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SCN2A variants are among the most common genetic causes of developmental
and epileptic encephalopathies (DEEs), which can present with uncontrolled
seizures at birth and account for 1-2% of all epileptic encephalopathies. A
substantial fraction of causal variants are gain-of-function or mixed-function

variants associated with increased channel open probability or greater
sodium current flux. Here two parallel n =1 clinical studies were conducted
intwo patients (9-year-old and 14-year-old boys) with SCN2A-related DEE.
Individualized allele-selective antisense oligonucleotides (ASOs) were
designed to target heterozygous intronic single-nucleotide polymorphisms
(SNPs) for decreased expression of mutant SCN2A transcript while preserving
the wild-type copy. Primary endpointsincluded quantitative change
frombaseline in seizure frequency and neurodevelopment, including

motor scores. Efficacy measures were also individualized to each patient’s
phenotype, including refractory seizures, developmental delay, autism
spectrumdisorder, choreoathetosis and gastrointestinal dysfunction.
Patients experienced areductionin seizure frequency (26% and 90% in the
two patients, respectively), decreased use of concomitant medications and
improvement in neurodevelopmental skills. Both ASOs were well tolerated,
with no ASO-related serious adverse events. Continued long-term follow-up of
these preliminary positive safety and efficacy findings is needed to confirm the
disease-modifying potential of these ASOs. Haplotype phasingin aseparate
cohortof infants with SCN2A-related disorder (SCN2A-RD), diagnosed by rapid
whole-genome sequencing, identified 16% of patients with compatible SNPs.
These data provide a pathway from n=1to nof more patients with SCN2A-RD
and other monogenic disorders. ClinicalTrials.gov registration: NCT06314490.

Epilepsyisdefined asadisorder of the brain characterized by aberrant,
excessive neuronal hypersynchrony and an enduring predisposition
to epileptic seizures, as defined by the International League Against
Epilepsy’. Thus, channelopathies, which mechanistically mediate neu-
ronal networks, have emerged as a critical cause of developmental and
epilepticencephalopathies (DEEs), with over 900 identified monogenic
etiologies’. DEEs are also associated with a high burden of abnormal
epileptiform abnormalities on electroencephalography (EEG), a sign

of aberrant neuronal connectivity that results in significant neurode-
velopmental delay, and are associated with increased incidence of
sudden unexpected death in epilepsy”*. DEEs represent one of the
most severe chronic neurological disorders of childhood, requiring
complex specialty medical care, frequent emergency room visits and
hospitalizations, with consequential socioeconomicimpact®*.
DEE11 (MIM 613721) is a severe neurodevelopmental disorder
caused by gain-of-function (GOF) and mixed-function variants in the
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SCN2A gene, encoding the neuronal sodium channel Nay1.2 a-subunit.
Specific biophysical changes, including alterations in voltage sens-
ing and ion flux, result from individual missense variants, depending
on the location and amino acid substitution®. SCN24 GOF variants
increase open probability and current flux, resulting in pathophysi-
ologic electrophysiologic changes and neuronal hyperexcitability,
with an increased predisposition to seizures early in life**. Heterolo-
gously expressed SCN2A variants such as p.Arg853GIn exhibit a mixed
GOF and loss-of-function (LOF) phenotype due to multiple defects in
time-dependent and voltage-dependent channel properties, including
enhanced slowinactivation®. LOF variants in SCN2A are typically associ-
ated with autism spectrum disorder (ASD) and intellectual disability
with or withoutepilepsy; thus, thereis dose sensitivity to the balance of
SCN2A channel function®”. The phenotypic spectrumin SCN2A-related
disorders (SCN2A-RDs) encompasses intractable epilepsy, profound
developmental impairment, communication and behavioral issues,
movement disorders, ASD and associated morbidity’”. Current treat-
mentoptions for DEE11are symptomatic with sodium channel-blocking
antiseizure medications (ASMs) that are often ineffective. Because
SCN2A haploinsufficiency is one of the commonest genetic causes of
autism’”/, allele-selective ASO design is an important consideration
for geneticintervention in GOF and mixed GOF/LOF SCN2A variants.

Antisense oligonucleotides (ASOs) have emerged as effective
disease-modifying therapies for several neurological disorders, such
as spinal muscular atrophy and amyotrophiclateral sclerosis, and pro-
vide anopportunity to selectively correct the effects of pathogenic DNA
variants. Inan SCN2A GOF mouse epilepsy model, an SCN2A gapmer ASO
downregulated mutant GOF transcripts, reduced seizures and extended
lifespan®. A nonallele-selective ASO reduced seizures in a premature
infant with early-onset SCN24-RD’. While promising, these strategies
nonselectively target both gene copies, which in some patients may
have undesired consequences from the reduction of both reference
and pathogenic transcripts. In contrast, allele-selective gapmer ASOs
use specific single-nucleotide polymorphisms (SNPs) to distinguish
mutant from reference haplotypes, selectively reducing the target RNA
transcript with minimal effect on expression of the healthy copy™. Such
ASOs are often developed for an individual patient, as the ASO design
strategy is highly specific to the sequence of each haplotype. While
individualized, allele-selective ASOs are relatively newly described
as drugs'®", diagnoses of toxic GOF and mixed-function single-gene
variants in DEEs have allowed use of these drugs on larger scales than
previously thought possible. These ASOs are attractive for conditions
inwhich nonselective targeting could produce untoward risk, especially
for essential genes like SCN2A that display dosage sensitivity.

Results

Clinical characteristics

Patient1was a9-year-old male with a heterozygous SCN2A GOF patho-
genicvariant (c.5645G>A, p.Argl882GIn) and a history of neonatal-onset
seizures. He had severe intellectual disability and ASD. He was nonver-
bal, could communicate with an assistive communication board and
had good gross motor skills with a normal gait. He had seizures medi-
cally refractory to >10 ASMs with ~30 seizures per month at prestudy
baseline, requiring up to three rescue medications administered twice
aweek tostop seizures. He had recurrent status epilepticus requiring
emergency department visits or hospitalizations one to two times per
year. He was treated with cenobamate and phenytoin and required
high phenytoinlevels since infancy for sodium channel blockade, with
recurrent episodes of status epilepticus at baseline, often whenserum
phenytoin levels fell below 20 mg dI™.

