1e,f).

The immune stimulatory activity of RAG-17 was evaluated by an
enzyme-linked immunosorbent assay (ELISA) using human peripheral
blood mononuclear cells (PBMCs) treated with RAG-17 for 24 hthrough
free uptake or RNAIMAX transfection. The assay also included the
RAG-17 duplex and its ACO component. As shown in Extended Data
Fig. 1g-1, neither RAG-17 itself nor its duplex or ACO components
induced the expression of interferon (IFN)-a, tumor necrosis factor
(TNF) or interleukin (IL)-1p.

Biodistribution and clearance of intrathecally administered
RAG-17 inrodents

We performed RNAscope in situ hybridization (ISH) to assess the bio-
distribution of RAG-17. Assay specificity and quality were first validated
using positive and negative control probes. A positive control probe
(SR-RNU6-S1, hybridizing with U6 small nuclear 1RNA) showed robust
signal, whereas a negative control probe (SR-Scramble-S1, ascrambled
sequence) showed no detectable signal in paraffin-embedded brain

sections fromvehicle (artificial cerebrospinal fluid (aCSF)) control rats
(Extended DataFig.2). The assay revealed that RAG-17 is widely distrib-
uted throughout the rat CNS, with the highest concentrations in the
lumbar spinal cord near theinjection site (Extended DataFig. 3a). Within
thebrain, the olfactory bulb, hippocampus and cerebellum exhibited
higher levels of RAG-17 than other regions (Extended Data Fig. 3b).
These results indicate that RAG-17 was effectively distributed to key
CNS targets after intrathecal administration.

Liquid chromatography tandem-mass spectrometry analysis
confirmed that RAG-17 levels were highest in the spinal cord, par-
ticularly in the lumbar region (Extended Data Fig. 3c,d). Levels were
comparable acrossthe brain stem, cerebellum, hippocampus and cer-
ebrum, and were lowest in the striatum. CNS concentrations declined
rapidly within the first 7 days and then stabilized thereafter, while
liver and kidney concentrations declined rapidly and continuously
over thesame period (Extended Data Fig. 3e-h). Female rats exhibited
slightly faster CNS clearance and slower kidney clearance than male
rats (Extended Data Fig. 3e,h).

Amongthe peripheraltissues, theliver, kidney and spleen showed
exposure levels comparable to those of CNS tissues, with the kidney
being the highest (Extended Data Fig. 3c,d). However, the kidney
and liver cleared faster (half-life, 6-9 days) than CNS tissues (half-life,
20-27 days; Extended Data Fig. 3e-h and Extended Data Table 1).

Postonset treatment with RAG-17 rescued muscle strength and
extended the survival of SOD1°** mice

Building upon prior findings of presymptomatic efficacy®, we inves-
tigated the therapeutic potential of RAG-17 when initiated well after
symptom onset, a clinically relevant scenario. Female SODI®*** mice
received twointracerebroventricular (ICV) doses of RAG-17 (200 pgor
400 pg) or vehicle (aCSF) on postnatal days (PNDs) 126 and 151 (Fig. 1a).
Thistimingis significantly later than the typical symptom onset (around
PNDs 90-100) in this model***and contrasts with most preclinical ALS
studies that initiate treatment earlier”*,

Strikingly, even with this delayed administration, RAG-17 yielded
substantial therapeutic benefits. Both low (200 pg) and high (400 pg)
dosesimproved motor performance (Fig. 1b), muscle strength (Fig. 1c)
and body weight versus controls (Fig. 1d), often dose dependently.
Relative to controls (median survival—169.5 days), late administra-
tion of RAG-17 at 200 and 400 pg delayed disease progression by
1dayand45.5days, and extended survival by 78.5 days (46.3% increase)
and 128.5 days (75.8% increase), respectively (Fig. le-g). While early
treatment (PND 70/100) produced the most profound lifespan exten-
sion (median 331 days, 95% increase), these data demonstrate that
RAG-17 retains substantial efficacy even when administered late in
disease progression.

RAG-17 delayed disease onset, extended survival and improved
motor function in SOD1°*** ALS rats

To evaluate repeat-dose efficacy, SODI®* rats received two intrath-
ecal injections of 0.9 mg RAG-17 (n =16) or nontargeting control
(NTC; n=20) on PNDs 70 and 130; wild-type (WT) controls received
aCSF (n=11). RAG-17 markedly delayed disease onset (neurologi-
cal score =1). NTC rats exhibited a median onset of 187.5 days and
median lifespan of 215.5 days, whereas the RAG-17 group did not reach
median onset by the 290-day study endpoint (Extended Data Fig. 4a),
with only 1 of 16 rats developing symptoms. RAG-17-treated rats
maintained body weight (Extended Data Fig. 4b), muscle strength
(Extended Data Fig. 4c), motor function (Extended Data Fig. 4d),
delayed paralysis (Extended Data Fig. 4e) and extended survival
(Extended Data Fig. 4f). Choline acetyltransferase (ChAT) staining of
the lumbar spinal cord revealed that RAG-17 significantly preserved
MNs compared to NTC (42.2% increase, P=0.0409), but notto WT
levels (Extended Data Fig. 4g-j). The robust functional benefits, despite
incomplete MN rescue at this late disease stage, suggest that RAG-17
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Fig.1| Therapeutic efficacy of early or late administration of RAG-17 in
SOD1°**mice. a, Schematic of the study design for early or late treatment in
female SOD1°*** mice. ICV injections were administered as follows: aCSF (n =10)
on PNDs 126 and 151, early RAG-17 (n =11, 400 pg) on PNDs 70 and 100,

late-low RAG-17 (n =10, 200 pg) on PNDs 126 and 151 and late-high RAG-17
(n=10,400 pg) on PNDs 126 and 151. b-d, Motor function assessed by the rotarod
test (b), forelimb muscle grip strength (c) and body weight change (%) (d).
Dataare presented as mean + s.e.m. Initial sample sizes were n =10 (aCSF),
n=11(early-treatment 400 pg), n =10 (late-treatment 200 pg) and n =10

(late-treatment 400 pg). Sample sizes for each group decreased over time as
animals reached their humane endpoint. Statistical significance was determined
by one-way ANOVA with Dunnett’s multiple comparisons test compared with
the aCSF control. Pvalues are color-coded by treatment group—blue indicates
early treatment; light and dark red indicate 200 pg and 400 pg late-treatment,
respectively. e, Disease onset defined as a10% loss of body weight from peak
body weight. f, Kaplan-Meier survival curves. g, Summary of disease onset and
survival data from e and f. Statistical significance for e and fwas determined by
the log-rank (Mantel-Cox) test compared to the aCSF group.

facilitates functional compensation by preserving motor units, under-
scoringits disease-modifying potential.

RAG-17 exhibits potent and durable CNS SOD1 knockdown in
cynomolgus monkeys
We confirmed RAG-17 activity in cynomolgus monkeys despite a
single-nucleotide mismatch at position 13 (from the 5’ end) of its
antisense strand relative to cynomolgus SODI mRNA. RAG-17 effec-
tively knocked down SODI1 in COS-1cells (derived from African green
monkeys), whichshare anidentical target of SODI sequence with cyn-
omolgus monkeys, with efficiency comparable to thatin human T98G
cells (Extended Data Fig. 5a). These findings suggest that this single
mismatch does not substantially compromise RAG-17 activity, sup-
porting the use of cynomolgus monkeys for PD studies.
Afterintrathecal administrationin cynomolgus monkeys, RAG-17
demonstrated dose-dependent exposure in both CSF and plasma
(Extended Data Fig. 5b). CSF levels were substantially higher than

plasma levels, with CSF-to-plasma ratios ranging from 200 to 900
between2and48 h postdose. Peak CSF concentrations occurred within
15 min and declined rapidly within 48 h. In contrast, plasma concen-
trations peaked at 2-4 h and declined more slowly. This PK profile
indicates rapid CSF distribution followed by drainage into plasma,
confirming intrathecal administration as an effective CNS-targeting
route with minimal systemic exposure.

PD analysis of NHP tissue samples revealed that RAG-17 dose
dependently reduced SODI mRNA and protein levels across CNS tis-
sues and in the CSF (Fig. 2a-g). Notably, the 50 mg dose achieved a
91% reduction in SODI mRNA in the lumbar spinal cord, an effect that
persisted for up to 72 days. In the cerebral cortex, distal to theinjection
site, peak knockdown activity was 40% at 20 mg and exceeded 70%
at 50 mg. These mRNA reductions correlated with decreased SOD1
proteinlevelsin the CSF.

Integrated PK/PD analysis of the cynomolgus monkey data con-
firmed robust, dose-dependent on-target effects. The estimated

Nature Medicine | Volume 32 | July 2026 | 2619-2628

2621


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-026-04491-7

effective dose for 50% inhibition (EDs,) in the lumbosacral spinal cord
was 3.889 mgand 5.031 mg on days 22 and 71, respectively (Fig. 2h).In
the cerebral cortex, calculated ED,, values were 51.37 mg and 108.4 mg
for the same time points (Fig. 2k). Notably, SODI knockdown activity
exhibited a strong correlation with RAG-17 tissue exposure across all
groups (Fig.2i,1). Based on a three-parameter logistic sigmoidal model,
the half-maximal inhibitory concentrations IC;, were determined
tobe165.2 ng g in the lumbosacral spinal cord and 376.1ng g in
the cerebral cortex (Fig. 2j,m). These findings provide a quantitative
framework for predicting PD responses and for guiding dose selection
for patients with ALS.

