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ABSTRACT
BACKGROUND Patients with long QT syndrome (LQTS) are predisposed to life-threatening arrhythmias. A delay in
cardiac repolarization is characteristic of the disease. Pharmacotherapy, implantable cardioverter-deﬁbrillators, and left
cardiac sympathetic denervation are part of the current treatment options, but no targeted therapy for LQTS exists to
date. Previous studies indicate that induced autoimmunity against the voltage-gated KCNQ1 Kþ channels accelerates
cardiac repolarization.
OBJECTIVES However, a causative relationship between KCNQ1 antibodies and the observed electrophysiological effects has never been demonstrated, and thus presents the aim of this study.
METHODS The authors puriﬁed KCNQ1 antibodies and performed whole-cell patch clamp experiments as well as singlechannel recordings on Chinese hamster ovary cells overexpressing IKs channels. The effect of puriﬁed KCNQ1 antibodies
on human cardiomyocytes derived from induced pluripotent stem cells was then studied.
RESULTS The study demonstrated that KCNQ1 antibodies underlie the previously observed increase in repolarizing IKs
current. The antibodies shift the voltage dependence of activation and slow the deactivation of IKs. At the single-channel
level, KCNQ1 antibodies increase the open time and probability of the channel. In models of LQTS type 2 (LQTS2) using
human induced pluripotent stem cell-derived cardiomyocytes, KCNQ1 antibodies reverse the prolonged cardiac repolarization and abolish arrhythmic activities.
CONCLUSIONS Here, the authors provide the ﬁrst direct evidence that KCNQ1 antibodies act as agonists on IKs
channels. Moreover, KCNQ1 antibodies were able to restore alterations in cardiac repolarization and most importantly
to suppress arrhythmias in LQTS2. KCNQ1 antibody therapy may thus present a novel promising therapeutic
approach for LQTS2. (J Am Coll Cardiol 2020;75:2140–52) © 2020 The Authors. Published by Elsevier on behalf of
the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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F I G U R E 1 Effect of KCNQ1 Antibodies on I Ks
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Representative IKs current traces recorded in Chinese hamster ovary cells under the control condition (A, cell capacitance 12.8 pF) and in the
presence of 30 mg/ml (B, 14.7 pF) and 60 mg/ml (C, 17.4 pF) KCNQ1 antibodies. (D and E) Step and tail current densities as a function of the
test potential. Indicated are mean  SEM, comparing control cells (n ¼ 19), and cells with 30 mg/ml (n ¼ 23) and 60 mg/ml (n ¼ 10) KCNQ1
antibodies. **p < 0.01; ***p < 0.001; ****p < 0.0001 comparing control versus KCNQ1 Ab 60 mg/ml. Ab ¼ antibody.
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F I G U R E 2 Effect of KCNQ1 Antibodies on the Biophysical Properties of I Ks Channels
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Indicated are mean  SEM. (A) Voltage-dependent activation of IKs. Control n ¼ 19 (V1/2 ¼ 16.7  0.9 mV, slope factor k ¼ 18.5  0.8 mV), KCNQ1 Ab
30 mg/ml n ¼ 23 (V1/2 ¼ 6.7  0.5 mV, k ¼ 17.4  0.5 mV), KCNQ1 Ab 60 mg/ml n ¼ 10 (V1/2 ¼ 11.4  1.1 mV, k ¼ 15.2  1.0 mV). p < 0.0001 when
