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ABSTRACT

Introduction: There is a high unmet need
for safe and effective non-opioid medicines to
treat moderate to severe pain without risk of
addiction. Voltage-gated sodium channel 1.8
(Nay1.8) is a genetically and pharmacologically
validated pain target that is selectively expressed
in peripheral pain-sensing neurons and not in
the central nervous system (CNS). Suzetrigine
(VX-548) is a potent and selective inhibitor of
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Nay 1.8, which has demonstrated clinical efficacy
and safety in multiple acute pain studies. Our
study was designed to characterize the mecha-
nism of action of suzetrigine and assess both
nonclinical and clinical data to test the hypoth-
esis that selective Nay1.8 inhibition translates
into clinical efficacy and safety, including lack
of addictive potential.

Methods: Preclinical pharmacology and mech-
anism of action studies were performed in vitro
using electrophysiology and radiolabeled bind-
ing methods in cells recombinantly expressing
human Nay, channels, human proteins, and pri-
mary human dorsal root ganglion (DRG) sensory
neurons. Safety and addictive potential assess-
ments included in vitro secondary pharmacol-
ogy studies, nonclinical repeat-dose toxicity and
dependence studies in rats and/or monkeys,
and a systematic analysis of adverse event data
generated from 2447 participants from phase 3
acute pain studies of suzetrigine.

Results: Suzetrigine is selective against all
other Nay, subtypes (=31,000-fold) and 180 other
molecular targets. Suzetrigine inhibits Nay1.8 by
binding to the protein’s second voltage sensing
domain (VSD2) to stabilize the closed state of
the channel. This novel allosteric mechanism
results in tonic inhibition of Nay1.8 and reduces
pain signals in primary human DRG sensory
neurons. Nonclinical and clinical safety assess-
ments with suzetrigine demonstrate no adverse
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CNS, cardiovascular or behavioral effects and no
evidence of addictive potential or dependence.
Conclusions: The comprehensive pharmacol-
ogy assessment presented here indicates that
suzetrigine represents the first in a new class of
non-opioid analgesics that are selective Nay1.8
pain signal inhibitors acting in the peripheral
nervous system to safely treat pain without
addictive potential.

Keywords: Moderate to severe pain; Nayl.8;
Non-opioid analgesic; Selective pain signal
inhibitor; Suzetrigine; VX-548

Key Summary Points

Why carry out this study?

There is a high unmet need for safe and effec-
tive non-opioid medicines to treat moderate
to severe pain without the risk of addiction.

Suzetrigine is a potent and highly selective
inhibitor of the voltage-gated sodium chan-
nel 1.8 (Nay1.8), which has demonstrated
clinical efficacy and safety in multiple acute
pain studies.

This study was designed to characterize
the mechanism of action of suzetrigine and
determine if selective Nay 1.8 inhibition
translates into clinical efficacy and safety,
including lack of addictive potential.

What was learned from this study?

Nay 1.8 is not expressed in the central nerv-
ous system (CNS).

Suzetrigine acts by a novel allosteric mecha-
nism to stabilize the closed state of the
channel and reduce pain signals in primary
human dorsal root ganglion sensory neurons.

The pharmacology and mechanism of action
of suzetrigine translate into clinical efficacy
and safety, including no adverse CNS, cardio-
vascular, or behavioral effects and no evi-
dence of addictive potential or dependence.

INTRODUCTION

Pain is a natural part of the human experience
and can be beneficial when it serves a protective
function or signals tissue damage and injury.
However, moderate to severe pain can lead to
unnecessary suffering that requires effective pain
management [1-4]. Current treatments include
several analgesics and central nervous system
(CNS) agents such as acetaminophen, nonsteroi-
dal anti-inflammatory drugs, local anesthetics,
antidepressants, anticonvulsants, and opioids.
These agents act via mechanisms that are not
specific to pain sensation, signal transmission,
or perception and often have side effects that
can result in inadequate pain control because
they affect multiple targets and organs [5-13].
For example, opioids are efficacious and widely
used analgesics but have well-known tolerability
issues and carry a risk of dependence and addic-
tion due to their effects on the CNS [14, 15].
Misuse of prescription opioids contributes to
the continuing public health opioid crisis in the
United States [16, 17]. Due to these liabilities,
new classes of non-opioid analgesics are needed
that specifically inhibit pain to provide safe and
effective pain relief without addictive potential
[18]. While many targets have been explored to
address this unmet need, they have largely failed
to translate into clinical efficacy [19, 20].

Selective inhibition of specific Nay channels
is a promising new approach to treat periph-
eral pain signaling without affecting other bio-
logical processes [21, 22]. Nays are membrane
proteins that conduct sodium ions across cell
membranes and are responsible for electrical sig-
nals known as action potentials (APs). There are
nine mammalian Nay, subtypes (Nay1.1-Nay,1.9)
with distinct roles in certain cell types and tis-
sues, including in the nervous system, heart,
and skeletal and smooth muscle tissues [23].
Local anesthetics and certain anticonvulsants
act by nonselectively blocking permeation of
sodium through the pore of all Nay channels
[23-25], and while they are used to treat pain,
they exhibit side effects due to their nonspecific
block of multiple Nays [13].

Of the nine mammalian Nay subtypes, Nay1.7,
Nay1.8, and Nay1.9 have been identified as
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potential pain targets based on their predomi-
nant expression and functional roles in peripheral
pain-sensing neurons (nociceptors) [26-28], and
human genetic mutations that result in altered
pain sensation [29-35]. Of these three potential
targets, Nay1.8 is the most selectively expressed
in nociceptors where its role is to transmit pain
signals (action potentials) in peripheral sensory
nerves [36-38].

We and others hypothesized that a therapy act-
ing through selective inhibition of Nay1.8 chan-
nels could specifically reduce transmission of
pain signals in peripheral sensory nerves without
affecting functions mediated by other members
of the Nay, family. Nay1.8 is not expressed in the
human brain or spinal cord [39-43]. Therefore,
highly selective Nay1.8 inhibitors should not
exhibit CNS side effects associated with nonselec-
tive Nay blockers or result in the tolerability issues
and addictive potential associated with opioids.