Design of the human clinical trial, participant disposition and
baseline characteristics

In this open-label, single-center, dose-escalation trial, adults with
SODI-ALS received multiple intrathecal RAG-17 doses to evaluate safety,
tolerability, PK and PD. The trial design is schematically illustrated
in Fig. 3a, with further protocol details available in Methods and
Supplementary Data—Protocol.

Between 22 May 2023 and 27 November 2023, seven individuals
were screened and six were enrolled (one excluded for low forced vital
capacity (FVC)). They were assigned to two cohorts—cohort1(n=3)
received an initial RAG-17 dose of 60 mg (seven total doses), while
cohort2 (n=3)received aninitial 90 mg dose (six total doses; Fig. 3a,b).
Doses escalated by 30-mgincrements to maintenance of 150 mg (n=>5)
or 180 mg (n =1). All six participants completed treatment and study
visits (final visit on 11 July 2024).

The six participants (age = 26-67 years, four females) all carried
outaconfirmed pathogenic or likely pathogenic SODI mutation; four
reported afamily history. One harbored the p.Gly142Ala variant, histori-
cally of conflicting pathogenicity interpretations, but now supported
as pathogenicby the absence from gnomAD, published cases®**, and in
silico modeling (indicating a 95% probability of disrupting SODI func-
tion; ClinVar ID—2436219). Consequently, this participant wasincluded
in the study. Detailed baseline characteristics, including body mass
index, ALSFRS-R score, percentage of FVC (%) and plasma NfL levels,
aresummarized in Table 1.

Primary outcomes (safety) of the human clinical trial
RAG-17 was generally well tolerated, with no serious adverse events
(SAEs) up to the data cutoff. TEAEs are provided in Table 2.

TEAEs occurred in two of six participants (33%). Cases 1 and 2
experienced transient, mild muscle tremors after their initial RAG-
17 doses (60 mg and 90 mg, respectively), resolving spontaneously
without recurrence upon escalation. These events were considered
treatment related. Separately, case1 (pre-existing fatty liver and abnor-
mal liver function) had asymptomatic alanine aminotransferase (ALT)
elevation (to >1.5 times baseline) before the 180 mg dose; the treat-
ment continued with no further ALT rise. This event was assessed as
potentially related to both RAG-17 and the underlying condition. Other
AEsincluded headache (n=2incidents), falls (n =2), cold (n =1), fever
(n=1), abdominal pain (n=1), urinary tract infection (n=1) and pain
in extremities (n=1). The headaches were positional, resolved with
intravenous hydration and were assessed as postdural puncture head-
aches related to the procedure, but not to RAG-17. All other AEs were
considered unrelated to the study drug, consistent with intercurrent
ilinesses or ALS progression.

Other than the ALT elevation in case 1, no clinically meaningful
changes were observed in other laboratory parameters, including
complete blood count (Supplementary Tables 1-18) and basic meta-
bolic panel (Supplementary Tables 19-58). No notable abnormalities
were found in continuous vital signs (blood pressure, heart rate, res-
piratory rate, temperature) during hospitalization (Supplementary
Tables 59-62), physical examinations (cardiac, pulmonary, abdomi-
nal), neurological examination (Supplementary Tables 63-66) or

electrocardiograms (ECG) findings (Supplementary Table 67). Addi-
tionally, two exploratory post hoc analyses were performed. First,
body weight changes from baseline over 240 days were variable—
one patient (case 3) showed a transient 15% peak increase before
returning to baseline by day 120; the other five remained within +5% of
baseline (Extended Data Table 2). Second, serial CSF protein concen-
trations (Supplementary Table 68) showed individual fluctuations
without clinical symptoms of radiculitis or myelitis. Notably, systematic
serial CSF cell count analysis was not performed; therefore, correlation
with subclinical pleocytosis cannot be assessed.

ALSFRS-R scores over up to 210 of 240 days showed individual
fluctuations (Fig. 3¢). Case 3 improved four-point scale at the final
visit; case 2 had the greatest decline, primarily driven by respiratory
subscores. The pretreatment progression rate was estimated based
on the decline in ALSFRS-R score relative to disease duration before
baseline. The overall pretreatment rate was estimated at 0.430 + 0.172
points per month. After treatment, the observed progression rate was
0.295 + 0.187 points per month (Supplementary Table 69). Further
exploratory post hoc analysis revealed distinct patterns based on
baseline disease severity and duration. Patients with higher baseline
scores of >40 (cases 1, 2 and 6) had a lower pretreatment progression
rate (0.127 + 0.036 points per month), but increased post-treatment
to 0.423 £ 0.177 points per month (exceeding individual pretreat-
ment rates in cases 1and 2), possibly reflecting natural variability or
afloor effect. In contrast, participants with intermediate baseline
scores (between 30 and 40; cases 3 and 5) had a higher pretreatment
progressionrate (0.838 + 0.362 points per month) and demonstrated
deceleration after treatment (-0.107 + 0.393 points per month). The
patient with the lowest score <30 (case 4) had modest acceleration
post-treatment (0.714 versus 0.523 points per month). Post-treatment
progressionrates appeared more favorable in patients with shorter dis-
ease duration (<21 months) thaninthose with longer disease duration
(=36 months), suggesting distinct subgroups with different baseline
characteristics and potential differential responses. For most par-
ticipants, ALSFRS-R subdomains (bulbar, trunk, upper limb and lower
limb functions) showed no substantial change throughout the study
period (Extended Data Fig. 6a-d), whereas respiratory function scores
(Extended DataFig. 6e) gradually declined insome patients, reflecting
heterogeneity in disease progression.

Secondary outcomes of the human clinical trial

PK analysis was conducted after each dose. Generally, plasma RAG-17
concentrations typically peaked 6-12 h after intrathecal injection,
and returned to near baseline by 48 h postdose (Fig. 3d-j). However,
atypical PK profiles were noted at specific time points in two par-
ticipants. Case 4 showed an unexpectedly early peak (1 h) after the
second dose and had levels below the lower limit of quantification
after the sixth dose (Fig. 3h). Case 5 exhibited rapid peaks within4 h
after the firstand fourth doses (Fig. 3i). These sporadic, early peaks
with the direct entry of a small fraction of the administered dose
into the systemic circulation during or immediately after lumbar
puncture are observed. Potential contributing factors include (1)
procedural variability in lumbar puncture, such as needle tip posi-
tion, injection pressure or CSF reflux, which could facilitate direct
vascular exposure; and (2) individual anatomical and physiologi-
cal differences, such as variations in spinal venous drainage or CSF
dynamics, which may influence drug redistribution from the CSF
compartment. Despite this variability, robust CSF SOD1reductions
were consistently observed, indicating that central PD activity is
driven by local CSF exposure and remains effective regardless of
peripheral PK fluctuations.

PD markers indicated robust target engagement after RAG-17
administration. CSF SOD1 protein levels decreased progressively
and substantially in all participants with repeated dosing (Fig. 3k and
Extended DataFig. 6f). Compared to baseline, the mean reduction was
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Fig. 2| Translational PD of RAG-17 in cynomolgus monkeys. Monkeys

received two intrathecal injections of either aCSF or RAG-17 (5,20 or 50 mg per
dose) onday1and day 15, followed by necropsies for histopathological and
pharmacological analysis at the indicated time points. a, Schematic of the study
design showing the two intrathecal doses and scheduled necropsies (n = 6 for
day 22; n=4for day 71). b-e, SOD1 mRNA levels quantified by RT-qPCR and
expressed as a percentage of the remaining SODI mRNA relative to the aCSF
control group inthe cervical (b), thoracic (c) and lumbar (d) spinal cord regions
and the cerebral cortex (e) brain region. Data are presented as mean + s.e.m.
(n=6pergrouponday22; n=4pergroup onday 71).f,g, CSF SOD1 protein
levels assessed by ELISA.f, Data are presented as mean + s.d. with individual data
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SODI mRNA silencing (left, y axis) across doses in the spinal cord (i) and brain
(I), combining data from days 22 and 71. Data are presented as mean + s.e.m.
j,m, Exposure-response correlation plots showing SODI mRNA levels versus
tissue concentration in the spinal cord (j) and brain (m). Samples with tissue
concentrations below the limit of quantification were excluded, resulting
inn=23 (j) and n =11 (m) data points. Pvalues were determined by one-way
ANOVA followed by Dunnett’s multiple comparisons test. *P < 0.05; **P < 0.01;
***Pp < 0.001; ***P< 0.0001. Conc., concentration; grp, group.

69% on day 240 in cohort 1 (n =3, seven doses) and 56% on day 210 in
cohort2 (n=3,sixdoses).

