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Introduction

Immune checkpoint inhibitors (ICIs) have emerged as highly effec-
tive therapies for many cancers (1, 2). Thus far, all approved ICls are
monoclonal antibodies that block cytotoxic T lymphocyte-associated
protein 4 (CTLA-4), programmed cell death protein-1 (PD-1), or pro-
grammed death-ligand 1 (PD-L1), each a key inhibitor of T cell activa-
tion and function (3, 4). About 50% of cancer patients are eligible for
ICI treatment, and substantial numbers of patients experience dura-
ble responses (5, 6). Outcomes can be improved by combination of
PD-1/PD-L1 with CTLA-4 blockade (7). As of December 2020, seven
ICIs had FDA approval (Table 1). The increase in ICI trials from 2250
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Immune checkpoint inhibitors (ICls) have transformed the treatment of various cancers, including malignancies once
considered untreatable. These agents, however, are associated with inflammation and tissue damage in multiple organs.
Myocarditis has emerged as a serious ICl-associated toxicity, because, while seemingly infrequent, it is often fulminant and
lethal. The underlying basis of ICl-associated myocarditis is not completely understood. While the importance of T cells

is clear, the inciting antigens, why they are recognized, and the mechanisms leading to cardiac cell injury remain poorly
characterized. These issues underscore the need for basic and clinical studies to define pathogenesis, identify predictive
biomarkers, improve diagnostic strategies, and develop effective treatments. An improved understanding of ICl-associated
myocarditis will provide insights into the equilibrium between the immune and cardiovascular systems.

(in 2018) to 3428 (in 2019) reflects the prominence that ICIs have
assumed in cancer treatment (8, 9).

Given that ICIs act to unleash T cell responses, it is not sur-
prising that these agents can cause immune-related adverse
events (irAEs), some of which can be severe or even fatal (10,
11). While ICI-associated toxicities can affect any organ, myo-
carditis has emerged as an infrequent, but often lethal, compli-
cation (12, 13). Other cardiovascular toxicities include pericar-
ditis, vasculitis, arrhythmias (14), and possibly atherosclerosis
(15). Cardiovascular irAEs appear to manifest sporadically, but
this perception may reflect a poor understanding of predispos-
ing factors and failure to recognize mild presentations. Further,
while immune checkpoints are critical in maintaining homeo-
stasis between the immune and cardiovascular systems (16), the
precise mechanisms by which ICIs cause cardiotoxicity remain
undefined. Here, we provide an overview of ICI-associated myo-
carditis in the context of immune checkpoint biology. We discuss
how immune checkpoints have been successfully manipulated to
treat cancer, their roles in protecting the heart from the immune
system, and potential mechanisms by which immune checkpoint
inhibition may lead to cardiac damage.

Maturation and activation of T cells

The adaptive immune system generates millions of T cell clones,
each defined by a unique T cell receptor (TCR) with binding speci-
ficity for a particular antigenic ligand. While the T cell lineage aris-
es from a common lymphoid progenitor in the bone marrow, the
generation of TCR diversity takes place in the thymus. Through
positive and negative selection in response to thymic peptides, T
cell clones emerge that (a) display either CD4 or CD8 — but not
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Table 1. FDA-approved immune checkpoint inhibitors

Drug Target Approval
Ipilimumab (TLA-4 20M
Nivolumab PD-1 2014
Pembrolizumab PD-1 2014
Atezolizumab PD-L1 2016
Durvalumab PD-L1 2017
Avelumab PD-L1 2017
Cemiplimab PD-1 2019

both — on their cell surface; and (b) have the potential to recog-
nize disease-related antigens but, generally, not self-antigens (17,
18). Following further activation events, some clones provide the
effector cells — CD4" T helper (Th) lymphocytes and CD8" cyto-
toxic T lymphocytes (CTLs) — that carry out T cell-mediated
immunity (19, 20).

T cells that emerge from the thymus are mature but naive,
meaning that they have not yet encountered their specific anti-
gen. Priming is the first step in T cell activation and takes place
in secondary lymphoid organs, such as lymph nodes, spleen, and
mucosa-associated lymphoid tissues (ref. 21 and Figure 1). Prim-
ing requires both (a) antigen binding to TCR and (b) costimula-
tory signals. The TCR ligand consists of peptides derived from
an antigen in complex with MHC molecules that are displayed
on the cell surface (21), particularly on specialized antigen-
presenting cells (APCs). However, most disease-related antigens
originate in cells of peripheral tissues, whereas T cell priming
takes place in secondary lymphoid organs. Accordingly, APCs,
mainly dendritic cells, play a critical role in bringing antigens
to priming sites (21). The antigen is processed into peptides by
proteasomes or lysosomes that are displayed on the cell surface
in the context of class I or class II MHC, respectively (22). Pep-
tides displayed by class I MHC bind to specific TCRs on CD8* T
cells, while those displayed in the context of class II MHC bind
to TCRs on CD4* cells (23, 24).

