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Peripheral neuropathies are estimated to affect several million patients in the US, with no long-lasting therapy
currently available. In humans, the Nav1.7 sodium channel, encoded by the SCN9A gene, is involved in a spectrum
of inherited neuropathies and has emerged as a promising target for analgesic drug development. The develop-
ment of a selective Nav1.7 inhibitor has been challenging, in part because of structural similarities with other Nav
channels. Here, we present preclinical studies for a genomic medicine approach using engineered zinc finger re-
pressors (ZFRs) specifically targeting the human/nonhuman primate (NHP) SCN9A gene. Adeno-associated virus
(AAV)-mediated delivery of ZFRs in human induced pluripotent stem cell (iPSC)-derived neurons resulted in the
reduction of SCN9A with no detectable off-target activity. In the spared nerve injury (SNI) neuropathic pain mouse
model, AAV-ZFR administration resulted in <70% repression of Scn9a in mouse dorsal root ganglia (DRGs) and
was associated with reduction in pain hypersensitivity. AAV9-mediated intrathecal-lumbar (IT-lumbar) delivery of
ZFRs in NHPs demonstrated repression of SCN9A in bulk DRG tissue and single-cell levels in nociceptors 1 month
after treatment. A lead AAV9-ZFR investigational product, ST-503, was developed and further evaluated in a
6-month study in NHPs. ST-503 administration by IT-lumbar infusion resulted in 50% repression of SCN9A in bulk
DRG tissue at 6 months without findings of dose-limiting toxicity or impact on neurological and cardiac safety
pharmacology. Together, our results support further development of an AAV-delivered ZFR as a potential therapy

for patients with peripheral neuropathies.

INTRODUCTION

Peripheral neuropathy, a common chronic pain condition, is recog-
nized as one of the most difficult pain syndromes to manage (I, 2).
It results from direct damage to somatosensory neurons (3), and it
may manifest in numerous ways including small fiber neuropathy,
diabetic peripheral neuropathy, trigeminal neuralgia, and posther-
petic neuralgia. These conditions, all of which are characterized by
severe damage to peripheral neurons, are estimated to affect several
million patients in the US (4). Patients with peripheral neuropathies
are usually refractory to common pain medications. Given the high
unmet need and lack of durable treatment options, there is an urgent
need to develop long-lasting therapeutics for treatment of chronic pe-
ripheral neuropathies.

Nerve injury activates a population of primary afferent sensory
neurons called nociceptors, which are responsible for translating
noxious stimuli into electrical signals. These signals, in the form of
action potentials, are then transmitted from the periphery to the
cortex, where the brain can perceive the signal as pain (5). Voltage-
gated sodium channels (Nav channels) are responsible for initiating
and propagating the action potential to the brain and are synthe-
sized in the somata of nociceptors (6). The soma resides in the dor-
sal root ganglia (DRGs) located close to the intervertebral foramina
at the cervical, thoracic, lumbar, and sacral spinal cord levels. Nav
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channels are major molecular regulators of neuronal excitability and
are widely expressed in the central and peripheral nervous systems
and in cardiac and skeletal muscles. To date, nine different Nav chan-
nels (Navl.1 to Nav1.9) have been identified (7, 8). Of the nine known
Nav channels in humans, Nav1.7, Nav1.8, and Nav1.9 have been found
to be principally expressed in nociceptors and are known to be associ-
ated with pain (6). Among these, Nav1.7 is involved in a spectrum of
inherited human pain disorders (9). Gain-of-function mutations in
the SCN9A gene that encodes for Nav1.7 have been linked to pain in
inherited erythromelalgia (IEM) (10, 11) and paroxysmal extreme
pain disorder (PEPD), where patients exhibit a severe excessive pain
phenotype (12). Alternatively, loss-of-function mutations in SCN9A
are associated with a clinical condition called congenital insensitiv-
ity to pain (CIP), in which individuals exhibit complete loss of pain
sensation (13). Further studies have shown that Nav1.7 defines the
threshold of the action potential and amplifies small depolarizing
inputs, acting as the major molecular regulator of signal transduc-
tion in nociceptive neurons (14, 15), thus having an essential and
nonredundant role in transduction and transmission of pain signal-
ing after noxious stimuli (16). Patients with CIP do not display mo-
tor, cognitive, sympathetic, or gastrointestinal deficiencies, and except
for the loss of pain sensation and, in some cases, anosmia, they gen-
erally exhibit normal sensory functions (13, 17). This strongly sug-
gests that Navl1.7 is predominantly involved in pain sensation and
establishes Nav1.7 as a promising target candidate for analgesic drug
development. The development of selective Nav1.7 small-molecule
inhibitors, however, has been challenging. This is primarily due to
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similarities in protein sequence and structure of the ligand binding
sites among various Nav channels (7). Several inhibitors that exhib-
ited selectivity in preclinical studies failed in the clinic because of
lack of effect or associated side effects related to cross-reactivity with
other Nav channels. For example, PF-05089771 showed selectivity
in vitro but did not meet clinical end points in individuals with
painful diabetic peripheral neuropathy (18). GDC-0276 was never
evaluated in patients with neuropathic pain, but at high doses in
healthy volunteers, its tolerability was limited because of hyperten-
sion and increase in liver enzymes (19). Hypertension was also ob-
served with MK-2075, suggesting a possible on-target effect on Nav1.7
expressed in autonomic neurons. This finding could potentially in-
dicate that more restricted biodistribution is required, in addition to
specificity, to avoid unwanted side effects.

Zinc fingers (ZFs) are naturally occurring transcription factor
proteins that have primarily evolved to regulate eukaryotic gene ex-
pression epigenetically and represent the most abundant and di-
verse class of DNA binding proteins in the human genome (20).
Over the past several years, zinc finger repressors (ZFRs) were used
to repress the expression of different genes involved in various neu-
rological disorders in different preclinical models including chronic
pain (21), Huntington’s disease (22), and Alzheimer’s disease (23).
Access to deeper ZF archives has enabled the engineering of large
ZFR libraries, facilitating the identification of very selective and po-
tent ZFRs targeting any gene, including SCN9A. ZFRs hold several
advantages over other genomic medicine approaches; they do not
nick or induce double-strand breaks in endogenous genomic DNA,
and their components are of human origin, minimizing immunoge-
nicity risk in patients. Furthermore, consistent with their dominant
role as part of ~350 different native human Kriippel-associated box
(KRAB) proteins, ZFRs often outperform bacterially sourced CRISPR
formats in epigenetic transcriptional modulation of human genes
(21, 24) and, because they are native to the human body, ZFRs are
expected to be generally well tolerated in patients. In addition, the
compact size of ZFRs allows for unrestricted packaging into adeno-
associated virus (AAV) vectors, thereby enabling the generation of
efficient, specific, and long-lasting down-regulation of SCN9A ex-
pression through a single administration.

Here, we show that a ZFR targeting mouse Scn9a was able to in-
duce efficient and fast pain recovery in the mouse neuropathic pain
model. A ZFR targeting human/nonhuman primate (NHP) SCN9A
led to potent and selective repression of SCN9A and reduction in
heat-mediated neuronal activity in induced pluripotent stem cell
(iPSC)-derived human neurons in vitro. The pharmacology and safety
of the lead ZFR were investigated in cynomolgus monkeys, where
results showed a persistent repression of SCN9A for up to 6 months,
without dose-limiting toxicity or cardiac issues, illustrating the du-
rability and safety of the approach in NHPs.

RESULTS

NHP/human SCN9A targeting ZFR selectively reduce human
SCN9A and Nav1.7 function in iPSC-derived neurons without
altering the expression of other Nav channels

Considering the central role of Nav1.7 in transmitting pain signals
to the brain, we hypothesized that reducing Nav1.7 by selective re-
pression of the SCN9A gene using ZFRs would reduce the expres-
sion of Navl.7 in neurons and thereby reduce neuropathic pain in
peripheral neuropathies. ZFRs are engineered by combining a designed
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ZF array with a KRAB domain (25). The ZF array mediates site-
specific binding to the SCN9A gene, and the KRAB domain repress-
es the endogenous expression of the SCN9A transcript, leading to a
reduction in Nav1.7 protein (Fig. 1A).

To identify potent and specific ZFRs, we assembled a library con-
taining several hundred ZFRs targeting conserved sequences be-
tween humans and NHPs located on the SCN9A transcription start
site (TSS) near SCN9A exon 1 on chromosome 12 (Fig. 1B). The
screening of ZFRs was performed in the SK-N-MC human neuro-
epithelial cell line using ZFR mRNA nucleofection. SK-N-MC cells
express SCN9A transcripts and are thus appropriate for testing ZFRs
that reduce SCN9A expression. Some ZFRs failed to decrease the
SCNYA transcript, whereas others exhibited a potent repression of
the SNC9A transcript, with more than 90% repression (Fig. 1B). On
the basis of repression profiles, several ZFRs were selected for fur-
ther evaluation in iPSC-derived y-aminobutyric acid-producing
(GABAergic) neurons. AAV6 has exhibited the greatest ability to
transduce a wide range of primary cells in culture compared with
other serotypes (26); thus, AAV6 was used for the in vitro character-
ization of ZFRs in neurons. AAV6-mediated delivery of ZFR-1 and
ZFR-2 (hereafter referred to as hZFR) yielded a repression of SCN9A
mRNA in iPSC-derived GABAergic neurons (Fig. 1C), with minimal
effect on the expression of the housekeeping gene ATP5B (fig. S1A),
demonstrating that the ZFRs can potently reduce SCN9A transcripts
in iPSC-derived neurons in vitro.

