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Abstract

Autoimmune diseases are associated with significant morbidity and mortality, afflicting about 5%
of the population of the United States. They encompass a wide range of disorders that affect all
organs of the human body and have a predilection for women. In the past, autoimmune
pathogenesis was not thought to be a major mechanism for cardiovascular disorders, and potential
relationships remain understudied. However, accumulating evidence suggests that a number of
vascular and cardiac conditions are autoimmune-mediated. Recent studies indicate that
autoantibodies play an important role in the development of cardiac arrhythmias, including atrial
fibrillation, modulation of autonomic influences on heart rate and rhythm, conduction system
abnormalities, and ventricular arrhythmias. This manuscript will review the current evidence for
the role of autoantibodies in the development of cardiac arrhythmias.
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AUTOIMMUNITY AND AUTOANTIBODIES

Autoimmunity underlies a wide range of disorders, including multisystem diseases such as
systemic lupus erythematosus, and organ-specific diseases such as type 1 diabetes mellitus
and Graves’ disease 1. The cause of autoimmune disease is poorly understood, but the
presence of autoantibodies was long considered a sine qua non of the condition. However, a
low level of natural autoantibodies exists in healthy people that is considered physiologic.
These natural autoantibodies fulfill diverse housekeeping and surveillance immunological
functions, including early innate immune protection, removal of endogenous apoptotic
cellular debris, and protection against atherogenesis, cancer, and autoimmune diseases 2 3.
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Specificity, antigenic diversity, and self tolerance are the hallmarks of the adaptive immune
system, a vital defense mechanism that involves the interplay of T cells and B cells to
produce antibodies against pathogens 4. Production of pathogen-specific antibodies is an
elaborate process that is coupled with a host of tolerance mechanisms to avoid self-
destruction. When the mechanisms of physiologic tolerance become deranged, autoimmune
diseases may ensue (Figure 1). This can occur when autoreactive B cells escape clonal
deletion, inhibition by IL-6 and CD40L, receptor editing, anergy, or any of the other
intrinsic and extrinsic regulatory mechanisms that normally protect against autoimmunity
(Figure 1). Likewise, self-reactive T cells may escape deletion and inactivation, becoming
threats to tolerance when they are released into the periphery.

AUTOIMMUNE MECHANISMS OF CARDIAC ARRHYTHMIAS

Contrary to past assumptions, emerging evidence indicates that autoantibodies are involved
in the development of many cardiovascular disorders °: 6. Patients with multi-organ
autoimmune diseases are at increased risk for developing cardiovascular diseases /, with
increased cardiovascular mortality, reduced cardiac function, and advanced vascular
pathology.

In patients with known autoimmune diseases, abnormal electrocardiographic findings are
common. For example, a study of 50 patients with progressive systemic sclerosis found that
62% showed serious abnormalities on 24-hour ambulatory electrocardiographic recordings,
including supraventricular tachycardia, conduction disturbances, coupled ventricular
extrasystoles, and ventricular tachycardia 8. In this review, we will focus on autoantibodies
as a direct cause of bradyarrhythmias, conduction system abnormalities, supraventricular
tachyarrhythmias, and ventricular tachyarrhythmias (Figure 2).

BRADYARRHYTHMIAS AND CONDUCTION ABNORMALITIES

Sinus Bradycardia

The role of autoantibodies in causing sinus node dysfunction was first demonstrated in 1986
when Maisch et al. found that antibodies against the human sinus node were present in 29%
of 45 patients with sick sinus syndrome and in 24% of 17 patients with bradyarrhythmia °.
Since then, more evidence has emerged supporting the hypothesis that specific antibodies
may render sinus nodal function abnormal.