Patient 2 was a 14-year-old male with a heterozygous pathogenic
mixed GOF/LOF SCN2A variant (c.2558G>A, p.Arg853GIn)* and a his-
tory of infantile spasms beginning at 8 months. He had a history of
multiple seizure types, including myoclonic, focal and tonic seizures,
which were medically refractory to more than ten different ASMs. He

Table 1| SCN2A genotype-phenotype heterogeneity of
trial participants

Age, sex Patient1 Patient 2
9-year-old male 14-year-old male
Mutation Pathogenic, dominant Pathogenic, mixed GOF/

LOF de novo variant
in SCN2A (c.2558G>A,
p.Arg853Gln)

GOF de novo variant
in SCN2A (c.5645G>A,
p.Arg1882Gln)

Age at seizure Neonatal onset (at birth) 8 months of age (<1 year)

onset

Tonic, myoclonic, infantile
spasms

Focal, generalized
tonic-clonic

Seizure type

Concomitant Phenytoin, cenobamate Cannabidiol, clonazepam
seizure

medications

Number of ASMs  >10 >10
tried before the
ASO trial

Communication Nonverbal (can use AAC Nonverbal (can use AAC

device) device)
Behavioral ASD, stereotyped and ASD, irritability
repetitive behaviors,
irritability, abnormal
sensory-seeking behaviors
Muscle tone Normal Axial hypotonia with
appendicular hypertonia,
GMFCS level V at baseline
Movement History of dystonia; normal Nonambulatory at baseline;

gait with intact running
and jumping at baseline

disorder, gait significant choreoathetosis

issues

Gastrotomy tube N Y
(Y/N)
Scoliosis (Y/N) N N

Gastrointestinal Y Y (severe)

issues (Y/N)

AAC, augmentative and alternative communication; GMFCS, Gross Motor Function
Classification; Y, yes; N, no.

was referred to hospice at 2 years of age with near-daily seizures. He had
severe global neurodevelopmental delay and was nonverbal, but had
the ability to communicate using anassistive communication board. He
wasnonambulatory with prominent choreoathetosis and dyskinesias.
He had debilitating chronic gastrointestinal issues, regularly requiring
suppositories to initiate bowel movements.

Adescription of the individual genotypes and phenotypes of each
patientis providedin Table 1.

Primary outcomes: seizures

Both patients showed improvements in seizure control, including
prolonged periods of seizure freedom and reduction in concomitant
medications (Fig. 1a,b).

Patient1’s seizures were recorded consecutively for 90 daysinthe
pre-ASO period and 744 days in the post-ASO period. He experienced
improvementin seizure control with <80 mg doses and adosing inter-
val of 60-75 days. The dosinginterval was shortened due to recurrent
seizures toward the end of the 90-day dosinginterval. On prespecified
testing, the percentage of seizure-free days in the post-ASO period
improved from 57.8% to 66.5% and corresponded to an estimated
26% reduction in seizure counts, but this did not meet statistical sig-
nificance (8=-0.298, 95% confidence interval (CI) = -0.846 to 0.249,
P=0.286).1tisnoted, however, that he was able to be weaned off phe-
nytoin around day 310, a sodium channel blocker with substantial
side effects on which he had been dependent since birth for seizure
control (Fig.1a,b).
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Fig.1| Analysis of changes in daily CMSF across time. a, Decrease in Patient 1
CMSF is observed since ASO initiation. To date, Patient 1 has received 12 doses of
ASO over 24 months. His pre-ASO daily average seizure count (gray represents
pre-ASO, orange represents post-ASO) was 2.2, which reduced to 1.3-1.6 in the
first 6 months of treatment (D1-D172) and between 1.3-1.9 in the last 9 months
(since D438). Of note, the patient previously required high doses of phenytoin
since birth, which was weaned off ~day 310 (green line represents phenytoin
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levels, range 6.9-33.1 ug ml™, with no further levels checked toward the end

of the wean), suggesting ASO efficacy with reduced sodium channel-blocker
requirement. b, Decrease in Patient 2 CMSF observed since treatment initiation.
¢, Todate, Patient 2 has received eight doses over 16 months, with a 2.0 daily
average seizures pretreatment to O daily average seizures after 14 months of
treatment. CMSF, countable motor seizure frequency; w/o, without; D, day; avg,
average.

Patient 2’s seizures were recorded consecutively for 42 days in
the pre-ASO period and 480 days in the post-ASO period. He experi-
enced seizure-free days early in treatment (after 20 mg and 30 mg)
but had bouts of seizures at 40 mg dosing. Due to waning efficacy
seen 60 days post dosing, the dosinginterval was decreased to 60-90
days, resulting in longer periods of seizure control without emer-
gency seizure rescue medications for >2-month intervals (Fig. 1c).
Seizures after initiation of ASO were significantly reduced by an
estimated 90% in prespecified statistical analysis (8=-2.338, 95%
Cl=-3.021to -1.655, P < 0.001). Similarly to Patient 1, the percent-
age of seizure-free days increased, from 0% in the pre-ASO period to
46% in the post-ASO period (Fig. 1c). For the prespecified statistical
analysis of seizures, generalized linear models were optimized sepa-
rately for each patient to evaluate daily seizure counts as a function

oftime, treatment status and ASO dose. A1-day lag term was included
for seizure counts to account for the time correlation of seizures. A
negative binomial generalized linear model with a log-link function
was used to account for overdispersion. All analyses were conducted
separately for each patient.