Despite the rationale for Nay1.8 as a target,
discovery and advancement of highly selective
inhibitors has proven challenging, due in part to
the high sequence homology between Nay, sub-
types [44]. Over the last 20 years, we have used
cell-based high-throughput screening and medici-
nal chemistry to identify potent and selective
Nay 1.8 inhibitors. Pharmacological validation of
selective Nay, 1.8 inhibition was first demonstrated
with an oral small molecule, VX-150 [45], which
reduced pain in phase 2 studies of participants
with acute (postoperative) and chronic (neuro-
pathic) pain [46, 47]. Following proof-of-concept,
we discovered suzetrigine as a potent and selective
Nay1.8 inhibitor with favorable drug-like proper-
ties. Suzetrigine has demonstrated clinical efficacy
and safety in multiple acute pain studies [48-50];
suzetrigine is also being evaluated in neuropathic
pain [51].

Here, we describe the pharmacology and mech-
anism of action of suzetrigine and expand upon
the reported clinical data [48-50] to provide a
comprehensive assessment of suzetrigine’s non-
clinical and clinical safety.

MATERIALS AND METHODS

Analysis of SCN10A Expression in Human
Central Nervous System

The expression of SCNI10A, the gene that
encodes the Nay1.8 protein, in the CNS (brain
and spinal cord) was evaluated from two inde-
pendent comprehensive public reference data-
bases: the Human Protein Atlas (HPA) [39-41]
and the Genotype-Tissue Expression project
(GTEx) [42, 43]. The HPA database evaluated
human gene expression by highly sensitive
ribonucleic acid sequencing (RNA-seq) on 193
CNS tissues from 966 postmortem samples,
and the GTEx database evaluated human gene
expression using similar methods on 13 differ-
ent CNS tissues from each of n=139-255 post-
mortem samples. The HPA database reported
mean SCN10A transcripts per million (TPM) of
0.0 in all human brain and spinal cord regions
evaluated. To distinguish signal (an expressed
gene) from noise in the GTEx data, we used
the threshold standard for an expressed gene
defined by the GTEx project:>0.1 TPM in at
least 20% of samples and > 6 reads in at least
20% of samples.

In Vitro Electrophysiology

In vitro electrophysiology experiments were
performed using automated platforms (Sophion
Q-Patch, Sophion Qube, IonWorks Quattro, lon-
Works Barracuda) with human embryonic kid-
ney (HEK), Chinese hamster ovary (CHO), or
rodent neuroblastoma fusion (ND7/23) cell lines
transiently or stably overexpressing ion channel
constructs of interest. For Nay, subtype selectivity
assessments, voltage clamp protocols evaluated
potency and selectivity across closed and inacti-
vated states. Potency was defined as the concen-
tration resulting in 50% of the maximum inhibi-
tion of suzetrigine for the Nay, channel evaluated
(ICsq). To determine selectivity, the most potent
off-target Nay measurement from any endpoint
was used to generate a selectivity assessment for
suzetrigine against that channel compared to its
first pulse ICy, on Nay1.8. Chimera experiments
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utilized a simple voltage pulse from —-90 mV to
+20 mV to assess inhibition by suzetrigine.

Manual patch voltage clamp experiments uti-
lized dissociated primary dorsal root ganglion
(DRG) neurons isolated from humans and other
species and cultured on glass coverslips. Tetro-
dotoxin (TTX)-resistant currents were recorded
using a simple voltage protocol stepping from
-90 mV to —10 or 0 mV to assess inhibition by
suzetrigine.

Manual patch current clamp experiments
used the same preparation of primary human
DRG neurons as for voltage clamp experiments.
Currents were injected in increasing steps until
AP firing was first observed (rheobase). To
assess inhibition of excitability by suzetrigine,
100 current injections at 110% rheobase were
injected at 1 Hz, and the number of resulting
APs was assessed before and during application
of suzetrigine.

For all experiments, suzetrigine was diluted
into extracellular buffers from a 10 mM stock
solution. Details on buffers used in electrophysi-
ology experiments can be found in the Supple-
mentary Materials and Methods.

Protein Expression and Purification

In order to allow for sufficient protein expres-
sion and purification yield, voltage-sensing
domain (VSD) 2 of Nay1.8 (accession number
NP_006505.3) and Nay1.2 (accession number
NP_001035232.1) were cloned into a NayPaS
backbone (accession number DOEOC2.1) with
N-terminal FLAG and Twin-Strep purification
tags, similar to the strategy described for VSD4
[52]. The chimeric proteins were expressed by
transient transfection of HEK Expi293 cells and
ExpiFectamine (Thermo Fisher) according to
the manufacturer’s protocol. Proteins were puri-
fied using methods similar to those described
previously [52, 53]. Protein purity and mono-
dispersity were assessed using sodium dodecyl
sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE) and fluorescent size exclusion chroma-
tography on an Agilent high-performance lig-
uid chromatography (HPLC) system. Details on
detergent extraction and purification protocols

can be found in the Supplementary Materials
and Methods.

3H Suzetrigine Binding to Purified Protein

Tritiated suzetrigine (4-[[(2R,3S,4S,5R)-3-(3,4-dif-
luoro-2-methoxy-5-tritio-phenyl)-4,5-dimethyl-
5-(trifluoromethyl)tetrahydrofuran-2-carbonyl]
amino]pyridine-2-carboxamide) was generated
by ViTrax (Placentia, CA). Binding experiments
were conducted at ambient temperature by
incubating purified protein with a range of *H
suzetrigine concentrations in the absence or
presence of unlabeled suzetrigine for 30 min.
Bound probe was then separated from unbound
probe, and bound probe was quantitated using
liquid scintillation counting. Specific counts per
minute (CPM) bound were then calculated by
subtracting the nonspecific CPM (measured in
the presence of excess unlabeled suzetrigine)
from the total CPM (in the absence of excess
unlabeled suzetrigine). Specific CPM were then
plotted and fit to a one-site-specific binding
model in GraphPad Prism using the equation
y=B X/ (Kq+x), where B, is the extrapolated
maximal CPM and K is the apparent affinity.
Details on binding assay protocols can be found
in the Supplementary Materials and Methods.

