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Abstract
Myocardial inflammation and damage can lead to lethal acute or chronic cardiac failure. A variety
of regulatory mechanisms limit the magnitude and duration of T cell responses in the heart.
Insights into these regulatory mechanisms have come from studies of specific deficiencies in
central or peripheral T cell tolerance which cause or enhance the severity of myocarditis. Under
non-inflammatory conditions, constitutive DC presentation of cardiac peptides to naïve T cells in
cardiac draining lymph nodes tolerizes recirculating naïve T cells specific for these antigens.
Cardiac antigen-specific naïve T cells, especially those specific of α-myosin heavy chain peptides,
become activated and differentiate into expanded clones of effector T cells under various
conditions, such as cardiac infection and/or genetic variations in peripheral tolerance. The
pathology that these effector cells cause in the myocardium is limited by PD-L1 expressed on
myocardial cells in response to inflammatory cytokines, and by CTLA-4 dependent mechanisms.
The PD-1:PD-L1 pathway works together with other pathways to keep the heart safe, a combined
genetic deficiencies of PD-1 and other regulatory genes synergize to cause myocarditis. T cell
derived IFNγ contributes to the inflammatory damage to the heart in autoimmune myocarditis, but
it also engages regulatory mechanisms that limit disease, including upregulation of PD-L1, and
differentiation of TNF and iNOS expressing DCs from monocytes. iNOS derived from these DCs
and other IFNγ stimulated cells inhibits expansion of T cells that cause myocarditis. Regulatory T
cells also appear to be critical for suppression of effector T cells specific for myocardial antigens.
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Introduction
Adaptive immune responses directed to antigens in the myocardium occur in the setting of
viral or parasitic infection of heart cells, when self-tolerance to cardiac antigens is broken
leading to autoimmune myocarditis, and in cardiac allograft rejection. Immune responses
initially specific for microbes that infect the heart may lead to autoimmune myocarditis
because of antigenic mimicry. T cell and antibody responses to antigens within the
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myocardium, whether they are microbial, self or alloantigens, result in acute and chronic
inflammatory processes that impair cardiac function, cause permanent damage to the tissue,
and often lead to dilated cardiomyopathy with congestive heart failure. In all these cases,
there is strong evidence that T lymphocytes play a central role in the pathogenesis of the
cardiac disease, either by direct cytotoxicity, by enhancing the inflammatory functions of
other cells, and by helping B cells produce pathogenic antibodies. On the flip side, healthy
myocardium is remarkably devoid of inflammatory cells, including T lymphocytes, even in
aging but cardiovascular disease-free individuals who usually have chronic inflammatory
infiltrates in many other tissues. Because inflammation, even without irreversible cell injury
can fatally disrupt cardiac function, it is likely that the bar for inciting adaptive immune
responses and inflammation in the heart has been set higher by evolution than in many other
tissues. This review will discuss different mechanisms that regulate T cell responses in the
heart. These regulatory pathways become evident from the finding of T cell-mediated
myocarditis when they are impaired. The discussion will focus on autoimmune
noninfectious myocarditis, as well as examples of T cell regulation in infectious myocarditis
that appear to have an autoimmune component, including Coxsackie 3B virus (CV3B) and
Trypanosoma cruzi (T cruzi) infection.

The role of α-myosin specific T cells and the failure of central tolerance in
autoimmune myocarditis