In addition to TCR engagement, T cell priming requires addi-
tional signals, including binding of costimulatory ligands that
reside on the surface of APCs to their receptors on T cells (25).
The most intensively studied costimulatory ligands on APCs are
CD8O0 (B7-1) and CD86 (B7-2), both of which bind CD28 on T cells
(refs. 26-28 and Figure 1). While CD28 is constitutively present
on most mature T cells, CD80 and CD86 expression on APCs is
upregulated in response to innate immune danger signals such as
microbe-associated and damage-associated molecular patterns
emanating from infected or diseased cells, respectively (29, 30).

Subsequent steps in the differentiation and activation of T
cell effector functions take place when primed cells circulate to
peripheral tissues and re-encounter their specific antigen on the
surface of diseased parenchymal cells or on APCs resident in
these tissues (Figure 1). In contrast to priming, these later acti-
vation steps require only TCR engagement by antigen/MHC,
although they are amplified by other costimulatory signals (30).
The major effector function of CD4* Th cells is to provide such
signals by secreting cytokines. Cytokines promote further T cell
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expansion and differentiation into Th subtypes, whose functions
include the recruitment and activation of various leukocyte pop-
ulations. While CD8* CTLs also secrete cytokines, their major
function is to kill target cells (31).

Tolerance to self and immune checkpoints

The major goal of T cell-mediated immunity is to recognize
microbial and perhaps cancer-related antigens and to kill the
microbes or cancer cells by various effector mechanisms. For nor-
mal life to exist, however, the immune system must tolerate cer-
tain antigens (32). For example, immune tolerance is needed for
antigens derived from normal cellular proteins (self-antigens),
paternal antigens in the fetus, and some foreign antigens (e.g.,
commensal bacteria at barrier surfaces and nontoxic environ-
mental chemicals; ref. 33). Accordingly, multiple mechanisms of
tolerance have emerged.

One mechanism of central (thymic) tolerance is negative selec-
tion against autoreactive T cell clones (17). Immature thymic T
cells are presented with peptides derived from self-antigens deliv-
ered from the circulation by APCs or through the transcription
within medullary thymic epithelial cells of multiple genes that are
otherwise expressed only in specific tissues. T cells bearing TCRs
that do not interact with these antigens fail to receive survival
signals and are deleted by apoptosis (negative selection; ref. 34).
T cells that bind these antigens with very high affinity also under-
go apoptosis (also negative selection). Only T cells with TCRs that
bind weakly to these antigens survive (positive selection) (17, 35).
Mechanistically, it remains unclear why strong antigen-TCR inter-
actions promote apoptosis in immature T cells in the thymus but
activate mature T cells in peripheral tissues.

Some self-antigens are unrepresented among thymic pep-
tides, and central tolerance is not completely efficient. Accord-
ingly, additional mechanisms of tolerance are needed. One
mechanism of peripheral tolerance is provided by decreased
costimulatory signals during T cell priming (36). TCR engage-
ment in the absence of adequate costimulation can result in
tolerance through anergy (a state of T cell functional unrespon-
siveness mediated by cell-intrinsic mechanisms), apoptosis, or
inhibition of effector T cells by a distinct T cell subset termed
“regulatory T cells” (Tregs) (refs. 37, 38; and Figure 1A). One sit-
uation that may produce inadequate costimulation is when dan-
ger signals are not sufficiently robust to upregulate CD80 and
CD86 on APCs. This may be the case in some cancer contexts in
contrast to infection or tissue damage.

A second important mechanism of peripheral tolerance is
provided by coinhibitory receptors on the surface of T cells col-
lectively referred to as immune checkpoints (ref. 36 and Figure 1).
One of the best-characterized coinhibitory receptors is cytotoxic T
lymphocyte-associated protein 4 (CTLA-4; CD152; refs. 36, 39).
CTLA-4, which is homologous to CD28, similarly binds CD80
and CD86, but with much higher affinity than CD28 (40). Hence,
depending on the relative abundances of CTLA-4 and CD28 and
whether CD80 and CD86 are present at limiting levels, CTLA-4
can outcompete CD28 for CD80 and CD86 (41). While CD28 is
expressed on most mature T cells, CTLA-4 levels are transiently
upregulated on mature CD4* and CD8" cells during activation
(42, 43). Increased CTLA-4 levels coupled with a higher affinity
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Figure 1. Immune checkpoints in T cell priming and activation. (A) Mature, but naive, T cells are primed in secondary lymphoid organs. The priming

process requires engagement of the TCR by its specific antigenic ligand, which consists of antigen-derived peptides displayed on the surface of antigen-
presenting cells (APCs) in the context of MHC molecules; and costimulatory signals provided, in part, by binding of CD80/86 on the surface of APCs to
(D28, which is constitutively present on T cells. Full effector functions are acquired in peripheral tissues when the TCR re-encounters its specific antigenic
ligand. Priming and later activation steps also result in induction of CTLA-4 and PD-1, respectively, which are coinhibitory receptors that are expressed on
the surface of T cells and function as immune checkpoints. (B) CTLA-4 outcompetes CD28 for binding to CD80/86, thereby attenuating CD28-mediated
costimulation, reflecting the stronger affinity of CD80/86 for CTLA-4 as compared with CD28 and the upregulation of CTLA-4 during priming. Following
binding by its ligands, PD-L1and PD-L2 (not shown), PD-1suppresses T cell activation through cell-intrinsic mechanisms that disrupt signaling down-
stream of TCR (see main text). Genetic alterations or interferon stimulation in cancer cells can induce PD-L1, providing a mechanism for these cells to
evade killing by the immune system. IFN-y-induced expression of PD-L1 on cardiac endothelial cells also provides a means for the heart to protect itself
against T cells. Not shown is the role of Tregs (see main text). (C) Approved ICls are monoclonal antibodies that bind CTLA-4, PD-1, or PD-L1, thereby dis-

rupting interactions between CD80/86 and CTLA-4 and between PD-1and PD-L1, respectively.

