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Autoimmune cardiac channelopathies and heart rhythm disorders:
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ABSTRACT

Cardiac arrhythmias still represent a major health problem worldwide, at least in part because the fundamental pathogenic mech-
anisms are not fully understood, thus affecting the efficacy of therapeutic measures. In fact, whereas cardiac arrhythmias are in
most cases due to structural heart diseases, the underlying cause remains elusive in a significant number of patients despite
intensive investigations even including postmortem examination and molecular autopsy. A large body of data progressively
accumulated during the last decade provides strong evidence that autoimmune mechanisms may be involved in a significant
number of such unexplained or poorly explained cardiac arrhythmias. Several proarrhythmic anti-cardiac ion channel autoanti-
bodies have been discovered, in all cases able to directly interfere with the electrophysiologic properties of the heart but leading
to different arrhythmic phenotypes, including long QT syndrome, short QT syndrome, and atrioventricular block. These autoan-
tibodies, which may develop independent of a history of autoimmune diseases, could help explain a percentage of arrhythmic
events of unknown origin, thereby opening new frontiers for diagnosis and treatment of heart rhythm disorders. Based on this
evidence, the novel term autoimmune cardiac channelopathies was coined in 2017. Since then, the interest in the field of car-
dioimmunology has shown a tumultuous growth, so much so that the number of arrhythmogenic anti—ion channel autoantibodies
reported has significantly increased, also in association with not previously described arrhythmic phenotypes, such as atrial fibril-
lation, Brugada syndrome, and ventricular fibrillation/cardiac arrest. Thus, an updated reassessment of this topic, also high-
lighting perspectives and unmet needs, has become necessary and represents the main objective of this review.

KEYWORDS Autoantibodies; Cardiac ion channels; Arrhythmias; Sudden cardiac death; Autoimmune disease
(Heart Rhythm 2025;22:1541-1561) Published by Elsevier Inc. on behalf of Heart Rhythm Society. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.00).
Introduction Whereas cardiac arrhythmias are in most cases due to struc-
Cardiac arrhythmias are an important source of morbidity and tural heart diseases, ' it is increasingly recognized that in a sig-
mortality worldwide." Specifically, atrial fibrillation (AF) repre- nificant number of patients, the underlying cause remains
sents a major cause of thromboembolic events and heart fail- elusive despite intensive investigations. This is true for a wide
ure, and advanced atrioventricular block (AVB) is the most ~ range of arrhythmias, including AF,” AVB,** idiopathic ventric-
common indication for pacemaker implantation. Moreover, ular fibrillation (VF), and SCD.** It is noteworthy that in up to
malignant ventricular arrhythmias (VAs) are recognized to be 15% of patients presenting with cardiac arrest (CA)/SCD (30%
the leading mechanism for sudden cardiac death (SCD), ac- in individuals <40 years), autopsy examination does not show
counting for ~5 million deaths every year worldwide." Thus, any structural cardiac disease.” In this regard, inherited cardiac

cardiac arrhythmias currently represent a significant health channelopathies, such as congenital long QT syndrome (LQTS)
problem, at least in part because the fundamental pathogenic and Brugada syndrome (BrS), can account for a number of

. . . . M 1 ~ 0, -
mechanisms are not fully understood, thus limiting the effi- these events; however, in ~70% of cases, results of postmor
cacy of therapeutic measures. tem genetic testing by molecular autopsy tum out negative.”
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To date, a large body of data progressively accumulated
during the last decade provides strong evidence that autoim-
mune mechanisms may be involved in a significant number of
such unexplained or poorly explained cardiac arrhyth-
mias.®”"? Specifically, several proarrhythmic anti—cardiac ion
channel autoantibodies have been discovered, in all cases
able to directly interfere with the electrophysiologic proper-
ties of the heart. In 2017, our group coined the novel term
autoimmune cardiac channelopathies,7 adding a new classifi-
cation to the acquired form of channelopathies from autoim-
mune origin. Since then, the interest in the field of
cardioimmunology has shown a tumultuous growth,”" so
much so that the number of arrhythmogenic anti-ion channel
autoantibodies reported has significantly increased, also in as-
sociation with not previously described arrhythmic pheno-
types, such as AF,'? BrS,"3 idiopathic VF," and unexplained
CA." Thus, an updated reassessment of this topic has
become necessary, representing the main objective of this
contemporary review.

Classification of autoimmune cardiac channelopathies

We propose that arrhythmogenic autoimmune cardiac chan-
nelopathies can be classified according to 3 key criteria
(Figure 1): the type of the targeted ion channel (ie, autoim-
mune calcium, potassium, and sodium channelopathies), the
functional effect of the autoantibody on the target protein
(ie, inhibiting and agonist-like arrhythmogenic autoanti-
bodies), and the associated arrhythmic phenotype (ie, autoim-
mune tachyarrhythmias and bradyarrhythmias). As detailed in
the following paragraphs, a peculiar behavior is shown by
anti-Ro/SSA  (Sjogren syndrome-related antigen A) anti-
bodies, able to promote both tachyarrhythmias and bradyar-
rhythmias as a result of a multitarget inhibitory cross-reaction
with different types of calcium and potassium channels in the
heart.”"'®

As comprehensively described in the Supplemental Mate-
rial (Data S1), these 3 classifications provide different points of
view to better understand and to describe the multiple facets
of this novel autoimmune mechanism for cardiac arrhythmias.
However, whereas the first 2
classifications are primarily
focused on molecular and
electrophysiologic  aspects,
more useful for basic science/
translational studies, the third
one is suitable for translation
into the clinical setting. For
CTD: connective tissue dis- this reason, it is the one primar-
ease ily used in this review.

Abbreviations

AD: autoimmune disease

anti-Ro/SSA: anti-Ro/Sjégren
syndrome-related antigen A

BrS: Brugada syndrome

CA: cardiac arrest

LQTS: long QT syndrome

SCVF: short-coupled ventric- TaChyarrhythmias
ular fibrillation Autoimmune cardiac channe-
lopathies can promote several
types of tachyarrhythmias,
including VA and AF. VAs,

which are the most severe,

SQTS: short QT syndrome
TdP: torsades de pointes

VF: ventricular fibrillation

potentially leading to CA and SCD, occur in the setting of 4
main electrocardiographic phenotypes: LQTS, short QT syn-
drome (SQTS), BrS, and short-coupled VF (SCVF).

Autoimmune LQTS

Three different anti—ion channel autoantibodies have
currently been associated with the development of VA, also
life-threatening, occurring in the presence of an electrocar-
diographic (or electrophysiologic) phenotype suggestive of
LQTS. They are the anti-K,11.1 and the anti-K, 1.4 inhibiting
antibodies and the anti-Ca,1.2 agonist-like antibody
(Table 1). Whereas the association with LOTS and related
VA is supported by a substantial number of experimental, clin-
ical, and population studies for the first, the link is less robust
in the other 2 cases as several basic and clinical aspects need
further investigations (Tables 2 and 3; Figure 2).

Inhibiting anti-K,11.1 (hERG) autoantibodies

The K,11.1 channel, better known as human ether-a-go-go—
related gene potassium channel (hERG), generates the rapid
component of the delayed rectifier potassium current (l,). It
is well recognized that this channel plays a key role in deter-
mining ventricular action potential duration (APD) and is the
target for most cases of drug-induced LQTS."” Moreover, var-
iants affecting the related encoding gene (KCNH2) represent
the cause of the type 2 congenital LQTS."®

In 2015, we demonstrated that circulating anti-Ro/SSA 52-
kDa antibodies in patients with connective tissue disease
(CTD) presenting with LQTS cross-react with and inhibit
hERG."” (More details on molecular aspects and clinical signif-
icance of anti-Ro/SSA antibodies are in the Supplemental Ma-
terial [Data S2]). Specifically, we provided evidence that sera,
purified IgG, or affinity-purified anti-Ro/SSA 52-kDa autoanti-
bodies from these patients were able to bind a specific 31-
amino acid peptide sequence (GNMEQPHMDS-
RIGWLHNLGDQIGKPYNSSGL) on the extracellular loop of
the pore-forming region of the channel (where significant ho-
mology with the Ro/SSA 52-kDa antigen exists), acutely inhibit
I in a concentration-dependent manner, and prolong ven-
tricular APD in-vitro." These findings were supported and
extended by Szendrey and coworkers,”® who demonstrated
that anti-Ro/SSA 52-kDa antibodies can also chronically
inhibit I, by a direct interaction with the hERG extracellular
S5-pore linker as a result of an enhanced channel degradation
by endocytosis. Moreover, guinea pig immunization with
either the Ro 52-kDa antigen or the 31-amino acid hERG
pore peptide led to a sharp prolongation of the heart rate—
corrected QT interval (QTc) on the surface electrocardiogram
and the APD at ventricular myocyte level,'”?" without any ev-
idence of cardiac inflammation or fibrosis.?’ In agreement
with these mechanistic data, earlier clinical evidence demon-
strated that in anti-Ro/SSA-positive CTD patients, the mean
QTc was longer and the prevalence of QTc prolongation
was higher compared with anti-Ro/SSA-negative CTD pa-
tients”” and associated with an increased incidence of com-
plex VA?? As pointed out in a review”" (and summarized
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with further updated data in Supplemental Table 1), consis-
tent and similar findings were reported by >10 additional clin-
ical studies performed in patients, adults and children, with
different types of CTD. Moreover, preliminary data suggest
that immunosuppressive therapy could reverse QTc prolon-
gation in anti-Ro/SSA-positive CTD patients.”>*