comparing V1/2 between control versus KCNQ1 Ab 30 mg/ml and 60 mg/ml. p < 0.05 when comparing the slope factor k of control cells versus KCNQ1 Ab
60 mg/ml. (B) Voltage-dependent deactivation of IKs. Control n ¼ 19 (V1/2 ¼ 4.6  0.8 mV, k ¼ 18.1  0.7 mV), KCNQ1 Ab 30 mg/ml n ¼ 23 (V1/2 ¼ 0.1 
0.7 mV, k ¼ 15.7  0.6 mV), KCNQ1 Ab 60 mg/ml n ¼ 10 (V1/2 ¼ 19.8  1.3 mV, k ¼ 12.0  1.1 mV). p < 0.0001 when comparing V1/2 between control
versus KCNQ1 Ab 30 mg/ml and 60 mg/ml, respectively. p < 0.05 when comparing the slope factor k between control versus KCNQ1 Ab 30 mg/ml and
60 mg/ml, respectively. Ab ¼ antibody.
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antibodies. A leftward shift could be distinguished in
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F I G U R E 3 Effect of KCNQ1 Antibodies on I Ks Using a Protocol With a Prolonged Deactivation Phase
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Represented are mean  SEM. *p < 0.05 when comparing the normal versus long deactivation protocol. (A and B) Step and tail current densities as a
function of the test potential. (C) Voltage-dependent activation of IKs. Control (V1/2 ¼ 16.7  0.9 mV, slope factor k ¼ 18.5  0.8 mV), KCNQ1 Ab
30 mg/ml (V1/2 ¼ 6.7  0.5 mV, k ¼ 17.4  0.5 mV) versus KCNQ1 Ab 30 mg/ml long deactivation protocol (V1/2 ¼ 6.3  0.9 mV, k ¼ 19.2  0.8 mV).
(D) Voltage-dependent deactivation of IKs. Control (V1/2 ¼ 4.6  0.8 mV, k ¼ 18.1  0.7 mV), KCNQ1 Ab 30 mg/ml (V1/2 ¼ 0.1  0.7 mV, k ¼ 15.7 
0.6 mV) versus KCNQ1 Ab 30 mg/ml long deactivation protocol (V1/2 ¼ 1.8  1.1 mV, k ¼ 18.9  1.0 mV). The long deactivation protocol did not affect
the leftward V1/2 shift occurring in the presence of 30 mg/ml KCNQ1 antibodies (p < 0.01 when comparing control versus KCNQ1 Ab with either pulse
protocol). The slope factors were not signiﬁcantly different. Ab ¼ antibody.
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F I G U R E 4 Effect of KCNQ1 Antibodies on Single-Channel I Ks
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(A) Representative single-channel current traces from nontransfected Chinese hamster ovary (CHO) cells (tip resistance 18 MU) and CHO KCNQ1þ/KCNE1þ cells with
30 mg/ml KCNQ1 antibodies (20 MU, 2 active channels within the patch), 60 mg/ml (29 MU, 9 active channels within the patch) and without antibodies (27 MU, 6 active
channels within the patch). Ensemble-averaged currents of successive recordings of representative cells under the control condition (31 sweeps) versus treatment with
30 mg/ml (40 sweeps) and 60 mg/ml KCNQ1 antibodies (46 sweeps). (B) The current amplitudes were plotted against pulse potentials between 0 mV and þ40 mV in
20 mV incremental steps. The amplitude–voltage relationship resulted in an estimated slope conductance of 2.6 pS for control cells (n ¼ 7), 2.7 pS and 4.9 pS for cells
treated with KCNQ1 antibodies 30 mg/ml (n ¼ 7) and 60 mg/ml (n ¼ 10), respectively. (C) The bars represent the mean  SEM open and closed dwell times (recorded
at þ40 mV) for control cells (n ¼ 6) and cells treated with 30 mg/ml (n ¼ 5) and 60 mg/ml KCNQ1 antibodies (n ¼ 7). (D) Represented is the mean  SEM open
probability (recorded at þ40 mV) in control cells (n ¼ 6) compared with cells with 30 mg/ml (n ¼ 5) and 60 mg/ml KCNQ1 antibodies (n ¼ 7). *p < 0.05; **p < 0.01.
Ab ¼ antibody; Po ¼ open probability.