Plasma NfL, a marker of neuroaxonal injury, decreased after
treatment initiation (Fig. 31). Five of six participants achieved robust
reductions (individual nadirs—approximately 50-85% from base-
line). Case 1 exhibited an initial decrease of over 60% by day 120, fol-
lowed by a rebound to near baseline by day 240, differing from the
sustained decline characteristic in the other five; thus, case 1 was
excluded from the aggregated longitudinal analysis presented in

Extended Data Fig. 6g. At study end, mean plasma NfL reduction rela-
tive to baseline was 62% at day 240 for cohort 1and 52% at day 210 for
cohort 2 (Extended DataFig. 6g). The nadir occurred before the main-
tenance phase (after the fifth dose), followed by a slight increase during
the longer dosing intervals; however, levels remained well below the
baseline for all participants at the end. The largest reductions were in
participants with higher baseline NfL. In an exploratory post hoc CSF
analysis, NfL kinetic profile mirrored plasma changes, showing an
initial decline after treatmentinitiation and amodest rebound during
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Fig. 3| Design of the clinical trial and patient outcomes. a, Design of the
dose-escalation study of RAG-17. The first three participants received aninitial
intrathecal injection of 60 mg, while the subsequent three participants started
atadose of 90 mg. RAG-17 was administered through intrathecal injection with
escalating doses (60, 90,120,150 mg), culminating in a final maintenance dose
0f150/180 mg™ (capped at 180 mg). The last two administrations represented
the optimal dose levels. b, Participant flow diagram. ¢, Longitudinal changesin
total ALSFRS-R score for each patient. d, Aggregate plasma PK of RAG-17 across
different dose levels for all patients. Bars represent mean + s.e.m.; individual data
points (dots) are overlaid. For each dose level, the exact number of PK sample

Study day

Study day

observations (n) is as follows: 60 mg (n =3 samples), 90 mg (n = 5samples),

120 mg (n =7 samples), 150 mg (n =17 samples) and 180 mg (n = 3 samples).
Specific anomalous PK values were excluded from the analysis (case 4, second
and sixth doses; case 5, first and fourth doses). e-j, Individual plasma PK profiles
of RAG-17 for each participant after each dose administration—case 1(e), case 2
(), case 3 (g), case 4 (h), case 5 (i) and case 6 (j). k, CSF SOD1 protein levels
presented as individual patient trajectories. I, Plasma NfL levels presented as
individual patient trajectories. m, Longitudinal changes of FVC for each patient.
The horizontal dashed line in the background (d-j) represents the lower limit of
quantification (LLOQ) of RAG-17.
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Table 1| Baseline demographic and clinical characteristics

Baseline characteristics All(n=6) Case1(Pt0001) Case2(Pt0002) Case3(Pt0003) Case4(Pt0O005) Case5(Pt0006) Case 6 (Pt0007)
Demographics

Age (years) 455+15.3 31 26 44 67 55 50

Sex, female, n (%) 4(66.7) Male Female Female Female Female Male

BMI (kgm™) 23.3+6.9 35.9 16.6 17.8 234 24.3 217

Disease duration (months) 33.3+227 72 36 10 44 21 17

Family history 4(66.7) Yes Yes No Yes Yes No
SOD1 mutation

p.Gly42Asp, n (%) 2(33.3) Yes - Yes - - -

p.Asn87Ser, n (%) 1(16.7) - Yes - - - -

p.Gly142Ala, n (%) 1(16.7) - - - Yes - -

p.Ser106Leu, n (%) 1(16.7) - - - - Yes -

p.His49Arg, n (%) 1(16.7) - - - - - Yes
Previous treatment history

Riluzole use, n (%) 4 (66.7%) Yes No Yes Yes Yes No

Edaravone use, n (%) 1(16.7%) No No Yes No No No
Laboratory values

Plasma NfL (pgml™) 18.5+111.2 253 72.9 339 102 84.9 870

CSF SOD1 (ngml™) 87.0+276 108 70.9 n4 10 72.9 46.4
Clinical assessment

ALSFRS-R 38.2+74 43 4 36 25 38 46

FVC (%) 92.5+20.1 115.6 84.2 84.7 63.1 14.8 925

Summary data for the six patients (including age, BMI, disease duration, plasma NfL, CSF SOD1, ALSFRS-R and FVC) are presented as meanzs.d. Disease duration is measured from the

reported date of symptom onset. BMI, body mass index.

Table 2| Summary of AEs

Dosage (mgdose™) 60 (n=3) 90 (n=6) 120 (n=6) 150 (n=5) 180 (n=1)
Tremor muscle 1(33%; possibly related)  1(17%; possibly related) O 0 0
Headache 1(33%; probably 0 1(17%; probably 0 0
unrelated) unrelated)
Cold 1(33%; definitely 0 - 0 0
unrelated)
Fever 0 o] 1(17%; probably 0 0
unrelated)
Abdominal pain 1(33%; probably 0 - 0 0
unrelated)
Urinary tract infection 0 0 1(17%; probably 0 0
unrelated)
Elevated ALT 1(17%; possibly related) 0 0
Fall 0 0 1(17%; definitely 0 1(100%; definitely
unrelated) unrelated)
Pain in extremity 0 0 0] 1(20%; definitely 0
unrelated)

the extended-interval maintenance phase (Supplementary Table 70).

This concordance strengthens that the observed NfL reductionsreflect

atrue treatment effect on neuronal integrity, and supports the use of

plasma NfL as a practical and responsive biomarker in this setting.
No patient required invasive mechanical ventilation or died.

Exploratory outcomes of the human clinical trial

Among the six participants, exploratory outcome measures showed
variability. Lung function, assessed by percent predicted FVC (%FVC),
showed delayed deteriorationin most participants. Cases 3 and 4 exhib-
ited improvement over their baseline %FVC values by the end of the

study (Fig. 3m). Muscle strength assessments indicated no marked
decline in most participants, with some measures showing improve-
ment (Supplementary Tables 71-85). Quality of life and functional
scales (the modified Norris scale, Amyotrophic Lateral Sclerosis Assess-
ment Questionnaire 40 (ALSAQ-40) and the five-level version of Euro-
Qol Five Dimensions Questionnaire (EQ-5D-5L)) showed slight declines
(Fig.4a-c), while measures of anxiety (Hamilton Anxiety Rating Scale
(HAMA)), depression (Hamilton Depression Rating Scale (HAMD)) and
fatigue (Fatigue Severity Scale (FSS)) showed little change (Fig. 4d-f).
Electromyography parameters (composite muscle action potentials
and motor unit number index) changed slowly, whereas motor unit size
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Fig. 4 |Exploratory outcomes of RAG-17 in patients. a-i, Longitudinal changes in clinical outcome for individual patients—Norris scale scores (a), ALSAQ-40 scores
(b), EQ-5D-5L scores (c), HAMA scores (d), HAMD scores (e), FSS score (f), gait function assessed by three-dimensional gait analysis under multitasks (including step

velocity (g), step width (h)) and Milano-Torino staging (i).

index showed agradual increase (Supplementary Tables 86-94). Gait
function exhibited minimal changes or a gradual decline (Fig. 4g,h,
Extended Data Fig. 6h,i and Supplementary Tables 95-101). Clinical
staging remained unchanged in four participants, while two partici-
pants experienced progression (Supplementary Table 102 and Fig. 4i).
Baseline 7 TMRISWIrevealed the presence of the motor band sign (iron
depositioninthe precentral gyrus) inthree of six enrolled participants.
Inall participants, this neuroimaging signature showed no appreciable
change over the course of the study, as assessed at post-treatment days
29,90,180 and 240.

Discussion
This study presents a comprehensive evaluation of RAG-17, a siRNA-
ACO conjugate targeting SODI, developed using the SCAD delivery
platform. Our findings include in vitro characterization, preclinical
assessments in rodent models and NHPs, and a human clinical trial
in SODI-ALS. The data support RAG-17 as a therapeutic candidate
for SODI-ALS, a disease with limited effective treatments. While the
approval of the ASO tofersen was a landmark achievement, alterna-
tive strategies with potentially improved safety and dosing profiles
arestill needed”.

A formidable challenge in RNAi therapeutics is CNS delivery®.
The SCAD platform enables functional siRNA delivery across mul-
tiple CNS cell types, achieving sustained SODI1 knockdown in NHPs,
with mRNA reduction persisting up to 71 days, suggesting a potential
for less frequent intrathecal dosing. Reference 28 discussed durable

SODIreduction for up to100 days after the final ASO administrationin
NHPs. Together, these findings suggest that extended dosing intervals
may be achievable with RAG-17, warranting clinical evaluation. In the
aggressive SODI®** mouse model, RAG-17 administered at a very late
disease stage (PNDs 126 and 151) showed striking efficacy®. Previous
interventions initiated after symptom onset typically began before
PND 90 and reported modest survival benefits**~*'. Late-stage RAG-17
treatment produced unprecedented survival and functional benefits,
suggesting potential for advanced or rapidly progressing disease.

Our data demonstrate target engagement and pharmacologi-
cal activity. Intrathecal administration of RAG-17 reduced CSF SOD1
protein and plasma NfL levels, within the range reported for tofersen
in SODI-ALS"™. These biomarker changes coincided with preliminary
clinical signals. Natural history studies report variable progression
rates in SODI-ALS depending on the specific mutation, with some
variants (for example, A4V) associated with rapid decline**. Cross-trial
comparisons are limited by differences in design, populations and out-
come measures. Direct comparisons should be cautious given substan-
tial differences—the cited tofersen trials enriched faster-progressing
variants, while many variants in this study have slower natural
history progression'>>>?*,

Inthis small cohort, RAG-17 demonstrated a favorable safety and
tolerability profile. We did not observe clinical signs of inflammatory
responses or neurotoxic AEs as reported with some ASOs, such as
tofersen’. One possible explanation is that the shorter oligonucleo-
tide length of RAG-17 (specifically, its 14-nucleotide ACO component,
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whichis notably shorter than tofersen’s 20-nucleotide ASO) may be less
pronetotrigger the off-target hybridization orinnate immune pathway
activation commonly implicated in ASO-related toxicities®. Direct
comparative safety assessments will require larger, controlled trials.

The clinical translation of the SCAD platform, demonstrating func-
tional siRNA delivery and arobust PD effectin the human CNS, marks a
key milestone for oligonucleotide therapeutics. This achievement vali-
dates the SCAD as a platform to overcome siRNA delivery challenges,
potentially enabling RNAi therapies for other neurological targets.