for CD80 and CD86 result in CTLA-4 stealing these costimula-
tory ligands from CD28 (44-46). While CTLA-4 may also possess
some cell-intrinsic signaling functions, sequestration of CD80
and CD86 away from CD28 is thought to be the major mechanism
by which CTLA-4 inhibits T cell activation (26, 36).

In addition to affecting T cell priming, CTLA-4 also inhib-
its effector T cells in peripheral tissues through indirect effects
involving Tregs (47). Tregs, most of which are CD4*CD25* and
express the FOXP3 transcription factor, arise primarily in the
thymus but also in peripheral tissues (48, 49). Tregs act to inhib-
it other immune cells (T cells, B cells, and NK cells) through a
variety of mechanisms, including the secretion of inhibitory
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cytokines (e.g., IL-10) and competition for factors that would
otherwise stimulate effector T cells (e.g., IL-2, CD80/CD86; ref.
48). Importantly, Tregs constitutively express CTLA-4, which is
critical for their inhibitory function (3, 47). Accordingly, CTLA-4
inhibits T cell activation directly during priming in secondary
lymphoid organs and indirectly through Tregs at later steps in
activation in peripheral tissues.

The importance of CTLA-4 in restraining T cells in vivo is
underscored by knockout mice (50, 51). Germline deletion of
Ctla4 results in death early in life due to lymphoproliferation
and multiorgan, T cell-mediated inflammatory disease (50, 51).
A similar, albeit delayed, lethal diffuse inflammatory disease is
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also seen in mice lacking Ctla4 specifically in Tregs (47). Fur-
ther, human genetic variants of CTLA4 are associated with auto-
immune disorders, consistent with the critical role of CTLA-4
in tolerance (52, 53). These patients have heterozygous CTLA4
mutations associated with Treg dysregulation, effector T cell
hyperactivation, and lymphocytic tissue infiltration.

A second coinhibitory TCR important in peripheral toler-
ance is programmed cell death protein-1 (PDCD1; PD-1; Fig-
ure 1). PD-1 has two major ligands, PD-L1 (CD274; B7-H1) and
PD-L2 (CD273; B7-DC; refs. 54, 55). PD-L1 is expressed broad-
ly, including on APCs, macrophages, endothelial cells, cells in
peripheral tissues, and cancer cells, and is induced by IFN-a,
-B, and -y (54, 56). In contrast, PD-L2 expression is restricted
to APCs (including dendritic cells, macrophages, and B cells),
specific subsets of Th cells, and airway epithelia (54, 57). Anti-
gen engagement of TCR transiently increases PD-1 on T cells.
Following ligand binding to PD-1, specific tyrosine residues on
its cytoplasmic tail undergo phosphorylation. This phosphory-
lation results in recruitment of a protein tyrosine phosphatase
that antagonizes signaling events important for T cell stimula-
tion downstream of TCR and CD28 (58). Thus, in contrast to
CTLA-4, which inhibits mainly by stealing CD80 and CD86
ligands on APCs away from CD28, PD-1 inhibits the activa-
tion of effector T cells through cell-intrinsic signaling. Germ-
line deletion of Pdcdl in mice can lead to autoimmune pheno-
types, albeit milder than those resulting from Ctla4 deletion
and dependent on genetic background (discussed below; refs.
59, 60). In addition to effector T cells, PD-1 is also expressed
on Tregs (61). However, in contrast to the role of CTLA-4 in
promoting the immunosuppressive functions of Tregs, PD-1
restrains immunosuppression by these cells (62).

Other costimulatory and coinhibitory receptors also regu-
late T cell responses. Costimulatory receptors include induc-
ible T cell costimulator (ICOS; CD278), 4-1BB (CD137), and
0X40 (CD134); and coinhibitory receptors include lympho-
cyte activation gene-3 (LAG-3; refs. 63, 64), T cell immuno-
globulin and mucin domain-containing-3 (TIM-3), and T cell
immunoreceptor with immunoglobulin and immunoreceptor
tyrosine-based inhibitory motif domains (TIGIT; refs. 65-67).
While the molecular mechanisms by which these receptors
act are diverse and incompletely understood, their existence
underscores the complexity of T cell regulation. These recep-
tors are also targets for anticancer immunotherapies under
development, including agonistic antibodies against costimu-
latory receptors and blocking antibodies against coinhibitory
receptors (68). The ability to therapeutically modulate these
additional targets will likely be important because cancers
often evolve to hijack T cell regulatory mechanisms to their
own advantage (69).

