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Antibodies as ion channel modulators 
and drugs

With current discussions about the changing dominance 
of small molecules vs biologics as clinical therapeutics, it 
seems a good time to provide an overview of the history 
and current status of antibody ligands as ion channel 
modulators.  This review highlights academic and industry 
efforts to develop polyclonal and monoclonal antibodies, 
single domain nanobodies, and antibody-toxin chimeras 
as tool compounds and preclinical leads for immunology, 
cardiac, neuroscience and oncology applications. It 
includes case studies on Kv, KCa, K2P, Kir, Nav1.x, Cav, TRPx, P2X, 
ASIC and Orai channel antibodies with functional activity 
revealed by manual and automated patch clamp (APC) 
electrophysiology. Over 25 years of ion channel antibody 
work has been reviewed in the last decade,1-7 but this blog 
article updates the area with more recent publications and 
commercial insights. 

Historical ion channel polyclonal antibodies

Some may be surprised by the diversity and efficacy of 
early attempts to create ion channel antibodies, where 
academic and industry groups generated polyclonal 
antibodies able to functionally inhibit various Nav, Cav, Kv 
and TRPx channels (review1). Several groups discovered 
polyclonal antibodies that could partially inhibit Kv channels 
by targeting epitopes in voltage sensor domain (VSD) 
S1-S4 helices, including rapid and potent nM blockers of 
Kv1.2 and Kv3.1 channels with moderate selectivity,8 and 
a Kv1.3 blocker that showed both acute and more potent 
and complete chronic inhibition (30-300 nM) with excellent 
selectivity over closely related Kv1.x isoforms, KCa3.1, and 
cardiac hERG, Kv7.1, Cav1.2 and Nav1.5 channels.9 Similar 
VSD epitope targeting has produced state-dependent 

inhibitors of Nav and Cav channels. Israeli researchers 
generated rabbit polyclonal antibodies against domain 
I VSD S4 helix of vertebrate Nav channels that bound well 
when cells and brain synaptosomes were depolarized,10 
and modulated Nav current fast inactivation in DRG sensory 
neurons and reduced sciatic nerve action potential 
amplitude. Similarly, immunization with a peptide to the 
DIV S6 helix loop of Cav1.2 a1D channels, associated with 
dihydropyridine (DHP) binding and Cav1.2 channel gating, 
yielded a polyclonal antibody with state-dependent binding 
to cardiac and neuronal Cav1.x channel isoforms which 
partially (49% effect) inhibited Cav currents in depolarized 
sensory neurons.11

Surprisingly, early attempts to produce ion channel 
antibodies by immunizing animals with native tissue 
expressing Nav and Cav channel proteins also produced 
state-dependent mAbs. For example, rabbit skeletal muscle 
T-tubule protein extracts elicited a mAb that potently (IC50 
60 nM), rapidly and irreversibly inhibited a1S-mediated 
Cav1.2 currents by retarding activation biophysics.12 
However, this block was incomplete and while it was 
selective over T-type Cav3.x and outward Kv currents, mAb 
1A produced similar gating effects on TTX-R Nav currents. 
Similarly, Israeli researchers generated a series of mAbs 
against Torpedo electric eel electroplax tissue that inhibited 
both muscle and neuronal cell Nav currents (IC50 of 133 
nM) and blocked rat optic and sciatic nerve conduction.13 
Each mAb produced a complex mix of state-dependent 
(hyperpolarizing shift of activation and inactivation, altered 
current kinetics) and state-independent effects (reduction 
in peak conductance with no change in biophysics) 
reminiscent of scorpion toxins,14 suggesting that these early 
Nav channel mAbs bind to different VSD helices and control 
Nav channel gating in a similar way to subtype- selective 
small molecules targeting Nav1.7 and other Nav1.x channels 
discovered in later drug discovery programs. 

A more common approach for ion channel antibody 
design used sequence comparisons and hydropathy plot 
analysis which identified the extracellular loop between the 
S5 helix and pore region (S5-S6; E3 loop or E3 turret) as the 
best epitope for immunization and generation of inhibitory 
antibodies. While this method can generate more ligands 
with subtype selectivity through binding to accessible and 
diverse epitopes, these antibodies lack the state-dependent 
mechanisms described above for voltage-dependent ion 
channel antibodies, although state-dependent mAbs have 
been identified for P2X and GlyR ligand-gated ion channels 
(see below). Several E3-targeting polyclonal antibodies 
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have been found that functionally inhibit high-voltage 
activated Cav1.x, Cav2.1 and Cav2.2 channels. Stanford15 
and Dartmouth researchers16 in the US generated polyclonal 
antibodies against Cav2.1 E3 turret epitopes to mimic 
Lambert-Eaton myasthenic syndrome and paraneoplastic 
cerebellar ataxia where human cancers trigger auto-
antibodies against Cav2.1. Their antibodies could rapidly 
and selectively inhibit Cav2.1 (and Cav2.2) currents in 
heterologous cells, cancer cell lines and cerebellar neurons, 
inhibited cerebellar synaptic transmission by decreasing 
presynaptic release probability, and produced a cerebellar 
ataxia phenotype in vivo. Potency was moderate (20-
250 mg/ml) and inhibition was partial (20-40%), and the 
antibodies occluded ω-GVIA but not ω-Aga IVA toxin 
binding which suggests binding to the pore rather than 
VSDs. 

David Beech’s lab in the UK gained more notice several 
years later for their use of E3-targeting to develop functional 
polyclonal ion channel antibodies against several TRPx 
receptors (and Nav1.5 channels). Their antibodies specifically 
labeled and functionally inhibited TRPC1 and TRPC5 
currents and store-operated Ca2+ entry (SOCE) in smooth 
muscle and heterologous cells,17-18 and a TRPM3 antibody 
rapidly but incompletely inhibited Ca2+ entry with selectivity 
over TRPC5, TRPV4, TRPM2 isoforms and endogenous P2X-
mediated responses.19 This paper made an impact in the ion 
channel drug discovery field as acute functional inhibition 
of TRPM3 ionic currents was demonstrated on the Patchliner, 
validating the use of APC platforms for ion channel antibody 
screening. Amgen were one of the first companies to 
publish on ion channel antibodies shortly after, generating 
polyclonal and monoclonal ligands against the E3 pore loop 
of TRPV1 receptors.20 Intriguingly, the polyclonal but none 
of the 26 mAbs showed functional inhibition of Ca2+ influx in 
heterologous cells; also, the anti-rat antibody Ab-156H was 
more effective at inhibiting proton-activated (full block, IC50 

of 30 - 300 nM) than capsaicin, heat, or endogenous ligand 
TRPV1 responses. This was significant, as small molecule 
drug discovery efforts at this time suggested that modality-
specific TRPV1 antagonism may avoid the thermal side-
effects seen with broad spectrum inhibitors in preclinical 
models and human patients. 

These early polyclonal antibodies provided key validation 
data that potency and state-dependence could be 
achieved, but they suffered from moderate selectivity and 
partial inhibition and their variability and production costs 
precluded further therapeutic development. Later work 
focused on other antibody formats with increased potency, 
efficacy and selectivity which have been progressing 
preclinically with several ultimately reaching the clinic. 

More recent monoclonal, single domain and antibody-toxin 
chimeras

Work in academia and industry over the last 10 years 
has shifted to more specific and consistent monoclonal 

antibodies (mAbs) and smaller single domain nanobodies, 
and chimeric scaffolds where ion channel toxins are fused 
to full length IgG receptors or incorporated into long CDR-3 
loops of Fc light chains to enable access to smaller cryptic 
binding sites on ion channels in addition to the E3 turret 
region. Catherine Hutchings has been tracking the progress 
and diversity of antibody R&D and drug discovery programs 
targeting ion channel and GPCR membrane proteins 
during this period, and Figure 1 shows a summary of the 
ion channel targets as of 2020.4,6 The vast majority of the 
ion channel antibody programs are still at the discovery or 
preclinical stage, albeit with a 3 fold increase in programs 
from 2016 to 2020, with the Biosceptre P2X7 mAb for cancer 
and a Daiichi Sankyo Orai-1 mAb for atopic dermatitis the 
only clinical candidates.

