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Antibody therapeutics targeting ion channels: 
are we there yet?
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The combination of technological advances, genomic sequences and market success is catalyzing rapid development of antibody-
based therapeutics.  Cell surface receptors and ion channel proteins are well known drug targets, but the latter has seen less success.  
The availability of crystal structures, better understanding of gating biophysics and validation of physiological roles now form an excel-
lent foundation to pursue antibody-based therapeutics targeting ion channels to treat a variety of diseases.
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Introduction
Ion channels are a large family of membrane proteins that 
function by allowing ionic passage across cellular membranes.  
They are present in all cell types and play critical roles in a 
variety of biological processes.  Among more than 429 anno-
tated ion channel genes, many are important and validated 
therapeutic targets.  Antibodies for ion channels are effective 
tools and widely used in various experimental settings.  How-
ever, rarely have they been used to perturb ion channel func-
tion.  So far no antibody-based drug on the market is targeted 
to an ion channel.

Epitopes on ion channels accessible by active antibodies
Patients with autoimmune disorders develop self-reacting 
antibodies.  Some are autoantibodies against ion channels.  
Their roles in pathogenesis are implicated by correlation 
between antibody titer and severity of disease, effectiveness of 
plasma exchange, or immunosuppressive therapy.  For exam-
ple, paraneoplastic channelopathies are autoimmune neuro-
logical disorders that co-exist with tumors and tumor antigens 
are indicated as the trigger for autoantibody generation.  In 
these instances, autoantibodies are utilized as diagnostic or 
prognostic markers for both neurological diseases as well 
as cancer (see review[1]).  Indeed, many known autoimmune 
channelopathies involve antibodies that target voltage-gated 
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ion channels.  Mechanistic studies reveal that these antibodies 
can cause functional changes in ion channels that lead to clini-
cal phenotypes.  For example, Lambert-Eaton Myasthenic Syn-
drome (LEMS) is a disorder of neuromuscular transmission 
in which antibodies are directed to presynaptic voltage-gated 
calcium channels resulting in muscle weakness.  Experimental 
evidence showed that bivalent antibodies were required for 
the overall reduction of acetylcholine release, supporting the 
notion that antibody-mediated cross-linking and subsequent 
internalization of channel protein leads to reduction in cal-
cium influx[2].  Further investigation indicated that the LEMS 
patient-derived IgGs were capable of inhibiting P- and Q-type 
calcium currents specifically[3].

Antibodies against voltage-gated potassium channels con-
tribute to a broader range of autoimmune disorders, involving 
both the central nervous system and peripheral nervous sys-
tem.  In some patients with acquired neuromyotonia (NMT), 
also known as Isaac’s syndrome, antibodies against voltage-
gated potassium channels prevent membrane re-polarization, 
increase acetylcholine release, and prolong action potentials.  
The excess release of acetylcholine often leads to muscle 
twitching, cramps, stiffness, and abnormal muscle contraction 
and relaxation.  Peripheral nerve hyper-excitability sometimes 
co-exists with effects in the central nervous system, including 
seizures, sleep disturbance, and behavioral changes.  Treat-
ments with patient antibodies led to a marked increase in com-
pound action potential current and repetitive firing in isolated 
dorsal root ganglia (DRGs) similar to those observed with Kv 
channel blockers, such as aminopyridines[4].  Experimental evi-
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dence suggested that these antibodies act by inducing chan-
nel internalization[5].  Besides NMT, voltage-gated potassium 
channel antibodies have been detected in patients with cramp-
fasciculation syndrome, limbic encephalitis (LE) and Morvan’s 
syndrome (MoS).  Immunohistochemical studies provided 
evidence that these autoantibodies display subtype-specificity.  
NMT and MoS antibodies bind preferentially to Kv1.2 and 
Kv1.6, whereas LE antibodies have a preference for Kv1.1.  Dif-
ference in target specificity serves as one explanation for vari-
ous clinical manifestations in these disorders[6].  