Tanimoto Similarity Analysis

The chemical similarity of suzetrigine was com-
pared to more than 500 Schedule I through V
controlled substances in the United States. Each
compound was assigned a fingerprint based on
its two-dimensional molecular structure using
166-bit MACCS keys. The similarity between any
two fingerprints was computed using the Tani-
moto coefficient (T,), as implemented in Open-
Eye Toolkit 2022.1.1 [54]. A cutoff of T.>20.85
was used to group similar compounds, as this
value has been shown to identify molecules
likely to have similar on-target activity among
diverse sets of molecules [55, 56]. The maximum
T. between suzetrigine and any Schedule I com-
pound (those with the highest abuse potential)
is 0.57.
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In Vitro Pharmacology Modeling

Synergy analysis was conducted using the BIGL
package in R version 4.4.1 [57, 58] using last
pulse potency measurements. Details on phar-
macology modeling can be found in the Sup-
plementary Materials and Methods.

Secondary Pharmacology Assays

Secondary pharmacology assays included
in vitro ligand binding assays and functional
assays available from Eurofins. The Eurofins
Spectrum Screen (174 targets; Eurofins catalog
#PP16), and the Drug Abuse Potential Safety
Screen Panel (44 targets; catalog #P293) were
conducted at a screening concentration of
10 uM. Follow-up assays to determine binding
IC;4s or functional effects were conducted at
concentrations ranging from 1 nM to 30 pM.

Repeat-Dose Toxicity Studies

Repeat-dose toxicity studies were conducted in
Sprague Dawley (CD®[Crl:CD®(SD)]) rats (up to
26 weeks in duration) and cynomolgus mon-
keys (up to 39 weeks in duration) using daily
administration of suzetrigine by oral gavage at
doses resulting in exposures that were multi-
ples of the estimated human exposure (AUC
0-24 ) at steady-state (up to 23-fold in male
rats, 54-fold in female rats, and 2.1-fold in
monkeys). The studies included a vehicle con-
trol arm and three dose levels of suzetrigine.
Details on animal sources, ages, and numbers
used in the studies can be found in the Sup-
plementary Materials and Methods.

Clinical observations were conducted daily;
animals were observed in and out of their
home cage for morbidity, mortality, injury,
and availability of food and water. Observa-
tions included, but were not limited to, evalu-
ation of the skin, fur, eyes, ears, nose, oral cav-
ity, thorax, abdomen, external genitalia, limbs
and feet, respiratory and circulatory effects,
autonomic effects such as salivation, nervous

system effects including tremors, convulsions,
reactivity to handling, and unusual behavior.

The toxicity studies also evaluated mortal-
ity, body weight, food consumption, ophthal-
mology assessment, electrocardiograms (ECGs;
monkeys only), clinical pathology (hematology,
clinical chemistry, urinalysis, and urine chemis-
try), anatomic pathology, and the toxicokinetics
of suzetrigine. The anatomic pathology evalua-
tion included organ weights, gross pathology,
and microscopic evaluation of organs, including
all major organ systems.

Nonclinical CNS Evaluation

A functional observational battery (FOB) was
included on day 2 of a 28-day monkey study
(n=4 animals/sex/group). The doses evaluated
resulted in exposures that were multiples of
the estimated human exposure (free C,,,) at
steady-state (up to 15-fold in monkeys). FOB
evaluations were conducted by two independ-
ent raters for all occasions and consisted of a
detailed home cage and open area neurobehav-
ioral evaluation [59]. Each technician scored the
monkey independently (without sharing the
results with each other) for each home cage and
out-of-cage observational score, and then the
individual scores were assessed for agreement
with their partner’s score after the completion
of the testing. FOB evaluations were conducted
on each animal on day -1 to establish baseline
differences, on day 2 at 4 h (+1 h), and at 24 h
post-dose (before day 3 dose). The observations
included, but were not limited to, evaluation of
activity level, posture, lacrimation, salivation,
tremors, convulsions, fasciculations, stereo-
typic behavior, facial muscle movement, palpe-
bral closure, pupil response, response to stimuli
(visual, auditory, and food), body temperature,
Chaddock and Babinski reflexes, proprioception,
paresis, ataxia, dysmetria, and slope assessment.

ECG Evaluations

ECG evaluations were performed in repeat-
dose monkey studies. All animals in all groups
received an ECG examination twice pretest,
and at the approximate suzetrigine maximum
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observed concentration (C,,,,) during the final
week of each study (e.g., weeks 4, 13, 39). Care
was taken to avoid causing undue excitement
of the animals before the recording of ECGs to
minimize extreme fluctuations or artifacts in the
measurements. Standard ECGs (10-lead) were
recorded at 50 mm/sec. The RR, PR, and QT
intervals, and QRS duration were measured and
recorded using an appropriate lead. The ECGs
were interpreted by a board-certified veterinary
cardiologist.

Cardiovascular and Respiratory Telemetry
Study

Potential cardiovascular and respiratory effects
of suzetrigine were evaluated in conscious, freely
moving cynomolgus monkeys using a single-
dose Latin square design with a 7-day wash-
out between treatments. The same four male
animals received the vehicle control and three
dose levels of suzetrigine via oral gavage. The
doses evaluated resulted in exposures that were
multiples of the estimated human exposure (free
Coax) at steady-state (up to 15-fold in monkeys).
Mortality, clinical observations, body weight,
body temperature, systolic, diastolic, and mean
arterial blood pressures, pulse pressure, heart
rate, and effects on the ECG were evaluated in
the study. Telemetry monitoring was conducted
from at least 2 h before dosing through at least
24 h post-dose.

Details on animal sources, ages, and numbers
used in the studies can be found in the Supple-
mentary Materials and Methods.

Rat Physical Dependence Study

The physical dependence study was conducted
in female Sprague Dawley (CD®[Crl:CD®(SD)])
rats with a vehicle control group, three suzetrig-
ine dose groups at dose levels representing mul-
tiples of the human exposure (up to 52-fold
the human C,,,, at steady-state), and a mor-
phine-positive control group. Details on animal
sources, ages, and numbers used in the studies
can be found in the Supplementary Materials
and Methods.

Animals were dosed for 30 consecutive days.
Vehicle and suzetrigine-treated animals received
a dose once daily in the morning and were sub-
jected to a sham dosing procedure (during which
no dose was administered) in the evening on
days 1 to 30 to coincide with dosing of the posi-
tive control group to diminish the effects of the
possible classical conditioning confounds. The
positive control group received morphine twice
per day (bid) via oral (gavage) administration.
Morphine was administered in escalating doses
over the first 2 weeks starting at 20 mg/kg/dose
(40 mg/kg/day) and then fixed doses of moz-
phine (150 mg/kg/dose; 300 mg/kg/day) were
administered over the last 2 weeks of the study.
On the evening of day 30, morphine-treated rats
received a sham dose of sterile saline.