Monoclonal antibodies dominated ion channel drug 
discovery efforts during 2010-2020, utilizing traditional 
immunization or phage display library panning methods 
with isolated peptide epitopes, whole proteins, purified 
membranes or intact cells. It is common to find 1-50 mAb 
‘binders’ but few are functional inhibitors of ion channel, so 
single B-cell sorting and immunization of other species such 
as cows and chickens with longer CDR3 loops have 

been used to identify rare and novel antibody ion channel 
modulators. More recently nanobodies and other single 
domain VHH ion channel antibodies have been found by 
immunizing camelids or sharks or panning epitopes against 
phage display libraries, and these smaller scaffolds benefit 
from improved solubility, stability and tissue penetration 
and reduced immunogenicity compared to mAbs, whilst 
maintaining good potency and selectivity for specific ion 
channels. They may also be easier and cheaper to produce, 
purify and engineer for therapeutic use,21 and nanobodies 

Figure 1 Ion channel antibody targets of academic and commercial 
R&D programs. Adapted from data in 6 and used with permission 

and under Creative Commons open access license 4.0 (http://

creativecommons.org/licenses/by/4.0/ ).



can be linked in a modular fashion to improve potency 
and create complex multivalent modulatory effects. Finally, 
several companies have taken a alternative approach 
by combining traditional Ig or long CDR3 loop antibodies 
or single domain Fc scaffolds with ion channel peptide 
toxins to create hybrid chimeras with a long plasma half-
life and tunable ion channel potency and selectivity. These 
smaller single domain nanobody formats and antibody-
toxin chimeras, especially those incorporating long CDR3 
loops, are thought to get privileged access to cryptic 
binding sites not available to classical antibodies or small 
molecules – and this is especially important to obtaining 
potent, selective and functional ion channel antibody 
modulators. Each of these antibody formats have their own 
strengths and weaknesses as potential therapeutics, and 
their structural and biological properties are compared in 
Table 1.

Antibodies for immunology, auto-immune 
disease and neuroinflammation

Many early mAb programs in the 2010s targeted ion 
channels expressed on immune cells in an effort to develop 
immunosuppressant and anti-inflammatory agents that were 
more balanced in terms of potency, selectivity and safety 
than existing peptides and small molecules. 

In 2013 Novo Nordisk and Amgen both published on mAbs 
generated against Orai-1, the pore subunit of the store-
operated Ca2+ entry (SOCE) ICRAC channel complex that 
regulates mast and T-cell activation and is implicated in 

auto-immune diseases, graft-host rejection and allergies. 
Both groups found that epitopes from the 2nd extracellular 
loop of Orai-1 generated selective mAbs that could inhibit 
T-cell function in vitro and in vivo, but the Novo Nordisk 
mouse mAb 10F8 did not appear to directly inhibit ICRAC 
currents but rather triggered protein internalization after 
prolonged cell incubation to reduce rheumatoid arthritis 
T-cell Ca2+ signaling, cytokine release and proliferation.22 In 
contrast, the fully human Amgen mAbs (from immunization 
of humanized mouse with cells expressing hOrai-1) 
functionally inhibited recombinant ICrac currents recorded on 
APC as well as store-operated Ca2+ influx, NFAT transcription 
and cytokine release.23 Binding affinity for hOrai-1 was high 
(20 - 100 pM) and this translated into potent in vitro activity 
in the 1 - 10 nM range and 50-70% efficacy, although 
acute and rapid inhibition of ICRAC currents required ~50 nM 
of 2C1.1 mAb. Daiichi Sankyo revealed their Orai-1 IgG1 
antibody program a decade later, with the humanized mAb 
DS-2741a inhibiting ICRAC-mediated effector T-cell activation 
and mast cell degranulation in vitro and in vivo without 
affecting regulatory T-cells, with the species-specificity of 
the mAb requiring use of human Orai1 knock-in mice.24 
Preclinically DS-2741a reduced dust mite antigen-induced 
dermatitis and graft-versus-host disease in mice models,25 
and Ph I and Ib clinical trials were initiated in 2020 in Japan 
to assess safety and efficacy after sub-cutaneous injection 
in healthy and atopic dermatitis patients,6 but these were 
terminated in 2021.26

A popular immunological disease target for antibody 
scaffolds is Kv1.3, which is up-regulated on T-EM cells and 
implicated in various auto-immune diseases (reviews3,4,7). 
Tetragenetics have taken a broad approach in developing 

“As biologics gain prominence in therapeutics, now is the time 
to examine the progress of antibody ligands as ion channel 
modulators, including polyclonal and monoclonal antibodies, 
nanobodies, and antibody-toxin chimeras, and their applications 
in immunology, cardiology, neuroscience, and oncology”
 
Marc Rogers, Founder and Director, Albion Drug Discovery Services Ltd

Format Size Binding 
affinity

Functional 
potency

Plasma 
half-life Immunogenicity Multi-functional

  Monoclonal Antibody Large pM - nM 1 - 10 nM Days High* Bi-specific

  Nanobody Small nM 10 - 500 nM Hours Low Modular

  Ab-toxin chimera Large nM - µM 0.5 - 3 µM Day Moderate Bi-specific

  Ab-toxin fusions Large pM - nM 0.3 - 300 nM Day Moderate Bi-specific

 
Table 1 Summary of key structural and biological properties of different antibody formats. * Immunogenicity is reduced in mAbs 
from humanised mice and human phage display libraries.



both traditional mAbs as well as single domain nanobodies 
against various ion channels, utilizing a novel ciliate 
Tetrahymena expression system to produce large quantities 
of intact folded protein suitable for immunization and 
library panning. They published on their Kv1.3 program in 
2018 (in collaboration with Crystal Biosciences and argenx), 
identifying 69 Kv1.3-binding monoclonal and scFv antibodies 
from proteoliposome-immunized chickens and llamas of 
which 10 functionally and rapidly inhibited Kv1.3 currents 
by 40-80% (400 nM).27 The best chicken and sole llama 
antibody were relatively potent blockers (IC50 6 and 110 nM) 
with  good selectivity over Kv1.x gene family members and 
cardiac hERG and Nav1.5 channels, but there is little public 
information on subsequent preclinical development.

Academic and industry groups have modified Kv1.3-
targeting antibodies by incorporating toxins into full length 
or Ig fragments. Most companies added Kv1.3 toxins into 
the long CDR3 domain of human and cow mAbs to enable 
warhead access to smaller binding sites than traditional 
mAbs and create chimeric scaffolds with better plasma 
exposure and stability than native toxins. Scripps researchers 
fused moka1 and Vm24 Kv1.3-selective scorpion toxins into 
the CDR3 loop of humanized cow antibody VL chains to 
produce effective inhibitors of Kv1.3 channel activity and 
T-cell proliferation and cytokine release that were  more 
potent than the native toxins, with one scaffold combination 
showing pM inhibition.28 The preclinical profile was good 
with efficacy in an auto-immune disease model in vivo and 
better plasma stability and a long t½ of hours compared 
to minutes for native toxins. These chimeric Kv1.3 channel 
ligands also exhibited significant commercial promise as 
they could be produced efficiently with good yield in HEK 
cells and exhibited low immunogenicity, and the project 
was spun-out into Sevion in 2015 (mAb SVN-00129); the 
company is now part of Eloxx Pharmaceuticals but the 
program is no longer listed in their company pipeline. 
Janssen researchers adopted a different strategy by 
linking scorpion toxins OSK1 and OdK1 to IgG Fc fragments 
which inhibited Kv1.3 currents (IC50 0.3 – 15 nM) and T-cell 
cytokine release (1 - 30 nM), albeit with lower potency than 
the native toxins.30 A synthetic toxin peptide KV261 was 
designed and fused to the same Fc fragment to improve 
potency and Kv1.3 selectivity (0.1 nM, 1000 fold), but work 
was halted as Fc-toxin chimeras induced pro-inflammatory 
cytokine release and a smaller toxin-peptide version was 
inactive in vivo. Thus, it seems that incorporating ion channel 
toxins more seamlessly into the long CDR3 loops of mAbs is 
the best approach, and has been adopted by several other 
companies.

