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Abstract

T lymphocyte-mediated immune responses in the heart are potentially dangerous because they can interfere with
the electromechanical function. Furthermore, the myocardium has limited regenerative capacity to repair damage
caused by effector T cells. Myocardial T cell responses are normally suppressed by multiple mechanisms of central
and peripheral tolerance. T cell inhibitory molecules, so called immune checkpoints, limit the activation and effector
function of heart antigen-reactive T cells that escape deletion during development in the thymus. Programmed cell
protein death-1 (PD-1) and cytotoxic T-lymphocyte-associated protein-4 (CTLA-4) are checkpoint molecules ho-
mologous to the costimulatory receptor CD28, and they work to block activating signals from the T cell antigen re-
ceptor and CD28. Nonetheless, PD-1 and CTLA-4 function in different ways and at different steps in a T cell re-
sponse to antigen. Studies in mice have established that genetic deficiencies of checkpoint molecules, including PD-
1, PD-L1, CTLA-4, and lymphocyte activation gene-3, result in enhanced risk of autoimmune T cell-mediated myo-
carditis and increased pathogenicity of heart antigen-specific effector T cells. The PD-1/PD-L1 pathway appears to
be particularly important in cardiac protection from T cells. PD-L1 is markedly up-regulated on myocardial cells by
interferon-gamma secreted by T cells and PD-1 or PD-L1 deficiency synergizes with other defects in immune regu-
lation in promoting myocarditis. Consistent with these studies, myocarditis has emerged as a serious adverse reac-
tion of cancer therapies that target checkpoint molecules to enhance anti-tumour T cell responses. Histopathology
and immunohistochemical analyses of myocardial tissue from immune checkpoint blockade (ICB)-treated patients
echoes findings in checkpoint-deficient mice. Many questions about myocarditis in the setting of cancer immuno-
therapy still need to be answered, including the nature of the target antigens, genetic risk factors, and variations in
the disease with combined therapies. Addressing these questions will require further immunological analyses of
blood and heart tissue from patients treated with ICB.

This article is part of the Spotlight Issue on Cardio-oncology.

SPOTLIGHT REVIEW

1. Introduction

Although the immune system has evolved to protect against microbial
pathogens, its powerful effector mechanisms have the potential to injure
and impair function of normal tissues and organs. In fact, innate and adap-
tive immune responses induced by infections often cause tissue injury,
but many regulatory mechanisms have co-evolved to limit this collateral
damage. Furthermore, the adaptive immune system randomly generates
millions of B and T cell clones, each with different antigen receptor spe-
cificities. Many of these receptors recognize self-antigens, and we rely on
mechanisms of self-tolerance that delete or inactivate the self-reactive B
and T cells in order to prevent autoimmune disease. Overall, there is a
critical balance that must be maintained between effective antimicrobial
immunity and protection of normal cells and tissues. However, the set
points for this balancing act differ in different places in the body. Certain

tissues, such as the eye, brain, and heart whose continuous functions are
critical for survival but are readily impaired by immune inflammatory
events, have regulatory mechanisms that discourage the low-level im-
mune responses that are continuously taking place in barrier tissues and
organs.

There are very few T cells found in healthy human myocardium, con-
sistent with a landscape in a relative state of immune privilege, which ap-
parently discourages T cell recruitment, activation, and presence of
tissue resident memory T cells. However, there are significant numbers
of tissue resident macrophages and dendritic cells (DCs). Some of these
subsets have phenotypes predicted to favour tissue repair, immune regu-
lation, and tolerance. Nonetheless, other subsets appear capable of initi-
ating effector innate and T cell responses.” Furthermore, the dense
microvascular network in the myocardium, required for sufficient oxy-
gen and nutrient delivery to myocytes, provides ample opportunity for
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circulating T cells to migrate into the heart. This raises the question of
how this hyper-vascularized organ maintains immune quiescence.