FOBs were conducted by testers without
knowledge of the treatment groups that each
animal belonged to, and the animals were evalu-
ated using the neurobehavioral evaluations per
testing facility standard operating procedure.
The FOBs were conducted once pretest, then
at 2 h post-dose (£20 min) following the first
dose of the day on days 1, 15, and 30 during the
dosing phase. During the withdrawal phase on
days 31 through 39, the FOBs were scheduled
at approximately the same time of day as was
conducted on days 1, 15, and 30. The FOB in the
rats included evaluation of activity level, excit-
ability, motor activity, neuromuscular assess-
ments, autonomic function, and physiologic
measurements. Further details of the param-
eters evaluated and procedures used have been
described previously [60-63].

Clinical Abuse Potential Assessment

To assess for evidence of clinical abuse poten-
tial, a systematic analysis of adverse events
(AEs) was conducted across all phase 3 acute
pain studies (VX-548-104, VX-548-105,
VX-548-107; total of 2447 participants, with
1130 treated with suzetrigine for up to 14 days).
Two of these studies were double-blind, rand-
omized placebo- and active-controlled stud-
ies (one in participants with acute pain after
abdominoplasty and the other after bunionec-
tomy), and the third was an open-label safety
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and effectiveness study (included a broad range
of surgical and nonsurgical acute pain condi-
tions) [49, 50]. In accordance with guidelines
on assessment of abuse potential of drugs
[64], this assessment included an analysis of
all AEs in the studies using an expansive list
of nearly 200 screening preferred terms (Med-
DRA version 26.1) that may be associated with
abuse potential. A customized MedDRA query
(CMQ) with these 200 screening preferred
terms was created by using the four categories
of abuse-related terms provided in the guid-
ance, which are (1) euphoria, (2) effects on
mood, cognition, or attention, (3) dissociative
or psychotic reactions, and (4) any additional
terms that might be indicative of abuse poten-
tial that were not included in one of the above
categories. Within MedDRA, relevant system
organ class (SOC) and high-level group terms
(HLGT) were evaluated, and terms consistent
with the above categories were included in the
CMAQ. These preferred terms are also relevant
for assessing addictive potential [65, 66]. This
CMQ was used to evaluate the phase 3 trials,
and the number of participants in each treat-
ment group with AEs coded to preferred terms
contained in the screening list was summa-
rized. These results were analyzed to determine
whether suzetrigine showed any pattern or evi-
dence of abuse or addictive potential.

Ethical Approval

Animal studies were conducted in Sprague Daw-
ley (CD®[Crl:CD®(SD)]) rats and cynomolgus
monkeys. Animals were sourced from Charles
River Laboratories (USA). Each study in animals
was approved by the laboratory’s institutional
animal care and use committee (IACUC). Ani-
mal care conformed to applicable national/
international guidelines, and the studies were
conducted in accordance with Good Laboratory
Practice (GLP).

The clinical trial protocols were approved by a
central institutional review board (Advarra Insti-
tutional Review Board, Columbia, MD, USA),
and all sites accepted this central approval. The
trials were conducted according to the Interna-
tional Council for Harmonization Good Clini-
cal Practice guidelines and the principles of the

Declaration of Helsinki. All participants pro-
vided written informed consent.

Statistical Analysis

In vitro data are presented as mean *standard
error of the mean (SE). For experiments reported
in Fig. 1d, errors are presented as 95% confi-
dence intervals (CI) based on reported errors
from Hill equation fits in GraphPad Prism soft-
ware. In vivo data are presented as mean *stand-
ard deviation (SD) or SE. Significance tests were
performed as described in the figure legends
(analysis of variance [ANOVA], Kruskal-Wallis,
or generalized linear model with Dunnett’s or
Dunn'’s post hoc significance testing). The mini-
mum significance level was p>0.05.

RESULTS
Nay 1.8 is Not Expressed in the Human CNS

Formal analysis of the RNA-seq of more than
1000 postmortem samples and over 190 CNS tis-
sues from the HPA [39-41] and GTEx project [42,
43] databases did not identify any expression
of SCN10A in CNS tissues meeting the thresh-
old defined by the database investigators (see
analysis of SCN10A expression from the GTEx
database in Supplementary Fig. S1).

Suzetrigine Is a Potent and Highly Selective
Small Molecule Inhibitor of Nay1.8

The chemical structure (4-[[(2R,3S,4S,5R)-3-(3,4-
difluoro-2-methoxy-phenyl)-4,5-dimethyl-5-(tri-
fluoromethyl)tetrahydrofuran-2-carbonyl]
amino]pyridine-2-carboxamide) of suzetrigine
is shown in Fig. 1a. The potency and selectiv-
ity of suzetrigine against the channels of the
human Nay family (Nay1.1-Nay1.9) are shown
in Fig. 1b and c. Figure 1b shows whole-cell
sodium currents from a Nayl.8-expressing
HEK cell before and 10 min after application of
10 nM suzetrigine, indicating the drug acts rap-
idly to produce nearly complete inhibition of
both the peak and sustained phase of current
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Fig. 1 Suzetrigine (SUZ) is a potent and selective inhibi-
tor of human Nay1.8 over other human Nay, subtypes and
other Nay1.8 orthologs. a Chemical structure of SUZ.
b Inhibition of Nay1.8 current by 10 nM SUZ in HEK
cells expressing human Nay1.8 and using automated elec-
trophysiology techniques. Inset shows the voltage proto-
col used to generate the Nay1.8 current trace shown (c).
Inhibition of human Nay subtypes 1.1-1.9 expressed in
HEK or CHO cells and recorded using automated elec-
trophysiology platforms. SUZ is > 31,000-fold selective for
Nay1.8 over other human Nay subtypes [48]. d Normal-

at this concentration. We therefore aimed to
achieve clinical concentrations in this range
[48-50]. The concentration-response curves for
suzetrigine on Nay1.1-1.9 shown in Fig. 1c dem-
onstrate that suzetrigine shows sub-nanomolar
potency on Nay 1.8 and has a>31,000-fold selec-
tivity ratio for Nay1.8. Based on these data, at
clinically relevant concentrations of suzetrigine,
there is<0.1% inhibition of any other Nay. In
addition, suzetrigine was selective against 180
other human non-Nay targets including 44 tar-
gets associated with abuse potential with a>600-
fold margin to estimated clinical concentrations
(Supplementary Table S1). The lack of any bind-
ing of suzetrigine to any known target (opioid-
like or other) is consistent with a structural