More recently Minotaur Therapeutics have been developing 
a mAb chimera (MNT-002) with the canonical Kv1.3 sea 
anemone ShK toxin incorporated into the long CDR3 
loop of an IgG antibody, and also engineered a smaller 
monovalent ShK toxin-Fab antibody chimera that binds 
to the outer vestibule of Kv1.3 channels and reveals open 
conformation gating in cryo-EM studies.31 The small Fab-ShK 

chimera inhibits Kv1.3 currents with an IC50 around 300 pM, 
similar to the native toxin and without the loss of potency 
seen with larger IgG Fc-toxin scaffolds. It would be remiss 
not to mention the pioneering work of John McCafferty 
at Iontas on ion channel toxin antibody chimeras in this 
section, whose ‘knotbody’ drug discovery platform was 
spun-out to Maxion Therapeutics in 2020. They revealed 
proof-of-concept data with knotbodies including toxins 
against Nav1.7 and ASIC1 channels, and are using APC to 
progress a Kv1.3 program where various toxins have been 
linked to mAb CDR3 loops, and phage display and antibody 
maturation are used to discover more diverse scaffolds 
and bring potency back closer to the original nM affinity of 
native toxins.32 

Also of note was an early demonstration by Ablynx that 
nanobodies could produce complex inhibition of Kv1.3 
channels, including striking APC data that nanobodies with 
different mechanisms of action could be combined in a 
modular fashion to increase potency and complexity of 
modulation.21 Immunization of camelids generated single 
domain VHH scaffolds that rapidly inhibited Kv1.3 currents 
with a mixture of gating-dependent effects (e.g. enhanced 
inactivation) and reduced ex vivo T-cell function, with 
pM-nM potency equivalent to ShK toxin and improved 
>1000 fold selectivity over other Kv1.x gene family and hERG 
channels, attributed to binding to the 1st extracellular loop 
of Kv1.3 channels. Combining a monovalent nanobody 
into a bivalent format increased efficacy and potency 
as well as effect duration through decreased washout, 
while combining two or three nanobodies with different 
gating effects produced diverse allosteric modulatory 
effects, illustrating the unique multivalent potential of small 
nanobodies. The nanobodies were moderately active in an 
in vivo model of auto-immune disease with similar potency 
to ShK after sub-cutaneous administration, and their half-
life could be extended by conjugation to an anti-albumin 
nanobody.

Minotaur Therapeutics also produced one of the patented 
Ablynx/Sanofi Kv1.3 nanobodies (A0194009G09) and showed 
that it accelerated channel inactivation and reduced 
current density (1 nM – 1 µM; Figure 2), and visualized 
binding to the E3 turret in cryo-EM studies which enhanced 
the dilation of the outer selectivity filter to disrupt activation 
and promote entry into an inactivated conformation.31 
While electrophysiology data failed to clearly show 
tetravalent modulation, they did reveal that more than 
1 nanobody could bind and functionally modulate each 
Kv1.3 channel, and that high occupancy accelerated and 
stabilized the effect on C-type inactivation, nicely illustrating 
the potential for modularity and polyvalency in nanobody 
modulation of multimeric ion channels.

KCa3.1 are expressed and regulated alongside Kv1.3 channels 
during the proliferation and activation of various immune 
T-cells, macrophages and microglia.33 Heike Wulff and her 
collaborators are interested in KCa3.1 for immunomodulatory 



purposes3 and worked with Tetragenetics to find inhibitory 
KCa3.1 mAbs using the Tetrahymena ciliate expression system 
to express KCa3.1 protein which was attached to magnetic 
beads to pan human mAb phage display libraries.34 From 34 
specific binders they found 2 mAbs that could functionally 
inhibit heterologous KCa3.1 currents, with the best exhibiting 
an IC50 of 1.8 nM and selective over related KCa1.1 and 
KCa2.2 and cardiac hERG and Nav1.5 channels. The mAb 
does not cross-react with rodent KCa3.1 protein, which will 
make preclinical work challenging but not insurmountable. 
Tetragenetics previously announced a collaboration with 
Dutch company ModiQuest Research in 2017 to access their 
phage library of human patient-derived mAbs specifically 
to find KCa3.1 modulators for tissue fibrosis and inflammation, 
but the outcome is unclear. 

A number of academics and biotech & pharma companies 
have developed antibodies against P2X7 receptors, as 
these are validated targets for auto-immune disease, 
neuroinflammation and neurodegeneration (as the large 
pore P2X7 receptors can allow ATP and other agents 
to cross the cell membrane and activate downstream 
pathways leading to NLRP3 inflammasome activation35). 
Glaxo were the first to publish on a P2X7 mAb, which they 
developed due to the lack of specific small molecule 
blockers at the time by immunizing mice with myeloma cells 
expressing hP2X7. Their mAb exhibited species and subtype-
specificity (over human P2X1, P2X3 and P2X4 receptors) 

and “unexpectedly” was found to functionally inhibit P2X7 
currents (70% effect, IC50 of 5 nM) and monocyte cytokine 
release.36 Over 2 decades later Australian academics 
confirmed that the Glaxo mAb (obtained from hybridoma 
clone L4) could inhibit YO-PRO dye uptake by human but 
not mouse P2X7 receptors in vitro (~85% inhibition, IC50 0.2 
mg/mL) and reduced clinical signs of graft-host reduction in 
humanized mice.37 A Japanese group working on intestinal 
inflammation serendipitously produced a functional rat 
anti-mouse P2X7 mAb (1F11) by immunizing animals with ex 
vivo colon macrophages, finding a single IgG2 clone that 
bound to the ATP-binding domain of P2X7 but not P2X1 or 
P2X4 receptors, and functionally inhibited P2X7 dye uptake 
and macrophage activation in vitro and reduced intestinal 
inflammation in a model of colitis.38 

Integral Molecular list a P2X7 program for auto-immune 
disease in their pipeline,39 and a case study on their website 
illustrates how they immunized chickens with DNA liposomes 
expressing native protein to generate a diverse panel of 
198 mAbs from 31 antibody families with exquisite selectivity 
for P2X7 channels.40  Significantly, a selection of 6 specific 
and 1 rare mAb with pM binding affinity could functionally 
modulate P2X7 Ca2+ flux in heterologous cells and native 
PBMCs with similar potency, including several antagonistic 
and one agonistic scaffold (Figure 3). This panel of mAbs 
were progressed preclinically for auto-immune disease as 
well as cancer (see section 4 below), but await partnering 
to move into the clinic.

Several other P2X7 nanobodies have been revealed which 
can exhibit inhibitory or agonistic effects. Ablynx worked 
on P2X7 alongside their Kv1.3 program,21,41 and published a 
detailed paper on their preclinical mouse and human P2X7 
nanobodies with German and French academics.42 Llamas 
were immunized with a cocktail of cDNA vectors or HEK 
cells expressing mouse or human P2X7, and single chain VHH 
DNA from lymphocyte clones was incorporated into phage 
display libraries for panning against native and heterologous 
P2X7-expressing cells, with the whole process designed 
to maximize nanobody binding to native and correctly 
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Figure 2 KV1.3 nanobody inhibits current by increasing inactivation, 
with multiple nanobodies bound to each tetrameric KV1.3 cryo-EM 
structure A Illustration of camelid antibody and nanobody. B KV1.3 

current traces from depolarizing pulses in control solutions (black) 

and 100 nM nanobody (NB) A0194009G09 (orange). C G-V relations in 

control (black squares) and various concentrations of nanobody (1 nM, 

10 nM, 100 nM or 1 µM), normalized to maximum control tail current. D 

Views of the KV1.3 model show four nanobodies (orange) in complex, 

with a cutaway revealing two nanobodies each bound to a pore 

domain and a voltage-sensing domain (VSD). Adapted from data in 
31 and used under Creative Commons open access license 4.0 (http://

creativecommons.org/licenses/by/4.0/ ). 