For Patient 1, the model explained amodest proportion of variance
(pseudo-R*=0.176, dispersion statistic = 1.47). The treatment effect
was not statistically significant (8 =-0.298, 95% Cl = -0.846 to 0.249,
P=0.286).Thelagged seizure termwas a strong predictor (5 =0.3171,
95% Cl=0.261t0 0.373, P<0.001), indicating short-term autocor-
relation, an expected finding due to repeated measures over time.
Neither the time trend (8=-0.0004, 95% Cl=-0.0010 to 0.000086,
P=0.122) nor ASO dose (8= 0.0042,95% Cl=-0.003t0 0.012, P= 0.272)
was significant.
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Fig. 2| Analysis of changes in neurodevelopmental and communication
measures across time. Improvements in neurodevelopmental skills were
seen across multiple outcome domainsin both patients. a, Annualized rate of
change in different BSID-4 domains pretreatment and posttreatment, showing
improvement in rate in all domains except cognitive. Fourteen months of
pretreatment data were used for cognitive and expressive language subscales;
four months of pretreatment data were used for fine and gross motor subscales.
No pretreatment data were available for the receptive language subscale.

b, Actual GSV change from baseline over time. For Patient 1,improvements

in GSVs were observed across all subscales, with animproved annualized
growth rate in some domains on the BSID-4. ¢, ORCA change from baseline
pretreatment and posttreatment in Patient 1. Patient 1 also showed clinically
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meaningfulimprovement on ORCA. d, ORCA change from baseline in Patient
2. Patient 2 also had clinically meaningful changes in ORCA. This suggests an
increased rate of development in language and motor skills, where slowing of the
cognitive growth rate with age and development would typically be expected.
Aberrant, stereotyped and abnormal sensory behaviors have also significantly
improved. e, D-FIS at baseline and over time. Patient 2 had areduction in ataxia
and improvement in motor ability, including the developmental milestone of
independent gait at 15 years of age. Cog, cognitive; EL, expressive language;
RL, receptive language; FM, fine motor; GM, gross motor; Exp, expressive;
Rec, receptive; Prag, pragmatic; BL, baseline; D-FIS, Dyskinetic Cerebral Palsy
Functional Impact Scale.

For Patient 2, the model explained a greater proportion of vari-
ance (pseudo-R?*=0.616, dispersion statistic = 1.49). The treatment
effect was highly significant (8 =-2.338, 95% Cl =-3.021 to -1.655,
P<0.001), corresponding to anestimated 90% reduction in expected
daily seizures in the post-ASO period. A significant time trend was
observed (f=-0.0053, 95% Cl=-0.007 to -0.004, P < 0.001), and
the lag term again indicated strong autocorrelation (8= 0.199, 95%
Cl=0.178t00.219, P < 0.001). Interestingly, while ASO administration
corresponded to seizurereduction, higher ASO dosing was associated
withslightly increased seizures compared to lower ASO doses for this
patient (8= 0.105,95% Cl=0.078 to 0.131, P < 0.001). This suggests the
need for continued long-term follow-up.

Both patients had sustained seizure-free periods of consecutive
weeks to months, and neither had seizure-related emergency room
visits or hospital admissions after ASO initiation.

Secondary outcomes: neurodevelopmental

Changes in neurodevelopmental skills were seen across multiple
outcome domainsinboth patients. For Patient 1, there were improve-
ments in Growth Scale Values (GSVs) across all subscales, with an
improved annualized rate of growth in some domains on the Bayley
Scales of Infant and Toddler Development, Fourth Edition (BSID-4;
Fig.2a,b). Patient1also showed clinically meaningfulimprovement on
Observer-Reported Communication Ability (ORCA; Fig. 2c), suggesting
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Fig.3|Additional endpoints in Patient 1. a,b, The RBS-Rincludes six
domains—ritualistic behavior, sameness behavior, stereotypic behavior,
self-injurious behavior, compulsive behavior and restricted behavior. Patient
1had improvements inirritability and hyperactivity (a), stereotyped and self-
injurious behavior (b). ¢, The SSP-2 is a standardized questionnaire designed to

help evaluate a child’s sensory processing patterns, including overarousal and
hypersensitive behaviors in home, school and community settings. Patient 1 had
improvementin sensory processing. RBS-R, Repetitive Behavior Scale-Revised;
SSP-2, Short Sensory Profile-2; max, maximum; min, minimum.

anincreased rate of developmentin language and motor skills, where
slowing of cognitive growth rate with age and development would
typically be expected. Aberrant, stereotyped and abnormal sensory
behavior also improved (Fig. 3a-c).

Patient 2 demonstrated clinically meaningful changesin commu-
nication (Fig.4a,b) and sustained trends toward reduction of maladap-
tive behaviors and irritability (Fig. 4e). Patient 2 also had aremarkable
reduction in ataxia and improvement in motor ability, including the

notable developmental motor milestone of independent gait at 15
years of age (Figs. 2e and 4f).

