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Abstract

Immune checkpoint inhibitor-associated myocarditis (ICI-M) is rare (0.3%—1.0%) but carries a mortality rate of 27%—50%, with a clinical
course that can progress from initial symptoms to hemodynamic collapse within days. Although T-cell activation, cytokine release,
and myocardial injury have each been extensively studied in this context, these processes have largely been examined in isolation.
Thus, what remains unclear is how these processes interact to drive fulminant deterioration. In this review, we propose an integrative
mechanistic framework centered on a self-amplifying cytokine—injury—damage-associated molecular pattern (DAMP) loop, in which
checkpoint blockade triggers T-cell activation and cytokine release, leading to cardiomyocyte injury. The damaged myocardium then
releases DAMPs, which activate innate immune pathways (Toll-like receptor (TLR)-nuclear factor kappa B (NF-kB) and cyclic GMP-
AMP synthase (cGAS)-stimulator of interferon genes (STING)-NLR family pyrin domain containing 3 (NLRP3)), thereby inducing
further cytokine production. Once established, this cycle can become self-sustaining even after ICI discontinuation, potentially explaining
the acute onset, continued progression, and variable steroid responsiveness characteristic of ICI-M. The diagnosis of ICI-M currently
depends on a combination of troponin kinetics, an electrocardiographic (ECG) findings, and cardiac magnetic resonance (CMR) imaging;
however, in practice, these tools are more often used to confirm suspected cases than to detect early disease. Therapeutically, high-dose
glucocorticoids remain the first-line treatment, while abatacept combined with ruxolitinib has shown promise in steroid-refractory cases.
Mechanistically, this combination addresses two critical components of the amplification loop: abatacept interrupts T-cell stimulation at
the upstream immunological synapse, whereas ruxolitinib inhibits downstream cytokine signaling. This amplification loop framework
provides a rationale for considering early multi-target intervention rather than sequential escalation, since single-agent blockade may
be insufficient once the loop is fully operative. While early multi-target therapy is mechanistically appealing, this option is currently
supported primarily by observational studies and early-phase evidence rather than definitive prospective trials. This novel self-amplifying
loop framework may help guide the design of future trials to evaluate early combination immunosuppression in ICI-M.
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1. Introduction

Immune checkpoint inhibitors (ICIs), including pro-
grammed cell death protein 1/programmed death-ligand 1
(PD-1/PD-L1) and cytotoxic T-lymphocyte-associated pro-
tein 4 (CTLA-4) inhibitors, have become a cornerstone
of cancer immunotherapy. However, ICI-associated my-
ocarditis (ICI-M) has proven to be among the most lethal
immune-related adverse events associated with checkpoint
blockade therapy, characterized by an abrupt onset and a
clinical course that can progress rapidly from initial symp-
toms to hemodynamic collapse [1,2,3].

The incidence of ICI-M is estimated at 0.3%—1.0%
among patients undergoing ICI treatment, yet mortality
rates range from 27% to 50%, with 46% of patients ex-
periencing major adverse cardiovascular events (MACE),
including cardiac death, cardiogenic shock, and high-grade
atrioventricular block [2,3,4]. This profile of low incidence
coupled with high lethality makes ICI-M one of the most
concerning immune-related adverse events [4,5,6,7,8,9].

Pathologically, ICI-M is characterized by myocar-
dial CD4"/CD8" T-cell infiltration and cardiomyocyte dam-
age, with an immunophenotype distinct from that of clas-
sical viral myocarditis [4]. We propose that this pheno-
type is related to checkpoint blockade-mediated disrup-
tion of cardiac immune tolerance in affected patients, trig-
gering cytokine-mediated cardiomyocyte injury. Damage-
associated molecular patterns (DAMPs) released from the
injured myocardium then activate innate immune pathways,
creating a self-amplifying loop defined by cyclical cytokine
release, myocardial injury, damage-associated molecular
pattern (DAMP) release, and innate immune activation.
This positive feedback cycle may explain why patients with
ICI-M can deteriorate so rapidly once the disease is estab-
lished.

In this review, we use this amplification loop frame-
work as a tool to re-examine the epidemiology, pathogen-
esis, diagnosis, and treatment of ICI-M, and to explore
whether early, mechanism-directed intervention may im-
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prove outcomes for affected patients. This is a narrative
review. We searched PubMed and Embase using terms
including “immune checkpoint inhibitor”, “myocarditis”,
“DAMP”, “innate immunity”, and ‘“cardio-oncology” for
articles published through April 2025. Reference lists of
key articles were manually reviewed. No formal system-

atic search protocol or quality appraisal was performed.

2. Incidence

ICI-M exhibits a low incidence (0.3%—1.0%) but has
a high mortality (27%-50%). It is currently the most se-
rious immune-related cardiovascular complication associ-
ated with checkpoint blockade [2,3,6]. The risk for devel-
oping ICI-M is influenced by both the treatment regimen
and tumor type: PD-1/PD-L1 monotherapy typically yields
an incidence of <0.6%, whereas the combination blockade
of PD-1 and CTLA-4 increases the incidence to 1%—2%, a
3—4-fold increase compared to monotherapy [2,3]. Signif-
icant variation also exists across tumor types, with thymic
epithelial tumors demonstrating the highest incidence (up
to 7.1%), significantly higher than the rates reported for
melanoma, non-small cell lung cancer, and renal cell carci-
noma (generally <1.5%) [6,10]. A nationwide Chinese co-
hort study (n = 55,219) revealed significantly elevated my-
ocarditis risk in ICI users (HR =7.41, 95% CI 3.29-16.67),
with a cumulative incidence of 4.8 per 1000 person-years
[11]. Recent large international real-world cohort analyses
have further quantified this risk. For instance, a French na-
tional database study including 172,363 ICI-treated patients
reported myopathy/myocarditis incidence at approximately
0.7%-0.9%, with isolated ICI-M incidence in 0.3%—0.6%
of cases, and simultaneous myocarditis and myositis occur-
ring in approximately 13%-23% of patients [10]. Another
global real-world analysis encompassing 88,928 patients
showed an ICI-M incidence of 0.48%, with the presence of
concurrent pericardial disease (pericarditis, pericardial ef-
fusion) significantly reducing overall survival [12]. These
findings consistently reinforce the low incidence but high
mortality rates that are characteristic of ICI-M.