Immune checkpoint inhibitors as cancer therapy

Over the last decade, CTLA-4, PD-1, and PD-L1 have been suc-
cessfully targeted by anticancer therapeutics commonly referred
to as immune checkpoint inhibitors (ICIs) or blockers (ref. 1 and
Figure 1C). The potential of anti-CTLA-4 therapy was initially
recognized by its robust effects in immunocompetent, syngeneic
mouse tumor models (70). Similarly, early work showed that
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enforced expression of PD-L1 on tumor cells renders them less
susceptible to lysis by CD8" T cells (71-73). Conversely, PD-1 or
PD-L1 blockade potentiates antitumor immunity (72, 74). Inten-
sive investigation focusing on the development of antibodies
against CTLA-4, PD-1, and PD-L1 for cancer therapy followed.
Binding of anti-CTLA-4 and anti-PD-1 to CTLA-4 and PD-I,
respectively, precludes CTLA-4 and PD-1 from interacting with
their individual ligands (75). Similarly, anti-PD-L1 prevents PD-L1
from binding PD-1.

Initial clinical testing of ipilimumab, an anti-CTLA-4 anti-
body, demonstrated durable responses in some melanoma
patients with considerable increases in survival (76). PD-1 and
PD-L1 blockers mediated similar responses in patients with
advanced and otherwise untreatable melanoma, non-small cell
lung carcinoma, and urothelial tumors (77, 78). However, both
CTLA-4 blockade and PD-1/PD-L1 blockade were associated
with high-grade irAEs, including colitis, dermatitis, thyroiditis,
pneumonitis, and hepatitis (79-81). These toxicities presum-
ably arose from ICI-induced failure of self-tolerance (10, 82).
The complementary immunosuppressive effects of CTLA-4 and
PD-1 supported the implementation of combinatorial therapeutic
targeting. The combination of ipilimumab and nivolumab (anti-
PD-1) was associated with increased response rate in patients
with melanoma and renal carcinoma (7, 83), although at the cost
of more frequent high-grade irAEs (81).

These early results have led to an explosion of clinical tri-
als testing ICIs for multiple cancers and using diverse strategies
(2, 84). Combinatorial ICI treatments extend beyond CTLA-4
and PD-1/PD-L1 pathways. Antibodies targeting the coinhibi-
tory receptors LAG-3, TIM-3, and TIGIT have been combined
with anti-PD-1 therapy (64, 68). In addition, in many cancer
types, ICIs are combined with traditional chemotherapy, radia-
tion, angiogenesis inhibitors, and targeted anticancer agents (2,
84-89). Finally, ICI-based therapies have become first-line ther-
apeutics in both adjuvant (given after the primary treatment to
lower recurrence risk) and neoadjuvant (initial treatment as first
step prior to the main treatment, usually surgery) settings, in
addition to previous indications for advanced, disseminated, and
treatment-resistant disease (90, 91).

Increasing recognition has developed of the potential sever-
ity and lethality of ICI-associated toxicities (11, 92). Fatalities
appear to occur randomly and often early following initiation of
therapy (11). Interestingly, the spectrum of fatal organ involve-
ment differs between anti-CTLA-4 and anti-PD-1/PD-L1 ther-
apies, with colitis most often reported in the former and pneu-
monitis, hepatitis, and neurotoxicity in the latter (93-95). Deaths
from combination treatment (e.g., anti-PD-1/CTLA-4) most
frequently result from colitis or myocarditis (11). Among irAEs,
myocarditis has the highest fatality rate, 40% to 50% depend-
ing on the study (11, 14, 96). These observations underscore the
need for strategies that mitigate ICI-associated toxicities with-
out undermining anticancer efficacy.

Adverse cardiac events resulting from ICls

In 2016, Johnson et al. reported two cases of fulminant myo-
carditis following treatment with ICIs, described the incidence
of myocarditis in a retrospective clinical trial population, and
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Figure 2. Example of ICl-associated myocarditis. A 65-year-old woman with metastatic melanoma treated with ipilimumab (3 mg/kg i.v.) and nivolumab
(3 mg/kg i.v.) developed atypical chest pain, dyspnea, and fatigue 12 days later, accompanied by (A) ECG showing sinus rhythm with first-degree atrio-
ventricular block, which progressed to complete heart block. (B) Several hours later, ECG showed ventricular tachycardia, which degenerated to ventricular
fibrillation and cardiac arrest. The patient could not be resuscitated. (C) At autopsy, cardiac tissue stained with hematoxylin and eosin showed myocyte
degeneration accompanied by a mononuclear cell infiltrate, immunostaining of which showed prominence of CD68, a macrophage marker (not shown). (D)
Also seen was marked infiltration of T cells, as shown by immunostaining for CD3. This infiltrate included approximately equal proportions of CD4* and
CD8* T cells (not shown). In addition, immunostaining for CD20, a B cell marker, and IgG was not detected (not shown). Scale bar: 0.1 mm. aVR, augmented
vector right; aVL, augmented vector left; aVF, augmented vector foot. Reproduced with permission from the New England Journal of Medicine (13).

defined basic clinical and pathophysiological characteristics of
the syndrome (13). Multiple case series have since been added
(14, 96-98). Additionally, interrogation of individual case safety
reports from publicly available databases indicates an increased
incidence of myocarditis in patients receiving ICIs (96).