Limitations of this study include the open-label design, small
sample size and retrospectively estimated pretreatment progression
rates (lacking prospective ALSFRS-R data), which limit the precisionin
quantifying treatment effect. Heterogeneity of SODI mutations, with
some having slower natural history progression, limits comparisons
with external cohorts. Additionally, the absence of serial CSF cell data
inboth the human and animal studies means that potential subclinical
inflammatory responses cannot be excluded. While CSF protein data
are available, they provide only partial insight into potential inflam-
matoryresponses at the cellular level. Limited tissue availability from
the completed preclinical studies prevented neuromuscular junction
(NM)J) denervation assessments, which could have provided further
insight into the efficacy of RAG-17. In particular, NMJ denervation
status would have complemented the functional and biomarker data.
Longer-term observationand larger, randomized controlled trials are
necessary to establish the safety and efficacy. Future studies should
incorporate CSF profiling, including cell counts, a pretreatment obser-
vation period for reliable baseline progression and histopathological
evaluations such as NMJ analyses. Nonetheless, consistent preclinical
efficacy, robust biomarker responses and preliminary clinical signals
support continued development.

In conclusion, RAG-17, a SCAD-delivered siRNA, demonstrates
robust SOD1silencing and efficacy in preclinical models. Inits human
clinicaltrial, it met the primary endpoint of favorable safety and toler-
ability across tested doses. RAG-17 provides an additional therapeutic
option for SODI-ALS and validates the SCAD platform for the next
generation of RNAi therapies in neurological diseases.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
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Methods

Oligonucleotide synthesis and formulation

Oligonucleotides were synthesized in-house using an HJ-12 synthe-
sizer (Highgene-Tech Automation). They were purified through
reverse-phase HPLC, quantified by gel electrophoresis and validated
using ESI-Centrifugation MS and SEC-HPLC (XBridge Protein BEH
SEC 125 A, Waters). Endotoxin levels were quantified using a Chro-
mogenic Endotoxin Quant Kit (Bioendo). RAG-17 for NHP toxicol-
ogy studies was synthesized by Wuxi SynTheAll Pharmaceutical
(Lot TT-22E029). For in vivo treatments, lyophilized oligonucleotides
were dissolved in aCSF immediately before use and diluted to the
intended concentrations. Animals were randomly allocated to experi-
mental groups based on body weight, with baseline comparability
verified by ordinary one-way analysis of variance (ANOVA; GraphPad
Prism). Animals exhibiting poor health before dosing were excluded.
The structure of RAG-17 (also named siSOD1-047M3-AC1) can be found
in the previous publication®.

Insilico off-target prediction and serum stability assay

Insilico off-target prediction. The RAG-17 guide strand was performed
using GGGenome (https://gggenome.dbcls.jp) and the miRanda
algorithm against the Ensembl human mRNA database’®. Candidate
off-target transcripts were scored based on match/mismatch profiles,
including G-U wobble base pairs, and their ranked complementarity
to the guide strand. Two categories of candidates were prioritized for
experimental validation through RT-qPCR—(1) transcripts harboring
three to four mismatches within their 3’ UTRs (CYTH2, NDUFC2, DISP2
and KNOPI); and (2) UBAP2L, which carries one to two mismatches
withinits coding sequence.

Serum stability assays. Oligonucleotides (3 uM) were incubated at
37 °C with PBS or 50% active human serum for 1-14 days, followed by
trypsin treatment (20 pg ml™, 30 min). Samples were resolved on 20%
TBE-Urea polyacrylamide gels at 120 V for 90-120 min and visualized
using a ChemiDoc XRS+ System (Bio-Rad).

Cell culture

T98G and COS-1cell lines (ATCC) were maintained in DMEM with 10%
FBS, penicillin-streptomycin and (for T98G cells) 1% nonessential
aminoacidsand 1 mM sodium pyruvate. Cells were maintained at 37 °C
with 5% CO,, and routinely tested for mycoplasma.

Invitro immunotoxicity assay in PBMCs

PBMCs were obtained from healthy non-Chinese donors (OriCell;
humanimmunodeficiency virus/HBV/HCV/syphilis-negative) and fresh
blood samples fromthree healthy volunteers. PBMCs were seeded over-
nightin 96-well plates at a density of 1 x 10 cells per well. For free uptake
experiments, untreated wells served as blanks; 1 pg ml™ lipopolysac-
charides and 1 pM CpG ODN2216 (24 h incubation) served as positive
controls. Test articles were evaluated in duplicate at 1 pM or 10 pM.
For RNAIMAX transfections, cells were transfected with test articles
(33 0r133 nM) for 24 h, RNAiMAX alone was used as mock control and
133 nM RAG-IS-1was used as a positive control. Supernatant cytokine
levels were quantified by ELISA (IFN-a—EK182-96, Lot A18220621;
human TNF—EK182-96, Lot A18220621; Human IL-13—70-EK101B-96,
Lot A101B20642; Multi Sciences Biotech).

Experimental models and ethics statement

NHP models. Cynomolgus monkeys (3.0-4.0 years old; females
2-3.2 kg, males 2.4-4.4 kg) were obtained from Guangdong
Blooming-Spring Biological Technology Development (certifications
44410900000511and 44410900000512). After quarantine and accli-
matization, animals were socially housed at WuXi AppTec (Permit
SYXK(Su)2019-0019). The housing conditionsincluded temperatures
0f18.6-24.5 °C, 32-82.5% humidity, 10-20 air changes per hour and a

12-hlight/12-h dark cycle. All procedures complied with the US Animal
Welfare Act, NMPA (CFDA) GLP, US FDA GLP and AAALAC International
guidelines, and were approved by the Institutional Animal Care and Use
Committee of WuXi AppTec (protocol H59-0027-TX).

Rodent models. Transgenic mice harboring the human SOD1°%
mutation (B6.Cg-Tg(SODI1*G93A)1Gur/J; strain ID 004435) were pur-
chased from the Jackson Laboratory and bred in-house at Nantong
University. Mice were group-housed (4-5 per cage) under stand-
ard conditions (22 £ 2 °C, 50 + 10% humidity, 12-h light/12-h dark
cycle). Transgenic SODI*** rats (model 2148) were acquired from
Taconic Biosciences and housed in pairs at WuXi AppTec. All rodent
procedures complied with NIH and AAALAC guidelines and were
approved by the Institutional Animal Care and Use Committees of
Nantong University (approval S20220323-001) and WuXi AppTec
(approval GP02-QD105-2020V1.0).

Invivo administration and efficacy studies

ICV injections in mice. Under freshly prepared 1.2% avertin anes-
thesia (0.30-0.35ml/10 g), a 25-gauge needle was stereotaxically
placed at 0.2 mm anterior-posterior and 1.0 mm mediolateral (right)
from bregma. A total of 10 pl of either aCSF vehicle or RAG-17 was
injected into the lateral ventricle at approximately 1 pl s.. For the
early-treatment regimen, SOD1°** mice received two ICV injections
of aCSF or 400 pg RAG-17 on PNDs 70 and 100. For the late-treatment
regimen, twoICVinjections of 200 or 400 pg RAG-17 were administered
onPNDs 126 and 151.

Intrathecal injections in rats. Under 3.0% isoflurane anesthesia, a
30-gauge needle was inserted into the L5-L6 interspace until a tail
flick reflex was observed. A30-pl bolus was injected slowly over 1 min.
Female SODI®®**rats received two intrathecal injections of either NTC
or 900 pg RAG-17 on day O (PND 70) and day 60 (PND 130). WT litter-
mates received aCSF as a vehicle control. Blinding was applied to the
treatment groups.

PK and tissue distribution (liquid chromatography
tandem-mass spectrometry)

Rat tissue distribution study. Sprague-Dawley rats (n =24, 12
animals per sex) received a single intrathecal dose of RAG-17
(1.0 mg/30 pl). Rats were killed at days 1, 7,28 and 42 (n = 6 per time
point, three animals per sex). Brainregions (for example, brain stem,
cerebellum, frontal cortex, hippocampus, striatum, cerebrum),
spinal cord segments (for example, lumbar, cervical, thoracic) and
peripheral tissues (for example, spleen, liver, kidney, lung, heart and
muscle) were collected and homogenized on ice (1:9 wt/vol) in lysis
buffer (Phenomenex).

Monkey PK study. Forty cynomolgus monkeys (20 animals per sex,
~3 to 4 years of age) were randomized into four groups (five animals
per sex per group) receiving either vehicle (aCSF) or RAG-17 at 5,20 or
50 mg dose™. Two intrathecal doses were administered on days1and
15 viathe L4-L5 intervertebral space. CSF (1:1 with stabilizing buffer)
was collected at 15 min, day 22 and day 71. Subgroups were killed on day
22 (dosing group; n = 6 per group, equally by sex) and day 71 (recovery
group; n=4 per group, equally by sex). Brain (for example, cerebral
cortex) and spinal cord (for example, cervical, thoracic, lumbar) tis-
sues were collected.

Quantification. RAG-17 concentrations were determined using vali-
dated methods at WuXi AppTec. The specific assay methods were
H59-0049-VM for brain tissue and H59-0050-VM for spinal cord tissue.
Data were collected by Analyst and processed using Watson LIMS.
The linear dynamic range was 50.0-25,000 ng g™* (rat tissues) and
20.0-8,000 ng ml™* (monkey CSF and plasma).
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Gene expression analysis (RT-qPCR)

Total RNA was extracted from RNAlater-preserved frozen tissues or
cultured cells using either Total RNA Isolation Reagent (Biosharp) or
RNAzol (Vigorous). RNA samples were then purified using the RNe-
asy RNA kit (Qiagen). RT was performed using the PrimeScript RT kit
(Takara). The resulting cDNA was amplified in triplicate on a LightCy-
cler 480 real-time PCR system (Roche) using SYBR Premix Ex Taq I
(Takara). Amplification was conducted with target-specific primers
alongside species-specific internal controls (7BP for human; GAPDH
for cynomolgus monkey; primer sequences are provided in Supple-
mentary Information). Primer specificity was verified through melting
curve analysis. Relative gene expression was calculated using the AACt
method, and knockdown percentage (%) was determined as (1 - (rela-
tive target gene level)) x 100.

