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ABSTRACT

Immune checkpoint inhibitor (ICl) have demonstrated efficacy in treating various cancers by modulating
the immune system, but this can lead to immune-related adverse events (irAEs), including myocarditis.
ICl-associated myocarditis is a rare but highly lethal irAE with a short mean time to onset, and difficult to
diagnose early due to nonspecific symptoms and lack of biomarkers. This review highlights the need for
improved recognition and management of ICl-associated myocarditis, summarizing recent advances in
immunology, pathology, and biomarker research. We discuss the epidemiology, clinical features, immu-
nological mechanisms, and roles of biomarkers in diagnosis and risk stratification. Traditional biomarkers
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like cTnl and hs-cTnT are sensitive but lack specificity, while emerging biomarkers like miR-155 show
tissue specificity. Inflammatory markers such as NLR and CRP aid prognosis but have limited diagnostic

value.

Introduction

Immune checkpoint inhibitors (ICI) are a class of therapeutic
agents that enhance anti-tumor immunity by stimulating
T-lymphocyte activation and improving tumor recognition.
The most commonly used ICI target programmed cell death
protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) and
cytotoxic T-lymphocyte — associated antigen 4 (CTLA-4) path-
ways. These immune checkpoints play essential roles in main-
taining self-tolerance and preventing autoimmunity. However,
malignant tumors can hijack these inhibitory pathways to
evade immune surveillance, thereby facilitating tumor pro-
gression and metastasis. By blocking these co-inhibitory sig-
nals, ICI restore T cell cytotoxic function and reinvigorate
anti-tumor responses.

The widespread use of ICI has significantly improved sur-
vival outcomes in patients with advanced and refractory can-
cers. Despite the remarkable benefits, ICI are associated with
various immune-related adverse events (irAEs), such as colitis,
pneumonia, hepatitis, thyroid dysfunction, and myocarditis
(Figure 1b).!~* While colitis is the most common but least
lethal irAE, myocarditis is a rare but highly lethal complica-
tion, drawing increasing attention.” Myocarditis caused by ICI
often results from immune activation leading to autoimmune
attacks on cardiac tissue, causing severe cardiac dysfunction.

ICI-associated myocarditis (ICI myocarditis) is estimated to
occur in approximately 1.14% of patients, but it carries
a strikingly high mortality rate of up to 50%.° Due to its
unpredictable onset and fulminant course, early diagnosis
and prompt intervention are crucial for improving patient
outcomes. However, effective early detection methods are cur-
rently lacking, and many cases are identified only at advanced

stages, resulting in poor prognosis. As the clinical use of ICI
continues to expand, understanding the pathophysiological
mechanisms behind ICI-associated myocarditis has become
increasingly urgent.

This review aims to explore the potential mechanisms under-
lying ICI-associated myocarditis, focusing on how ICI trigger
immune responses that lead to cardiac autoimmunity. In addi-
tion, we highlight the importance of identifying reliable biomar-
kers — such as conventional cardiac markers, inflammatory and
immune-related indicators, and emerging molecular signa-
tures — for early diagnosis and risk prediction. Finally, current
therapeutic approaches and future perspectives in the manage-
ment of ICI-associated myocarditis will also be discussed.

Immune checkpoint inhibitors: mechanisms of action
and role in immune tolerance

ICI are monoclonal antibodies that enhance antitumor immunity
by blocking inhibitory receptors on T cells such as CTLA4 and PD1
or their ligands (PDL1). In 2018, James Allison and Tasuku Honjo
received the Nobel Prize in Physiology or Medicine for elucidating
the critical roles of CTLA4 and PD1 in immune checkpoints, laying
the foundation for subsequent development of ICI. Since the
mid2000s, monoclonal antibodies targeting CTLA4 and PD1/
PDLI have been developed and approved (Table 1).

The human body has a strong adaptive immune system
capable of eliminating most pathogens, such as bacteria and
viruses, through cellular and humoral immunity. Therefore,
the immune system must maintain self-tolerance to prevent
the immune system from damaging the body’s normal tissues.
This task is accomplished through central tolerance, where
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Figure 1. (a) T cells are not activated when co-stimulation is blocked. (b) ICI can reinvigorate T cells to kill tumor cells and can also lead to irAes.

Table 1. ICl approved by the FDA.

Major ICI Target FDA Approval Date Mechanism

Ipilimumab (Yervoy) CTLA4 March 25, 2011 Blocks CTLA4 to enhance CD28-B7 costimulation
Pembrolizumab (Keytruda) PD1 September 4, 2014 Inhibits PD1 binding to PDL1/PDL2

Nivolumab (Opdivo) PD1 2014(first approval) Inhibits PD1 binding to PDL1/PDL2
Atezolizumab (Tecentriq) PDL1 2016 Blocks PDL1 interaction with PD1

lymphoid organs are selected to eliminate T cells that can
capture their own antigens via negative selection, and periph-
eral tolerance, where peripheral lymphocytes acquire tolerance
to their own or exogenous antigens via a variety of
mechanisms.”® PD-1 and CTLA-4 are critical immune check-
point proteins in the maintenance of peripheral immune tol-
erance. Activation of resting T cells requires three distinct
signals: first, engagement of the T cell receptor (TCR) with
peptide - MHC complexes on the antigen-presenting cell
(APC); second, costimulation via CD28 on the T cell binding
to B71 (CD80)/B72 (CD86) on the APC; and third, cytokine
signaling — such as interleukin 12 (IL12) - which drives full
proliferation, differentiation and acquisition of effector func-
tion. Notably, blockade of the CD28-B7 interaction alone is
sufficient to prevent T cell activation (Figure 1a).