The clinical impact of these findings is significantly empha-
sized by accumulating data showing that circulating anti-Ro/
SSA 52-kDa antibodies are associated with an increased risk
for development of LQTS also in the absence of a manifest
CTD (or other autoimmune disease [AD]), further pointing to
a direct autoantibody-mediated interference on cardiac elec-
trophysiology. The first evidence was provided by Cimaz and
associates,”” who demonstrated that the passive transpla-
cental autoantibody passage from anti-Ro/SSA-positive
CTD mothers to their unaffected newborns was frequently
associated with transient but significant QTc prolongation,
which disappeared within the first year of life concomitantly
with maternal autoantibody clearance.”® Later studies
confirmed these findings, also reporting cases of newborns
with anti-Ro/SSA-associated LQTS complicated by ventricu-
lar tachycardia (VT)/torsades de pointes (TdP) occurrence
(Supplemental Table 1). Moreover, after the initial description
by Nakamura and coworkers®” of an otherwise healthy anti-
Ro/SSA-positive woman who presented with recurring TdP
episodes, we provided evidence that in a prospective cohort

of 25 consecutive adult patients with TdP, 60% of cases
showed circulating anti-Ro/SSA 52-kDa antibodies, usually
in the absence of a concomitant AD.*° Again, sera and
purified 1gG from autoantibody-positive TdP patients (but
not from those negative) were able to directly bind the 31-
amino acid sequence on the hERG S5-S6 extracellular
loop® and acutely and chronically inhibit I, in-vitro.””*°
Such findings, combined with the evidence that anti-Ro/SSA
antibodies can be found in a significant percentage of unse-
lected individuals of the general population (up to ~3%—
8%, depending on age),®'*? suggest that these autoanti-
bodies may represent a hidden risk factor for LQOTS and asso-
ciated life-threatening VA in the general population. A strong
support to this hypothesis has been provided by 2 large pop-
ulation studies.>® The first, in a cohort of 7339 US veterans,
showed that the presence of circulating anti-Ro/SSA anti-
bodies (n = 612[8.3%]), regardless of a CTD history, was inde-
pendently associated with a 2 times increased risk of
presenting with marked QTc prolongation >500 ms.?” In the
second study, an Israeli nationwide cross-sectional investiga-
tion involving >100,000 participants, the authors provided ev-
idence that anti-Ro/SSA-positive individuals showed higher
rates of tachyarrhythmias, including a ~50% increased risk
of paroxysmal VT (odds ratio, 1.49; 95% confidence interval,
1.10-2.01), compared with those testing negative, again in-
dependent of a concurrent diagnosis of AD.****

Autoimmune cardiac channelopathies

|

| Classification by ion channel type I

| Classification by autoantibody functional effect |

Calcium Potassium Sodium Agonist-like Inhibiting
channelopathies channelopathies channelopathies autoantibodies autoantibodies
Anti-Ca, 1.2 [n=3] Anti-K,11.1 Anti-Na,1.5 [n=2] Anti-Ca, 1.2 Anti-Ca,1.2 [n=2]
Anti-Ca, 1.3 Anti-K,1.4 Anti-K,7.1 Anti-Ca,1.3
Anti-Ca,3.1 Anti-K,7.1 Anti-K;3.4 Anti-Ca,3.1
Anti-Ca,3.2 Anti-K; 3.4 Anti-Kp2.1 Anti-Ca,3.2
Anti-K,p2.1 Anti-K,11.1
Anti-K, 1.4*
Anti-Na,1.5 [n=2]
| Classification by arrhythmic phenotype |
Tachyarrhythmias Bradyarrhythmias
LQTS SQTS BrS AF VFICA AVB Sinus SAB
9 z : . . ) bradycardia g
Anti-K,11.1 Anti-K,7.1 Anti-Na, 1.5 Anti-Kir,3.4 Anti-K;p2.1 Anti-Ca,1.2 ) Anti-Na, 1.5
Anti-K,1.4 Anti-Ca,1.2 Anti-Ca,1.3 Anti-Ca, 1.2
Anti-Ca,1.2* Anti-Ca,3.1 Anti-Ca,1.3
Anti-Ca,3.2 Anti-Ca,3.1
Anti-Na,1.5 Anti-Ca,3.2
Figure 1

Classifications of autoimmune cardiac channelopathies. AF = atrial fibrillation; AVB = atrioventricular block; BrS = Brugada syndrome; CA = cardiac arrest; LQTS =
long QT syndrome; SAB = sinoatrial block; SQTS = short QT syndrome; VF = ventricular fibrillation.



Table 1 Autoimmune cardiac channelopathies classified by arrhythmic phenotype

Clinical Autoantibody Effect on ion Effects on cell
phenotype ECG findings type lon channel Binding site Targeted peptide current electrophysiology
Tachyarrhythmias LQTS Inhibiting* K111 Extracellular loop between ~ GNMEQPHMDSRIGWLHNLGDQIGKPYNSSGL I, decrease  Ventricular cell APD
(anti-Ro/SSA) (hERG) S5-S6 prolongation
Inhibiting K.1.4 Intracellular N terminus MPYGY NA NA
Agonist-like Ca,1.2 Intracellular N terminus of D1 VNENTRMYIPEENHQ IcaL increase  Ventricular cell APD
prolongation, EADs
occurrence
SQTS Agonist-like K,7.1 Extracellular loop between AEKDAVNESGRVEFGSYADA lks increase  Ventricular cell APD
S5-56 of D1 shortening
Brugada Inhibiting Na,1.5 Extracellular loops’ NA Ina decrease NA
syndrome
Atrial fibrillation  Agonist-like Ki3.4 Extracellular loop between IETETTIGYGFRVITEKCPE lkach hiPSC-CMs APD
M1-M2 increase shortening
VF/CA SCVF Agonist-like Kop2.1 Extracellular loop between HSCVNSTELDELIQQIVAAI lkop increase  hiPSC-CMs APD
(TREK-1) M1-M2 shortening
iCA  Inhibiting Ca,1.2 Extracellular loop between DFDNVLAAMMALFTVSTFEG lcaL hiPSC-CMs APD
S5-S6 of D3 decrease shortening
Bradyarrhythmias AVB/sinus Inhibiting* Ca,1.2 Extracellular loop between ~ ELFMGKMHKTCYNQEGIADV lcaL Nodal cell AP inhibition
bradycardia (anti-Ro/SSA) S5-S6 of D1 ROQCONGTVCKPGWDGPKHGI decrease
AEDDPSPCALETGHGRQCQN
Extracellular loop between ~ KGNYITYKDGEVDHPIIQPR
S5-S6 of D3 DFDNVLAAMMALFTVSTFEG
Inhibiting* Ca,1.3 Extracellular loop between NA lcaL Nodal cell AP inhibition
(anti-Ro/SSA) S5-56 of D1 decrease
Inhibiting* Ca,3.1 Extracellular loop between YNSSSNTTCVNWNQYYTNCS lcaT Nodal cell AP inhibition
(anti-Ro/SSA) S5-56 of D1 decrease
Inhibiting* Ca,3.2 Extracellular loop between VGAARNACINWNQY lcaT Nodal cell AP inhibition
(anti-Ro/SSA) S5-56 of D1 decrease
AVB/SAB Inhibiting Na,1.5 Extracellular loop between GNLRHKCVRNFTELNGTNGSVEADGLVW Ina decrease NA

S5-S6 of D1

Anti-Ro/SSA = anti-Ro/Sjogren syndrome-related antigen A antibodies; AP = action potential; APD = action potential duration; AVB = atrioventricular block; CA = cardiac arrest; D1/D2/D3/D4 = domains 1/4; EADs = early
afterdepolarizations; ECG = electrocardiogram; hERG = human ether-a-go-go-related gene potassium channel; hiPSC-CMs = human induced pluripotent stem cell-derived cardiomyocytes; Ic,. = L-type calcium channel
current; lc,t = T-type calcium current; Iy, = sodium channel current; Ixach = acetylcholine-gated potassium channel current; I, = rapid component of the delayed rectifier potassium channel current; I = slow component of
the delayed rectifier potassium current; lxop = 2-pore domain potassium channel current; iCA = idiopathic cardiac arrest; LOTS = long QT syndrome; M1-M2: transmembrane segments 1-2; NA = datum not available; SAB =
sinoatrial block; SCVF = short-coupled ventricular fibrillation; SQTS = short QT syndrome; S3-S4/S5-S6 = transmembrane segments 3-4/5-6; TREK-1 = TWIK-related potassium channel 1; VF = ventricular fibrillation.
*Anti-Ro/SSA antibody cross-reacting with the channel.

Tlncluding extracellular loops between S5-S5 of D1, D2, D3, and D4 and between $3-54 of D4.
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Table 2 Key studies providing clinical support to the arrhythmogenicity of autoimmune cardiac channelopathies in adults

Author, year

Autoantibody

Study design

Study population

Main findings

Autoimmune long QT syndrome
Lazzerini et al, 2004°? Anti-K,11.1

(anti-Ro/SSA)

Bourré-Tessier et al, 201187

Lazzerini et al, 2016°°

Lazzerini et al, 202183

Akuka et al, 20223

Suzuki et al, 2005%° Anti-K,1.4
Suzuki et al, 2014%7
Xiao et al, 2012%? Anti-Ca,1.2

Yu et al, 2014*

Autoimmune short QT syndrome
Li etal, 2013* Anti-K,7.1
Autoimmune Brugada syndrome

Tarantino et al, 20243 Anti-Na, 1.5
Autoimmune atrial fibrillation
Maguy et al, 20232 Anti-K; 3.4

Cross-sectional
Cross-sectional/
prospective
Cross-sectional
Cross-sectional

population based

Cross-sectional

population based

Cross-sectional

Cross-sectional

Prospective

Prospective

Cross-sectional

Case-control

Case-control/
prospective

57 CTD patients (31 anti-Ro/SSA positive)

278 SLE patients (113 anti-Ro/SSA positive)

25 TdP patients

7339 US veterans (612 anti-Ro/SSA positive)

101,599 general population participants (11,525

anti-Ro/SSA positive)

61 MG patients (11 autoAb positive)

650 MG patients (70 autoAb positive)

80 DCM patients (39 autoAb positive)

2096 HF patients (841 with DCM [39 autoAb
positive] and 1255 with ICM [51 autoAb
positive])

150 DCM patients (9 autoAb positive)

50 BrS patients 50 controls without BrS

51 patients with unexplained AF 37 healthy
controls

Mean QTc longer and prevalence of QTc prolongation >440
ms higher in autoAb-positive than in autoAb-negative
patients (58% vs 0%)