Figure 3 Monoclonal P2X7 antibodies with inhibitory and agonistic 
effect developed by Integral Molecular. Adapted from data in 40 

and used under Creative Commons open access license 4.0 (http://

creativecommons.org/licenses/by/4.0/ ).



folded P2X7 receptors. This yielded 31 distinct nanobody 
families, of which 18 specifically bound to mouse P2X7 with 
9 functionally modulating channel activity; 6 inhibited ATP-
activated currents or Ca2+ influx and immune cell function in 
vitro, ex vivo and in vivo (exemplified by 13A7, IC50 of 0.2 - 12 
nM), and 3 potentiated mP2X7 responses (14D5, EC50 of 0.2 - 
6 nM). Similarly, 2 of the 3 human P2X7 nanobodies inhibited 
channel activity with greater efficacy (full block) and 
potency (0.2 – 0.5 nM, 10-50x) compared to Glaxo’s human 
L4 mAb, and one was a potentiator. All of the nanobodies 
are selective for P2X7 over closely related P2X1 and P2X4 
isoforms and do not affect P2X7-independent inflammasome 
activation, and the mP2X7 potentiator 14D5 acted like a 
positive allosteric modulator as it increased ATP sensitivity 
but was inactive when applied alone, and exacerbated 
P2X7 receptor-dependent immune cell responses in vivo. 
Exploiting the modularity of nanobodies (and trimeric 
subunit of P2X receptors), the authors constructed homo-
dimers and heavy chain IgG Fc scaffolds with 2-100 fold 
increased potency and efficacy, and extended plasma 
half-life versions fused to an anti-albumin nanobody; 
systemic administration of a dimer-albumin construct 
reduced inflammation in two mouse models of human 
auto-immune disease. Similarly, the best anti-human P2X7 
nanobody blocked endotoxin-evoked cytokine release from 
human monocytes with sub-nM potency superior to clinical 
small molecule P2X7 inhibitors. Later work by a PhD student 
in the Hamburg lab sequence-optimized these mP2X7 
nanobodies to improve solubility, and albumin-bound dimers 
could achieve high target occupancy and long exposures 
in the periphery and CNS after i.v or i.c.v administration.43     

Finally, the Australian company AdAlta is worth a mention 
as they have a novel ‘i-body’ platform that fuses the 
asymmetric loops of shark single domain antibodies onto 
human proteins to produce humanized nanobodies for 
phage display screening, including a discovery stage TRPV4 
ligand being developed for fibrosis.6,44 

Cardiac and muscle Kv and Nav ion channel 
antibodies

Peripheral ion channels are obvious choices for antibody 
modulators as they can be accessed through local or 
systemic delivery of purified biological ligands or gene 
expression vectors, and this section will include examples 
targeting cardiac Kv7.1, Nav1.5 and Kir3/4 channels.

Let’s start with a biotech story from BioMarin that I was not 
aware of until Q2 this year, and which seems to have had a 
brief and stealthy existence. The company publicly revealed 
the anti-Kv7.1 monoclonal antibody program in Q3 2023,45 
and axed it within 9 months for unknown reasons despite 
plans to start clinical trials in 2025.46 BMN 355 was designed 
to treat cardiac LQT2 and LQT3 patients with mutations 
in hERG and Nav1.5 channels by increasing the activity 
of repolarizing Kv7.1 currents, thereby promoting action 
potential repolarization and compensating for the long QTc 
duration and arrhythmia risk in rare disease patients. There 
are some Kv7.1 small molecule activators, but repurposing 
of Retigabine and other non-selective Kv7.x openers is not 
attractive given their peripheral and CNS side-effects. Data 

Figure 4 BioMarin KV7.1 activating mAb BMN 355 shows preclinical efficacy to correct LQT cardiac channelopathies. A/B schematic of disease 

mechanism, where KV7.1 enhancement could compensate for LQT mutations in hERG or NaV1.5 channels. C Subcutaneous application of BMN 

355 dose-dependently shortens rabbit cardiac QTc duration. Images taken from public online document.45 Figure used under Creative Commons 

Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/ ).
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in a corporate website presentation show the mAb could 
‘correct’ LQT in an in vitro human iPSC cardiomyocyte 
model, and a single sub-cutaneous delivery of 1-5 mpk of 
BMN 355 shortened QTc duration in a rabbit model of LQT 
for > 30 days (Figure 4). IND-enabling studies had completed 
and GMP optimization had begun, but it is unclear why 
the program was dropped; BMN 355 was axed along with 
several other programs during an asset review by new 
management, a result not uncommon in the drug discovery 
business and not limited to ion channels or mAbs.

At least two polyclonal antibodies that functionally inhibit 
cardiac Nav1.5 channels have been described over the 
years. The Beech lab in the UK published preliminary data 
on a rabbit polyclonal Nav1.5 antibody generated against 
the DI E3 turret S5-S6 pore loop, which produced slow and 
similarly incomplete 60% block of Nav1.5 currents in HEK cells, 
with no effect on hNav1.4 channels.18 Details on another 
polyclonal antibody against the neonatal splice variant of 
Nav1.5 can be found in Section 4 below.

We conclude with a recent example of a cardiac chimeric 
antibody-toxin ‘peptibody’ where a human IgG1 Fc 
fragment is linked to tertiapin-Q, a synthetic analogue of 
a bee venom peptide that selectively blocks cardiac IKACh 
channels (encoded by KCNJ3/GIRK1/Kir3.1 and KCNJ5/
GIRK4/Kir3.4 genes).47 These potassium channels are an 
emerging drug discovery target for atrial fibrillation, and the 
designer protein was found to be 300 fold more potent than 
the toxin alone, completely inhibiting carbachol-activated 
IKACh currents in heterologous HEK cells (IC50 of 25 pM) and 
native mouse atrial, but not ventricular, cardiomyocytes. The 
peptibody was also active in vivo after i.v. administration 
in mice, reducing acute carbachol-induced bradycardia 
for up to 48 hours after a single injection, and reducing 
chronic age-related inducibility of atrial fibrillation. This result 
demonstrates some of the proposed benefits of antibody 
scaffolds in producing potent ion channel engagement 
with improved in vivo exposure (plasma t½ of 13 hours) 
and stability compared to isolated peptides or toxins. Also, 
the Fc-toxin peptibody could be efficiently expressed and 
secreted from HEK cells, easing commercial scale-up and 
reducing the costs of production.

Neuronal ion channel antibodies

Another obvious application of antibodies is targeting 
peripheral neuronal ion channels, with most programs 
focusing on pain therapeutics.

Nav1.7 and Nav1.8 channels

We have to start with Nav1.7 as it is a popular analgesia 
target based on human genetics and mouse knockout 
models, but it did not begin well as a high profile publication 
from researchers at Duke University who used a DII S3-

S4 VSD epitope to create a functional Nav1.7 antibody 
SVmab1 with in vivo efficacy was later retracted due to 
reproducibility and data integrity issues.48 During this period 
a number of biotech and pharma companies had tried 
and failed to replicate the Duke findings, and their lack 
of success triggered a paper in F1000 from Amgen and 
reviewed by researchers at Genentech and Janssen R&D 
outlining their concerns.49 Amgen and Regeneron also filed 
patents on knockout and humanized Nav1.7 mice that 
were used to develop Nav1.7 monoclonal antibodies.50,51 
A number of other specialist antibody companies using 
various immunization and library panning techniques and 
have listed Nav1.7 as a target in their pipelines and press 
releases and patents over the last decade (e.g. Abilita 
Therapeutics,52 AbCellera, ArGEN-X,53 Integral Molecular, 
Kymab,54 MedImmune (AZ),55 Novassay, Numab, Oblique 
Therapeutics, Tetragenetics,56 Visterra/Otsuka,57 X-Body 
Biosciences, Yumab) but their progress towards the clinic has 
been slow. While some of the 1st wave delivered functional 
mAb inhibitors of Nav1.7 channels, they may have struggled 
when compared to the potency and claimed selectivity 
of many small molecule Nav1.7 programs that held great 
promise at the time. This situation has switched more 
recently as many small molecule Nav1.7 projects stalled due 
to side-effects and poor efficacy, putting wind back into the 
sails of a 2nd wave of Nav1.7 antibody projects. 