Sinus bradycardia has been reported in a number of fetuses and newborns of women who are
positive for anti-Ro/SSA antibodies 2. A review of the medical records from the Research
Registry for Neonatal Lupus included 187 children with congenital heart block whose
mothers had anti-Ro/SSA-La/SSB antibodies. Sinus bradycardia (<100 bpm) was present in
three (3.8%) of 78 fetuses for whom atrial rates were recorded by echocardiogram 10,
Autopsy studies in these children showed hypoplastic or absent sinus nodes and the presence
of extensive fibrosis 10,

Animal studies lend support to the hypothesis that disease-specific antibodies are
responsible for sinus node dysfunction. Passive transfer of purified human 1gG containing
anti-Ro/SSA and anti-La/SSB antibodies from mothers of children with congenital heart
block into timed pregnant mice at 11 days of gestation produced significant sinus
bradycardia (56% reduction in sinus rate) in 70% of the newborn mice 8 10. 11 \When
Langendorff-perfused rabbit hearts were perfused with IgG containing anti-Ro/SSA and
anti-La/SSB antibodies (positive 1gG), optical action potential recordings showed that the
hearts underwent sinus bradycardia before the development of atrioventricular block 8 10.11,
Patch clamp recordings of isolated rabbit sinus nodal cells showed significant inhibition of
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Ica,L and Iy T but not I or Ik upon acute exposure to positive 19gG 12 (Figure 3). Current
clamp recordings of these cells showed significant slowing of beat frequencies with a
decrease in action potential amplitude and a reduction in the slope of phase 4 12. The
molecular mechanism underlying sinus bradycardia is thought to be direct binding of
autoantibodies to the a1D calcium channel protein, which constitutes the I, in fetal sinus
nodal cells and modulates depolarization of the sinus node 13. The inhibitory effects of the
positive 1gG on I, can be rescued by BayK8644, an activator of Ic, | 13,

Meanwhile, in patients with idiopathic dilated cardiomyopathy and Chagas’ disease, it has
been demonstrated that agonist-like autoantibodies directed against the muscarinic M2
receptor are related to sinus node dysfunction 14, In Langendorff-perfused rabbit hearts,
acute exposure to 1gG-rich fractions from sera of chronic Chagasic patients with complex
cardiac arrhythmias significantly decreased the heart rate from 131 to 98 bpm, whereas
those from chronic Chagasic patients without complex cardiac arrhythmias or from patients
with Wolff-Parkinson-White syndrome and control subjects had no effect 15, Similarly, a
negative chronotropic effect on spontaneously beating cultured neonatal rat cardiomyocytes
was significantly more prevalent using IgG from Chagasic and idiopathic dilated
cardiomyopathic patients with sinus node dysfunction than from those who did not have
sinus node dysfunction 1°.

In both studies, the effects of sera/lgG were blocked by atropine, suggesting that the M2
muscarinic cholinergic receptor was involved. Furthermore, autoantibodies against the M2
muscarinic cholinergic receptor isolated from the sera of Chagasic patients produced
significant bradycardia in isolated rat atria by reducing the production of cAMP 15 (Figure
3).

Characterization of the anti-M2 receptor antibodies showed that they dose-dependently
shortened the action potential durations of isolated guinea pig ventricular cardiomyocytes,
enhancing the outward K* currents while inhibiting the L-type Ca2* currents, effects similar
to those of carbachol 6. More recently, a group of 14 patients with idiopathic dilated
cardiomyopathy were all found to have high titers of antibodies against the M2 receptor and
43% of these sera induced a significant decrease in isoproterenol stimulated L-type Ca2*
currents in rabbit ventricular myocytes, whereas sera from healthy controls failed to do

so 17, These results indicate that the anti-M2 receptor antibodies are biologically active with
important electrophysiological consequences.

Conduction Abnormalities

Conduction disturbances such as bundle branch block and AV block are common with a 5 to
35% prevalence in patients with autoimmune diseases 11. Antibodies against the cardiac
conduction system were found in 25% of patients with progressive systemic sclerosis and in
35% of patients with rheumatoid arthritis, and the presence of these antibodies was
correlated with conduction abnormalities in rheumatoid arthritis patients with a p value of
<0.001.