Patients and rodents with myocarditis or dilated cardiomyopathy are more likely to have
circulating autoantibodies specific for certain cardiac antigens including β-adrenergic
receptor and alpha myosin, and these antibodies include T-dependent IgGs, reviewed in [1].
Rodent models have been key to defining the role and specificity of T cells in autoimmune
myocarditis, and have led to an understating of the T cell specifies in human disease as well.
CVB3 infection of certain strains of mice, including A/J and BALB/c, develop a chronic
myocarditis and dilated cardiomyopathy, recapitulating human cardiac disease associated
with enterovirus-infection, and increased titers of autoantibodies specific for cardiac myosin
are detected in the mice. Huber and colleague showed that T cells taken from CVB3 infected
mice that are susceptible to myocarditis can lyse cardiomyocytes in vitro, and can induce
myocarditis after transfer to uninfected mice [2, 3]. These data supported the hypothesis that
chronic cardiac disease after acute viral myocarditis may be mediated by autoimmune T
cells specific for cardiac antigens. Following up on these observations, Rose and colleagues
showed that immunization of some strains of mice with cardiac myosin in adjuvant cause an
autoimmune myocarditis [4]. This model disease is called experimental autoimmune
myocarditis (EAM), and the strains that are susceptible to EAM are the same as those that
develop chronic myocarditis and dilated cardiomyopathy after CVB3 infection [5]. EAM
was demonstrated to be T cell-mediated [6], and the myocarditic peptide epitopes that drive
the autoimmune T cell response were identified [7, 8]. The peptides are derived from heart-
specific α-myosin heavy chain (α-MHC) but not from β-myosin found in both skeletal and
heart muscle. Going back to viral myocarditis, the specificity of myocarditic CD4+ T cells
isolated from CVB3 infected mice was shown to be for a cardiac myosin peptide
(αMHC334–352) that causes EAM upon injection in susceptible mice [9].

Recently, the work of Lipes and colleagues has elucidated the basis for mouse and human
susceptibility to autoimmune myocarditis mediated by α-MHC specific T cells. They
showed that transgenic NOD mice expressing the human type 1 diabetes class II MHC risk
allele HLA-DQ8 in place of I-Ag7 develop myocarditis mediated by α-MHC-specific CD4+

T cells, without any immunization [10]. Central T cell tolerance to many peripheral tissue
restricted protein antigens requires the expression of these self-proteins by thymic medullary
epithelial cells under the control of a specialized transcription factors such as AIRE [11].
The Lipes group found that α-MHC is not expressed in the thymus of mice or humans and
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that α-MHC reactive CD4+ T cells are found in the blood of healthy subjects. Notably,
significantly more off these self-reactive T cells are found in patients with myocarditis [10].
The same group also reported that myocardial infarction in NOD mice and Type 1 diabetic
patients precipitates autoimmune responses to α-MHC and myocarditis, while myocardial
infarction in wild-type mice or Type 2 diabetics does not [12]. Overall this body of work
indicates that there is a lack of central T cell tolerance to α-MHC, which in combination
with a genetic predisposition to autoimmunity and additional inflammatory insults to the
heart, conspires to cause autoimmune myocarditis (Figure 1).

There is also evidence that the pathogenesis chronic cardiac disease caused by Trypanosoma
cruzi (T Cruzi) infection in Chagas heart disease involves T cell responses against cardiac
myosin, in addition to responses to antigens expressed by persistent microbes, reviewed in
[13]. T cell rich infiltrates, including CD8+ CTL and IFNγ producing CD4+ T cells are
present in the affected human hearts [14, 15, 16]. CD4+ T cells from hearts of Chagas
disease patients respond to both T cruzi B13 protein and cardiac myosin [17, 18]. Studies of
experimental Chagas disease in mice have reinforced the concept that T cell-driven
autoimmunity exists due to antigen mimicry between T cruzi and cardiac antigens. For
example, CD4+ T cells derived from T cruzi–infected mice can induce myocarditis when
injected into syngeneic but uninfected hosts [19]. These observations indicate that
mechanisms of regulation of T cell responses in the heart may be important in maintaining
he balance between control of parasitic infection vs. harmful T cell responses induced by the
parasites that cause myocyte damage.

Myocardial antigen presenting cells and T cell activation in the cardiac
draining lymph node

