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Abstract

Background: Neuropathic pain remains difficult to treat because current analgesics of-
ten provide insufficient efficacy or dose-limiting adverse effects. Nav1.7 is genetically
validated as a key regulator of human pain sensation, but the development of selective
small-molecule Nav1.7 inhibitors has been limited by the high similarity among voltage-
gated sodium channel subtypes. Methods: We generated monoclonal antibodies selectively
targeting Nav1.7, humanized them for therapeutic development, and evaluated their bind-
ing, selectivity, functional channel inhibition, systemic analgesic efficacy, and effects on
neuronal activity in a rat model of partial sciatic nerve ligation-induced neuropathic pain.
Results: The humanized antibodies showed high-affinity and selective binding to Nav1.7
and functionally inhibited the channel in cellular assays. After systemic administration
to neuropathic pain model rats, the lead antibody produced robust analgesia lasting at
least 96 h. Electrophysiological analyses demonstrated reduced mechanically evoked and
spontaneous neuronal activity, and immunohistochemistry showed decreased mechanical
stimulus-induced phosphorylation of extracellular signal-regulated kinase in dorsal root
ganglion neurons. The antibodies did not impair physiological nociception or motor func-
tion under the tested conditions. Conclusions: These findings provide preclinical proof of
concept that humanized anti-Nav1.7 antibodies can act as systemically administered, long-
acting biologic analgesics for neuropathic pain while preserving normal nociceptive and
motor functions. The clinical advancement of S-151128 further supports the translational
potential of this modality.

Keywords: Nav1.7; neuropathic pain; antibody; evoked pain; spontaneous pain

1. Introduction
Pain, as defined by the International Association for the Study of Pain, is an unpleasant

sensory and emotional experience associated with, or resembling that associated with,
actual or potential tissue damage [1]. Chronic pain is a major global health problem,
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affecting 10–55% of adults [2–4]. Among its subtypes, neuropathic pain—caused by lesions
or dysfunction in the peripheral or central nervous system—is particularly debilitating [5],
leading to greater impairment and reduced quality of life compared with other pain
conditions [6,7]. Patients often experience spontaneous pain, allodynia, and hyperalgesia,
accompanied by anxiety and depression [8]. Current treatments include antidepressants,
gabapentinoids, topical agents, and opioids [9], yet their efficacy is limited and accompanied
by safety concerns such as side effects and risk of addiction [10–12]. These limitations
highlight the need for more effective, mechanism-based therapies.

Nav1.7 is a voltage-gated sodium channel subtype that plays a crucial role in nerve
conduction and transmission. It is predominantly expressed in nociceptive sensory neurons,
which are responsible for detecting painful stimuli [13,14]. Mutations in Nav1.7 (encoded
by SCN9A) have been linked to various inherited pain syndromes, highlighting the rele-
vance of this channel to pain sensation in humans [15,16]. Gain-of-function mutations in
SCN9A can lead to primary erythromelalgia and paroxysmal extreme pain disorder; these
mutations result in lower thresholds for action potential firing, thereby causing heightened
pain sensitivity and abnormal pain responses [15,16]. Conversely, loss-of-function muta-
tions can lead to congenital insensitivity to pain, where individuals are unable to perceive
painful stimuli because of dysfunctional Nav1.7 channels [17,18]. On the basis of these
observations, the Nav1.7 channel is considered an attractive target for the treatment of
chronic pain, including neuropathic pain.

The development of selective small-molecule inhibitors has been challenging because
of the high structural similarity among the Nav subtypes [19,20]. It is difficult to achieve
high selectivity for Nav1.7 over other subtypes of voltage-gated sodium channels, leading
to off-target effects that can cause unwanted side effects [21–23]. For example, Nav1.5 is
expressed in cardiac muscle and loss-of-function mutations in SCN5A are associated with
several cardiac disorders, often resulting in life-threatening arrhythmias [24]. Furthermore,
Nav1.1 and Nav1.2 are predominantly expressed in the central nervous system, and muta-
tions of these genes are associated with neurological disorders such as seizures [25]. High
selectivity to the Nav1.7 subtype is therefore required for the development of safe drugs.
Additionally, small molecules often face issues with metabolic stability and pharmacokinet-
ics. Thus, ensuring that the inhibitors have a suitable pharmacokinetic profile for effective
dosing without rapid degradation or clearance is essential for drug development [26].
Some highly selective inhibitors, including peptide toxins targeting Nav1.7, have been
reported [27,28]. Nonetheless, many candidate compounds exhibit poor pharmacokinetic
properties, such as high plasma protein binding and rapid clearance, which hinder their
effectiveness in vivo [29–31].

Numerous small-molecule drugs targeting Nav1.7 for chronic pain have failed because
of side effects caused by insufficient subtype selectivity or limited pharmacokinetic profiles
after systemic administration [32]. We therefore took an alternative approach by producing
neutralizing antibodies against the Nav1.7 channel. As therapeutic agents, monoclonal
antibodies offer several potential advantages, including high binding affinity, high target
selectivity, low toxicity, and an extended half-life [25]. Despite these advantages, no ion
channel-targeting antibody has yet progressed to clinical use [33]. The objective of this
study was to establish preclinical proof of concept for humanized anti-Nav1.7 antibodies
as systemically administered, long-acting biologic analgesics for neuropathic pain. To this
end, we evaluated their Nav1.7-binding selectivity, functional channel inhibition, analgesic
efficacy after systemic administration, effects on nociceptive neuronal activity, and potential
impacts on physiological pain perception and motor function.
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2. Materials and Methods
2.1. Study Design

The aim of the present study was to analyze the pharmacological effects of the newly
developed anti-Nav1.7 antibodies, with the goal of conducting clinical trials in the future.
To achieve this, we first humanized the antibodies to make them suitable for human
administration. We hypothesized that the antibodies would have high selectivity to Nav1.7
and exhibit strong therapeutic effects, and conducted non-clinical in vitro/in vivo efficacy
evaluations. Additionally, we conducted evaluations of the long-term pharmacological
effects of administration because we expected the antibodies to demonstrate prolonged
efficacy. Furthermore, we confirmed the therapeutic effects of the antibodies from multiple
perspectives, including behavioral evaluations, the inhibition of neuronal activity using
electrophysiological methods, and the histological evaluation of neuronal activity markers.
Sprague Dawley rats and cultured DRG cells from rats were used. Sample sizes and
experimental designs were determined on the basis of previously published data from our
laboratories or similar experiments in the field. The exact numbers (n) used in each study
are indicated in the respective figure legends. Experiments were completed over multiple
time periods to ensure that replication was observed. All animals were randomly assigned
to the experimental and control groups (randomization software, EPS Corporation), and the
experimenters were blinded for the behavioral testing. Researchers who analyze the data.
All investigators were blinded to the group allocation, except for the researcher responsible
for data analysis.