Autoantibodies are implicated in several cases of conduction abnormalities. Antibodies
against -adrenergic receptors were found in 35.7% of patients with conduction disturbances
and no other cardiac abnormalities °. Perfusion of a Langendorff mouse heart preparation
with anti-p2 adrenergic receptor antisera produced bradycardia and conduction block that
were reversible upon washout. 18, This is thought to be mediated via activation of Gi, which
may activate G-protein regulated potassium channels, producing membrane
hyperpolarization and inhibiting L-type calcium channels 18.
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Sera and 1gG from chronic Chagasic patients with complex cardiac arrhythmias produced
AV block in Langendorff rabbit hearts. These effects were blocked by atropine, suggesting
the presence of autoantibodies with muscarinic agonistic function . Similarly, IgG from
sera of systemic lupus erythematosus patients with anti-Ro/SSA activity produced high
grade AV block in Langendorff preparations of rabbit hearts, whereas IgG fractions with
anti-RNP activity and from normal sera did not result in AV block 1. 15, Patch clamp
studies in rabbit ventricular myocytes showed that the anti-Ro/SSA positive IgG inhibited
the L-type Ca?* current by 31.6%, whereas IgG from control serum had no effect.

Congenital Complete Heart Block

The vast majority of complete heart block diagnosed in utero or within the neonatal period is
associated with mothers positive for anti-Ro/SSA, and the risk of congenital complete heart
block in pregnant women positive for anti-Ro/SSA antibodies is about 2% 1115, In a large
multi-center study, anti-Ro/SSA and anti-La/SSB antibodies were identified by ELISA in
100% and 76%, respectively, of mothers of infants with heart block.

Congenital complete heart block is produced by transplacental passage of maternal anti-Ro/
SSA antibodies into the fetal circulation. Female mice actively immunized with human
recombinant Ro/SSA antigens give birth to offspring with various conduction abnormalities
including complete heart block 11. These autoantibodies are known to be arrhythmogenic.
When perfused with anti-Ro/SSA antibodies, one third of Langendorff preparations of rabbit
hearts exhibited heart block, whereas none exhibited heart block when perfused with control
IgG. 11. Anti-Ro/SSA IgG also inhibited the slow inward L-type Ca2* currents by 31.6% in
isolated rabbit ventricular myocytes, suggesting that the antibodies directly modulate the
activities of cardiac ion channels. A similar study demonstrated that this inhibition was
produced by direct physical interaction between the antibodies and the pore-forming a
subunit (a1¢) of the L-type Ca2* channel 13, These results indicate that anti-Ro/SSA
antibodies are causally related to the development of complete heart block through
inhibition of L-type Ca2* currents (Figure 3). Chronic exposure to complete heart block-
causing autoantibodies results in Ca2* channel internalization and intracellular Ca2*
dysregulation, followed by progressive destruction of the AV node, leading to its fibrosis
and calcification. These structural changes render the disturbance irreversible. The
mechanisms and theories linking the cross-reactivity of autoantibodies with Ca* channels
to the development of complete heart block have been extensively discussed in recent
reviews 13. 19,

Bradyarrhythmias, associated autoantibodies, disease conditions, and postulated
mechanisms are summarized in Table 1.

TACHYARRHYTHMIAS — SUPRAVENTRICULAR TACHYCARDIAS

Supraventricular tachyarrhythmias are commonly observed in patients with autoimmune
diseases, with concrete evidence linking autoantibodies to the development of these
arrhythmias in several conditions as described below (Figure 2).

Inappropriate Sinus Tachycardia

Inappropriate sinus tachycardia is characterized by a non-paroxysmal persistent elevated
resting heart rate and/or an exaggerated heart rate response to minimal physical activities 20,
Understanding of the underlying mechanism of this challenging condition is incomplete, but
sympathovagal imbalance and enhanced sinus nodal automaticity are suggested possibilities.
Chiale et al. 21 found that anti-f adrenergic receptor antibodies were present in 52% of the
patients with inappropriate sinus tachycardia, whereas no antiautonomic receptor antibodies
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were found in healthy controls. The IgG fractions from the patients induced a significant
increase in cCAMP with positive chronotropic effects.