5 times higher risk of QTc prolongation in autoAb-positive vs
autoAb-negative patients; association strongly persisted
over time

High prevalence of anti-Ro/SSA 52-kDa antibodies in
unselected TdP patients (60%), independent of a history of
AD

QTc prolongation (>470 ms in men/>480 ms in women) in 10%
of autoAb-positive vs 6.2% of autoAb-negative patients
(marked QTc prolongation >500 ms, 3.1% vs 1.0%); autoAb
positivity independently associated with a 2 times higher risk
of marked QTc prolongation (>500 ms; OR, 2.27; 95% ClI,
1.34-3.87)

AutoAb-positive participants showed a 50% increased risk of
paroxysmal VT (OR, 1.49; 95% Cl, 1.10-2.01) compared with
autoAb-negative participants

AutoAb-positive patients had increased incidence of QTc
prolongation compared with autoAb-negative patients (36%
vs 0%)

High prevalence of QTc prolongation in autoAb-positive
patients (14%); 20% of autoAb-positive patients with QTc
prolongation showed TdP/SCD

8-10 times higher risk of VT/SCD in autoAb-positive vs
autoAb-negative patients; autoAb positivity was the
strongest independent predictor of SCD

Increased incidence of SCD in autoAb-positive patients;
autoAb positivity independently associated with a 3 times
higher risk of SCD

Significant QTc shortening in autoAb-positive patients
Higher prevalence of circulating of anti-Na, 1.5 autoantibodies
in BrS patients (90%) than in controls (6%), independent of

genetic status

16%-36% of AF patients presented with circulating autoAb
compared with none of healthy controls

(continued)
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Table 2 Continued

9¥S1

Author, year Autoantibody

Study design

Study population

Main findings

Autoimmune ventricular fibrillation/cardiac arrest
Li et al, 2024™ Anti-K5p2.1

Maguy et al, 2020"° Anti-Ca,1.2

Autoimmune atrioventricular block*

Lazzerini et al, 2023'° Anti-Ca,1.2
(anti-Ro/SSA)

Villuendas et al, 201472

Akuka et al, 2022%*

Lazzerini et al, 2024°7

Hua et al, 2024°®

Korkmaz et al, 2013%’ Anti-Na, 1.5

Case-control

Cross-sectional

Cross-sectional

Retrospective
population based

Cross-sectional
population based

Cross-sectional
population based

Retrospective
observational

Cross-sectional

33 IVF patients (14 SCVF, 19 u-IVF) 38 healthy
controls

45 CA patients (23 idiopathic CA, 22 ICA) 29
healthy controls

34 patients with isolated AVB of unknown origin

3586 patients with implanted PM

101,599 general population participants (11,525
anti-Ro/SSA positive)

2536 consecutive athletes <40 years who

underwent annual medical screening
766 HF patients (70 anti-Ro/SSA positive)

10 patients with isolated AVB 10 healthy controls

Higher prevalence of circulating of anti-K»p2.1 autoantibodies
in SCVF patients (50%) than in u-IVF patients (10%) and
healthy controls (13%)

Anti-Ca, 1.2 autoAb was significantly upregulated in patients
with idiopathic CA compared with ICA and healthy controls

High prevalence of circulating anti-Ro/SSA 52-kDa antibodies
in patients with isolated AVB of unknown origin (40%),
independent of a history of AD

Immunomodulating therapy improved/normalized AV
conduction in patients with autoAb but not in those negative

Anti-Ro/SSA positivity in 10% of patients implanted for isolated
AVB of unknown origin

AutoAb-positive participants showed a 2 times higher risk of
complete AVB (OR, 1.91; 95% ClI,1.40-2.60) compared with
autoAb-negative participants

Anti-Ro/SSA positivity in 100% of athletes with advanced AVB

AutoAb-positive patients showed a 2.5 times higher risk of AVB
(OR, 2.42; 95% Cl, 1.18-5.43) compared with autoAb-
negative patients

Autoantibodies against Na, 1.5 channel were detectable in
pooled samples from AVB patients but not from healthy
controls

AD = autoimmune disease; AF = atrial fibrillation; anti-Ro/SSA = anti-Ro/Sjogren syndrome-related antigen A; AVB = atrioventricular block; autoAb = autoantibody; BrS = Brugada syndrome; CA = cardiac arrest; Cl =
confidence interval; CTD = connective tissue disease; DCM = dilated cardiomyopathy; ICA = ischemic cardiac arrest; IVF = idiopathic ventricular fibrillation; HF = heart failure; ICM = ischemic cardiomyopathy; MG = myas-
thenia gravis; OR = odds ratio; PM = pacemaker; QTc = corrected QT interval; SCD = sudden cardiac death; SCVF = short-coupled ventricular fibrillation; SLE = systemic lupus erythematosus; TdP = torsades de pointes; u-
IVF = undifferentiated IVF; VT = ventricular tachycardia.

*In adults.
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Inhibiting anti-K,1.4 autoantibodies

The K,1.4 channel conducts the slow component of the tran-
sient potassium outward current (I ), @ main contributor to
the action potential early phase 1 repolarization in ventricular
myocytes.17

Whereas no forms of congenital LQTS due to variants in
the encoding gene (KCNA4) have been described, evidence
suggests that autoantibodies targeting the K,1.4 channel
may represent a cause of autoimmune LQTS and life-
threatening arrhythmic events. Specifically, anti-K,1.4 anti-
bodies were reported in up to ~20% of cases in patients
with myasthenia gravis.>>=’ Studies demonstrated that
15%-35% of these patients show QTc prolongation, which
can be complicated by TdP/SCD occurrences.”” However,
whereas 1 of these investigations involved a relatively large
cohort of patients (n = 650), available data come from only
a few studies, all performed by a single research group.*~*’

Although it has been demonstrated that these autoanti-
bodies can directly bind the K,1.4 channel by targeting a
short amino acid sequence on the intracellular N terminus
(MPYGY)*® (Table 1), a finding suggesting that their QT-
prolonging potential is related to an autoimmune-induced
loss of function of the channel, mechanistic studies
providing in-vitro evidence that anti-K, 1.4 antibodies inhibit
lo,s and prolong ventricular APD are currently missing.
Furthermore, given that in a percentage of anti-K,1.4-posi-
tive patients, with or without myasthenia gravis, clinical and
imaging features suggestive of myocarditis were demon-
strated,””*’~*% it cannot be ruled out that the proarrhythmic
changes associated with these autoantibodies may be due,
at least in part, to indirect effects mediated by inflammatory
mechanisms.*’

Agonist-like anti-Ca, 1.2 autoantibodies

The Ca,1.2 protein is the dominant a4 subunit isoform (o1¢)
constituting L-type calcium channels in the heart, including
ventricular myocytes. By generating the inward depolarizing
calcium current lc,., Ca, 1.2 L-type channels are the key deter-
minants of the ventricular action potential phase 2 plateau, in
turn significantly affecting the overall APD in these cells,
hence the QTc on the surface electrocardiogram.’’
Arrhythmogenic agonist-like anti-Ca, 1.2 autoantibodies
were first described in 2011 by Xiao and coworkers®® in
~50% of 80 consecutive patients with idiopathic dilated car-
diomyopathy (DCM). In these patients, the presence of circu-
lating anti-Ca,1.2 autoantibodies was found to be the
strongest independent predictor for VT and SCD."® These
findings were later confirmed and expanded by Yu and co-
workers®" in a large cohort of >2000 patients with congestive
heart failure, including 841 with DCM and 1255 with ischemic
cardiomyopathy, in whom anti-Ca, 1.2 autoantibody positivity
was associated with a ~ 3 times higher risk of SCD, after multi-
variate adjustment for a wide number of confounders.*'
Based on these clinical data, Xiao and coworkers*? investi-
gated in-vitro the basic mechanisms underlying the proar-
rhythmic activity of these autoantibodies. First, by a

combination of enzyme-linked immunosorbent assay (ELISA),
immunofluorescence, and immunoblotting experiments, evi-
dence was provided that anti-Ca,1.2 autoantibodies can
directly bind the cardiac myocyte sarcolemma as a result of
a specific interaction with a 15-amino acid peptide sequence
(VNENTRMYIPEENHQ; Table 1) localized at the intracellular
N terminus of the domain 1 of the Ca,1.2 protein.”” Then,
by incubating Xenopus oocytes overexpressing the human
Ca,1.2 channel with affinity-purified anti-Ca,1.2 autoanti-
bodies from DCM patient sera, the authors reported a
concentration-dependent acute increase of lca (~20%—
50%) as well as APD prolongation with early afterdepolariza-
tion occurrence in rat ventricular myocytes and enhanced pro-
pensity to VT development in Langendorff perfused hearts.*”
However, although these experimental data strongly sug-
gest that the arrhythmogenic effects of agonist-like anti-
Ca,1.2 autoantibodies may develop in association with an
electrocardiographic phenotype of LQTS, no clear evidence
supports this assumption. In fact, whereas Yu and coworkers”’
found that mean QTc value was numerically increased in anti-
Ca,1.2-positive DCM patients compared with patients
without these autoantibodies (almost 20 ms), such a differ-
ence did not reach statistical significance. Thus, further
studies are warranted to clearly define whether anti-Ca,1.2
autoantibodies are a cause of autoimmune LQTS.

Autoimmune SQTS

Agonist-like anti-Kv7.1 autoantibodies accelerating ventricu-
lar repolarization and promoting VA have been identified in
patients with DCM,*’ representing the first and to date the
only example of autoimmune SQTS (Tables 2 and 3; Figure 3).