To evaluate the potential ZFR off-target impact on global gene ex-
pression, a microarray analysis was conducted on total RNA iso-
lated from human iPSC-derived GABAergic neurons transduced with
ZFRs. During the course of this study, cells were not stimulated, so
downstream effectors of Nav1.7 activation were not evaluated. Three
weeks after transduction witha 1 x 10° multiplicity of infection (MOI)
of ZFRs packaged into AAV6 vectors, cells were harvested and ana-
lyzed using human Clariom S microarrays. The Clariom S microarray
contains probes targeting more than 21,000 genes. In addition to
SCN9A, ZFR-1 differentially regulated the expression of 80 other
genes, indicating that ZFR-1 binds near the TSS of those genes. In
contrast, hZFR specifically repressed the expression of SCN9A mRNA
and did not regulate the expression of any other genes in iPSC-derived
neurons (Fig. 1D), illustrating that hZFR modules have a high binding
specificity for the sequence near the SCN9A TSS. hZFR was further
characterized in iPSC-derived sensory neurons (which are the tar-
get neuronal population for neuropathic pain treatment). AAV6-
mediated transduction of hZFR in sensory neurons resulted in potent
and dose-dependent repression of SCN9A 10 days after transduction
(Fig. 1E), with no effect on expression of the housekeeping gene
ATP5B (fig. S1B). Furthermore, the expression of other Nav channels
in iPSC-derived sensory neurons was evaluated after transduction
with high hZFR doses using reverse transcription quantitative poly-
merase chain reaction (RT-qPCR) probes designed specifically for
each Nav channel. hZFR potently repressed SCN9A with no effect on
expression of other Nav channels in iPSC-derived sensory neurons
(Fig. 1F).

We evaluated neuronal excitability in response to noxious heat using
microelectrode array (MEA) recordings in iPSC-derived sensory neu-
rons obtained from a healthy individual and a patient with IEM. The
gain-of-function mutation in Nav1.7 (V400M) present in neurons from
patients with IEM causes a voltage-dependent hyperpolarizing shift
that leads to an increase in channel excitability and higher firing rate in
these cells (27). We hypothesized that if hZFR-mediated repression of
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Fig. 1. SCN9A targeting hZFR specifically reduces human SCN9A and Nav1.7 function in iPSC-derived neurons without influencing the expression of other Nav
channels in vitro. (A) Engineered ZFRs consist of two main domains: a designed zinc finger array domain, which is specifically binding to the SCN9A genomic sequence,
and a KRAB transcriptional repressor domain from the human KOX1 protein. The ZFR selectively binds to near the SCN9A transcription start site, recruits the KAP1 epigen-
etic modification complex by the KRAB domain, and represses the expression of SCN9A. (B) Schematic of binding locations around the human SCN9ATSS and the percent-
age of SCN9A mRNA repression of 200 ZFRs tested in SK-N-MC cells. Each arrow indicates a ZFR and its orientation (sense or antisense) regarding SCN9A exon 1. The
heatmap (red-white) illustrates SCN9A expression levels after ZFR treatment. The arrow color indicates % SCN9A repression; white represents no repression of SCN9A. The
numbers on top represent the genomic location on chromosome 12. bp, base pairs. (C) Normalized SCN9A expression in iPSC-derived GABAergic neurons after AAV6-
mediated transduction of ZFR-1 or hZFR. Doses (MOI): 3 x 10%, 1 x 10% 1 x 10°, and 3 x 10°. Means + SD. Control group is cells treated with another AAV-ZFR that does not
target SCN9A and targets another gene (see Materials and Methods). (D) mRNA microarray assessment (volcano plots) of iPSC-derived GABAergic neurons 30 days after
AAV6-mediated transduction of ZFR-1 or hZFR (delivered to cells at 1 x 10° MOI). Each dot represents the mean fold change compared with control-treated cells for a
given gene (x value) and the associated P value (y value). Gene expression profiles were calculated on the basis of false discovery rate (FDR)-adjusted P value > 0.05. Red
dots represent genes that are down-regulated, blue dots represent genes that are up-regulated, and yellow dot indicates the SCN9A gene. Six biological replicates. (E) Normal-
ized SCN9A expression in iPSC-derived sensory neurons 7 days after AAV6-mediated transduction of hZFR. Doses (MOI): 3 x 103, 1% 104, 3% 104, 1% 105, and 3 x 10°.
Means + SD. Control is a ZFR that does not target SCN9A. (F) Normalized expression of Nav channels 7 days after AAV6-mediated transduction of hZFR (at 3 x 10° MOI).
Means + SD. (G) Heat-induced neuronal mean firing rate in iPSC-derived sensory neurons isolated from healthy individuals or patients with IEM. Each circle represents an
independent reading from 500 neurons. Means =+ SD. (H and 1) Heat-induced neuronal mean firing rate in iPSC-derived sensory neurons isolated from healthy individuals
or patients with IEM after hZFR treatment. Each circle represents an independent reading from 500 neurons. Means + SD. Control is a ZFR that does not target SCN9A.

SNCYA transcripts leads to repression of Nav1.7 protein, we should see
a functional decrease in neuronal hyperexcitability in response to heat
stimulation in neurons isolated from patients with IEM. iPSC-derived
sensory cells from healthy individuals or patients with IEM expressed
the neuronal marker Tujl after differentiation (fig. S2). We then mea-
sured neuronal firing in response to heat using the MEA system to
quantify the excitability of healthy and IEM neurons after hZFR
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treatment. IEM cells exhibited higher firing rates compared with
healthy sensory neurons after heat activation (Fig. 1G) as reported pre-
viously (27). One week after AAV6-hZFR treatment, a twofold decrease
in average firing rate was observed in iPSC-derived sensory neurons
from healthy donors and patients with IEM (Fig. 1, H to J). Together,
data obtained from iPSC-derived neurons indicate that hZFR potently
and selectively targets SCN9A and reduces Nav1.7 function in vitro.
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Repression of Scn9a in the spared nerve injury mouse model
of neuropathic pain reverses pain hypersensitivity

Because the target genome sequences encoding the Nav1.7 sodium
channel differ between mouse Scn9A and NHP/human SCN9A, sur-
rogate mZFRs were generated to demonstrate the effectiveness of
ZFRs in vivo in a mouse neuropathic pain model. Before testing
in vivo, mZFRs were screened in a mouse Neuro2A (N2A) neural
crest—derived cell line. The lead mZFR with potent repression (fig.
S3A) was selected for further analysis in neurons isolated from mouse
DRGs. The lead mZFR was selective toward Scn9a and did not influ-
ence expression of other Nav channels expressed in DRG neurons
(fig. S3B). In addition, 1 week after transduction, a reduction in mean
neuronal firing was observed after heat activation, confirming the
reduction of Nav1.7 functionality in DRG neurons (fig. S3C).

Before conducting pain assessment studies, the on-target activity
of AAV9-mediated delivery of mZFR (AAV9-mZFR) was evaluated
in lumbar DRGs of C57BL/6 mice 4 weeks after a single intrathecal-
lumbar (IT-L) administration (Fig. 2A). Like hZFR, mZFR expression
was driven by the neuronal-specific human synapsin (Syn) promoter.
Although repression of Scn9a was observed in bulk lumbar DRGs
(Fig. 2B), no statistical up-regulation of the neuroinflammation marker
Ibal or down-regulation of the neuronal marker Rbfox3 was observed
compared to the vehicle group, demonstrating lack of neuroinflam-
matory responses or neuronal loss in lumbar DRGs 1 month after
AAV9-mZFR administration in mice (Fig. 2, C and D).