Histology, RNAscope and SOD1 ELISA

Histology and immunohistochemistry. L4-L5 rat spinal cord seg-
ments were fixed in cold 4% paraformaldehyde, paraffin-embedded
andsectioned (4-umthickness). After antigen retrievalin citrate buffer
(pH 6.0, 90 °C), sections were labeled with an anti-ChAT antibody
(AB144P,Merck Millipore; 1:400) overnight at 4 °C, followed by incuba-
tion with an HRP-conjugated antigoat IgG secondary antibody.

ISH (RNAscope). After intrathecal administration of RAG-17
(1.6 or 4.8 mg) or saline in Sprague-Dawley rats, brain and spinal
cord tissues were collected and paraffin embedded. The biodis-
tribution of the oligonucleotide was analyzed on the tissue sec-
tions using the miRNAscope HD Reagent Kit—RED (ACDbio) with a
custom-designed antisense probe (ACDbio-1199511-S1) following the
manufacturer’sinstructions.

Quantification of SOD1 protein. Monkey CSF SOD1 levels were quanti-
fied by sandwich ELISA (AE17754MK, Abebio). Samples were incubated
in microtiter plates precoated with a capture antibody, followed by
sequential incubations with a biotin-conjugated detection antibody
and streptavidin-HRP. Optical density was measured at 450 nm (with
acorrection at 540 nm).

Study design and participants in clinical trial of RAG-17

We performed an open-label, single-center and dose-escalation clini-
caltrial toinvestigate the safety and tolerability of RAG-17 in patients
with ALS with SODI gene mutation (CREATION). This clinical trial
was approved by the Ethics Committee of Beijing Tiantan Hospital
(ethicalapproval KY2023-015-02) and obtained record-filing approval
from the Human Genetic Resources Administration of China. The
study was registered with NCT05903690 on 24 May 2023. Written
informed consent was obtained from the participants or their legal
representatives before enrollment. Six eligible patients from China
were enrolled between May 2023 and July 2024. The study was con-
ductedinaccordance with the CONSORT framework for transparent
reporting of clinical trials.

Patients with SODI-associated ALS were enrolled based on the
followinginclusion criteria: (1) deemed medically suitable to complete
thetrial; (2) aged between 18 and 75 years, irrespective of sex; (3) acon-
firmed diagnosis of ALS with a documented known SODI mutation asso-
ciated with reported disease progression; (4) FVC of >50% predicted
value during the screening period; (5) diagnosis of patients meeting
the revised El Escorial criteria for confirmed or probable familial or
sporadic ALS, as established by the World Federation of Neurology?’;
(6) provision of written informed consent by the patient or their legal
representative and (7) commitment to use effective contraception,
with no plans for reproduction or gamete donation during the study
and for 3 months thereafter. The exclusion criteria were as follows:
(1) carriers of specific SODI mutations (nucleotide positions 44-66
fromthestart of SOD1 protein translation or p.F21C); (2) patients who

had previously received or were currently receiving tofersen treatment;
(3) apositive test result for humanimmunodeficiency virus, current or
historical; (4) apositive test result for hepatitis C virus antibody, current
or historical; (5) active hepatitis B infection (hepatitis B surface antigen
positive and/or hepatitis B core antibody positive); (6) the use of other
investigational drugs within 30 days or 5 half-lives before screening;
(7) contraindications to lumbar puncture; (8) patients with other known
diseases related to MN dysfunction that could confound the diagno-
sis of ALS; (9) a psychiatric disorder diagnosed per Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) criteria
or exhibiting active suicidal ideation; (10) combined with severe liver
dysfunction (ALT value or aspartate aminotransferase (AST) value of
>2.0x the upper limit of normal value), renal dysfunction (serum creati-
nine of 21.5x the upper limit of normal value or estimated glomerular
filtration rate of <40 mI min™1.73 m™) or severe heart dysfunction
(New York Heart Association Class Il or IV); (11) permanent mechanical
ventilation dependence; (12) history of alcohol or substance abuse;
(13) pregnancy, lactation or intent to conceive; (14) concurrent enroll-
mentinanother clinical trialinvolving aninvestigational therapy; (15)
recentvaccination (within 28 days); (16) contraindications for magnetic
resonance imaging (MRI; that is, claustrophobia) and (17) any other
condition that may interfere with follow-up.

Clinical procedures and dosing regimen

RAG-17 was provided as adry powder by Ractigen Therapeutics. Before
administration, it was reconstituted to 5 ml with aCSF. Patients received
asingle injection between the L2 and L5 lumbar vertebrae based on
theinvestigator’sjudgment per visit, ondays1,15,29, 60,120,180 and
240, for a total of six or seven injections. The first three participants
initiated treatment at 60 mg, while the subsequent three began at
90 mg. During the dose-escalation phase (dosing every 2 weeks), the
dose was increased by 30 mg per subsequent treatment. During the
dose-maintenance phase, afixed dose was administered every 2 months
over an 8-month cycle (Fig. 4a).

Clinical outcomes

The primary endpointsincluded the following safety evaluation meas-
ures: (1) incidence of adverse events (AEs) and SAEs within 240 days
after RAG-17 treatment; (2) changes in laboratory assessments, vital
signs, ALSFRS-R scores and incidence of abnormalities in heart, lung
and abdomen examinations, neurological examinations, as well as
ECG within 240 days after the first injection of RAG-17. The ALSFRS-R
consists of 12items across four subdomains of bodily function (bulbar,
fine motor, gross motor and breathing). Each item is scored on an
ordinal scale from O (total loss of function) to 4 (no loss of function),
yielding total scores ranging from 0 to 48, with higher scores indicat-
ing better function®,

Thesecondary endpointsincluded (1) changesin CSF SOD1protein
levels at days 15,29, 60,120,180 and 240 from baseline; (2) changesin
plasma NfL levels at days 1,15, 29, 60, 120,180 and 240 from baseline;
(3) PKof RAG-17in plasmaatdays1,15, 29, 60,120,180 and 240; and (4)
time to invasive mechanical ventilation or death.

The exploratory endpointsincluded changesin (1-7) pulmonary
function (including FVC), fatigue severity, muscle strength, gait func-
tion, modified Norris scale scores, quality of life and clinical staging, at
assessed at days 15,29, 90,180 and 240; and (8-9) electromyography
and 7 T MRl imaging features, assessed at days 29, 90, 180 and 240.
Fatigue severity was assessed using the FSS*. Evaluation of gait func-
tion included three-dimensional gait analysis, short physical perfor-
mance battery, tandem walking and the 6-m walk test. Quality of life
was estimated using the ALSAQ-40, afive-level version of the EQ-5D-5L,
the HAMA and the HAMD. Clinical staging was evaluated using the
London ALS Stage*° and Milano-Torino staging*'. The electromyo-
graphicfeatures evaluatedin this study included the composite muscle
action potentials, motor unit number index and motor unit size index.
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All clinical outcomes were adjudicated by the clinical event adjudica-
tion committee, which was composed of independent experts with
extensive clinical experience.

Laboratory assessments

Laboratory assessments, including complete blood count, basic meta-
bolic panel and CSF biochemistry, were performed at the central labora-
tory of Beijing Tiantan Hospital. CSF SOD1 (ELISA; BMS222TEN, Thermo
Fisher Scientific) and plasma NfL (Ella, ProteinSimple) were quantified
induplicate and triplicate, respectively, ata certified third-party labo-
ratory (United-Power Pharma Tech). CSF NfL was measured retrospec-
tively at Beijing Tiantan Hospital by chemiluminescence immunoassay
(Human Neurofilament Light Chain (NfL) Assay Kit, Vazyme).

Protocolamendments

The study protocol underwent four approved amendments. Fromvl.1
tov1.2 (February-April 2023), to minimize patient burden from lumbar
punctures, CSF SOD1 measurement at day 1 (secondary endpoint)
was removed, and PK analysis was limited to plasma. Fromv1.2tov1.3
(April-June 2023), the PK blood sampling schedule was optimized with
morefrequent early time points (1,2, 4, 6,12and 48 hinstead of 15 min,
4 h,48 hand 4 days postdose). Fromv1.3tov2.0 (June-August 2023),
FVCinclusion threshold was lowered from =80% to >50% of predicted
to facilitate enrollment by broadening the eligible population. The
dosing regimen was specified-fourth dose of 120 mg, fifth dose of
150-180 mg (maximum 180 mg). From v2.0 to v2.1 (August-Octo-
ber 2023), the primary safety and tolerability evaluation period was
extended from 180 to 240 days (aligned with the final dose), with all
exploratory endpoint assessments prolonged accordingly. The fourth
doseincreased from 120 mgto 150 mg. The drug storage condition was
revised from -20 + 5 °C to 2-8 °C. Allamendments were approved by
theinstitutional ethics committee before enrolling relevant patients.

Ethical considerations and participant enrollment in clinical
trial of RAG-17

This clinical trial was approved by the Ethics Committee of Beijing
Tiantan Hospital (KY2023-015-02). Six eligible patients were enrolled
from 22 May 2023 to 27 November 2023 in China. Written informed
consent was obtained from all participants or their legally authorized
representatives before enrollment in accordance with the Declara-
tion of Helsinki. Participants received a fixed travel allowance and a
modest reimbursement for blood and CSF collection procedures; no
other compensation was provided for study participation. This report
incorporates datafromall participants who received RAG-17 during the
study. The datacollection period spanned from 24 May 2023 to 11 July
2024. The final dataset was locked as of 8 October 2024.