2. Inhibitory pathways that regulate
T cell activation (immune
checkpoint molecules)

Mature naive CD4" and CD8" T lymphocytes emerge from the thymus
and then recirculate through secondary lymphoid organs (SLOs) where
protein antigens from blood or tissues are collected and displayed to the
T cells as peptide-major histocompatibility complex (MHC) complexes
on the surface of antigen-presenting cells (APCs). DCs are the type of
APC that is critical for naive T cell activation, a process that occurs in
SLOs such as draining lymph nodes. T cell receptor (TCR) recognition
of a peptide-MHC antigen is necessary, but not by itself sufficient, for ac-
tivation of the naive T cells. In addition, the presence of pathogens or ne-
crotic tissue injury, collectively called danger signals, transform DCs to
express surface ligands called costimulators, which induce signalling by
costimulatory receptors on the naive T cells. Both antigen recognition
and costimulation are required to permit productive activation of naive
T cells, resulting in clonal expansion and differentiation of the T cells to
effector CD4" helper T (Th) cells or CD8" cytotoxic T lymphocytes
(CTL). Effector T cells must recognize antigen again at sites of infection
or tissue injury in order to activate their functional responses, but many
cell types other than DCs may display the peptide-MHC antigen to effec-
tor T cells, and costimulation may not be required for activation of these
effectors. The best defined costimulators for naive T cells are the two
homologous immunoglobulin superfamily (IgSF) proteins B7-1 (CD80)
and B7-2 (CD86), which are highly expressed on DCs that have been ex-
posed to microbes or other innate immune stimuli.” Both B7 proteins
bind to CD28, which is ubiquitously expressed on naive T cells and the
resulting signalling by CD28 synergizes with antigen-TCR generated sig-
nals to initiate optimal T cell activation. Thus, the requirement for costi-
mulation effectively limits T cell activation only to situations where there
is danger. In addition to the B7-CD28 costimulatory pathways, there are
other costimulatory pathways which contribute to optimal T cell
responses. Inducible T cell costimulator (ICOS) ligand (CD275) is a B7
family member expressed on B cells, which binds to ICOS (CD278) on
CD4" Th cells, thereby promoting Th-B cell collaboration in antibody
responses to protein antigens. There are also costimulatory pathways in-
volving tumour necrosis factor superfamily proteins on APCs that bind
the tumour necrosis factor receptor superfamily proteins on T cells.
Two examples are 4-1BB ligand (4-1BBL) on APCs, which binds to
CD137 (4-1BB) on T cells, considered an important costimulatory path-
way for CD8"' T cell responses, and CD252 (OX40 ligand) on APCs,
which binds CD134 (OX40) on activated T cells. Agonist monoclonal
antibodies (mAbs) specific for 4-1BB and OX40 are being developed as
drugs for cancer immunotherapy.>*

Additional mechanisms of regulation of T cell response have evolved,
which function both to limit the extent of appropriate T cell activation,
and to prevent inappropriate responses to self-antigens and to non-
harmful environmental antigens. The two best characterized and cur-
rently most clinically relevant of these mechanisms involve the T cell
molecules CTLA-4 (CD152) and PD-1 (CD279). Both are IgSF proteins
structurally homologous to CD28, but unlike CD28 actually function to
inhibit T cell activation.” CTLA-4 is expressed on the surface of most
naive T cells shortly after activation and is constitutively expressed on

regulatory T cells (Treg) and memory T cells with an exhausted pheno-
type seen in conditions of chronic antigen exposure. CTLA-4 binds to
both B7-1 and B7-2 with significantly higher affinity than CD28 does,
thus CTLA-4 competitively inhibits B7-dependent T cell costimulation.
There are also data suggesting T cell-intrinsic inhibition by CTLA-4 sig-
nalling® but robust evidence for the relevance of inhibitory signalling
in vivo is lacking. PD-1 expression on T cells is induced by antigen activa-
tion and like CTLA-4 is highly expressed on exhausted T cells.” PD-1
binds programmed death ligand-1 (PD-L1/CD274) and programmed
death ligand-2 (PD-L2/CD273), both IgSF proteins homologous to the
B7 proteins. The cytokines interferon-gamma (IFN-v) and type 1 IFNs
can induce PD-L1 expression on many cell types, including DCs, macro-
phages, epithelial parenchymal cells of various organs, endothelial cells
(EC), and many tumour cells. PD-L2 expression is largely restricted to
bone marrow-derived APCs.%? Upon binding PD-L1 or PD-L2, PD-1 ini-
tiates biochemical events in the T cell that inhibit CD28 and TCR signal-
ling. This inhibitory signalling involves recruitment of tyrosine
phosphatases which counteract the action of protein tyrosine kinases
that are activated by CD28 and TCR signalling. Overall, both CTLA-4
and PD-1 block antigen and costimulator activation of T cells, and both
are often called co-inhibitors or immune checkpoints. Nonetheless, their
mechanisms of action are distinct and their main physiological roles are
likely to play out at different stages of a T cell response. B7-mediated
costimulation is most critical for naive T cell activation in SLOs, and
therefore this is when and where CTLA-4 will have its greatest impact.
PD-L1 is expressed in many non-lymphoid tissues and thus, PD-1 is im-
portant for inhibition of effector T cell activation in these tissues.