The effectiveness of mZFR was evaluated in the spared nerve in-
jury (SNI) mouse model of neuropathic pain (Fig. 2E). Results from
this model provide an understanding of the relationship among ZFR
expression, Scn9a repression, and efficacy in reducing neuropathic
pain. The SNI model in rodents is a partial denervation model that
involves cutting the common peroneal and tibial nerves while spar-
ing the sural nerve, leading to consistent and reproducible tactile
pain hypersensitivity in the skin territory of the spared intact sural
nerve (28). The SNI model has proven to be robust, demonstrat-
ing substantial and prolonged changes in measures of mechanical
sensitivity and thermal responsiveness, reminiscent of clinically de-
scribed conditions for neuropathic pain disorders (28). Before sur-
gical procedures, a pain sensitivity baseline was measured for all
animals using von Frey filaments for the assessment of mechanical-
induced pain (filaments were applied from the underside of the
mesh to the surface of the mouse hind paw) and a cold plate for
cold-induced pain. Seven days after the SNI surgery and after collec-
tion of a baseline responses of the mouse model to mechanical- and
cold-induced pain, mice (eight males and eight females) were as-
signed to their respective groups, and a single IT-L dose of either
vehicle or AAV9-mZFR at 8 X 10" vector genomes (vg) per animal
was administered into the L4-L5 intervertebral space. For the sham
(control) group, animals underwent surgery, but nerves were not cut
(only skin opened and sutured closed) and AAV9-mZFRs were not
administered. One month after dosing, animals were euthanized,
and DRGs were collected and evaluated for expression of Scn9a at
the bulk and single-cell levels. Mechanical- and cold-induced pain
were measured during the course of the study to assess efficacy of
mZFR (Fig. 2E). In addition, clinical observations, body weights,
and necropsy observations were performed to assess tolerability.
Bulk DRG analysis using RT-qPCR demonstrated ~70% reduction
in Scn9a expression in lumbar and cervical DRG levels compared
with ~40% repression in thoracic DRGs in both male and female
animals (Fig. 2F). There were no gender differences in terms of
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Scn9a repression. RNAscope in situ hybridization (ISH) was used in
combination with immunohistochemistry (IHC) to assess Scn9a
mRNA repression on a single-cell level. The nociceptors were identi-
fied with a peripherin-specific antibody (green). Scn9a mRNA was
observed in peripherin+ cells in lumbar DRGs isolated from the
vehicle group. Reduction of the Scn9a mRNA (white) transcript
was observed in peripherin+ cells in AAV9-mZFR-treated animals
(Fig. 2G), illustrating that mZFR was able to reduce the expression
of the Scn9a transcript in mouse nociceptors.

Mechanical- and cold-induced pain were measured predose before
SNI surgery to establish a baseline (Fig. 3, A and B). Before dose ad-
ministration (7 days after SNI surgery), mechanical- and cold-induced
pain were measured again to establish baseline. All mice that under-
went SNI surgery demonstrated lower mechanical- and cold-induced
pain thresholds compared with the sham control group. This was made
evident by mice responding to less force than necessary to the affected
limb to elicit a withdrawal behavior or quicker paw withdrawal from
the cold plate as compared with the sham group. Animals treated with
a single IT-L dose of AAV9-mZFR demonstrated an increase in
mechanical-induced pain threshold compared with their respective
vehicle control groups on day 28 (Fig. 3A). On day 28, the mechanical-
induced pain threshold in AAV9-mZFR animals was comparable to
that of the sham group, indicating that ZFR treatment was able to re-
store pain responses to normal levels. In addition, to further validate
the effectiveness of AAV9-mZFR, a small-molecule analgesic drug,
gabapentin (GBP), was included as a positive control. GBP was admin-
istered intraperitoneally ~1 hour before testing on day 28. The timing
for GBP administration was selected on the basis of its reported time to
reach maximum plasma concentration and nociceptive effectiveness.
Paw withdrawal latency in response to cold-induced pain increased
in AAV9-mZFR-treated animals compared with the vehicle group
(Fig. 3B). On day 28, the cold-induced pain threshold in mZFR-treated
animals was comparable to that in sham- and GBP-treated animals.
The relationship between the degree of pain recovery after mZFR treat-
ment and Scn9A repression was evaluated for both mechanical- and
cold-induced pain for each individual animal. In lumbar DRGs, 30 to
40% repression of Scn9a was sufficient to induce ~50% recovery in
mechanical-induced pain (Fig. 3C) and ~75% recovery in cold-induced
pain (Fig. 3D). Longitudinal assessment of mechanical- and cold-
induced pain responses in female and male animals after AAV9-
mZFR treatment revealed that AAV9-mZFR was able to rescue the
mechanical-induced pain phenotype as early as 3 days postdose
(Fig. 3E) and cold-induced pain as early as 8 days postdose (Fig. 3F) in
the SNI neuropathic pain model. The pain threshold gradually in-
creased to similar levels as in sham-treated animals by day 28, demon-
strating that mZFR is active within days of treatment in neurons. The
expression of neuronal injury markers ATF3 and GAP43 was com-
parable between vehicle and AAV9-mZFR-treated animals at day 29
(fig. $4, A and B). SmartCage analysis between the hours of 6:00 p.m.
and 5:00 a.m. was used to evaluate any possible changes or recovery
in animal movement after treatment with AAV9-mZFR. The rele-
vant SmartCage parameters for the SNI mouse model are mean activ-
ity time (MAT; measures free movement within the cage) and mean
rearing count (MRC; measures number of times animals stand on both
hind paws in a vertical upright position). In general, the vehicle group
exhibited lower values for MAT and MRC compared with the sham
group, which is anticipated because sham animals did not have full SNI
surgery (Fig. 3, G and H, and fig. S5, A and B). MAT and MRC val-
ues increased in AAV9-mZFR-treated animals compared with the
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Fig. 2. ZFR-mediated repression of Scn9a in a mouse model of neuropathic pain. (A) Overview and timeline of the target engagement and tolerability study in wild-
type (WT) mice using mZFR packed into AAV9. (B) Normalized mRNA expression of Scn9a in lumbar DRGs 4 weeks after IT-L injection compared with the vehicle group.
Means + SEM. (C) Normalized mRNA expression of Iba1 (a microglia-mediated neuroinflammatory marker) in the lumbar DRGs, 4 weeks after IT-L injection compared with
the vehicle group. Means + SEM. (D) Normalized mRNA expression of Rbfox3 (neuronal marker) in the lumbar DRGs, 4 weeks after IT-L injection compared with the vehicle
group. Means + SEM. (E) Overview and timeline of the pain efficacy study using the SNI mouse model. Red stars indicate the time points where pain responses were
measured. Mechanical and cold allodynia were measured in WT mice before they underwent SNI surgery. Seven days after the SNI surgery (day 1), mechanical and cold
allodynia were measured again, and animals were injected with AAV9-hSyn1-mZFR at 8 x 10'" vg per animal. Pain responses were measured at different time points
postinjection (days 3, 8, 15, 22, and 28). After 4 weeks, animals were euthanized and DRGs were collected for gene expression and pathological analysis. Stars indicate the
time points where pain responses were measured. (F) Normalized average mRNA expression of Scn9a in mouse lumbar, thoracic, and cervical DRGs obtained from female
and male animals. Means + SEM; ordinary one-way ANOVA, **P < 0.01; *##P < 0.001; *###P < 0.0001 compared with vehicle. (G) Representative IHC images of lumbar
DRGs from mice injected with AAV9-hSyn1-mZFR or vehicle. Sections were immunolabeled for peripherin [nociceptor marker (green)] and hybridized with fluorescently
labeled mouse-specific Scn9a and ZFR RNA probes. Scale bars, 50 pm.

vehicle group and were similar to levels in sham group animals for
both male and female mice (Fig. 3, G and H, and fig. S5, A and B).
MAT and MRC values also increased in AAV9-mZFR-treated animals
compared with GBP-treated animals. Together, these data show that
in vivo repression of mouse Scn9a reversed pain hypersensitivity and
improved movement and rearing in an SNI mouse model of neuro-
pathic pain.

Samie et al., Sci. Transl. Med. 18, eadu0217 (2026) 25 March 2026

AAV9-hZFR induced a specific and dose-dependent
repression of SCN9A in multiple DRG levels 1 month after
IT-L injection in NHPs