Agonist-like anti-K,7.1 autoantibodies

The K,7.1 channel, conducting the slow component of the de-
layed rectifier potassium current (lgs), is critically involved in
regulating ventricular APD by fundamental contribution to
the repolarization process.'” Accordingly, loss-of-function
variant affecting the K,7.1 encoding gene (KCNQT) is the
most common cause of congenital LQTS (type 1 LQTS),
whereas gain-of-function variants are recognized to be
responsible for a number of cases of congenital SQTS (type
25QTs)."®

By studying 150 DCM patients, Li and colleagues reported
that ~ 5% of these patients showed significant QTc shortening in
the presence of ELISA-detected circulating autoantibodies tar-
geting an extracellular 20-amino acid sequence (AEKDAV-
NESGRVEFGSYADA,; Table 1) of the pore-forming region of
K,1.7, between S5 and Sé transmembrane segments of domain
1. In-vitro incubation of HEK293 cells transiently expressing
KCNQ1/KCNE1 genes with sera from anti-K,1.7 antibody—
positive DCM patients was associated with an increase in lgs den-
sity, which was already evident after 1 hour and then further
increased at 24 hours (up to 3 times increase).”®

The same group provided additional support and more
detailed information for the underlying electrophysiologic
mechanisms by vaccinating rabbits with the 20-amino acid



Table 3 Studies providing experimental support to the arrhythmogenicity of autoimmune cardiac channelopathies in adults

Author, year Autoantibody

Animal models

Cell models

Main findings

Autoimmune long QT syndrome

Nakamura et al, 2007%° Anti-K,11.1
(anti-Ro/SSA)

Yue et al, 20157

Lazzerini et al, 2016°°

Fabris et al, 20167

Szendrey et al, 2019%°

Xiao et al, 20114° Anti-Ca,1.2

Xiao et al, 2012%?

Autoimmune short QT syndrome
Li etal, 2013*° Anti-K,7.1

Li et al, 2014%**

Maguy et al, 2020*°

Guinea pig

Guinea pig

Langendorff
isolated rat
heart

Rabbit

Rabbit

HEK293 cells overexpressing
the K,11.1 channel

HEK293 cells overexpressing
the K,11.1 channel

Guinea pig ventricular
myocytes

HEK293 cells overexpressing
the K,11.1 channel

HEK293 cells overexpressing
the K,11.1 channel

Guinea pig ventricular
myocytes

HEK293 cells overexpressing
the K,11.1 channel

Neonatal rat ventricular
myocytes

Rat ventricular myocytes

Human atrial myocytes

Xenopus oocytes
overexpressing the Ca, 1.2
channel

HEK293 cells overexpressing
the K,7.1 channel
Rabbit ventricular myocytes

Chinese hamster ovary cells
overexpressing the K,7.1
channel

Sera/purified IgGs from an anti-Ro/SSA-positive TdP patient directly bind to
the K,11.1 protein and chronically inhibit I,

Sera/purified IgGs/affinity-purified anti-Ro/SSA 52-kDa antibodies from anti-
Ro/SSA-positive, but not negative, CTD patients with QTc prolongation
directly bind to the K,11.1 protein, acutely inhibit I, and prolong
ventricular APD; positive patients’ sera cross-react with a 31-amino acid
peptide corresponding to the K,11.1 pore-forming region (S5-S6)

Animals immunized with the Ro 52-kDa antigen develop QTc prolongation;
animals’ sera acutely inhibit I,

Sera/purified IgGs from anti-Ro/SSA-positive, but not negative, TdP patients
directly bind to the K,11.1 protein and acutely inhibit Ix,; positive patients’
sera cross-react with a 31-amino acid peptide corresponding to the K, 11.1
pore-forming region (segments S5-56)

Animals immunized with the 31-amino acid peptide corresponding to the
K,11.1 pore-forming region (S5-5S6) recognized by anti-Ro/SSA 52-kDa
antibodies develop QTc prolongation without any evidence of cardiac
inflammation/fibrosis; animals’ sera acutely inhibit lx, and prolong
ventricular APD

Commercial anti-Ro/SSA 52-kDa antibodies directly bind to the K,11.1
protein at the extracellular S5-pore linker, chronically inhibit lx,, decrease
channel expression with enhanced endocytic degradation, and prolong
ventricular APD

Affinity-purified anti-Ca, 1.2 autoantibodies from positive DCM patients
prolong ventricular APD and induce EAD in ventricular myocytes and
provoke VT in isolated hearts

Affinity-purified anti-Ca, 1.2 autoantibodies from positive DCM patients
directly bind to the Ca,1.2 channel on the myocyte and enhance lc,.

Sera from anti-K,7.1 autoAb-positive DCM patients acutely enhance ks,
without any change in channel protein expression

Animals immunized with a 20-amino acid peptide corresponding to the
K,7.1 pore-forming region (S5-56) develop QTc shortening, reduced
ventricular effective refractory period, and increased propensity to VT
induction, without any evidence of cardiac inflammation/fibrosis

Ventricular myocytes from immunized rabbits show enhanced lxs and APD
shortening

Affinity-purified anti-K,7.1 autoantibodies from animals immunized with a
20-amino acid peptide corresponding to the K,7.1 pore-forming region
(S5-S6) enhance li,. This effect is purely electrophysiologic, without any
change in channel expression.
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Autoimmune Brugada syndrome

Tarantino et al, 2024"3 Anti-Na,1.5
Pappone et al, 202447

Autoimmune atrial fibrillation

Maguy et al, 20232 Anti-K; 3.4

Autoimmune ventricular fibrillation/cardiac arrest
Li et al, 2024'* Anti-Kpp2. 1

Maguy et al, 2020"° Anti-Ca,1.2

Autoimmune atrioventricular block*

Lazzerini et al, 2023'° Anti-Ca, 1.2 (anti-
Ro/SSA)

Korkmaz et al, 2013%’ Anti-Na, 1.5

Mouse

Mouse

Mouse

Rat

HEK293 cells overexpressing
the Na,1.5 channel
hiPSC-derived cardiomyocytes

HEK293 cells overexpressing
the Na,1.5 channel

hiPSC-derived atrial myocytes

HEK293 cells overexpressing
the Kyp2.1 channel

hiPSC cardiomyocytes

hiPSC-derived ventricular
myocytes

HEK293 cells overexpressing
the Ca,1.2 channel

Adult rat ventricular myocytes

Plasma from anti-Na,1.5 autoAb-positive BrS patients decreases Iy, density
and promotes channel internalization. Wild-type mice injection with sera
from BrS patients, but not from controls, reproduces typical Brugada-like
ECG abnormalities along with malignant VA and SCD.

Plasma from anti-Na, 1.5 autoAb-positive breast cancer patients decreases
Ina density. Wild-type mice injection with sera from autoAb-positive, but
not negative, patients reproduces typical Brugada-like ECG abnormalities
along with malignant arrhythmias.

Affinity-purified anti-K;3.4 autoantibodies from positive AF enhance lgach
and shorten APD. Animals immunized with a 20-amino acid peptide
corresponding to the K;;3.4 pore-forming region (M1-M2) show significant
shortening of the AERP and a higher propensity for development of
pacing-induced AF compared with sham-immunized control animals,
without any appreciable structural or functional heart change.

Purified IgGs from pooled plasma samples of anti-K»p2.1 autoAb-positive
SCVP patients enhance lxzp and shorten APD

Purified IgGs from pooled plasma samples of anti-Ca, 1.2 autoAb-positive
idiopathic CA patients inhibit |c,, shorten APD, and induce alternans

Purified IgGs from anti-Ro/SSA-positive, but not negative, AVB patients
acutely inhibit lc, and chronically downregulate Ca, 1.2 protein
expression; positive patients’ sera cross-react with 5 peptides
corresponding to the Ca, 1.2 pore-forming region (55-S6)

Animals immunized with a 28-amino acid peptide corresponding to the
Na, 1.5 pore-forming region (S5-S6) develop PR interval prolongation and
recurrent episodes of third-degree AVB (and SA block) in the presence of a
significant reduction of Na,1.5 mRNA and protein expression in the
myocardium but without any evidence of cardiac inflammation/fibrosis.
Pooled serum samples from patients with idiopathic AVB, but not from
healthy controls, found that in these participants, but not in healthy control
sera, autoantibodies against different consensus motifs of the Na,1.5
channel were detectable, including the S5-56 peptide sequence. Sera
from AVB patients or immunized rats inhibit Ins,.

AERP = atrial effective refractory period; AF = atrial fibrillation; anti-Ro/SSA = anti-Ro/Sjégren syndrome-related antigen A; AVB = atrioventricular block; autoAb = autoantibody; BrS = Brugada syndrome; CA = cardiac
arrest; CTD = connective tissue disease; DCM = dilated cardiomyopathy; EAD = early afterdepolarization; ECG = electrocardiogram; HEK293 = human embryonic kidney 293 cells; hiPSC = human induced pluripotent stem
cell; IcaL = L-type calcium channel current; Iy, = sodium channel current; lgach = acetylcholine-gated potassium channel current; I, = rapid component of the delayed rectifier potassium channel current; I = slow component
of the delayed rectifier potassium current; lxop = 2-pore domain potassium channel current; IgG = immunoglobulin G; QTc = corrected QT interval; S5-Sé: transmembrane segments 5-6; SA = sinoatrial; SCD = sudden
cardiac death; SCVF = short-coupled ventricular fibrillation; TdP = torsades de pointes; VA = ventricular arrhythmia; VT = ventricular tachycardia.

*In adults.
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target peptide.*” Three weeks after immunization, animals
developed high titers of anti-K,7.1 autoantibodies along
with significant QTc shortening as well as reduced ventricular
effective refractory period and increased propensity to VT in-
duction during the in-vivo electrophysiologic study. More-
over, ventricular myocytes isolated from immunized rabbits
showed augmented I density and APD shortening, in the
absence of any inflammatory or fibrotic change of the heart.**
These findings were replicated and further refined by using
affinity-purified anti-K,7.1 antibodies from vaccinated animals
in in-vitro cellular models. Specifically, evidence was also pro-
vided that the agonist-like effect of these autoantibodies on
Iks is concentration dependent and solely electrophysiologic,
as demonstrated by their ability to shift the voltage depen-
dence of activation and slow current deactivation (with
increased open time probability of the channel), without any
measurable enhancement of K,7.1 mRNA or protein expres-
sion.*®> Of note, the authors additionally demonstrated that
agonist-like anti-K,7.1 antibodies (polyclonal/monoclonal)
were able to reverse APD prolongation and to suppress early
afterdepolarization occurrence in in-vitro models of both
LQTS type 2** and LQTS type 3,* intriguingly pointing to
K,7.1 peptide vaccination as a novel promising therapeutic
approach for patients with congenital LQTS refractory to con-
ventional treatments.”’