Sex and gender considerations

Sex or gender information was collected based on self-reporting. No
sex-based or gender-based subgroup analysis was performed because
the study objectives were designed independently of sex or gender.

Statistics and reproducibility

Analysis of preclinical data. All statistical analyses were performed
using GraphPad Prism software (v11.0.0; 84). Quantitative data are
presented as mean + s.d. or mean + s.e.m., as indicated in the respec-
tive figure legends. For comparisons between two groups, Welch'’s ¢
test was used. In specificinstances, evaluating a specified direction of
change, a one-tailed test was applied. For comparisons among three
or more groups, statistical significance was determined by one-way
ANOVA followed by Dunnett’s or Tukey’s multiple comparisons test.
For datainvolving multiple groups and time points, atwo-way ANOVA
followed by Bonferroni’s multiple comparison test was used. Sur-
vival and disease-onset data were analyzed using the Kaplan-Meier
method, and statistical significance was determined using the log-rank

(Mantel-Cox) test. A Pvalue <0.05 was considered statistically signifi-
cant (*P<0.05; *P< 0.01; **P< 0.001; ***P < 0.0001).

Reproducibility. For in vitro assays (for example, serum stability,
RT-PCR and cytokine measurements), experiments were performed
withbiologicallyindependent samples (n=2or 3 per group per donor)
and were successfully replicated independently at least twice. For
invivo studies, the reported n values represent biologically independ-
ent animals, with group sizes ranging from 3 to 20 depending on the
experimental endpoint. All histological evaluations, including ISH
and ChAT staining, were performed on multiple sections per animal
(forexample, averaged across two separate sections per animalinthe
L4-L5region), and assessments were conducted in a blinded manner
tothe experimental conditions. Representative images were selected
fromindependent biological replicates (n = 3-20 per group), and the
results showed consistent outcomes across replicates.

Study design and sample size. No statistical method was used to
predetermine sample size. Sample sizes (for example, n=10-20 for
rodent efficacy models, n=4-6 for NHPs and n =3 for in vitro and PK
analyses) were chosen based onstandard practicesin the field to ensure
adequate statistical power for evaluating the therapeutic efficacy and
PD of RAG-17.

Data exclusion. For the exposure-response correlation analyses in
cynomolgus monkeys, samples with tissue concentrations below the
limit of quantification were excluded (resulting in n =23 for spinal
cord and n =11 for brain analyses). Otherwise, no data were excluded
fromthe analyses.

Randomization and blinding. Animals were randomly assigned to
treatment groups. Behavioral assessments were performed by inves-
tigators blinded to the treatment allocations.

Analysis of clinical data

Given the small sample size and exploratory nature of this study, the
analysis was descriptive, and no formal inferential hypothesis testing
was performed. Dataare presented for all six enrolled participants. No
statistical method was used to predetermine the sample size and the
investigators were not blinded to allocation during experiments and
outcome assessment. No data were excluded from the analyses, and
the study was not randomized.

Categorical or ordinal variables (including AEs and SAEs) were
described by frequency and percentage, stratified by trial visit and
dose cohort. Continuous variables, including biomarker levels (for
example, SOD1and NfL) and clinical scores (for example, ALSFRS-R),
are summarized using descriptive statistics (for example, measured
concentrations or mean with s.d.) or presented graphically. Specifi-
cally, for SOD1and NfL protein, two types of figures were generated—
individual sample concentrations across visits and mean percentage
(ts.e.) change from baseline by cohort. Longitudinal changes in clini-
cal scores, including ALSFRS-R, FVC, FSS, gait function, modified
Norris scale scores, ALSAQ-40, EQ-5D-5L, HAMA, HAMD and clinical
staging during the follow-up period, were described using line charts.
Selected laboratory tests, muscle strength, electromyography param-
eters, specific gait function metrics and the London ALS stage were
presented directly as measured values in Supplementary Tables 1-65
and 67-102.

For PK data, individual and mean (ts.e.) concentration-time pro-
files were plotted by dose cohort. No adjustments were made, and no
covariates were formally tested inmodels due to the descriptive design.
Exploratory post hoc analyses were performed, including changes in
body weight, CSF protein and NfL, as well as changes in ALSFRS based
on baseline disease severity and duration. Statistical analyses were
performed with SAS software (v9.4; SAS Institute).
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Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All primary data supporting the findings of this study are included in
thisarticle andits Supplementary Information. Individual de-identified
participant datathat support the findings of this study are not publicly
available dueto privacy and ethical restrictions. These dataare stored
onthesecureserver of the China National Clinical Research Center for
Neurological Diseases and canbe accessed under controlled conditions
to verify the research conclusions. Access to these data is granted to
qualified researchers following areview and approval process managed
by the Center’s data access committee. Researchers who provide a
methodologically sound analysis proposal that complies with clini-
cal study ethical and data integrity requirements can request access
through the Center’s Data Management and Sharing System (https://
paper.ncrcnd.org.cn) or by contacting the corresponding author (YW.).
Requests will be evaluated within 30 days. The study protocol and sta-
tistical analysis plan are availablein Supplementary Data (Protocol and
SAP), respectively. Source data are provided with this paper.
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Extended Data Table 1| Tissue pharmacokinetic parameters of RAG-17

Tissue Parameters in male rats (n=3) Parameters in female rats (n=3)

Cmax Tmax AUCO-last T1/2 Cmax Tmax AUCO-last T1/2

(ng/g) (h) (ngh/g) (days) (ng/9) (h) (ngh/g) (days)
Liver 18,200 6 3640,000 6.2 29,900 6 4,140,000 8.1
Kidney 55,800 6 11,300,000 6.6 75,600 6 33,100,000 9.2
Lung 677 6 172,000 21.9 636 144 234,000 NR
Heart 521 6 191,000 25 722 6 222,000 8.6
Muscle ND ND? ND ND ND ND ND ND
Spleen 7910 6 3,370,000 13 11,700 6 2,910,000 1.5
Brain® 3,230 144 2,340,000 NR°® 2,900 6 1,310,000 NR
Brain stem 3,510 144 2,160,000 NR 2,950 6 1,040,000 NR
Cerebellum 7410 6 4,470,000 NR 8,370 6 2,160,000 NR
Cervical spinal 7770 6 4,020,000 27.3 6,040 6 1,850,000 NR
Frontal cortex 1670 144 1,400,000 NR 1,790 6 858,000 NR
Hippocampus 2,410 144 14,00,000 NR 3,180 6 802,000 NR
Lumber spinal 65,900 6 22,600,000 21 75,000 6 13,500,000 NR
Striatum 304 144 197,000 201 ND ND ND ND
Thoracic spinal 26,00 6 11,800,000 231 26,500 6 6,480,000 NR

ND, not determined as more than half (>50%) of the individual values are not quantifiable. ®Brain, the remaining brain tissues. °NR, not reportable.
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Extended Data Table 2 | Longitudinal body weight (kg) changes of the six subjects during the trial

Patients Baseline Day 15 Day 29 Day 60 Day 90 Day 120 Day 180 Day 240
Case1 15 13 15 12 13 m 13 15
Case 2 44 44 44 44 43 43 43 43
Case 3 40 45 45 43 46 - - -

Case 4 60 60 60 - 60 60 - -

Case 5 60 60 60 - - 60 59 58

Case 6 59 59 60 - - 60 60 60
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Extended Data Fig.1|In vitro characterization of RAG-17. a, Schematic

of the SCAD architecture comprising a duplex conjugated toan ACOviaa
linker. b, Lane loading information for the serum stability assay showninc.

¢, Serum stability assay. Oligonucleotides (RAG-17, its duplex component,

and its ACO component) at 3 uM were incubated with an equal volume of
active human serum (final concentration of 50% vol/vol) at 37 °C for indicated
durations (days 0, 1,2, 3,4,7,10,12, and 14) and separated by 15% denaturing
polyacrylamide gel electrophoresis (PAGE). Control samples mixed with
PBSinstead of serum served as the100% intact oligonucleotide control
(lane12-14).d, Relative band intensity quantification of the intact RAG-17 and
its free duplex component from the gel panel c. e f, Off-target analysis in T98G
cells. e, RT-PCR analysis following transfection with RAG-17. RAG-17 was tested
atconcentrations of 0.25, 2.5, and 25 nM, representing up to 100-fold its IC95
for on-target activity, relative to mock treatment. Expression levels of selected
genes (CYTH2, NDUFC2, DISP2, and KNOPI) with predicted off-target sites in
their 3’ UTRs containing 3-4 mismatches to RAG-17 were analyzed. Off-target
candidates were predicted using miRanda to mine Ensembl sequence cataloged
within the biomaRT database comprising the entire human transcriptome.