Other domains

Improvement was observed across other domains. Patient 2 had
required frequent suppositories for severe gastrointestinal symp-
toms, which were tracked with the Bristol Stool Form Scale (Fig. 4c,d).
Post-ASO, Patient 2 required minimal suppository use, with bowel
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Fig. 4| Additional endpointsin Patient 2. a,b, Vineland-3 Adaptive Behavior
Scales. The Vineland-3is a valid and reliable measure of adaptive functioning
frombirth to adulthood. Inaddition to standard scores and age equivalents, GSVs
are available for all subdomain scores, allowing reliable assessment of change
eveninthose who floor the measure or appear to make no progress when using
standard scores due to a functional level far below chronological age. a, Change
from baseline in GSV scores 1year posttreatment. b, GSV scores across three
time points (pre-treatment, baseline and 1year posttreatment). ¢,d, Bristol Stool
Form Scale. The Bristol Stool Form Scale is a diagnostic medical tool designed to
classify the form of human feces into seven categories. It has been used to track
and diagnoseirritable bowel syndrome and is sensitive to changes in intestinal
transit time following several medications. ¢, As shown post-ASO, Patient 2
showed improvement in bowel movements, specifically with respect toirritable
bowel and intestinal transit. A score of 3-4 on this scale represents normal bowel
movements, while 7isindicative of diarrhea, and 1is indicative of constipation.
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Raw GSV scores
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Baseline Dose 4 Dose 6
N/A 6 mo. 12 mo.
Sitting 1 2 1
Standing 3 3 2
Walking g 2 2
Positioning 2 1 N/A
Transfers 3 1 N/A
Other gross motor activities 4 3 3
Fine motor activities 4 3 3
Reaching 1 1 1
Use of technology 3 2 2
Daily hygiene activities 4 1 3
Upper body dressing 3 3 3
Lower body dressing 3 3 3
Feeding 1 2 1
Speech 4 N/A N/A
Sleep N/A N/A N/A
Leisure activities 3 2 2
Pain N/A N/A 0
Fatigue 1 0 0
Total impact scale score 43 29 26

d, Patient 2 had more normalized bowel movements over time (sustained score
of 5) and required minimal suppository use. e, ABC-C. The ABC-Cis a 58-item
parent/caregiver rating scale used to assess the severity of a range of problem
behaviors commonly observed in individuals with intellectual disability across
five dimensions or subscales—irritability, hyperactivity, lethargy/withdrawal,
stereotypy and inappropriate speech. At 12 months posttreatment, Patient

2 exhibited improvements inirritability, social withdrawal and stereotyped
behavior. f, D-FIS. The D-FIS is a parent-reported measure used to assess the
impact of abnormal muscle tone, such as spasticity (increased tone or stiffness),
floppiness (decreased tone) and dyskinesia (fluctuating tone) on the patient’s
ability to perform daily activities. Over time, Patient 2 showed improvement in
different domains of the D-FIS scale. W, written; Per, personal; D, Domestic; Com,
community; IR, interpersonal relationships; PL, play and leisure; CS, coping
skills; Pre, pretreatment/baseline period; N/A, not applicable; mo., months;
ABC-C, Aberrant Behavior Checklist-Community Edition.
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Table 2 | All adverse events reported for both patients throughout study duration

MedDRA body system Patient Adverse eventgrade Serious? Related to study drug Related to study
administration drug

Endocrine disorders

Growth hormone abnormal 1 Moderate No No No
Gastrointestinal disorders

Vomiting 1 Mild No No No
Infections and infestations

Bacterial infection 1 Mild No No No

Viral infection 1 Mild No No No

COVID-19 respiratory infection 1 Mild No No No

Coronavirus 2 Mild No No No

Common cold 2 Mild No No No

Viralinfection 2 Moderate No No No
Injury, poisoning and procedural complications

Vomiting postoperative 1 Mild No Definite No

Wrist fracture 1 Moderate No No No

Fall 2 Moderate No No No

Fall 8 Moderate No No No
Nervous system disorder

Sleep restless 1 Mild No No No

Feeling sad 1 Mild No No No

Somnolence 1 Mild No No No

Tic 1 Mild No No Possible
Respiratory, thoracic and mediastinal disorder

Epistaxis 1 Mild No No No

movements normalizing, suggesting that ASO treatment may have Discussion

positively modulated autonomic dysfunction. Patient 2’s quality-of-life
and disability scores showed sustained improvements across multiple
domains over time (Extended Data Fig. 1).

Safety

No ASO-related adverse events or serious adverse events were
reported in either patient (Table 2). Both ASOs were well tolerated,
with no abnormal biochemical or hematological laboratory results
and no significant changes in electrocardiography (ECG) or EEG
findings (Extended Data Fig. 2) compared with baseline throughout
the study.

Additional potential patients

Theallele-selective ASO developed specifically for both patients has the
potential to be used in patients with other causal GOF or mixed SCN2A
variants if they are heterozygous for the same SNP on the reference
haplotype, as this could confer the needed selectivity to downregulate
expression from the pathogenic haplotype.

We analyzed a cohort of 19 SCN2A-RD probandsidentified through
rapid whole-genome sequencing (WGS) at the Rady Children’s Insti-
tute for Genomic Medicine between 2018 and 2024, diagnosed at
ages ranging from 2 weeks to 12 years®. Sixteen percent (that is, three
patients) in our cohort were identified as having the correct SNP con-
figurationamenable to treatment with the same ASQ initially designed
for Patient 2, supporting the potential to enable use of reference
sequence-targeting ASOs to additional patients. Patients with SCN2A
variants of uncertain significance could be eligible for ASO therapy with
functional characterization of missense and smallin-frame insertion or
deletionvariants to establish GOF or mixed-function effects amenable
tothe ASO approach.

Individualized allele-selective ASOs for SCN2A-DEE11 variants with dif-
fering genotypes and phenotypes associated with significant morbidity
reveal positive safety and efficacy signals with clinically meaningful
improvements in seizures and across multiple neurodevelopmental
domains. Improvements in seizure control can be achieved with tra-
ditional ASMs; however, our targeted approach with ASOs addresses
the underlying root causes of the disease mechanism, with multiple
efficacy pointsbeyond seizures. Improvements were observed across
developmental and motor skills and other domains beyond traditional
ASMs. These results support that neurodevelopmental phenotypes may
remain at least partially treatable by targeted genetic therapies beyond
early development, as seen in ASO trials for Angelman syndrome™.
Of note, the ASOs were effective for both GOF and mixed-function
pathogenic variants and across distinct SCN2A-associated phenotypes,
including DEE11 and ASD.

Dose optimization posed specific complexities due to con-
current use of sodium channel-blocking ASMs, the risk of sei-
zure exacerbation from excessive sodium channel reduction,
potential circuit-level effects and long-term neural adaptation to
underlying pathophysiology.