ratio (amplitude at the end of the tail current)/

protocol by prolonging the repolarizing pulse to 6 s

(amplitude at the beginning of the tail current)

(long deactivation protocol) to better estimate to what

(Supplemental Figure 3). The fractions were markedly

extent the slowing of deactivation is contributing to

increased in cells treated with 60 mg/ml KCNQ1 anti-

the increase of the I Ks amplitude. When enough time

bodies compared with control cells. Because the tail

was allowed for the I Ks channels to deactivate

currents did not deactivate completely during the 2-s

completely, the ratio of nondeactivated IKs channels

return potential of 40 mV, we modiﬁed the pulse

decreased accordingly (Supplemental Figure 3).
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Interestingly, with the long deactivation protocol,

of 2.7 pS. With 60 m g/ml KCNQ1 antibodies, the

the I Ks current density increase measured with KCNQ1

single-channel conductance was estimated at 4.9 pS

antibodies (30 m g/ml) converges toward the control

(Figure 4B). Extrapolating to zero-current amplitude,

condition (Figures 3A and 3B), but the voltage-

the reversal potential was calculated at 30 mV, a

dependent activation and deactivation remained

value well above the equilibrium potential for Kþ,

shifted (Figures 3C and 3D). The net effect is that

indicating an altered ion selectivity in the presence of

KCNQ1 antibodies have a dual effect on I Ks channels:

a high concentration of KCNQ1 antibodies. The mean

they modulate the voltage sensitivity of the channel

open dwell time signiﬁcantly rose from 2.9  0.4 ms

and markedly slow the deactivation. This latter pro-

to 4.8  0.7 ms and 5.6  0.8 ms in the presence of

cess could lead to accumulation of activated channels

30 m g/ml and 60 m g/ml KCNQ1 antibodies, respec-

and thus further contribute to the increased activa-

tively (p < 0.05) (Figure 4C). At the same time, the

tion during the next test pulse. Our experiments with

mean closed dwell time decreased from 10.2  1.4 ms

the higher IgG concentration (60 m g/ml) further sup-

to 7.6  2.3 ms and 6.9  0.6 ms in the presence of

port these ﬁndings (Supplemental Figure 4): whereas

30 m g/ml and 60 m g/ml KCNQ1 antibodies, respec-

a prolongation of the deactivation phase allows the

tively (p < 0.05) (Figure 4C). In addition, the open

I Ks current densities of KCNQ1 antibody–treated

probability increased by 2-fold when cells were

(30 m g/ml) cells to return to normal (Figure 3A and 3B),

exposed to 60 m g/ml KCNQ1 antibodies (p < 0.01)

in the presence of 60 m g/ml KCNQ1 antibodies, not

(Figure 4D). Taken together, the single-channel

enough time is allowed for the channels to deactivate

kinetics are in accordance with the macroscopic

completely between pulses. Accordingly, the propor-

I Ks ﬁndings.

tion of nondeactivated I Ks channels with 60 m g/ml after

KCNQ1 ANTIBODIES DO NOT AFFECT KCNQ1 CHANNEL

6 s of repolarization to 40 mV diminished, but

EXPRESSION. Because a change in KCNQ1 channel

without reaching values observed under control con-

expression may inﬂuence the amplitude of IKs, we

ditions (Supplemental Figure 3). Longer repolarizing

performed qPCR and Western blot experiments to

pulses were avoided to minimize extracellular K þ
accumulation (7).

quantify the channels comparing cells in the presence
and absence of KCNQ1 antibodies. Incubation of CHO

KCNQ1 ANTIBODIES INCREASE OPEN TIME AND
PROBABILITY OF I Ks CHANNELS. To investigate the

molecular mechanisms of KCNQ1 antibodies on I Ks
gating, we performed single-channel recordings in

cells with KCNQ1 antibodies did not affect the relative
expression of KCNQ1 mRNA nor the channel protein
amount (Supplemental Figure 5).
KCNQ1 ANTIBODIES ARE SPECIFIC TO IKs CHANNELS. To

CHO KCNQ1 /KCNE1 cells comparing control condi-

address the question of off-target effects of KCNQ1

tions with cells exposed to KCNQ1 antibodies. Over

antibodies, we performed patch clamp experiments

the course of 50 sweeps at þ40 mV for 4,000 ms, si-

on mammalian cell lines stably expressing the other

lent sweeps without channel activity prevailed in the

human cardiac voltage-gated ion channels that

recordings of control cells, supporting the previous

essentially shape the cardiac action potential, that is,

observation that KCNQ1 channels open with a signif-

CHO Nav 1.5, HEK 293 Ca v1.2, and CHO hERG. We

icant delay (8). However, when KCNQ1 antibodies

observed no changes in biophysical properties of the

þ

þ

were applied to the CHO cells, rapid ﬂickering became

Na v1.5, Ca v1.2, and hERG channels in the presence of

apparent (Figure 4A). On average, the single-channel

KCNQ1 antibodies (Supplemental Figure 6).