2.2. Generation of Anti-Nav1.7 Antibodies

We selected a peptide corresponding to the domain III, E3 extracellular loop C-
terminus region of human Nav1.7 (UniProtKB/Swiss-Prot: Q15858) as an antigen. The
peptide (1424-QPKYEYSL-1431) was synthesized by introducing a Cys residue at the N-
terminus (manufactured by Toray Industries, Otsu, Japan), conjugated to keyhole limpet
hemocyanin (KLH) as an immunogen. Next, 4- to 6-week-old female A/J Jms Slc mice were
injected intraperitoneally with 0.1 mg of KLH-conjugated peptide (KLH-CQPKYEYSL)
emulsified in complete Freund’s adjuvant (Difco/Becton Dickinson, Franklin Lakes, NJ,
USA). Four additional injections of 0.1 mg of KLH-conjugated peptide emulsified in incom-
plete Freund’s adjuvant were administered at 3-week intervals. Eight days after the fifth
immunization, mice were injected with 0.1 mg of adjuvant-free antigen. Three days after the
final injection, splenocytes from the immunized mice were collected aseptically and fused
to murine myeloma cells using 50% (weight/volume) polyethylene glycol 4000. Human
Nav1.7 binding antibodies were then identified by performing ELISA using hybridoma
culture supernatants against the immunogenic peptide.

2.3. Competitive ELISA

First, 96-well MaxiSorp plates were coated with 10 µg/mL of anti-human IgG Fc
antibody in 50 mM Tris-HCl (pH = 7.5) by overnight incubation at room temperature. Next,
plates were washed with wash buffer (Nacalai Tesque, Kyoto, Japan) before being blocked
with blocking buffer containing 4% Block ACE and 10% sucrose for 2 h at room temperature.
After a washing step, 50 µL of antibodies, 50 µL of biotinylated peptide (0.7 ng/well, each
peptide sequence is shown in Table 1), 50 µL of competitor (non-labeled) peptide, and
streptavidin–horseradish peroxidase (45 ng/well) were added and incubated overnight at
4 ◦C. After another wash, the plates were incubated with 100 µL of the substrate solution
tetramethylbenzidine. After adequate enzymatic reaction, the reaction was stopped with
100 µL of 0.5 M sulfuric acid. Absorbance values were measured at 450 nm using a
SpectraMax Paradigm (Molecular Devices, San Jose, CA, USA). The IC50 value indicates
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the antigen concentration when the inhibition rate reaches 50%. All experiments were
performed in triplicate.

Table 1. Sequence of biotinylated peptides.

Subtype Biotinylated Peptides

Human Nav1.1 Cys(Biotinyl-PEG2-maleimide)-SRNVELQPKYEESL-NH2
Human Nav1.2 Cys(Biotinyl-PEG2-maleimide)-SRNVELQPKYEDNL-NH2
Human Nav1.3 Cys(Biotinyl-PEG2-maleimide)-SRDVKLQPVYEENL-NH2
Human Nav1.4 Cys(Biotinyl-PEG2-maleimide)-SREKEEQPQYEVNL-NH2
Human Nav1.5 Cys(Biotinyl-PEG2-maleimide)-SRGYEEQPQWEYNL-NH2
Human Nav1.6 Cys(Biotinyl-PEG2-maleimide)-SRKPDEQPKYEDNI-NH2
Human Nav1.7 Cys(Biotinyl-PEG2-maleimide)-SVNVDKQPKYEYSL-NH2
Human Nav1.8 Cys(Biotinyl-PEG2-maleimide)-SREVNMQPKWEDNV-NH2
Human Nav1.9 Cys(Biotinyl-PEG2-maleimide)-STEKEQQPEFESNS-NH2

Rat Nav1.1 Cys(Biotinyl-PEG2-maleimide)-SRNVELQPKYEESL-NH2
Rat Nav1.2 Cys(Biotinyl-PEG2-maleimide)-SRNVELQPKYEDNL-NH2
Rat Nav1.3 Cys(Biotinyl-PEG2-maleimide)-SRDVKLQPIYEENL-NH2
Rat Nav1.4 Cys(Biotinyl-PEG2-maleimide)-SREKEEQPHYEVNL-NH2
Rat Nav1.5 Cys(Biotinyl-PEG2-maleimide)-SRGYEEQPQWEDNL-NH2
Rat Nav1.6 Cys(Biotinyl-PEG2-maleimide)-SRKPDEQPDYEGNI-NH2
Rat Nav1.7 Cys(Biotinyl-PEG2-maleimide)-SVNVNEQPKYEYSL-NH2
Rat Nav1.8 Cys(Biotinyl-PEG2-maleimide)-SGEINSQPNWENNL-NH2
Rat Nav1.9 Cys(Biotinyl-PEG2-maleimide)-SREKDEQPDFEANL-NH2

2.4. Antibody Humanization

A humanized antibody with activity equivalent to the mouse antibody, selected
through hybridoma screening, was generated by complementarity-determining region
grafting and the introduction of multiple back-mutations.

2.5. Cells

HEK cells expressing human Nav1.7 sodium channels were obtained from Charles
River Laboratories (Wilmington, MA, USA). For rat Nav1.7-expressing cells, HEK cells
were transfected with the gene corresponding to the NCBI database accession number
NP_579823, and the sequence was confirmed prior to use. All recombinant DNA ex-
periments were conducted following approval by our institutional review committee.
Subsequently, a single clone was selected and maintained for all further experiments (im-
munocytochemistry and electrophysiology). The accession number for the human Nav1.7
gene is NM_002977.1.