Anti-B-adrenergic antibodies have been shown to exhibit agonist properties, apparently
through interaction with the second extracellular loop where antigenicity resides 22. Binding
of the antibody to the B-adrenergic receptor activates Gsa and adenylyl cyclase, promoting
the accumulation of cAMP 21 22 (Figure 3). This may constitute the basis of sympathetic
hypersensitivity in some patients with inappropriate sinus tachycardia. A number of
questions remain, but the subclassification of these patients according to the presence of
anti-p-adrenergic receptor antibodies may allow targeted therapy based on disease
mechanisms.

Atrial Fibrillation

Many factors contribute to the pathogenesis of atrial fibrillation, including electrical,
structural, neurohumoral, and inflammatory processes 23. Autoimmune mechanisms are also
implicated. Several types of antibodies are associated with atrial fibrillation (Figure 2). The
first antibody detected in atrial fibrillation was that against myosin heavy chain 24.These
antibodies were previously found in patients with myocarditis and dilated cardiomyopathy.
Analysis of sera from 10 patients with paroxysmal atrial fibrillation and 10 age-matched
controls showed the presence of immunoreactivity against cardiac myosin heavy chain in six
patients versus one control subject, a statistically significant difference. Subsequently,
antibodies against the Na/K ATPase 24 25, the M2-muscarinic cholinergic receptors, the f1
adrenergic receptors, and the heat shock protein (HSP) 65 26 have also been implicated in
promoting the development of atrial fibrillation in humans as reviewed below.

The sarcolemmal Na/K-ATPase regulates the intracellular Na* and Ca?* concentrations in
cardiac myocytes and can affect the resting membrane potential, the inotropic properties,
and the arrhythmogenic propensity of the cell 27 (Figure 3). In a cohort of 95 patients with
congestive heart failure, antibodies against the a-catalytic subunit of Na/K-ATPase were
detected in 16% of patients versus 0% of 48 age-matched controls 16: 26, Further analysis
showed that the Na/K-ATPase antibodies were more prevalent in patients with dilated
cardiomyopathy than in those with ischemic cardiomyopathy (28% vs. 4%, respectively),
and this correlated with the incidence of paroxysmal atrial fibrillation (47% in dilated
cardiomyopathy vs. 15% in ischemic cardiomyopathy, p<0.01) 26,

The M2 muscarinic cholinergic receptors mediate parasympathetic signaling in the heart and
derangement of vagal tone promotes the development of atrial fibrillation 28. In a study
examining the presence of autoantibodies in three age-matched groups of 104 subjects with
dilated cardiomyopathy, chronic atrial fibrillation without ventricular dysfunction, and
healthy controls, antibodies against the M2 muscarinic cholinergic receptors were present in
40%, 24%, and 8%, respectively 2°. In patients with dilated cardiomyopathy, multivariate
analysis showed that the presence of M2-receptor autoantibodies was an independent
predictor for atrial fibrillation. When injected into chick embryos, the anti-M2 antibodies
from patients with dilated cardiomyopathy and atrial fibrillation exerted agonist properties,
resulting in negative chronotropic effects and the development of supraventricular
arrhythmias 2°. Furthermore, antibodies raised against the second extracellular loop of the
human M2 muscarinic cholinergic receptors increased outward K* currents in isolated
guinea pig cardiac myocytes, similar to the effects of carbachol °. These results suggest that
the M2-autoantibodies may promote the development of atrial fibrillation through activation
of Ixach (Figure 3).

The presence of antibodies against both the B1-adrenergic receptor and the M2 muscarinic
cholinergic receptor was a very strong predictor of atrial fibrillation in 38 patients with
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Graves’ disease, with an odds ratio of 33.61 30, 1gG from autoantibody positive patients

induced hyperpolarization, decreased action potential duration, enhanced early

afterdepolarization formation, and facilitated triggered firing in isolated canine pulmonary
ing 30

veins °Y.