CTLA-4 is a transmembrane receptor on T cells, which is
homologous to CD28 but can capture B7 molecules with
stronger competitiveness and then transmit inhibitory signals
to T cells.”'® The extracellular role of CTLA-4 is equally
significant, as CTLA-4 can capture its ligands from opposing
cells via trans-endocytosis and degrade them intracellularly,
resulting in impaired co-stimulation through CD28. This
mode of action was previously only thought to exist in
FOXP3+ Treg cells, but it was later found that the same
mode of action also exists on effector T cells, suggesting
a broad immunosuppressive effect of CTLA-4.""'* CTLA-
4-deficient mice develop lymphoproliferative diseases with

lymphocytic infiltration and tissue destruction in multiple
organs, particularly myocarditis, indicating the critical role of
CTLA-4 in maintaining immune tolerance.'> PD-1 is also
expressed during T cell activation and interacts with PD-L1
or PD-L2 to counter T cell co-stimulatory signals.'* PD-L1 is
abundantly expressed in the heart, skeletal muscle, placenta,
and lung, but in the thymus, spleen, kidney, and liver, the
expression is weak, and it is not expressed in the brain,
colon, and small intestine.'® By contrast, the expression of PD-
L2 is more restricted, being expressed primarily in the pan-
creas, spleen, liver, and B cell populations.'®!” The deletion of
PD-1/PD-L1 leads to an increase in pro-inflammatory factors,
especially IFN-y (Interferon gamma). However, IFN-y in turn
elevates the expression of PD-1 ligands as a way to reduce the
damage caused by the inflammatory response to the body,
which is an important negative feedback regulation'®'
(Figure 2). Cancer cells can express both PD-L1 and PD-L2,
which helps them avoid immune cell attacks. Seventy-one
percent of 62 lung cancer specimens from Egypt’s Mansoura
Medical College Hospital tested positive for PDL-1, with
approximately ~ 59.1%  being  highly  expressed.”
Immunohistochemical staining of PD-L1 and PD-L2 expres-
sion in the cytoplasm of paraffin-embedded tumor samples
revealed that 96 (64.0%) of 150 ESCC patients included in
Taipei Veterans General Hospital had PD-L1 overexpression
and 63 (42.0%) had PD-L2 overexpression. There was
a correlation between PD-L1 and PD-L2 expression, and
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Figure 2. Mechanism of ICI myocarditis. (a) IFN-y is a pro-inflammatory factor, however, exhibits anti-inflammatory effects in the myocardium. Elevated levels of IFN-y
induce PD-L1 overexpression in cardiomyocytes when PD-L1 is deficient or when there is inflammation. This unique regulatory effect protects cardiomyocytes from
T cell attack. PD-L1 inhibitors block this negative feedback regulation, leading to ICI myocarditis. Treg cells are suppressed by ICl and therefore lose their ability to
suppress effector T cells. (b) Exosomes from ICI-treated macrophages can induce senescence-associated injury in cardiomyocytes by modulating the miR-34a-5p/PNUTS
signaling pathway. ICl reduces serum 17B-estradiol concentrations, leading to downregulation of MANF/HSPAS5 in cardiomyocytes. MANF and HSPA5 are essential for
attenuating myocardial inflammation in ICI myocarditis. ANGPTL2 promotes the expression of chemokines such as CCL3/4/5 and CXCL10/11 leading to T cell
recruitment. (c) The expansion of Temra cells, Th17 cells, etc. Was found on patients with ICl myocarditis, and they cause damage to cardiomyocytes through multiple

pathways.

these co-inhibitory signals counterbalance each other with co-
stimulatory signals from CD28 to maintain immune
homeostasis.”' By blocking the PD-1 or CTLA-4 pathways,
T cells that were previously suppressed are reactivated to target
and eliminate cancer cells. ICI have demonstrated notable
efficacy in the treatment of certain types of cancer, however,
this effect disrupts immune tolerance and causes a variety of
irAEs, including colitis, pneumonia, and skin inflammation,
the most concerning of which is ICI-associated myocarditis.
Although there is evidence that patients who develop irAE may
have better treatment outcomes, ICI-associated myocarditis
must be an exception due to its high mortality rate.””

ICl-associated myocarditis: epidemiology and clinical
features

Epidemiology and pathology

Pathology underlying immune checkpoint inhibitor ICI myo-
carditis is typified by the inflammation of lymphoid tissue
cells, an augmented CD68/CD3 ratio, an elevated number of
PD-L1+ macrophages and myocytes, patchy T cell-dominated
lymphocyte infiltration in the myocardium, and associated

myocardial damage. The severity of ICI myocarditis is strati-
fied into high-grade and low-grade subtypes, based on the
density of the inflammatory infiltrate, with the former present-
ing with a more aggressive clinical course and the latter dis-
playing a more chronic clinical course.”*>** The vast majority
of ICI myocarditis occurs within a few months after the first
or second use of ICI, and the incidence and mortality rate of
ICI myocarditis compared with other immune adverse events
are unclear, although some studies have reported results.>> The
more widely used data are from an eight-center retrospective
study reporting a 1.14% incidence of ICI myocarditis with
a median time to onset of 34 days, and data from a large net-
work of healthcare organizations showed that the incidence of
myocarditis in 5518 cancer patients treated with at least one
cycle of ICI was 2.1%.%>** The incidence rates obtained from
various studies vary greatly, which is likely influenced by the
type of cancer, treatment regimen, and ethnicity. However, it is
almost certain that the incidence and mortality rate of combi-
nation ICI therapy are much higher than those of monother-
apy. With the widespread use of ICI, the trend has become
evident that the cases and incidence of ICI-cardiomyopathy
are increasing. The majority of patients with ICI myocarditis
are currently concentrated in melanoma and non-small cell
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lung cancer, owing to the fact that ICI therapies are mostly
used for these two types of cancer. Patients with other cancer
types are occasionally found, and ICI myocarditis is also found
in patients with Hepatocellular carcinoma (HCC). Therefore,
the development of a cost-effective and rapid biomarker is of
great importance for the prevention and treatment of
myocarditis.”®*>'  Unlike fulminant myocarditis, ICI-
myocarditis is more common in women, which is surprising
since non-ICI-related myocarditis occurs more prevalent in
men. The elderly population is more prone to ICI myocarditis,
with a high incidence of ICI myocarditis around age 65.7*>°

Clinical features

Early manifestations of immune checkpoint inhibitor (ICI)-
associated myocarditis typically occur within the first month of
therapy and often present with nonspecific symptoms such as
fatigue, dyspnea, and chest discomfort. In approximately
30.3% of cases, these are accompanied by neuromuscular
complaints, including myalgia or proximal muscle
weakness.”” Cardiac-specific presentations may include chest
pain (reported in 13%-28% of cases), palpitations (5%-33%),
and electrocardiographic abnormalities — such as ST - T wave
changes, conduction delays, or varying degrees of atrioventri-
cular block - which are observed in up to 85.1% of patients.
Notably, elevated high-sensitivity troponin levels are almost
universally present at the time of diagnosis, even when echo-
cardiography demonstrates preserved left ventricular function
(38). Furthermore, approximately 10% of cases are incidentally
identified during routine biomarker testing or electrocardio-
graphic monitoring in asymptomatic patients.”’