Shionogi represent an interesting case study in this regard, 
having worked on small molecule Nav1.7 inhibitors in 
the 2010s,58 but the company switched to monoclonal 
antibodies to achieve superior potency and selectivity 
and published some details in 2018 and 2024 conference 
presentations.59,60 Using a similar approach to Duke, 
immunizing mice with a Nav1.7 channel protein epitope 
and purifying mAbs from B-cell hybridomas yielded several 
mAbs with high affinity binding to Nav1.7 channels on cell 
membranes and rat DRG tissue. Selected mAbs could 
functionally inhibit Nav1.7 channels in these cells, and most 
significant was evidence of in vivo analgesia efficacy after 
intra-plantar and intravenous injection in a mouse model 
of neuropathic pain, with an expected PK-PD relationship 
and enhanced and prolonged analgesia after repeated 
administration. It looks like later work was directed at 
humanizing these Nav1.7 mAbs, which now exhibit 1 nM 
binding affinity for Nav1.7 protein and 1000 fold selectivity 
over Nav1.x isoforms, and functionally inhibit Nav1.7 currents 
in HEK cells and reduce action potential firing in rodent 
DRG neurons. At least one of these humanized Nav1.7 mAbs 
can elicit analgesia in vivo and inhibit neuronal firing in the 
dorsal horn spinal cord, all without unwanted side-effects 
on locomotor activity (although the current focus is now 
on cardiovascular side-effects of Nav1.7 modulators, so this 
data will be crucial in progressing an Nav1.7 mAb).

Similar to approaches outlined above for Kv1.3, researchers 
have taken advantage of the rich repertoire of Nav1.7-
targeting animal toxins and tried to improve their efficacy 
and in vivo stability by fusing them into antibody scaffolds. 



Amgen invested considerable resources into this approach, 
first publishing on work to conjugate previously optimized 
tarantula venom GpTx-1 toxin peptide analogues onto an 
IgG Fc single domain antibody fragment. Potency and 
efficacy were optimized through use of selected cysteine 
anchor points and linkers to the toxin peptide, resulting in 
candidates with functional inhibition of Nav1.7 currents (IC50 
250 nM), a much-extended plasma half-life of 80 hours, 
and a bonus effect that the antibody-toxin scaffold was 
differentially biodistributed to nerve fibers in wild-type but 
not Nav1.7 knockout mice.61 However, they later revealed 
that this initial toxin-antibody chimera was inactive in in 
vivo pain models, so a follow-up study used the more 
potent Nav1.7 tarantula toxin JzTx-V to develop improved 
analogues, and together with further optimization of linkers 
and Fc antibody attachment sites produced a chimera with 
100-fold greater Nav1.7 channel inhibition than the GpTx-1 
analogues.62 However, this came at the cost of reduced 
PK and target cell labeling, as well as liver accumulation. 
Finally, a reduction in the net charge of the JzTx-V-antibody 
chimera yielded a candidate with similar in vitro Nav1.7 
current block but 18 fold improvement in plasma exposure, 
and significantly it exhibited moderate efficacy in an in vivo 
target engagement PD model, but the authors concluded 
it was still sub-optimal (especially compared to preclinical 
small molecule Nav1.7 blockers), so it looks like this program 
was parked.

Many companies working on Nav1.7 antibodies have also 
listed Nav1.8 as a target, and several have developed 
potent mAb binders that may also functionally inhibit Nav1.8 
currents. There is little public data on these programs, but 
the Nav1.8 mAb TTG-108 from Tetragenetics (now part 
of AbCellera) is listed on several drug discovery analysis 
websites as having undergone preclinical pain studies in 
2020.63,64 Nav1.8 is a good example of the strengths and 
weaknesses of ion channel antibody approaches: it has 
significant sequence diversity compared to other human 
Nav1.x isoforms and so has the potential to elicit selective 
ligands, but this channel protein is also hard to express 
at sufficient levels for many antibody screening platforms 
which may have slowed progress and the number of active 
players. Also, recent progress by Vertex and others to 
develop and clinically test selective Nav1.8 small molecule 
inhibitors for acute and chronic pain may either reignite 
or stifle interest in Nav1.8 as a target for monoclonal and 
nanobody drug discovery, depending on competitor and 
market analysis and pipeline considerations.

It is commonly thought that ligand-gated ion channels 
may be more amenable for antibody drug discovery 
as these proteins have larger and more complex and 
diverse extracellular domains to which mAbs can bind and 
functionally interact. In terms of analgesia targets, TRPV1 
and TRPA1 are the obvious choices and several programs 
for these targets were publicly revealed in the last decade, 
alongside mAbs against neuronal P2X3 and ASIC channels, 
while mAbs against Glycine and NMDA receptors have 

been developed to treat CNS diseases. 

TRP channels

Oblique Therapeutics list an active TRPV1 monoclonal 
antibody program on their website, discovered using their 
protease microfluidics platform to identify novel binding 
epitopes.65 TRPV1 was a popular analgesia target a 
decade ago but most preclinical and clinical candidates 
induced adverse changes in thermosensation and body 
temperature that precluded further development. An 
interesting hypothesis was developed that ligands that 
spared certain modalities of TRPV1 channel activation (e.g. 
pH vs temperature or capsaicin) may avoid such side-
effects, and Oblique have discovered a mAb that exhibits 
stimuli-selective antagonism and is claimed to block TRPV1 
activation in vitro and in a non-human primate preclinical in 
vivo pain model without thermal side-effects. 

Oblique also listed a TRPA1 mAb project on their website in 
2021, and a few years earlier X-BODY Biosciences claimed 
to have identified a TRPA1 mAb using their DNA-tagged 
human antibody library (before their acquisition by Juno 
Therapeutics in 2015). More transparent was a publication 
from Amgen who used cell, DNA and adenovirus-expressed 
protein to immunize mice and isolate mAbs that bound to 
mature TRPA1 channel proteins in cells.66 Selected binder 
IgG mAbs could functionally inhibit TRPA1-mediated Ca2+ 
influx activated by cold, osmotic challenge and cognate 
agonists with 100-500 nM potency, with selectivity over 
TRPM8 and activity against rat TRPA1 channels that allowed 
for preclinical development. However, inhibition of TRPA1 by 
these mAbs was less potent than small molecule inhibitors 
such as AMG9090 (10-100 nM) and in many cases mAb 
inhibition was incomplete, and this program was not further 
pursued. 

In the same year Amgen published on several commercial 
rabbit polyclonal antibodies and mAbs generated against 
the E3 poor loop of TRPM8 that functionally inhibited 
activity in heterologous cells and rat DRG sensory neurons.67 
Several of the polyclonal and mAbs could completely 
inhibit icilin-induced TRPM8 Ca2+ influx, and the Alomone 
polyclonal reagent ACC-049 exhibited 0.5 - 1 µM potency 
against hTRPM8 but higher affinity against rat and mouse 
isoforms (100 - 300 nM), with some modality selectivity as it 
was inactive against menthol activation of TRPM8 channels 
compared to cold and icilin, and completely inactive 
against cold activation of TRPA1 or heat activation of 
TRPV1. The Amgen researchers concluded that targeting 
the E3 loop of TRPx receptors could yield isoform-selective 
inhibitory ligands without major species differences (building 
on previous work with Kv and TRPC channels), but the main 
challenge was inconsistent evidence for full and potent 
channel inhibition required in a therapeutic candidate.



P2X3 mAbs for pain and cough

P2X3 receptors are also popular targets for antibody 
programs, primarily for pain indications although there has 
been a resurgence of interest in P2X3 receptors for chronic 
cough after several small molecules recently reached the 
clinic and one received market approval.