Pharmacology and target specificity of AAV9-mediated delivery of
hZFR (AAV9-hZFR) were evaluated in cynomolgus monkeys in a
1-month dose range-finding pharmacology and safety study after a
single IT-L administration at three dose levels: 1 x 10'%, 1 x 10",
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Fig. 3. In vivo repression of Scn9A reverses pain hypersensitivity in a mouse model of neuropathic pain without altering overall activity. (A and B) Mechanical-
induced (A) or cold-induced (B) pain responses were measured at day —7 (healthy mice) and at day 1 (7 days after SNI surgery), and, 28 days after AAV9-mZFR IT-L injection
in all groups, GBP was injected on day 28, 1 hour before pain measurements. Dots represent individual animals; n = 7 or 8. Means + SEM; one-way ANOVA, **P < 0.01;
##%P < 0,001; ####P < 0.0001 compared with the vehicle group. (C and D) Relationship between the reduction of Scn9a mRNA and the pain response in mice treated with
AAV9-mZFR. Degree of behavioral recovery was calculated for both mechanical-induced (C) and cold-induced (D) pain. N = 12 (six males and six females) per AAV9-mZFR.
Scn9a was normalized to housekeeping genes, and % recovery was calculated for each animal as mechanical pain response on day 28 divided by response on day 1,
multiplied by 100. Correlation coefficient (R?) and P values are included for each figure. (E and F) Daily pain responses for mechanical-induced (E) and cold-induced (F) pain
after AAV9-mZFR treatment. Dots represent individual animals; n = 12. Means + SEM; one-way ANOVA, **P < 0.01; ***P < 0.001; ****P < 0.0001 compared with the ve-
hicle group. (G and H) SmartCage assessment was performed on SNI mice at day 28 after IT-L injection of AAV9-mZFR. Mean activity time (G) and mean rearing count (H)
were evaluated for both male and female animals during the dark cycle. Dots represent a time point in the dark cycle. Means + SEM; one-way ANOVA, *#P < 0.01;
###P < 0.001; ****P < 0.0001 compared with the vehicle group.
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and 9 x 10" vg per animal (Fig. 4A). Similar to mZFR in mouse
studies, hZFR expression was controlled by the neuronal-specific
human Syn promoter. The potency of AAV9-hZFR was evaluated at
bulk DRG levels (lumbar, thoracic, and cervical) and in nociceptors
using RNAscope. AAV9-hZFR was expressed in a dose-dependent
manner in all DRG regions analyzed (Fig. 4B) and repressed SCN9A
expression by 40 to 60% at bulk DRG levels compared with the vehicle

group (Fig. 4C). To confirm the specificity of hZFR in vivo, the ex-
pression of other known Nav channels in DRGs was evaluated, in-
cluding Nav1.6 (SCN8A), Navl.8 (SCNI0A), and Nav1.9 (SCN11A),
after I'T-L administration of AAV9-hZFR. Supporting target speci-
ficity, no changes in expression of other Nav channels were observed
in DRGs at any dose (Fig. 4D), confirming the in vitro data that hZFR
is selective toward SCN9A.
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Fig. 4. Dose-dependent repression of SCN9A in multiple DRG levels 1 month after IT-L injection in NHPs. (A) Overview and timeline of the NHP study evaluating the
potency and safety of the hZFR. (B) Average AAV9-hZFR expression in NHP lumbar, thoracic, and cervical DRGs, 4 weeks after IT-L injection at three different doses. Dots
represent an individual NHP. Means + SEM. (C) Normalized average mRNA expression of SCN9A in NHP lumbar, thoracic, and cervical DRGs. SCN9A levels were reduced by
40 to 60% at the bulk DRG tissue level across a 100-fold dose range 4 weeks postinjection. Dots represent an individual NHP. Means + SEM; one-way ANOVA, *#P < 0.01;
##4P < 0,001; #*##P < 0.0001 compared with the vehicle group. (D) Normalized average mRNA expression of SCN8A (Nav1.6), SNC10A (Nav1.8), and SCN11A (Nav1.9) in
lumbar DRGs after ZFR treatment. Means + SEM; one-way ANOVA, **P < 0.01; *##P < 0.001; ****P < 0.0001 compared with the vehicle group. (E) Representative images
illustrating the reduction of Scn9a mRNA in AAV9-hZFR-expressing nociceptors. The left column shows lumbar DRG sections obtained from the hZFR-treated NHPs, and
the right column shows sections obtained from the vehicle-treated NHPs. Lumbar DRG sections from NHPs injected with the high dose (9 x 10" vg per animal) of AAV9-
hZFR or vehicle control were immunolabeled for NeuN [neuronal marker (teal)] and CGRP [nociceptive marker (green)] and hybridized with a fluorescently labeled NHP-
specific SCN9A RNA probe (white) and ZFR RNA probe (red). Scale bars, 50 pm.
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RNAscope evaluated the ZFR-mediated repression of SCN9A on
a single-cell level. Unlike mice, the cellular and molecular bases of
nociception in NHPs are less understood, and much less is known
about characteristics of neuronal populations in NHPs or human
DRGs. We tested several commercially available antibodies against
proteins predicted to be expressed in nociceptors in higher species
such as calcitonin gene-related peptide (CGRP; CALCA), isolectin
B4 (IB4; P2X3R), and tachykinin precursor 1 (TACI; substance P).
Among all tested antibodies, an antibody against CGRP demon-
strated a consistent and distinct signal and was thus selected to fur-
ther characterize the expression of SCN9A in nociceptors in NHP
lumbar DRGs. It has been shown before that ~60% of CGRP+ neu-
rons in human DRGs are positive for SCN9A (29). An antibody
against NeuN (neuronal marker) was used to assess the total neuro-
nal population in the DRGs. These antibodies were combined with
RNAscope to assess SCN9A mRNA in nociceptors after hZFR injec-
tion (Fig. 4E). SCN9A mRNA (white) was observed throughout
lumbar DRGs in CGRP+ cells (green) in vehicle-treated NHPs. A
reduction of the SCN9A mRNA transcript was observed in CGRP+
cells that were also hZFR+ (Fig. 4E), illustrating that ZFRs can re-
duce expression of the SCN9A transcript in NHP DRG nociceptors.
Together, the 1-month study demonstrated the potency and speci-
ficity of hZFR in NHP DRGs.

Dose-limiting toxicity was not observed after
AAV9-mediated delivery of hZFR in the 1-month DRF
hZFR was well tolerated in cynomolgus monkeys, with all animals
surviving for the duration of the 1-month study. There were no
AAV9-hZFR-related abnormal clinical signs or changes in behavior.
We evaluated the standard clinical chemistry, hematology, and coag-
ulations panels, and no findings related to hZFR administration were
observed, including no changes in liver enzymes [alanine transami-
nase (ALT), aspartate aminotransferase (AST), or total bilirubin
(TBIL)] (Fig. 5A) or hematology assessments [white blood cells
(WBC), leukocytes, or neutrophils] (Fig. 5B), coagulation [platelet
count (PLT), prothrombin time (PT), or fibrinogen (FIB)] (Fig. 5C),
metabolic [cholesterol, low-density lipoprotein (LDL), or glucose]
(Fig. 5D), or kidney function [creatinine, blood urea nitrogen (BUN),
and lactate dehydrogenase (LDH)] (Fig. 5E) parameters.
Histopathology assessment was performed for the following tis-
sues: adrenal glands, brain, DRGs (sacral, lumbar, thoracic, and cer-
vical), epididymis, heart, kidney, small and large intestines, liver,
lung, lymph node (mandibular), ovary, pancreas, sciatic nerve, skel-
etal muscle, spinal cord (lumbar, thoracic, and cervical), spleen,
stomach, testes, thymus, trigeminal ganglia, and uterus/cervix. Mi-
croscopic analysis showed no treatment-related findings in the brain
or other collected tissues, except for DRGs, trigeminal ganglia, and
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Fig. 5. AAV9-hZFR treatment does not induce any changes in markers of clinical pathology. (A to E) Various blood markers for different physiological functions were
evaluated 7 days before injection (—7) and at different time points after AAV9-hZFR IT injection (days 1, 8, 15, 22, and 29) for all three dose groups and vehicle-treated
animals (N = 4 per group). Markers for liver function (ALT, AST, and TBIL) (A), hematology [WBCs, lymphocytes (Lymph), and neutrophils (Neut)] (B), coagulation (PLT, PT,
and FIB) (C), metabolic function [cholesterol, LDL, and glucose (Gluc)] (D), and kidney function (creatinine, urea, and LDH) (E). Means + SEM.

Samie et al., Sci. Transl. Med. 18, eadu0217 (2026) 25 March 2026

80of18

9202 ‘92 Yoe |\l Uo B10°30Us 105  MMM//:SdNY W) pepeojumo



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

spinal cords. Predominantly dose-dependent microscopic findings
were observed at doses > 1 X 10'* vg per animal in the trigeminal
ganglia and DRGs of minimal degeneration/necrosis of single neu-
rons and spinal cord including minimal axonal degeneration of the
dorsal funiculus and minimal mononuclear cell infiltrates of the
lumbar dorsal roots (Fig. 6 and fig. S6). These minimal to mild find-
ings are known class effects of AAV gene therapies in NHPs (30-33)
and thought to be primarily related to overexpression of transgenes

Mononuclear cell
infiltration

Single neuron
necrosis

in neurons and associated effects on axons originating from these
neurons (34, 35).

Persistent repression of SCN9A in DRGs does not lead to
dose-limiting toxicity 6 months after IT-L delivery of the
clinical product ST-503

The pharmacology and safety profile of AAV9-hZFR in NHPs sup-
ported early development of the ST-503, an investigational product
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tive dose group.