Class II major histocompatibility complex molecule (MHC) expressing bone marrow
derived antigen presenting cells are abundant in normal hearts, and in mice many of these
cells display α myosin heavy chain peptide 614–629/class II MHC complexes [20, 21]. We
described a paratracheal cardiac draining lymph node (CDLN) in mice which becomes
enlarged in the setting of myocarditis [22, 23]. When effector T cells are transferred into
cMy-mOva mice, they accumulate and proliferate in this lymph node prior to any evidence
of myocarditis in the heart [22]. When CFSE-labeled naïve OT-1 T cells are transferred into
cMy-mOva mice, they proliferate in the CDLN and undergo apoptosis, but they do not
proliferate in other lymph nodes (unpublished data). Subsequently, this lymph node has been
shown to be the site of expansion of α-myosin heavy chain specific CD4+ T cells in
spontaneous and post-infarction models of myocarditis in NOD mice [10, 12, 24]. These
findings are consistent with the hypothesis that cardiac antigens are constitutively processed
and derivative peptides are displayed by class II MHC on cardiac DCs, and these DCs are
transported to draining lymph nodes in healthy individuals. Mechanisms of peripheral
tolerance may determine the fate of heart antigen specific T cells in the heart draining node.
With the right combination of genetic predisposition to autoimmunity (e.g. NOD
background in mice, diabetes susceptibility genes in humans), infection (cardiotropic viral
infection) or injury (e.g. myocardial infarction), together with a failure of central tolerance
(e.g. failure of T cell tolerance for cardiac myosin), the result will be activation and effector
differentiation of myocardial antigen specific T cells. Once these cells enter and cause
inflammatory damage to the myocardium, a continuing cycle of injury, cardiac antigen
presentation by activated DCs and T cell activation may ensue [25].
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Regulation of T cell-mediated cardiac inflammation by B7-CD28 family
inhibitory pathways

The B7-CD28 family of costimulatory molecules and receptors includes the B7 CD80
(B7-1) and CD86 (B7-2) and their activating receptor CD28 on T cells, and ICOS-ligand
(CD275) which binds to ICOS (CD278) on T cells. In addition, these proteins families
include regulatory molecules that counteract activation of T cells by antigen recognition and
costimulation [26, 27]. The CD28-family regulatory molecules are CTLA-4 (CD152) and
PD-1 (CD279), and their expression is upregulated upon T cell activation. CTLA-4 binds
CD80 and CD86, with higher affinity than does CD28, while PD-1 binds the B7 family
proteins PD-L1 (CD274) and PD-L2 (CD273). Data from various studies discussed next
indicate that PD-L1:PD-1 and B7:CTLA-4 interactions appear to be important in
suppressing T cell responses in the heart.

High cardiac expression of PD-L1 mRNA relative to most other tissues in the mouse was
described in one of the first papers characterizing the protein [28]. We subsequently showed
that PD-L1 could be significantly upregulated on cardiac microvascular endothelial cells in
vitro by IFN-γ, and this induced expression suppressed CD8+ T cell activation by and killing
of the endothelial cells [29]. We explored the role of the PD-1: PD-L1/PD-L2 pathway in
protecting myocardium from T cell injury in a transgenic model of CD8+ T cell myocarditis.
In this model, developed in our laboratory, ovalbumin peptide specific CD8+ T cells from
OT-1 TCR transgenic mice are adoptively transferred into C57BL/6 mice expressing a
transgene encoding membrane bound ovalbumin under the control of the α-myosin heavy
chain promoter (cMy-mOva mice) [22]. When effector OT-1 CTL are transferred into cMy-
mOva mice, myocarditis develops within 4–6 days, of varying severity depending on the
dose of T cells transferred. PD-L1 serves a significant protective role in this model. A given
dose of OT-1 effectors that causes self-limiting nonlethal disease in cMy-mOva mice causes
severe and lethal disease in PD-L1/L2 deficient cMy-mOva mice [30]. In cMy-mOva with
self-limiting myocarditis, PD-L1 but not PD-L2 gene expression is upregulated in the heart,
and PD-L1 protein is expressed widely on myocardial microvascular endothelial cells.
Furthermore the severity of myocarditis in chimeric PD-L1 deficient cMy-mOva mice with
wild type bone marrow is equivalent to globally PD-L1 deficient mice [30]. Thus PD-L1 on
non-hematopoietic cells, most likely endothelium, is providing the protection against CTL in
the heart. We have also shown that transfer of PD-1 deficient OT-1 cells results in increased
severity of myocarditis in cMy-mOva mice compared PD-1 expressing OT-1 cells [31]. This
later finding confirms the importance of PD-1 as a relevant receptor of PD-L1 in cardiac
protection, although the possibility that B7-PD-L1 interactions, which have been shown to
inhibit T cell activation [32] are not ruled out. The data from these studies of cMy-mOva
mice clearly demonstrate that PD-L1 expression induced by T cell IFNγ protects against
CD8+ T cell mediated injury and inflammation in the heart. This may be relevant in the
setting of infections, autoimmunity, allograft rejection, but the cMy-mOva model does not
address the possibility of a constitutive role of the PD-1:PD-L1 pathway in peripheral self-
tolerance to cardiac antigens.