+20 mV

— Baseline
— 10 nM SUZ

90mV -70 mV

Human
Monkey
Rat
Mouse
Rabbit
Dog

100+

50+

bttt

Norm. TTX-r Current

Log [SUZ], nM

ized inhibition of TTX-r Nay1.8 current in DRG neurons
using manual patch clamp electrophysiology. Average of
data taken from 7z =3 cells isolated from four (human) or
one (monkey, rat, mouse, rabbit, and dog) tissue samples.
Human ICy;=0.68£0.16 nM across four biological rep-
licates, monkey I1C5,=0.75 nM (95% CI of ICy, 0.44—-
1.4 nM), rat ICs,=56 nM (95% CI of ICs, 36-93 nM),
mouse 1C5;=210 nM (95% CI of ICs, 98-860 nM),
rabbit IC5,=52 nM (95% CI of ICs, 37-75 nM), dog
ICgy =740 nM (95% CI of IC, 4202100 nM)

similarity analysis that showed suzetrigine is not
similar to opioids or any known drug of abuse
(Table 1).

The potency of suzetrigine for Nayl.8
across species using primary neurons iso-
lated from DRG from each species is shown
in Fig. 1c. Suzetrigine is most potent in
humans (IC;,=0.68+0.16 nM) and mon-
keys (IC50=0.75 nM; 95% CI of 0.44-1.4 nM)
compared to other species, with rats hav-
ing intermediate sensitivity (IC;, of 56 nM;
95% CI 36-93 nM) and dogs being the least
potent (ICy, of 740 nM; 95% CI 420-2100 nM)
(Fig. 1d). Based on high sensitivity in mon-
keys and intermediate sensitivity in rats, these
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Table 1 Evidence for lack of abuse potential with suzetrigine

In silico evaluations

Tanimoto similarity scores to drugs of abuse
In vitro studies

Selectivity against other Nay, channels

Receptor binding studies with G protein-coupled receptors

(GPCRs), ion channels, transporters

Receptor binding studies with targets associated with abuse

potential
Follow-up functional assays (antagonism/agonism)

In vivo studies

CNS evaluation in monkeys following a suzetrigine dose (Func-

tional observational battery)

Clinical observations in rats (up to 6 months) and monkeys (9

months)

Physical dependence study in rats w/morphine-positive control

Not similar

> 31,000-fold selective for Nay,1.8 against other Nays
No off-target activity for over 180 targets at > 600-fold

margin to estimated clinical concentrations

No stimulant or sedative effects

No stimulant or sedative effects

No dependence at concentrations up to 52-fold over the

estimated human exposure

Insilico, in vitro, and in vivo evaluations determined that there is no evidence for abuse potential with suzetrigine

species were selected for in vivo safety pharma-
cology and toxicity studies.

Suzetrigine Inhibits Nay1.8 by Binding to
VSD2 to Stabilize the Closed State of the
Channel Under Physiologically Relevant
Conditions

The binding location of suzetrigine on the
Nay1.8 channel was determined using a
domain-swapping strategy which introduced
each of the four homologous Nay 1.8 voltage-
sensing domains (VSD1-4) into Nay1.2, which
is not inhibited by suzetrigine. This allowed
us to assess whether sensitivity to suzetrigine
inhibition was conferred by any of the Nay1.8
VSDs.

As shown in Fig. 2a and c, suzetrigine sensi-
tivity was only conferred when VSD2 of Nay1.8
was introduced to Nay1.2. Further refinement
of the swapped regions indicated that the
introduction of the VSD2 subregion containing
transmembrane segments S3 and S4 of Nay1.8

into Nay1.2 was sufficient to confer sensitiv-
ity to suzetrigine (Fig. 2a and c). Sequence
alignment in this region (Fig. 2b) suggested
a KKGS sequence unique to Nay1.8 that was
confirmed experimentally to confer sensitivity
to suzetrigine (Fig. 2a and ¢). Direct binding
of suzetrigine to the VSD2 domain of Nay1.8
was confirmed using radiolabeled suzetrigine
(Fig. 2d, Supplementary Fig. S2).

As shown in Fig. 3a, Nay channels transition
through distinct conformational states during
their gating cycle that include (1) a closed state
that exists at hyperpolarized membrane volt-
ages, (2) an open state that exists briefly when
the membrane is depolarized, and (3) an inac-
tivated state that is nonconducting and during
which it cannot be opened again. Suzetrigine
inhibited Nay1.8 channels in a dose-dependent
manner following hyperpolarized pre-pulses
(designed to place the Nay1.8 channel into
the closed state) but was less efficacious follow-
ing depolarized pre-pulses (designed to place
the Nay1.8 channel into the inactivated state)
(Fig. 3b and ¢). This indicated that suzetrigine
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Fig.2 Suzetrigine (SUZ) inhibits Na,1.8 through inter-
actions with VSD2. a Schematic and sample electrophysi-
ological traces showing effect of 11 nM SUZ on different
Nay1.8_Nay1.2 chimeras and mutations. The domains in
Nay 1.2 replaced with the corresponding Nay 1.8 region are
shown in red in the schematic. b VSD2 sequence align-
ment highlighting unique motif (red) in S3-S4 loop in

Nay1.8. Conserved amino acids comprising the basic volt-

stabilizes the closed state, in contrast to local
anesthetics, which are more efficacious follow-
ing depolarizations, indicating block of the
open and inactivated states [23-25, 67] (Sup-
plementary Fig. S3).