In addition to CTLA-4 and PD-1, other T cell inhibitory checkpoint
molecules have been discovered which appear to be necessary for T cell
immune regulation, as indicated by the immunopathological consequen-
ces of their genetic deficiency or blockade in mice. These are also being
investigated as targets for tumour immunotherapy.'® Lymphocyte activa-
tion gene-3 (LAG-3 and CD223) is an IgSF protein expressed by T cells,
B cells, DCs, and macrophages. LAG-3 binds to Class Il MHC molecules
and may block antigen presentation to or generate inhibitory cells within
CD4* T cells."" T cell immunoglobulin-3 (TIM-3) is another IgSF pro-
tein expressed by T cells, natural killer (NK) cells, and macrophages.
TIM-3 binds to galectin-9, phosphatidy! serine, and carcinoembryonic an-
tigen-related cell adhesion molecule-1 (CEACAM-1), and has cell-
intrinsic inhibitory effects on T cell activation. T cell immunoreceptor
with Ig and ITIM domains (TIGIT) is a CD28 family protein expressed by
T cells and NK cells, which binds poliovirus receptor family molecules
CD155 and CD112 and has intrinsic inhibitory effects on the T cells on
which it expressed. LAG-3, TIM-3, and TIGIT are all up-regulated in
exhausted T cells.

Treg are essential for maintenance of self-tolerance, as well as toler-
ance to commensal organisms and non-pathogenic environmental anti-
gens. The most abundant and well-characterized Treg are
CD47CD25%FoxP3™ T cells, and FoxP3 mutations in mice and humans
results in deficiency of Treg leading to fatal systemic autoimmune dis-
ease." In addition to expression on conventional T cells (effector T cells
and their naive precursors), checkpoint molecules including CTLA-4,
PD-1, and LAG-3 are expressed on Treg. CTLA-4 is essential for Treg
function, as shown by autoimmune phenotype of mice with selective de-
letion of CTLA-4 only in FoxP3™ cells.™ The functions of PD-1 on Treg
are not yet well described but given the cell-intrinsic inhibitory function
of PD-1, blockade or deficiency of PD-1 on Treg may enhance suppres-
sive function. Studies of Treg-restricted loss of LAG-3 in mice show that
LAG-3 impairs Treg function at autoimmune inflammatory sites.'® These
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heterogenous functions of checkpoint molecules on Treg add to the
complexity of the effects of immune checkpoint blockade (ICB) thera-
pies, which are likely to impair functions of the checkpoint molecules on
both conventional T cells and Treg. Thus, the effects of anti-CTLA-4 on
both cell types should result in enhanced T cell responses, while the
effects of anti-PD-1 and anti-LAG-3 on Treg might work in opposition to
the activating effects on conventional T cells.

The discoveries of the CTLA-4 and PD-1 T cell inhibitory pathways
stimulated research into the potential targeting of these molecules to en-
hance anti-tumour T cell responses. Studies in rodent cancer models us-
ing anti-CTLA-4 or anti-PD-1 and anti-PD-L1 mAbs indicated the
potential for mAb-mediated ICB to treat cancer patients.'® These stud-
ies lead to clinical trials with remarkable benefit in a significant fraction of
patients with metastatic melanoma.'”'® Anti-CTLA-4 mAb (ipilimumab)
treatment of metastatic melanoma was approved in 2011, and anti-PD-1
mADbs (pembrolizumab and nivolumab) were approved for melanoma in
2014. Since then a very large number of clinical trials have been started
with many now completed. The ICB therapies with anti-PD-1, anti-PD-
L1, some in combination with anti-CTLA-4, have been approved and
adopted in clinics for the treatment of a wide variety of malignancies."”
Trials of combinations of these ICBs with blockers of other inhibitory
molecules, including LAG-3, TIM-3, and TIGIT are also underway. A pre-
dicted complication of these therapies is immune-related adverse events
(irAEs) reflecting the loss of the immune regulatory functions of the mol-
ecules being blocked. In fact, irAEs of varying severity, affecting one or
more of most tissue types and organ system in the body, occur in over
50% of ICB-treated cancer patients.zo'21 The majority of irAEs can be
clinically managed such that the lifesaving potential of the ICB therapy
can be realized. However, lethal or potentially lethal complications do
arise in a minority of patients. Furthermore, combination therapies now
in development are likely to enhance incidence of irAEs. Among the
most serious, albeit infrequent, irAEs are those affecting the heart,”* also
reviewed in other articles in this issue. In the remainder of this review,
we will discuss the underlying mechanisms of myocardial toxicity of
ICBs. We will focus on the evidence that immune homeostasis of the
myocardium depends on various mechanisms of self-tolerance, including
T cellimmune checkpoints such as the PD-1/PD-L1 pathway (Figure 7).