An important role for the PD-1:PD-L1 pathway in maintaining peripheral tolerance to
cardiac antigens becomes evident from work with the autoimmune-prone MRL mouse
strain, which is best known as a model of SLE when it carries the lpr FAS mutation. PD-L1
deficiency on the MRL background (with or without the FAS mutation) results in a severe,
lethal lymphocytic myocarditis with abundant CD8+ T cells and less but significant numbers
of CD4+ T cells [33]. These mice also develop a lymphocytic pneumonitis. Heart-specific
autoantibodies are also found in the serum of PD-L1 deficient MRLlpr/lpr mice. Chimeric
MRL mice with PD-L1 deficiency restricted only to bone marrow derived cells still develop
severe myocarditis, indicating that hematopoietic cell expression of PD-L1 is major
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checkpoint in maintaining self tolerance to cardiac antigens. This finding does not rule out a
possible regulatory role for endothelial PD-L1 as well in the MRL mice. A similar severe
lethal myocarditis is reported to occur in PD-1 deficient MRL mice[34], and is characterized
by marked CD4+ and CD8+ T cell infiltrates as well as anti-myosin autoantibodies. The
specificities of the cardiac infiltrating T cells in either the PD-L1 or PD-1 deficient MRL
mice were not determined.

Spontaneous lethal T cell mediated myocarditis also occurs in BALB/c mice deficient in bot
LAG-3 and PD-1[35]. LAG-3 a membrane protein homologous to CD4 that is expressed on
T cells, and has incompletely characterized inhibitory functions, including some related to
Treg function [36]. Nonetheless, a Treg defect was not observed in the LAG-3/PD-1
deficient myocarditic mice. The fact that PD-1 deficiency in combination with either of two
unrelated immunoregulatory defects (MRL background or LAG-3 deficiency) result in
severe spontaneous myocarditis indicates the central importance of PD-1 in maintaining
peripheral T cell tolerance to myocardial antigens. Further exploration of the synergies
between PD-1 pathway deficiency and other conditions that may put the heart at risk are
warranted.

EAM induced by immunization of BALB/c mice with α–MHC peptide in complete
Freund’s adjuvant (CFA) is usually a self-limiting CD4+ helper T cell mediated disease [1],
involving both Th1 and Th17 cells. We have shown that PD-1 deficiency increases severity
of EAM [31]. PD-1 deficiency on the BALB/c background was reported to result in a dilated
cardiomyopathy mediated by anti-troponin IgG autoantibodies [37, 38]. Although such an
autoantibody response suggests that autoreactive helper T cells are involved, no evidence for
such responses was documented in these reports, nor was there evidence of active
myocarditis preceding the dilated cardiomyopathy.

The PD-1 pathway also protects the myocardium form T cell-mediated damage in the setting
of infectious myocarditis. Blocking anti-PD-1 or anti-PD-L1 antibodies enhanced cardiac
inflammation in C3H/He mice infected with Coxsackievirus B3 [39]. In that study, the
authors demonstrated that PD-L1 expression was upregulated on cardiac myocytes in the
infected mice. T cell mediated cardiac damage in the setting of T cruzi infection of C57Bl/6
mice is also controlled by the PD-1 pathway [40]. PD-1 was significantly upregulated on
CD4+ and CD8+ T cells infiltrating the myocardium of infected mice, which is typical of
exhausted T cells in the setting of chronic viral infection [41]. Antibody blockade of PD-1 or
PD-L1, or genetic deficiency PD-1, resulted in enhanced myocardial inflammation, with
increased inflammatory cells and expression of IFNγ and iNOS. This enhanced T cell
response was associated with marked increase in mortality, even though the impairments of
the T cell inhibitory pathway resulted in decreased blood and tissue parasite content. In other
words, an intact PD-1:PD-PL-1 pathway was permissive for chronic parasitic infection, but
also critical to prevent lethal T cell-mediated myocarditis related o to the infection.