Although the majority of cases present acutely, delayed-
onset myocarditis — emerging several weeks to months follow-
ing ICI initiation - is increasingly recognized.”® In advanced
stages, clinical deterioration may manifest as overt heart failure
with reduced ejection fraction, hypotension, or cardiogenic
shock necessitating inotropic support or mechanical circula-
tory assistance. Life-threatening ventricular arrhythmias,
including ventricular tachycardia and ventricular fibrillation,
are reported in approximately 13% of cases. High-grade AV
block is observed in up to 25% of patients, frequently requiring
permanent pacemaker implantation.’”***® Persistent conduc-
tion system abnormalities and ongoing myocardial injury may
be observed even after initial treatment, indicating the need for
long-term monitoring and management.

Prognosis of ICl-associated myocarditis: risk factors
and outcomes

Although immune checkpoint inhibitor (ICI)-associated myo-
carditis is rare, with an incidence of about 1%, it has a high
mortality rate of 40%-50%, as consistently reported in multi-
ple studies. A pharmacovigilance study of 122 patients found
a 50% mortality rate, with myocarditis typically occurring
around 30 days after starting ICI treatment. A multicenter
retrospective study similarly showed that all affected patients
experienced grade 5 adverse events, highlighting the severe
clinical course of this condition.*""** Combination ICI therapy,

such as ipilimumab plus nivolumab, carries a higher risk of
fatal myocarditis than monotherapy, likely due to overlapping
immune-related toxicities like concurrent myositis.>*’
Although it represents a small portion of immune-related
adverse events, ICI-associated myocarditis accounts for nearly
one-third of ICI-related deaths.

Emerging evidence suggests that preexisting comorbidities
such as diabetes, hypertension, or underlying cardiovascular
disease may predispose patients to ICI-related myocarditis,
although further large-scale, prospective studies are needed
to validate these associations.***> Several prognostic indicators
have been proposed for early risk stratification. Elevated high-
sensitivity cardiac troponin levels at presentation (median
peak troponin T: 0.81 ng/mL) reflect significant myocardial
injury and correlate with both acute disease severity and long-
term cardiovascular outcomes. Involvement of the cardiac
conduction system - most notably, complete heart block
(CHB), which occurs in approximately 15% of cases - is
associated with a markedly increased risk of death (hazard
ratio 7.41).*>*” Additionally, left ventricular systolic dysfunc-
tion serves as an independent adverse prognostic factor, with
a mean ejection fraction of 43% at onset.*®

Despite the prompt initiation of immunosuppressive ther-
apy, including corticosteroids, the in-hospital fatality rate
remains high. While some reports suggest that high-dose cor-
ticosteroids may improve outcomes in severe presentations,
others have demonstrated increased rates of major adverse
cardiac events (MACE) among patients receiving low-dose
steroid regimens. In a cohort of 35 patients, 89% received
corticosteroids, yet low-dose therapy was significantly asso-
ciated with higher MACE incidence.**® MACE was defined as
a composite outcome including cardiovascular death, cardiac
arrest, cardiogenic shock, and hemodynamically significant
CHB. These findings underscore the urgent need to refine
immunosuppressive strategies — considering optimal steroid
dosing, duration, adjunctive immunosuppressants, and their
potential impact on anticancer efficacy.

Long-term cardiovascular morbidity among survivors is
also substantial. In a matched case-control cohort (76 myocar-
ditis patients vs. 200 controls), only 67% of myocarditis survi-
vors were free from new cardiovascular events — defined as
atrial fibrillation, stroke, myocardial infarction, or heart fail-
ure — at two years, compared to 86.8% in controls (p <.001).
During follow-up, 12% of survivors developed atrial fibrilla-
tion and 26% developed new-onset heart failure. Moreover,
two-year cardiovascular survival was significantly lower in the
myocarditis group compared to controls (93.4% vs. 99.3%,
p =.003), highlighting a sustained elevated cardiovascular
risk even after apparent clinical recovery.*®

Mechanism of ICl-associated myocarditis
Loss of immune checkpoint regulation

The mechanism of ICI-associated myocarditis is not clear,
but most believe it is due to the disruption of immune
homeostasis by ICI, resulting in T cell-based immune
damage. As previously mentioned, PD-1 binding to its
ligand can maintain the homeostasis of the immune system