These n=1trials required predefined individualized treatment
goals to assess meaningful change based on the concept of the mini-
mal clinically important difference (MCID), the smallest response
considered clinically impactful®. MCID is difficult to define in rare
populations, especially in n =1(refs.14,15); however,improvementsin
these patients exceeded MCID cutoffs onthe ORCA for other conditions
and as well as thresholds used to defineimprovementin Angelman syn-
drome ASO trials on the Bayley-4 (refs. 14,15). Patients met prespecified
outcomes by exceeding baseline annual rates of gain after treatment
with ASOs. Outcome assessments were predefined for phenotype to
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assess change pre-ASO and post-ASO, including GSV scores, which can
demonstrate meaningful clinical change in developmentally delayed
individuals who may not be assessed on Bayley-4 against standard
neurotypical scores. Patients demonstrated gains beyond typical devel-
opmental windows, providing substantial insights regarding evolving
and effective trial design and implementation of outcome measures.
There may be limitations to individual ASO-related benefits for
interventionsin diseases where thereisirreversible or limited poten-
tialto change the metabolome, proteome or neuronal networks unless
implemented very early inlife. In refractory early-onset epilepsy due
to GOF variants, there may be a limited reduction in seizures due to
the underlying pathophysiology. Early and accurate genetic diagnosis
will enable optimization of the design and delivery of potential thera-
peutic neurointervention for maximal benefit to patients. Long-term
follow-up will further inform the durability of safety and efficacy find-
ings. Despite these limitations, research studies such as ours establish
feasibility and tolerability, validate therapeutic platforms, and enable
further understanding of which diseases are modifiable over very
long-term follow-up and those which are not. In combination with
rapid WGS, which allows genetic diagnosis of DEE11 within days of
first seizure onset, targeted neurointerventional disease-modifying
therapies have the potential not only to decrease seizures but also to
impact neurodevelopment. Thus, our study demonstrates animpor-
tant paradigm shift—that there may be complementary approaches
even within a single monogenic condition (that is, SCN24) with sig-
nificant genotype-phenotype heterogeneity, providing therapeutic
pathways for more patients with plausible mechanisms beyond GOF.
Open-label, first-in-human, investigational individualized
allele-selective ASO therapy demonstrates positive safety and effi-
cacy in two patients with different causal GOF and mixed GOF/LOF
SCN2Avariants and phenotypes, characterized by reductionin seizures
and concomitant medications, increased periods of seizure freedom,
decreasein autisticbehaviors andimprovementin neurodevelopmental
outcomes with disease-modifying effect, offering an alternative treat-
ment paradigm and enabling a pivotal pathway from‘n =1'to ‘n-of-many’
more patients with SCN2A-RD and other rare monogenic disorders.

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-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41591-026-04527-y.
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Methods

ASO discovery and design

Individualized ASOs were designed for two patients with intractable
epilepsy with GOF and mixed GOF/LOF causal variants associated with
DEEI11. WGS identified SNPs on the reference haplotype, allowing the
design of ASOs targeting only the pathogenic haplotype. Acommon
benign SNP onthe wild-type allele in each patient was used to develop
a selective ASO for the mutant allele. These ASOs were designed to
promote selective degradation of the mutant SCN2A transcript through
recruitment of RNase H1 to the RNA-ASO heteroduplex'®”. Over 500
2’-methoxyethyl gapmers with mixed backbone (phosphorothioate/
phosphodiester) were designed to single-nucleotide differences
between the two alleles in the patients’ SCN2A gene. ASOs targeted
either the SNP or the consensus sequence phased to the pathogenic
allele as previously described™.

We mapped informative heterozygous SNPs using long-read
sequencing in both Patient 1 and Patient 2. We were unable to iden-
tify a single ASO that could be used to treat both patients, so instead
we identified individual ASOs for each patient. Multiple potent,
allele-selective ASOs identified in a single-dose in vitro assay in each
induced pluripotent stem cell (iPSC)-derived neuronal line were tested
via dose-response assays. Excitatory neurons were generated from
iPSCs using the Quick-Neuron Excitatory Sendai Virus (SeV) system
(Elixirgen Scientific) following the manufacturer’s protocol.

Adistinctlead ASO wasidentified for each patient and assessed for
allele selectivity in patient iPSCs (Extended Data Fig. 3). Allele selectiv-
ity was observed for bothindividualized ASOs; the ASO demonstrated
42-fold selectivity in patient 1and 53-fold selectivity in patient 2, based
on IC,, values for mutant versus wild-type transcripts. The SNPs used
forallele selectivity in Patients 1and 2 had populationallele frequencies
of 0.27 and 0.18 (that is, 27% and 18% in most sampled populations),
respectively, suggesting other patients could potentially be treated
with these same ASOs in the future (Extended DataFig. 4). The respec-
tive ASOs were assessed for potency and selectivity using in vitro assays
inpatient-derived iPSCs for inflammation and off-target vulnerability.

ASOs meeting minimal criteria for potency and selectivity were
assessed for their potential to trigger innate immunity by measuring
CCL22 levels in BJAB cells treated with high ASO concentrations (up
to 8 pM) as described in ref. 18, followed by in vitro confirmation of
allele specificity. Insilico identification of human primary transcripts
with partial complementarity to lead ASOs (1-2 mismatches or 3 mis-
matches with>17 consecutive matches) was assessed. Transcripts lack-
ing expression in GTEx were excluded, and the remaining candidates
were tested ina cell-based assay across several ASO concentrations. Of
these, two genes (ANKSIB and TXK) showed dose-dependent reduction
following treatment with nL-SCN2-001, while one (CFAP47) could not
be evaluated due to a lack of expression in available cell lines. Thus,
gene-specific assessment indicated a low off-target liability. 7XK had
no predicted LOF concern (gnomAD observed/expected (O/E) = 0.53,
pLI=0),showed no phenotypeinknockout mice, suggesting reduction
wastolerated. ANKS1B showed LOF constraint (O/E = 0.1, pLI =1.0), but
the knockout mouse was phenotypically normal. CFAP47 was associated
with infertility in male mice, but this risk was not considered relevant
forintrathecal (IT) dosing. Overall, the combinedinsilico, in vitroand
genetic evidence supported alow off-target safety risk for both ASOs.