CTLA-4 clearly has a critical role in self tolerance and homeostasis, most dramatically
shown by the phenotype of CTLA-4 deficient mice, which develop a diffuse lethal multi-
organ lymphoproliferative disease within the first few weeks of life [42, 43]. A striking T
cell myocarditis is present in these mice, which likely contributes to the lethality of the
phenotype. The specificities of these T cells are not known, however myocarditis as well as
other organ involvement is reduced in TCR transgenic/RAG deficient background [26],
suggesting the disease is driven by antigens. The way CTLA-4 regulates T cell responses is
not fully understood, but likely involves both effector T cell intrinsic inhibitory signaling,
competition with CD28 for B7-1/2 binding, and regulatory T cell function. Blocking anti-
CTLA-4 antibody is reported to enhance severity of EAM [44]. We explored the impact of
CTLA-4 deficiency in CD8+ T cells on myocarditis, with a focus on T cell intrinsic
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mechanism of CTLA-4 function. For this purpose, we bred the CTLA-4 null allele into
OT-1 Rag1−/− mice, and transferred CTLA-4 null OT-1 effectors into the cMy-mOva mice.
Remarkably, mice receiving the CTLA-4 deficient CTL uniformly died by day 10 after
transfer of fulminant myocarditis, while transfer of the same dose of CTLA-4 expressing
OT-1 caused only 20% mortality through 30 days [45]. The enhanced pathogenicity of the
CTLA-4 null cells reflects enhanced proliferation of these cells, rather than enhanced
cytotoxicity of each cell. Transfer of naïve OT-1 cells did not result in spontaneous
myocarditis, whether or not the T cells were CTLA-4 null or wild type. The contribution of
CTLA-4 in regulating T cells in the context of infectious myocarditis is not well
documented. IFNγ producing T cells from blood and heart of chronically infected patients
with Chagas heart disease express high levels of CTLA-4 and the leukocyte
immunoglobulin like receptor 1 (LIR-1), suggesting an exhausted phenotype of these cells
[46].

The paradoxical regulatory role of interferon-γ in regulating T cell mediated
pathology in the heart

Interferon γ (IFNγ), which is produced by CD4+ TH1 cells, CD8+ CTL, NK cells, and NKT
cells, has several well defined inflammatory effects on various cell types, including
endothelium and macrophages. Many of the pathological effects of TH1 cells in autoimmune
disease are attributable to IFNγ. In the case of T cell mediated inflammation in the heart,
however, the influence of IFNγ is a complex combination of pro-inflammatory effects and
anti-inflammatory effects, including a feedback inhibition of the effector T cells that
produce the cytokine (Figure 2). TH1 cells are clearly involved in the pathogenesis of EAM
[1]. α-MHC reactive T cells in NOD DQ8+ mice that spontaneously develop myocarditis
and in the blood of myocarditic patents are also IFNγ producers {Lv, 2011 #269}.
Furthermore, IFNγ transgenic mice on a C57Bl/6 background develop a chronic active
myocarditis with no other inflammatory organ pathology [47]. Nonetheless, there is robust
evidence that IFNγ also serves a protective role against myocarditis. For example, BALB/c
mice with IFNγ or IFNγ receptor deficiencies develop markedly more severe and lethal
EAM than wild type controls [48–50]. T-bet deficient mice develop more severe EAM
compared to controls, because of lack of IFNγ production by heart-infiltrating CD8+ T cells,
leading to an exaggerated Th17 response [51]. Likewise, IFNγ-induced chemokine
expression is part of the inflammatory pathology in the CD8+ T cell-mediated myocarditis in
the cMy-mOva model [23], yet myocarditis is more severe in cMy-mOva mice when IFNγ-
deficient OT-1 cells are transferred or the cMy-Ova mice lack IFNγ receptor [30].