ICI-M risk differs significantly across checkpoint in-
hibitor targets. Pembrolizumab, a representative PD-1 in-
hibitor, currently possesses the most comprehensive clini-
cal dataset. Multiple studies have revealed that, although
pembrolizumab monotherapy is associated with a low in-
cidence of myocarditis, cases have nonetheless occurred
in both real-world settings and clinical trials. When PD-
1 blockade is combined with CTLA-4 inhibitors (e.g., ip-
ilimumab), the risk of myocarditis increases significantly
and is predominantly associated with severe clinical pre-
sentations [2,13,14]. A Chinese multicenter research study
identified camrelizumab, a domestic PD-1 inhibitor, as the
most common causative agent in Chinese populations, with
an overall mortality 0of 37.93%, and adverse outcomes being
associated with P-wave abnormalities [15]. A considerable
proportion of pembrolizumab-associated myocarditis cases

present with concurrent myositis or myasthenia gravis,
constituting what has been termed myocarditis-myositis-
myasthenia gravis (MMM) overlap syndrome, which is
linked to a higher risk of mortality [16,17]. In con-
trast, current real-world data suggest a lower reported in-
cidence of myocarditis with PD-L1 inhibitors compared
with PD-1 inhibitors, possibly reflecting partial preserva-
tion of the PD-1-PD-L2 pathway following PD-L1 block-
ade [14,18]. However, these findings are derived from
pharmacovigilance databases with inherent confounding,
and head-to-head prospective comparisons remain lacking.
Whether this differential cardiac risk is offset by compara-
ble antitumor efficacy across indications remains unclear.
Prospective studies are warranted to determine whether pa-
tients with elevated baseline cardiac risk should preferen-
tially receive PD-L1 inhibitors when oncologically appro-
priate. Retrospective real-world studies in Chinese popu-
lations have identified risk factors and prognostic features
of immune-related adverse events (irAEs) [19]. Multi-
modal biomarker-based risk stratification based on factors
including N-terminal pro-B-type natriuretic peptide (NT-
proBNP), cardiac troponin T (¢TnT), high-sensitivity C-
reactive protein (hsCRP), and coronary artery calcium score
may facilitate the early identification of high-risk patients
[20].

High-risk populations that have demonstrated a higher
incidence of irAEs include patients of advanced age,
patients with a history of prior cardiovascular disease,
patients receiving combination immunotherapy, and pa-
tients exhibiting other concurrent irAEs (e.g., myosi-
tis, myasthenia gravis) [6,21,22]. Recent evidence has
further demonstrated that baseline cardiovascular condi-
tions, including prior heart failure, coronary artery dis-
ease, or arrhythmias, multiple concurrent irAEs, use
of combined PD-1 and CTLA-4 regimens, and persis-
tently elevated NT-proBNP/high-sensitivity cardiac tro-
ponin (hs-cTn) at baseline or early follow-up are all as-
sociated with a significantly increased risk of ICI-M and
MACE. These patients thus warrant increased clinical con-
sideration and surveillance when selecting and admin-
istering immunotherapy agents [6,21,22] (Table 1, Ref.
[2,3,6,10,11,14,16,17,18,20,21,22,23,24,25]).

3. Clinical Presentation and Diagnosis of
ICI-M

Early recognition and diagnosis of ICI-M are criti-
cal for improving the prognosis of affected patients. Due
to its nonspecific early symptoms and overlapping clini-
cal features with myocardial ischemia, viral myocarditis,
and stress cardiomyopathy, however, early diagnosis of
this condition continues to pose considerable challenges
[18,26]. This section systematically reviews current un-
derstanding of ICI-M diagnostic considerations based on
clinical phenotypes, severity stratification, biomarkers, di-
agnostic investigations, and endomyocardial biopsy.
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Table 1. Risk factors for ICI-M.

Category Risk factor Evidence/Notes References
Combination ICI therapy (PD-1 3—4 fold increased risk vs [2,3]
Treatment-related L
+ CTLA-4) monotherapy; incidence 1%-2%
PD-1 inhibitors vs PD-L1 PD-1 inhibitors associated with slightly [14,18]
inhibitors higher risk
Thymic epithelial tumors Highest incidence (up to 7.1%) [6]
Melanoma Incidence ~1.1% [6]
Tumor type .
Non-small cell lung cancer Incidence ~0.5% [6]
Renal cell carcinoma Incidence ~0.4% [6]
Prior heart failure Significantly associated with ICI-M [6,21,22]
Baseline cardiovascular conditions risk and MACE
Coronary artery disease [6,21,22]
Pre-existing arrhythmias [6,21,22]
Myositis MMM overlap syndrome; associated [16,17]
Concurrent irAEs with higher mortality
Myasthenia gravis [16,17]
Multiple concurrent irAEs [6,24]
. Elevated baseline NT-proBNP Predictive of ICI-M risk and adverse [20,21]
Biomarkers
outcomes
Elevated baseline or early [21,25]
hs-cTn
Demographics Advanced age [10,11,23]
Abbreviations: ICI-M, immune checkpoint inhibitor-associated myocarditis; MACE, major adverse cardiovascular events; MMM,

myocarditis-myositis-myasthenia gravis; irAEs, immune-related adverse events; hs-cTn, high-sensitivity cardiac troponin; PD-1, programmed

cell death protein 1; PD-L1, programmed death-ligand 1; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; NT-proBNP, N-terminal

pro-B-type natriuretic peptide.

3.1 Clinical Spectrum

The clinical presentation of ICI-M exhibits marked
heterogeneity [2,18,23,24], ranging from asymptomatic tro-
ponin elevation to complex phenotypes with multisystem
involvement. Common symptoms include chest pain, dys-
pnea, chest tightness, fatigue, and palpitations, all of which
lack specificity [13,18]. Approximately 30%—50% of pa-
tients present with concurrent skeletal myositis or myas-
thenia gravis characteristic of MMM overlap syndrome
[16,17]. This is indicative of systemic immune activation
and is associated with significantly increased mortality.