We next assessed the pharmacology of
suzetrigine using a voltage protocol designed
to simulate a physiological AP at different fre-
quencies (1, 5, and 10 Hz; Fig. 3d and Supple-
mentary Fig. S4a and d). Under these conditions,
suzetrigine demonstrated tonic inhibition of
Nay 1.8 activity. 10 nM suzetrigine fully inhib-
ited Nay1.8 current across the full physiologic
range of voltages and AP frequencies (Fig. 3e and
Supplementary Fig. S4b and e) and its potency
was consistent at first and last (50th) pulse, con-
firming the relevance of this target clinical expo-
sure (Fig. 3f and Supplementary Fig. S4c and f).
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age sensing residues are in bold. ¢ Representative SUZ
concentration response curves in different Nay1.8_Nay1.2
chimeras. d SUZ binds directly to purified Na;1.8 VSD2
chimera protein (K= 65+ 10 nM) but not Na,1.2 VSD2
protein. Representative curves from one experiment are
shown in (c and d). Three independent experiments were
conducted with a minimum of three technical replicates in
cach experiment

Suzetrigine Inhibits Pain Signals in Sensory
Neurons Isolated from Human DRG

Using manual patch current clamp methods in
primary human pain-sensing neurons isolated
from the DRG of human donors, suzetrigine sig-
nificantly inhibited APs in 10/17 DRG neurons
recorded from three donor tissues at concentra-
tions>1 nM (Fig. 4). Maximal pain signal inhibi-
tion was observed at 10 nM, providing further
support for targeting this concentration in clini-
cal studies.

Suzetrigine Is Additive to, and Does Not
Interfere with, Local Anesthetics that Also
Inhibit Nay1.8

Anesthetics are nonselective Nay blockers that
are frequently used in clinical practice and
could in principle be administered together with
suzetrigine [68]. Suzetrigine in combination
with either of the local anesthetics, bupivacaine
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Fig.3 Suzetrigine (SUZ) inhibits Nay1.8 through sta-
bilization of the closed state resulting in tonic inhibition.
a Twenty-four membrane-spanning helices from four
homologous domains of the Nay1.8 protein are shown
as cylinders (top). Nay1.8 channels form around a central
ion-conducting pore domain, which can adopt closed,
open and inactivated conformations influenced by the
position of peripheral voltage sensors shown in black (bot-
tom). Adapted from [22]. SUZ binding to the closed state
is represented by a blue oval (b and ¢) Pre-pulse voltages
are applied to drive the Nay1.8 channel to different states
in the presence of SUZ. After a brief recovery pulse, inhi-
bition of Nay1.8 at different concentrations of SUZ is
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SUZ is constant from first to last pulse measurements, con-
sistent with a tonic mechanism of inhibition. Representa-
tive curves from one experimental replicate are shown in
(c and f). Three independent experiments were conducted
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ment
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Fig. 4 Suzetrigine (SUZ) inhibits pain signals in human
DRG neurons. a Representative single AP from a human
DRG neuron elicited by a 20 ms (from 10 to 30 ms),
1.1 x rheobase current injection before (black) and after
(blue) application of 10 nM SUZ. b Raster plot of evoked
action potentials fired in response to 100, 1 Hz current
injections at 1.1 x rheobase in the absence (baseline) and
presence of increasing concentrations of SUZ. ¢ Concen-

50

C
**%*p=0.0001
eu/reo =197 **%%p<0.0001
3 ]
HTTHTHHT] ssmoo & god
2 ]
56/100 < 6ol
‘ 12/100 g’ 1 *
'S 40 ¥ S
0/100 gzo' 2 E
£ 20
0/100 4 1
60 70 80 90 100 0 T T T T T 1
3 2 41 0 1 2 3

Log [SUZ], nM

tration—response relationship showing APs remaining fol-
lowing application of increasing concentrations of SUZ
in 10 cells that responded (greater than 5% reduction in
APs) out of 17 total cells recorded from 3 human donors.
** Denotes p=0.0001; *** denotes p <0.0001 (repeated-
measures one-way ANOVA with Dunnett’s multiple com-
parisons)

A\ Adis



666

Pain Ther (2025) 14:655-674

or ropivacaine, exhibited additive inhibition of
Nay 1.8 across a dose matrix of varying concen-
trations of each of the agents (neither syner-
gistic nor antagonistic) according to the Loewe
generalized additivity model. Nay1.8 IC;, meas-
urements of these agents in combination are
shown in Supplementary Fig. S5. As expected,
suzetrigine did not show additive pharmacol-
ogy with bupivacaine or ropivacaine on Nay1.2
(Supplementary Fig. S6), since suzetrigine does
not inhibit and is not expected to bind to other
Nays (Fig. 1c).

Nonclinical Animal Studies with Suzetrigine
Show No Evidence of Safety Liabilities or
Addictive Potential

A comprehensive safety assessment of suzetrig-
ine was conducted including in vitro and in vivo
studies in rats and monkeys at pharmacologi-
cally relevant exposures based on the measured
ICs0s for Nay 1.8 across species (Fig. 1d); these
studies are summarized in Table 1 and Supple-
mentary Table S1.

In a CNS safety study in monkeys, we did not
observe any neurobehavioral effects, includ-
ing stimulant or sedative effects. There was no
evidence of CNS effects associated with abuse
potential or dependence in the rat and monkey
repeat-dose toxicity studies at concentrations
that exceeded intended therapeutic exposures.
In a rat physical dependence study, abrupt
withdrawal of suzetrigine did not produce any
signs of dependence at pharmacologically rel-
evant exposures (up to 52-fold the human C,,,
at steady-state and >ICg, for Nay1.8 inhibition
[rat]), while the positive control article mor-
phine did have effects on body temperature,
body weight, and motor activity in the hours
and days following cessation of treatment
(Fig. 5).

Nay channels are also present throughout
the cardiovascular system, and nonselective
Nay blockers have cardiovascular side effects
[69]. Further demonstrating the specificity of
suzetrigine pharmacology, no effects were noted
in cardiovascular assessments (including evalu-
ation of effects on blood pressure and quantita-
tive and qualitative changes on the ECG) or in

respiratory assessments in telemetered monkeys
after a single dose of suzetrigine. In repeat-dose
monkey studies dosed for up to 9 months at
exposures greater than or equal to those at the
recommended human dose, no quantitative or
qualitative changes were observed on surface
ECGs.

Phase 3 Clinical Trials with Suzetrigine Show
No Evidence of Addictive Potential

Three phase 3 trials, comprising 2447 partici-
pants, were previously conducted to assess the
efficacy and safety of suzetrigine in moderate to
severe acute pain with up to 14 days of treat-
ment [49, 50]. A systematic analysis of AEs from
a list of nearly 200 screening preferred terms that
may be associated with abuse potential is sum-
marized in Supplementary Tables S2 and S3. We
found that the incidence of these abuse-related
AEs was low and similar between suzetrigine and
placebo in the two randomized trials. Dizziness
was the most common AE and was observed at
a numerically lower rate in participants who
received suzetrigine (n=33, 3.8%) than in par-
ticipants who received placebo (n=28, 6.4%)
and those who received hydrocodone/acetami-
nophen (n=47, 5.3%). All other AEs related to
these preferred terms were observed in<2 par-
ticipants in each treatment group and were also
similar between suzetrigine and placebo groups.
In the open-label phase 3 study, AEs from the
screening list of preferred terms were uncom-
mon, occurring in only four (1.6%) participants.
The most common AE was dizziness, which
occurred in three (1.2%) participants.

