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Abstract
For more than a half century, autoimmunity has been linked to a diverse array of heart diseases
including rheumatic carditis, myocarditis, Chagas’ cardiomyopathy, post-myocardial infarction
(Dressler’s) syndrome, and idiopathic dilated cardiomyopathy. Why the heart is targeted by
autoimmunity in these seemingly unrelated conditions has remained enigmatic. Here, we discuss
our recent studies indicating that this susceptibility is mediated by impaired negative selection of
autoreactive α-myosin heavy chain -specific CD4+ T cells in the thymus of both mice and
humans. We describe how this process may place the heart at increased risk for autoimmune
attack following ischemic or infectious injury, providing a rationale for the development of
antigen-specific tolerogenic therapies.

Introduction
Myocarditis, an inflammatory disease of heart muscle, is a common cause of heart failure in
young patients(Andrews et al. 2008). Although cardiotropic viruses are considered to be the
leading etiologic agents of myocarditis in North America and Europe(Cooper 2009), the
cause of disease in most patients is unknown (Stewart et al. 2011). Approximately one third
of cases resolve, but dilated cardiomyopathy (DCM) with chronic congestive heart failure is
the major long-term sequelae of myocarditis (Cooper 2009). Chronic autoimmunity has long
been postulated to underlie the progression from myocarditis to DCM. Until recently, the
major focus of clinical investigation has been on the role of humoral immunity in
DCM(Lappe et al. 2008). However, it has been unclear whether autoantibodies are primary
disease mediators or markers of myocardial injury. From an immunological perspective, a
major gap in our understanding the autoimmune basis of DCM is the identity of the specific
self-antigen target(s) that elicits such destructive responses and the mechanism(s) by which
self-tolerance is broken. In this review, we will discuss our recent findings showing that
myocarditis is mediated by α-myosin heavy chain (α-myosin)-specific CD4+ T cells that
escape thymic negative selection (‘central tolerance’), a major barrier against autoimmunity.
In addition, our group has found that humans also lack expression of α-myosin in thymus
and, accordingly, healthy individuals show relatively large numbers of α-myosin-specific T
cells in peripheral blood, with markedly increased frequencies of autoreactive T cells in
patients with myocarditis and inflammatory DCM. We will discuss how impaired central
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tolerance may place the heart at risk not only for primary autoimmune myocarditis, but also
for autoimmune attack following infection by cardiotropic viruses or the protozoan
Trypanosoma cruzi (T. cruzi). In addition, we will discuss our most recent studies
demonstrating that ischemic heart injury alone – in the absence of microbial agents – can
trigger chronic myocardial autoimmunity in autoimmune-prone mice and
humans(Gottumukkala et al. 2012). Finally, we will discuss how the impaired tolerance to
α-myosin provides a unifying explanation of why the heart is so commonly targeted by
autoimmunity, and how these new insights have direct relevance to the diagnosis and
treatment of autoimmune heart disease.

Critical role of the thymus in establishing self-tolerance
The primary role of the immune system is to protect the body from infectious agents. To
handle potential challenges from an enormously diverse and continuously evolving
microbial universe, T lymphocytes of the adaptive immune system must exhibit immense
variability in their antigen receptor specificity. Because the T cell receptor diversification
process in thymus is random, it inevitably gives rise to T cells that react to self-antigens. The
immune system has devised numerous mechanisms to eliminate these self-reactive cells that
can potentially cause autoimmunity. Most T cells with self-reactive receptors are induced to
die in the thymus through an apoptotic process called negative selection. This process
(‘central tolerance’) represents the first and most important mechanism by which
autoimmune reactions are prevented and self-tolerance is established (von Boehmer &
Melchers 2010).

It is now well established that a subset of stromal cells in the thymus, called medullary
thymic epithelial cells, have the unusual ability to express transcripts encoding a wide range
of tissue-specific antigens previously considered to be expressed exclusively in peripheral
tissues(Derbinski et al. 2001). Relatively subtle variations in the thymic level of tissue-
specific antigen expression can profoundly modulate susceptibility to various organ-specific
autoimmune diseases(Kyewski & Klein 2006). This is exemplified by type 1 diabetes, in
which inherited promoter variants that decrease expression of insulin transcripts in thymus
of humans (IDDM2) are associated with increased susceptibility to disease (Pugliese et al.
1997, Vafiadis et al. 1997). Similar inverse correlations were observed between thymic
expression levels of the α-subunit of muscle acetycholine receptor, the pathogenic
autoantigen in myasthenia gravis, and the incidence of clinical disease(Giraud et al. 2007).