Overall, although these experimental studies provide
strong evidence supporting the arrhythmogenicity of anti-
Kv7.1 autoantibodies by inducing an autoimmune SQTS, their
clinical relevance remains substantially unexplored. Specific
investigations are needed to better clarify the prevalence of
these autoantibodies in patients with unexplained or poorly
explained SQTS, also beyond a concomitant DCM diagnosis,
and their impact in terms of VA and SCD occurrence.

Autoimmune BrS

BrS is currently considered an inherited channelopathy,
mostly due to loss-of-function mutations of the SCN5A gene
encoding the Na, 1.5 channel. However, no more than 20%-—
30% of BrS patients are SCN5A genotype positive, and muta-
tions of other less recognized genes account for only a small
increase in this percentage.'®

Surprisingly, recent studies provided evidence that circu-
lating anti-ion channel autoantibodies can be found in most
patients with BrS, primarily arrhythmogenic anti-Na, 1.5 auto-
antibodies inhibiting channel function, thereby pointing to
autoimmunity as a novel and important pathogenic mecha-
nism operating in a large proportion of BrS cases (Tables 2
and 3; Figure 4).134847 Firthermore, these findings will
have an impact on the diagnosis of BrS, which is now primarily
clinical and genetic based, to also include an autoimmune
antibody—based testing.

Inhibiting anti-Na, 1.5 autoantibodies

The Nay1.5 channel mediates the inward sodium current (In.),
which represents the key depolarizing current in ventricular
myocytes.'” A decrease of Iy, density in these cells, specif-

ically in those of the right ventricular outflow tract where
Na,1.5 channel expression is constitutively low,”® is recog-
nized to be a crucial electrophysiologic alteration for the path-
ogenesis of BrS, whether the repolarization or depolarization
hypothesis of the disease is considered.’

In a study published in 2024, Tarantino and colleagues13
unexpectedly provided evidence that 90% of 50 BrS patients
(vs 6% of 50 controls; diagnostic area under the curve of 0.92,
with 94% specificity and 90% sensitivity; negative predictive
value of 90.4%, positive predictive value of 93.8%) presented
with circulating anti-Nav1.5 autoantibodies, first detected by
western blotting and then confirmed in their binding speci-
ficity by immunoprecipitation and immunofluorescence. By
using a microarray-based epitope mapping method, the au-
thors demonstrated that plasma samples cross-reacted with
the extracellular loops throughout domains 1-4 of the
Na,1.5 channel (including extracellular loops between S5-
S5 of domains 1-4 and between S3-54 of domain 4), although
the specific peptide sequences involved were not identified.
Moreover, patch-clamp experiments showed that 1-hour in-
cubation of Na,1.5-expressing HEK293 cells with 5% plasma
from autoantibody-positive BrS patients resulted in a signifi-
cant 40% decrease of Iy, density. Such effect, which was pre-
vented by plasma |gG depletion, was at least in part due to an
autoantibody-triggered internalization of the Nav1.5 channel,
as demonstrated by a biotinylation in-vitro assay. Similarly, hu-
man induced pluripotent stem cell-derived (hiPSC) cardio-
myocytes after 1-hour incubation with BrS patient plasma
demonstrated a 50% decrease in Iy, density compared with
untreated cardiomyocytes. Interestingly, BrS patients’ plasma
did not alter either L- or T-type calcium currents, indicating
specificity for Nav1.5 channel. More important, injection of
wild-type mice with sera from BrS patients (n = 4), but not
from controls (n = 3), was able to rapidly (minutes) reproduce
typical Brugada-like ST-segment electrocardiographic abnor-
malities complicated with malignant VA and SCD."* Although
these impressive results require confirmation through inde-
pendent studies using larger sample sizes, it is not unusual
to observe fast electrophysiologic response (minutes) from
hearts exposed to autoantibodies.”’>?  Moreover,
transcriptome analysis of peripheral blood mononuclear
cells from BrS patients remarkably revealed significant
upregulation in immune signaling pathways. The authors
also reported that presence of anti-Nav1.5 autoantibodies
was independent of SCN5A mutation status, age, sex, or elec-
trocardiographic pattern of the patients; they concluded that
anti-Na,1.5 autoantibodies could be a useful noninvasive
biomarker for BrS and went further to call for a reevaluation
of the pathophysiologic process of BrS, now implicating an
immune-mediated mechanism.

Interestingly, the same group demonstrated that anti-
Nav1.5 autoantibodies with similar in-vitro electrophysiologic
properties and in-vivo arrhythmogenic potential can be found
in a high percentage of women with metastatic breast cancer,
a disease increasingly recognized to be burdened by a signif-
icant risk of SCD, not fully explained by cardiotoxic anticancer
therapies.49 Because Na, 1.5 channels are overexpressed in
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Autoimmune long QT syndrome: molecular bases and electrophysiologic mechanis

ms. Three different anti-ion channel autoantibodies can be responsible for an

electrocardiographic or electrophysiologic phenotype suggestive of long QT syndrome, that is, the inhibiting anti-K,11.1 and anti-K,1.4 autoantibodies and the

agonist-like anti-Ca, 1.2 autoantibody. See text and tables for more details. APD =
type calcium channel current; I,

action potential duration; autoAb = autoantibody; D1 = domain 1; I, = L-

rapid component of the delayed rectifier potassium channel current; lgs = slow component of the delayed rectifier potassium

current; QTc = heart rate—corrected QT interval; S5-56: transmembrane segments 5-6; SCD = sudden cardiac death; TdP = torsades de pointes; VT = ventricular
tachycardia. The red squares indicate the portion of the channel where the target peptide sequences (reported in red block letters) are located. The red arrow point-
ing up indicates increase; blue arrows pointing down indicate decrease. The black dotted arrows and question marks indicate alterations that are likely but still not

proven.

metastatic breast cancer, in which they promote cell invasive-
ness, the authors hypothesized that these findings may be the
expression of off-target effects of an immune response pri-
marily directed against cancer.”” Although intriguing, the
impact should be taken with caution as the paper is currently
still in a preprint stage and not peer reviewed yet. If
confirmed, autoimmune interference in cardiac ion channel
function may further expand the spectrum of clinical condi-
tions linked to unexplained arrhythmic risk.

Although these data provide initial but sound evidence
supporting the hypothesis that in a significant proportion of
patients, BrS results from an autoimmune sodium channelop-
athy, confirmatory studies are needed. In addition, further
investigation is warranted to define the actual clinical impact
of these autoantibodies on the risk of arrhythmic events as
well as the exact peptide sequences targeted on the channel,

fundamental for development of specific diagnostic methods
for wide use in the clinic.

The reason that anti-Na, 1.5 autoantibodies, like SCN5A
variants in BrS, primarily affect the right ventricular outflow
tract remains unclear. They likely inhibit Na,1.5 channels
throughout the heart, but the clinical impact may be limited
elsewhere because of higher channel expression or compen-
satory mechanisms.

Anti-connexin43 autoantibodies

In the ventricle, connexin43 represents the principal pore-
forming subunit constituting gap junctions, intercellular ion
channels regulating impulse conduction through electrical
coupling of adjacent cardiomyocytes.'” Increasing evidence
points to reduced conduction reserve in left ventricular
outflow tract due to defective function of connexin43 gap
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junctions as an important additional mechanism in the patho-
genesis of BrS.%

By studying 18 BrS patients, Chatterjee and associates”®
found that elevated levels of circulating anti-connexin43 auto-
antibodies were detectable in all cases, associated with
abnormal connexin43 expression and aggregate formation
in the myocardium. However, because no experimental data
supporting a direct electrophysiologic and arrhythmogenic
impact of these autoantibodies were provided, it is not
currently possible to discriminate whether anti-connexin43
autoantibodies play a mechanistic role in BrS or merely repre-
sent a marker of a disease-intrinsic cell injury leading to
abnormal antigen exposure to the immune system.*®

Autoimmune AF

AF is the most common arrhythmia worldwide, usually repre-
senting a consequence of structural heart diseases or systemic
disorders." However, in up to 3% of patients, corresponding
to an estimated high number of ~1.5 million people glob-
ally,” AF cause remains elusive despite intensive investiga-
tion. A study found the presence of arrhythmogenic anti-
Ki3.4 autoantibodies in patients with unexplained AF,
providing a substantial albeit early support to the view that
in the growing family of autoimmune cardiac
channelopathy-associated arrhythmias, AF could also be
listed (Tables 2 and 3; Figure 5).12

Agonist-like anti-K;, 3.4 autoantibodies

The inwardly rectifying potassium channel subunit 3.4 (K;.3.4)
is selectively expressed in atrial myocardium, where, in asso-
ciation with K;3.1 subunit, forms the acetylcholine-gated
Kach channel, which underlies the lgach current and plays an
increasingly recognized role in AF pathogenesis.'’

Maguy and coworkers'? used a high-throughput microar-
ray-based technology to study a total of 51 patients with un-
explained AF (including 14 with no AF at baseline who had
unexplained AF during follow-up) and demonstrated that
16%~36% of these patients presented with circulating autoan-
tibodies specifically reacting with a peptide sequence (IETET-
TIGYGFRVITEKCPE) located in an extracellular site close to
the pore domain between M1 and M2 transmembrane seg-
ments of the K;3.4 channel (Table 1)."? This autoantibody
was then purified by affinity chromatography and electrophys-
iologically characterized on hiPSC atrial myocytes, where it
enhanced lgach, and shortened APD, alterations that can pro-
mote the well-known multiple-circuit reentry mechanism un-
derlying AF occurrence (Table 1)."?