3.2 Severity Stratification

The clinical severity of ICI-M demonstrates stratified
characteristics, with mild-to-moderate cases typically pre-
senting only with troponin elevation [2,18]. Severe cases,
in contrast, frequently manifest with high-grade atrioven-
tricular block, sustained ventricular arrhythmias, cardio-
genic shock, or a marked reduction in left ventricular ejec-
tion fraction (LVEF) [2,3,26,27]. Importantly, preserved
LVEF does not exclude early myocarditis. Real-world data
show that 51%—-60% of fulminant cases still have a nor-
mal LVEF on admission [2,27,28], making ejection frac-
tion alone unreliable for early detection. Global longitudi-
nal strain (GLS) is more sensitive than LVEF as a means
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of identifying subclinical myocardial involvement [28,29].
Even asymptomatic patients with persistent troponin ele-
vation carry a worse prognosis, emphasizing the potential
value of routine biomarker monitoring during early treat-
ment [25,30].

3.3 Biomarkers

Biomarkers play a central role in the early recogni-
tion, diagnosis, and risk stratification of ICI-M. Elevated
cTn represents the first and most common abnormality ob-
served in affected patients [2,3 1], making it the most impor-
tant and sensitive indicator of this condition. The vast ma-
jority of ICI-M patients exhibit persistent cTn elevation in
the early treatment period, often preceding symptoms, elec-
trocardiographic (ECG) changes, or echocardiographic/car-
diac magnetic resonance (CMR) abnormalities. Dynamic
analyses of c¢Tn kinetics outperform individual measure-
ments as predictors of patient outcomes, with persistent ele-
vation indicating a higher risk for events [21]. Current clini-
cal practice predominantly employs high-sensitivity cardiac
troponin I (hs-cTnl) or high-sensitivity cardiac troponin T
(hs-cTnT) for monitoring myocardial injury, and both have
demonstrated high sensitivity in ICI-M. Notably, cTnT lev-
els may be elevated in immune-related myositis or myopa-
thy due to skeletal muscle involvement, whereas cardiac
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Table 2. Biomarker differentiation between isolated ICI-M and MMM overlap syndrome.

Biomarker/Feature Isolated ICI-M MMM overlap syndrome Clinical interpretation
(Myocarditis-Myositis-Myasthenia)
hs-cTnl Elevated, persistent Elevated, persistent Preferred cardiac-specific
biomarker
hs-cTnT Elevated Disproportionately elevated May reflect skeletal muscle
injury in MMM
CK/CK-MB Normal or mildly Markedly elevated Indicates concomitant myositis
elevated
Myoglobin Usually normal Elevated Supports active skeletal muscle
injury
NT-proBNP/BNP Variable elevation Variable elevation Reflects myocardial stress, low
specificity
CRP/hsCRP Mild-moderate Moderate—marked elevation Reflects systemic
elevation inflammation
Inflammatory Elevated Higher and sustained elevation Suggests cytokine
cytokines (IL-6) amplification
AChR/MuSK Negative Frequently positive Supports myasthenia gravis
antibodies
ECG findings Arrhythmia, Often more severe ECG is not discriminatory

conduction block
Respiratory muscle Preserved
function
Troponin response to Gradual decline

steroids

Reduced vital capacity/MIP

Fluctuating or refractory

alone

Predicts respiratory failure

Suggests amplification loop
persistence

ECG, electrocardiographic; CK, creatine kinase; CK-MB, creatine kinase-MB isoenzyme; MIP, macrophage inflammatory protein; CRP, C-

reactive protein; hs-cTnl, high-sensitivity cardiac troponin I; hs-cTnT, high-sensitivity cardiac troponin T; IL-6, interleukin-6.

troponin I (cTnl) exhibits greater cardiac specificity. This
distinction is clinically important in patients with suspected
MMM overlap. cTnl should be the preferred biomarker for
accurate assessment of myocardial injury [32]. BNP/NT-
proBNP reflects ventricular load but lacks specificity, and
is thus best considered as an adjunctive marker [21,31] (Ta-
ble 2). Furthermore, a recent multicenter observational
study demonstrated that elevated baseline fibrinogen and
troponin levels were associated with an increased risk of
cardiovascular events in patients receiving anticancer ther-
apy, further supporting the potential value of longitudinal
biomarker monitoring in cardio-oncology, although these
findings were not specific to ICI-M [33].

3.4 Diagnostic Examinations

ECG abnormalities are common in ICI-M cases [34],
including ST-T changes, arrhythmias, and new-onset high-
grade conduction block, providing predictive value for se-
vere disease [35]. Echocardiography serves as an initial
screening tool but has limited sensitivity [36,37]. GLS is
superior to LVEF as a means of identifying early lesions
[28,38]. Cardiac magnetic resonance (CMR) provides in-
formation on myocardial edema and necrosis, and is the
primary imaging modality employed for patient evaluation;
however, some early cases may yield false-negative re-
sults [18,39]. 18F-fluorodeoxyglucose positron emission

tomography/computed tomography (FDG-PET/CT) offers
complementary value when assessing early inflammation
and skeletal muscle involvement [40]. A recent systematic
review and meta-analysis further demonstrated that native
T1 and T2 values were significantly elevated following ICI
treatment, with increased T2 values associated with a higher
risk of major adverse cardiovascular events (HR = 1.36,
95% CI: 1.12—1.64). These findings highlight the potential
diagnostic and prognostic value of quantitative CMR pa-
rameters in ICI-associated cardiotoxicity, although further
validation is warranted [41].

3.5 Endomyocardial Biopsy

Endomyocardial biopsy (EMB) remains the gold stan-
dard for histological diagnosis of ICI-M, typically show-
ing CD8" T-cell infiltration and myocardial injury [13,18].
However, its invasive nature and sampling variability limit
routine use, and current guidelines reserve EMB for diag-
nostically uncertain or severe cases [42].