3. PD-1/PD-L1 pathway in
myocardial immune homeostasis

In the first published description of the PD-L1 molecule, a northern blot
analysis of Pdl1 messenger RNA expression in different mouse tissues in-
dicated high levels in the heart.”> Subsequent studies determined that
PD-L1 expression could be induced on mouse cardiac EC in vitro by
IFN-y treatment.** Although IFN-y also up-regulated EC Class | MHC
expression, the induced PD-L1 expression resulted decreased ability of
the EC to activate cytotoxic T lymphocytes (CTLs) through Class |
MHC-restricted antigen presentation, and an increased EC resistance to
antigen-specific CTL killing. Work with an in vivo model of myocarditis
mediated by adoptively transferred TCR-transgenic heart antigen-
specific CTL? established that PD-L1 expression, including expression
on EC, is markedly up-regulated in the myocardium after infiltration and
activation of CTL in the heart.”® Furthermore, PD-L1 upregulation in the
heart was dependent on IFN-y produced by the transferred CTLs and
on IFN-y receptor expression in the recipient mice tissues. Studies with
mice genetically deficient in PD-L1 showed that PD-L1 serves a protec-
tive role in limiting T cell-mediated damage to the myocardium, and at

least in part this is dependent on PD-L1 expression by non-haemato-
poietic tissue cells, such as endothelium or myocytes.*® These studies in-
dicate that the heart maintains a state of resistance to local effector
T cell-mediated responses by a negative feedback loop, sensing T cell
IFN-y production and upregulating PD-L1, thereby suppressing activa-
tion of other T cells (Figure 2). This scenario has more recently been
shown to play out in the context of tumour resistance to effector T
cells.*” The upregulation of PD-L1 in human myocardium, both on myo-
cytes and endothelium, is evident in hearts of patients with idiopathic
lymphocytic myocarditis (Andrew Lichtman’s unpublished data) and in
hearts of cancer patients treated with ICBs (Figure 3, discussed below).
Upregulation of PD-L1 can also be seen on EC extracted from hearts of
IFN-treated mice and analysed by flow cytometry (Andrew Lichtman’s
unpublished data).

4. Adverse cardiac consequences of
deficiencies of PD-1/PD-L1 and
CTLA-4 in mice

Several murine studies indicate that impairment of the PD-1/PD-L1 path-
way enhances risk for autoimmune cardiac pathology. A common theme
of these studies is that the risk is restricted to particular genetic back-
grounds, including mice with known propensity to develop autoimmune
disease. The first published study implicating a role of PD-1 pathway defi-
ciency in cardiac disease showed that BALB/c mice lacking a functional
PD-1 gene (Pcd1”") spontaneously developed a dilated cardiomyopathy
with congestive heart failure. This mouse disease was associated with
autoantibodies specific for cardiac troponin | (cTnl).?®*° The antibodies
bound to Tnl on the surface of cardiomyocytes, thereby causing stimula-
tion of voltage-dependent L-type Ca™ ™ currents; the disease phenotype
could be reproduced by injecting wild-type BALB/c mice with monoclo-
nal anti-Tnl antibody. However, there was no evidence of myocardial in-
flammation or of T cell-mediated cardiac injury, distinguishing this mouse
model from later reports of myocardial disease associated with PD-1 de-
ficiency or blockade in mice or humans. Furthermore, spontaneous di-
lated cardiomyopathy is not seen in PD-1-deficient BALB/c mice derived
in another laboratory®® but those mice do show enhanced T cell inflam-
mation compared to control BALB/c mice in experimental autoimmune
myocarditis induced by a-myosin heavy chain (0-MyHC) peptide immu-
nization.>" Immunization of A/) or BALB/c mice with murine cTnl and ad-
juvant causes an inflammatory myocarditis progressing to fibrosis and
heart failure, in which anti-Tnl antibodies may play a role in the pheno-
type.®> However, the effect of PD-1 deficiency in this immunization
model has not been reported.