Besides paraneoplastic channelopathies, antibodies targeting 
ion channels have been associated with many other disorders 
including multiple sclerosis (MS).  MS is the most common 
chronic inflammatory disease of the central nervous system.  
Although some patients are responsive to plasma exchange 
or B cell depletion by monoclonal antibodies, therapeutic out-
come is often unpredictable due to unknown pathogenesis 
and clinical heterogeneity.  Recently, Kir4.1 has been found 
to be the immune target in MS.  Serum antibodies recogniz-
ing the first extracellular loop of Kir4.1 were detected in ~50% 
MS patients compared to less than 1% of patients with other 
neurologic diseases.  Injection of serum IgG resulted in a sig-
nificant loss of channel expression and altered expression of 
glial protein along with complement activation in mice.  It is 
likely that in addition to triggering immune responses, Kir4.1 
antibodies could interfere with channel function leading to 
impaired axon myelination and tissue damage[7].

Development of active antibodies
As early as three decades ago, active antibodies were gen-
erated and noted for their utility in functional studies of 
voltage-gated ion channels.  Monoclonal antibodies (mAbs) 
were raised against membrane fragments from eel electro-
plax enriched for voltage-gated sodium channel[8, 9].  Among 
these antibodies, three exhibited an effect on channel activ-
ity.  SC-66-5 and SC-72-14 attenuated the action potential in 
rat nerve fibers by inhibiting depolarization and prolonging 
repolarization[8].  In follow-up studies, SC-72-14 was shown 
to alter the voltage-dependence of channel inactivation and 
inhibit sodium current[10].  When tested on canine cardiac 
fibers, SC-72-14 reduced Vmax and membrane responsiveness[11].  
Another antibody, SC-72-38, enhanced the excitability of rat 
muscle cells by changing the voltage-dependence of sodium 
channel activation and inactivation.  The observed changes 
were similar to those induced by Tityus serrulatus toxin γ 
(TiTXγ), and the binding of SC-72-38 and TiTXγ was mutually 
exclusive[12].  In another study, a mAb against dihydropyridine 
(DHP)-binding complex in rabbit muscle transverse tubules 
was generated and it suppressed the slow calcium current in 
a mouse muscle cell line.  It also cross-reacted with sodium 
channel, shifting the voltage of activation threshold to a more 
positive value and slowing the rate of inactivation[13, 14].

To gain higher preference for subtype selectivity and har-
ness the benefits of human genome sequence data, instead 
of injecting homogenized membrane fragments, synthetic 
peptides or recombinant proteins corresponding to a specific 

region in the channel are used to generate antibodies.  Differ-
ent regions in ion channels have been explored in rational tar-
get design for intended activity and specificity.  For instance, 
regions in close proximity to the pore are of particular interest, 
since perturbation through antibody binding is likely to affect 
conductance.  This strategy is supported by several studies.  
An antibody targeted at a region of the voltage-dependent cal-
cium channel α1D subunit C-terminal to the pore-forming loop 
effectively reduced 30%–50% of native L-type calcium cur-
rents in DRG neurons and cardiac myocytes under depolar-
izing conditions[15].  Alternatively, antibodies can be generated 
against the small extracellular loop N-terminal to the pore-
forming region.  This region is extracellularly accessible and 
in many cases it displays considerable sequence variation, and 
thus may lead to the development of highly specific antibod-
ies.  This strategy, now known as E3 targeting (named after 
the third extracellular loop), was first examined in studies of 
voltage-gated potassium channels.  Polyclonal anti-peptide 
antibodies that specifically recognized the E3 domain of Kv1.2 
or Kv3.1 inhibited whole cell currents by more than 70% in 
neuronal cells with an IC50 value close to 60 nmol/L.  More-
over, Kv1.2 antibody inhibited the binding of α-dendrotoxin, 
which is known to interact with Kv1.2 near pore region on the 
extracellular side[16].  Over the years, E3 targeting has been 
extended to investigation of several voltage-gated cation chan-
nels.  For example, E3-targeted antibodies against Nav1.5 and 
TRPC5 inhibited whole cell currents up to 50%–60% in cells 
transfected with corresponding channels[17].  An anti-Kv1.2 
antibody was able to restore consciousness of animals during 
anesthesia following thalamic microinfusion[18].  In a recent 
study, a polyclonal antibody was raised against the E3 domain 
in P/Q-type voltage-gated calcium channels.  It effectively 
inhibited the function of N-type and P/Q-type calcium chan-
nels in cerebellar granule cells.  Antibody binding abolished 
the effect of ω-conotoxin-GVIA which binds near to the pore.  
But it had no effect on ω-agatoxin-IVA that acts on a distal gat-
ing modality.  When tested at neuromuscular junctions, this 
antibody attenuated excitatory postsynaptic currents.  More-
over, cerebellum infusion caused cerebellar ataxia in mice, 
establishing a link between anti-voltage-gated calcium chan-
nel antibodies and pathogenesis[19].  Besides regulating neural 
excitability, some E3-targeted antibodies could modulate 
store-operated or agonist-evoked Ca2+ entry[20–25], oligodendro-
cyte proliferation and migration[26], and tumor growth[27, 28].  