3.6 Diagnostic Summary

Diagnosis of ICI-M relies on multimodal integra-
tion, with c¢Tn kinetic monitoring, ECG, GLS, and CMR
constituting the primary assessment modalities [21,39].
EMB is reserved for specific circumstances. It is impor-
tant that clinicians observe the principles of low-threshold
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Fig. 1. Diagnostic and therapeutic algorithm for ICI-M.

suspicion, multimodal verification, and serial assessment
when evaluating potential ICI-M cases, emphasizing early
recognition rather than reliance on typical presentations
[18,21,42,43]. Standardized diagnostic criteria and grading
systems are lacking, which has limited multicenter research
and data comparability [24,42]. The rapid clinical deterio-
ration observed in some patients—potentially reflecting the
amplification loop described below—underscores the im-
portance of early detection before fulminant progression de-
velops (Fig. 1).

4. Pathogenesis

The pathogenesis of ICI-M involves multiple inter-
connected processes. Integrating current evidence, we sug-
gest that these mechanisms form a self-amplifying loop in
which checkpoint blockade triggers T-cell activation and
cytokine release. Cytokines cause cardiomyocyte injury,
and the injured myocardium then releases DAMPs that ac-
tivate innate immune pathways through TLR and NLR fam-
ily pyrin domain containing 3 (NLRP3) signaling [44]. This
process is defined by positive feedback, as DAMPs acti-
vate innate immunity, producing cytokines that cause fur-
ther injury. Once established, this cycle can self-perpetuate
even after ICIs have been discontinued. This explains why
ICI withdrawal alone is typically insufficient and why early
high-dose corticosteroid pulse therapy is required to sup-
press the ongoing inflammatory cascade [45] (Fig. 2).
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4.1 Immune Checkpoint Blockade and Loss of Cardiac
Immune Tolerance

The PD-1/PD-L1 pathway plays an inhibitory role in
maintaining peripheral immune tolerance and limiting my-
ocardial involvement [46,47]. PD-L1 expression on car-
diomyocyte surfaces suppresses cytotoxic T-cell activity;
upon pathway blockade, ZAP-70 phosphorylation intensi-
fies and upregulates effector pathways, including nuclear
factor of activated T cells (NFAT), nuclear factor kappa B
(NF-kB), and phosphoinositide 3-kinase—protein kinase B—
mechanistic target of rapamycin (PI3K-Akt-mTOR) signal-
ing, maintaining CD8" T-cells in a persistently hyperacti-
vated state within the myocardium [1]. ICI-M patient EMB
samples and autopsies reveal dense myocardial immune in-
filtration predominantly comprising CD8" T-cells, accom-
panied by granzyme and perforin release [48]. Single-
cell sequencing and TCR clonality analyses have revealed
clonal overlap between myocardial and tumor-infiltrating
lymphocytes, providing an antigenic basis for the autoim-
mune myocardial attack [13,48].

Axelrod et al. [49] identified a-myosin heavy chain
as a key autoantigen associated with ICI-M, demonstrating
that a-myosin-specific CD8" T-cells constitute the princi-
pal effectors mediating myocardial injury. Won et al. [50]
confirmed in A/J model mice that myosin-specific T-cells
can mediate ICI-M development and progression. PD-1-
deficient mice spontaneously develop autoimmune dilated
cardiomyopathy, genetically validating the central role of
PD-1 signaling in cardiac immune tolerance [46].
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PD-1/PD-L1 signaling also maintains regulatory T-
cell (Treg) differentiation and functional stability. Fol-
lowing blockade, FOXP3™ Treg cell numbers decrease,
while interleukin (IL)-10 and transforming growth factor-
beta (TGF-B) production is reduced, resulting in an ele-
vated CD8/Treg ratio and weakened immunosuppression
[51]. Clinical and experimental studies have established
that CD8/Treg imbalance is correlated with disease sever-
ity and prognosis [48].

In combination therapy, CTLA-4 blockade enhances
costimulatory signals during initial activation and reduces
peripheral Treg maintenance, while PD-1 blockade relieves
terminal inhibition during the effector phase. This dual
blockade renders T-cells uninhibited at both the activation
and effector stages, establishing an immunological foun-
dation for the subsequent initiation of an inflammatory
feedback loop [1,49,52]. Notably, CD69*PD-1" tissue-
resident memory T-cells (TRMs) accumulate in pericar-
dial adipose tissue following myocardial injury, when ICIs
block PD-1 signaling. These pre-existing TRMs can be
rapidly activated—potentially explaining the occurrence of
myocarditis after the first ICI administration [53].

While a-Myosin has been identified as a key autoanti-
gen in ICI-M, it remains uncertain as to why only a small
fraction of ICI-treated patients develop myocarditis. One
plausible explanation is a ‘second-hit’ model. In these pa-
tients, the myocardium may have already sustained a sub-
clinical injury from prior viral myocarditis, anthracycline

chemotherapy, or an inherited susceptibility, leading to the
subclinical accumulation of autoreactive T-cells or low-
grade inflammation. Under normal conditions, the PD-1
pathway maintains immune homeostasis. Once ICIs release
that brake, however, the latent immune response flares into
overt disease. While clinically intriguing, no biomarkers
currently exist to identify these high-risk patients before
the start of ICI treatment [49,50]. Anthracycline exposure,
subclinical viral myocarditis, and pre-existing autoimmune
conditions are the most likely underlying etiologies for ICI-
M in these patients. At the genetic level, in addition to
human leukocyte antigen (HLA) alleles, polymorphisms in
cardiac autoantigen genes (e.g., MYHG6), cytokine signaling
components, and innate immune regulators are all plausible
risk factors, but none have been validated in ICI-M cohorts
to date.