Samie et al., Sci. Transl. Med. 18, eadu0217 (2026) 25 March 2026

90f18

9202 ‘92 Yoe |\l Uo B10°30Us 105  MMM//:SdNY W) pepeojumo



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

for the treatment of patients with neuropathic pain. ST-503 contains
a similar vector construct to AAV9-hZFR, also using the neuron-
specific Synl promoter. Pharmacology and safety of ST-503 were
evaluated in cynomolgus monkeys in a Good Laboratory Practice
(GLP) 6-month pharmacology and toxicology study after a single
one-time I'T-L administration at 9 x 10" vg per animal (Fig. 7A). At
6 months postdosing, assessment of bulk DRG tissues (lumbar,
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thoracic, and cervical) showed the expression of ST-503 in all three
DRG levels (Fig. 7B). One animal showed lower expression levels
(red circle), and that translated to lower repression of SCN9A in
that animal’s DRGs (Fig. 7C, red circle). About 50% repression of
SCNYA in all three DRG levels was observed for other animals, illus-
trating persistent repression of SCN9A in NHPs up to 6 months
(Fig. 7C). ST-503 was well tolerated, with all animals surviving until
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scheduled necropsy. There were no ST-503-related adverse findings
in clinical pathology, hematology, or coagulation assessments (Fig. 7D).
The same list of tissues evaluated in the 1-month NHP study were
evaluated in the 6-month study. ST-503-related microscopic findings
observed at 6 months in the DRGs, dorsal funiculi of the spinal cord,
trigeminal ganglia, and lumbar dorsal nerve roots were of minimal
to rarely mild severity. The DRGs and trigeminal ganglia had mini-
mal neuronal degeneration, minimal to mild mononuclear cell infiltra-
tion, and minimal to mild glial cell aggregates. The dorsal funiculi of
the spinal cord and cervical dorsal nerve roots had minimal to mild
axonal degeneration with minimal increased Schwann cells in cervi-
cal dorsal nerve roots (Fig. 7E). No microscopic findings were ob-
served in sciatic or median nerves (fig. S7) or other tissues.

ST-503 administration shows no treatment-related adverse
effects on neurologic evaluations, qualitative and
quantitative ECG, heart rate, blood pressure, or nerve
conduction velocity assessments 6 months postdose
Neurological evaluations included evaluation of general attitude,
behavior, motor function, cranial nerves, proprioception and pos-
tural reactions, and spinal nerves (fig. S8). All ST-503-administered
animals were observed under normal conditions compared with the
vehicle group and relative to the start date. Nerve conduction veloc-
ity studies were performed to evaluate possible adverse effects after
ST-503 administration. There were no changes in peroneal motor,
sural sensory, or median sensory nerve conduction velocity or am-
plitude for up to 6 months compared to vehicle-treated animals.
Similarly, there were no changes noted in the onset latency of the
cauda equina up to 6 months postdosing (Fig. 8A). There were no
ST-503-related findings in qualitative and quantitative electrocar-
diogram (ECG) evaluations, heart rate, blood pressure (systolic or
diastolic), and arterial pressure assessments 6 months after a single
IT-L administration at 9 x 10" vg per animal (Fig. 8B). These results

demonstrate that nerve and sensory functions are unaffected up to
6 months after ST-503 administration, similar to what has been re-
ported in the literature after AAV gene therapy administered to the
central nervous system or systemically (35, 36).

DISCUSSION
Peripheral neuropathy represents a major health burden and a glob-
ally unmet clinical need (36), and this type of pain is associated with
greater anxiety, depression, and sleep disturbance than nonneuro-
pathic pain (37). Current medications indicated for treatment of
neuropathic pain may potentially provide some relief, but the effect
sizes for these drugs are small, and treatments are often associated
with serious adverse effects. Moreover, many patients will not obtain
sufficient pain relief at tolerated doses (I, 37-40). Opioids are an-
other treatment option for neuropathic pain yet can be accompa-
nied by a range of harmful secondary side effects and addictive
potential (41). Considering the lack of long-lasting and safe treat-
ments for chronic neuropathic pain, there is an urgent need for new
drugs for chronic pain management, and genomic medicines may
offer an attractive alternative approach for neuropathic pain.
Nav1.7 has gained much attention in the past couple of decades
because of findings that loss or gain-of-function mutations in SCN9A
lead to loss of or excessive pain sensation in patients, respectively,
providing genetic evidence for the Navl.7 sodium channel as a
therapeutic target for pain (14, 15, 42). Most attempts to develop
specific small-molecule inhibitors targeting Nav1.7, however, have
failed in the clinic. Several reasons have been proposed for failures,
such as insufficient Nav1.7 channel blockade (18, 43). One of the key
issues has been a lack of selectivity toward the Nav1.7 channel, re-
sulting in adverse effects associated with inadvertently targeting other
Nav channels (44-47) in the peripheral and central nervous systems.
Nav channels share many sequence and structural similarities and play
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critical roles in maintaining neuronal excitability in different tis-
sues. Thus, inadvertently targeting these sodium channels may have
unwanted clinical consequences. Navl.1, Navl.2, and Navl.3 are
mainly expressed in the brain, and loss of function in these channels
is linked to epilepsy and autism. Nav1.4 and Navl.5 are expressed
predominantly in the muscular and cardiovascular systems and are
responsible for maintaining muscle and cardiac cell action poten-
tials (8). Navl.6, Navl.8, and Navl.9 are mainly expressed in the
DRGs and, like Nav1.7, have been implicated in pain pathways (48).
Recently, a selective small-molecule inhibitor targeting Nav1.8 has
shown promising results in clinical trials for acute pain (17). How-
ever, genome-wide association studies (GWASs) and other analyses
revealed that loss of function mutations in Nav1.8 may lead to Brugada
syndrome (sudden death syndrome) and cardiac arrest (49-51); thus,
the long-term effect and safety of Nav1.8 inhibitors in the clinic re-
main to be established.

Considering the wide expression and range of functions Nav
channels play in the body, it is critical to develop a selective repres-
sor for Nav1.7 for repression of neuropathic pain. Using the specific-
ity of ZFRs in targeting precise DNA sequences, we have identified
distinct sequences and binding sites near the human/NHP SCN9A
TSS that are not shared with other Nav channels. Global transcriptomic
analysis revealed that hZFR only represses the expression of SCN9A,
and no other genes are differentially regulated including other Nav
channels in human iPSC-derived GABAergic and sensory neurons
(Fig. 1). In correlation, no changes in the gene expression of Nav1.6,
Navl.8, or Nav1.9 were observed in NHP bulk DRG tissue analysis
1 month after IT-L treatment with hZFR (Fig. 4). Collectively, these
data demonstrate that hZFR or other human ZFRs with similar se-
quences as hZFR selectively and specifically target SCN9A in vitro
and in mice and NHPs in vivo.

IT-L administration of hZFR and the clinical investigational
product ST-503 to cynomolgus monkeys demonstrated ZFR mRNA
expression capable of reducing bulk SCN9A mRNA expression to
similar levels as seen in the SNI neuropathic pain model in mice ad-
ministered mZFRs, suggesting that delivery, expression, and activity
of ZFRs in NHPs may translate to patients and provide therapeutic
benefit. Similar data were obtained at the single-cell level in NHP
lumbar DRG neurons, exhibiting repression of SCN9A in ZFR+ no-
ciceptors, further demonstrating potency of ZFRs and that low cel-
lular levels of ZFRs are effective at reducing up to 90% of target
SCNYA expression in a single cell. The degree of inhibition of SCN9A
needed to effectively reverse neuropathic pain in the clinic has not
yet been established. Individuals, however, who are heterozygous for
a loss-of-function mutation of Nav1.7 (individuals who have only
one functional allele of SCN9A and presumably express 50% of func-
tional Nav1.7 protein) exhibit normal pain responses (15), indicating
that 50% repression of Nav1.7 should be sufficient to establish a nor-
mal pain response. In the SNI neuropathic pain mouse model, we
showed that 60% repression of Scn9a at the bulk DRG level was suf-
ficient to fully restore normal pain responses for mechanical- and
cold-induced pain. In addition, hZFR IT-L administration to NHPs
showed up to ~60% bulk repression of SCN9A in all three DRG levels
1 month postdose, suggesting that hZFR treatment may be sufficient
to reduce neuropathic pain in patients. In addition, it should be not-
ed that full repression of Nav1.7 function and pain responses are not
desired because complete lack of Nav1.7 expression in humans may
lead to a state of insensitivity to pain and the potential for unintend-
ed self-injury, such as burning.
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The proof-of-concept study in a mouse model of neuropathic
pain using surrogate ZFRs targeting mouse Scn9a was an important
step in preclinical development. This model allows understanding of
the relationship among ZFR mRNA expression, Scn9a mRNA re-
pression, and efficacy in a pain model. In cynomolgus monkeys, a
single IT-L administration of AAV9-hZFR at doses up to 9 x 10" vg
per animal resulted in levels of SCN9A repression similar to those
observed in our efficacy study and was well tolerated and not associ-
ated with ZFR-related adverse effects, including clinical signs, body
weights, clinical pathology, and macroscopic observations 1 month
after the treatment. Microscopic evaluation associated with AAV9-
hZFR treatment showed dose-related but not dose-limiting micro-
scopic findings primarily in the DRGs and the spinal cords, sciatic
nerves, and trigeminal ganglia, which has been reported for other
AAV gene therapies (30-33). In the 1-month NHP study, no abnor-
mal behavior indicative of neurological dysfunction or nerve con-
duction velocity assessments was exhibited by AAV9-hZFR-treated
animals.