The clinical presentation of ICI-associated myocarditis
is variable. Fulminant cases are characterized by early onset
following treatment, arrhythmias/conduction disturbances,
concomitant skeletal myositis and myasthenia gravis, and
high mortality (refs. 14, 96; and Figure 2). While heart damage
results in cardiac biomarkers of injury (e.g., increased serum
troponin concentrations), surprisingly, nearly 50% of patients
exhibit no evidence of systolic dysfunction (97). On the other
hand, cardiac arrhythmias are common, including atrial fibril-
lation, ventricular arrhythmias, conduction abnormalities, and
sudden death (97, 98). ICIs can also lead to other cardiovascu-
lar irAEs, including pericarditis and vasculitis (12, 14). In addi-
tion, case reports suggest that other forms of cardiomyopathy
associate with ICI treatment, including Takotsubo syndrome,
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which may resemble myocarditis (99). The concomitant pres-
ence of skeletal myositis and myasthenia gravis following ICI
administration should raise suspicion for myocarditis (100,
101). In contrast to fulminant disease, “smoldering” cases of
ICI-associated myocarditis have also been reported (102). The
long-term consequences of such cases are unclear. Given the
growing number of cancer survivors, a future challenge for
oncologists and cardiologists will be to understand long-term
cardiovascular effects of ICIs (103).

Diagnosing myocarditis can be challenging, especially in
patients treated with ICIs. As a result, a multipronged approach
has been proposed to rule out other causes for symptomatology
(such as acute coronary syndrome) and include a combination of
biomarker tests, cardiac imaging, and biopsy (104). Traditionally,
endomyocardial biopsy has been the gold standard for diagnosing
myocarditis (105, 106), and it should be performed in most cases.
The histopathological features of IClI-associated myocarditis
involve myocardial infiltration of T lymphocytes (both CD4* and
CD8*) and macrophages, and myocyte death; B lymphocytes have
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not been noted (ref. 13 and Figure 2). These features are consistent
with the Dallas criteria for the diagnosis of myocarditis (107). Car-
diac MRI may further clarify diagnosis (105, 108).

The incidence of ICI-associated myocarditis remains uncer-
tain. Early ICI-based cancer trials did not prospectively screen
for myocarditis (109). In addition, because diagnosing myocar-
ditis can be difficult, cases in these trials could easily have been
missed. Reports suggest that the incidence of ICI-associated
myocarditis is 0.27% to 1.14% (13, 97). However, the true inci-
dence may be higher, as initial reports identified only severe cases
(102). Also of unclear significance are cases in which there is an
increase in serum troponin concentration following ICI treat-
ment (called “troponitis”), indicating some cardiac damage, but
without obvious cardiovascular symptoms. One single-center
study reported abnormal serum troponin I concentrations in 13
of 76 patients, with unclear clinical implications (110). There-
fore, identification and long-term prognostication of smoldering
forms of myocarditis are needed.

Few risk factors for ICI-associated myocarditis have been iden-
tified. Combination of anti-CTLA-4 and anti-PD-1 appears to be
the strongest risk factor, with pharmacovigilance data suggesting
that the combination of ipilimumab and nivolumab is accompa-
nied by a 4.74-fold risk of myocarditis compared with nivolumab
alone (13). It is conceivable that cardiac-, immune-, and cancer-
related factors impact risk for ICI-associated myocarditis (111).
Additionally, genetic variation, including germline or somatic (e.g.,
in the tumor), may contribute. Studies involving large numbers of
patients are required to dissect predisposing factors for myocarditis
and other ICI-associated cardiac pathologies.

Identifying patient populations at risk for myocarditis has clear
clinical implications. First, while ICIs were approved for advanced
malignancies, they are now being tested in front-line settings
where the net benefit of therapy may be ill defined. Second, the use
of ICIs in combination with other cardiotoxic drugs likely elevates
risk (112). Given these potentially complicated scenarios, a more
fundamental understanding of pathogenesis is essential.

Currently, no consensus exists regarding screening, sur-
veillance, prevention, or treatment strategies for ICI-associated
myocarditis. Baseline electrocardiogram and troponin levels
are probably indicated in all patients (12, 111, 113, 114), and
high-risk patients should probably undergo surveillance with
serum troponin concentrations after the initiation of treatment.
However, the fact that increased serum troponin concentra-
tions are difficult to interpret in asymptomatic patients under-
scores the need for improved predictive biomarkers. Prospec-
tive, multi-institutional efforts are needed to identify patients
at high risk for ICI-associated myocarditis as well as the best
means to surveil them.