2.6. Immunocytochemistry

HEK cells expressing human/rat Nav1.7 were fixed in 4% paraformaldehyde for
10 min before being blocked with 3% bovine serum albumin for 60 min at room temper-
ature. The cells were then incubated in our antibodies (100 µg/mL) overnight at 4 ◦C.
After washing with phosphate-buffered saline (PBS), secondary antibodies (mouse anti-
human IgG, 31137, Thermo Fisher Scientific, San Jose, CA, USA) were added at 10 µg/mL
and incubated overnight at 4 ◦C. After washing with PBS, tertiary antibodies (donkey
anti-mouse IgG Alexa 488, A21202, Thermo Fisher Scientific) were added at 2 µg/mL
and incubated for 60 min at room temperature. Coverslips were then mounted using
VECTASHIELD with 4′,6-diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA,
USA), and the immunostaining was visualized using a BZ-X710 microscope (KEYENCE,
Osaka, Japan). Immunofluorescence images were analyzed using ImageJ/Fiji software (Ver.
1.52i). DAPI-stained nuclei were used to determine the total number of cells in each image.
Cells showing a positive signal for Nav1.7 were counted as positive cells using the same
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thresholding criteria across each experiment. The percentage of Nav1.7-positive cells was
calculated as follows: target-positive cells/total DAPI-positive cells × 100.

2.7. Whole-Cell Voltage-Clamp Recording in HEK Cells

Whole-cell voltage-clamp recordings were performed at room temperature using
a Double Integrated Patch Amplifier (Sutter Instrument, Novato, CA, USA) controlled
with an Igor Pro (WaveMetrics, Lake Oswego, OR, USA). The external solution contained
145 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (HEPES), and 11 mM glucose, adjusted to pH 7.4 with NaOH.
Cells cultured on poly-L-lysine-coated glass coverslips were visually identified using an
inverted microscope. Patch electrodes had tip resistances of 2–5 MΩ when filled with the
internal solution (130 mM CsCl, 10 mM NaCl, 10 mM HEPES, 5 mM egtazic acid [EGTA],
4 mM MgATP, and 0.3 mM Li-GTP, adjusted to pH 7.25 with CsOH). The holding potential
was set to −80 mV. After the whole-cell configuration was established, series resistance
was compensated. Sodium currents were elicited using square test pulses. The voltage of
the test pulse in each cell was determined by the peak of current/voltage plots that were
obtained using a step voltage protocol with increments of 10 mV, from −80 to +40 mV. After
a stable baseline current was obtained, anti-Nav1.7 antibody or negative control antibody
solution (CP147, Bio X Cell, Inc., West Lebanon, NH, USA) was added for 10 min, and
the effects on sodium currents were evaluated. The percentage inhibition of anti-Nav1.7
antibody or negative control antibody on Nav1.7 sodium currents was then calculated.

2.8. Isolation of DRG Cells

Rats were decapitated under deep anesthesia with isoflurane, and a dorsal laminec-
tomy was performed in the lumbar region. Both L4 and L5 DRG were isolated, and
their connective tissues were removed in oxygenated, iced, low-sodium Ringer’s solution
(212.5 mM sucrose, 3 mM KCl, 1 mM NaH2PO4, 25 mM NaHCO3, 11 mM D-glucose, and
5 mM MgCl2). The isolated DRG cells were then incubated in low-sodium Ringer’s solution
containing 1–2 mg/mL collagenase for 1–2 h at 37 ◦C. Next, trituration was gently applied
to dissociate the DRG cells in culture medium (Dulbecco’s Modified Eagle Medium with
10% fetal bovine serum, 20 mM HEPES, 1% penicillin–streptomycin solution, and 4 mM L-
glutamine). After centrifugation at 1000 rpm for 5 min, the supernatant was removed, and
the pellet containing the DRG cells and surrounding tissue were resuspended in 10 mL of
culture medium. After removing the surrounding tissue using a cell strainer and a second
centrifugation at 1000 rpm for 5 min, the DRG cells were resuspended in 2 mL of culture
medium. Next, the DRG cells were placed onto poly-L-lysine-coated glass coverslips and
incubated for at least 2 h.

2.9. Membrane Potential Recording

Whole-cell patch-clamp recording was performed on visually identified DRG neurons
using a Patch Clamp Amplifier (HEKA, Lambrecht, Germany). The external solution for
the recording contained 145 mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM
HEPES, and 11 mM D-glucose, adjusted to pH 7.4 with NaOH. Patch electrodes had
tip resistances of 2–8 MΩ when filled with the internal solution (135 mM K gluconate,
5 mM KCl, 10 mM HEPES, 1.1 mM EGTA, 2 mM MgCl2, 3 mM MgATP, and 0.3 mM
Li-GTP, adjusted to pH 7.2 with KOH). In the whole-cell configuration, resting membrane
potentials or current-induced action potentials were measured in the current clamp mode
and digitized for computer analysis using Chart software (Ver. 7, ADInstruments, Colorado
Springs, CO, USA). Only neurons that had stable resting membrane potentials of at least
−40 mV and multiple current-induced action potentials that overshot 0 mV were used for
further analysis. Cells were treated with anti-Nav1.7 antibody or negative control antibody
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solution for 10 min, and the effects on the frequency of current-induced action potentials
(post-treatment action potentials) were evaluated. All recordings were performed at room
temperature. When resting membrane potentials during the recording period were unstable,
no further measurements were conducted and the experiment was excluded from the study.
The frequency of post-treatment action potentials at each stimulus was calculated.

2.10. Animals

Five-week-old male Sprague Dawley rats were obtained from CLEA Japan (Tokyo,
Japan). The animals were allowed free access to chow and tap water and were housed in a
temperature-controlled room maintained on a 12 h light/dark cycle. Rats were housed in
groups per cage (2–3 rats per cage). All experiments other than the in vivo extracellular
recordings were conducted in compliance with the Act on Welfare and Management of
Animals in Japan and the Guide for the Care and Use of Laboratory Animals, and in accor-
dance with the protocol approved by the Institutional Animal Care and Use Committee
of Shionogi & Co., Ltd., which is accredited by AAALAC International (accredited unit
number: 001500, Approval Code: S21002D-0000, S21014D-0011, and S12021B-0802 Ap-
proval Date: 6 January 2021, 19 November 2021, and 19 November 2021, respectively). The
in vivo extracellular recordings were conducted according to the Regulations for the Care
and Use of Laboratory Animals at the University of Toyama (Approval No. A2023PHA-13
and A2020PHA-12, Approval Date: 5 March 2020 and 23 December 2024, respectively), the
Fundamental Guidelines for Proper Conduct of Animal Experiments and Related Activities
in Academic Research Institutions in Japan, and the Ethical Guidelines of the International
Association for the Study of Pain.