Spontaneous T cell-mediated myocarditis (i.e. without adoptive trans-
fer of T cells or immunization) does arise in mice with a genetic defi-
ciency of the PD-1 pathway, combined with a second autoimmune risk
factor. For example, the MRL strain of mice is prone to develop a sys-
temic lupus-like autoimmune disease, but not myocarditis, and this pro-
pensity is greatly enhanced in MRL mice lacking functional FAS (MRL-{pr”")
background. However, MRL mice with a genetic deletion of the PD-L1
gene, with or without functional FAS genes, spontaneously develop le-
thal myocarditis and pneumonitis, characterized by CD8™ greater than
CD4™ T cell infiltrates.®® The results of studies with bone marrow chi-
meric mice suggested that PD-L1 deficiency only on haematopoietic
cells was sufficient to cause autoimmune myocarditis in the MRL back-
ground. A similar spontaneous lymphocytic myocarditis was observed in
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Figure | T cell tolerance to heart antigens and its failure. The figure shows the likely sequence of steps in regulation of autoreactive T cells, which nor-
mally prevents autoimmune myocarditis. Central T tolerance to heart antigens occurs during thymic development of T cells, through autoimmune regula-
tor (AIRE)-dependent expression of tissue-restricted antigens by medullary thymic epithelial cells (MTEC) and their presentation to immature T cells,
which causes deletion of self-reactive clones and/or development of Treg specific for these antigens. Some heart antigen-specific T cells, such as those
specific for a-MyHC are not deleted by this central tolerance mechanism, perhaps because they are not expressed by MTECs, and thus mature into naive
T cells, which recirculate through SLOs. If these naive T cells encounter heart antigens presented by DCs in lymph nodes draining the heart, their activa-
tion may be blocked by peripheral tolerance mechanisms, such as Treg and/or CTLA-4-mediated block in costimulation. Naive heart antigen-specific T
cells may escape SLO-based tolerance mechanisms because of infections or injury that upregulate costimulators on DCs and/or genetic deficiencies in
one or more regulatory pathways, and these T cells can be activated to clonally expand and differentiate into effector T cells. Some of the effector T cells
may enter the heart, where their activation by antigens and their capacity to cause damage can be blocked by tissue-based tolerance mechanisms, such as
PD-L1 expression on myocytes and endothelium. Genetic deficiencies in pathways that regulate effector T cell activation may increase the risk that these
cells cause myocardial damage. In some |CB-treated patients, these peripheral tolerance mechanisms are sufficiently impaired so that autoreactive T cell
myocarditis occurs. Anti-CTLA-4 is most likely to impair SLO-based tolerance, because this is where CTLA-4 normally blocks B7-costimulation, which is
most critical for naive T cell activation. Anti-PD-1 or anti-PD-L1 most likely impair regulation of effector T cell activation in the heart. The mechanisms
where other checkpoint regulators work, including LAG-3 and TIM-4, are not yet clearly established. The hypothesis that LAG-3 impairment (blockade
or genetic deficiency) contributes to loss of T cell tolerance to heart antigen is based on mouse studies discussed in the text. MRL, Murphy Roths Large;
NOD, non-obese diabetic; T1D, type 1 diabetes.
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Figure 2 The protective roles of IFN-y and PD-L1 in the heart and the consequences of ICB. Normal myocardial cells in the healthy heart, including
myocytes and EC, express only low levels of PD-L1 or Class Il MHC (MHCII), but do express Class | MHC (MHCI). Given the high density of myocardial
microvasculature, it is likely that effector T cells sporadically enter the uninflamed heart. If effector CD8" CTL specific for heart antigens enter the myo-
cardium, they can be activated by myocardial cells expressing the relevant peptide-MHC | antigens, and the CTL can kill those cells, as well as secrete
IFN-y. Myocardial cells nearby will respond to IFN-y by upregulating expression of PD-L1 and Class Il MHC. If additional heart antigen-specific CTLs see
antigen presented by these PD-L1 expressing cells, their activation will be suppressed by PD-1 signalling, and damage by the CTL will be limited. In cancer
patients treated with anti-PD-1 or anti-PD-L1 mAbs, CTL activation in the heart may not be suppressed, and CTL-mediated damage will be enhanced.
This is despite more IFN-y production by the CTL and induced PD-L1 on the heart cells. Furthermore, because MHC Il is up-regulated, CD4" Th cells
specific for heart antigens that may enter the now inflamed myocardium can also be activated and will not be suppressed by the mAb-blocked PD-1 path-
way. Th cells will promote inflammation and macrophage activation which appears to contribute significantly to the immunopathology of ICB-associated

myocarditis.