Treatments for myocarditis have been largely extrapolated
from therapies for noncardiac ICI-associated toxicities, including
cessation of ICIs, supportive management, and glucocorticoids
(115). Generally, irAEs are treated with prednisone ranging from
0.5 to 2.0 mg/kg (or equivalent), followed by a 4- to 6-week taper
upon symptom improvement (115, 116). In the case of myocar-
ditis, higher steroid doses (methylprednisolone, 1 g) have been
advocated (117). Nevertheless, data from public databases indi-
cate that mortality remains substantial. Individual case reports
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demonstrate successful treatment with other therapies including
mycophenolate mofetil, tacrolimus, alemtuzumab, or abatacept
(118-122). While these medications are all considered immuno-
suppressive therapies, their specific mechanisms of action differ
(123). For example, abatacept is a soluble protein consisting of the
human CTLA-4 extracellular domain fused to the Fc portion of
IgG and functions as a sink for CD80 and CD86 on APCs to limit
costimulatory signals (28, 124). Preclinical data suggest efficacy
of abatacept in the treatment of ICI-associated myocarditis (125),
and prospective clinical trials are needed to compare its efficacy
with those of other immunosuppressive therapies. Conversely,
while some have advocated TNF-o antagonists (like infliximab)
for irAEs, concerns have been raised about the use of these agents
in patients with heart failure (126).

Although the focus of this Review is ICIs, we note that these
agents represent only one class of immuno-oncology therapies,
which also include cytokines, vaccines, oncolytic viruses, bispe-
cific molecules, and cellular therapies (127). One would antici-
pate the possibility of irAEs resulting from any of these. An exam-
ple is provided by the cellular therapy referred to as chimeric
antigen receptor T (CAR-T) cells, T cells engineered to express
a receptor that targets a specific antigen of interest (e.g., cancer
antigen) independent of its presentation on MHC molecules to
allow more effective cancer cell killing (128). Thus far, CAR-T cell
therapy has shown the greatest benefit in hematopoietic malig-
nancies such as B cell acute lymphoblastic leukemia (B-ALL), in
which CD19, an antigen on malignant and differentiated B cells,
has been targeted. Of B-ALL patients who have failed previous
therapy, 70%-90% experience complete responses to CAR-T
cell therapy, whereas traditionally fewer than 10% of patients
survive beyond 5 years (129-132). However, as with ICIs, CAR-T
cell therapies have resulted in cardiac complications. In one trial,
CAR-T cells against the cell surface protein melanoma-associated
antigen-3 (MAGE-A3) resulted in fatal cardiogenic shock in two
patients (133). Histological studies demonstrated myocardial
damage with considerable T cell infiltration. MAGE-A3 expres-
sion was undetected in cardiac tissue. Rather, CAR-T cells tar-
geted the sarcomeric protein titin (133, 134). In addition to raising
questions as to why and how titin was recognized, this example
illustrates the potential of cardiotoxicity from any immune cancer
therapy. It will be incumbent on clinicians to have a low threshold
of suspicion as each new agent becomes available.

Immune-cardiac interrelationships

Immune responses, which typically result in inflammation and tis-
sue damage, are particularly dangerous in the heart. Indeed, auto-
immune and viral myocarditis can promote fatal arrhythmias and
severe contractile dysfunction/heart failure (107, 135). The heart
is especially vulnerable to immune-mediated damage because its
dense vascularity provides access to immune cells and antibodies,
its anatomy is nonredundant, and even small foci of damage can
provide a substrate for arrhythmias.

Mechanisms exist that dampen baseline and stimulated
immune function in the heart as in other immune-privileged
organs (136). First, while the myocardium contains macro-
phages and dendritic cells, which are thought to play roles in tis-
sue repair (137), relatively few T cells are present at least under
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basal conditions. Second, both central and peripheral tolerance
mechanisms limit T cells directed against myocardial antigens.
Third, T cell-mediated injury to the heart is reduced by negative-
feedback loops that operate in the myocardium. These feedback
loops include the secretion of the cytokine IFN-y from Thl cells
and CTLs, resulting in PD-L1 upregulation on cardiac endothelial
cells; PD-L1 then suppresses effector T cells (138). IFN- y also
induces differentiation of a monocyte-derived dendritic cell,
resulting in abundant nitric oxide production, which blocks fur-
ther differentiation and expansion of Thl and Th17, Th subsets
involved in myocarditis (139).

Mechanisms of ICl-associated myocarditis

The mechanistic basis of ICI-associated myocarditis is not
understood. While existing data support T cell-mediated immu-
nity as a critical component in pathogenesis, many questions
remain: (a) What are the inciting cardiac antigens? (b) Why do
these self-antigens elicit an immune response? (c) What addi-
tional roles are played by innate immune and B cells? (d) What
cardiac cell types are involved? (e) What aspects of cardiac cel-
lular dysfunction are manifest? (f) Is cell death a critical compo-
nent of pathogenesis, and, if so, which cell death programs are
involved? (g) Does the predominance of arrhythmias primarily
reflect damage to the conduction system or generalized inflam-
mation? (h) Is inflammation the major myocardial phenotype, or
does dilated cardiomyopathy ensue as in some patients with viral
and autoimmune myocarditis?