To further substantiate the clinical relevance of these find-
ings, the authors established an animal model by immunizing
mice with the targeted peptide, in all cases generating high
titers of anti-K;3.4 autoantibodies without any appreciable
structural or functional heart change. Whereas none of the
immunized mice spontaneously presented with AF, during
intracardiac electrophysiologic study, they showed a signifi-
cant shortening of the atrial effective refractory period and a

higher propensity to development of AF on rapid atrial pacing
compared with sham-immunized control animals.'?
Although needing clinical confirmation in larger studies,
this work provides considerable evidence that unexplained
AF may be linked, at least in a percentage of cases, to a chan-
nelopathy of autoimmune origin. In these patients, a person-
alized treatment approach, radically different from that
commonly adopted for traditional AF, might be necessary.

Autoimmune VF

VF is the common end point underlying a significant number
of CAs, in turn accounting for ~1000 deaths daily world-
wide." Although most VFs and CAs are the result of cardiac
structural diseases, particularly ischemic heart disease and
heart failure, in 5%—10% of these patients, the cause remains
unidentified even after an accurate diagnostic workup
including advanced imaging (autopsy in SCD) and specific
testing for genetic channelopathies.”

The recent discovery of arrhythmogenic anti—ion channel
autoantibodies in 2 subsets of these patients, specifically
agonist-like antiK;p2.1 autoantibodies in SCVF (a peculiar
form of VF thought to account for 7%—14% of apparently un-
explained CA)'* and inhibiting anti-Ca, 1.2 autoantibodies in
idiopathic CA,'® strongly suggests that a significant percent-
age of VF/CA of unknown origin may be driven at least in
part by autoimmune mechanisms (Tables 2 and 3; Figure 6).

Agonist-like anti-K,p2.1 (TREK-1) autoantibodies

The Kzp2.1 channel, also named TREK-1 (TWIK-related potas-
sium channel 1), belongs to the 2-pore domain potassium
channel family and is principally expressed in ventricles.”
This channel, which contributes to resting membrane poten-
tial stabilization by generating the outward potassium current
lzp, is increasingly recognized to play a significant role in the
pathogenesis of VA.>

In a single-center case-control study, Li and coworkers'
prospectively enrolled 33 patients with idiopathic VF, including
14 with SCVF and 19 with undifferentiated idiopathic VF, in all
cases testing negative for genetic channelopathies. Peptide
microarray assay screening of plasma samples revealed the
presence of circulating anti-TREK-1 autoantibodies targeting
the HSCVNSTELDELIQQIVAAI sequence of the cap domain
(Table 1), close to the selectivity filter of the channel, in 50%
of SCVF patients (vs 10% in undifferentiated idiopathic VF
and 12% in healthy controls). Patch-clamp experiments, per-
formed by incubating HEK293 cells stably expressing the hu-
man  TREK-1  channel  with  purified  anti-TREK-1
autoantibodies from SCVF patients, demonstrated a 5-fold in-
crease of lop. Of note, such an agonist-like effect was signifi-
cantly reversed (40%) by quinidine, the only oral
antiarrhythmic drug known to be effective in SCVF. Moreover,
electrophysiologic characterization of hiPSC cardiomyocytes
showed that anti-TREK-1 autoantibody exposure was associ-
ated with a dose-dependent APD shortening, again reversed
on quinidine incubation* (Table 1). Whereas functional and
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Autoimmune short QT syndrome: molecular bases and electrophysiologic mechanisms. Agonist-like anti-K,7.1 autoantibodies accelerating ventricular repolarization
and shortening action potential duration (APD) can be cause of autoimmune short QT syndrome. See text and tables for more details. autoAb = autoantibody; lxs =
slow component of the delayed rectifier potassium current; QTc = heart rate—corrected QT interval; S5-S6 = transmembrane segments 5-6; SCD = sudden cardiac
death; VT = ventricular tachycardia. The red square indicates the portion of the channel where the target peptide sequence (reported in red block letters) is located.

The blue arrow pointing up indicates increase.

mapping studies suggest that SCVF originates from Purkinje fi-
bers, this initial trigger eventually causes SCVF in the
ventricle.>®> Moreover, it has been demonstrated that both
the ventricle and Purkinje fibers express TREK-1 channels.”®
Although the electrophysiologic consequences of anti-TREK-
1 antibodies on the His-Purkinje system were not investigated
in this study, the authors concluded that in SCFV patients, an
autoantibody-induced gain of function of the Kyp2.1 channel
may shorten the ventricular refractory period, providing the
predisposing substrate for VF occurrence.'”

Inhibiting anti-Ca, 1.2 autoantibodies

A similar high-throughput peptide-based screening approach
was used by the same group to identify potentially relevant
anti-ion channel autoantibodies in a more general cohort of
23 survivors of unexplained CA resulting from shockable
rhythm, that is, patients with documented pulseless VT or VF
in whom structural heart disease, including coronary heart dis-
ease, and primary electric disorders were excluded (idiopathic
CA)."® By comparing reactivity of plasma samples from these
patients with that of 22 patients with ischemic CA (and 29
matched healthy controls), Maguy and coworkers'® provided
evidence that increased levels of a single autoantibody recog-
nizing a peptide sequence (DFDNVLAAMMALFTVSTFEG) on
the third S5-S6 extracellular loop domain 3 of Ca, 1.2 channel
pore-forming region were selectively associated with idio-
pathic CA. Prompted by these findings, the autoantibody
was purified from patients’ samples and its arrhythmogenic po-
tential tested in-vitro on hiPSC ventricular myocytes. The au-
thors demonstrated that anti-Ca,1.2 autoantibodies were
able both to reduce APD at 90% repolarization (2.8 times)

and to decrease I, (2 times) in these cells, effects that were
abolished in the presence of a peptide corresponding to the
extracellular target sequence. Noteworthy, autoantibody incu-
bation induced 1 episode of alternans, a characteristic sub-
strate for tachyarrhythmias, further supporting the pathogenic
relevance of these electrophysiologic changes.'®

Overall, these data substantiate the hypothesis that a frac-
tion of apparently idiopathic VF/CA is rather of autoimmune
origin, due to specific anti—ion channel autoantibodies inter-
fering with the electrical stability of the ventricular myocar-
dium. Whether VF always arises as such or represents, at
least in a number of cases, a degeneration of a prior specific
life-threatening VA (eg, an autoimmune LQTS-induced TdP)
is not currently known but possibly suggested by some find-
ings of the Maguy study'>’ in which patients with CA due
to pulseless VT were also included.

Bradyarrhythmias

Autoimmune cardiac channelopathies can lead to bradyar-
rhythmias, even severe and life-threatening.”®'® Although
the largest evidence refers to AVB, accumulating evidence in-
dicates that anti—ion channel autoantibodies may also induce
sinoatrial dysfunction and intraventricular conduction distur-
bances.”#'%°® Specifically, it is well recognized that inhibiting
autoantibodies against L- and T-type calcium channels play an
important pathogenic role in autoimmune congenital heart
block in newborns.”#'° In addition, several studies in recent
years provided evidence that also in adults, a significant num-
ber of unexplained bradyarrhythmias have an autoimmune
origin related to circulating autoantibodies targeting and inhib-
iting L-type calcium or sodium channels (Tables 2 and 3)." %7
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Autoimmune Brugada syndrome: molecular bases and electrophysiologic mechanisms. Inhibiting anti-Na, 1.5 autoantibodies can be cause of autoimmune Brugada
syndrome. See text and tables for more details. autoAb = autoantibody; ECG = electrocardiogram; Iy, = sodium channel current; S3-S4/S5-S6 = transmembrane
segments 3-4/5-6; SCD = sudden cardiac death; VT = ventricular tachycardia. The red square indicates the portion of the channel where the target peptide
sequence (reported in red block letters) is located. The green arrow pointing down indicates decrease.

Autoimmune AVB in newborns

Autoimmune congenital heart block has been the first to be
described and, so far, remains the most established form of
autoimmune-mediated arrhythmia.”*? This condition, repre-
senting the most common cause of severe atrioventricular
(AV) dysfunction in newborns with a structurally normal heart,
occurs in 2%-5% of children of anti-Ro/SSA-positive
mothers (particularly those anti-Ro/SSA 52-kDa positive
and regardless of manifest AD) because of fetal conduction
system damage due to the transplacental passage of these
autoantibodies from the mother to the fetus.®? Specifically,
a large body of evidence indicates that autoimmune
congenital heart block is an autoimmune cardiac channelop-
athy provoked by an inhibitory cross-reaction between anti-
Ro/SSA 52-kDa antibodies and specific binding sites of cal-
cium channels, both L-type (Ca,1.2, Ca,1.3) and T-type
(Ca,3.1, Ca,3.2), in the fetal heart®*=° (Table 1). In the early
phases of disease, conduction disturbances consist of sinus
bradycardia and lower degrees of AVB due to a purely elec-
trophysiologic interference that is potentially reversible after
maternal immunomodulating treatment. Later on, chronic
autoantibody binding can promote calcium channel internal-
ization and cell injury, leading first to inflammatory damage
and then, if the process is not stopped at this stage, to irre-
versible complete AVB due to fibrosis and calcification of the
conduction tissue.”*%%

Because no substantial advancements have been made in
the last few years regarding basic mechanisms and clinical
management of autoimmune congenital heart block, a
detailed description of this complex condition is beyond the

specific objective of this contemporary review. We therefore
refer readers to some excellent papers that recently reviewed
this topic.'%¢¢7%%

Autoimmune AVB in adults

Isolated AVB of unknown origin, that is, in the absence of any
structural heart disease or other well-defined causes of AVB,
accounts for ~50% of cases of pacemaker implantation in
adults aged <50 years.” Recent data suggest that in up to
half of these patients, the AVB is the result of an autoimmune
cardiac channelopathy due to blocking autoantibodies
against Ca,1.2 or Na,1.5 channels (Tables 2 and 3;
Figure 7).16:57-¢1

Inhibiting anti-Ca, 1.2 autoantibodies

By generating Ic,, Ca, 1.2 is one of the most important chan-
nels promoting electric conduction through the AV node.
Accordingly, well-known conditions leading to delayed AV
conduction, such as aging and intensive training, are associ-
ated with reduced Ca, 1.2 expression and I, density in nodal
cells.®””° Moreover, it has been demonstrated that targeted
Ca,1.2 loss in adult mice causes AVB.”'