PD-1-deficient MRL mice.** Another example of combined genetic risk
for myocarditis in mice is spontaneous lethal T cell-mediated myocarditis
in mice lacking both PD-1 and LAG-3, but not PD-1 or LAG-3 deficiency
alone, which has been described in both BALB/c and C57BL/6 back-
grounds.>>*¢ The myocarditis in the Pdcd1”Lag3” mice consisted of

CD8* and CD4™ IFN-y producing T cells. In the C57BL/6 background,
the Pdcd1”Lag3™ mice also developed pancreatitis. Overall, these
studies highlight the fact that deficiency of the PD-1 pathway alone is not
sufficient to trigger myocarditis but synergizes with additional genetically
determined autoimmune susceptibilities resulting in T cell-mediated
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Figure 3 Histology and immunohistochemistry of ICB myocarditis. (A) Photomicrograph of endomyocardial biopsy showing lymphocytic myocarditis
with a dense mononuclear cell infiltrate, associated myocyte damage, and oedema. H&E stained section, %200 original magnification. (B)
Immunohistochemistry for CD3 demonstrating that the infiltrate is predominantly composed of T lymphocytes, x200 original magnification. (C)
Immunohistochemistry for PD-L1 shows positive staining of myocytes only in the areas of lymphocytic myocarditis, X100 original magnification. (D)
Immunohistochemistry for HLA-DR, a surrogate marker for IFN-y activity, shows positive staining in the areas of lymphocytic myocarditis, %100 original
maghnification. (E) Photomicrograph of endomyocardial biopsy showing giant cell myocarditis with an inflammatory infiltrate, extensive myocyte damage,
and the presence of foreign body giant cells. This type of myocarditis can be seen in patients on ICB therapy. H&E stained section, x200 original

magnification.

myocarditis. These insights may be relevant to understanding which
patients receiving anti-PD-1 immunotherapy are at most risk for cardiac
complications.

There are fewer studies which have explored an association of iso-
lated CTLA-4 deficiency with myocarditis, in part because of the diffi-
culty in breeding CTLA-4 deficient mice, and the less frequent use of
anti-CTLA-4 compared to anti-PD-1 in humans. In mice, deletions of the
CTLA-4 gene results in a severe lymphoproliferative disease that is lethal
within a few weeks.>”*® Among the organs affected is the heart and myo-
carditis contributes significantly to the lethality of this condition. CTLA-4
deficiency in TCR-transgenic mice in which the T cell repertoire is re-
stricted to a non-self-protein and do not display the lymphocytic inflam-
matory phenotype. This indicates that the disease in mice with a normal
T cell repertoire is likely autoimmune,* and analysis of tissue infiltrating

T cell in CTLA-4-deficient mice showed specificity for self-antigens.*

There is strong evidence that CTLA-4 functions to block B7-mediated
costimulation of naive T cells,*’ and therefore, myocarditis associated
with genetically or pharmacologically impaired CTLA-4 function most
likely reflects enhanced priming of naive autoreactive heart antigen-
specific T cells in SLOs. However, in certain cases memory T cell activa-
tion in tissues may be enhanced by B7-CD28 costimulation,* and thus
blocking CTLA-4 could enhance reactivation of previously generated
heart antigen-specific memory T cells. CTLA-4 may also have T cell-in-
trinsic inhibitory signalling functions, which protect the myocardium and
other tissues from effector T cell activation. In this regard, adoptive
transfer of CTLA-4-deficient ovalbumin-specific CTLs into mice that ex-
press ovalbumin in the heart induced more severe myocarditis than con-
trol CTLs.*
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5. Mechanisms of adverse cardiac
consequences of blockade of PD-1/
PD-L1 and CTLA-4 in humans

Based on the mouse studies reviewed here and the incidence of non-
cardiac irAEs that occurred during ICB clinical trials, it is not surprising
that myocarditis has emerged as an immune complication of ICB therapy
as more patients are being treated. 2> Myocarditis has occurred in
patients treated with anti-CTLA-4 alone, anti-PD-1 or anti-PD-L1 alone,
or in patients receiving combination therapy, and the clinical features are
reviewed in more detail elsewhere.*> Our understanding of the immuno-
logical mechanisms underlying these cases of myocarditis is extremely
limited at this point, because of the infrequency of obtaining myocardial
tissue from patients with active disease, and limited interrogation of im-
mune cells from blood.