by activating intracellular signaling pathways to inhibit the
activation of immune cells, thereby reducing the secretion of
antibodies and cytokines by immune cells and even deplet-
ing them. The PD-1 pathway is an important barrier that
protects cardiomyocytes from T cell destruction, and inhi-
biting ICI leads to autoimmune disease caused by the T cell
attack on cardiomyocytes. Pdcd1™~ mice develop autoim-
mune dilated cardiomyopathy and produce high titers of
autoantibodies against cardiac-specific 30-kDa proteins,
and another study showed MRL-Pdcd1™/~ mice develop
lethal myocarditis and high titers of anti-CM
autoantibodies.*”>' The deletion of both PD-L1 and PD-
L2 causes severe inflammatory infiltration of the heart in
mice.”®">* All of these studies point to a protective role of
the PD-1 pathway for the heart. Surprisingly, however, mice
from different genetic backgrounds seem to respond differ-
ently to PD-1 pathway blockade, with BALB/C and MAL
mice inducing myocarditis in the presence of PD-1 deletion,
yet C57BL/6] and C57BL/10J mice having difficulty indu-
cing myocarditis.>> A more critical point of the blockade of
the PD-1 pathway is the disruption of the FOX3" Treg/PD-
L1 axis, a negative feedback regulation of the heart.'® Using
PD-1 inhibitors followed by PD-L1 inhibitors resulted in
more severe myocardial damage than using PD-L1 inhibi-
tors followed by PD-LI1 inhibitors, implying a protective
role for the negative feedback pathway in myocarditis.”®
IFN-y is elevated during the development of ICI myocardi-
tis, and IFN-y induces PD-L1 expression in cardiomyocytes
reducing myocardial cell injury. High expression of PD-L1
has been observed by staining cardiomyocytes from patients
with ICI myocarditis, but ICI blocked the negative feedback
pathway”"””(Figure 2 a). Incidentally, the combination of
radiotherapy with anti-PD-1 can increase the incidence of
ICI-associated myocarditis.”® Blockage of the CTLA-4 sig-
naling pathway is also an important factor in the develop-
ment of ICI myocarditis. Wang et al. reported that CTLA-
47~ mice are more prone to ICI myocarditis compared to
PD-1"'" mice, which is consistent with other studies. CTLA-
4 deletion activated CD4/CD8+ T cells, causing them to
attack cardiomyocytes. CTLA-4 deficiency for the regula-
tion of Treg cells is a non-negligible part of the immune
homeostasis of the organism.’**>*® CTLA-4 is more fre-
quently expressed on Treg cells in addition to activated
T lymphocytes. Treg cells are an immunosuppressive subset
of CD4+ T cells, and 80% of Treg cells are thymus-derived,
suggesting that Treg cell formation is associated with central
tolerance. Treg cell-mediated T cell suppression is a third
mechanism for maintaining self-tolerance in addition to
negative selection and co-inhibitory pathways.®"°* As pre-
viously discussed, CTLA-4 captures and degrades ligands on
target cells through extracellular endocytosis, especially the
downregulation of CD80 and CD86 expression on dendritic
cells, which is currently thought to be the most prominent
mechanism by which Treg cells exert their inhibitory
effects®® (Figure 2a). The cytokinesis of CTLA-4-dependent
Treg cells may promote PD-L1-dependent co-inhibition in
addition to limiting CD80/CD86 co-stimulation. Murat
et al. discovered that soluble and Treg cell-expressed
CTLA-4 could enhance PD-L1 co-inhibition by depriving
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CD80 via CD80 blockade or cytokinesis, respectively, and
releasing free PD-L1 from the cis-CD80/PD-L1 heterodimer
on DC cells.* This suggests that the PD-1 and CTLA-4
pathways reinforce each other and that combining the two
drugs may have an enhanced antitumor effect, though such
a therapeutic approach increases the risk of irAE.

Activation of autoreactive T cells

For autoimmune diseases, whether humoral or cellular immu-
nity, the antigen targeted is crucial. But unfortunately, for ICI
myocarditis, there is no universally accepted answer. ICI can
release T lymphocyte activity to disrupt immune tolerance, but
the development of ICI myocarditis is predicated on the ability
of T cells to attack cardiomyocytes. Based on this scenario,
there are several possibilities': the presence of the same antigen
in the tumor as in the myocardium,” the presence of T cells
targeting the myocardial antigen already in the body” the same
T cell receptor targeting the tumor antigen and a different but
homologous muscle antigen. In a 2017 case report, high levels
of muscle-specific antigens (junctional proteins and troponin)
were observed in the tumors of two patients with melanoma,
and T cell receptor next-generation sequencing revealed these
two patients shared high-frequency T cell receptor sequences
among cardiac, skeletal muscle, and tumor infiltrates. T cells
are activated and cloned in large numbers by tumor-expressed
antigens and subsequently attack cardiac myocytes causing
myocarditis.®>*® The absence of a-MyHC in the human thy-
mus has been demonstrated as early as 2010, implying central
tolerance to a-myosin may be inherently lacking in humans,
which could also explain why the heart is often the primary
target once immune homeostasis is disrupted.®”*® a-MyHC is
also the most commonly used drug in the creation of auto-
immune myocarditis models. Axelrod et al. first demonstrated
the presence of T lymphocytes targeting a-myosin in both
healthy individuals and patients with ICI myocarditis.
Although it is present in small numbers, it amplifies substan-
tially once activated by signals from the antigen. And the TCR
pools of myocardium and skeletal muscle of three patients with
ICI myocarditis unexpectedly overlapped with those of a-
myosin-specific T cells, which almost certainly allows a-
myosin to act as an autoantigen leading to ICI
myocarditis.*>”® a-MyHC is more commonly derived from
tumor cells, and The Cancer Genome Atlas (TCGA) mela-
noma cohort analysis revealed that 250 of 363 tumors had
detectable MYH6 expression. Of course, in addition to a-
myosin other possible antigens have been reported, such as
anti-transverse muscle antibodies and anti-acetylcholine
receptors.”’ Remarkably, patients suffering from immune
checkpoint inhibitor-induced myocarditis combined with
myositis have also exhibited heightened levels of anti-
3-hydroxy-3-methylglutaryl coenzyme A reductase antibodies.
Nevertheless, to date, only one case has been reported, and the
increased levels of anti-3-hydroxy-3-methylglutaryl coenzyme
A reductase antibodies were more likely a result of myositis
than myocarditis.”” In general, although the evidence is not
clear, almost all studies point in the direction of the idea that
tumors express the same antigens as the heart.*’
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In patients with ICI myocarditis, the proportion of T cell
subsets is significantly altered. The ratio of Th17 cells is
changed, a type of CD4+ cell known for secreting IL-17
and whose clonal expansion leads to the development of
inflammation. Th17 cell proliferation is frequently linked to
the development of inflammatory conditions such as colitis.
Expansion of TH17 cells has been detected in the peripheral
blood of some patients with ICI myocarditis, implying that
THI17 cells play a role in the development of ICI myocarditis.
Why TH 17 cells expand in patients with ICI myocarditis
remains a question that needs to be investigated in depth,
and the reliable view is that a large amount of TGF-f con-
verts TH1 to TH17 cells with the involvement of IL-6"
(Figure 2c). Temra cells are a little-studied subset of T cells
that are re-expressing CD45+ effector T cells.”> Effector
T cells that re-express CD45RA can secrete a variety of
cytokines, including IFN-y and TNF-a, and exhibit potent
cytotoxicity upon activation. CD8+ TEMRA cells character-
ized by high cytotoxicity accumulate in the elderly and are
linked to excessive inflammation. Temra cells are more likely
to accumulate in women and older adults, which may explain
why older adults and women are more likely to develop ICI
myocarditis.”* A recent single-cell sequencing result showed
that Temra cells tend to be highly cloned in patients with
ICI-associated myocarditis, and when administered with
immunosuppressive agents (glucocorticoid therapy), it shifts
to a failing phenotype. Temra cells express elevated levels of
a number of cardiac chemokines, including CCL5, CCL4, and
CCL4L2, which adds to the conviction that Temra cells play
a role in ICI myocarditis.”* The percentage of Treg cells is
also elevated in a subset of patients with ICI myocarditis, but
this is not absolute. Klocke et al. found that deletion of
CTLA-4 in mice resulted in expansion of Treg cells, which
returned to normal levels after six weeks.”” The mechanism
of action is unknown, but it is possible that CTLA-4 regulates
CD28-dependent expression of FoxP3 via developing thymo-
cytes. Thus, CTLA-4 deficiency increases the frequency of
autoantigen-specific Treg cells in the thymus and periphery.
Second, CTLA-4 can inhibit T cell peripheral expansion.
When CTLA-4 is blocked or deleted, FoxP3+ Treg cells
show greater steady-state expansion than FoxP3 - T cells,
resulting in an increase in the number of peripheral FoxP3
+ T cells.”*7® In contrast, PD-LI regulates the development,
maintenance, and function of Treg cells and the anti-PD-1/
PD-L1 pathway decreases the proportion of Treg cells.””
Amarnath et al. suggested that it reduces Thl cell STAT
activation via the phosphatase function of the SHP1/2 signal-
ing pathway located downstream of the PD-1 receptor,
thereby reducing the Th1-Treg transition.*® Of course, these
are theoretical, and real-world clinical studies have found
that the ratio of Treg cells in patients is not fixed and usually
does not change significantly, and we believe that the change
in the ratio of Treg cells may be unpredictable due to the
different regulatory roles of the CTLA-4 pathway and the
PD-1/PD-L1 pathway for Treg cells, but it is clear that
regardless of the change in the ratio of Treg cells, Treg cells
that are significantly suppressed by ICI are unable to exert
their own suppressive effects.”” By the way, the ICI we men-
tion in this paper are mainly PD-1 and its ligand inhibitors