Heat shock proteins are stress response elements that function as intracellular chaperones for
other proteins to help maintain proper protein folding and conformation. In a prospective
study involving 329 patients undergoing elective primary coronary artery bypass grafting
surgery, post-op atrial fibrillation developed in 62 patients (19%). Multivariate analysis
showed that the presence of anti-HSP65 in the pre-op blood sample was significantly
associated with atrial fibrillation, whereas C-reactive protein was not 2°.

TACHYARRHYTHMIAS — VENTRICULAR TACHYARRHYTHMIAS

Ventricular Tachycardia

Autoantibodies are implicated in the development of ventricular tachyarrhythmias in several
disease states. In patients with connective tissue disease who were positive for anti-Ro/SSA
antibodies, 24 hour Holter studies revealed a high incidence of complex ventricular
arrhythmias compared to patients who were anti-Ro/SSA negative (50% vs. 10%) in the
absence of structural cardiac abnormalities 31. About half of the anti-Ro/SSA positive
patients showed QTc interval prolongation, compared to only 0 to 5% of the anti-Ro/SSA
negative patients 31, Interestingly, a patient with positive anti-Ro/SSA antibodies who
presented with recurrent syncope, markedly prolonged QT and documented torsades de
points was found to have abnormal 1gGs that cross-react with KCNH2 channel, reducing
channel protein expression and KCNH2 currents 32,

Likewise, anti-B-adrenergic antibodies appear to be eminently related to the pathogenesis of
cardiomyopathy and the development of arrhythmias 16. Anti-p1-adrenergic autoantibodies
were detectable in 35 to 80% of patients with Chagas’ disease 33, idiopathic dilated
cardiomyopathy 22, and ischemic cardiomyopathy, but not in those with valvular or
hypertensive heart disease. In Chagas’ heart disease, there is cross-reactivity between an
antibody to the C-terminal region of the Trypanosoma cruz ribosomal P23 protein and the
second extracellular loop of the human B1 adrenergic receptor 33. In dilated and ischemic
cardiomyopathy, autoantibodies interacted with different 31 receptor domains but only those
directed against the second extracellular loop were capable of eliciting sympathomimetic
effects 22, Inbred rats immunized against the second extracellular B1 receptor loop
developed severe progressive left ventricular dilatation and dysfunction 22, In addition to
activation of the adenylyl cyclase-cAMP-protein kinase A cascade, more recent studies have
shown that in cardiac cells, anti-$1 adrenergic receptor antibodies can also activate the
extracellular signal-regulated kinase (ERK)1/2 pathway, promoting cardiac hypertrophy and
heart failure 34 (Figure 3).

There is a strong correlation between the presence of anti- f1-adrenergic autoantibodies and
ventricular arrhythmias in patients with primary ventricular arrhythmias, idiopathic dilated
cardiomyopathy, and Chagas’ disease; no such antibodies were detected in healthy

controls 9. Studies have shown a high prevalence of anti-p-adrenergic antibodies in patients
with primary cardiac electrical abnormalities as well as in patients with cardiomyopathy and
viral hepatitis accompanied by ventricular arrhythmias °. Application of B-adrenergic
receptor antibodies obtained during immunoabsorption of patients with dilated
cardiomyopathy to rabbit and human cardiac myocytes resulted in increased spontaneous
beating frequency, increased action potential duration, enhanced L-type Ca?* currents, and
augmented contractility 9. Rabbits immunized against the second extracellular loop of the
1-adrenergic receptor showed prolonged action potential durations, possibly from down-
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regulation of I,y and Iks. These animals had an increased risk of sudden death and sustained
ventricular tachycardia, and their cardiac tissues showed prolonged action potential with a
higher propensity for induction of early afterdepolarizations °. These findings strongly
suggest that anti-p-adrenergic receptor antibodies promote the development of ventricular
arrhythmias.