A fundamental, albeit often unanswered, question about any autoim-
mune disease is what self-antigens are being targeted by antibodies or T
cells. In the case of autoimmune myocarditis, there are several antigens
that have been implicated by the presence of circulating autoantibodies
specific for those antigens in patients. These antigens include cardiac tro-
ponins and myosins, and cardiac B1 adrenergic receptors.*® However,
there is no conclusive evidence that these antibodies, or antibody-
mediated immune reactions in general, contribute to the acute inflamma-
tory phase of human (or mouse) myocarditis, although some of these
antibodies may be biomarkers of patients at risk for Th cell-mediated
myocarditis.*’ Likewise, there is limited knowledge of the relevant target
antigens for human T cell-mediated myocarditis but one interesting can-
didate is o-MyHC.*** Healthy people have low frequencies of
0-MyHC-specific CD4™ T cells in their blood, indicating a lack of central
T cell tolerance to this protein.”® The not uncommon presence of
IgG antibodies specific for a-MyHC in people indicates a role for
a-MyHC-specific Th cells. Patients with autoimmune or type 1 diabetes
(T1D) mellitus have increased risk of developing myocarditis after a
myocardial infarction (MI) compared to Ml patients without T1D, and
they have a higher frequency of a-MyHC-specific IFN-y producing T cells
than controls. The frequency of these T cells increases markedly if myo-
carditis develops.*”*" Thus T cells specific for a-MyHC are central to au-
toimmune myocarditis in certain strains of mice, and in some people
with an underlying genetic risk for autoimmunity.

In the case of ICB-associated myocarditis, we still have only a few clues
about relevant antigens, and we do not know if the antigens targeted are
also target antigens in autoimmune myocarditis not related to ICB ther-
apy. Analysis of clonal TCR beta chain CDR3 sequences in two cases of
anti-PD-1 plus anti-CTLA-4-associated fatal myocarditis indicated there
were several expanded T cell clones present in both the heart and tu-
mour. The T cell clones in the tumour that expanded the most following
ICB therapy were also found in the heart.>? Furthermore, whole tran-
scriptome RNA sequencing indicated expression of some muscle-
specific transcripts in the tumours. Interestingly, in both these cases, the
patients had myositis as well as myocarditis. Myositis appears to be a
more frequently diagnosed irAE than myocarditis ICB-treated patients,
but up to 38% of reported myositis cases also had myocarditis.>> These
observations suggest that some |ICB-treated patients with myocarditis
mount an autoreactive T cell response to striated muscle proteins
expressed by the tumour. However, the connection between shared tu-
mour and heart antigens remains tenuous. Furthermore, activated T cells
specific for tumour antigens are found in the blood of cancer patients
and these could migrate into infllamed myocardium, even if their

specificity is not for any heart protein. The relative incidence of myocar-
ditis in ICB-treated patients with different tumour types is not yet
known, nor is there additional data on the correlation of tumour expres-
sion of muscle or myocardial antigens with myocarditis. To better under-
stand the type and range relevant antigens that drive ICB-associated
myocarditis, it will be important to collect data on titres of antibodies
and frequency of T cells specific for cardiac and tumour antigens in
patients with and without myocarditis.

The histologic findings in patients with checkpoint inhibitor myocardi-
tis have been reported in a number of case reports”™°° and are fairly
consistent. At the light microscopic level with standard haematoxylin
and eosin (H&E) staining, there is a dense mononuclear inflammatory in-
filtrate associated with myocyte damage/necrosis, consistent with the
definition of myocarditis set forth in the Dallas criteria (Figure 3A). Some
fulminant cases have shown a mixed inflammatory infiltrate with abun-
dant giant cells, consistent with the diagnosis of giant cell myocarditis.
Eosinophilic myocarditis, which generally is a type 1 hypersensitivity (al-
lergic) reaction rather than a T cell-mediated process, has not been
reported with checkpoint inhibitors. In patients who have been treated
for checkpoint inhibitor myocarditis with anti-inflammatory medications
such as corticosteroids, the inflammatory infiltrate is reduced, and there
is evidence of healing with granulation tissue and/or fibrosis in the previ-
ously damaged areas of myocardium.