The proof of concept in the mouse model of neuropathic pain as
well as the pharmacology and safety profiles seen in the 1-month
NHP DREF study supported identification and development of the
ST-503 clinical investigational product for potential treatment of
peripheral neuropathy in patients. In the GLP 6-month pharmacol-
ogy and safety study in NHPs, ST-503 showed persistent repression
of SCN9A, and administration was not associated with adverse find-
ings in clinical observations, clinical pathology, hematology, coagu-
lation, neurologic, qualitative and quantitative ECG, heart rate, blood
pressure, nerve conduction velocity, and macroscopic pathology as-
sessments. ST-503-related microscopic findings at 6 months were
limited to minimal to mild mononuclear cell infiltration, minimal
neuronal degeneration, and minimal to mild glial cell aggregates in
DRGs and trigeminal ganglia; minimal to mild axonal degeneration
with minimal increased glial cell aggregates; and minimal to mild
axonal degeneration in spinal cords and cervical dorsal nerve roots
and minimal increased Schwann cells in cervical dorsal nerve roots.
These types of findings are considered AAV class effects.

A meta-analysis of 33 studies with more than 200 NHPs based on
published data demonstrated that DRG toxicity is a class effect of AAV
gene therapy. Several factors contribute to the incidence and severity of
DRG microscopic pathology findings in NHPs, including direct ad-
ministration into the cerebrospinal fluid (CSF) by intrathecal or intra-
cisternal magna injection and administration of dose levels greater than
1 x 10" vg per animal (52). Incidence and severity are also influenced
by route of administration, vector construct design, dose, and animal
age (52). The meta-analysis revealed that the most severe DRG and spi-
nal cord findings usually occur after the intra-CSF route of administra-
tion, with lack of a no observed adverse effect level NOAEL) established
at any dose level above the minimal efficacious dose (1 x 10" vg per
animal) for most transgenes (52). The underlying cellular mechanisms
that result in degeneration and axonopathy of the DRG sensory nerves
after administration of AAV gene therapies have not been fully charac-
terized; however, evidence supports the hypothesis that cellular stress
due to high expression of transgene RNA or proteins is involved
(34, 35). In addition, the clinical translation of DRG toxicity seen in
NHPs is not well understood, with more research needed to understand
the mechanisms of toxicity as well as methods to evaluate and mitigate
potential sensory neuron toxicity in clinical investigations.

In addition to expression in DRG sensory neurons, several reports
have shown that Nav1.7 is also expressed in autonomic afferent C-type
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fibers (53, 54), and Nav1.7 inhibition by some small-molecule inhibi-
tors has been shown to cause autonomic deregulation such as hyper-
tension (33, 55). ST-503 administration to NHPs did not lead to a
dose-limiting finding 6 months after IT-L administration (Fig. 8). We
did not specifically evaluate repression of SCN9A in sympathetic gan-
glia, but the lack of findings in ECG, heart rate, and blood pressure
assessments after ST-503 administration are supportive of a low risk of
repression of sympathetic neurons (31, 32, 52, 56). The expression of
AAV9 in sympathetic ganglia has not been studied in NHPs, but in
mice, AAV9 intravenous or systemic administration leads to several-
fold higher DRG transduction compared with sympathetic neurons in
bulk tissue (57). Because AAV9 shows high tropism for DRGs and
ST-503 ZFR expression is driven by a neuronal-specific promoter, ex-
pression of ST-503 may be limited predominantly to neurons in
DRGs, which could be an advantage compared with small-molecule
inhibitors. No autonomic function abnormalities were reported for
PF-05089771, a small-molecule Nav1.7-targeted sodium channel
blocker evaluated in individuals with painful diabetic peripheral neu-
ropathy, or vixotrigine, a nonselective voltage-gated sodium channel
blocker evaluated for small fiber neuropathy and trigeminal neuralgia
(18, 44). It is possible that cardiac function abnormalities reported for
some small molecules may be related to off-target effects beyond an
effect on Nav channels. For example, MK-2075 was developed with
selectivity against Nav1.7, but it also showed activity on cardiac ion
channels and a broad panel of 114 potential off-targets, which led to
cardiac abnormalities such as hypertension (55).

Peripheral neuropathies are chronic disorders because neuronal
damage is generally not considered reversible given that neurons lack
regenerative capacity (58). As a result, genomic medicine approaches
could potentially provide long-lasting and efficacious treatment for
such chronic conditions. The efficacy of genomic medicine targeting
Scn9a has been illustrated before in preclinical studies. Targeting
Scn9a RNA with short hairpin RNA (shRNA) or antisense oligonu-
cleotides (ASOs) successfully reduced pain in pain rodent models
(59, 60). Targeting RNA, however, is often associated with continuous
treatment, off-target toxicity, and insufficient target interactions (61),
which makes it unsuitable for long-lasting effectiveness for indications
such as peripheral neuropathies. AAV-mediated delivery often results
in a long-lasting effect in neurons (62, 63), which makes this delivery
approach better suited for treatment of chronic peripheral neuro-
pathies. Although AAV9-delivered CRISPR-Cas9 has been used suc-
cessfully in multiple mouse pain models (21), the large size of
CRISPR-Cas9 makes it challenging for large-scale production because
of insufficient AAV9 packaging. Unlike CRISPR-Cas9, ZFRs are small
and compact, allowing for efficient AAV packaging. In addition, ZFRs
are human-derived proteins and thus not anticipated to provoke an
immune response as anticipated with CRISPR-Cas9 bacterial com-
ponents, making ZFRs a much more suitable approach for targeting
the DRG neurons for potential treatment of peripheral neuropathies.

Our study has some limitations. Pain behavior in NHPs after
ZFR treatment was not evaluated because of several restrictions.
Pain studies in NHPs are generally prohibited by the institutional
animal care committees unless analgesic is administered to alleviate
pain, which would have confounded interpretation of results after
administration of ST-503. Furthermore, pain assessment in NHPs is
challenging because animals tend to conceal signs of discomfort,
complicating detection and quantification (64). Thus, developing a
validated pain assessment protocol would require large number of
animals to allow reliable and statistical assessment of pain behavior,
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which, in NHPs, is prohibitive for ethical reasons. In addition, there
are currently no well-accepted NHP models of neuropathic pain,
and the in vivo transability and efficacy of hZFR in mice were not
measured because of lack of the Nav1.7 humanized mice model.
Therefore, translatability of pain reduction from a rodent to a hu-
man can only be assessed during clinical trials. Measuring native
Navl.7 protein levels in biological settings has been challenging be-
cause of lack of specific antibodies that do not cross-react with other
Nav channel proteins, so Nav1.7 protein levels after ZFR treatment
were not measured in our studies. As discussed above, minimal to
mild DRG toxicity after systemic exposure to AAV gene therapy is a
known class effect and has not been dose limiting in clinical studies,
including of Zolgensma (an AAV9 product) for the treatment of pa-
tients with spinal muscular atrophy. However, from our study, we
were unable to directly determine whether the microscopic findings
in DRGs were related to a viral vector or gene therapy product. Never-
theless, similar studies have been carried out previously, and neither
control AAV nor the cargo had any impact compared to untreated
samples or vehicle regarding neuronal function or DRG toxicity
(31, 35, 65).

In conclusion, we have demonstrated that ZFRs targeting human
or mouse Nav 1.7 genes can selectively, effectively, and robustly re-
press expression in vitro and in DRG neurons in mice and cynomol-
gus monkeys after a single IT-L administration. The proof of concept
was demonstrated in a mouse neuropathic pain model, providing
insight into ZFR expression and Navl.7 gene repression in DRG
sensory neurons needed for efficacy in pain reduction. ST-503 phar-
macology and safety studies in NHPs demonstrated persistent SCN9A
repression for up to 6 months in DRGs and an acceptable ST-503
safety profile to support future clinical studies in patients with neu-
ropathic pain.

MATERIALS AND METHODS

Study design

Mouse studies were conducted at Afasci (Redwood City, CA, USA)
under a protocol approved by the Institutional Animal Care and Use
Committee (IACUC). The NHP study was conducted at Charles
River Laboratories Inc. (CRL; Reno, NV, USA), which is an Association
for Assessment and Accreditation of Laboratory Animal Care Inter-
national (AAALAC)-accredited facility under an IACUC-approved
protocol. IACUC approval at each testing facility for each study are
as follows: mice Scn9a target engagement study (Fig. 2): NAV_21-
11-1; pain assessment in a neuropathic pain mouse model (Fig. 3):
220610NAV1.7SGMO; 1-month pharmacology and safety study in
NHPs (Figs. 4 to 6): 20342782; and 6-month pharmacology and
safety in NHPs (Figs. 7 and 8): 31998594. All studies were performed
in conformance with the US Public Health Policy on the Care and
Use of Animals as defined in the Guide to the Care and Use of Ani-
mals. Species-specific standard procedures and conditions for ani-
mal care, housing, access to water and food, environment, and room
maintenance were used. All other procedures were performed in
accordance with laboratory standard operating procedures and es-
tablished laboratory best practices.