The importance of T cells, and immune checkpoints in par-
ticular, is supported by genetic loss-of-function studies in mice.
As discussed above, germline or Treg-specific deletion of Ctla4
results in lymphoproliferation, diffuse tissue inflammation
including myocarditis, and premature mortality (50, 51). In con-
trast, disruption of the PD-L/PD-1 axis in mice results in vari-
able cardiac phenotypes that appear to be dependent on genetic
background and possibly environmental factors. Specifically,
germline deletion of Pdcdl (encoding PD-1) on a C57BL/6 back-
ground does not elicit a cardiac phenotype, although mild signs
of arthritis and glomerulonephritis emerge in some older mice
(59). However, one germline Pdcdl knockout in mice on a BALB/c
background resulted in marked cardiac dilation and systolic dys-
function (i.e., dilated cardiomyopathy) (140). While scattered
myocyte degeneration and fibrosis were present, myocarditis
was notably absent. IgG antibodies against cardiac troponin I
were found in the circulation with IgG deposits on the surface
of cardiomyocytes, where they were thought to enhance L-type
Ca? channel currents (141). Moreover, dilated cardiomyopathy
could be phenocopied by injection of monoclonal anti-cardiac
troponin I antibodies. However, an independently generated
germline Pdcdl knockout, also on a BALB/c background, demon-
strated no baseline cardiac abnormalities, including the absence
of dilated cardiomyopathy and myocarditis, despite developing
cardiac inflammation when challenged with an immune stimu-
lus (142). Consistent with this second Pdcd1 knockout, combined
germline deletion of the genes encoding PD-L1 and PD-L2 on
the C57BL/6 background did not result in any cardiac pheno-
type or mortality out to 8 months of age (143). The reason for the
discrepant phenotypes of the two Pdcdl knockouts on the same
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background is unknown, although they could reflect differences
in targeting strategies or environmental factors.

Although not yet explored in the context of ICI-associated
myocarditis, environment unsurprisingly impacts disease patho-
genesis in autoimmune myocarditis. A recent example is the role
of peptide mimetics of a-myosin heavy chain from commensal
Bacteroides species, which activate Th17 cells in the gut to pro-
mote the transition from myocarditis to lethal cardiomyopathy
(144). This mechanism was demonstrated in mice with CD4*
cells engineered to express a TCR against a-myosin heavy chain,
but clinical correlates were also observed in humans with myo-
carditis (144, 145). Antibiotic treatment blocked the transition to
heart failure in the mouse model, suggesting that these findings
are translationally important.

Although not explaining the discrepant basal cardiac phe-
notypes of the two PdcdI-knockout mice on the same (BALB/c)
background discussed above, genetic factors exert a major impact
on manifestations resulting from disruption of the PD-1 axis. For
example, the PD-1 and PD-L1/PD-L2 knockout studies described
above were performed on genetic backgrounds that are relatively
autoimmune resistant (e.g., BALB/c or C57BL/6). In contrast,
studies performed on autoimmune-prone backgrounds (e.g.,
MRL-Mpj*/*; refs. 146, 147) or in combination with deficiencies
in other immune checkpoints (e.g., LAG-3; ref. 148) revealed
that loss of PD-1 or PD-L1 can promote myocarditis. These data
suggest that redundant mechanisms exist in some genetic back-
grounds that compensate for PD-1 loss at least in the basal state.
Under immune-stimulated conditions, however, disruption of
PD-L1/PD-1 signaling can exacerbate myocarditis eve 109 n on
non-autoimmune-prone genetic backgrounds (138, 142).

Another recently described mouse myocarditis model also
illustrates this point. These mice have monoallelic deletion of
Ctla4 superimposed on homozygous loss of Pdcdl (125), which is
of translational interest because they provide a preclinical model
of combined anti-CTLA-4/anti-PD-1 therapy, an important risk
factor for ICI-associated myocarditis (14). Approximately half of
these mice die by 3 months of age and manifest severe electrocar-
diographic abnormalities accompanied by myocardial infiltration
by T cells and macrophages, closely recapitulating the clinical and
pathological hallmarks of ICI-associated myocarditis observed in
patients. This model suggests that Ctla4 and Pdcdl functionally
interact in a gene dosage-dependent manner, providing a mecha-
nism by which myocarditis arises with increased frequency in the
setting of combination ICI therapy. In addition, intervention with
CTLA-4-Ig (abatacept) ameliorates disease progression in this
model, consistent with clinical case reports that abatacept atten-
uates fulminant ICI-associated myocarditis (121).