2.11. PSNL Model

The establishment of the PSNL model was as previously described [34]. Briefly, rats
were anesthetized under 4% isoflurane, and the skin of the left thigh was shaved and incised.
After dissecting the muscle, the sciatic nerve was exposed, and the dorsal half of the nerve
was ligated with a tight 4–0 nylon thread suture. The contralateral right sciatic nerve was
exposed but not sutured as the sham side. As postoperative pain management has been
reported to influence the development of chronic pain, postoperative analgesic treatment
was not performed in this study. No remarkable adverse events were observed during
model establishment or after drug administration. Humane endpoints were predefined as
follows: after surgery, the general condition of the animals was monitored at least once per
week. Animals exhibiting rapid body weight loss of 20% or more, relative to the mean body
weight of the disease model group, or marked deterioration in general condition, including
prone posture, crouching, or lateral recumbency, were euthanized.

2.12. Behavioral Tests

The mechanical threshold was determined by the up–down method [35] using vFF
ranging from 0.07–26 g (North Coast Medical, Morgan Hill, CA, USA). Rats were placed
on a mesh floor covered with an inverted transparent plastic box. A vFF was applied to
the central region of the plantar surface of the hindpaw, and the withdrawal response was
observed. The weakest stimulation that caused a withdrawal response was taken as the
PWT. The percentage reversal of the PWT was calculated as follows:

% reversal = 100 ×
Log10(Post − dose PWT × 10000)− Log10(Pre − dose PWT × 10000)

Log10(Sham PWT × 10000)− Log10(Pre − dose PWT × 10000)

In the second week after nerve ligation, the mechanical threshold to the von Frey
filament was measured. Only rats that met the criteria described as follows were used.
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1. Mechanical threshold in the nerve-ligated side (left thigh): 0.6 to 1.4 g
2. Mechanical threshold in the sham-operated side (right thigh): 8 to 15 g

2.13. Assessment of Antibody Concentrations in Blood

The concentrations of antibodies in plasma/serum were measured using a Gyrolab
xP workstation (Gyros Protein Technologies AB, Uppsala, Sweden). Our antibody-specific
biotinylated capture peptide was added onto a Gyrolab Bioaffy 200 compact disc, which
contained affinity columns preloaded with streptavidin-coated beads. Captured human
IgG was then detected using an Alexa 647-anti-human IgG Fc diluted in Rexxip F buffer.
The resultant fluorescent signal was recorded using the Gyrolab xP workstation.

2.14. In Vivo Extracellular Recordings from the Spinal Dorsal Horn

In vivo extracellular recordings were performed as described previously [36]. Rats
were anesthetized with urethane (1.2–1.5 g/kg, intraperitoneal) to achieve a stable anes-
thetic level without the need for additional dosing. Thoracolumbar laminectomy was then
performed from L4 to L5. The rats were placed in a stereotaxic apparatus, and the dura
mater was removed. The arachnoid membrane was then cut to create a large window on the
spinal cord for the insertion of a tungsten microelectrode. The spinal cord was continuously
irrigated with Krebs solution equilibrated with 95% O2 and 5% CO2 (10–15 mL/min) con-
taining 117 mM NaCl, 3.6 mM KCl, 2.5 mM CaCl2, 1.2 mM MgCl2, 1.2 mM NaH2PO4, 11
mM glucose, and 25 mM NaHCO3 at 37 ◦C ± 1 ◦C. Extracellular single-unit recordings of
neurons in the superficial dorsal horn (laminae I and II) were conducted at a depth ranging
from 20–150 µm from the surface. Unit signals were amplified using an EX1 amplifier
(Dagan Corporation, Minneapolis, MN, USA). The recorded data were digitized using
a Digidata 1400A analog-to-digital converter (Molecular Devices), stored on a personal
computer using Clampex software (version 10.2; Molecular Devices), and analyzed using
Clampfit software (version 10.2; Molecular Devices). To determine the specific area on the
hindpaw at which a mechanical stimulus elicited a neural response, a vFF was used. A
series of vFF (1.4, 4.0, 8.0, 26.0, and 60.0 g, North Coast Medical) was applied to examine
the firing rates of neurons in the superficial spinal dorsal horn. Mechanical stimulation
was applied for 10 s at the point of maximum response within each receptive field on
the hindlimb. The percentage reversal was calculated by setting the mean value of the
vehicle-treated sham group as 100% and that of the vehicle-treated PSNL group as 0%.

2.15. Motor Function Assessment (Rotarod Test)

Sedation and motor function were tested using an accelerating rotating rod (Stoelting,
Inc., Wood Dale, IL, USA) as described previously [37,38]. Seven-week-old male Sprague
Dawley rats were trained to stay on the rotarod at a speed of 8 rpm. On the experimental
day, the rats were tested before drug administration (pre-dose) for 300 s on an accelerating
rotarod at a speed that gradually increased from 4 rpm to 44 rpm. The time at which the
rats fell off the rotarod was noted. The rats were then divided into four treatment groups:
intravenous vehicle, intravenous anti-Nav1.7 antibody, oral vehicle, and oral pregabalin.
The pregabalin (30 mg/kg) was used as a positive control as previously reported [37,38].
After drug administration (post-dose), the rats were again tested for 300 s on an accelerating
rotarod that gradually increased from 4 rpm to 44 rpm. Anti-Nav1.7 antibody or vehicle
was injected intravenously at a dose of 15 mg/kg (clone1) or 10 mg/kg (S-151128), and
the rotarod test was performed 5–8 h after administration. Pregabalin or vehicle was
administered orally at doses of 30 mg/kg, and the rotarod test was performed 3 h after
administration.
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2.16. Immunohistochemistry

PSNL model rats under anesthesia with isoflurane were perfused transcardially with
cold PBS and then formalin. Next, L4–L5 DRG were removed, post-fixed in formalin, and
cryoprotected with 30% sucrose at 4 ◦C. The DRG were then frozen in Tissue-Tek optimal
cutting temperature compound (Sakura Finetech, Tokyo, Japan) and sections (10 µm) were
cut using a cryostat (CM1850; Leica, Nussloch, Germany) and placed onto glass slides.
For immunohistochemistry, the sections were incubated with anti-pERK antibody (1:200,
#4370S, Cell Signaling Technologies, Danvers, MA, USA) diluted in blocking solution
(10% normal goat serum and 2% bovine serum albumin in PBS with Tween 20) overnight
at room temperature. After being washed with PBS, the sections were incubated with
anti-rabbit Alexa 488-conjugated fluorescent secondary antibody (1:500, Thermo Fisher
Scientific) for 1 h at room temperature. Sections were then mounted with VECTASHIELD
(Vector Laboratories) and coverslipped. Immunostaining was visualized using a BZ-X710
microscope (KEYENCE), and pERK-positive cells in the DRG were counted using ImageJ
software (Ver. 1.52i, National Institutes of Health, Bethesda, MD, USA). Data were obtained
for at least two sections per rat.