current at þ40 mV was estimated at 0.36  0.03 pA

KCNQ1 ANTIBODIES SHORTEN APD AND THE QT

for the control cells, and 0.38  0.07 pA and 0.34 

INTERVAL IN AN IN SILICO MODEL OF HUMAN

0.04 pA for CHO cells treated with 30 mg/ml and

CARDIOMYOCYTE LQTS2. The effects of the shift of

60 m g/ml KCNQ1 antibodies, respectively. Non-

the steady-state activation relationship of I Ks were

transfected CHO cells lack any appreciable endoge-

evaluated in computer simulations using the Ten

nous currents as shown in Figure 4A. From recordings

Tusscher-Noble-Noble-Panﬁlov

at 3 different voltages, a linear ﬁt yielded a value of

cell model. Supplemental Figure 7 shows the effects

human

ventricular

2.6 pS for the single-channel conductance under

of shifting this relationship by 10 mV, corresponding

control conditions, which is in line with the published

to the shift observed in patch clamp experiments with

reports (8,9). The linear ﬁt crosses the x-axis at the

30 m g/ml KCNQ1 antibody. This shift shortened the AP

reversal potential expected for K þ-selective channels.

in all simulated genotypes (wild-type, heterozygous,

Similar values were found in the presence of 30 m g/ml

and homozygous LQTS2) and in all 3 ventricular cell

KCNQ1 antibodies, with a single-channel conductance

types (Supplemental Figure 7A). Importantly, in the
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F I G U R E 5 Effect of KCNQ1 Antibodies on hiPSC-CMC
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(A) Representative action potentials recorded at 37 C from spontaneously beating cardiomyocytes with (30 mg/ml and 60 mg/ml) and without
KCNQ1 antibodies. (B) The bars represent the mean  SEM APD90 of control cells (n ¼ 10) and cardiomyocytes treated with 30 mg/ml (n ¼ 8)
and 60 mg/ml (n ¼ 12) KCNQ1 antibodies. *p < 0.05; ***p < 0.001. Ab ¼ antibody; APD ¼ action potential duration; hiPSC-CMC ¼ human
induced pluripotent stem cell-derived cardiomyocyte; n.s. ¼ not signiﬁcant.

epicardial and endocardial cell models at all basic

with a shift by 28.1 mV (Supplemental Figure 8). In a

cycle lengths, the APD shortening compensated

transmural model of conduction, shifting the activa-

almost fully the APD prolongation induced by the

tion relationship of I Ks to more negative potentials

simulated

(Supplemental

shortened the QT interval in pseudo-ECGs for all 3

Figure 7B). These effects were more prominent with

genotypes (Supplemental Figure 7D). Of note, the

a shift of the steady-state I Ks activation relationship

shift by 28.1 mV almost fully normalized the QT

by 28.1 mV, corresponding to 60 m g/ml antibody

interval in the simulated heterozygous LQTS2 geno-

concentration (Supplemental Figure 8). In particular,

type. These results, therefore, support the notion that

this shift compensated the APD prolongation caused

by its effect on I Ks, KCNQ1 antibodies may compen-

by the simulated homozygous LQTS2 in epicardial

sate APD and thus QT-interval prolongation in

heterozygous

LQTS2

and endocardial cells and the APD prolongation

patients afﬂicted by LQTS2.

caused by the simulated heterozygous LQTS2 in mid-

KCNQ1 ANTIBODIES SHORTEN APD IN IN

myocardial cells. The effects of shifting the steady-

MODELS OF HUMAN CARDIOMYOCYTE LQTS2. With

state activation relationship of I Ks by 10 mV are

this hypothesis in mind, we next tested whether

further detailed in Supplemental Figure 7C, in which

KCNQ1 antibodies accelerate cardiac repolarization in

VITRO

the time courses of I Ks and I Kr are shown jointly with

hiPSC-CMCs. As shown in Figure 5, KCNQ1 antibodies

the APs of an epicardial cell paced at a basic cycle

caused a concentration-dependent shortening of the

length of 1,000 ms. The reduction of I Kr in the het-

APD determined at 90% repolarization (APD 90 ) at 37 C

genotypes

(p < 0.001) (Supplemental Table 1). In conjunction

induced an increase of I Ks (repolarization reserve),

with the experimental conditions of CHO cells, patch

which was augmented by the simulated effect of the

clamp recordings were also carried out at room tem-

KCNQ1 antibodies, contributing to the normalization

perature. At temperatures below the physiological

of APD. This effect was considerably more prominent

level, the spontaneous APs of hiPSC-CMCs are

erozygous

and

homozygous

LQTS2
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F I G U R E 6 Effect of KCNQ1 Antibodies on hiPSC-CMC-LQTS2