Human and mouse ZFR design

DNA sequences encoding chimeric Cys2-His2 zinc finger proteins
(ZFPs) coupled with a recognition helix were designed on the basis of a
backbone derived from the human ZFP Zif268/EGR1. The recognition
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helices were selected from those previously validated for on-target
specificity to nucleotide triplets. From this, arrays of five or six fin-
gers (backbone and recognition helices) targeting unique sequences
of 15 to 18 nucleotides found near TSSs of the SCN9A/Scn9a in hu-
man (hg38) and mouse (mm10) reference genomes were selected.
Sites designed against the human genome were further restricted
to regions with homology to SCN9A in the cynomolgus monkey
(Macaca fascicularis; macFas5) reference genome. The target sequences
for the mouse and NHP/human ZFRs are presented in table S1. The
control AAV-ZFR targets BCI11A gene and its target sequence are
presented in table S1.

Dose range-finding pharmacology and toxicology

study in NHPs

This study was conducted at CRL (Reno, NV) under the institu-
tionally approved IACUC (20342782). Naive, cynomolgus monkeys
(sourced from Cambodia) were supplied by CRL and randomly as-
signed to treatment groups using a computer-based procedure; males
and females were randomized separately. Animals were ~3 to 4 years
of age at the time of dose administration and weighed 2.1 to 2.4 kg.
Randomization also took into account the total antibody (Tab) and
neutralizing antibody (Nab) titers against AAV9 to achieve an equal
distribution of Tab/Nab+ animals to the extent possible. Female mon-
keys were housed individually, whereas male monkeys were group
housed in accordance with their treatment group. Animal housing
included stainless steel cages with mesh floors, and enrichment in the
form of socialization, fruit, and cereal was provided. The temperature
and humidity in the animal room were 18° to 29°C and 30 to 70%,
respectively, with room ventilation being four or more air changes per
hour with no air recirculation. The light cycle was 12-hour light and
12-hour dark. Animals received their once daily food ration, and wa-
ter was provided ad libitum. Monkeys were not immunosuppressed.
The study design consists of one vehicle control group (n = 2, one
male and one female) and three dose groups for hZFR (1 x 10'%, 1 x
10", and 9 x 10" vg per animal; 7 = 3 per group, 2 males and 1 female
per group). AAV-hZFR doses were given as a single IT-L injection on
day 1, and animals were observed for 28 days postadministration. The
volume of administration was 1 mI/NHP. On day 29, animals were
placed under deep and unrecoverable anesthesia followed by cardiac
perfusion with ice-cold RNase-free phosphate-buffered saline. All tis-
sues collected were preserved in 10% neutral buffered formalin, em-
bedded in paraffin, and processed to blocks.

Microscopic evaluation of tissues from the 1- and 6-month stud-
ies in cynomolgus monkeys was conducted by a board-certified vet-
erinary pathologist with experience evaluating US Food and Drug
Administration (FDA)-recommended standard panels of tissues col-
lected from cynomolgus monkeys. A detailed microscopic evalua-
tion was performed including all tissues from vehicle control and
high-dose groups on selected tissues: spinal cord (cervical, thoracic,
and lumbar), sciatic nerve, median nerve, peroneal nerve, sural nerve,
DRGs (cervical, thoracic, lumbar, and sacral), and trigeminal gan-
glion. Spinal cord evaluation included cervical (C2, C4, and C7),
thoracic (T2, T4, and T5), and lumbar (L3, L4, and L7) sections, and
DRG evaluation included left and right of cervical (C2, C4, and C7),
thoracic (T2, T4, and T5), lumbar (L3, L4, and L7), and sacral (S2)
segments. The pathologist reviews the entire tissue section on each
slide and assigns a severity score when findings are noted for a given
tissue type (e.g., DRGs, trigeminal ganglion, nerve or nerve root, and
spinal cord). The severity score is based on the % of tissue affected
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and the number of tissues affected. Grading severities for ST-503-
related microscopic findings are listed in table S2. The grading sys-
tem for histopathological evaluations in tabulated in table S2.

For pharmacology assessment, DRGs were collected from lum-
bar (L5 and L1), thoracic (T7, T6, and T1), and cervical (C6 and C5)
levels and placed in prelabeled tubes and flash frozen in liquid nitro-
gen. The tubes were kept in a —80°C freezer until analysis.

For single-cell analysis, DRGs were collected and preserved in
10% neutralized buffered formalin at room temperature for 24 hours
and then transferred to 70% ethanol and processed to block within
7 days from transfer to ethanol. DRGs were embedded in paraffin
and proceed to slides for analysis. Statistical analysis could not be
performed for this study due to the limited number of monkeys/ per
sex per group.

Study design: 6-month pharmacology and toxicology

study in NHPs

This study was conducted at CRL, Reno, NV under the institutional-
approved IACUC (31998594). Naive, cynomolgus monkeys (sourced
from Cambodia) were supplied by CRL and randomly assigned to
treatment groups using a computer-based procedure; males and fe-
males were randomized separately. Animals were ~2.7 to 3.8 years of
age at the time of dose administration and weighed 2.0 to 2.8 kg. Pro-
cedures for assignment of animals, housing, food, water, light/dark
cycle, enrichment, immunosuppression, dosing route and procedure,
volume of administration, and method of euthanasia were identical
to the 1-month dose range-finding study described earlier. The study
design consists of one vehicle control group (n = 7, four male and
three female) and three dose groups for ST-503 (1 X 107, 1 x 10,
and 9 x 10" vg per animal; # = 7 per group, four males and three
female per group). The end points evaluated were identical to the
1-month dose range-finding study with the following exceptions: (i)
Nerve conduction velocity and cardiovascular assessment were per-
formed at predose and 1, 3, and 6 months postdose by CRL and
evaluated by qualified scientists and veterinary cardiologist and (ii)
microscopic pathology was performed on the full tissue list.

ZFR and SCN9A mRNA analysis for 1-month dose
range-finding and 6-month pharmacology and toxicology
studies in NHPs

Each DRG tissue was transferred to 2-ml Eppendorf tubes containing
0.9 ml of TRI Reagent (Thermo Fisher Scientific) and two 3.2-mm
steel beads (BioSpec Products) on ice. The tissues were lysed using a
Qiagen TissueLyser at 4°C using the following parameters: 15 cycles,
90-s duration, and 25.1 frequency. After centrifugation, 105 pl of
1-bromo-3-chloropropane was added to each sample at room tem-
perature. The samples were vortexed for 10 s, incubated for 5 min
at room temperature, and centrifuged at 12,000g for 10 min at 4°C.
Aqueous phases corresponding to the same original spinal cord level
were combined. Four hundred microliters of the aqueous phase from
each sample was transferred to a well of a 96 deep-well plate. Two hun-
dred microliters of isopropyl alcohol was added to each sample well
containing the aqueous phase of the tissue lysate. Samples were shaken
for 1 min at 600 rpm at room temperature. Ten microliters of MagMax
magnetic beads (Thermo Fisher Scientific) was added to each sample
well and mixed briefly. A KingFisher Flex Purification System (Ther-
mo Fisher Scientific) and a MagMax Total RNA Isolation kit (Thermo
Fisher Scientific) were used to isolate RNA from tissue lysates follow-
ing the manufacturer’s instructions. Approximately 100 pl of eluted
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RNA was separated from magnetic beads using a magnetic stand by
incubating for 5 min at room temperature. Total RNA concentration
and quality were evaluated using a Lunatic UV-vis absorbance spec-
trometer (Unchained Labs). Reverse transcription was prepared using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems). Custom TagMan primer:probe assays and TagMan 2x Uni-
versal PCR Master Mix (Applied Biosystems) were used to perform
qPCR using a QuantStudio 6 Flex Real Time PCR Machine (Applied
Biosystems). A portion of each reverse transcription reaction was
used to carry out two independent qPCR reactions: first for the abso-
lute quantification of ZFR mRNA and second for multiplexed detec-
tion of SCN9A, EIF4A2, and ATP5B mRNA. ZFR mRNA copy values
were derived from the ZFR standard curve. The obtained ZFR copy
values were then divided by the total RNA mass (ng) taken into the
qPCR reaction to determine ZFR copies per ng of total RNA. SCN9A
mRNA fold change was calculated using the 2DeltaDeltaCt method
formula where sample DeltaCt was calculated first as a difference be-
tween the SCN9A cycle threshold (Ct) and the geometric mean of two
housekeeping genes Ct and then subtracted by the mean DeltaCt of
the assay quality control samples. The SCN9A mRNA fold change was
then further normalized by dividing the sample fold change values by
the mean fold change value from the untreated animals.