and CTLA-4 inhibitors, mainly because they are approved
and widely used ICIL Other ICI also modulate Treg cells, for
example, LRBA-deficient patients present with a reduction of
Treg cells accompanied by a deficiency of CTLA-4.3'"%

Cytokine storm & macrophage infiltration

Cytokine changes directly caused by the PD-1 or CTLA-4
pathways are involved in the development of ICI-
myocarditis. Pro-inflammatory cytokines (IFN-y, TNF-a, IL-
17, IL-1, IL-6) are the key factors leading to the occurrence of
ICI myocarditis. They damage cardiomyocytes, induce inflam-
mation, and inhibit cardiac repair capacity through multiple
pathways.**** The PD-1/PD-L1 pathway inhibits IFN-y pro-
duction, and ICI blockade of this pathway leads to a rise in
IFN-y and activation of the inflammatory mediator NFKB/
STAT1 pathway, which is a very classical inflammatory path-
way that exacerbates autoimmune myocarditis. Of course, in
addition to these molecules, which have been mentioned in the
majority of articles, new and valuable molecules have also
come to our attention. Of course, in addition to these mole-
cules, which have been mentioned in the majority of articles,
new and valuable molecules have also come to our attention.
For example, angiopoietin-like protein 2 (ANGPTL2),
a protein thought to play a role in inflammation in a variety
of organs. Haruki Horiguchi suggested that ANGPTL2 could
promote the expression of chemokines such as CCL3/4/5 and
CXCL10/11 through activation of the NF-KB pathway, which
in turn leads to T cell recruitment.*® NLRP3 and Myd88 are
also key players in the cardiotoxicity induced by Nivolumab
and Ipilimumab. Vincenzo et al. verified that HFC and mice
cultured with anti-PD-L1 and anti-CTLA-4 produced multiple
pro-inflammatory cytokines.””*” MiRNA is also involved in
ICI myocarditis. Exocytosis of ICI-treated macrophages
increases MiRNA-34a-5p levels in cardiomyocytes, and
MiRNA-34a-5p can target the PNUT gene in cardiomyocytes
causing cardiomyocyte senescence® (Figure 2b). Long-term
use of ICI has the potential to cause cytokine release syndrome
(CRS), which is potentially an important cause of death from
ICI myocarditis, although CRS mostly occurs with CAR-T
therapy.*” Zhang et al. showed that ICI treatment leads to
reduced serum concentrations of 17B-estradiol, especially in
female mice, leading to downregulation of MANF and Hspa5
in the heart, and that MANF and HSPAS5 are essential for
reducing myocardial inflammation in ICI myocarditis.
MANTF and HSPAS5 are transcriptionally enhanced in response
to female hormones. Androgens suppress the expression of
these genes. This may also explain why women are more
prone to ICI myocarditis.*”

In addition to this, the use of thiazide diuretics may also
increase the risk of myocarditis in oncology patients being
treated with ICL.”°

Direct cardiomyocyte injury & fibrosis

Activated effector T lymphocytes in ICIassociated myocarditis
mediate direct cardiomyocyte lysis via the perforin — granzyme
B pathway, culminating in necrotic cell death and impaired
contractile function; this cytotoxic mechanism has been



validated in CTLA4-deficient murine models.*” Upregulation
of the Fas - Fas ligand apoptotic axis in PD1-deficient mice
further exacerbates programmed cardiomyocyte death, ampli-
fying overall myocardial injury.”’ Gasdermin E (GSDME) -
mediated pyroptosis is activated in IClinduced myocarditis:
accumulation of cleaved GSDME fragments in cardiomyocytes
not only precipitates membrane rupture but also drives release
of proinflammatory cytokines, fueling local inflammation.”
Humoral autoimmunity aggravates tissue damage -
MRLPdcd1™/™ mice generate high-titer anti — cardiac myosin
autoantibodies that associate with marked cardiomyocyte
degeneration and interstitial fibrosis.”> Genetic background
modulates the dissociation between inflammation and fibrotic
remodeling: PD1 knockout on the BALB/c background results
in ventricular dilation, mild ejection fraction decline, and
diffuse myocardial degeneration with interstitial fibrosis
despite minimal leukocyte infiltration, indicating that loss of
PD1 signaling alone suffices to induce cardiomyocyte injury
and fibrosis.”* Persistent cardiomyocyte loss activates cardiac
fibroblasts via TGFP-dependent signaling, promoting their
differentiation into myofibroblasts and accelerating collagen
and extracellular matrix deposition; experimental blockade of
TGFp markedly attenuates myocardial fibrosis in autoimmune
myocarditis models.