4.2 Cytokine-Mediated Myocardial Injury

Following the disruption of immune tolerance and
excessive CD8" T-cell activation, pro-inflammatory cy-
tokines function as key mediators of myocardial injury
[54]. Interferon-y (IFN-y) upregulates myosin heavy chain
(MHC) and adhesion molecule expression via the JAK-
STAT1 pathway, thereby increasing cardiomyocyte sus-
ceptibility to T-cell-mediated cytotoxicity and promoting
the expression of pro-apoptotic genes [55,56,57]. Tumor
necrosis factor-a (TNF-a) activates the NF-kB and p38
MAPK signaling pathways, leading to death receptor acti-
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vation, mitochondrial dysfunction, and amplification of in-
flammatory cascades. IL-1B promotes inflammatory cell
infiltration and matrix degradation, while IL-6 enhances
metabolic stress and myocardial remodeling through JAK-
STAT3 [55,56]. Transcriptomic studies reveal that [FN-y-
driven pathways constitute a core immune phenotype of
ICI-M [57]. IL-17A has also been implicated in cardiac
dysfunction following anti-PD-1 therapy, suggesting Th17-
related pathways as potential therapeutic targets [58].

These cytokines collectively target mitochondria, sar-
coplasmic reticulum, and redox systems. In this inflamma-
tory context, mitochondrial membrane potential declines,
ATP generation decreases, and oxidative phosphorylation
becomes impaired, while sarcoplasmic/endoplasmic retic-
ulum Ca?*-ATPase (SERCA) and calcium channel dysreg-
ulation lead to calcium overload, and the dysregulation of
the caspase cascade and Bcl-2 family proteins induces pro-
grammed cell death [55,56,57]. Clinically, this manifests
as a precipitous rise in troponin levels, left ventricular dys-
function, and early conduction abnormalities [18].

Importantly, cytokine-mediated injury is not the end-
point but the trigger for the next phase of ICI-M pathogene-
sis, as DAMPs released from damaged cardiomyocytes ac-
tivate innate immune pathways, perpetuating inflammation
[18,55,56,57].

The prognostic value of specific cytokine profiles in
ICI-M remains to be prospectively validated. Whether
early cytokine-directed therapy (e.g., IL-6, IL-1B, or IL-
17A blockade) can prevent progression to fulminant disease
warrants further investigation [58].

4.3 DAMP Release and Innate Immune Amplification

Myocardial injury represents both an inflammatory
endpoint and a novel inflammatory driver in ICI-M. The
DAMP-mediated innate immune amplification pathways
described below have been extensively characterized in
ischemic, microembolic, and other forms of cardiac in-
jury. Their role in ICI-M is supported by emerging pre-
clinical evidence but remains to be directly validated in
patient cohorts. Specifically, T-cell clonal sharing (Sec-
tion 4.1), a-myosin autoantigen identification (Section 4.1),
macrophage expansion (Section 4.4), and cytokine pro-
files (Section 4.2) are supported by direct human ICI-M
data, whereas the DAMP-TLR-NLRP3 amplification path-
ways (Sections 4.3.1-4.3.2) are primarily inferred from
preclinical models and related cardiac inflammatory con-
ditions. Necrotic and severely stressed cardiomyocytes
release DAMPs, including high mobility group box 1
(HMGBI), ATP, and heat shock proteins, which activate
innate immunity through TLR4, RAGE, and the NLRP3 in-
flammasome, thereby inducing repeated IL-1p, IL-18, and
TNF-arelease [55,59,60]. This process marks the transition
from “passive injury” to “active inflammatory amplifica-
tion” as inflammatory activity shifts from exogenous drive
to endogenous self-amplification. Quagliariello et al. [61]
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demonstrated significant systemic upregulation of DAMPs
(fibronectin-end-diastolic area (EDA), S100/calgranulin)
and NLRP3-myeloid differentiation primary response 88
(MyD88)-chemokine pathways following ICI treatment in
preclinical models, providing foundational evidence that
DAMP-mediated innate immune activation operates in the
context of checkpoint blockade.

4.3.1 The TLR-MyD88-NF-kB/MAPK Axis

Upon binding to TLR4 and TLR9, DAMPs trig-
ger MyD88-dependent IRAK-TRAF6 signaling, sustain-
ing NF-xB and MAPK (extracellular signal-regulated ki-
nase (ERK)/p38/c-Jun N-terminal kinase (JNK)) activation
and inducing substantial production of IL-1f, IL-6, TNF-a,
and chemokines [61,62]. NF-kB-upregulated cytokines en-
hance JAK-STAT responsiveness, forming a bidirectional
amplification loop [56]. The inflammatory burst driven by
this axis correlates with the rapid concurrent elevation of in-
flammatory and myocardial injury markers observed clini-
cally [2]. Persistent activation represents a critical molec-
ular basis for early cardiomyocyte necrosis and precipitous
troponin elevations [62,63].

4.3.2 The cyclic GMP-AMP synthase
(cGAS)-STING-NLRP3 Axis

Mitochondrial injury leads to mitochondrial DNA
(mtDNA) leakage, triggering cGAS-STING activation and
inducing type I interferon and pro-inflammatory cytokine
expression [64,65]. ¢cGAS-STING activation additionally
promotes NLRP3 inflammasome assembly, pro-IL-1/pro-
IL-18 maturation, and the initiation of pyroptosis [66].
Transcriptomic studies have revealed significant NLRP3
upregulation in ICI-M patients, while NLRP3 inhibitors
have been found to improve cardiac function and reduce
inflammatory infiltration in animal models [61]. Recipro-
cal reinforcement exists between NLRP3 and NF-kB sig-
naling such that NF-xB promotes NLRP3 expression, while
NLRP3-mediated IL-1p production further activates T-cells
and NF-«B signaling, forming a positive feedback loop be-
tween innate and adaptive immunity [67].

Oxidative stress and pyroptosis enhance mtDNA leak-
age and NLRP3 inflammasome activation [44]. Together,
the TLR and cGAS—STING-NLRP3 pathways constitute
dual amplification loops comprised of myocardial injury
that triggers PRR sensing, leading to signal amplification
and re-injury, closing the loop and enabling inflammation
to escalate independently of the original trigger [55,59,63].