However, the process of central tolerance is not fool-proof as all individuals harbor
circulating lymphocytes that are capable of reacting to self-antigens. This leakiness of
thymic tolerance can be controlled by various ‘peripheral tolerance’ mechanisms (occurring
in spleen, lymph node, or the target tissue itself) (Mueller 2010). It also needs to be
appreciated that not all autoreactive T cell responses – or autoantibodies – are necessarily
detrimental: they may bind autoantigens with too low an affinity to trigger an autoimmune
tissue damage, but may bind strongly enough to invading pathogens to exert a protective
host-defense effect(von Boehmer & Melchers 2010).

Why the Heart may be Particularly Vulnerable to T Cell-Mediated
Autoimmune Attack

Until recently, the majority of published studies on the pathogenesis of DCM have involved
the experimental induction of disease, whereby myocarditis is induced by infection with
Coxsackievirus B3 (CB3) or by immunization with cardiac myosin, or peptides unique to α-
myosin, in bacteria-containing adjuvant. These studies have yielded important insights into
how viral injury can trigger inflammatory heart disease. However, several lines of evidence
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suggest that a subgroup of patients develop myocarditis of primary autoimmune origin, i.e.,
in the absence of co-existing infection or pathological injury trigger. For example, it has
been reported that patients with biopsy-proven lymphocytic myocarditis and circulating
autoantibodies to cardiac tissues, but without evidence of viral genome in the myocardium,
may benefit from immunosuppression(Frustaci et al. 2003). In addition, autoantibodies
against cardiac myosin have been found in subgroups of DCM patients and their first-degree
relatives, suggesting familial clustering(Caforio et al. 1994), a characteristic feature of
organ-specific autoimmune disease. Interestingly, 19% of patients with giant-cell
myocarditis have coexistent autoimmune disorders suggesting clustering of autoimmune
disorders within individuals(Cooper 2009). Furthermore, giant-cell myocarditis can recur in
transplanted hearts(Cooper 2009); disease recurrence has also been noted following
pancreas transplantation in type 1 diabetes(Tyden et al. 1996).

Direct experimental evidence that myocarditis can be of primary autoimmune origin was
provided when we and another group serendipitously discovered that transgenic non-obese
diabetic (NOD) mice expressing the high risk type 1 diabetes-associated human major
histocompatibility complex (MHC) class II allele, HLA-DQ8 (hereafter, DQ8), instead of
the endogenous murine class II gene, I-Ag7, spontaneously developed autoimmune
myocarditis with high-titer autoantibodies to cardiac myosin and premature death due to
congestive heart failure, resembling human myocarditis(Elliott et al. 2003, Taylor et al.
2004). Of note, DQ8 is known to be in strong linkage disequilibrium with HLA-DR4, which
has also been linked to susceptibility to DCM(Carlquist et al. 1991, McKenna et al. 1997). It
was shown that spontaneous myocarditis in DQ8+NOD mice was primarily mediated by
CD4+ T cells and not autoantibodies. This model demonstrated for the first time that
myocarditis could arise spontaneously, in the absence of microbial or pathological injury
triggers(Elliott et al. 2003, Taylor et al. 2004). Furthermore, our group found that
myocarditis did not develop when the same panel of DQ8 transgenes were expressed on
another genetic background (i.e., C57BL/6), indicating that both MHC and non-MHC genes
are required for the development of this disease process(Taylor et al. 2004), similar to other
organ-specific autoimmune diseases(Gregersen & Olsson, 2009).

The development of a spontaneous myocarditis model stimulated a reevaluation of the
mechanism by which cardiac self tolerance is abrogated. More recently, our group showed
that α-myosin is the earliest detectable target of autoantibodies in DQ8+NOD mice and that
CD4+ T cell clones specific for α-myosin adoptively transferred myocarditis into
immunodeficient hosts, demonstrating the importance of this autoantigen in the disease
process(Lv et al. 2011). In searching a publically available microarray database [the
National Center for Biotechnology Information (NCBI) gene expression omnibus (GEO),
accession number GSE85)], we found that α-myosin transcripts were barely at detection
limits in medullary thymic epithelial cells, whereas transcripts for the β-myosin heavy chain
(β-myosin) – which is also expressed in skeletal muscle - were clearly present. Since it can
be difficult with microarray analyses to interpret expression levels in the very low range, we
then performed extensive RT-PCR analyses (including quantitative RT-PCR assays) on
purified thymic stromal subsets. These studies confirmed that α-myosin expression was
absent in medullary thymic epithelial cells (Lv et al., 2011). We further showed that when
α-myosin expression was transgenically introduced into thymic epithelial cells, the
DQ8+NOD mice became “tolerant” to α-myosin (i.e., autoantibody and autoreactive T cell
responses to cardiac myosin were no longer detectable, suggesting that thymic negative
selection induced deletion of α-myosin-specific T cells) and myocarditis was prevented(Lv
et al. 2011). These studies thus clearly demonstrated that α-myosin is a primary (i.e.,
initiating) autoantigen in autoimmune myocarditis and pointed to a previously unrecognized
role for central tolerance in conferring susceptibility to inflammatory cardiomyopathy(Lv et
al., 2011). It is important to note that the lack of α-myosin expression in thymus was not
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unique to DQ8+NOD mice, but was also observed in other mouse strains (NOD and C57BL/
6) indicating that lack of α-myosin expression in thymus is necessary, but not sufficient, for
the development of myocarditis.