Immunohistochemistry in many of these reports demonstrates a pre-
dominantly CD3-positive T cell infiltrate (Figure 3B) with an associated
CDé8-positive macrophage population. The T cell population is a mixture
of CD8-positive cytotoxic T cells and CD4-positive Th cells, with the for-
mer more abundant than the latter. Occasional CD20-positive B cells and
CD138-positive plasma cells can be found, but these are a minor compo-
nent of the overall infiltrate. As mentioned earlier, cardiac myocytes have
found to be positive for PD-L1 in areas affected by myocarditis52
(Figure 3C), and expressed human leucocyte antigens (HLA)-DR, which, as
discussed above, is a surrogate marker for IFN-y production (Figure 3D).
While these immunohistochemistry studies have been helpful in defining
the cell populations involved in the infiltrate for purposes of investigating
the mechanism of disease, they are not required for the diagnosis of
checkpoint inhibitor myocarditis in routine practice in our experience.

Pathologic evaluation of myocardial tissue obtained by endomyocar-
dial biopsy is an important tool for the diagnosis of checkpoint inhibitor
myocarditis. Many clinical reports have analysed this tissue both to es-
tablish the diagnosis of myocarditis and to carry out research investiga-
tions aimed at elucidating mechanisms of disease. While
endomyocardial biopsy may not be clinically appropriate or safe in cer-
tain patients, it will allow for a definitive pathologic diagnosis. For
patients who present with signs and symptoms of (cardiac) myocarditis
along with (skeletal muscle) myositis, a less invasive skeletal muscle bi-
opsy may be informative to establish an autoimmune inflammatory pro-
cess; the histologic and immunophenotypic findings in skeletal muscle
are similar to those in the myocardium.

6. Other clinical contexts in which
cardiac PD-1/PD-L1 plays a mitigat-
ing role or if blocked may aggravate
diseases

Patients with cardiac allografts must be maintained on chronic immuno-
suppression to prevent graft rejection. However, this places them at
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increased risk for developing malignancies, the most frequent of which
are skin cancers. Extensive preclinical studies indicated that the PD-1
pathway contributes to allograft ‘tolerance’, including cardiac allog-
rafts.®"? In some reported cases where ICB therapy was given to heart
transplant patients to treat life-threatening tumours, the immunotherapy
resulted in acute rejection episodes consistent with enhanced alloreac-
tive T cell activation in the setting of checkpoint blockade.®*** However,
several patients with cardiac allografts tolerated ICB therapy. At this
time, the numbers of reported cases are too small and the details of the
cases too variable to draw conclusions about risks or mechanisms of ICB
therapy in the setting of heart transplantation. This includes if cardiac
transplant rejection is more likely compared to rejection of kidney or
other solid organ transplants.

Myocardial T lymphocytes are implicated in the pathogenesis of heart
failure associated with disorders not traditionally considered to be im-
munologic. These include remodelling after ischaemic injury®® and in re-
sponse to chronic pressure overload.® The contribution of T
lymphocytes to these common myocardial pathologies have been stud-
ied in mouse models, but their role in human disease is still not clear. Ifin
fact myocardial T cells do contribute to heart failure, then checkpoint
blockade therapy may aggravate heart failure in cancer patients, without
necessarily causing overt, clinically or pathologically diagnosable
myocarditis.

7. Conclusions, unanswered
questions, and future work

Studies in mice have established that immune checkpoint molecules
that regulate T cell responses are required to prevent T cell-mediated
damage to the heart. Predictably, clinical experience has demon-
strated that checkpoint inhibitor drugs used to treat cancer increase
risk of myocarditis. Nonetheless, many questions about mechanisms
of ICB-associated myocarditis remain unanswered and mostly unstud-
ied. These questions concern: the relevant antigens; the relative con-
tributions of different T cell subsets; HLA alleles that associate with
risk; the phase of the autoimmune responses that are dysregulated
such as priming of naive T cells in lymphoid organs or activation of ef-
fector T cellin the heart; the contribution of ICB effects on Treg func-
tion to the disease phenotype; and the contribution of underlying
genetic susceptibilities to autoimmunity. Answers to these questions
should lead to information of obvious clinical importance such as how
to identify the most at risk patients, and how to tailor cancer treat-
ment based on the nature of those risk factors. In order to advance
understanding of human checkpoint inhibitor-associated cardiotoxic-
ity, it will be necessary to obtain more information from blood cells of
living patients and tissues at autopsy of ICB-treated patients who die
of myocarditis or cancer. Importantly, rapid autopsies in which viable
lymphocytes can be extracted from myocardium, and myocardial
RNA degradation is minimized, will allow for more in depth immuno-
phenotyping than is possible with standard immunohistochemistry of
formalin fixed, paraffin imbedded tissues.
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