Direct measurement of cardiac DAMP levels in clin-
ical ICI-M cohorts remains limited, although preclinical
data have demonstrated systemic DAMP elevation follow-
ing ICI treatment. The relative contribution of each innate
immune pathway (TLR vs. cGAS-STING vs. NLRP3)
to disease progression, and whether pathway-specific in-
hibitors offer therapeutic benefit, requires further investi-
gation [61].
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4.4 Microenvironment Remodeling and
Electrophysiological Instability

In addition to sustaining inflammatory activity, this
deleterious amplification loop also reshapes the local
immune landscape in ways that directly disrupt car-
diac conduction. Under homeostatic conditions, resi-
dent macrophages help maintain Connexin-43 expression
and support electrical coupling between cardiomyocytes
[68,69]. As the loop progresses, IFN-y, TNF-a, and
chemokines recruit large numbers of CCR2" monocyte-
macrophages into the myocardium, which displace the res-
ident population and shift the microenvironment toward an
M1-predominant, pro-inflammatory state [68,70].

Through single-cell transcriptomic analysis, Ma et al.
[71] identified a marked expansion of Cxcl9", Cxcl10*, and
CCR2" macrophages in ICI-M, which was driven by IFN-y
signaling. Importantly, they found that IFN-y-neutralizing
antibodies effectively attenuated myocardial inflammation
in mouse models, suggesting the IFN-y—macrophage axis
as a potential therapeutic target [71].

Pro-inflammatory macrophages secrete TNF-a, IL-
1B, nitric oxide, reactive oxygen species, and matrix metal-
loproteinases, causing extracellular matrix degradation and
interstitial structural disruption. This contributes to the for-
mation of heterogeneous fibrotic substrates that increase
reentry propensity [68,69]. Sustained inflammation and
structural remodeling reduce conduction velocity and dis-
rupt electrical coupling, resulting in conduction abnormal-
ities and ventricular arrhythmias [34].

Clinically, conduction disturbances are a hallmark of
ICI-M: 68.7% of patients develop conduction abnormalities
during hospitalization, with complete atrioventricular block
occurring in 17% of cases and being closely associated with
adverse outcomes [34]. This amplification loop thus trans-
forms the initial state of inflammatory injury into one of
structural—electrophysiological vulnerability [68,70].

How specific inflammatory mediators actually dam-
age the conduction system is still poorly understood.
Whether early anti-inflammatory treatment can prevent ir-
reversible conduction injury is still an open question that
will require prospective investigation.

4.5 Limitations and Future Directions

The amplification loop framework we propose offers a
plausible explanation for several puzzling clinical features
of ICI-M, including why patients deteriorate so rapidly,
why the disease can progress even after ICI discontinua-
tion, and why steroid responsiveness varies widely. How-
ever, several limitations to this model should be noted.

First, while each component of the loop has support-
ing evidence, direct confirmation that the complete cy-
cle operates in ICI-M patients is lacking. Specifically,
the serial measurement of circulating HMGBI, cell-free
mtDNA, and NLRP3 inflammasome products (such as IL-
18 or apoptosis-associated speck-like protein containing

a caspase recruitment domain (ASC) specks) to examine
their correlations with troponin kinetics and clinical tra-
jectory would provide direct evidence for this feedback
loop in vivo. Prospective cohort studies incorporating such
biomarker panels at baseline, during acute disease, and fol-
lowing immunosuppression are needed to establish whether
loop activity predicts disease severity and treatment re-
sponse. Most evidence for the DAMP-innate immunity
axis stems from preclinical models or related cardiac in-
flammatory conditions rather than specific ICI-M cohorts
[61]. Second, the threshold and kinetics of loop initiation
remain unknown, and why some patients develop fulminant
disease while others remain subclinical is unclear [49,50].
Third, biomarkers reflecting loop activation (e.g., circulat-
ing DAMPs, inflammasome products) have not been vali-
dated for clinical risk stratification or treatment monitoring.

Future studies should address: (1) prospective mea-
surement of DAMP and innate immune markers in ICI-M
cohorts and their correlation with clinical severity and treat-
ment response; (2) identification of predictive biomarkers
for loop initiation in at-risk patients before ICI treatment—
preliminary evidence suggests that specific HLA alleles
(e.g., HLA-DQB1*03:03, HLA-B*52:01) may be associ-
ated with ICI-M susceptibility, though these findings re-
quire validation in larger, multi-ethnic cohorts [72]; (3)
evaluation of NLRP3 or STING inhibitors as adjunctive
therapies in steroid-refractory cases [44,61]; and (4) deter-
mination of optimal timing for multi-target intervention—
whether early combination therapy can prevent loop estab-
lishment warrants investigation through randomized con-
trolled trials.

5. Treatment

The amplification loop framework described above
has direct therapeutic implications. If inflammation is
driven by a self-reinforcing cycle of cytokine release, my-
ocardial injury, and DAMP-mediated innate immune acti-
vation, then treatment strategies should aim to interrupt this
cycle at multiple levels. Early intervention before the loop
has been fully established may be more effective than de-
layed escalation after steroid failure. For patients with es-
tablished or severe disease, multi-target combination ther-
apy addressing both adaptive immunity (T-cell activation)
and innate immunity (cytokine signaling, inflammasome
activation) may be required [73,74,75].

5.1 General Principles

Once ICI-M is confirmed or highly suspected, ICIs
should be immediately discontinued, and the patient should
be admitted to an intensive care unit equipped with the
equipment needed for continuous cardiac monitoring and
hemodynamic support. For hemodynamically unstable pa-
tients, cardiogenic shock protocols should be implemented,
with mechanical circulatory support initiated when neces-
sary. Conduction system involvement represents a promi-
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nent feature of ICI-M. An international multicenter study
of 147 ICI-M cases reported that 68.7% of patients devel-
oped conduction abnormalities during hospitalization, with
complete atrioventricular block occurring in 17% of cases
and being closely associated with adverse outcomes [34].
Therefore, routine monitoring of ECG and troponin kinet-
ics is essential, with early assessment for the need for tem-
porary pacing. Management of ICI-M requires close col-
laboration among cardiology, oncology, and critical care
medicine [76].