Human TNF-a i

Human IL-1B

f, Complete dose-response curve for UBAP2L expression, which carries 1-2
mismatches in flank region of RAG-17 and target its CDS. g-i, Innate immune
response (gymnotic delivery). Oligonucleotides (RAG-17, its duplex, or its ACO
component) at1 pMor 10 pM were added to isolated PBMCs from 3 healthy
donors. After 24 h, IFN-a (g), TNF (h), and IL-1f3 (i) levels in the supernatants
were measured by ELISA. Mock: cells treated with vehicle/media only (without
oligonucleotides). ODN2216: CpG ODN2216 (a known TLR9 agonist); LPS:
lipopolysaccharide (positive controls); W/O: untreated blank control. Data are
presented as mean + s.d. of n = 2 biological replicates for each individual donor.
Individual dots represent the biological replicates. j-1, Innate immune response
(transfection). Oligonucleotides (RAG-17, its duplex, or its ACO component)
were transfected using RNAiMAX into isolated PBMC from 3 healthy donors
at33 nMor 133 nM. After 24 h, IFN-« (j), TNF (k), and IL-1f (I) levels in the
supernatants were measured by ELISA. Mock: cells transfected with RNAIMAX
only (without oligonucleotides). Data are presented asmean + s.d.of n =2
biological replicates for each individual donor. Individual dots represent the
biological replicates.
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Positive Control Probe- Negative Control Probe- SR- RAG-Probe-1: Targeting
SR-RNUG6-S1 Scramble-S1 RAG-17

Extended DataFig. 2 | Specificity of RNAscope assay. a-c, Assay validation
of RNAscope probes. A positive control (SR-RNU6-S1, designed to hybridize
with the ubiquitously expressed U6 small nuclear RNA) (a) and a negative
control probe (SR-Scramble-S1, ascrambled sequence lacking homology to
any known mammalian RNA) (b) were used to validate assay specificity and

quality. These validation experiments were performed on paraffin-embedded
brain sections from vehicle (aCSF)-treated control rats (c). d-f, Enlarged images
corresponding to panels a-c, respectively. RNA signal is shown in red; nuclei were
counterstained with hematoxylin. Scale bars: Panels a-c: 6 mm (representing
whole brain sections). Panels d-f: 200 um (representing magnified regions).
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Extended DataFig. 3 | Tissue distribution and PK profile of RAG-17 after single
intrathecal administrationinrats. a,b, In situ hybridization (ISH) analysis.
Sprague-Dawley (SD) rats were administered with a single intrathecal (IT) dose of
RAG-17 (4.8 mg) and killed on day 15. Tissues were formalin-fixed and paraffin-
embedded. Representative images show RAG-17 distribution in the lumbar

spinal cord (a) and various brain regions (cortex, hippocampus, olfactory bulb,
striatum, thalamus, midbrain, cerebellum, pons and medulla) (b). The RNA signal
is shown as red; nuclei were counterstained with hematoxylin. Scale bars: 6 mm
(whole brain/spinal cord) and 200 pm (magnified regions). c¢,d, PK. Rats received

asingle IT dose of RAG-17 (1.0 mg) and were killed at designated time points for
tissue collection and siRNA quantification via LC-MS/MS. siRNA concentrations
in different tissues over time are shown for male (c) and female (d) rats. Data are
presented as mean * s.d. with individual data points overlaid (n = 3 biologically
independent animals per time point for each sex). e-h, PK profiles over time in
the brain (cerebellum, e), spinal cord (lumbar, f), and peripheral tissues (liver,

g; kidney, h). Datarepresent mean + s.e.m. of biologically independent animals
(n=3) per time point for each sex.
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a aCSF: WT rats (n = 11) b
RAG-17: SOD1 rats (n = 16)
NTC: SODL1 rats (n = 20)
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Extended DataFig. 4 | Therapeutic efficacy of RAG-17 in SOD1°°** rats. Female
SODI1%* rats (NTac:SD-Tg(SOD1°**)L26H) and wild-type (WT) littermates
(NTac:SD) were used. SODI*** rats received a nontargeting control (NTC) or
RAG-17 (0.9 mg per dose) via intrathecal (IT) injection on PND 70 and PND 130.

a, Schematic of the study design showing two IT doses in WT and SODI1%** rats.

b, Body weight change (%) relative to baseline. ¢, Muscle grip strength. For panels
bandc, dataare presented as mean + s.e.m. of biologically independent animals
(WT-aCSF: n=11; SODI®**A-NTC: n = 20; SOD1°***-RAG-17: n = 16). Statistical
analysis was performed using a two-way ANOVA followed by Bonferroni’s
multiple comparison test.d, Motor function assessed by the rotarod test (latency
to fall at 4 rpm within a 5-min cutoff) on PND 101, 161, and 199. Data are presented
asmean = s.d. of biologically independent animals. e, Neurological score analysis
determining median disease onset (defined as a neurological score =1) and

RAG-17 (SOD1 rats)

NTC (SOD1 rats)

lifespan (defined as a neurological score = 4, humane endpoint). f, Kaplan-Meier
survival curves. For panels e and f, statistical significance was determined by
the log-rank (Mantel-Cox) test. g-i, Representative images of ChAT-stained
motor neurons (MNs) in the ventral horn of L4-L5 lumbar spinal cord cross-
sections. Shown are (g) a WT vehicle (aCSF)-treated rat, (h) aRAG-17-treated
SOD1%**rat, and (i) an NTC-treated SOD1°°** rat. Arrows indicate ChAT-positive
MNs. Scale bar: 100 pm. j, Quantification of ChAT-positive neurons averaged
from two separate sections per animal in the L4-L5 region. Data are presented
asmean +s.d. (aCSF: n = 6;RAG-17: n=10; NTC: n =12). Statistical analysis was
determined by Welch’s ¢-test for b, ¢, and e (comparing RAG-17 vs. NTC), and by
one-way ANOVA followed by Tukey’s multiple comparison test ford andj. A one-
tailed test was used where a directional change was specified.
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a b
Extended DataFig. 5|Invitro RAG-17 cross-species activity and PKin was assayed by RT-qPCR. b, PK in cynomolgus monkeys. CSF and plasma were
cynomolgus monkeys. a, Cross-species activity. In silico analysis using https:// collected from monkeys administered RAG-17 (5, 20, or 50 mg/dose) viaIT
genome.ucsc.edu/ to identify mismatches between SODI transcripts of different injection. Samples were collected at predose, 15 min, 24 h,48 hand 72 h (CSF
species and the ‘seed’ region of the RAG-17 guide strand. Species-specific cell and plasma) and additionallyat2 h,4 h, 6 h, 8 h,and 12 h (plasma only) postdose.
lines-T98G (human) and COS-1 (green monkey) were transfected with RAG-17 at RAG-17 concentrations were analyzed by validated LC-MS/MS methods. Each
multiple concentrations for 24 h and species-specific SODI mRNA expression groupincluded 10 animals (5 males and 5 females). Data represent mean + s.d.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|Z The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

< The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] Adescription of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

|X| A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Gjve P values as exact values whenever suitable.

|:| For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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|:| Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  For pre-clinical data, raw instrument data were acquired using dedicated vendor software: 480 Real-Time PCR system (Roche) for Real-Time
PCR experiments, and Analyst™ Software (Thermo Fisher) for LC-MS/MS bioanalysis. Other experimental metadata were recorded by common
softwares. Clinical data with all case information were managed using an electronic data capture system (eCRF).

Data analysis In silico alignment algorithm from gggenome (https://gggenome.dbcls.jp), miRanda (Rick Masonbrink), GraphPad Prism version 8.3.0, Watson
LIMS (Certara), SAS software (V.9.4, SAS Institute).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All primary data supporting the findings of this study are included in this article and its supplementary files. Individual de-identified participant data that support the
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findings of this study are not publicly available due to privacy and ethical restrictions. These data are stored on the secure server of the China National Clinical
Research Center for Neurological Diseases and can be accessed under controlled access to verify the research conclusions. Access to these data is granted to
qualified researchers following a review and approval process managed by the center's data access committee. Researchers who provide an methodologically sound
analysis proposal that complies with clinical study ethical and data integrity requirements can request access via the center's Data Management and Sharing System
(https://paper.ncrend.org.cn) or by contacting the corresponding author Y.W (yilong528@aliyun.com). Requests will be evaluated within 30 days. The study
protocol and statistical analysis plan are available in the Supplementary Information_Protocol and Supplementary Information_SAP.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender All participants provided informed consent prior to screening. Eligible patients (both men and women) were aged 18 to 75
years. Sex or gender information was collected based on self-reporting and recorded within the electronic case report form
(eCRF). No sex/gender-based subgroup analysis was performed, because the study objectives were designed independently
of sex or gender.

Reporting on race, ethnicity, or None of these categorization variables was used.
other socially relevant
groupings

Population characteristics Relevant population characteristics of the human research participants are the following: All six enrolled participants carried
a confirmed pathogenic or likely pathogenic SOD1 mutation associated with ALS. Median age was 47 years (range 26—67).
Four female and two male patients were included. Detailed baseline characteristics are provided in Table 1.

Recruitment Participants were identified by review of the medical records / clinic database held within the institution, and direct physician
referral. Patients with a confirmed diagnosis of amyotrophic lateral sclerosis (ALS) and carrying a pathogenic or likely
pathogenic SOD1 mutation were assessed for eligibility. Complete inclusion and exclusion criteria are listed both in the main
manuscript (Methods section) and in the full study protocol, provided in the Supplementary Information. All patients were
recruited from clinical site in China. Potential referral bias (physicians may refer more severe phenotypes) and self@selection
bias (if eligible patients declined). Single@site design limits generalisability.