Channel regions that are not in the immediate vicinity of 
pore-forming region can be equally useful as active antibody 
targets.  A polyclonal antibody directed to the voltage sen-
sor of internal repeat I in sodium channel shifted the voltage 
dependence of fast current inactivation to a more negative 
value in cultured DRG neurons[29].  Moreover, it attenuated 
the action potential amplitude of rat sciatic nerves.  Its binding 
to rat brain synaptosomes was enhanced by depolarization, 
suggesting a depolarization-induced conformational change 
that made the epitope more accessible to the antibody[30].  
NESOpAb, an antibody directed to the second extracellular 
loop in Nav1.5 domain I, inhibited sodium currents up to 60% 
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with an IC50 value of less than 25 nmol/L.  It exhibited exqui-
site selectivity, distinguishing neonatal and adult splice vari-
ants which differ by seven amino acids only[31].  These studies 
suggest that ion channels possess many functional sites acces-
sible to specific modulation by antibodies.

Active antibodies from bench to bedside
Antibodies constitute the fastest growing class of therapeutic 
agents.  Antibody-based therapy has been well established 
to treat cancer, autoimmune and inflammatory diseases[32, 33].  
Although experimental evidences show that active antibodies 
can be utilized as research tools to modulate ion channel func-
tions, their therapeutic application awaits further develop-
ment.  Despite experimental data, appropriate in vivo models 
need to be established to validate and characterize the func-
tions of active antibodies in a defined biological context.  Also, 
many active antibodies reported so far are polyclonal, which 
are usually not suited for therapeutic purposes.  Generation of 
effective monoclonal antibodies is therefore essential for even-
tual clinical use.  In addition, the structure and function of 
antibodies require fine tailoring to improve their pharmacolog-
ical properties and safety.  Various strategies and approaches 
have been developed for this purpose.  Recombinant antibody 
fragments were created to ensure delivery across blood brain 
barrier (BBB) to target antigens in the brain[34–36].  New tech-
nologies are becoming more effective to enable antibodies to 
penetrate BBB[37], including recent antibodies targeting beta-
secretase (BACE1) for treating Alzheimer’s disease[38, 39].  Effec-
tor functions and plasma half-life of antibodies can be modi-
fied via engineering to meet different clinical requirements.  
Generation of humanized or completely human monoclonal 
antibodies with enhanced efficacy and safety is achievable via 
rational design and high throughput screens[40, 41].  Although 
numerous challenges remain for applying active antibodies to 
treat human diseases, knowledge gained through ion channel 
active antibody research, and the availability of existing and 
emerging technologies to improve antibody performance will 
pave the way for development of future therapeutics.  