ASOs were then assessed for in vivo tolerability in two non-Good
Laboratory Practice studies (an 8-week single intracerebroventricular
dose study in mice and an 8-week single IT dose study inrats)'**°. These
steps led to the identification of an optimal ASO for each patient. The
lead ASOs were then evaluated in two distinct 13-week Good Labora-
tory Practice repeat-dose toxicology studies in which 10 rats of each
sex were given 0, 0.3 or 1 mg per dose by IT administration on Days 1,
29,57 and 85, with necropsy performed on Day 92.

In both studies, the ASOs were considered to be well tolerated,
with transient postdose clinical and neurobehavioral observations

of abnormal gait, incoordination, limited use and/or decreased grip
strength, low carriage, reduced arousal, decreased alertness, reduced
rearing events, decreased body temperature, decreased body tone,
impaired tail-pinch response/tactile reflex and/or decreased activity
noted at 1 mg per dose, which recovered within 24 h. Microscopic
findings were observed at >0.3 mg per dose and included vacuolated
macrophages and mononuclear or mixed-cell infiltration in the spinal
cord, injection site, meninges, nerve roots, brain, liver, dorsal root
ganglion and/or kidney, as expected. In addition, basophilic granules
and/or tubular degeneration/regeneration were noted in the kidney,
and minimal-to-mild nerve fiber degeneration was observed in the
spinal cord, nerve roots and/or injection site, as expected.

Allfindings were considered nonadverse and were similar to those
observed in commercial ASOs, and the no-observed-adverse-effect
level was established at 1 mg per dose for both ASOs.

Patients and study design

Researchinvestigational new drugapplications were authorized by the
FDA forinvestigator-initiated, open-label, single-center, single-patient
(n=1) clinical studies of distinct pathogenic SCN2A variants with pre-
defined safety and efficacy measures tailored toindividual phenotype.

The research studies were approved by experimental treat-
ment ethics committees and institutional review boards (IRBs) of the
respective academicinstitutions. Writteninformed consent or assent,
including reporting of indirect identifiers, was obtained from study
participants’ legally authorized representatives before study initiation
accordingto CARE guidelines and in compliance with the Declaration
of Helsinki principles. Rush University IRB approval was received under
compassionate use in May 2023, and consent and enrollment occurred
in June 2023 (Rush ORA 2305010), with 24 months of follow-up until
the data cutoffin June 2025. UCSD Rady IRB approval was received in
November 2023, and consent and enrollment occurred in February
2024 (UCSD NCT06314490), with 16 months of follow-up at the data
reviewinjune 2025.

The allele-selective ASOs were delivered intrathecally by lumbar
injectionin these two first-in-human clinical trials. Each trial was cus-
tomized to the patient-specific SCN2A-RD phenotype, with predefined
outcome measures assessing seizures, behavior, communication,
gastrointestinal issues, dyskinesias and motor skills.

Inclusion criteria for both patients included confirmation of
a causal SCN2A variant, informed consent or assent, stable dosing
of concomitant medications, the ability to travel to the study site
and adhere to study-related procedures and the ability to notify the
research team of any adverse events. Additional inclusion criteria for
Patient 1included refractory epilepsy with at least four seizures per
month on daily ASM.

Exclusion criteria for both patients included use of other inves-
tigational medications within five half-lives at study enrollment and
contraindicated conditions to safe or effective IT lumbar puncture or
related sedation beyond standard risk (for example, thrombocytopenia
or other bleeding diathesis, space-occupying intracranial lesions, or
infection of skin or subcutaneous tissues near the lumbar puncture
site). Additional exclusion criteria included any comorbid condition
that, in the opinion of the respective investigators, would prevent
completion of study procedures or exacerbate the patient’s underlying
condition (for example, seizures).

Following baseline assessments, ASOs were dose-escalated
according to each individualized protocol schedule of activities.
Each patient-specific protocol was amended in response to FDA
feedback to optimize dosing based on emerging clinical data, with
regulatory-driven refinement of endpoints and dosing strategy. For
both patients, early amendments refined dose-escalation criteria for
seizure-related outcomes and allowed flexible dosing intervals (60-90
days), with criteria for shortening intervals based on waning seizure
control and rescue medication use. For Patient 2, additional early
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amendments expanded the primary endpoints beyond seizure fre-
quency toinclude assessments of motor and gastrointestinal domains.
Later amendments incorporated additional outcome measures due to
patientimprovement and developmental skills gained (including gait).
Dosinginterval flexibility (60-90 days) was authorized toincorporate
multidomain clinical criteria (seizure, motor and gastrointestinal
changes) in guiding dosing interval adjustments. All amendments
were approved by the FDA and local IRBs beforeimplementation. There
were no protocol deviations in either clinical trial, which remain active
at their respective academicinstitution.

Primary endpoints

For both patients, primary endpoints were predefined as the change
from baseline in countable motor seizure frequency at 12 and 24
months after ASO administration. Statistical analysis of seizure counts
was conducted using a generalized linear model.

Additional primary endpoints for Patient 2 included change in
neurodevelopmental scores from baseline at 12 and 24 months after
initiation of ASO, including movement and motor domain scores onthe
Vineland Adaptive Behavior Scales-Version 3 (Vineland-3), BSID-4 with
GSVs, and Dyskinetic Cerebral Palsy Functional Impact Scale (D-FIS).
Outcome assessments were predefined for phenotype to assess change
pre-ASO and post-ASO, including GSV scores, which can demonstrate
meaningful clinical change in developmentally delayed individualswho
may notbe assessed on Bayley-4 against standard neurotypical scores.