Although the adult AV node is traditionally considered
resistant to anti-Ro/SSA antibodies because of an inherently
high calcium channel reserve,®® in the last few years, some
translational and population-based studies provided evi-
dence that these autoantibodies are causally involved in
several cases of isolated AVB in adults,"*>**>? through inhibit-
ing effects on Ca, 1.2 channel function.'®>7¢°



Lazzerini and Boutjdir Autoimmune Cardiac Channelopathies and Arrhythmias 1555

Agonist-like
anti-K;,3.4-autoAb

’

K;3.4
channel

~

|
/‘\?; \\\\\Z/ 3 IETETTIGYGFRVITEKCPE J
Anti-K, 3.4 TtmmmmTmmmmommmmmoomoeeet
//

=~ 8N \
-0
Y

Figure 5

T IKAch

T

Atrial
fibrillation

ATRIAL
APD SHORTENING

Autoimmune atrial fibrillation: molecular bases and electrophysiologic mechanisms. Agonist-like anti-K; 3.4 autoantibodies shortening atrial action potential duration
(APD) can be cause of autoimmune atrial fibrillation. See text and tables for more details. autoAb = autoantibody; lxach = acetylcholine-gated potassium channel
current; M1-M2 = transmembrane segments 1-2. The red square indicates the portion of the channel where the target peptide sequence (reported in red block

letters) is located. The blue arrow pointing up indicates increase.

By prospectively enrolling 34 consecutive patients with
AVB of unknown origin diagnosed between 18 and 65 years
of age, we found that circulating anti-Ro/SSA 52-kDa anti-
bodies were present in ~40% of patients, independent of a
history of AD.'® In-vitro treatment of Ca,1.2-transfected
HEK293 cells with purified IgG from anti-Ro/SSA-positive
but not negative AVB patients acutely (10 minutes) reduced
lca. density and chronically (24 hours) downregulated
Ca,1.2 protein expression. Moreover, ELISA experiments
demonstrated high reactivity when anti-Ro/SSA-positive
sera were incubated with 5 peptides corresponding to the
Ca, 1.2 pore extracellular loop between S5 and S6 in domains
1 and 3, specifically selected for their linear homology with the
Ro 52-kDa protein, in turn strongly correlated with the extent
of Ca,1.2 inhibition, both as current density and protein
expression'® (Table 1). Noteworthy and intriguingly, 1 of
these peptides (DFDNVLAAMMALFTVSTFEG) was the same
recognized by the inhibiting anti-Ca,1.2 autoantibodies
found by Maguy and colleagues in patients with idiopathic
CA.">7 Furthermore, a short course of corticosteroids at
immunosuppressive doses (steroid test) was effective in
inducing rapid improvement/normalization (hours-days) of
AV conduction in anti-Ro/SSA-positive patients but not in
those negative,16 Based on these findings, in some patients,
an immunomodulatory regimen was maintained for a longer
time, and in all cases, regardless of the specific drugs used
to taper corticosteroids (azathioprine, high-dose immuno-
globulins, hydroxychloroquine), the improvement persisted
over time.'® In particular, in 1 patient with high-grade AVB
at baseline, long-lasting hydroxychloroquine monotherapy
was able to keep a persistent asymptomatic first-degree
AVB (follow-up >3 years), demonstrating to be a safe and
effective pacemaker-sparing intervention.'®¢°

Some population studies provided strong support to these
data, emphasizing their clinical and epidemiologic rele-
vance.>**772 |n fact, after a seminal report based on a histor-
ical Spanish cohort of 3586 pacemaker patients that found
anti-Ro/SSA positivity in ~10% of patients implanted for
AVB of unknown origin,”* 2 large cross-sectional studies
investigated the impact of anti-Ro/SSA antibodies on the
risk of AVB in the general population.***? In the first one,
Akuka and coworkers™ conducted a nationwide retrospective
analysis involving data from >100,000 participants, including
11,525 with circulating anti-Ro/SSA antibodies. The authors
found that positive individuals had a risk of presenting with
AVB, either complete or incomplete, twice the control group.
Of note, also the prevalence of intraventricular conduction
disturbances (left and right bundle branch block, left bundle
hemiblock) was up to 80% higher in anti-Ro/SSA-positive
than in negative participants. Multivariate logistic regression
analysis confirmed these findings, also demonstrating that
the association between anti-Ro/SSA positivity and conduc-
tion disturbances was independent of a wide number of con-
founders, including structural heart disease and history of
AD.* The second population study, which enrolled 2536
consecutive athletes <40 years old without prior cardiac dis-
ease or heart interventions who underwent annual medical
screening, reported an overall prevalence of advanced AVB
in ~0.1% of participants. In 100% of these cases, anti-Ro/
SSA antibodies were detected. Moreover, IgG purified from
anti-Ro/SSA-positive but not negative AVB inhibited both
lcaL and Ca, 1.2 expression in-vitro.>?

Overall, these data suggest that anti-Ro/SSA antibodies
cross-reacting with and inhibiting Ca,1.2 channels represent
an epidemiologically relevant and potentially reversible cause
of isolated AVB in adults. This view is further supported by a
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retrospective observational cohort study conducted on 766
patients with heart failure, in whom the presence of anti-Ro/
SSA antibodies (9.1% of cases) was independently associated
with a higher risk of AVB (2.5-fold) and left and right bundle
branch block (3-fold), again irrespective of a CTD history.58
These new data are important as they intriguingly indicate
that the arrhythmogenic activity of these autoantibodies is
relevant even in the presence of a concomitant structural
heart disease, likely adding an electrophysiologic component
to the background tissue injury-driven conduction delay
(multi-hit theory).8 Further studies are warranted to explore
clinical implications and therapeutic potential of such
findings.

Inhibiting anti-Na, 1.5 autoantibodies

Na, 1.5 channels, conducting the inward sodium current Iya,
are increasingly recognized to have a central role in AV con-
duction because of their critical localization in the pathways
leading to the open node, that is, the inferior nodal extension
and the transitional zone.”* Since the channel density in these
areas is lower than in the working myocardium, it may account
for the peculiar vulnerability of AV conduction to conditions
impairing sodium channel function. Accordingly, loss-of-
function mutations of the Na,1.5 encoding gene SCN5A
represent the most common inherited cause of progressive
cardiac conduction disease.'®
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Korkmaz and associates®’ were the first and to date the
only investigators to provide clear evidence that inhibiting
anti-Na, 1.5 autoantibodies can represent, beyond anti-Ro/
SSA antibodies, another potential cause of isolated AVB in
adults. By immunizing rats with a peptide sequence
(GNLRHKCVRNFTELNGTNGSVEADGLVW; Table 1) corre-
sponding to the extracellular loop of the Na, 1.5 channel be-
tween the S5-S6 segments of the first domain, the authors
found that high-titer anti-Na, 1.5 antibody development was
associated with significant PR interval prolongation compared
with control animals. Moreover, all immunized rats but not
controls showed repeated prolonged episodes of third-
degree AVB (and sinoatrial block) during Holter electrocardi-
ography monitoring. These alterations occurred in the pres-
ence of a significant reduction of Na, 1.5 mRNA and protein
expression in the myocardium, but without any inflammatory
or fibrotic reaction on histologic examination.®’ To support
the clinical relevance of these findings, the authors analyzed
by ELISA pooled serum samples from 10 patients with idio-
pathic AVB and found that in these patients but not in healthy
control sera, autoantibodies against different consensus mo-
tifs of the Na, 1.5 channel were detectable, including the pep-
tide sequence of the S5-56 extracellular loop. Finally,
incubation with sera either from these patients or from immu-
nized rats significantly and specifically reduced Iy, in adult rat
ventricular myocytes in culture.®’

APD SHORTENING

VF/CA

APD SHORTENING

Autoimmune ventricular fibrillation: molecular bases and electrophysiologic mechanisms. Agonist-like anti-K,p2.1 autoantibodies and inhibiting anti-Ca, 1.2 autoan-
tibodies shortening ventricular action potential duration (APD) can be cause of autoimmune ventricular fibrillation (VF)/cardiac arrest (CA). See text and tables for
more details. autoAb = autoantibody; D1 = domain 1; Ica. = L-type calcium channel current; lxop = 2—pore domain potassium channel current; M1-M2: transmem-
brane segments 1-2; S5-56: transmembrane segments 5-6; TREK-1: TWIK-related potassium channel 1. The red squares indicate the portion of the channel where
the target peptide sequences (reported in red block letters) are located. The blue arrow pointing up indicates increase; the red arrow pointing down indicates

decrease.
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Autoimmune atrioventricular block: molecular bases and electrophysiologic mechanisms. Inhibiting anti-Ca, 1.2 autoantibodies and anti-Na, 1.5 autoantibodies can
be cause of autoimmune atrioventricular (AV) block. See text and tables for more details. AP = action potential; autoAb = autoantibody; D1 = domain 1; Ic,. = L-type
calcium channel current; lx, = rapid component of the delayed rectifier potassium channel current; Iy, = sodium channel current; S5-S6 = transmembrane segments
5-6. The red squares indicate the portion of the channel where the target peptide sequences (reported in red block letters) are located. The red and green arrows
pointing down indicate decrease. The question mark indicates alterations that are likely but still not proven.

The “multi-hit” theory

A single cardiac channelopathy alone cannot in most cases
produce symptoms and rarely even the related clinical pheno-
type.? This is well proven for inherited forms, particularly
LQTS and BrS, for which provocative tests can reveal latent
genetic defects.'® Indeed, Goldenberg and colleagues’ pro-
vided evidence that of 1861 patients with genotype-positive
LQTS, QTc interval was normal in more than half of cases,
even including ~25% of patients with values <440 ms. These
patients still presented in follow-up with a 10 times higher risk
of aborted CA and SCD compared with genotype-negative
family members, suggesting that an underlying channelop-
athy, although not clinically evident, can predispose to life-
threatening arrhythmic events, probably when other concom-
itant QT-prolonging risk factors are present.