Ethics oversight This study was approved by the ethics committee of Beijing Tiantan Hospital (ethical approval No. KY2023-015-02). Written
informed consent was obtained from all participants prior to any study-related procedures, in accordance with the
Declaration of Helsinki and Good Clinical Practice guidelines. Participants received a fixed travel allowance and a modest
reimbursement for blood and cerebrospinal fluid collection procedures. No other compensation was provided for study
participation.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|X| Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size i)Pre-clinical study: The sample sizes for the efficacy studies in SOD1G93A mice (n=10-11/group) and rats (n=11-20/group), and the
pharmacodynamic study in cynomolgus monkeys (n=10/group, balanced by sex), were determined based on standard practices in the field for
such models and endpoints. These sizes were deemed sufficient to robustly assess treatment effects and safety signals to support translation
to clinical trials. No statistical methods were used to determine sample size.
ii)Clinical study: This was a first-in-human, single-arm, open-label study designed primarily to evaluate the safety, tolerability,
pharmacokinetics (PK), and preliminary bioactivity of RAG-17 in patients with SOD1-ALS. A total of six participants were enrolled. No formal
power calculation was performed for this early-phase study. This sample size was considered sufficient for an initial proof-of-concept study to
inform future trial design, based on the rarity of the patient population (SOD1-ALS), clinical feasibility, and the magnitude of target
engagement (SOD1 reduction).

Data exclusions  i)Pre-clinical study: Animals that developed severe health issues unrelated to the expected ALS disease progression were excluded from the
final analysis. These pre-defined criteria ensured that the assessment of treatment efficacy was not confounded by unrelated morbidity.
ii)Clinical study: All six enrolled participants received the intended dose of RAG-17 and were included in both the safety and efficacy analyses;
no patients were excluded. However, not all planned exploratory assessments were completed for every patient due to an inability to comply
with specific procedures (e.g., gait function) as a result of disease progression. All available data were analyzed and reported as specified in
the protocol.

Replication i)Pre-clinical study: Statistical analysis demonstrated significant and consistent treatment effects across key in-life (e.g., grip strength, rotarod)
and post-mortem (e.g., SOD1 quantification) endpoints. Experimental findings were supported by appropriate biological and technical
replicates within the study. Individual animal-level source data are not included in the manuscript but are archived by the authors and
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available for verification upon reasonable request.
ii)Clinical study: This single-arm, open-label, first-in-human trial was designed to evaluate safety and preliminary efficacy in a defined patient
population (SOD1-ALS). As such, no applicable replication validation is provided.

Randomization i)Pre-clinical study: SOD1 transgenic animals and their wild-type littermates were randomly assigned to experimental groups based on body
weight and sex to ensure balanced distribution across all groups.
ii)Clinical study: This is a single-arm, open-label study. No randomization was applied.

Blinding i)Pre-clinical study: The following analyses were conducted in a blinded fashion: neurological scoring, grip strength test, rotarod test,
RNAscope in situ hybridization, tissue distribution and quantification of RAG-17 in rats, SOD1 mRNA and protein expression in cynomolgus
monkey CNS, as well as histopathological staining. For these analyses, the investigators were unaware of the treatment group assignment
until after all data were collected and analyzed.
ii)Clinical study: Blinding was not applied since this is a single-arm, open-label study. All participants were aware of the treatment they
received, and the investigators were not blinded to treatment allocation.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChlIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| |Z MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XX O OX OO s
ODO0XXOXX

Plants

Antibodies

Antibodies used Anti-Choline Acetyltransferase Antibody (Merck Millipore, Cat.No.AB144P, Lot No. 4145737), Peroxidase AffiniPure™ Donkey Anti-
Goat IgG (H+L) Polyclonal Antibody (JacksonimmunoResearch, Cat.No.705-035-003, Lot No. 161760).

Validation Anti-Choline Acetyltransferase Antibody (AB144P): Validation data provided by the manufacturer (Merck Millipore) indicates
specificity for human, opossum, guinea pig, rat, mouse, zebrafish, avian, monkey, chicken Choline Acetyltransferase by WB, ICC and
IHC. This antibody was also validated in our laboratory using tissue from SOD1G93A rats. Peroxidase AffiniPure™ Donkey Anti-Goat
1gG (H+L) (705-035-003) Validation data provided by the manufacturer (JacksonimmunoResearch). The secondary antibodies were
used according to the manufacturer's recommendations.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) T98G cells were obtained from Cobioer (Catalog # CBP60301). COS-1 cells were obtained from ATCC (Catalog# CRL-1650).
RK13 cells were obtained from ATCC (Catalog# CCL-37). MB-49 cells were obtained from Millipore Sigma (Catalog# SCC148).
C6 cells were obtained from Amyjet (Catalog# BNCC100216).

Authentication All cell lines were obtained directly from the indicated commercial suppliers. No additional cell line authentication (e.g., STR
profiling) was performed by the authors.

Mycoplasma contamination Cells were not routinely tested for mycoplasma contamination during this study.

Commonly misidentified lines  we did not use any misidentified cell line in this study.
(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals Female and male cynomolgus monkeys (age, approximately 3.0-4.0 years; body weights, 2.2-3.2 kg for females and 2.4-4.4 kg for
males) were obtained from Guang Dong Blooming-Spring Biological Technology Development Co., Ltd. hNSOD1G93A mice (B6. Cg-Tg
(SOD1*G93A)1Gur/J) (Strain ID #004435) were obtained from the Jackson Laboratory. SOD1G93A transgenic rats were obtained from
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Taconic Biosciences (model 2148).
Wild animals This study did not involve wild animals.
Reporting on sex Female hSOD1G93A mice, female and male SOD1G93A transgenic rats as well as female and male cynomolgus monkeys were used.
Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All procedures and any amendments or procedures involving the care or use of animals in this study were reviewed and approved by
the Institutional Animal Care and Use Committee of Nantong University (#520220323-001), WuXi AppTtec (#GP02-QD105-2020V1.0,
H59-0027-TX), prior to the initiation of these procedures.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.
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Clinical trial registration  NCT05903690
Study protocol Study protocol available as supplementary material, along with the statistical analysis plan.

Data collection Between 22 May, 2023, and 27 November, 2023, a total of seven individuals were screened. One individual did not met the inclusion
criteria and was excluded, resulting in six being successfully enrolled. All six enrolled participants received treatment with RAG-17
and underwent clinical assessment at Beijing Tiantan Hospital, Capital Medical University. The data collection period spanned from
24 May, 2023, to 11 July, 2024. Clinical data were collected using individual case report forms (CRFs) by study physicians, with all
case information managed using an electronic data capture system (eCRF).

Outcomes i)The primary endpoints included the following safety evaluation measures: 1) incidence of adverse events (AEs) and serious adverse
events (SAEs) within 240 days after RAG-17 treatment; 2) changes in laboratory assessments, vital signs, ALS Functional Rating Scale-
Revised (ALSFRS-R) scores, and abnormalities in heart, lung and abdomen examinations, neurological examinations, as well as
electrocardiograms within 240 days after the first injection of RAG-17. The ALSFRS-R consists of 12 items across four subdomains of
bodily function (bulbar, fine motor, gross motor, and breathing). Each item is scored on an ordinal scale from O (total loss of function)
to 4 (no loss of function), yielding total scores ranging from 0 to 48, with higher scores indicating better function.
ii)The secondary endpoints included: (1) changes in CSF SOD1 protein levels at days 15, 29, 60, 120, 180 and 240 from baseline; (2)
changes in plasma NfL levels at days 1, 15, 29, 60, 120, 180 and 240 from baseline; (3) pharmacokinetics of RAG-17 in plasma at days
1, 15, 29, 60, 120, 180 and 240; and (4) time to invasive mechanical ventilation or death.
iii)The exploratory endpoints included changes in: (1-7) pulmonary function (including FVC), fatigue severity, muscle strength, gait
function, modified Norris scale scores, quality of life and clinical staging, at days 15, 29, 90, 180 and 240; and (8-9) electromyography
and 7T MRI imaging features at days 29, 90, 180 and 240. Fatigue severity was assessed using the Fatigue Severity Scale (FSS)40.
Evaluation of gait function included 3D gait analysis, short physical performance battery, tandem walking, and the 6-meter walk test.
Quality of life was estimated using the Amyotrophic Lateral Sclerosis Assessment Questionnaire 40 (ALSAQ-40), a Five-level version of
EuroQol Five Dimensions Questionnaire (EQ-5D-5L), Hamilton Anxiety Scale (HAMA) and Hamilton Depression Scale (HAMD).

Clinical staging was evaluated using the London ALS Stage and Milano-Torino staging. The electromyographic features evaluated in
this study included the composite muscle action potentials (CMAP), motor unit number index (MUNIX), and motor unit size index
(MUSIX).

Plants

Seed stocks Not applicable.

Novel plant genotypes ~ Not applicable.

Authentication Not applicable.

Magnetic resonance imaging

Experimental design

Design type Structural MRI of the human brain in vivo.

Design specifications Whole-brain three-dimensional T1-weighted imaging (T1WI) and three-dimensional SWI.




Behavioral performance measures  Not performed.

Acquisition
Imaging type(s) 3D T1-weighted MP2RAGE and 3D SWI.
Field strength 7.0 Tesla

Sequence & imaging parameters T1WI (MP2RAGE): sagittal 3D scan, TE/TR/TI1/TI2=3.27/4500/1000/3200m:s, slices=240, voxel
size=0.8x0.8x0.8mm3; SWI: axial 3D scan, TE/TR=12/19ms, slices=104, voxel size=0.3x0.3x1.2mm3.

Area of acquisition Whole brain.
Diffusion MRI [ Jused Not used

Preprocessing
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Preprocessing software None used.

Normalization Not performed.
Normalization template Not performed.
Noise and artifact removal Not performed.
Volume censoring Not performed.

Statistical modeling & inference

Model type and settings Not applicable.
Effect(s) tested Not applicable.

Specify type of analysis: Whole brain || ROI-based ] Both
Statistic type for inference Not applicable.

(See Eklund et al. 2016)
Correction Not applicable.

Models & analysis

n/a | Involved in the study
|:| Functional and/or effective connectivity

|:| Graph analysis

|:| Multivariate modeling or predictive analysis
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