A
hiPSC-CMC-LQTS2: EADs + arrhythmic beating

0 mV

hiPSC-CMC-LQTS2: EADs + arrhythmic beating + beating arrest
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B
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All measurements were performed at 37 C. (A) Representative AP traces recorded in hiPSC-CMC-LQTS2 showing prolonged APDs with EADs, degenerating into
arrhythmic beating and beating arrest. In the presence of KCNQ1 Ab 30 mg/ml and 60 mg/ml, hiPSC-CMC-LQTS2 cells have shorter APDs and develop no arrhythmia. (B)
In the far left panel, the bars represent the mean  SEM APD90 of hiPSC-CMC-LQTS2 (n ¼ 9), treated with 30 mg/ml (n ¼ 9) and 60 mg/ml (n ¼ 9) KCNQ1 antibodies.
**p < 0.01; ***p < 0.001. In the right panels, the bars represent the incidence of EADs, arrhythmic beating, and beating arrest in hiPSC-CMC-LQTS2 (n ¼ 17) and with
30 mg/ml (n ¼ 9) versus 60 mg/ml (n ¼ 9) KCNQ1 antibodies, respectively. Ab ¼ antibody; APD ¼ action potential duration; EAD ¼ early afterdepolarization; hiPSCCMC-LQTS2 ¼ human induced pluripotent stem cell-derived cardiomyocyte from a patient with congenital LQTS type 2; other abbreviations as in Figure 5.

necessarily prolonged. Nevertheless, the KCNQ1 an-

concentrations shortened the APD and signiﬁcantly

tibodies signiﬁcantly shortened the APD 90 by 21% at

reduced the incidence of arrhythmic events (p < 0.05)

30 mg/ml and by 40% at 60 m g/ml concentration,

(Supplemental Figure 10, Supplemental Table 3).

respectively (Supplemental Figure 9, Supplemental

Next, we studied the effect of KCNQ1 antibodies on

Table 2). E-4031, a selective KCNH2 Kþ channel

congenital LQTS2 using hiPSC-CMCs from a patient

blocker, was used to create a pharmacological model

with an A561P mutation in the KCNH2 gene. HiPSC-

of LQTS2. The application of E-4031 caused a 4-fold

CMC-LQTS2

increase in APD 90 and induced APD alternans as

(mean APD90 1,033  547.4 ms) and developed

well

(EADs)

frequent arrhythmic events in terms of EADs,

(Supplemental Figure 10). KCNQ1 antibodies at both

arrhythmic beating and beating arrest (Figure 6).

as

early

afterdepolarizations

presented

markedly

prolonged

APs
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C ENTR AL I LL U STRA T I O N KCNQ1 Antibodies Activate I Ks Channels

Purified
KCNQ1 Antibodies

Single
Channel Recording

anti-KCNQ1
IgG
IKs
Open
Closed

KCNQ1 channel

IKs
Current Recording

Open
Closed

Action Potential in
long QT syndrome
hiPSC-derived
cardiomyocyte
with long QT syndrome
type 2

CHO cell
KCNQ1+/E1+

IKs

arrhythmias

Maguy, A. et al. J Am Coll Cardiol. 2020;75(17):2140–52.

KCNQ1 antibodies activate IKs channels to shorten action potential duration and to suppress arrhythmias in a cellular model of long QT
syndrome type 2.