Diagnosis of ICl-associated myocarditis

ICI-related myocarditis is a potentially life-threatening com-
plication of ICI therapy, requiring prompt recognition and
a comprehensive diagnostic approach. Clinically, presenta-
tions range from asymptomatic elevations in cardiac biomar-
kers to severe manifestations such as chest pain, arrhythmias,
heart failure, or cardiogenic shock. Laboratory testing often
reveals elevated troponin I as a marker of myocardial injury,
while troponin T may also increase, though with less specificity
due to possible concurrent myositis. Natriuretic peptides are
frequently elevated, particularly in patients with underlying
malignancies. Electrocardiographic abnormalities are com-
mon and may include ectopic beats, ST-T changes, or high-
grade arrhythmias like complete heart block.® Imaging with
echocardiography may show regional wall motion abnormal-
ities or preserved systolic function, whereas cardiac magnetic
resonance (CMR) offers superior tissue characterization,
detecting edema, inflammation, and fibrosis; positron emis-
sion tomography may be considered when CMR is contra-
indicated. Endomyocardial biopsy, though not always
feasible, remains the diagnostic gold standard, demonstrating
lymphocytic and macrophage infiltration.”” Differential diag-
noses such as acute coronary syndrome or non-ischemic car-
diomyopathy must be excluded, often necessitating early
coronary angiography. In summary, the diagnosis of ICI-
related myocarditis requires a comprehensive approach inte-
grating clinical evaluation, laboratory testing, imaging studies,
and, when appropriate, histopathological assessment. Early
identification and intervention are critical for improving
patient outcomes. Therefore, the discovery of more sensitive
and specific biomarkers is essential for enhancing early diag-
nostic accuracy.
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Traditional cardiac biomarkers

Troponin, creatine kinase (CK), CK-MB, B-type natriuretic
peptide (BNP), and High-sensitivity troponin are the tradi-
tional markers of myocardial injury. In a clinical study, tropo-
nin, CK, and CK-MB were found to be significantly different
in ICI myocarditis. Patients who died of myocarditis had
significantly higher Troponin, CK and CK-MB at presentation
than survivors. There was no significant difference in BNP.
Troponin is suggestive of the development of ICI-myocarditis,
with 94% of patients having elevated troponin at the time of
clinical presentation. It is the most reliable and early predictor
of progression to severe myocarditis.”®'*> Weekly monitoring
of troponin is relevant for the early detection of ICI myocar-
ditis. Early and aggressive cortisol treatment is a key factor in
improving survival in grade III and IV ICI-myocarditis.'*>'**
In addition, hs-cTnT is also considered to be important in the
detection of ICI myocarditis, however, the possibility that
myositis leads to elevated hs-cTnT needs to be considered,
ICI myocarditis and myositis may coexist because they share
alntigens.105 ~1%° Troponin is an inexpensive and easily measur-
able biomarker that is of great interest in the diagnosis and
prognosis of ICI myocarditis. However, it can also be mea-
sured in patients with acute coronary syndrome, so the use of
these traditional myocardial markers to diagnose ICI myocar-
ditis requires a full assessment of the patient’s cardiovascular
condition.

Inflammatory & immunological biomarkers

NLR and CRP are very classical markers of inflammation. NLR
is defined as absolute neutrophil count/absolute lymphocyte
count; CRP, also known as C-reactive protein, is an acute
phase protein synthesized by hepatocytes. It is commonly
utilized as a biomarker for assessing the presence and severity
of inflammation due to its propensity to become elevated in
response to inflammatory stimuli.''® Both indicators were
significantly elevated in non-small cell lung cancer Patients
who developed irAEs, and the fact that they are easily mea-
sured and inexpensive suggests that they may be a promising
biomarker.''! Similar results have been reported in studies of
cardiac adverse reactions. Moey et al. indicated that CRP and
NLR were significantly higher in patients who experienced
MACE compared to their baseline values. But this difference
was not only seen in ICI myocarditis, but also in noncardiac
irAE.*”''* Elevated NLR and CRP were also seen in immune-
associated pneumonia.''>''* Incidentally, NLR and CRP are
associated with the prognosis of ICI treatment, patients with
early CRP reduction and early NLR reduction have longer PFS
and 08.'"*

Cytokines are soluble proteins of about 5 to 20 kda in size
that can modulate the immune system. ICI myocarditis is an
immune injury mediated by T cell, and it is clear that cytokines
must be deeply involved in this process. Lim et al. demon-
strated that 11 cytokines (G-CSF, GM-CSF, Fractalkine, FGF-
2, IFNa2, IL12p70, IL1a, IL1B, IL1RA, IL2, and IL13) were
significantly upregulated in patients with melanoma who
developed significantly upregulated in melanoma patients
with severe irAE.''” Tsuruda et al. reported three clinical
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cases of ICI myocarditis in which IL-8 and G-CSF were the
main cytokine elevations observed, but only one of the three
patients had myocarditis confirmed by endomyocardial
biopsy, and the sample size was too small to make the veracity
of this finding questionable.''® TFN-y and TNF-a have been
confirmed to rise in several studies.”” Suppressor of tumori-
genicity 2 (ST2) is a member of the interleukin 1 (IL-1) recep-
tor/Toll-like superfamily involved in inflammatory processes
and the progression of immune diseases.ST2 has four iso-
forms: two of them are mainly the membrane-bound receptor
form (ST2L) and the soluble form (sST2).!'” Wang et al.
demonstrated that sST2 is a powerful biomarker for fulminant
myocarditis with high specificity and sensitivity, and it even
showed better diagnostic performance than ¢Tnl or NT-
proBNP, but it has only been investigated in patients with
fulminant myocarditis, and further studies are needed to deter-
mine whether it can be used for the diagnosis and prediction of
ICI myocarditis."'® In general, there are very few studies on
cytokines in studies related to ICI myocarditis, which may be
due to the very low prevalence of ICI myocarditis resulting in
few clinical samples, and subsequent large-scale multicenter
studies are required to identify biomarkers that can predict
and diagnose ICI myocarditis.