2.17. Statistical Analysis

All data are presented as the mean ± standard error of the mean (SEM). Significance
was determined using Student’s t-test for non-paired samples or the Mann–Whitney U
test. For multiple comparisons, analysis of variance (ANOVA) was performed, followed by
post hoc Dunnett’s test or Holm–Šidák test. GraphPad Prism (Ver. 6.07, GraphPad, Boston,
MA, USA) was used to perform statistical analyses. A value of p < 0.05 was considered
significant.

3. Results
3.1. High Binding Affinity to Nav1.7 and Subtype-Selectivity Evaluated by Competitive
Enzyme-Linked Immunosorbent Assay (ELISA)

The affinity and specificity of the produced novel antibodies (Clone1 and S-151128,
affinity-matured variant of clone1) were confirmed using competitive ELISA. The antibod-
ies displayed strong affinity for a Nav1.7 epitope peptide, with half-maximal inhibitory
concentration (IC50) values of 1.52 nM (Clone1) and 0.73 nM (S-151128) in human Nav1.7
(Figure 1A,B, and Table 2). In rat Nav1.7, the IC50 values were 2.98 nM (Clone1) and
1.51 nM (S-151128) (Figure 1C,D, and Table 2). Competitive ELISA using peptides corre-
sponding to other Nav channel subtypes revealed that the novel antibodies did not bind to
any other Nav subtype (Figure 1A–D and Table 2). Although the IC50 values for the other
Nav subtypes were unable to be determined (>1000 nM), Clone1 and S-151128 exhibited
selectivity for Nav1.7 of at least 650- and 1300-fold, respectively.

Table 2. Summary of IC50 values of clone1 and S-151128 in competitive ELISA.

Subtype Affinity (IC50, nM) Subtype Affinity (IC50, nM)

(Human) Clone1 S-151128 (Rat) Clone1 S-151128

hNav1.7 1.52 0.73 rNav1.7 2.98 1.51
hNav1.1 >1000 >1000 rNav1.1 >1000 >1000
hNav1.2 >1000 >1000 rNav1.2 >1000 >1000
hNav1.3 >1000 >1000 rNav1.3 >1000 >1000
hNav1.4 >1000 >1000 rNav1.4 >1000 >1000
hNav1.5 >1000 >1000 rNav1.5 >1000 >1000
hNav1.6 >1000 >1000 rNav1.6 >1000 >1000
hNav1.8 >1000 >1000 rNav1.8 >1000 >1000
hNav1.9 >1000 >1000 rNav1.9 >1000 >1000
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Figure 1. Binding affinities of clone1 and S-151128 for each Nav subtype in humans and rats.
Competitive ELISA was used to evaluate the binding affinities of clone1 and S-151128 for the peptides
of each Nav subtype. The inhibition ability of the antigens at varying concentrations against a
constant antibody concentration of 0.7 ng/well is depicted. The binding affinities of clone1 for human
(A) and rat (C) Nav subtypes are displayed. Similarly, the binding affinities of S-151128 for human
(B) and rat (D) Nav subtypes are shown. Data represent the mean ± SEM from three wells; mean
IC50 values were determined from three independent experiments.

3.2. Binding of Antibodies to Nav1.7 Expressed in Human Embryonic Kidney 293 (HEK) Cells

To confirm the binding of the antibodies to Nav1.7 on the cell membrane, immunocy-
tochemistry was performed using HEK cells stably expressing human or rat Nav1.7. The
antibodies were used as primary antibodies, and their binding to Nav1.7 was visualized
with a fluorescence-conjugated secondary antibody. As shown in Figure 2A,B, fluorescence
signals were detected in cells incubated with each primary antibody, whereas the negative
control condition, in which the primary antibody was omitted, showed minimal fluores-
cence. To quantitatively support these observations, antibody-positive cells were counted
in each image, and the results are shown in Figure 2C,D. These findings indicate that the
novel antibodies bind to Nav1.7 expressed on the cell membrane.

3.3. Functional Inhibition of Nav1.7 Expressed in HEK Cells and Rat Dorsal Root Ganglion
(DRG) Neurons

To evaluate the functional inhibition of our humanized antibodies on Nav1.7 channels,
patch-clamp recordings were conducted with a whole-cell voltage-clamp configuration
using HEK cells stably expressing human/rat Nav1.7 channels. The perfusion of each
antibody (100 µg/mL) for 10 min resulted in significantly lower peak sodium currents
compared with the negative control antibody (Figures 3A–F and S1–S3). The percent-
age inhibitions of sodium currents by clone1 and S-151128 were 21.4/22.2% (human/rat
Nav1.7) and 24.2/16.7% (human/rat Nav1.7), respectively. Although the inhibitory effect
on sodium currents was partial, previous reports have demonstrated that even the partial
inhibition of sodium currents significantly inhibits neuronal action potentials [39]. Given
that neuronal activity plays a critical role in transmitting pain signals from the periphery to
the central nervous system [40,41], we investigated the effects of our humanized antibodies
on neuronal action potentials in rat DRG neurons. Exposure to each antibody at 100 µg/mL
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significantly reduced neuronal action potentials (Figures 3G–J and S4), suggesting that
these antibodies may attenuate pain signals in vivo.

Figure 2. Immunofluorescent staining of HEK cells expressing Nav subtypes using the antibodies.
Representative immunofluorescence images of HEK cells stained with the novel antibodies as primary
antibodies (green) and a nuclear stain (blue) are shown. HEK cells stably expressing human Nav1.7
are shown in (A), and HEK cells stably expressing rat Nav1.7 are shown in (B). Negative control
images, obtained without the primary antibody, showed little specific staining. Quantitative analyses
of the immunofluorescence images are shown in (C,D), where Nav1.7-positive cells were counted
in each image. The experiments were independently repeated three times, all of which produced
similar results. The figure presents quantitative data from one representative experiment (cell counts:
C, Clone1: 124; S151128: 159; NC: 171; D, Clone1: 73; S-151128: 80; NC: 121). NC: Negative control.
Scale bar = 100 µm.