Rinat (Pfizer) used purified hP2X3 protein to immunize mice 
and extract mAbs that specifically bound to astrocytoma 
cells expressing hP2X3 channels and inhibited ATP-
activated Ca2+ influx.68 The exemplar mAb 12D4 exhibited 
interesting state-dependent modulation of P2X3 currents 
measured by manual and APC, acutely and potently 
stabilizing the desensitized state of P2X3 homomers (IC50 of 
16 nM) whilst potentiating the slowly inactivating current 
carried by P2X2/3 heteromers, an effect seen with 3 of the 
other 11 mAbs; In contrast, most of the remaining mAbs 
acutely inhibited P2X2/3 currents (Figure 5). Also, overnight 
treatment produced further inhibition of P2X3 and P2X2/3 
currents, including some mAbs that were inactive in 
the acute patch clamp experiments. This indicates that 
mAbs binding to different epitopes can elicit complex 
and contrasting effects within and across different P2X 
isoform complexes to acutely modulate channel activity, 
and also induce longer-term internalization to chronically 
reduce P2X channel density and activity. This latter effect 
may be more therapeutically relevant during prolonged 
exposures after systemic delivery or genetic transfection. 
Most of the mAbs were less potent against rodent P2X3 and 
P2X2/3 isoforms (e.g. ~100 nM IC50 in rat DRG neurons) but 
sufficiently efficacious for in vivo testing in preclinical models 
of analgesia: a dose of 30 mpk delivered 3 days before 
each pain assay significantly reduced visceral pain, but left 

acute inflammatory thermal hyperalgesia and nociception 
unaffected.

UK company Ossianix are leveraging the small single domain 
shark Variable New Antigen Receptor (VNAR) antibodies to 
develop brain penetrant payloads, but previously revealed 
a R&D collaboration with Lundbeck in 2012 to develop 
shark nanobodies to modulate P2X3 channels to treat 
neuropathic pain (OSX300),69 which was highlighted in a 
2014 news article70 but disappeared from public view in later 
years.

Integral Molecular developed a sub-nM P2X3 mAb in 
collaboration with Crystal Biosciences using their transgenic 
chicken platform, and this is still listed in their pipeline, for 
cough and chronic pain.71

ASIC1a

Acid-activated ASIC channels initially gained traction as 
analgesia drug targets, but more recent preclinical work 
and clinical trials with small molecules and peptide toxins 
indicate they may also be therapeutically useful to treat 
cardiac and CNS ischemia. 

For example, Chinese academics used a truncated ASIC1 
protein in nanodiscs to pan a ScFv phage display library 
and hits were fused to an IgG Fc domain to create several 
mAbs, with the selective ASC06 ligand producing potent, 
complete and sustained inhibition of ASIC1a currents and 
Ca2+ influx (IC50 of 85 and 3 nM) and acid-induced cell 
death in vitro (Figure 6), similar to the affinity of a PcTx1 
toxin-Fc chimeric scaffold. The ASC06-IgG mAb is selective 
for ASIC1a channels over ASIC1b, ASIC2a, 2b and ASIC3 

Figure 5 Inhibition of hP2X3 (A) and potentiation (B) of hP2X2/3 currents by a panel of mAbs developed by Rinat. Adapted from data in 68 and used 

under Creative Commons open access license 4.0 (http://creativecommons.org/licenses/by/4.0/ ) from an Open Access publication.
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isoforms but retains activity against rodent ASIC1a channels 
which allowed for in vivo testing where it reduced cerebral 
infarct size in a mouse ischemia model 24 hours after i.c.v 
administration to a similar degree to 100 nM PcTx1.72 Around 
the same time Regeneron revealed their work on ASIC 
mAbs in conference presentations and patent filings.4,73  
Humanized mice were immunized with ASIC1 channel 
DNA and 12 of 106 mAb binders were further profiled, 
with the exemplar H1M6718 showing functional inhibition 
of acid-evoked currents in heterologous cells but mixed 
in vivo efficacy in models of muscle hyperalgesia and 
chemotherapy-induced peripheral neuropathy when dosed 
at 10-40 mpk.

Several groups have combined antibody scaffolds with 
ASIC1a toxins to produce novel therapeutic ligands.  Iontas 
(now Maxion) publicly revealed proof-of-concept studies 
for their knotbody approach against ASIC1a,74 where PcTx1 
toxin was fused into mAb CDR3 loops and shown by APC to 
moderately inhibit pH-gated currents (100 nM IC50). However, 
their chimeric scaffolds are less potent than the native toxins 
measured on the same APC platform (e.g. PcTx1 IC50 of 1 - 
10 nM),75 but this can be reclaimed by antibody sequence 
optimization and affinity maturation. In contrast, a camelid 
nanobody generated against ASIC1a expressed in HEK cells, 
that binds to a site overlapping with inhibitory Mambalgin 
and activating MiTx toxins in cryo-EM structures, was fused 
to PcTx1 and produced more potent inhibition of pH-evoked 
currents than PcTx1 alone.76 Intriguingly, these nanobodies 
did not alter any biophysical or functional parameters of 
ASIC1a currents when applied alone, despite high affinity 
binding near the thumb region of the trimeric receptor, 
suggesting that the nanobody-toxin chimera altered binding 
kinetics rather than exerting an allosteric effect.

CNS ligand-gated receptors involved in synaptic transmission 
and plasticity

A much older story I wasn’t aware of involves a mAb (B6 
B21) generated against native NMDA receptors.77,78  US 
researchers immunized mice with rat dentate gyrus neurons 
and discovered a mAb that bound to the glycine co-agonist 
site and increased TCP binding and promoted NMDA 
receptor currents. Significantly, the mAb enhanced long-
term potentiation in brain slices ex vivo and hippocampal-
dependent learning in rabbits in vivo. Likely due to the 
difficulty in getting mAbs into the brain, a collaboration 
with Naurex Inc subsequently developed a tetrapeptide 
GLYX-13 (Rapastinel) from hypervariable regions of the mAb 
light chain which crossed the BBB to act as a cognition 
enhancer and promoted MK-801 binding and NMDA 
receptor-dependent synaptic plasticity, and also exerted 
rapid and long-lasting anti-depressant effects in behavioral 
models.79 This promising profile enabled further preclinical 
development and Ph I safety and Ph II efficacy clinical trials 
in which showed promising rapid anti-depressant action 
after a single i.v. dose.80 

Amgen adopted a dual strategy to develop selective 
small molecule and mAb positive allosteric modulators 
(PAMs) of glycine receptor (GlyR) a1 and a3 subunits as 
analgesia therapeutics, with the aim to increase inhibitory 
neurotransmission in the spinal cord and CNS. The mAbs 
were generated by immunizing mice with micelles 
containing human GlyR a3 protein, and filtering out hits 
recognizing linear peptide epitopes yielded 6 mAbs with 
potent activating or inhibitory effects (xC50 5 - 20 nM) 
against GlyR responses.81 The 3 activating mAbs elicited 
time-dependent increases in membrane depolarization 
in a FLIPR imaging assay equivalent to maximal glycine 
activation, and also acted as PAMs in the presence 
of glycine, and the 3 inhibitory mAbs blocked glycine 
responses by ~50%. Significantly, two of the PAMs were 
selective for a3 over a1 GlyR subunits, but none of the 
inhibitory mAbs were subtype-selective. Binding studies 
show that Fab fragments are 3 - 5 less potent than their 
corresponding mAbs but retain broadly similar selectivity. 
There is also some state-dependence, as PAMs favor binding 
to the activated GlyR and selectivity results from slower 
off-rates from the a3 subunit, while inhibitory Fabs greatly 
favor binding to the resting state of GlyRs. As the mAbs also 
recognize rat GlyRs in vivo testing of the PAMs was possible; 
CNS exposure was low (~0.5% of plasma) but sufficient to 
achieve 1-3 fold xC50 coverage after intravenous dosing 
of 10-100mpk, and the a3-selective mAb 9A11 did not 
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Figure 6 Trimeric ASIC1a mAb potently inhibits channel activity and 
reduces cerebral ischemia. A Molecular dynamics simulation of the 

complex from top views of the ion channel. B Representative current 

traces from a single hASIC1a stable CHO-K1 cell with 100 or 300 nM 

ASC06-IgG1, PcTx1 as positive control, and recovery (“Wash”) after 

300 nM ASC06-IgG1 treatment. C Dose-dependent inhibition of acid-

induced hASIC1a currents by ASC06-IgG1. D TTC-stained brain sections 

show infarct areas and volumes in PBS, isotype control, ASC06-IgG1, 

and PcTx1-treated mice, with significant reductions. Adapted from 

data in 72 and used under Creative Commons open access license 4.0 

(http://creativecommons. org/licenses/by/4.0/ ) from an Open Access 

publication.