The relevance of these findings to humans was highlighted when we performed similar
quantitative RT-PCR analyses on purified human thymic stromal cell subsets and discovered
that humans also lack α-myosin in thymic medullary epithelial cells. These findings
correlated with the presence of high frequencies of autoreactive α-myosin-specific T cells in
the blood of healthy control subjects [as assessed by ex vivo interferon-γ enzyme-linked
immunosorbent spot (ELISPOT) assays], with markedly augmented responses in patients
with myocarditis(Lv et al. 2011). Since α-myosin constitutes a minor fraction of the total
myosin protein expressed in human ventricle (Miyata et al. 2000), these findings challenged
the longstanding notion that cardiac myosin is targeted by the immune system primarily
because of its cardiac abundance and instead pointed to impaired central tolerance
mechanisms.

Other Heart Conditions in Which Cardiac Myosin-Reactive T cells Have
Been Implicated
1. Postviral myocarditis

CB3 has traditionally been linked to myocarditis and Noel Rose and colleagues were the
first to demonstrate infection of susceptible strains of mice with CB3 virus leads to chronic
myocarditis that resembles the human form of the disease(Wolfgram et al. 1985). Both
patients with myocarditis and CB3-infected mice were noted to have autoantibodies that
react with various heart antigens, the most prominent of which is cardiac myosin (Caforio et
al. 1992, Neu et al. 1987a).

Based on the hypothesis that post-viral myocarditis is triggered by autoimmune responses to
cardiac myosin, an experimental autoimmune myocarditis (EAM) model was established by
immunizing mice with purified cardiac myosin emulsified in complete Freund’s
adjuvant(Neu et al. 1987b). EAM was antigen-specific in that it could be induced by cardiac,
but not skeletal, myosin(Neu et al. 1987b, Smith & Allen 1991). Subsequent studies showed
that EAM is mediated by CD4+ T cells with pathogenic epitopes of myosin residing in the
sequences present in α- but not in β-myosin(Donermeyer et al. 1995, Eriksson et al. 2003,
Pummerer et al. 1996). Given that these two cardiac myosin isoforms share 93% amino acid
identity, the biologic basis for enhanced immunogenicity of α-myosin was unclear. Our
recent studies showing lack of central tolerance to α-myosin may provide an explanation for
the preferential T cell targeting of α-myosin in EAM and CB3 myocarditis (Lv et al., 2011,
Gottumukkala et al., 2012).

Interestingly, it has been suggested that α- and β-myosin have equal capability to induce
myocarditis in rat(Kohno et al. 2001). In addition, it has been shown that peptides
corresponding to human β-myosin are capable of inducing myocarditis in rat(Galvin et al.
2002). The basis for this potential discrepancy is unclear but may relate to the different
source of proteins for immunization (e.g., from tissue versus recombinantly produced in
bacteria), species-specific differences in proteins (e.g., human versus rat), and/or host-
specific differences in MHC class II molecules.

2. Chagas’ Disease
Chagas’ cardiomyopathy, caused by T. cruzi, is thought to be a form of chronic myocarditis
in which the T-cell enriched myocardial infiltrate play a major pathogenic role(Marin-Neto
et al. 2007). The scarcity of T. cruzi parasites in the intensely inflamed heart tissue has
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further supported a role for autoimmunity in the pathogenesis of Chagas’ cardiomyopthy.
We postulate that lack of CD4+ T cell thymic tolerance to α-myosin may also explain how
T. cruzi infection can induce chronic myocarditis. Of note, both T. cruzi-specific and cardiac
myosin-specific CD4+ T cells are found in the myocardium of patients with Chagas’s
cardiomyopathy, indicating that both antigens may contribute to inflammation-induced
myocardial damage(Cunha-Neto et al. 1996, Marin-Neto et al. 2007). However, the T-cruzi-
specific and cardiac myosin-specific autoimmune responses may not be mutually exclusive
in the perpetuation of myocardial damage in Chagas disease(Marin-Neto et al. 2007).
Experimental evidence also suggests that α-myosin is also a major autoantigen of
pathogenic CD4+ T cells in a Chagas’ cardiomyopathy murine model(Rizzo et al. 1989).
Interestingly, peripheral tolerance induction with a cardiac myosin-enriched cardiac
homogenate resulted in reduced myocarditis and fibrosis in this Chagas model(Pontes-de-
Carvalho et al., 2002). These studies suggest that antigen-specific tolerogenic therapies may
not only useful in primary autoimmune myocarditis(Lv et al., 2011) but also in myocarditis
secondary to infectious pathogens.