3.4. Antibodies Increase the Paw Withdrawal Threshold (PWT) in a Partial Sciatic Nerve Ligation
(PSNL) Model

We next investigated the efficacy of intravenous Nav1.7 antibody administration
as a potential therapeutic drug for pain relief. Previous studies have reported the
analgesic effects of anti-Nav1.7 antibodies when administered intrathecally or into the
DRG [42,43]. However, in terms of practicality and ease of clinical use, intravenous an-
tibody administration would be more convenient. We therefore aimed to evaluate the
efficacy of intravenous antibody administration. To assess the effects of our antibodies on
pain behavior in vivo, we used a rat model of PSNL and von Frey filaments (vFF). Systemic
antibody administration via an intravenous route at various doses (Clone1: 0.5, 1.5, 5, or 15
mg/kg; S-151128: 0.03, 0.1, 0.3, 1, 3, or 10 mg/kg) resulted in dose-dependent increases in
the PWT, indicating reduced pain sensitivity (Figure 4A,B). The 0.5 mg/kg dose of clone1
exhibited efficacy similar to that of pregabalin (10 mg/kg), with the peak efficacy observed
at 5 mg/kg. Similarly, the 0.1 mg/kg dose of S-151128 displayed an efficacy similar to that
of pregabalin, reaching its maximum efficacy at 3 mg/kg. Importantly, even 96 h after
administration, the efficacies of both antibodies remained superior to that of pregabalin.
Plasma/serum concentrations of the antibodies were measured at all timepoints, and the
doses were evaluated using behavioral testing. The effects of the antibodies on the PWT
were highly correlated with their plasma/serum concentrations (adjusted r2 = 0.880 in
clone1 and 0.939 in S-151128) (Figure 4C,D). We next evaluated whether the negative control
antibody affected nociceptive behavior in PSNL model rats. PSNL rats were treated with
vehicle, negative control antibody, or pregabalin at 10 mg/kg as a positive control, and paw
withdrawal threshold (PWT) was assessed. The negative control antibody did not change
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PWT compared with the vehicle-treated group. These results demonstrate that the negative
control antibody did not exert a detectable analgesic effect in PSNL model rats (Figure S5).

Figure 3. Functional inhibition of the antibodies with in vitro electrophysiology. Whole-cell patch-
clamp recordings were conducted on HEK cells expressing human Nav1.7 to assess the inhibitory
effects of the antibodies at concentrations of 100 µg/mL on the sodium current (A–F). Data are
presented as the mean ± SEM. Significance was determined using a Mann–Whitney U test; * p < 0.05,
** p < 0.01 compared with the control group; n = 10–12. The time courses of peak currents during
the experiments are shown in (B,E); the dotted lines indicate the start of antibody perfusion. To
evaluate the number of APs, membrane potential recording was performed on visually identified
rat DRG neurons (G,H). Data are presented as the mean AP ± SEM for each current injection.
Representative traces of APs induced by 140 pA current injection are shown in (I,J). Significance
was determined using two-way ANOVA followed by the Holm–Šidák test; * p < 0.05, ** p < 0.01,
*** p < 0.01 compared with the control group; n = 7–8. The negative control antibody was used as the
control in all experiments. AP: action potential.

3.5. Suppression of Neural Activity in In Vivo Extracellular Recordings

To further assess the pharmacological effects of our antibodies, we conducted elec-
trophysiological studies. Extracellular recordings of action potentials from spinal dorsal
horn neurons were performed 2 weeks after PSNL induction to examine both mechanically
evoked and spontaneous excitatory input from peripheral afferents to the spinal cord
(Figure 5A). The electrode was implanted at a depth of 20–150 µm from the surface; this
depth did not differ between the sham and PSNL groups (Figure 5B). The spontaneous
firing rate (without stimulation) was significantly higher in the PSNL model (Figure 5C,D).
Similarly, the PSNL model exhibited significantly higher neural activity in response to
mechanical stimulation by vFF compared with the sham group (Figure 5E,F). These results
are consistent with previous reports of neuropathic pain models [44,45]. We then evaluated
the inhibitory effects of clone1 on neural activity in the PSNL model. Both vFF-induced and
spontaneous neural activity were evaluated 5–8 h after the intravenous injection of clone1
at doses at which the antibody showed maximal efficacy in the behavioral test (0.5, 5, or 15
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mg/kg,). The electrode depth did not differ between the vehicle and clone1-treated groups
(Figure 6A). Clone1 led to significant dose-dependent decreases in both spontaneous and
vFF-evoked firing (Figure 6B–E). The increased PWT and the inhibition rate of neural firing
at each dose of clone1 are summarized in Figure 6F. Both the behavioral and electrophysio-
logical evaluations demonstrated consistent efficacy, thus supporting the effectiveness of
this antibody.

Figure 4. Effects of the antibodies on the PWT in PSNL model rats. The analgesic effects of clone1 (A)
and S-151128 (B) were evaluated over time. The PWT was measured before treatment and at 5, 24, 48,
72, and 96 h after the single administration of each antibody. Data are presented as the mean ± SEM,
with a sample size of 10 in clone1 study and 10 in the S-151128 study, and a total of 116 rats were used.
Significance was determined using a two-way ANOVA followed by Dunnett’s post hoc test; * p < 0.05,
** p < 0.01, and *** p < 0.001 compared with the vehicle-treated group at the respective timepoints after
treatment. The relationship between the efficacy and plasma/serum concentration of each antibody
is shown (C,D). Each closed circle represents the efficacy and plasma/serum concentration at all
doses and timepoints for testing pain behavior.

3.6. Inhibition of Phosphorylation of Extracellular Signal-Regulated Kinase (ERK) in Rat
DRG Neurons

The phosphorylation of ERK in DRG neurons is reportedly augmented in neuropathic
pain models [46,47]. Furthermore, ERK in DRG neurons undergoes phosphorylation
in response to painful stimuli, and this phosphorylation is considered to reflect pain
signals [48]. In the present study, we therefore aimed to confirm the inhibitory effect of
clone1 on pain signals by immunohistochemically assessing phosphorylated (p)ERK in the
DRG after vFF stimulation in the PSNL model. vFF (60 g) prompted ERK phosphorylation
in DRG neurons, with notably higher levels observed in the PSNL model than in sham rats.
Importantly, clone1 administration significantly reduced the number of pERK-positive cells
(Figure 7A,B).
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Figure 5. Increased activity of superficial dorsal horn neurons in PSNL model rats. The experimental
setup is presented in (A). Figure 5A was created with BioRender.com. Ando, A. (2026) https://
BioRender.com/7jo1tsf. Rats were fixed with stereotaxic instruments under urethane anesthesia, and
an electrode was inserted into the superficial dorsal horn. Mechanical stimuli were administered
to the identified RF with vFF. The depth of electrode placement from the surface of the spinal cord
is shown in (B). Data were collected from five neurons each from six rats. A t-test indicated no
significant difference between the groups. The spontaneous discharge rates in both the sham and
PSNL rats are illustrated in (C). Significance was determined using a t-test; *** p < 0.001 compared
with the sham group (n = 30 from six rats). The analysis of vFF-evoked AP frequency is shown in (E).
vFF at 1.4, 4, 8, 26, and 60 g were used for the analysis, with a sample size of 30 (from six rats in each
group, a total of 12 rats). Significance was determined using the Holm–Šidák test; * p < 0.05, and
*** p < 0.001 compared with the sham group. Representative traces of APs recorded from sham and
PSNL rats with/without vFF are shown in (D,F). All data are presented as the mean ± SEM. AP:
action potential, ns: not significant, RF: receptive field, sAP: spontaneous action potential.