5.2 Glucocorticoids

Glucocorticoids constitute the cornerstone of first-line
therapy for ICI-M. Zhang et al. [77], in a study based on in-
ternational multicenter registry data, demonstrated that both
timing and dosages of corticosteroids significantly correlate
with the incidence of MACE. Patients receiving corticos-
teroids within 24 hours exhibited a MACE incidence of only
7.0%, compared to 34.3% and 85.1% for those initiated at
24-72 hours and beyond 72 hours, respectively (p <0.001).
The high-dose group (methylprednisolone 501-1000 mg/d)
showed a MACE incidence of 22.0%, which was signif-
icantly lower than that for the intermediate-dose (54.6%)
and low-dose groups (61.9%) (p < 0.001) [77]. Based
on this evidence, for moderate-to-severe cases, intravenous
methylprednisolone pulse therapy at 500—-1000 mg/d for 3
days is recommended, followed by transition to oral admin-
istration at 1 mg/kg-d with gradual tapering. In mild cases,
initiation at 1-2 mg/kg-d can be considered [78,79]. How-
ever, despite early aggressive corticosteroid use, approxi-
mately 30%—50% of patients develop steroid-refractory dis-
ease or relapse, underscoring the need for more targeted
therapeutic strategies.

Corticosteroid tapering presents a clinical challenge,
as premature reduction risks disease flare-up, while pro-
longed exposure increases the risk of infection and
metabolic complications. Current practice guidelines rec-
ommend initiating the tapering process only after troponin
normalization and clinical stabilization, typically over 4-6
weeks [79,80]. Serial troponin monitoring during tapering
can identify early relapse; any troponin re-elevation should
prompt an increased dose or escalation to targeted therapy
[80]. Optimal tapering protocols, including the potential
role of steroid-sparing agents, remain to be defined through
prospective studies.

5.3 Conventional Second-Line Immunosuppressive
Therapy

When troponin levels continue to rise or hemody-
namic deterioration occurs within 24-48 hours, escala-
tion to second-line therapy should be considered. Con-
ventional regimens include mycophenolate mofetil (MMF),
anti-thymocyte globulin (ATG), intravenous immunoglob-
ulin (IVIG), and plasma exchange. A systematic review
encompassing 244 clinical cases reported utilization rates
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of 22.6% for IVIG, 11.5% for MMF, 6.8% for infliximab,
3.4% for ATG, and 9% for plasma exchange [31]. However,
these therapies lack prospective clinical trial data, with effi-
cacy evidence derived solely from small case series or indi-
vidual case reports [80,81]. This evidence gap underscores
the urgent need to explore mechanism-directed therapeutic
strategies.

5.4 Targeted Combination Therapy

A 2023 study published in Cancer Discovery repre-
sents a significant advance in the treatment of ICI-M. Salem
et al. [73] reported outcomes from a single-center study
of 40 confirmed ICI-M patients, where the initial 10 cases
received guideline-recommended standard therapy (high-
dose corticosteroids with sequential second-line immuno-
suppression in patients refractory to steroids), while the
subsequent 30 cases received a modified regimen (high-
dose abatacept combined with ruxolitinib, coupled with res-
piratory muscle function monitoring and proactive venti-
latory support). The results demonstrated a myocarditis-
related mortality of 60% (6/10) in the standard therapy
group versus only 3.3% (1/30) in the modified regimen
group. In the >grade 3 cardiotoxicity subgroup, mor-
tality was 75.0% (6/8) with standard therapy compared
to 5% (1/22) with the modified regimen [73]. Abata-
cept, a CTLA-4-Ig fusion protein [82], binds CD80/CD86
on antigen-presenting cells with high affinity, blocking
co-stimulatory signal transmission to CD28 on T-cells,
thereby restoring immune checkpoint regulatory function
at the upstream immunological synapse. Ruxolitinib, a
JAK1/2 inhibitor, blocks signal transduction induced by
pro-inflammatory cytokines, including IFN-y and IL-6,
while reducing macrophage CD86 expression, thereby syn-
ergizing with abatacept. This study further introduced
real-time monitoring technology for CD86 receptor oc-
cupancy (CD86RO) [73,83], titrating abatacept dosage to
achieve >80% occupancy for individualized precision ther-
apy. This flow cytometry-based assay remains investiga-
tional and is not yet widely available in clinical practice,
which may limit the immediate generalizability of this dose-
titration approach. It should be noted that this study em-
ployed a non-randomized design with several important
limitations. The standard therapy group comprised only
10 patients, limiting statistical power. The use of histori-
cal controls introduces potential selection bias, as patients
treated later may have benefited from increased clinical ex-
perience, improved supportive care, and heightened aware-
ness of respiratory muscle monitoring rather than the spe-
cific drug regimen alone. While these results are encour-
aging, the abatacept/ruxolitinib combination cannot be con-
sidered standard of care until confirmed by prospective ran-
domized trials. Currently, two pivotal clinical trials are
underway. The ATRIUM trial, a phase III multicenter,
randomized, double-blind, placebo-controlled study [84],
plans to enroll 390 hospitalized ICI-M patients to evaluate
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whether abatacept combined with standard corticosteroid
therapy reduces the incidence of MACE. Additionally, the
ACHLYS trial, a phase II dose-exploration study, aims to
determine the optimal starting dosage for abatacept [85].
Results from these trials will provide higher-level evidence-
based medicine support for targeted ICI-M therapy [86].
Notably, mouse model studies have confirmed that abat-
acept effectively reverses ICI-induced myocardial inflam-
mation, providing an experimental basis for clinical trans-
lation of mechanism-directed therapy [87].

5.5 Exploration of Other Targeted Agents

Tocilizumab: Doms et al. [74] reported a case of
steroid-refractory ICI-M with concurrent myositis in which
troponin levels continued to rise from 1291 to 18,522 pg/L
despite methylprednisolone administration at 200 mg/day.
Following tocilizumab administration at 8 mg/kg (days 7
and 14), troponin, creatine kinase, and ferritin levels rapidly
declined, achieving the resolution of both myocarditis and
myositis [74]. Mechanistically, IL-6 occupies an upstream
hub position in the inflammatory cascade such that I1L-6
blockade can effectively interrupt the cytokine storm. How-
ever, current experience with tocilizumab in ICI-M remains
extremely limited (only 0.4% utilization in a systematic re-
view of 244 cases), with efficacy and safety requiring vali-
dation through larger-scale studies.