We previously detailed the mechanistic changes in numer-
ous T cell subsets, including Th17 cells, Th1 cells, Treg cells,
and Temra cells. It is obvious that these modifications are
likely to indicate the development of ICI myocarditis, but
whether they can be employed as a reliable biomarker
requires additional exploration. To begin with, Th17 cell
amplification is not limited to ICI myocarditis; it occurs in
the majority of chronic inflammatory disorders, particularly
chronic enteritis, and it is difficult to isolate Th17 cells. Treg
cells are unknown in patients with ICI myocarditis, maybe
because the type of ICI medication administered differs from
patient to patient. As previously mentioned, the PD-1/PD-L1
pathway and the CTLA-4 pathway may have opposing effects
on the regulation of Treg cells, and the proportion of Treg
cells are not reliable biomarkers at present. Temra cell is an
attractive subpopulation for the detection of ICI myocarditis,
which is potentially a high-quality biomarker for the detec-
tion of ICI myocarditis.

Emerging biomarkers

MicroRNAs (miRNAs) are short non-coding RNAs that are
stable in body tissues and various body fluids and regulate gene
expression by targeting mRNAs."'” These properties suggest
that miRNAs are well suited to be a new disease-specific
biomarker. miRNAs have been a hot topic in tumor research

Table 2. ICI myocarditis-related biomarkers.

in recent years, and there are many studies on immune check-
points and miRNAs. miR-200/ZEB axis is closely associated
with high PD-L1 expression."”*"*! miR-197-5p was negatively
associated with PD-L1 expression via CKS1B/STAT3 axis.'**
miR-33a-5p was associated with reduced PD-1, PD-L1, and
CTLA-4 expression, demonstrating miRNA have predictive
potential in ICI-related adverse effects.'*> Several miRNAs,
including miR-21a-5p, miR-147-3p, and miR-146b-5p, were
upregulated in mice with experimental autoimmune myocar-
ditis, and silencing miR-21a-5p attenuated myocarditis
symptoms.'** Lewandowski et al. showed that miR-Chr8:96,
miR-155, and miR-206 were promising biomarkers for myo-
carditis, and serum levels of the above three miRNAs were
positively correlated with the diagnosis of myocarditis and
inflammatory  dilated  cardiomyopathy  with  high
specificity.'”> hsa-miR-Chr8:96 possesses the ability to discri-
minate myocarditis from myocardial infarction compared with
other MiRNA, which can greatly improve the accuracy of
myocarditis diagnosis.”” The expression of miR-21-5p and
miR-1-3p was elevated in peripheral blood of patients with
acute viral myocarditis, and the elevation correlated with
myocardial injury.'*® The exosome miRNA-34a-5p has been
identified to play a role in ICI myocarditis, but more research
is needed to determine whether the above miRNA can be used
in the diagnosis and prediction of ICI myocarditis.*®

In patients with suspected myocarditis, endomyocardial
biopsy (EMB) is the gold standard; however, this invasive test
is not applicable to all patients, so cardiovascular magnetic
resonance (CMB) and cardiac ultrasound are usually used
more frequently to determine cardiac function, and CMB is
considered the gold standard for noninvasive tests.” Left ven-
tricular ejection fraction (LVEF) and overall longitudinal
strain (GLS) are routinely used measurements of cardiac func-
tion and cardiac injury, with LVEF < 55% indicating compro-
mised cardiac function.'””'*® However, only 51% of ICI
myocarditis actually has a significant decrease in LVEF,
which is different from acute myocarditis, so LVEF is not
used for the diagnosis of ICI myocarditis.>'*>'*° This may be
due to the rapid onset of myocarditis in ICI, where LVEF does
not appear significantly altered. GLS was much more sensitive
than LVEF in ICI myocarditis, with GLS decreasing with the
development of ICI-associated myocarditis and not changing
in controls without myocarditis, and lower GLS was a robust
predictor of MACE in cases of myocarditis. Higher admission
troponin and NT-proBNP levels were linked with decreased
GLS in patients, and the degree of GLS reduction was likewise
prognostic, with a 1.5-fold increase in MACE for every 1%
reduction in cases with reduced EF and a 4.4-fold increase in
those with maintained EF.”

Biomarker Category Example Marker Sensitivity Specificity Advantages Limitations

Traditional cTnl High (~94%) Moderate Early elevation, easy to measure Affected by ACS, nonspecific
hs-cTnT Very high Lower Extremely sensitive Influenced by myositis, less specific
CK/CK-MB Moderate Low Reflects myocardial necrosis Cannot distinguish tumor myopathy

Inflammatory NLR/CRP Moderate Low Widely available, low cost Lacks cardiac specificity

Immunological sST2 Moderate to high Moderate to high Correlates with myocarditis activity Limited studies, small sample sizes

Molecular miR-155, miR-Chr8:96 To be determined To be determined High tissue specificity potential No large-scale clinical validation




Future directions

The comparative insights gleaned from evaluation provide
a clear framework for selecting appropriate biomarkers at
different diagnostic stages (Table 2). Due to the inherent
limitations of individual biomarkers, it is often challenging to
simultaneously achieve both high sensitivity and specificity.
Therefore, future diagnostic workflows for ICI-related myo-
carditis should aim to establish a seamless integration of multi-
ple biomarkers across three key stages: screening, differential
diagnosis, and definitive confirmation.

In the screening phase, routine monitoring of traditional
cardiac injury markers such as ¢Tnl and NT-proBNP
enables the early identification of patients at risk, with hs-
cTnT providing additional sensitivity for early detection. In
the differential diagnosis phase, the incorporation of
inflammatory and immune-related biomarkers - including
NLR, CRP, and soluble ST2 (sST2) - may aid in distin-
guishing myocarditis from nonspecific systemic inflamma-
tion or other immune-related adverse events (irAEs). In the
confirmation phase, in cases where imaging findings such
as cardiac magnetic resonance (CMR) suggest myocarditis,
specificity can be further enhanced by molecular biomarker
panels, such as miR-155 and miR-Chr8:96, along with
T cell subset profiling. When necessary, endomyocardial
biopsy (EMB) remains the gold standard for histopatholo-
gical confirmation.