Sudden Cardiac Death

Using an enzyme-linked immunoabsorbent assay, autoantibodies recognizing the catalytic
alpha subunit of the Na/K-ATPase and exerting antagonistic effects were detected in 26% of
patients with dilated cardiomyopathy, versus only 2% of healthy controls 3°. Ventricular
ectopies and non-sustained ventricular tachycardias were significantly more frequent in
antibody-positive (81%) versus antibody-negative (32%, p<0.001) patients, as was sudden
cardiac death (26.9% vs. 5.4%, p =0.0006 with a hazard ratio of 22.5). Multivariate analysis
showed that the presence of autoantibodies against Na/K-ATPase was an independent
predictor of sudden cardiac death 3. The mechanism of electrical instability and sudden
death by anti-Na/K-ATPase antibodies may resemble that of digitalis toxicity (Figure 3).

Similarly, autoantibodies against the second extracellular loop of B1-adrenergic receptors in
patients with idiopathic dilated cardiomyopathy were shown to be associated with multiform
ventricular ectopies, ventricular tachycardias, and increased all-cause cardiovascular
mortality. Multivariate analysis further showed that the presence of anti-B1 adrenergic
receptor antibodies was an independent predictor of sudden cardiac death 3. The underlying
causes are many, but QT prolongation and development of triggered activities are implicated
as important contributing factors 6.

Sudden cardiac death and serious ventricular arrhythmias are common in patients with
Chagas’ disease, and dispersion of QTc intervals has been shown to be an independent
predictor of sudden death in Chagas’ patients 37. QT interval dispersion was significantly
greater in patients with anti-M2 muscarinic cholinergic receptor antibodies than in those
without 37 Sera from anti-M2 antibody-positive patients produced a significant and
reversible increase in QT interval in isolated rabbit hearts; this effect was abolished by
atropine. Multivariate analysis showed that maximal QTc interval was an independent
predictor of sudden cardiac death in these patients 37.

These findings suggest that in patients with cardiomyopathy, the presence of autoantibodies
increases the propensity for sudden cardiac death. Cardiac repolarization abnormalities
appear to be the common electrophysiological pathway leading to the development of lethal
rhythm disturbances.

Tachyarrhythmias and associated autoantibodies and disease conditions as well as postulated
mechanisms are summarized in Table 2.

CONCLUSION

The significance of autoantibodies in the pathogenesis of cardiovascular abnormalities and
in the treatment of heart failure is receiving increasing attention. In particular, there is
substantial evidence that autoantibodies play an important role in the development of cardiac
arrhythmias in a wide range of disease conditions. Recent clinical studies have included
autoantibodies against p1-adrenergic receptors as an independent variable in the evaluation
of treatment efficacy 38 39, It is anticipated that further studies will continue to illuminate
our understanding of the role of autoantibodies in the development of cardiovascular
diseases and cardiac arrhythmias. Autoantibodies are thus a promising therapeutic target in
the treatment of autoimmune-mediated arrhythmias.
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Abbreviations

AV atrioventricular
lcaL L-type calcium currents
lcaT T-type calcium currents
It hyperpolarization-activated pacemaker currents
Ik delayed rectifier potassium currents
IkAch acetylcholine-activated potassium currents
ks slow delayed rectifier potassium currents
lto transient outward potassium currents
M2 receptor muscarinic cholinergic type 2 receptor
Na/K-ATPase sodium-potassium pump
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Figure 1.

Immunologic tolerance and autoimmune diseases. An illustration showing the normal
intrinsic and extrinsic mechanisms of immunologic tolerance. Loss of tolerance results in
inappropriate production of autoantibodies and in autoimmune diseases.
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Figure2.
Autoantibodies and cardiac arrhythmias. Autoantibodies known to contribute to the
development of bradyarrhythmias (red) and tachyarrhythmias (green) are illustrated here.
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Figure3.

Mechanisms of autoantibody-induced cellular events that lead to the development of cardiac
arrhythmias. A Anti-Ro/SSA antibodies. B Anti-B1-adrenergic receptor antibodies. C Anit-
M2 muscarinic cholinergic receptor antibodies. D Anti-Na/K-ATPase antibodies.
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