Tofacitinib: A single-center retrospective study from
China enrolled 24 ICI-M patients, of whom 16 (67%) were
steroid-refractory. Among 11 steroid-refractory patients re-
ceiving tofacitinib 5 mg bid, 7 (64%) achieved remission
of myocarditis [80]. As an oral JAK inhibitor, tofacitinib
offers practical advantages over intravenous ruxolitinib in
clinical practice and is particularly suited for patients in
relatively stable condition encountering difficulty tapering
corticosteroids.

Alemtuzumab: As an anti-CD52 monoclonal anti-
body, alemtuzumab induces profound lymphocyte deple-
tion and should be considered only as a last resort when all
other therapies have failed, with careful weighing of risks,
including severe infection [88].

5.6 Management of Conduction Disturbances

Conduction abnormalities are common in ICI-M and
associated with adverse outcomes. An international multi-
center study demonstrated that 68.7% of patients developed
conduction disturbances during hospitalization, with com-
plete atrioventricular block occurring in 17% [34]. P-wave
abnormalities have also been identified as independent pre-
dictors of adverse outcomes in Chinese cohorts [15].

Management requires continuous ECG monitoring
from the time of admission. Temporary pacing should be
considered early in patients with high-grade atrioventricu-
lar block or symptomatic bradycardia, as progression can
be rapid and unpredictable. The decision for permanent
pacemaker implantation should be deferred until the acute
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inflammatory phase resolves, since conduction abnormal-
ities may be reversible with effective immunosuppression
[34,35].

Whether early aggressive immunosuppression can
prevent progression to irreversible conduction system dam-
age remains unclear. Given the mechanistic link between
inflammatory amplification and electrophysiological insta-
bility described above, prompt initiation of immunotherapy
may offer conduction-protective benefits, though prospec-
tive data are lacking.

5.7 Management of Overlap Syndromes

Approximately 30%—-50% of ICI-M patients present
with concurrent skeletal myositis or myasthenia gravis in
the form of MMM overlap syndrome [16,17]. This triad in-
dicates systemic immune activation and is associated with
significantly elevated mortality. Respiratory muscle in-
volvement is of particular concern. Salem et al. [73] em-
phasized proactive monitoring of respiratory muscle func-
tion, including serial measurement of vital capacity and
maximal inspiratory pressure. Early ventilatory support
should be initiated when respiratory decline is detected, as
respiratory failure is a major cause of death in MMM over-
lap [73].

Therapeutically, the overlap syndrome may require
more aggressive immunosuppression. Abatacept combined
with ruxolitinib has shown benefit in this patient population
[73,82]. Tocilizumab has also been reported to be effective
in cases with concurrent myositis [74]. Plasma exchange
or IVIG may be considered for the myasthenia gravis com-
ponents, though evidence specific to ICI-related MMM is
limited [31]. Multidisciplinary collaboration among cardi-
ology, neurology, rheumatology, and critical care remains
essential for managing these complex cases.

5.8 Integration and Future Perspectives on Therapeutic
Strategies

Based on current evidence, treatment strategies for
ICI-M should be stratified according to clinical severity.
For mild cases presenting solely with slight troponin eleva-
tion, absence of symptoms, and no significant ECG/imag-
ing abnormalities, cautious observation under close mon-
itoring or low-dose corticosteroids may be considered.
Moderate cases should receive adequate corticosteroid ther-
apy (methylprednisolone 1-2 mg/kg-d) within 24 hours.
For severe or fulminant cases, particularly those with hemo-
dynamic instability, arrhythmias, or respiratory muscle in-
volvement, early combination with targeted therapies such
as abatacept/ruxolitinib may be considered rather than wait-
ing for steroid therapy failure before sequential escalation.
Additionally, regarding ICI rechallenge after myocarditis
resolution, standardized criteria remain lacking, requiring
individualized decision-making following thorough assess-
ment of tumor benefit versus cardiac risk [89,90,91]. It
should be emphasized that the mechanism-directed thera-
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peutic strategies discussed above remain largely based on
pathophysiological reasoning and early-phase clinical ob-
servations; they represent a theoretical framework for fu-
ture investigation rather than established alternatives to cur-
rent guideline-recommended approaches.

6. Conclusion

ICI-M remains a rare but potentially fatal complica-
tion characterized by rapid deterioration and unpredictable
disease progression. In this review, we propose that the ag-
gressive clinical course of ICI-M can be understood through
a self-amplifying loop comprising checkpoint blockade—
induced T-cell activation, cytokine-mediated cardiomy-
ocyte injury, and DAMP-triggered innate immune ampli-
fication. Once established, this cycle can self-perpetuate
even after ICI discontinuation, providing a unifying expla-
nation for the acute onset, rapid progression, and variable
steroid responsiveness that are clinically observed.

This mechanistic framework has direct therapeutic im-
plications. Early high-dose glucocorticoids remain the cor-
nerstone of treatment, but the amplification loop model
suggests that the conventional strategy of escalation af-
ter steroid failure may be suboptimal—once the loop is
fully operative, single-target blockade may be insufficient.
For high-risk or rapidly progressing patients, early multi-
target combination therapy (e.g., corticosteroids combined
with abatacept and JAK inhibitors) may offer advantages
over sequential escalation, though prospective validation is
needed.

Several knowledge gaps remain. Direct demonstra-
tion of the complete amplification cycle in ICI-M patients
is lacking, and biomarkers reflecting loop activation have
not been validated for clinical use. Future studies should
focus on prospective measurement of DAMP and innate
immune markers, evaluation of pathway-specific inhibitors
(NLRP3, STING) in steroid-refractory cases, and deter-
mination of optimal timing for multi-target intervention
through randomized trials.

Management of ICI-M requires close multidisci-
plinary collaboration among cardiology, oncology, and crit-
ical care. With continued mechanistic investigation and
clinical validation, mechanism-directed therapeutic strate-
gies may ultimately improve outcomes while preserving the
antitumor benefits of immunotherapy.
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