The finding that myocarditis is enhanced when IFNγ signaling is genetically absent implies
that IFNγ can inhibit the T cells that cause the myocarditis. Several different IFNγ
dependent mechanisms of T cell inhibition appear to be involved (Figure 2). In EAM, IFNγ
produced by TH1 cells, in combination with TLR2 ligands induces the differentiation of
monocytes into TNF and iNOS producing DCs (Tip DCs). The iNOS released by the Tip
DCs inhibits expansion of α–MHC specific T cells and therefore limits the progression of
myocarditis [48, 52]. Furthermore, IFNγ inhibits EAM by other iNOS-independent effects
on T cell apoptosis and activation [53]. In the cMy-mOva model of CD8+ T cell mediated
myocarditis, we have shown that OT-1 derived IFNγ and cMy-mOva IFNγR are essential
for induction of PD-L1 in the heart, which is required to prevent lethal disease [30]. It is
likely that these various T cell inhibitory mechanisms are at work in both EAM and the
cMy-mOva models. Therefore, T cells that respond to myocardial antigens and initiate
myocarditis produce IFNγ which contributes to the inflammatory pathology, but is also
required to limit further T cell activation and T cell mediated inflammatory damage to the
heart. It is perhaps surprising that in the studies cited above severe myocarditis could
develop in the absence of IFNγ, the major inflammatory cytokine produced by TH1 cells and

Lichtman Page 6

J Autoimmun. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



CTLs. There are however likely explanations. Both TH17 and TH1 cells are involved in
EAM [1, 54], and in the absence of IFNγ producing, enhanced Th7 responses may develop
[51]. Th17 cells produce IL-17 and TNF, cytokines that are potent inducers of neutrophilic
inflammation, which is typically seen in EAM. In the case of the CTL-mediated myocarditis
in cMy-mOva mice, the INFγ deficient OT-1 cells will retain their cytotoxic function, and
CTL killing of myocytes can outpace local efferocytosis and lead to inflammatory necrosis
of myocytes. The CTLs also secrete chemokines and TNF, which likely contribute to the
inflammatory response.

IFNγ-producing cells are abundant in failing hearts of Chagas disease patients [55], and
these cells appear to be important for limiting disease severity [56]. In mice, IFNγ
expressing CD8+ T cells have a protective effect against T. Cruzi associated cardiac injury
[57].

Regulatory T cells and peripheral tolerance induction to treat or prevent
myocarditis

The fundamental importance of regulatory T cells in preventing T cell-mediated damage to
tissues is widely known, and if the heart is relatively more resistant to T cell-mediated
responses than other tissues, it is likely that Treg play a role. Nonetheless, there remains a
scarcity of robust data about Treg mediated protection against effector T cells in the healthy
or myocarditic heart. Correlative data indicate the predictable finding that milder T cell-
mediated inflammatory disease is associated with more Treg numbers or more suppressive
function. For example, the suppressive activity of peripheral blood Treg (identified as
CD4+CD25+ cells) from Chagas disease was significantly higher if the patients had mild or
no cardiomyopathy compared to patients with moderate and severe cardiomyopathy [58].
Comparisons of two MHC identical strains of mice which differ in their susceptibility to
EAM have revealed a lower proportion of Treg and higher proportion of TH17 cells among
CD4+ T cells in the susceptible strains compared to the resistant strain [59]. Genetic
deficiencies or treatments that result in enhanced myocardial inflammation in the setting of
CVB3 infection are also associated with reduced Treg. For example, lack of either
thrombospondin-2 or β2-integrins in BALB/c mice results in enhanced CVB3-induced
myocarditis [60, 61]. In addition, antibody blockade of the immunoregulatory molecule
Tim-3 during acute CVB3 infection of BALB/c mice enhanced severity of myocarditis,
which may be a result of reduced expression of CTLA-4 dependent-regulatory T cell
responses [62].