produce the side-effects seen with the non-selective mAb 
19C8. These results were similar to Amgen’s small molecule 
PAM program, and despite the complex and useful 
state-dependent modulatory profile of these mAbs both 
programs were classified as proof-of-concept and requiring 
further optimization of potency and selectivity to allow for 
preclinical PK-PD and safety testing that may lead to CNS 
drugs with improved therapeutic index.

Nanobodies for neuronal analgesia ion channel targets

Despite their promise of potency, selectivity and promising 
PK, ion channel mAbs have continued to struggle to convert 
binding affinity into potent and meaningful functional 
modulation, with significant shifts in potency and partial 
inhibition seen in cell-based assays. In contrast, there is 
growing interest in single domain nanobodies as ion channel 
modulators, as their small size and modularity may yield 
more efficacious and optimizable ligands that can bind 
to smaller, cryptic sites not accessible to larger mAbs. The 
potential of this approach was originally demonstrated by 
Kv1.3 nanobodies from Ablynx (see Section 1 above), and 
a recent publication from the National Research Council 
in Canada illustrates a new modality in a Nav1.7 nanobody 
program they have been working on for many years.82 The 
long E3 pore loop in DI of Nav1.7 was spliced into the CDR3 
loop of a single VHH chain nanobody and expressed in 
CHO cells to maintain proper folding and glycosylation of 
the epitope, and this antigen was panned against a large 
phage display library of naïve llama, alpaca and camel 
nanobodies, resulting in 6 positive clones. None of the 
5 tested nanobodies had any effect on hNav1.7 current 
amplitude or voltage-dependent biophysics recorded in 
HEK cells on the SP384 APC platform (at 2 µM), but one 
(DI-D) was found to slow deactivation kinetics (Figure 7). In 
silico Markov state modeling and Nav1.7 current simulation 
attributed this effect to a slowing in recovery from the slow 
inactivated to the closed state, trapping Nav1.7 channels 
in a pool resistant to re-opening. Testing in rat DRG neurons 
showed this effect translated into reduced sensory neuron 
excitability through changes in action potential threshold 
and amplitude and repetitive firing. In vivo testing showed 
significant analgesia of the DI-D nanobody after intraplantar 
and intrathecal administration (0.6 – 6 nM) in various acute 
and chronic pain models, which matched or exceeded 
the efficacy of Nav1.7 small molecule inhibitors PF-05089771 
or TC-N 1752. Whole body and ex vivo organ fluorescence 
imaging showed that DI-D was peripherally restricted and 
accumulated in the spinal cord after 24 hours, and exhibited 
a half-life of 3.3 hours after i.v. administration (4 mpk) with 
minimal CNS exposure or cardiac accumulation (that 
might lead to on-target side effects seen with Nav1.7 small 
molecules). The nanobody showed similar binding affinity 
to human, rat and mouse Nav1.7 DI E3 loop constructs, and 
unlike many mAbs the KD values were low but similar to 
patch clamp potency (~1.5 µM).

Finally, the Nav1.x gene family selectivity of DI-D was 

predicted by sequence homology analysis of the DI E3 loop 
and confirmed by functional testing on the SyncroPatch 384, 
with Nav1.2, Nav1.1 and Nav1.3 channels exhibiting highest 
homology but lacking key residues in the binding epitope 
and failing to show peak current inhibition or any kinetic 
changes in HEK cells. The authors conclude that the DI-D 
nanobody binds to a region of the E3 loop that is adjacent 
to the Nav1.7 central pore and partially overlaps with the b1 
subunit binding interface, so it will be interesting to discover 
if one or more nanobodies are required or capable of 
binding to each Nav1.7 channel protein, and if additional 
antibody or nanobody binding sites remain accessible for 
more complex functional modulation. 

K2P channels are another peripheral analgesia target, 
implicated in chronic pain and migraine given their role in 
controlling the excitability of DRG and trigeminal neurons. 
Some groups have tried to develop selective small molecule 

Figure 7 NaV1.7 DI-D nanobody binds to DI E3 pore loop adjacent 
to central pore and β1 subunit interaction region, and slows current 
deactivation and reduces DRG neuron excitability. A 3D-location of 

DIE3 loop (purple) relative to cell membrane (red/blue planes) shown 

on the cryo-EM structure (PDB ID 5XSY) of the homologous electric 

eel NaV1.4 channel alpha subunit (yellow) complexed with β1 subunit 

(gray surface) B Voltage dependence of the deactivation currents 

decay. The inset displays an example of deactivation tail currents with 

superimposed voltage-clamp protocol. C Effect of VHH DI-D on the 

ability of DRG neurons to elicit action potentials. Adapted from data in 
82 and used under Creative Commons open access license 4.0 (http://

creativecommons.org/licenses/by/4.0/ ) from an Open Access.
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modulators (e.g. activators for pain) for members of this 
diverse ion channel family (e.g. LifeArc,83 Pfizer,84 UCSF,85 
Johns Hopkins86), but achieving selectivity and potency 
has been a challenge. In 2024 Stephen Tucker’s group 
from Oxford and their collaborators finally published on 
work to identify nanobodies against TREK-2 channels 
which demonstrated promising potency, specificity and 
modularity.87 Llamas were immunized with purified TREK-2 
protein resulting in 29 binders of which 14 were tight binders 
and subjected to functional testing (500 nM) against TREK-
2 expressed in Xenopus oocytes, revealing 1 inhibitory 
(Nb61), 2 activating nanobodies (Nb67 and Nb76) and one 
inactive binder (Nb58). Illustrating how far structure-based 
ion channel drug discovery has come in recent years, high 
resolution X-ray crystallography images were obtained of 
these nanobodies bound to TREK-2 protein, with the inactive 
binder interacting with the extracellular ‘cap’ domain 
that sits above the pore, while the active nanobodies 
exhibited more extensive interactions with the cap as well 
as extracellular loops close to the selectivity filter where the 
so-called ‘primary gate’ of K2P channels is located, and the 
activator Nb67 also binding to residues on the intracellular 
face of the cap.

•	 Nb61 rapidly and completely inhibits TREK-2 channels with 
600 nM potency but no effect on related K2P isoforms, with 
the long CDR3 loop interacting with the M3-PH2 and P2-
M4 loops. Significantly, a lysine residue appears to occlude 
the ion permeation pathway beneath the cap and its 
mutation reduces block (Figure 8D)

•	 Nb67 activator acts rapidly to increase current 3-4 fold 

with 100 nM potency and partial selectivity as it has no 
effect on TRAAK or TALK-2 but moderately inhibits (> 1 µM) 
the closely related TREK-1 channel (Figure 8C).

•	 Nb76 is a potent and selective activator of TREK-2 
channels (400 nM) with no effect on any other K2P family 
members, attributed to binding of nanobody CDR3 loops 
with TREK-2-specific residues in the inter-subunit interface 
and extracellular P2-M4 helix loop, with the later domain 
also the site of ML335 binding and activation in the ‘K2P 
Modulator Pocket’.