Perspective
Antibodies recognizing ion channels, whether they have been 
generated intentionally by artificial immunization or unin-
tentionally as results of autoimmune diseases, are effective in 
modulation of ion channel activity.  The mechanisms of action 
include direct block of ion permeation pathway, modulation 
of ion channel gating, and internalization and degradation 
upon surface clustering (Table 1).  The feasibility of develop-
ing active antibodies targeting ion channels combined with 
major advances in antibody technologies over the last decade 
promises that more effective antibodies may be available in 
the coming years.  Their applications are likely to impact the 
development of therapeutics for a variety of diseases in which 
ion channels are validated targets.

Acknowledgements
We thank members of the Li laboratory for valuable discus-

sions, reviewers for helpful comments, and Alison Neal for 
editorial assistance.  This work is supported by grants to ML 
from the National Institutes of Health (GM078579, MH084691) 
and Maryland Stem Cell Research Foundation (2010-MSCRFE-
0164-00).

References
1	 Vernino S.  Autoimmune and paraneoplastic channelopathies.  

Neurotherapeutics 2007; 4: 305–14.
2	 Vincent A, Lang B, Newsom-Davis J.  Autoimmunity to the voltage-

gated calcium channel underlies the Lambert-Eaton myasthenic 
syndrome, a paraneoplastic disorder.  Trends Neurosci 1989; 12: 
496–502.

3	 Pinto A, Gillard S, Moss F, Whyte K, Brust P, Williams M, et al.  Human 
autoantibodies specific for the α1A calcium channel subunit reduce 
both P-type and Q-type calcium currents in cerebellar neurons.  Proc 
Natl Acad Sci U S A 1998; 95: 8328–33.

4	 Shillito P, Molenaar PC, Vincent A, Leys K, Zheng W, van den Berg RJ, 
et al.  Acquired neuromyotonia: Evidence for autoantibodies directed 
against K+ channels of peripheral nerves.  Ann Neurol 1995; 38: 
714–22.

5	 Tomimitsu H, Arimura K, Nagado T, Watanabe O, Otsuka R, Kurono A, 
et al.  Mechanism of action of voltage-gated K+ channel antibodies in 
acquired neuromyotonia.  Ann Neurol 2004; 56: 440–4.

6	 Kleopa KA, Elman LB, Lang B, Vincent A, Scherer SS.  Neuromyotonia 
and limbic encephalitis sera target mature Shaker-type K+ channels: 
subunit specificity correlates with clinical manifestations.  Brain 2006; 
129: 1570–84.

7	 Srivastava R, Aslam M, Kalluri SR, Schirmer L, Buck D, Tackenberg 
B, et al.  Potassium channel KIR4.1 as an immune target in multiple 
sclerosis.  N Engl J Med 2012; 367: 115–23.

8	 Meiri H, Zeitoun I, Grunhagen HH, Lev-Ram V, Eshhar Z, Schlessinger J.  
Monoclonal antibodies associated with sodium channel block nerve 
impulse and stain nodes of ranvier.  Brain Res 1984; 310: 168–73.

9	 Moore HP, Fritz LC, Raftery MA, Brockes JP.  Isolation and characteri
zation of a monoclonal antibody against the saxitoxin-binding com
ponent from the electric organ of the eel Electrophorus electricus.  
Proc Natl Acad Sci U S A 1982; 79: 1673–77.

10	 Meiri H, Goren E, Bergmann H, Zeitoun I, Rosenthal Y, Palti Y.  Specific 
modulation of sodium channels in mammalian nerve by monoclonal 
antibodies.  Proc Natl Acad Sci U S A 1986; 83: 8385–9.

11	 Morikawa Y, Meiri H, Spinelli W, Rosen M, Robinson R.  Modification of 
Vmax of canine cardiac Purkinje fibers and of the effects of lidocaine 
by SC-72-14.  Circ Res 1985; 57: 354–61.

12	 Barhanin J, Meiri H, Romey G, Pauron D, Lazdunski M.  A monoclonal 
immunotoxin acting on the Na+ channel, with properties similar 
to those of a scorpion toxin.  Proc Natl Acad Sci U S A 1985; 82: 
1842–6.

13	 Morton ME, Froehner SC.  Monoclonal antibody identifies a 200-kDa 
subunit of the dihydropyridine-sensitive calcium channel.  J Biol Chem 
1987; 262: 11904–7.