Treatment

completely

and explains our observation of higher frequencies

reversed the pathological and proarrhythmogenic AP

with

KCNQ1

antibodies

when exposed to KCNQ1 antibodies (Supplemental

lengthening of LQTS2 (mean APD90 289.7  12.9 ms

Tables 1 to 4)

and 284.2  17.2 ms with 30 and 60 mg/ml, respectively; p < 0.001) (Supplemental Table 4) and abol-

DISCUSSION

ished all arrhythmic activities (Figure 6). Of note, in
the presence of 60 m g/ml KCNQ1 antibodies, we found

Patients with LQTS are predisposed to VT and sudden

a less negative maximum diastolic potential (MDP) of

cardiac death (1). Current treatment options for LQTS

hiPSC-CMCs and hiPSC-CMC-LQTS2 (Supplemental

include

Tables 1 and 4). This depolarization of the MDP is

cardioverter-deﬁbrillator and the left cardiac sympa-

possibly driven by a net inward current induced by

thetic denervation (3). However, there is a substantial

KCNQ1

concentration,

interest and well-recognized need for developing

consistent with the inward current recorded in CHO

speciﬁc drugs able to activate the repolarizing cur-

cells at 60 m g/ml, but not 30 m g/ml, antibody con-

rents in order to normalize the abnormally prolonged

centration at the test potential of 50 mV. As KCNQ1

repolarization of the heart in LQTS. This is particu-

antibody-induced I Ks activation shortens APD, the

larly true for LQTS patients who enter periods of

beating rate of cardiomyocytes necessarily increased

electrical storms resistant to standard therapy with

antibodies

at

the

higher

beta-blockers,

the

implantation

of

a
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F I G U R E 7 Model of the KCNQ1 Channel Tetramer (PDB: 5VMS)

A

B
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(A) Top view of the IKs channel. (B) Side view of the IKs channel. (C) Model of 1 subunit of the IKs channel, the transmembrane segments S1 to
S6 are labeled (PyMol Molecular Graphics System, v2.0.7 Schrödinger, New York, New York). The targeted peptide sequence (blue) and
selectivity ﬁlter (green) are highlighted. Ab ¼ antibody.

repeated deﬁbrillation shocks and increased mortal-

the presence of 60 m g/ml KCNQ1 antibodies. As illus-

ity (2). Moreover, patients with the type 2 form of

trated in Figure 7, the peptide sequence targeted by

LQTS respond less well to conventional treatment

the KCNQ1 antibodies is located only 8 amino acids

than LQTS1 individuals (10–15). In the present study,

away from the selectivity ﬁlter of the I Ks channel

we provided the ﬁrst proof of concept that puriﬁed

(TTIGYGD motif), leading us to reasonably speculate

KCNQ1 antibodies act as agonists on the I Ks channel

that KCNQ1 antibodies can alter ion selectivity when

(Central Illustration). We found a concentration-

present in high concentrations, potentially due to

dependent response: doubling the KCNQ1 antibody

steric hindrance (16). When reducing the dose of

concentration increased the I Ks current density by

KCNQ1 antibodies down to 30 m g/ml, the ion selec-

2-fold in CHO KCNQ1 þ/KCNE1þ cells. Patch clamp re-

tivity remained unaffected (equilibrium potential

cordings disclosed a dual effect of KCNQ1 antibodies:

within normal range for Kþ). With 30 m g/ml KCNQ1

a negative shift in voltage sensitivity and a marked

antibodies, the longer mean open dwell time is the

slowing of I Ks channel deactivation. To better un-

predominant mechanism underlying the observed I Ks

derstand the mechanisms underlying the I Ks increase,

increase, whereas the open probability was on

we performed single-channel recordings. At þ40 mV,

average higher compared with control cells. At a

I Ks activation is near maximal in both conditions

concentration of 30 m g/ml, KCNQ1 antibodies do not

(control vs. KCNQ1 antibodies). We therefore chose to

affect single-channel conductance.

study single-channel behavior at this particular po-

Next, we used a mathematical model to predict the

tential, thereby reducing the impact of the shift in

effect of KCNQ1 antibodies on human ventricular APs,

activation. In the presence of 60 m g/ml KCNQ1 anti-

thereby simulating 3 different genotypes (wild-type,

bodies, we found that the observed gain of function

heterozygous, and homozygous LQTS2). Because

of KCNQ1 channels results mainly from an increased

LQTS1 is due to a mutation in the KCNQ1 gene, it

mean open dwell time as well as open probability, in

seems

addition to the shift in activation. The contribution of

defective channels would increase I Ks. Our in-

the single-channel conductance to the I Ks increase is

vestigations, therefore, focused on LQTS2 that are

less evident, because it is essentially the consequence

more likely to beneﬁt from KCNQ1 antibodies by

of a shift in reversal potential reﬂecting a change in

compensating for the loss of the I Kr repolarizing cur-

ion selectivity. In line with this observation, an in-

rent through I Ks up-regulation. In our simulations,

ward current could be recorded at the whole-cell level

incorporating the shift in steady-state IKs activation

at a potential below the shifted reversal potential in

induced by the KCNQ1 antibodies shortened the APD

unlikely

that

antibodies

targeting

these
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and, most importantly, normalized APD in simulated