The primary endpoint for Patient 2 also included the change in
score from baseline at 12 and 24 months post-ASO on the Bristol Stool
Form Scale as a surrogate marker of gastrointestinal dysfunction.

Secondary endpoints
Forboth patients, secondary endpointsincluded change from baseline
at 12 and 24 months after ASO in behavioral assessments, including
the ORCA and the Aberrant Behavior Checklist. GSV scores were not
necessary for the ORCA, as it was initially designed for patients with
neurodevelopmental disorders.

The Vineland-3 and BSID-4 with GSVs were also assessed as second-
ary neurodevelopmental endpointsin Patient 1.

Additional secondary assessments for Patient 1 included the
Repetitive Behavior Scale-Revised and Short Sensory Profile Version 2.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Access to the clinical data in this paper is not openly available due to
reasons of sensitivity, but may be requested from the corresponding
authorlyear frompublication by qualified researchers with aresponse
within 90 days. Datawill be provided following review and approval of
aresearch proposal and execution of a data use agreement.

Code availability
The EEG analysis was performed in Python (v.3.14) and is made publicly
available at https://github.com/ungTNL/scn2aEEG.
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Baseline Dose 4 Dose 6
Health and Well Being N/A 6 mo. 12 mo.
Enough energy Often Often Often
General good health Often Often Often
Good sleep Sometimes Often Sometimes
Alert/aware Often Often Often
Feelings and Emotions
Good mood Sometimes Often Sometimes
Smile Often Often Sometimes
Happiness (body language) Often Often Sometimes
Funny Often Often Sometimes
Unsettled Often Sometimes [ Sometimes
Aggressive Never Never Never
Upset Often Sometimes Rarely
Withdrawn Sometimes Never Never
Self-harm Never Never Never
Discomfort Sometimes Never Rarely
Anxious Often Sometimes | Sometimes
Family and Friends
Happiness when understood Often Sometimes | Sometimes
Relaxed, eye contact Sometimes Sometimes | Sometimes
Initiated greetings Sometimes Sometimes | Sometimes
Enjoyed being included Sometimes Sometimes [ Sometimes
Enjoyed social time Never Never Never
Responds positively Often Sometimes | Sometimes
Shows pleasure Sometimes Sometimes | Sometimes
Activities and the outdoors
Enjoyed moving body Sometimes Sometimes | Sometimes
Enjoyed feeling stable Rarely Sometimes | Sometimes
Enjoyed physical activity Sometimes Sometimes | Sometimes
Enjoyed outings Rarely Sometimes | Sometimes
Enjoyed outdoors Sometimes Sometimes | Sometimes
Daily Life
Expressed needs Never Never Rarely
Made choices Rarely Sometimes | Sometimes
Helped to complete tasks Rarely Never Never
Enjoyed using hands Never Never Never
Enjoyed using tech Sometimes Rarely Sometimes

Extended Data Fig. 1| Quality of Life-Disability (QOL-D). The Quality-of-
Life Inventory-Disability (QOL-D) is a 32-item parent/caregiver rating scale to
assess the child’s quality of life over the previous month based on the following

domains: health and well-being, feelings and emotions, family and friends,
activities and the outdoors and daily life. Patient 2 showed a trend towards
improved quality of life post ASO in multiple scale domains.

Nature Medicine


http://www.nature.com/naturemedicine

Article https://doi.org/10.1038/s41591-026-04527-y
a Power Metrics
Delta Theta Alpha Beta Gamma
/7 034 // - 034 // . /7 /7
0.6 | L 0.20
) ‘ ‘ 0.201 - |
5 0.5 ‘ - 0.2 l - 0.2 r | \ 0151 ‘ l ‘ T
g l 0.15 1 L '
& 0.4 = ' |y | 0104 i
.02) 0.1 _ o014y ) 10.10 1 T l
0.3 = i L
21 e | fom ‘
0.211 | - 0.0 | - 0.017 ! L e
000y ! }-0.00 | | AN
011 T — e s
0 14 16 18 20 22 24 26 0 14 16 18 20 22 24 26 0 14 16 18 20 22 24 26 0 14 16 18 20 22 24 26 0 14 16 18 20 22 24 26
b AD Ratio and RA (narrow)
/7 AD Ratio /7 RA (narrow) *
60 I L
40 [ - ‘
o 0.2 T
N
20 ‘ L é " ? ¢ é i
o1 i i ’ - 001" ! T
L L
0 14 16 18 20 22 24 26 0 14 16 18 20 22 24 26

Extended DataFig. 2| Electroencephalography (EEG) acquisition and
analysis. Additional EEG spectral analysis was conducted to evaluate for baseline
changes in frequencies in Patient 2. EEG data were collected using Natus and
Nihon Kohden systems, with session O as a baseline and after ASO administration.
Recordings used astandard international 10-20 montage at 256 Hz (Natus) or
200 Hz (Nihon Kohden) sampling rate. The resulting signals were bandpass
filtered (1-70 Hz, FIR) and notch filtered at 60 Hz to attenuate line noise. Each
EEG was manually reviewed by Board-certified epileptologists and significant
artifacts as well as sleep, were annotated and removed from analysis. Spectral
features were computed from non-overlapping 5-minute epochs using Welch’s
method. EEG spectral power was calculated across 5-minute epochs for each
session. Metrics included relative power in canonical frequency bands: delta

(1-4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), and gamma (30-50 Hz)
(a) as well as alpha/delta (AD) ratio and alpha power relative to anarrow band