DISCUSSION

The evidence presented here indicates that
suzetrigine is a highly potent and selective
inhibitor of Nay1.8 with a novel mechanism of
action and no addictive potential. Specifically,
we demonstrate that (1) Nay1.8 is expressed in
the peripheral nervous system but not the brain;
(2) suzetrigine inhibits Nay1.8, but not other
voltage-gated sodium channels; (3) suzetrigine
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Fig.5 Suzetrigine (SUZ) administration to female rats
for 30 days followed by abrupt cessation did not produce
signs of withdrawal. a Mean body weight (+SD). Rat body
weight was measured on days 1, 15, and 30 during the
treatment (Tx) period and daily during the withdrawal
period. Body weight loss was observed in the morphine-
positive control group beginning immediately during the
withdrawal period but was not observed with SUZ. Signifi-
cance was based on Kruskal-Wallis with post hoc Dunn’s
significance testing. b Mean body temperature (+SD).
Morphine treatment was associated with hyperthermia

binds to a unique site on Nay 1.8 and has a novel
allosteric mechanism of action that is different
than nonspecific local anesthetics; (4) suzetrig-
ine does not bind to or inhibit known targets for
other CNS acting agents; (5) in vivo studies in
monkeys and rats showed no findings indicat-
ing CNS activity or addictive potential; and (6)
clinical trial data from over 2400 people did not
show evidence of abuse or addictive potential
[48-50]. Suzetrigine has demonstrated a statisti-
cally significant and clinically meaningful reduc-
tion in moderate to severe acute pain in human
clinical trials with a favorable tolerability profile
[48-50]. In addition, suzetrigine exhibited com-
parable efficacy to a commonly prescribed opi-
oid [48, 49]. These data indicate that suzetrigine
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during treatment, and hypothermia in the period following
withdrawal of treatment. SUZ did not display any effects
on body temperature during the withdrawal period. Sig-
nificance was evaluated with ANOVA using post hoc Dun-
nett’s test. ¢ Least squares mean motor activity (+SE). In
the 14 h following abrupt withdrawal of treatment, motor
activity of the animals was monitored. Both basic and fine
movements were decreased in the morphine-positive con-
trol group during the overnight hours (when rats are most
active), while motor activity in the SUZ group was compa-
rable to the vehicle control group

may be a promising non-opioid option to treat
moderate to severe pain. Therefore, we conclude
that a preclinical strategy focused on Nay1.8
subtype selectivity and inhibition of pain signal-
ing in human primary sensory neurons provides
a model for preclinical to clinical translation in
pain.

Nay1.8 is selectively expressed in human
peripheral pain-sensing neurons where its role
is to transmit pain signals in the peripheral sen-
sory nerve. The absence of Nay1.8 expression
in the CNS is fundamental evidence supporting
the lack of addictive potential associated with
highly selective Nay1.8 inhibition. While gene
expression data are available for Nay1.8 in vari-
ous human tissues, a formal analysis for selective
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expression based on established statistical
thresholds in the CNS has not been presented.
Our evaluation of published gene expression
data confirmed and extended that Nay1.8 is not
expressed in any of the>190 regions sampled in
the human brain or spinal cord. Based on vali-
dation of the role of Nay1.8 in peripheral pain
signaling by human genetics and clinical trials,
and because there is no expression of Nay1.8
detected in the CNS, a selective Nay 1.8 inhibi-
tor would be expected to reduce peripheral pain
signaling without addictive potential or affect-
ing other physiological functions.

Suzetrigine is highly selective for Nay1.8 over
other Nay subtypes because it binds to a spe-
cific site on VSD2 of Nay1.8. While Nays share
high homology with each other [44], especially
in the pore region where sodium ions perme-
ate the channel, the voltage-sensing domains
exhibit some sequence variation which have
evolved to support their specific roles in dif-
ferent tissues. The suzetrigine binding site on
Nay 1.8 depends on the extracellular loop of the
S3-S4 segment of VSD2 and is similar to the site
recently reported for a VX-150 ([4-[[2-(4-fluoro-
2-methyl-phenoxy)-4-(trifluoromethyl)benzoyl]
amino]-2-oxo-1-pyridyllmethyl dihydrogen
phosphate [45] analogue [70]. While our results
indicate that suzetrigine binding depends on
the KKGS sequence unique to Nay1.8 among
human Nay subtypes, it may not be the only
region of the protein important for confer-
ring Nay1.8-selectivity of suzetrigine. Indeed,
the species selectivity of suzetrigine cannot
be explained only by an interaction with the
KKGS sequence since this motif is conserved in
other species and Gilchrist et al. identified addi-
tional residues within the S3-54 region of VSD2
that are important for the species specificity of
a related Nay1.8 inhibitor [71]. We can specu-
late that the unique sequence of the Nay1.8
VSD2 site may have evolved to support the
distinct biophysics of Nay1.8 relative to other
Nays, including its high voltage threshold for
activation and its slow kinetics of inactivation,
which have been linked to its physiological role
[22]. The preference of suzetrigine for human
and nonhuman primates was considered when
conducting trials with suzetrigine in different
species.

By binding to the VSD2 site located away
from the pore and stabilizing the channel in a
closed state, suzetrigine is an allosteric channel
inhibitor not a channel blocker. Moreover, the
suzetrigine binding site is a novel drug binding
site that is distinct from nonselective Nay chan-
nel blockers or other analgesics which bind non-
selectively to a site within the pore region and
block permeation of sodium through the chan-
nel [23-25, 67]. The>31,000-fold selectivity that
suzetrigine exhibits for Nay 1.8 over other Nays
in vitro is a product of both the unique binding
site and the high specificity of suzetrigine for
this site. It has not been determined how bind-
ing of suzetrigine to VSD2 stabilizes the closed
state, but it is likely that drug binding to the
closed state of Nay1.8 impedes the movement
of VSD2, thereby preventing the channel from
opening following depolarization. Whether
other Nay 1.8 binding sites exist with the poten-
tial for highly selective inhibition also remains
to be determined.