The concept of treating autoimmune disease by interventions that enhance Treg suppression
of autoreactive T cells, which has been widely adopted in translational immunology
research, is a developing area of research in myocarditis. Several approaches can be taken to
enhance Treg responses, including pharmacological agents that promote Treg
differentiation, delivery of autoantigens in a tolerogenic form, and adoptive therapy with
tolerogenic DCs. An example of a pharmacologic approach is Galectin-9, a ligand for the
immunoinhibitory receptor TIM-3. Galectin-9 treatment is reported to reduce severity of
CVB3-induced myocarditis, through Treg activation, as well as selective TH2 and not TH1
activation [63]. Delivery of myocardial antigens in a tolerogenic has been described.
Treatment of rats with a myosin peptide in incomplete Freund’s adjuvant (IFA) protected
against EAM by inducing IL-10 producing T cells, and similar protection was achieved by
transfer of DCs from the tolerized rats into naïve rats [64]. Nasal administration of cardiac
myosin peptides to BALB/c mice to induce mucosal tolerance was shown to be effective in
reducing severity of the autoimmune phase of CVB3 myocarditis, though enhancement of
Treg and bystander cell IL-10 production [65]. IL-10 producing T cells were also implicated
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in reducing severity of EAM in BALB/c mice treated with DCs infected with herpes virus
entry mediator (HVEM) expressing adenovirus [66].

The identification of well defined auto antigens in experimental and human autoimmune
myocarditis together with the emerging understanding of mechanism of peripheral tolerance
required to suppress T cell specific for these antigens should facilitate the development of
highly specific tolerance based therapeutic approaches to myocarditis.
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Research Highlights

• Myocardial infections with viruses or parasites may lead to a failure of
peripheral tolerance of cardiac antigen-specific T cells, leading to T cell
mediated autoimmune myocarditis.

• Interferon γ produced by pro-inflammatory T cells induces regulatory
mechanisms, including iNOS and PD-L1 expression, that limit T cell mediated
cardiac damage.

• Induction of specific tolerance to cardiac antigens such as α-myosin heavy chain
is a therapeutic goal for the treatment and prevention of autoimmune
myocarditis.
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Figure 1. The roles of central and peripheral tolerance in the development and protection
against T cell mediated autoimmune myocarditis
Central T cell tolerance to many peripheral tissue-specific protein antigens occurs by AIRE-
dependent expression of these proteins in thymic epithelial cells (TMEC) and presentation
of peptides derived from the proteins to developing antigen-specific T cells, leading to
deletion of the T cells. Cardiac myosin (α-myosin heavy chain) is not expressed by TMEC,
and therefore α-myosin heavy chain-specific T cells emerge from the thymus. These
myocardial-antigen specific naïve T cells and are found in the blood of mice and humans,
and during their recirculation, migrate through the cardiac draining lymph node (CDLN).
Dendritic cells that display α myosin peptides in complex with class II MHC are present in
the healthy heart, and these resting tolerogenic DCs also traffic to the CDLN, where they
present the α myosin peptides to the naïve α-myosin heavy chain-specific CD4+ T cells,
leading to deletion, anergy or Treg induction. If the heart is infected (e.g. by coxsackievieus
B virus, T Cruzi) or is damaged by ischemic infarction, myocardial DCs are activated by
TLR ligands, become capable of productively activating cardiac myosin-specific naïve T
cells in the CDLN, leading to differentiation of inflammatory effector CD4+ T cells that
migrate back to the heart and cause autoimmune myocarditis. It is possible that T cells
specific for microbial peptides that are homologous to myocardial antigens are also involved
in autoimmune myocarditis. The susceptibility to developing T cell mediated myocarditis
depends on inheritance of certain alleles of MHC genes as well as other autoimmune
susceptibility genes.
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Figure 2. Interferon γ-dependent regulation of pro-inflammatory T cell responses in the heart
Although TH1 cells, as well as TH17 cells, contribute to acute and chronic inflammatory
damage to the myocardium in infectious and autoimmune myocarditis, IFNγ production by
TH1 cells exerts several feedback regulatory effects that dampen T cell activation and
effector functions. IFNγ induces PD-L1 on myocardial endothelial cells (and possibly
myocytes) which inhibits effector T cell activation by binding to PD-1 on the T cells. IFNγ
together with TLR ligands promote the differentiation of TNF and iNOS producing DCs
(Tip DCs) which, through the action of NO, inhibit effector T cell proliferation. IFNγ also
blocks the differentiation of TH17 cells. The absence of IFNγ or its receptor exacerbates
disease in experimental infectious and autoimmune myocarditis.
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