3.7. Effects of the Antibody on Physiological Pain and Motor Function

Given that loss-of-function mutations in Nav1.7 result in congenital insensitivity to
pain [17,18], we explored the effects of the antibody on pain behaviors and signals under
physiological conditions. To evaluate the effects of the antibody on physiological pain
behavior, the PWT of sham-side hindlimbs was assessed 5 h after the administration of each
antibody. In contrast to their effects in hindlimbs on the nerve-ligated side, the antibodies
had no effects on the PWT in hindlimbs on the sham side (Figure 8A,B). We next assessed
neuronal activity in sham rats following clone1 administration. Notably, clone1 had no
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effects on spontaneous neuronal action potentials or vFF-evoked neuronal activity in sham
rats (Figure 8C,D).

Figure 6. Effects of clone1 on the activity of dorsal horn neurons. The depth of electrode placement
from the surface of the spinal cord is shown in (A). Data were collected from five neurons each from
three rats. Data are presented as the mean ± SEM. Dunnett’s test indicated no significant difference
between the groups. Two weeks after the PSNL operation, the PSNL rats received intravenous
injections of clone1 (0.5, 5, or 15 mg/kg) or vehicle. Neuronal activity was recorded 5–8 h after clone1
injection. Data showing spontaneous activity (B,C) and evoked firing (D,E) are presented as the
mean ± SEM, n = 15 (from three rats in each group, total 18 rats). Statistical analysis was performed
using the Holm–Šidák test; * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with the vehicle group.
Representative traces of APs are shown in (C,E). All pharmacological data from the behavioral testing
and electrophysiological experiments are summarized in (F). EP: electrophysiological test, ns: not
significant, sAP: spontaneous action potential.

Figure 7. Effects of clone1 on vFF-evoked ERK phosphorylation in DRG neurons. Representative
images of the rat DRG stained with anti-pERK antibody (green) are shown in (A). Scale bar = 100 µm.
Arrowhead indicates pERK-positive cells. The number of pERK-positive cells was counted in the
sham, vehicle-treated PSNL, and clone1-treated PSNL model rats (B). Data are presented as the mean
± SEM (sham: n = 15, vehicle: n = 16, clone1: n = 23, n = slice, 2–4 slices per rat). Statistical analysis
was performed using one-way ANOVA with Dunnett’s test; * p < 0.05 and ** p < 0.01 compared with
the vehicle group.
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Figure 8. Effects of the antibodies on physiological pain signals and motor function. Rats received
intravenous injections of clone1, S-151128, or vehicle for the assessment of physiological functions.
The PWT of the sham side was evaluated 5 h after the administration of clone1 (0.5, 1.5, 5, or 15
mg/kg), S-151128 (0.03, 0.1, 0.3, 1, 3, or 10 mg/kg), or vehicle. n = 5 for clone1 (total 30 rats) and
n = 8 for S-151128 (total 56 rats) (A,B). Dunnett’s test indicated no significant difference between
the treatment and vehicle groups. Neuronal activity was recorded 5–8 h after clone1 injection (C,D).
n = 15 (from three rats). The t-test and Holm–Šidák test indicated that there were no significant
differences between the groups in terms of spontaneous firing and evoked firing, respectively. Normal
rats received intravenous injections of clone1 (15 mg/kg) or vehicle for the rotarod test (E,F). Falling
latency was measured 5 h after clone1 injection. PGN was used as a positive control, and MC was
used as the control for PGN (n = 8–9 in the clone1 study, total 42 rats; n = 9 in the S-151128 study
in each group, total 36 rats). No significant difference was observed between clone1 and vehicle
(intravenous). All data are presented as the mean ± SEM. Statistical analysis using the t-test revealed
a significant reduction by PGN compared with oral MC; *** p < 0.001. PGN: pregabalin, MC: 0.5%
methyl cellulose.

Commonly used analgesics, such as opioids and pregabalin, have side effects such
as sedation and dizziness, which can impair motor function. These adverse effects often
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restrict their use in specific clinical situations [49,50]. To evaluate the effects of anti-Nav1.7
antibody on motor function, we conducted the rotarod test after intravenous antibody
administration. As previously reported [51,52], the positive control (pregabalin, 30 mg/kg)
significantly reduced the time spent on the rotarod, indicating impaired motor function. By
contrast, antibody administration had no effect on the time spent on the rod, suggesting
that our antibodies do not impair motor function (Figure 8E,F).

4. Discussion
We have developed novel humanized monoclonal antibodies against the Nav1.7

sodium channel. These antibodies were able to specifically bind Nav1.7 and inhibit its
function in vitro. Notably, the antibodies demonstrated significant and long-lasting anal-
gesic effects in a rat model of neuropathic pain but had no effects on physiological pain
and caused no motor function impairment. The analgesic effects were evaluated not only
by behavioral assessments but also by electrophysiological and immunohistochemical
evaluations.