Month

(RA (narrow), alpha power/(1-20 hz) (b)). Violin plots, which display the median,
interquartile range, and 1.5x interquartile range along with a kernel density
estimation, are shown. A mixed effects linear model was fit with each metric as
the dependent variable and each 5 minute epoch nested within each session,
with each session modeled as arandom effect. The relative power as well as ADR
and RA (narrow) values are shown with violin plots, which display the median,
interquartile range, and 1.5x interquartile range along with a kernel density
estimation. No significant difference was seen between the relative power inall
frequency bands (a), nor is there a significant difference between the ADR (b).
Thereis, however, asignificant increase in RA (narrow) for the EEG collected after
thelast session* (§ = 0.087, SE = 0.040,z =2.20, p = 0.028, 95% C1 (0.009, 0.165))
(b). The EEG frequency analysis suggests an increase in relative alpha at the last
session, which may suggest animprovement in cortical function.
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Extended Data Fig. 3 | Dose-response curve of ASO for Patient1and Patient 2. using quantitative RT-PCR (TagMan) assay on an Applied Biosystems 7900H

Invitro potency and allele-selectivity determined by allele-selective ASO dose Fast or QuantStudio 7 Real-Time PCR system. Allele selectivity was seen in both
response in patient iPSC-derived neurons by free uptake at concentrations individualized ASOs; ASO demonstrated 42-fold selectivity for Patient1and

0f 0.065 pM, 0.16 pM, 0.4 uM, 1.024 uM, 2.56 uM, 6.4 puM, 16 pM, and 40 pM 53-fold selectivity for Patient 2, based on IC50 value for mutant versus wildtype
(Patient1;a)or 0.078,0.3125,1.25, 5,and 20 uM (Patient 2; b) for 5-7 days. transcripts. The IC50 for Patient1's ASO was calculated to be 2.61 uM for the
Dataare presented as mean values + s.d. Cells were collected and RNA isolated pathogenic transcript and greater than 40 pM for the wild-type transcript.
using RNAeasy 96-well kit (Qiagen) according to manufacturer’sinstructions. TheICS50 for Patient 2's ASO was calculated to be 0.248 pM for the pathogenic
Expression of each allele was then measured using tagged probes (‘Wild-type transcript and 13.37 pM for the wild-type transcript.

transcript’: black; ‘Pathogenic transcript’: red). SCN2A mRNA was assessed
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b
Benign SNP Allele
Patient ID |targeted frequency Sequence and chemistry
Patient 1 rs1368238 0.2728 TGomComCoAoAMCAATGTAMCAA0GOGGT
Patient2 |rs72874313 0.1789 GGoTomCoAoATTGAAAGATAoTomCmCmC

Extended Data Fig. 4| ASO design and ASO sequence and chemistry.

a, Graphicrepresentation of where the ASO binds relative to the pathogenic
mutations, utilizing a benign SNP identified on the wild-type allele. b, Specific
sequence and chemistry of the 2 allele-selective ASOs designed for Patient 1
and Patient 2. Allele frequency in the global population from 1000 Genomes

as per https://www.ncbi.nlm.nih.gov/snp/rs1368238 and https://www.
ncbi.nlm.nih.gov/snp/rs72874313/.Key for ASO chemical modifications:
black, unmodified deoxyribose; blue, 2 methoxyethyl (MOE); unmarked
backbone linkages, phosphorothioate (PS); linkages marked with o, normal
phosphodiester (PO). mC, 5-methylcytosine.
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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.

Confirmed
IZ 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.

A description 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 | Provide a description of all commercial, open source and custom code used to collect the data in this study, specifying the version used OR
state that no software was used.

Data analysis EEG analysis as described in Methods and Supplementary materials was performed in Python and is made publicly available at: https://
github.com/ungTNL/scn2aEEG

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

Policy information about availability of data
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 data supporting findings of this study are provided within the manuscript. Complete protocols are provided in full. Access to the clinical data in this paper may




be requested from the corresponding author after one year from publication by qualified researchers with response provided within 90 days. Data will be provided
following review and approval of a research proposal and execution of a Data Sharing agreement

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 Age and sex are reported. Gender based analyses were unable to be performed. Study consisted of two nonverbal pediatric
patients with cognitive impairment and severe neurodevelopmental delay.

Reporting on race, ethnicity, or | This s a rare genetic disease which presents in neonates and children who may not survive into adulthood. There are

other socially relevant practical limitations to broad demographic reporting from two parallel n=1 single participant studies of rare genetic disease.

groupings Due to extreme disease rarity and medical complexity of SCN2A variants, it is not possible to broadly report on race, ethnicity
or other socially relevant groupings in this study as typically outlined for standard clinical trials with larger cohorts.

Population characteristics Describe the covariate-relevant population characteristics of the human research participants (e.g. age, genotypic
information, past and current diagnosis and treatment categories). If you filled out the behavioural & social sciences study
design questions and have nothing to add here, write "See above."

Recruitment Study participants included pediatric patients with known SCN2A developmental epileptic encephalopathy due to rare causal
variants, intractable epilepsy, autism spectrum disorder, and severe neurodevelopmental delay.

Ethics oversight The studies were approved by each respective institutional review board and ethical experimental treatment oversight
committees.

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.

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 Research investigational new drug (INDs) applications were authorized by the FDA for two investigator-initiated, open-label, single center,
single patient (n=1) clinical trials for distinct pathogenic SRD variants with predefined safety and efficacy measures tailored to individual
phenotype. The allele-selective ASOs were delivered intrathecally by lumbar injection in these two first-in-human clinical trials.

Data exclusions  There were no data exclusions.
Replication Dosing schema as authorized by the FDA included replication of doses within individual participants.
Randomization  Randomization is not applicable by study design, which included open label single participants at each academic institution.

Blinding The study design was open label as authorized by the FDA.

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.
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Materials & experimental systems Methods

Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging
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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.

Clinical trial registration  NCT06314490

Study protocol Study protocols in full are included as part of manuscript submission.
Data collection Data collection was completed at each academic institution from trial participants as specified by protocols during the trial.
Outcomes Outcomes were predefined and selected tailored to phenotype
Plants
Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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