3. Post-Infarct Autoimmunity (“PIA”)
MI is known to trigger a profound innate inflammatory response with influx of dendritic
cells and macrophages along with the production of proinflammatory cytokines that are
crucial for cardiac repair (Fig. 1, Gottumukkala et al. 2012). While these innate immune
responses are essential for repair of damaged heart tissue, these same cytokines and signals
from necrotic cells have been shown to be potent maturation factors for dendritic cells,
rendering them capable of activating adaptive immune responses(Gallucci et al. 1999).
However, it has been argued that the endogenous (‘danger‘) signals generated by tissue
damage should not normally activate adaptive immunity against released tissue antigens
since T cells specific for these self-antigens would normally have been removed by thymic
negative selection(Medzhitov 2008).

As discussed above, our group has shown that α-myosin is absent in human thymus and that
this is associated with a peripheral T cell repertoire highly enriched in reactivities against
cardiac myosin(Lv et al., 2011) (Fig. 1). One implication of these findings is that individuals
in the general population might be at high risk for developing cardiac autoimmunity after
heart injury. Indeed, over 50% of people in the general population have been reported to
develop autoantibodies and augmented T cell reactivity to cardiac myosin after acute
myocardial infarction, but these responses are transient and resolve once the damaged heart
heals(Dressler 1956, Moraru et al. 2006). It therefore seemed plausible that in autoimmune-
prone individuals, for example patients with type 1 diabetes, these same reactions might
become self-perpetuating and amplified, with pathological consequences (Gottumukkala et
al. 2012).

Indeed, our group has recently shown that experimental induction of MI in NOD mice - the
most widely used animal model of human type 1 diabetes - results in a severe post-infarction
autoimmune (PIA) syndrome characterized by destructive lymphocytic infiltrates in the
myocardium, infarct expansion, along with sustained autoantibody production and
proinflammatory Th1 effector cell responses against cardiac myosin(Gottumukkala et al.
2012). Furthermore, PIA was prevented by inducing thymic tolerance to α-myosin,
demonstrating that immune responses to cardiac myosin are essential for this disease
process. We further identified shared cardiac myosin autoantibody “signatures” between
post-MI T1D patients and non-diabetic patients with acute myocarditis, and confirmed the
presence of myocarditis in an autoantibody-positive type 1 diabetic patient by cardiac
magnetic resonance imaging techniques(Gottumukkala et al. 2012). These findings provide
experimental and clinical evidence for a post-MI autoimmune syndrome in type 1 diabetes
that may contribute to the poor cardiovascular disease outcomes observed in these patients.
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Concluding Remarks
Our discovery of impaired central tolerance to α-myosin provides a novel mechanistic
framework for an array of seemingly unrelated forms of heart diseases in which
autoimmunity has been postulated to play a role. Further work needs to be performed to
determine whether the presence of augmented T cell responses to cardiac myosin in patients
with myocarditis is predictive of progression to DCM. These studies highlight a potential
role for antigen-specific tolerogenic therapies in inflammatory heart disease. This could be
an especially attractive option in the setting of acute MI in patients with type 1 diabetes, in
whom therapy to block α-myosin autoreactivity would only be required during a limited
time window (i.e., months) to enable the infarcted heart tissue to properly heal, and would
not need to be administered lifelong. Although the initial focus of our MI studies has been
on patients with type 1 diabetes, these findings could have broad relevance to individuals
with other autoimmune disorders, who comprise 5–8% of the general population.
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Figure 1. Proposed pathogenesis of post-infarction autoimmunity (PIA)
(1) Absence of α-myosin expression in thymic medullary epithelial cells leads to the escape
of high-avidity cardiac myosin (CM)-specific naïve CD4+ T cells into the peripheral blood.
(2) Myocardial infarction triggers the release of large amounts of CM, followed by (3) influx
of innate immune cells including macrophages and dendritic cells (DCs) into the infarct
zone, with engulfment of necrotic myocytes and activation (‘maturation’) of DCs. (4)
Mature DCs then migrate to cardiac-draining lymph node and present CM peptides to naïve
CD4+ T cells. In autoimmune-prone hosts, such as NOD mice or type 1 diabetes patients,
CM-specific CD4+ T cells become persistently activated, egress out of cardiac LN, and
migrate back into the injured heart, causing further injury. (5) This secondary injury forms a
‘positive feedback loop’ for the persistent activation and expansion of CM-specific CD4+ T
cells, leading to chronic myocarditis with impaired infarct healing and adverse ventricular
remodeling. This model may also be relevant to cardiac autoimmunity induced by pathogens
such as Coxsackievirus B3 and T. cruzi.
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