Our results show that the binding of suzetrig-
ine to VSD2 of Nay1.8 stabilizes the channel in
the closed state which is consistent with recent
reports on the mechanism of action of suzetrig-
ine and other related Nay 1.8 inhibitors [70, 71].
Protocols designed to demonstrate this mech-
anism of action require strong and extended
depolarization of cells to observe relief of inhi-
bition, a phenomenon referred to as reverse
use-dependence [70]. While this mechanism of
action, in principle, could result in reduced effi-
cacy under repetitive firing conditions, the data
presented here show that suzetrigine maintains
inhibition under repetitive depolarizations that
mimic APs (pain signals) in pain-sensing neu-
rons. Therefore, suzetrigine can be considered
a tonic inhibitor of Nay1.8 because it does not
require the channel to open and maintains con-
sistent inhibition over a wide range of voltages
and AP frequencies that could occur across pain
states. In contrast, the potency of Nay blockers
currently in clinical use differs depending on AP
frequency [23-25].

Traditional rodent behavioral pain models
have had limited success in assessing potential
for clinical efficacy [19, 20]. To assess the poten-
tial for suzetrigine to demonstrate clinical pain
reduction, we evaluated the effect of suzetrigine

A\ Adis



Pain Ther (2025) 14:655-674

669

in primary sensory neuronal cultures isolated
from human DRG containing both pain-sens-
ing nociceptors and non-nociceptors [26-28].
Suzetrigine significantly inhibited pain signals
in the majority (~60%) of DRG neurons in a
dose-dependent manner. Near maximal pain sig-
nal inhibition was observed at high levels of tar-
get coverage (10 nM, corresponding to predicted
target coverage>I1C,,). Based on these data, we
aimed to achieve free plasma concentrations
equal to or greater than 10 nM in clinical trials.

In one phase 2 and two phase 3 randomized
controlled trials following bunionectomy and
abdominoplasty surgeries, suzetrigine demon-
strated a statistically significant and clinically
meaningful reduction in moderate to severe
pain compared to placebo at a 100 mg loading
dose followed by a 50 mg maintenance dose
every 12 h [48, 49]. This reduction in pain was
turther supported by a phase 3 single-arm safety
and effectiveness study with suzetrigine at the
same dose administered for up to 14 days in
participants with a range of surgical and non-
surgical, moderate to severe acute pain condi-
tions. In this study, most participants rated the
effectiveness of suzetrigine for treating pain on
a patient global assessment (PGA) as good, very
good, or excellent at the end of treatment [50].
The clinical results suggest that the preclinical
pain signaling assay in human DRG neurons
was generally predictive of clinical efficacy. It
will be of interest to determine the quantita-
tive relationship between the level of pain sig-
nal inhibition in vitro and clinical efficacy seen
with suzetrigine, including the potential con-
tribution of its active metabolite. This analysis
will be aided by clinical trials that demonstrate
saturation of effect in vivo, which has yet to be
established [48]. It also remains to be established
whether selective inhibition of additional Nays
would further increase the percentage of respon-
sive neurons and/or clinical efficacy.

Because pain is often treated using a multi-
modal approach that combines different anal-
gesic classes, it is of interest to assess potential
additivity or interference between analgesic
classes. As local anesthetics can block all Nays,
including Nay1.8, and might be administered
along with suzetrigine, we conducted in vitro
dose matrix studies of two local anesthetics

(bupivacaine and ropivacaine) and suzetrig-
ine to assess the effects of co-application on
Nay1.8. These studies indicated that the local
anesthetics and suzetrigine showed simple
additive pharmacology and are consistent with
the distinct mechanism of action described
above. The practical implication of this is that
continuous inhibition of Nay1.8 would be
expected if suzetrigine was present as the anes-
thetic block wears off. Although not studied
here, it is also expected that suzetrigine could
be administered with other nonselective Nay,
blockers, such as anticonvulsants (carbamaz-
epine) or antiarrhythmics (mexiletine), as well
as other analgesics, without interfering with
their mechanisms of action.

A key conclusion from this report is that
the high selectivity of suzetrigine for Nay1.8
and its mechanism of action translated to a
well-tolerated profile in vivo, with no evidence
of addictive potential. This conclusion is sup-
ported by three sets of data presented here.
First, in vitro profiling showed that suzetrig-
ine was selective against an extensive panel of
non-Nay, targets including 44 targets associated
with abuse potential, with a>600-fold margin
to estimated clinical concentrations. Second,
suzetrigine was well-tolerated in nonclini-
cal in vivo safety studies in rats and monkeys
and exhibited no cardiovascular or behavioral
effects, including stimulant or sedative effects
at exposure multiples greater than the esti-
mated human exposure. There was no evidence
of withdrawal in a rat physical dependence
study at pharmacologically relevant doses.
Importantly, two phase 2 and three phase 3
trials showed that suzetrigine was well-toler-
ated and effective in patients with moderate to
severe acute pain [48-50]. Lastly, in these phase
3 human clinical trials, suzetrigine showed no
evidence of abuse or addictive potential based
on an analysis of relevant AEs.

This assessment has several limitations as
noted throughout the discussion. Of note, the
in vitro data presented demonstrate that potent
and selective inhibition of Nay1.8 by suzetrig-
ine results in inhibition of pain signals in pri-
mary human DRG neurons and this translated
to clinical efficacy. More data will be needed to
fully characterize the quantitative relationship
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between the level of pain signal inhibition
in vitro and clinical efficacy. In addition, the
clinical safety assessments provided here are
derived from trials of acute pain with dosing up
to 14 days. Longer term clinical trials will further
inform the long-term safety profile of suzetrigine
and future compounds within this novel class.

CONCLUSIONS

The in vitro and in vivo data presented here
expand upon previously reported results for
suzetrigine by further characterizing its mech-
anism of action and summarizing nonclini-
cal and clinical data that support the transla-
tion of selective Nay 1.8 inhibition into clinical
efficacy and safety, including lack of addictive
potential. Suzetrigine represents a potential new
class of non-opioid analgesics that are selective
Nay 1.8 pain signal inhibitors. By acting in the
peripheral nervous system to safely treat pain
without addictive potential, selective pain sig-
nal inhibitors could alter the paradigm of pain
management.
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