14	 Morton ME, Caffrey JM, Brown AM, Froehner SC.  Monoclonal antibody 
to the alpha 1-subunit of the dihydropyridine-binding complex inhibits 
calcium currents in BC3H1 myocytes.  J Biol Chem 1988; 263: 613–6.

15	 Wyatt CN, Campbell V, Brodbeck J, Brice NL, Page KM, Berrow NS, et 
al.  Voltage-dependent binding and calcium channel current inhibition 
by an anti-alpha 1D subunit antibody in rat dorsal root ganglion 
neurones and guinea-pig myocytes.  J Physio 1997; 502: 307–19.

16	 Zhou BY, Ma W, Huang XY.  Specific antibodies to the external 
vestibule of voltage-gated potassium channels block current.   J Gen 



202

www.nature.com/aps
Sun H et al

Acta Pharmacologica Sinica

npg

Table 1.  Summary of active antibodies for voltage-sensitive ion channels.   

  Channel              
Antibody	          Region	     Epitope sequence	                               Cell type	                                 Activities

	            Refer-
    family                                                                                                                                                                                                                                        ence
 

(To be continued)

Voltage-gated 
potassium
channels

Voltage-
gated sodium 
channels

  

Anti-Kv 1.2

Anti-Kv 3.1

Anti-Kv 10.1

Anti-Nav 
(SC-72-14)

Anti-Nav 
(SC-72-38)

Anti-Nav 
(SC-66-5)
Anti-Nav 1.5 

E3  extracellular loop 
in domain I

E3  extracellular loop 
in domain I

Fusion of E3  
extracellular loop 
in domain I and 
tetramerizing coiled-
coil 

Extracellular domain

Extracellular domain

Extracellular domain

E3  extracellular loop 
in domain I 
E2 extracellular loop 
in domain I

FAEADERDSQFPSIP

GAQPNDPSASEHTH

GSGSGKWEG

N/A

N/A

N/A

CVRNFTALNGTNGSVEAD

VSENIKLGNLSALRC

HEK-293 
NG108-15 
Central medial thalamus (rat)

HEK-293 
NG108-15
Primary oligodendrocyte progenitor 
cell (mouse)

HEK-293 
Xenopus oocytes
Neuroblastoma	 SH-SY5Y
Breast carcinoma	 MDA-MB-435s
		  NCI-ADR
Melanoma 	 HT144
		  C8161
		  SKMel2
Ovarian carcinoma 	 SKOV3
		  SKOV6
		  OVCAR-3
		  OVCAR-8
Cervical carcinoma 	 HeLa
Pancreas carcinoma 	BxPC3
Colon carcinoma    	 HT29
Fibrosarcoma        	 HT1080
Breast cancer 	 MDA-MB-435s
xenograft
Pancreatic cancer 	 Primary 
xenograft		  PAXF1657 
Acute myeloid 	 HEL
leukemia  		 UT-7
		  K562
		  PLB-985
		  Primary cells 

Sciatic nerve fibers (rat)
Optic nerve fibers (rat)

Cardiac purkinje fibers (canine)

Sciatic nerve fibers (rat)

Myosacs (rat)

Sciatic nerve fibers (rat)

Sciatic nerve fibers (rat)
Optic nerve fibers (rat)
HEK293

EBNA-293 

Reduce whole cell current

Restore consciousness 
during anesthesia
Reduce whole cell current

Reduce whole cell current;
reduce proliferation and 
migration 
Reduce whole cell current

Reduce tumor growth

Reduce proliferation and 
migration; increase cell 
death

Reduce whole cell current; 
reduce action potential 
amplitude
Reduce Vmax; reduce 
membrane responsiveness
Reduce whole cell current;
shift the voltage depen
dence of inactivation
Shift the voltage-depen
dence of activation and 
inactivation
Induce channel internaliza
tion
Reduce whole cell current

Reduce whole cell current 

Reduce whole cell current 
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