Pain assessments in the SNI mouse model

This study was conducted at AfaSci Inc. (Redwood City, CA) under
the TACUC no. 220610NAV1.7SGMO. Naive C57BL/6 female mice
(8 per sex per group; ~6 to 10 weeks old) were purchased (from CRL)
1 week before the initiation of the study. Animals were randomly
assigned to treatment groups no more than 3 days before dose ad-
ministration using a manual body weight stratification procedure.
Animals from the same treatment group were housed four per cage
in polycarbonate, solid-bottom cages containing a nonaromatic bed-
ding and filtered cover. The housing temperature was maintained at
20° to 24°C and humidity was kept at 30 to 70%. Housing rooms had
a 12-hour light/12-hour dark cycle with ventilation of at least 10
room volumes/hour with no recirculation of air. Food and water
were provided ad libitum. The treatment groups were as follows:
sham operated (skin opened and closed but no nerve was cut) to
establish that the act of cutting open the skin does not affect pain
sensitivity, vehicle control, GBP (50 mg/kg, intraperitoneally given
1 hour before each assessment), or ZFR given IT-L into the L4-L5 or
L5-L6 intervertebral space at a single dose of 8 x 10'" vg per mouse.
ZFR was formulated in an AAV formulation buffer-P [1X Dulbecco’s
phosphate-buffered saline (DPBS) (+Ca/+Mg) + 0.001% Pluronic
F-68 (pH 7.2)]. Volume of administration was 10 ml per mouse. The
dose of GBP was not an anesthetic dose in mice and was selected to
reduce but not abolish pain in mice at 0.5 to 1 hour postdose (66).
The in-life assessments included mortality/morbidity and general
health at the cage side daily and detailed clinical observation once
weekly. Body weights were measured predose and once weekly. On
day 29, mice were euthanized by isoflurane/oxygen anesthesia fol-
lowed by whole-body transcranial perfusion with RNase-free 0.9%
saline. From mice in control- and ZFR-treated groups, three pairs of
DRGs were collected from each of the cervical, thoracic, and lumbar
regions and transferred to three separate 1.5-ml RNase-free Eppen-
dorf tubes. RNALater was added and tubes were refrigerated (1° to
8°C) for 24 hours. Following 24-hour incubation, tissues were re-
moved from RNALater and transferred to labeled RNase-free Ep-
pendorf tubes. The tubes containing the tissue were then frozen on
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dry ice and kept in a —80°C freezer until analysis. Dose analysis was
performed using RT-qPCR on all dose formulations to assure the
accuracy of final dose concentrations.

To generate the model, all animals on day —7 were deeply anes-
thetized under 2.5% isoflurane in O,. The left hind leg was shaved
and disinfected, and a small incision was made on the skin. The sur-
gical site was opened with blunt dissection to visualize the three dis-
tal branches of the sciatic nerve. Two of the three distal branches of
the sciatic nerve (tibial and peroneal nerve) were axotomized while
sparing one (sural nerve). The surgical site was sutured, and animals
were observed for proper wound healing.

Pain assessment (mechanical- and cold-induced) was performed
before surgery, 1 week after the surgery, and just before dose admin-
istration on day 1 and then on days 3, 8, 15, 22, and 28 postdose. The
presurgery measurement was conducted to establish a normal pain
baseline for all animals before their assignment to the study. During
preassessment, any animal with abnormal pain sensitivity was not
used and replaced with another animal to ensure that all animals
exhibited a comparable baseline pain level. No animal was excluded
from the study based on oversensitivity to pain before surgery or
lack of sensitivity to pain 1 week after surgery. Assessment of pain
(mechanical- and cold-induced) 7 days postsurgery (just before
dose administration) was conducted to assure functionality of the
model and to obtain a model baseline as animals that underwent the
full surgery should have hypersensitivity to pain.

For the mechanical-induced pain assessment, animals were placed
individually into small cages with a mesh bottom. A monofilament
(von Frey fibers) was applied perpendicularly to the ventral surface
of the left hind paw delivering a constant predetermined force until
it buckled, at which time it was removed. A response was considered
positive if the animal exhibited any nocifensive behaviors, including
brisk paw withdrawal, licking, or shaking of the paw, either during
application of the stimulus or immediately after the filament was
removed. Testing began with the response to a filament estimated to
be close to the 50% withdrawal threshold. If there was no response,
the next filament with a higher force was tested; if there was a re-
sponse, the next lower force filament was tested. Five continuous read-
ings were taken and later assessed to determine withdrawal threshold
in grams. For the cold-induced pain assessment, animals were placed
on a metal plate after it was cooled to the desired temperature, and
the time taken to evoke nociceptive behavior such as flinches, shak-
ing, or licking in the affected paw or jumping was manually scored
as paw withdrawal latency in seconds. For SmartCage assessment,
animals were placed in the SmartCage system individually and as-
sessed for any movement abnormalities on day 28. Animals were
monitored for 22 hours, and data were analyzed at 1-hour blocks.

The technician responsible for pain and SmartCage data collec-
tion was blinded to the dose groups. One-way analysis of variance
(ANOVA) followed by Dunnett’s test was used for body weights,
RT-qPCR, and mechanical- and cold-induced pain data. All graphs
and statistical analysis used Prism GraphPad. An effect was consid-
ered significant if P < 0.05.

Mouse and NHP DRG single-cell analysis

For the mouse DRGs, single-cell analysis was performed at Evotech.
DRG tissue sections on slides were hybridized with a combination
of two RNAscope probes: panZFP probe (ACD Bio, 851651-C2) and
MmScn9a probe (ACD Bio, 313341). Following hybridization, sec-
tions were stained with an antibody against peripherin (Abcam,
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ab246502at) at 1:1000 dilution. 4',6-Diamidino-2-phenylindole (DAPI)
was used in all sections to mark cellular nuclei. The ISH/THC multi-
plexing was performed according to the CRO protocol. Images were
acquired with an Axio Scan.Z1 slide scanner (Carl Zeiss Microscopy
GmbH), using a 20x Plan-apochromat objective (0.8 numerical ap-
erture) and a Hamamatsu Camera. Light-emitting diode (LED) in-
tensity, exposure time, and emission filter settings were kept constant
across groups for the acquisition. Images were acquired with a pixel
resolution of 0.326 pm by 0.326 pm, inspected in ZEN (v.3.5, Carl
Zeiss Microscopy GmbH), and analyzed using custom-written scripts
in Acapella Studio 5.1 (PerkinElmer Inc.) before compiling in Spot-
fire (v.10.3.3 TIBCO).

For the NHP DRGs, the single-cell analysis was performed at ACD
Bio. The NHP lumbar DRG was hybridized first with guinea pig anti-
NeuN at 1:200 (MilliporeSigma, catalog no. ABN90P) and anti-CGRP
(Abcam, catalog no. ab81887). Next, a pooled RNAscope target probe
consisting of Mfa-SCN9A (ACD, catalog no. 591588) and pan-ZFP-
KRAB-C2 (ACD, catalog no. 851658-C2) was then hybridized for
2 hours at 42°C, followed by a series of amplification steps and rinse
steps using RNAscope Multiplex amplification reagents per the manu-
facturer’s instructions (ACD, catalog no. 322800). Last, DAPI was
incubated for 10 min at room temperature for nuclear staining.
Whole-tissue multiplex imaging was performed at 40X resolution us-
ing a 3DHISTECH PANNORAMIC SCAN II digital slide scanner,
equipped with SpGr-B, SpOr-B, Cy5.5, and Cy? filters for visualiza-
tion of Vivid 520, Vivid 570, Alexa Fluor 647, and Opal 780 fluoro-
phores, respectively.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 7
(GraphPad Software, San Diego, CA, USA). The statistical test used
for each experiment is provided in the associated methods or figure
legend. In general, one-way ANOVA with Dunnett’s for multiple
comparison was used when comparing three or more groups. Sig-
nificance is indicated by *. The following standard abbreviations are
used to reference P values: n.s., not significant; *P < 0.05; **P < 0.01;
kP < 0.001; ***#*P < 0.0001.
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Editor’'s summary

The voltage-gated sodium channel Nav1.7 is critical for peripheral pain signaling, but the development of safe small-
molecule inhibitors has been challenged by structural similarities between Nav1.7 and other Nav channels. Here,
Samie et al. designed zinc finger repressors (ZFRs) to selectively bind and repress the expression of Nav1.7 encoded
by the SCN9A gene. ZFR-mediated repression of the target gene inhibited pain-related behaviors in a mouse model
of neuropathic pain and reduced Navl.7 function in iPSC-derived human neurons. Intrathecal injection of an AAV
vector carrying a ZFR targeting human SCN9A (ST-503) led to persistent and selective repression of SCN9A in the
dorsal root ganglia of cynomolgus monkeys without dose-limiting toxicity or cardiac issues. These data support the
clinical development of ST-503, which will be evaluated in a phase 1 clinical trial in patients with idiopathic small fiber
neuropathy, NCT06980948. —Daniela Neuhofer
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