The next leading questions unfurl: Which (presumably self)
antigens elicit T cell responses during ICI-associated myocardi-
tis, and why have these antigens escaped tolerance? A variety of
cardiac proteins have been associated with autoimmune myo-
carditis; some are thought to be mediated by antibody-related
and others by T cell-related mechanisms (149). These antigens
include cardiac myosin (145, 150-155) and B-adrenergic recep-
tors (156-158). Moreover, in addition to functioning as an anti-
gen, myosin has been shown to function as a damage-associated
molecular pattern (155, 159).
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Deep sequencing of the CDR3 region (important for anti-
gen binding) of the TCR P chain of two melanoma patients who
were treated with combined anti-CTLA-4/anti-PD-1 therapy and
went on to develop fatal myocarditis and skeletal myositis showed
considerable overlap in T cell clonotypes in cancers, heart, and
skeletal muscle (13). The antigen target(s) of these TCRs remain
unidentified. However, bulk RNA sequencing of cancer tissue
identified high levels of striated muscle transcripts, raising the
possibility that antigenic peptides derived from the muscle pro-
teins elicited a T cell response that secondarily damaged cardiac
and skeletal muscle. A second possibility is that a relevant cancer
antigen is expressed in cardiac cells. A third possibility is molecu-
lar mimicry in which a cancer antigen-directed TCR may recog-
nize a cardiac antigen that bears structural similarity at baseline or
following posttranslational modification. Interestingly, molecular
mimicry has been demonstrated between microbial antigens and
cardiac proteins in rheumatic heart disease and viral myocardi-
tis (153, 160-163) and even between cardiac myosin and cardiac
B-adrenergic receptors in autoimmune myocarditis and dilated
cardiomyopathy (156, 158). Recognition of structural similarities
between antigens can be challenging (133,134, 164), and the spec-
ificity of TCR binding for a particular antigen can also be impacted
by the MHC context (165).

Why would these antigens slip through the central and periph-
eral mechanisms that promote tolerance to self? While, in most
cases, cause-and-effect relationships remain unclear (136), this
question has been explored for a-myosin heavy chain (166). Tran-
scripts encoding a-myosin heavy chain are undetectable in human
or mouse medullary thymic epithelial cells. Further, transgenic
expression of this gene in the thymic epithelium suffices to sup-
press myocarditis in a mouse model mediated by a-myosin heavy
chain-specific CD4" T cells. While these data suggest that absence
of central tolerance may contribute to immune recognition of self
in this model, they do not explain why mechanisms of peripheral
tolerance fail to compensate.

Multiple additional questions pertain to the heart injury itself.
Given the observed elevations in serum troponin concentrations,
there is little question that cardiomyocytes are injured and undergo
cell death in ICI-associated myocarditis. However, the extent to
which this injury constitutes a direct attack by the immune system
on cardiomyocytes versus damage inflicted indirectly through com-
promise of other cardiac cell types, such as endothelial cells, remains
unclear. Similarly, direct involvement of the conduction system has
been observed histologically in ICI-associated myocarditis and
likely contributes to the prominence of arrhythmias (13, 98). Infor-
mation is not yet available, however, concerning the relative contri-
butions of direct injury versus reactive fibrosis in producing rhythm
disturbances. Finally, an explanation is warranted for the seemingly
low incidence of heart failure in ICI-associated myocarditis, which
contrasts with some patients with viral and autoimmune myocardi-
tis, in which the inflammatory phase transitions to dilated cardio-
myopathy (167). Whether the apparent low incidence of heart fail-
ure with ICIs reflects rapid mortality from fulminant myocarditis
or mechanistic differences in cardiac signaling in comparison with
other forms of myocarditis merits further investigation.

A third set of questions revolve around how the immune sys-
tem damages the heart. One central question is whether the major
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outcome is cardiac cell death, cell dysfunction, or both, the answer
to which may depend on which cardiac cell types are involved. T
cells induce cancer cell death through several mechanisms (168,
169): (a) the engagement of death receptors on cancer cells by
death ligands resident in the plasma membrane of CTLs (170); and
(b) secretion of perforin-1 and granzyme B from CTLs (171). Per-
forin creates pores within the cancer cell plasma membrane that
allow entry of granzyme B, a serine protease that induces cell death
through caspase activation and other mechanisms (169, 170). In
addition, recent work has implicated additional death programs,
such as ferroptosis, in the killing of cancers by CTLs (172). The
extent to which these mechanisms are involved in ICI-associated
myocarditis is not known. Cytokines have also been suggested to
induce cardiac cell dysfunction and death during the postinfection
phase of viral myocarditis (173), and similar mechanisms may oper-
ate in the context of cell-based immunotherapies (174-177). If loss
of viability of cardiac cells proves to be an important component of
ICI-associated myocarditis, it will be important to determine the
cell death programs and regulatory mechanisms.

Future directions

The emergence of ICI-associated myocarditis as a clinical entity
hasraised multiple questions. One is the extent to which this cardio-
toxicity will limit deployment of these agents. Given the apparent
low frequency of ICI-associated myocarditis, one would not antici-
pate this possibility were it not for the lethality of this complication.
Accordingly, studies are needed to determine the frequency of
ICI-associated myocarditis more precisely. Second, work is needed
to identify markers predictive of lethality in ICI-associated myo-
carditis. Third, more extensive clinical data are needed to sharpen
diagnostic and therapeutic protocols. For example, is endomyo-
cardial biopsy always needed for diagnosis? What is the relative
balance between mitigating cardiac complications and potentially
undermining cancer treatment? Perhaps most important because
of its likely impact on diagnosis and treatment, an understanding
of the pathogenesis of ICI-associated myocarditis at the molecular
and cellular levels is needed. Although genetic mouse models have
been invaluable, studies involving blood and tissues obtained from
patients will be critical for understanding mechanisms.
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