To advance the clinical implementation of this multi-
biomarker approach, large-scale, multicenter prospective
cohort studies are warranted. These datasets can be leveraged
to develop machine learning - based predictive models that
integrate demographic information, biomarker profiles, and
imaging parameters. Such models offer promise for real-time
risk monitoring and precise stratification of ICI-associated
myocarditis. This optimized framework has the potential to
significantly improve diagnostic accuracy while reducing the
need for invasive procedures. Nevertheless, continued valida-
tion and iterative refinement in large clinical settings remain
essential.

Discussion

ICIassociated myocarditis affects approximately 1.14% of
patients treated with ICI and typically presents early -
within a median of 27-34 days after therapy initiation (inter-
quartile range, 21-75 days).>"*" Despite its rarity, the condi-
tion carries a high case fatality rate of 50%.”” Pathologically,
myocarditis arises from disruption of PD1/PDLI1 and
CTLA4 checkpoints, leading to T cell - mediated cardio-
myocyte injury, cytokine-driven inflammation, macrophage
infiltration, direct cytotoxicity via perforin - granzyme and
Fas - FasL pathways, autoantibody formation, and subse-
quent fibrotic remodeling® (Figure 2). A variety of biomar-
kers have been investigated: cardiac troponins (cTnl,
hscTnT) and natriuretic peptides show high sensitivity for
early detection but lack specificity, inflammatory markers
(NLR, CRP) correlate with prognosis yet fail to distinguish
myocarditis from other irAEs, while emerging marker such
as miR155, miRChr8:96, and sST2 demonstrate promising
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tissue specificity but remain confined to small, single center
or case series studies without large-scale validation.’®'*>

Current guidelines underscore the need for systematic car-
diac monitoring in patients receiving ICI. The 2022 ESC
CardioOncology Guidelines recommend baseline and predose
(cycles 2-4) assessments of ECG and high sensitivity troponin,
with transthoracic echocardiography for high-risk individuals,
and multidisciplinary management involving cardiology and
oncology teams.'> Similarly, the ESMO Clinical Practice
Guidelines advise early recognition of cardiotoxicity, prompt
corticosteroid therapy for suspected or confirmed myocarditis,
and individualized decisions regarding ICI interruption or
rechallenge.'>* Integrating these recommendations with emer-
ging biomarker data may refine surveillance protocols and
enable earlier intervention.

There is an urgent need for prospective, multicenter cohort
studies to validate candidate biomarkers - particularly
miRNAs and sST2—and to define optimal monitoring inter-
vals. Machine learning models that integrate demographic,
clinical, imaging (e.g., global longitudinal strain), and molecu-
lar marker data could provide realtime risk stratification tools.
Mechanistic studies should further elucidate antigen cross-
reactivity (e.g., amyosin epitopes) and the role of preexisting
cardiovascular  comorbidities in  predisposition  to
myocarditis."*”> Randomized trials comparing steroid regimens
and adjunctive immunosuppressants (e.g., abatacept, tocilizu-
mab) are also necessary to balance myocarditis control against
anticancer efficacy.

The heterogeneity of available studies — ranging from case
reports and small single-center cohorts to pharmacovigilance
databases - limits the generalizability of findings. The majority
of biomarker investigations lack large-scale, prospective vali-
dation, and assay standardization remains a barrier to clinical
adoption. Rapid evolution of ICI regimens and combination
therapies further complicates the extrapolation of historical
data. ICIassociated myocarditis poses a critical challenge in
the era of cancer immunotherapy, demanding harmonized,
evidence-based diagnostic and management strategies. By
integrating guideline recommended monitoring with
a multibiomarker approach, there is potential to improve
early detection and patient outcomes. Continued collaboration
between cardiooncology researchers and clinical consortia will
be essential to translate these insights into practice and safe-
guard cardiovascular health without compromising the trans-
formative benefits of ICL

Conclusion

ICI-associated myocarditis is highly lethal, with a median onset
time of 34 days and a mortality rate of 50%, underscoring its
critical nature. The underlying pathogenesis involves multifac-
torial immune-mediated injury triggered by blockade of the
PD1/PDL1 and CTLA4 pathways, including T cell-mediated
cardiotoxicity, cytokine storm, macrophage infiltration, and
direct cytotoxic effects. To facilitate early detection, current
cardio-oncology guidelines recommend high-sensitivity cardiac
troponin and electrocardiogram monitoring before ICI initia-
tion and prior to cycles 2-4, along with echocardiographic
evaluation for high-risk patients. Although numerous
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traditional (e.g., cTnl, hscTnT, BNP) and emerging biomarkers
(e.g., miRNAs, sST2) have been proposed, most studies remain
small-scale and retrospective, lacking large prospective multi-
center validation. Their diagnostic sensitivity and specificity
vary significantly across cohorts, limiting clinical applicability.
While myocardial injury markers such as ¢cTnl and CK-MB are
frequently elevated in patients with ICI-associated myocarditis,
their limited specificity precludes differentiation from other
forms of myocardial injury, such as those due to infection or
ischemic heart disease. Similarly, inflammatory markers like
CRP and IL-6 are commonly elevated in a range of inflamma-
tory or immune conditions and therefore cannot serve as stan-
dalone diagnostic indicators for ICI-associated myocarditis.
Future research should focus on standardizing detection meth-
ods and conducting prospective validation studies. Integrating
machine learning models to combine demographic, clinical,
molecular, and imaging data may enable real-time risk stratifi-
cation and personalized management. The main limitation of
this review lies in the reliance on case reports and single-center
studies, with small sample sizes, methodological heterogeneity,
and inconsistent testing protocols. Furthermore, current data
do not fully reflect evolving treatment paradigms, which may
limit the generalizability of findings. In summary, by synthesiz-
ing current cardio-oncology guidelines and biomarker research,
this review provides a theoretical framework for the early diag-
nosis, risk assessment, and individualized treatment of ICI-
associated myocarditis, and outlines directions for future large-
scale validation and clinical implementation.
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