Such evidence strongly suggests that numerous, often
redundant ion channel mechanisms are involved in keeping
normal action potential genesis and conduction, thus
rendering the phenotype not clinically evident despite the un-
derlying channel dysfunction. This concept is well exemplified
by the “repolarization reserve” theory, first proposed by Ro-
den’” to explain drug-induced LQTS/TdP risk and now widely
accepted. Hence, more than 1 single contributor needs to be
impaired for electrocardiographic or clinical symptoms to
appear, and the number of needed “hits” will depend on

the functional effect of each single offending factor.”® In a sin-
gle patient, multiple QT-prolonging factors need to be
concurrently present to significantly disturb repolarization,
so much as to precipitate TdP development. Case in point,
in a cohort of 66 consecutive patients who had TdP, many
concomitant acquired QT-prolonging risk factors were
demonstrable, on average >5 per patient.n’

Beyond LQTS, such a multi-hit theory could be more
generally applied to all arrhythmogenic phenotypes. For
example, BrS is often silent, emerging only when other
concomitant factors occur, primarily fever or drugs but also
autonomic fluctuations, electrolyte imbalances, or structural
cardiac disease, synergistically acting to reveal genetic pre-
disposition and increasing the risk for life-threatening arrhyth-
mias.””~’? In agreement with these considerations, the group
of Viskin has proposed to extend the concept of repolarization
or conduction reserves also to BrS.”’? Thus, also for BrS, the
presence of a genetic mutation, although pathogenic, should
not be considered alone as causal but only able to increase
the likelihood for development of disease.

The same considerations can be applied to autoimmune
cardiac channelopathies. In fact, although experimental
studies clearly demonstrated that anti-ion channel autoanti-
bodies do induce ion channel dysfunction, autoimmune-
induced phenotypes and arrhythmias occur in only a fraction
of the autoantibody-positive patients at risk.” In this
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perspective, anti—ion channel autoantibodies (eg, anti-Na, 1.5
in BrS or anti-K,11.1 in LQTS), like genetic mutations, are
potentially causal but usually not sufficient alone to produce
the disease.

Limitations and unanswered questions

This topic being a recent and evolving field, there is a general
paucity of studies reproducing the findings reported by
others. In fact, except for anti-Ro/SSA-associated forms, in
most of the other autoimmune cardiac channelopathies, inde-
pendent studies replicating the original observations are to
date substantially missing (Supplemental Table 2). This gap,
which is mostly due to the fact that many of these channelopa-
thies have been described for the first time only recently (5
new forms in the last 5 years),wz’ws'80 may represent a poten-
tial limitation that needs to be highlighted for a more cautious
and balanced view of the topic.

Another important aspect precluding a deeper under-
standing of this field is that several general questions still
remain unanswered. Where do the different autoantibodies
come from? Why are they generated? Are they released
because the patients have some kind of disease or are they
causal to the disease? It is recognized that autoimmunity oc-
curs when the immune response is triggered as a result of
not only non-self foreign but also self antigens. The resulting
autoantibodies can be pathogenic, like those covered in this
review, but may also be beneficial for disease diagnosis, prog-
nosis, and treatment.®! The exact mechanisms are not fully un-
derstood, but several factors can contribute to development
of autoantibodies. These include but are not limited to ge-
netic or environmental factors, for example, gene variants
that increase susceptibility to ADs, abnormal surface exposure
of otherwise intracellular antigens, molecular mimicry, inflam-
mation/infection, and hormonal causes often in women who
are disproportionally affected by AD.®" In this regard, it is
intriguing to hypothesize that also aberrant functioning ion
channels, such as sodium channels encoded by the mutated
SCN5A gene in BrS patients, might promote autoantigen for-
mation, in turn triggering development of autoantibodies.
However, the evidence provided by Tarantino and col-
leagues'? that anti-Na, 1.5 channel autoantibodies are found
both in patients with SCN5A mutations and in those without
apparently argues against this hypothesis.

Perspectives and unmet needs

Arrhythmias associated with autoimmune cardiac channelo-
pathies develop in most cases in the absence of a concomi-
tant definite AD. In these patients, “the heart rhythm
disturbance itself is the AD.” This is an important concept
because itimplies that physicians must consider an underlying
autoimmune mechanism independent of the presence or not
of such a clinical feature. The approach should be in some way
like that currently adopted for inherited cardiac channelopa-
thies, that is, the patient is tested when an apparently unex-
plained  arrhythmia/proarrhythmic  electrocardiographic
phenotype is present, regardless of other concomitant clinical

features suggesting a genetic disease.'® Likewise, the possi-
bility of an underlying autoimmune cardiac channelopathy
should be considered in all patients with heart rhythm distur-
bances of unknown origin as only specific testing can demon-
strate the presence of arrhythmogenic anti-ion channel
autoantibodies. Whereas adding this novel perspective to
current management of patients with arrhythmias could lead
to an adequate diagnosis in a nonnegligible number of cases
labeled idiopathic, the challenge is that the laboratory diag-
nosis of autoimmune cardiac channelopathy is not accessible
to all in daily practice. In fact, anti-ion channel autoantibody
testing is currently available in only a few centers, almost
exclusively for research purposes and usually restricted, de-
pending on the institution, to 1 specific type alone. Presently,
the only one commercially available and reliable is the anti-
Ro/SSA testing, based on 3 main methods—fluoroenzyme
immunoassay, line blot immunoassay, and immune western
blotting—the last being the most specific and sensitive for de-
tecting arrhythmogenic  autoantibodies (Supplemental
Table 3).3080.82:83 | this perspective, it will be fundamental
to develop a diagnostic system suitable for easy and wide-
spread clinical use, ideally an immune-enzymatic method us-
ing the specific peptide sequencies recognized on ion
channels as revealing antigens, through which to test simulta-
neously the patient’s serum for several different autoanti-
bodies, in turn selected on the basis of the arrhythmic
phenotype present. This diagnostic system should meet the
World Health Organization’s ASSURED criteria (affordable,
sensitive, specific, user-friendly, rapid, equipment-free, deliv-
ered) for the ideal test that can be used at all levels of the
global health care system, including the developing world.**
Currently, diagnosis of autoimmune cardiac channelopathies
falls short of ideal standards, but raising health care providers'’
awareness of their clinical significance will drive interest in
developing multi-autoantibody detection tools. In contrast,
and because there are already platforms available for the
simultaneous detection of other autoantibodies (>120 puri-
fied antigens are offered by several commercial sources;
https://www.genecopoeia.com/product/omicsarray-antigen-
microarrays/;  https://microarray.creative-proteomics.com/
antigen-microarray-services.htm) based on protein microarray
permitting powerful detection of autoantibodies associated
with many ADs, the development and application of similar
technologies for the detection of autoantibodies responsible
for cardiac channelopathies are readily available for explora-
tion and applicability.®

Another key point is the treatment of the underlying auto-
immune cardiac channelopathies. In fact, the evidence that
anti-ion channel autoantibodies exert their proarrhythmic ef-
fects by directly interfering with cardiac electrophysiology, in
most cases in the absence of any inflammatory or fibrotic
change in the heart, strongly suggests that therapeutic inter-
ventions aimed at inhibiting the production of autoantibodies
or their interaction with ion channels can be effective for treat-
ing these conditions. For the first objective, administration of
immunomodulatory agents seems to be, at least theoretically,
the best option. Indeed, corticosteroids, azathioprine, high-
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dose immunoglobulins, and hydroxychloroquine demon-
strated their efficacy in reversing anti-Ro/SSA-associated
AVB and LQTS in several adult patients along with the disap-
pearance of autoantibody positivity.“"25'86’88 However,
confirmatory data from clinical trials are currently not
available. In addition, studies testing the effectiveness of
this approach in other autoimmune cardiac channelopathy—
associated arrhythmias are to date missing.

Regarding the second objective, the evidence that the
specific sequence recognized by the autoantibody is known
in most cases makes it reasonable to consider the develop-
ment of a therapeutic competition strategy based on specif-
ically designed decoy peptides. In this way, by providing a
"false” target mimicking the epitopes on the channel protein,
autoantibodies would be distracted and neutralized, thus pre-
venting their binding to ion channels and subsequently the
related proarrhythmic consequences. In agreement with this
premise, in-vitro experiments demonstrated the effectiveness
of these peptides in inhibiting autoantibody-channel interac-
tion or electrophysiologic changes when sera or affinity-
purified autoantibodies from patients with autoimmune
cardiac channelopathy-associated arrhythmias were used,
specifically samples from patients with TdP and inhibiting
anti-K,11.1 autoantibodies,>® VT and agonist-like anti-
Ca,1.2 autoantibodies,*®*? or idiopathic CA and inhibiting
anti-Ca, 1.2 autoantibodies.'” These findings, although pre-
liminary, are promising and intriguing as they could open, in
perspective, an innovative therapeutic approach to these con-
ditions, much more targeted and potentially free of the sys-
temic adverse effects observed with immunosuppressants
and immunomodulatory drugs.

Conclusion

Autoimmune cardiac channelopathies are ever more recog-
nized as a novel and epidemiologically important cause of a
wide spectrum of cardiac arrhythmias. Whereas it is expected
that this arrhythmogenic mechanism may be primarily involved
in unexplained or poorly explained heart rhythm disorders
occurring in young people with a structurally normal heart,
recent data intriguingly suggest that anti—ion channel autoanti-
bodies might contribute to arrhythmia development also in pa-
tients older or with known cardiac disease’®*%*° by adding
additional “hits” of electrophysiologic origin (thereby poten-
tially reversible) to classic arrhythmogenic risk factors.

This field, unexpectedly and tumultuously grown in the last
few years, urgently requires greater and more generalized
awareness. In fact, the new concept of autoimmune cardiac
channelopathies should enter the knowledge background of
the clinical cardiac electrophysiologist and cardiologist as
well as that of the basic/translational scientists involved in
the arena of cardioimmunology. Only in this way can the cur-
rent gaps in diagnosis and treatment be filled, allowing this
new pathologic entity to be fully included in the daily practice
management of patients with cardiac arrhythmias.

Appendix
Supplementary data

Supplementary data associated with this article can be found
in the online version at https://doi.org/10.1016/j.hrthm.2025.
03.1879.
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