In the current study, we demonstrated the efficacy of our antibodies via systemic
intravenous administration in a rat neuropathic pain model. Although previous reports
have demonstrated the analgesic effects of antibodies against Nav1.7, they have only evalu-
ated the efficacy of intrathecal administration or local administration into the DRG rather
than systemic administration [42,43,51]. In clinical practice, the local administration of
anesthetics (e.g., lidocaine) is performed for nerve block or spinal block therapy; however,
this method has various disadvantages. For example, it has a short duration of efficacy, is
time-consuming, causes temporary motor weakness and numbness, and there is a risk of
infection at the injection site [52–54]. Hence, there is a pressing need for more convenient
analgesic therapies. In the present study, we provided evidence for the potent efficacy
of Nav1.7 antibodies even when administered systemically. Notably, this analgesic effect
persisted for up to 96 h, surpassing the efficacy of pregabalin (used as a control drug).
To the best of our knowledge, no previous reports have documented such sustained and
pronounced efficacy through the systemic administration of Nav1.7 antibodies. The re-
ported half-life of humanized antibodies in rodents ranges from several to approximately
10 days [55–57], suggesting that prolonged exposure may have contributed to the observed
long-term efficacy. Furthermore, given that the half-life of humanized antibodies is gen-
erally longer in humans than in rodents (primarily because of disparities in the binding
affinity of the neonatal Fc receptor between species [58]), it is reasonable to expect even
greater long-term efficacy in humans.

Our novel antibodies inhibited vFF-induced paw withdrawal and neuronal firing
as well as spontaneous neuronal firing. Increased responses to vFF-induced innocuous
stimuli in terms of both behavior and neuronal firing are believed to reflect mechanical
allodynia [59,60]. It has also been reported that neuronal firing in C fibers is associated with
spontaneous pain [61,62]. In the current study, we evaluated neural activity in a superficial
region of the spinal cord (20–150 µm from the spinal cord surface, lamina II), which is an
area of C fiber input [63], suggesting that our findings reflect C fiber activity. As shown
in Figure 6, the inhibitory effects were similar for all doses in each evaluation, indicating
that our antibody can suppress both mechanical allodynia and spontaneous pain at the
same dose. Allodynia and spontaneous pain are considered to be the main symptoms of
neuropathic pain [8]. These findings therefore suggest that our antibodies may effectively
inhibit both spontaneous pain and allodynia in patients with neuropathic pain.

Our antibodies demonstrated partial inhibition in the in vitro evaluation of sodium
currents (shown in Figure 3). The antibodies bind to the E3 loop in domain III of the
Nav1.7 structure. It has been reported that many ion channel antibodies target this E3
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region and can significantly, but not completely, inhibit currents [64–66]. Although the
exact mechanism underlying this effect remains unclear, various possibilities have been
proposed, including partial occlusion of the ion channel pore, allosteric modulation via the
E3 region, and channel internalization [64]. Sodium channel blockers such as flufenamic
acid can partially inhibit voltage-gated sodium currents in hippocampal neurons; however,
this partial inhibition reduces neuronal firing, indicating that the partial inhibition of
sodium currents can effectively suppress neural excitability [39]. In the present study,
even with the antibody-induced partial inhibition of sodium currents, neuronal firing in
the rat DRG was significantly suppressed (Figure 3). This observed inhibitory effect was
similar to that observed in neurons derived from induced pluripotent stem cells obtained
from patients with congenital insensitivity to pain, as well as in neurons with Nav1.7
knockout [14]. Additionally, our antibody demonstrated adequate efficacy in in vivo
behavioral and electrophysiological evaluations (Figures 4 and 6). Together, these results
suggest that even with the partial inhibition of sodium currents, our antibody exhibits
marked functional effects.

Antibodies typically have limited penetration into peripheral nerve tissue, primarily
because of biological barriers such as the blood–nerve barrier (BNB) [67,68]. In sham rats,
our antibody did not exhibit any effects on neuronal firing and motor function (Figure 8).
However, BNB disruption in neuropathic pain models may lead to the enhanced tissue
penetration—and therefore therapeutic effects—of antibodies [69]. In rodent models of
neuropathic pain, such as PSNL and chronic constriction injury, there is clear evidence that
the BNB becomes impaired [70–72]. Similarly, in a diabetic neuropathy model, both the
BNB and blood–brain barrier are reportedly disrupted [73–75]. The BNB is also impaired in
patients with diabetic neuropathy, allowing for the increased penetration of immunoglob-
ulin G (IgG) into nerve tissue [76]. Collectively, these findings suggest that systemically
administered antibodies may be able to reach nerve tissue and exert therapeutic effects in
patients with neuropathic pain, such as diabetic neuropathy.

Our study has some limitations. For example, the tissue concentrations of the antibod-
ies were not measured. Although we attempted to quantify the antibody concentration
in the sciatic nerve, the levels were unable to be accurately assessed. Consequently, it
remains unknown whether the antibody directly interacts with the sciatic nerve and con-
tributes to the observed effectiveness. Furthermore, efficacy data were only presented
for the PSNL model in the present study. Although previous reports suggest that Nav1.7
inhibition demonstrates efficacy against neuropathic pain, further investigations using our
antibodies are warranted to validate this assumption. In addition, our electrophysiological
experiments evaluated the effects of the antibodies approximately 5 h post-administration,
with peak analgesic effects at this timepoint. However, the extension of neural activity
suppression beyond this timeframe remains uncertain. Finally, the absence of a comparison
between pre- and post-treatment conditions introduces uncertainty regarding the inhibition
of recorded neurons by the antibody. Nevertheless, a clear distinction between the vehicle
and treatment group was evident, suggesting efficacy.

Monoclonal antibodies are a rapidly growing field for analgesia. Tumor necrosis factor
alpha antibodies, also known as tumor necrosis factor inhibitors, are used as standard
care for various autoimmune diseases and can provide pain relief in certain conditions,
particularly those involving chronic inflammation [77]. Calcitonin gene-related peptide
antibodies are also increasingly recognized for their role in pain relief, particularly in the
context of migraines and cluster headaches [78]. Although Nav1.7 is a promising drug
target, there are currently no therapeutic antibodies against this ion channel. Our work
demonstrates the feasibility of therapeutic antibody development for the treatment of ion
channel-related diseases. Our antibodies selectively bound to Nav1.7 and inhibited Nav1.7
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channel function in vitro; they also had long-term in vivo analgesic effects in an animal
neuropathic pain model without affecting physiological pain or motor function. Further-
more, these antibodies were humanized from mouse antibodies. Antibody humanization is
a critical process in the development of therapeutic antibodies. This process offers several
important advantages that are primarily aimed at enhancing the safety and efficacy of
these treatments [79,80]. Thus, these humanized monoclonal antibodies may confer many
therapeutic advantages, including selectivity, duration, and safety. These antibodies have
the potential to be used for the development of new therapeutics against pain, and one
such antibody, S-151128, is currently in clinical trial.

5. Patents
E.K., D.N., T.T., and M.Y. are inventors on patent WO2023/074888, which covers

antibodies in this paper.
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negative control antibody.
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