K2P channels are tetramers and up to 4 nanobodies could 
bind extracellularly, although there appears to be some 
asymmetry in these interactions which may contribute to 
their functional effects. Multimeric binding makes it possible 
to mix-and-match different nanobodies to create more 
complex multivalent modulation, and this was demonstrated 
by linking the inactive but selective TREK-2 cap binder Nb58 
with the Nb61 pore loop inhibitor, yielding a biparatropic 
nanobody with 250 fold higher binding affinity (250 nM) and 
a 16 fold increase in functional inhibition of TREK-2 currents 
(IC50 of 40 nM), attributed to dimer binding with more 
efficient interactions with key pore residues and occlusion 
of both ion exit pathways. This study is further evidence 
for the efficacy and utility of nanobodies as ion channel 
modulators, as they can completely inhibit as well as 
markedly enhance currents with nM potency and multimeric 
capabilities, and exhibit improved solubility and easier 
scale-up and commercial production.
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Figure 8 Functional activity and binding sites of K2P TREK-2 nanobodies. A Functional activity of TREK-2 nanobodies in Xenopus oocytes reveals 2 

activators and 1 inhibitor amongst the ‘tight binders’ (red bars) of initial hits. B X-ray structures of nanobodies bound to TREK-2 protein. C Activator 

Nb67 is a  multimeric binder with selective activation of TREK-2 compared to K2P family members. D Inhibitor Nb61 interacts with the Cap and pore 

loops, driven by a key lysine residue on the CDR3 loop. Figures from 87 used under CC4.0 license.  



Ion channel antibodies and cancer

Ion channels are over-expressed in many cancer cells 
(review88), with antibodies developed as labeling agents 
more so than as functional modulators. Ion channel toxins 
and antibodies are useful ligands to ‘light up’ specific 
tumors and facilitate their surgical resection, and inhibition 
of over-expressed ion channels such as hERG, Nav1.5 and 
TRP channels may also help to limit tumor growth, although 
the delivery of such ligands should be localized to avoid 
systemic side-effects on the heart (Nav1.5, hERG) and other 
organs. Similarly, ion channel antibodies can be used to 
deliver drugs (i.e. ADC format) to the tumor site and reduce 
systemic exposure to these cytotoxic molecules.  

A key early paper on this topic described the rational design 
of mAbs against the EAG1 Kv channel (encoded by the 
Kv10.1 gene), as these channels are over-expressed in many 
cancers and their activity can regulate cell proliferation 
and tumorigenesis.89 Monoclonal antibodies were preferred 
to small molecule antagonists to achieve selectivity over 
cardiac hERG channels, with E3 turret pore loop peptide 
immunization producing mAbs that bound to purified and 
native EAG channel proteins. A mAb recognizing an EAG1-
specific region further away from the pore was functionally 
inactive, but one that bound within the E3 cleft specifically 
labeled EAG1 proteins and slowly inhibited EAG currents by 
~40% (IC50 ~70 nM), but left hERG channels unaffected and 
did not bind to but not EAG2-expressing cells. Inhibition of 
EAG1 channels by mAb56 inhibited human cancer cell line 
colony formation in vitro, and in in vivo mouse xenograft 
models (50 mpk) it could reduce growth of breast and one 
pancreatic cancer but not ovarian tumors. 

Antibodies against hERG channels (Kv11.1) have also 
been used as cancer-targeting payloads, including the 
potential to selectively bind to the hERG 1b protein that 
is upregulated in many cancers.6 Whilst these antibodies 
may not functionally inhibit hERG currents they can be used 
to direct gold nanoparticles or oncology drugs to tumors, 
although this still carries risk of accumulating toxic ligands in 
the heart.

TRPV6 expression is also dysregulated in many cancers, so 
French researchers developed a novel strategy to create 
activating polyclonal antibodies by immunizing rabbits with 
epitopes against the S1-S2 extracellular loop and E3 turret 
S5-S6 pore region. These enhanced store-operated Ca2+ 
influx by 20-50% and induced cell death in human prostate 
cancer cell lines.90 Interestingly, the antibodies produced 
biphasic effects, initially potentiating and then significantly 
inhibiting TRPV6 currents under manual patch clamp. It is 
not clear what the anti-tumor mechanism is (or if it works in 
vivo), but this case study illustrates the utility of antibodies 
to either potentiate or inhibit ion channel activity and elicit 
disease-relevant functional effects, which in the case of 
TRPV6 may have greater selectivity than small molecule 

modulators (review91)

Nav1.5 channels are also implicated in cancer cell 
proliferation and metastases, with a novel genetic twist as 
a neonatal splice variant (in DI VSD S3-S4 loop) is thought 
to be selectively expressed. Efforts to identify splice-
variant specific small molecule antagonists were largely 
unsuccessful, and two tarantula toxins showed reverse 
selectivity for adult over neonatal variant due to the small 
residue differences in the VSD where they bind.92 However, 
the polyclonal antibody NESOpAb previously generated 
against DI VSD S3-S4 loop exhibited 10 fold selectivity for 
neonatal over adult Nav1.5 variants, rapidly inhibiting 
neonatal Nav1.5 currents by ~70% to yield a use-dependent 
IC50 of 170 nM, and exhibiting components of closed 
and inactivated state-dependence, with no change in 
Nav1.5 current kinetics and slow wash-out. Intriguingly, the 
polyclonal antibody could reduce Nav1.5 currents in human 
breast cancer but not rat prostate cancer cell lines, perhaps 
as Nav1.7 channels are upregulated in the latter tumor 
model.

Several mAbs have also been developed to modulate ion 
channels involved in cancer. Johns Hopkins researchers 
in the US characterized two sets of mAbs raised in mice 
against the M1-P1 transmembrane helix pore loop of KCNK9 
TASK-3 proteins which were selective over other TASK and 
K2P family members, unlike current small molecules.93 Twelve 
of the 40 mAbs bound to HEK cells expressing TASK-3 (nM 
potency) and 6 of them could reduce thallium flux into 
these cells, but the effects were chronic and required 6-36 
hour preincubation with no acute effect seen in patch 
clamp recordings over 20 min, likely due to mAb-induced 
internalization that reduced TASK-3 function. Significantly, 
the most potent TASK-3 mAb (Y4) reduced cell viability and 
increased apoptosis in various human and mouse cancer 
cell lines in vitro, and suppressed growth and metastasis in 
vivo by promoting immune cell-mediated cytotoxicity in 
human lung xenografts after systemic administration (4 mpk 
i.p.) in mice. 

The Swiss company Novassay is developing mAbs to Cav 
channel a2b1 accessory subunits as therapeutics to treat 
cancer, as well as pain and CNS diseases;94 their most 
advanced candidates NVA-2001-10 and NVA-2301-10 are at 
the preclinical stage.95 These mAbs are thought to work by 
reducing abnormal expression of functional high-voltage-
activated Cav1.x and Cav2.2x channels in solid tumors, and 
downregulating the over-expressed auxiliary subunits in 
peripheral neurons.

Finally we can wrap-up with a program from the UK 
company BioSceptre who took a P2X7 antibody all the way 
through preclinical studies in oncology to a Ph I clinical trial 
in 2017.96 A significant therapeutic window was available 
as a neonatal non-functional variant of the human P2X7 
receptor (nfP2X7) is present in human tumors but not 
healthy tissue and linked to cancer cell proliferation and 



invasiveness. A polyclonal antibody (BIL010t) was developed 
against the unique E200 epitope by immunizing sheep and 
shown to reduce melanoma progression in a preclinical 
mouse model. This agent was the first ion channel antibody 
to enter clinical trials (in 2014); a topical 10% antibody 
ointment was tested over 28 days in an open label trial of 
basal carcinoma patients in UK, Australia and the US which 
showed significant reduction in lesion size in 65% of patients 
and stable disease or partial regression in a third of patients 
and 15% with a complete response. The company was 
further developing BIL010t as well as a human single domain 
antibody and an ADC for diagnostic and therapeutic use in 
leukemia and solid tumors in 2014,97 but as with many of the 
commercial antibody programs outlined above, the final 
status and clinical outcomes and decision making remain a 
little opaque. 
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