as I Ks activator. Future studies on animal models will

LQTS2. Moreover, the shift in steady-state I Ks acti-

be important to investigate the effect on the whole-

vation normalized the QT interval of pseudo-ECGs in

heart level. We do not completely rule out a poten-

a transmural conduction model of heterozygous

tial heart rate acceleration by the KCNQ1 antibodies

LQTS2. The shift of the steady-state activation func-

in patients with LQTS. Moreover, clinical trials will

tion of I Ks was sufﬁcient to produce these effects via

be needed to determine the kinetics of antibody

enhancement of I Ks . In line with these in silico ﬁnd-

response in humans and to formulate vaccination

ings, we then studied the therapeutic potential of

protocols to induce and maintain a therapeutic

KCNQ1 antibodies both in a pharmacological and

antibody level.

congenital model of LQTS2 using hiPSC-CMCs. As
expected, the APD was signiﬁcantly prolonged in both
experimental

LQTS2

models.

In

addition,

we

observed frequent arrhythmic activities of the cardiomyocytes,

well-known

precursors

of

life-

threatening VT in LQTS patients. Treatment with
KCNQ1 antibodies at 30 m g/ml was sufﬁcient to
restore electrical stability in LQTS2. KCNQ1 antibodies normalized the APD, indicating that KCNQ1
antibodies are able to compensate for the prolonged
repolarization caused by I Kr inhibition (enhanced
repolarization reserve). Moreover, KCNQ1 antibodies
completely suppressed spontaneous arrhythmias. Of
note, the aforementioned concern of depolarized
MDP is only observed with the higher concentration
of KCNQ1 antibodies. The altered ion selectivity presumed with 60 m g/ml KCNQ1 antibodies is reasonably

CONCLUSIONS
Taken together, this is the ﬁrst proof-of-concept
study providing evidence that KCNQ1 antibodies are
potent I Ks activators. We elucidated the mechanisms
of action of KCNQ1 antibodies on the single-channel
level. Moreover, we demonstrated the therapeutic
potential of KCNQ1 antibodies by enhancing repolarization reserve and restoring electrical stability in
LQTS2. In contrast to previous studies on antibodies
with almost exclusively inhibitory effects on channels, the KCNQ1 antibody is unique in its kind
because it induces a gain-of-function of the KCNQ1
channel. KCNQ1 antibody therapy thus presents an
innovative, unprecedented treatment approach for
patients with LQTS (17).

the underlying cause for the depolarization of the
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electronic I K1 expression established a physiological
resting membrane potential to recapitulate human
mature ventricular cardiomyocytes. In this physiological context, I K1 functionally counterbalances the
changed ion selectivity with 60 m g/ml KCNQ1 antibodies (Supplemental Table 5). This is an important
observation, because in view of a therapeutic application, even at the higher concentration, the intrinsic I K1
current of mature cardiomyocytes (as in patients) can
compensate for possible altered ion selectivity.
STUDY LIMITATIONS. In current-clamp experiments,

we were not able to pace the hiPSC-CMCs due to
technical limitations. The maximum stimulus the
EPC-10 ampliﬁer can apply (1 nA/10 ms) is below the
diastolic current threshold for hiPSC-CMCs. The puriﬁed antibodies were polyclonal and not monoclonal immunoglobulins. However, in view of the
development of a therapeutic vaccine for the LQTS,
our intent was to prove that the polyclonal antibody
population resulting from immunization is effective
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PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: KCNQ1 antibodies activate IKs channels, accelerate ventricular repolarization, and suppress arrhythmias in an in vitro cellular model of
long QT syndrome.
TRANSLATIONAL OUTLOOK: Clinical studies are now
needed to evaluate the efﬁcacy and safety of KCNQ1 antibodies
in patients with long QT syndrome type 2.
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