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PART 1: CARDIO-ONCOLOGY & IMMUNOLOGY SPECIAL ISSUE

STATE-OF-THE-ART REVIEW

Management and Surveillance of
Immune Checkpoint Inhibitor Myocarditis:
Managing the Aftermath

JACC CardioOncology State-of-the-Art Review

n

Tyler T. Morad, MD,*"* Mohammad Keykhaei, MD, MPH,*"“* Devon A. Terraciano, MD,*"¢
Pratyaksh K. Srivastava, MD,? Eric H. Yang, MD,*"¢ Ashley F. Stein-Merlob, MD, PuD*"¢

ABSTRACT

Immune checkpoint inhibitor (ICl)-associated myocarditis remains one of the most serious immune-related adverse
events and can present major challenges after hospital discharge. Although guidelines and expert consensus statements
have addressed diagnostic and management strategies in the acute phase, there is a paucity of evidence for
post-discharge management and how to address recrudescence of symptoms and/or biomarkers suggesting

rebound myocarditis. This review synthesizes evidence on the pathophysiology of ICI myocarditis, including the

T cell-macrophage inflammatory loop that sustains smoldering disease, and provides a framework for outpatient
management. We address steroid tapering strategies, the taper-flare phenomenon, and evidence for second-line
agents and emerging therapies. Practical guidance is provided for biomarker surveillance, cardiac imaging protocols,
antimicrobial prophylaxis, and the balance between immunosuppression and infection risk. This review aims to highlight
and address significant gaps in cardio-oncology practice by offering clinicians an evidence-informed roadmap

for managing this complex patient population. (JACC CardioOncol. 2026;8:483-502) © 2026 The Authors. Published
by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/4.0/).

mmune checkpoint inhibitors (ICIs) have funda-
mentally transformed cancer treatment. Since
the Food and Drug Administration (FDA)
approved the first ICI agent, ipilimumab, in 2011,
the therapeutic landscape has expanded rapidly,
with more than 15 ICIs targeting proteins CTLA-4,
PD-1, PD-L1, and LAG-3 now approved across more
than 40 oncologic indications at the time of this

writing." However, ICIs have introduced a broad
spectrum of immune-related adverse events (irAEs)
affecting nearly every organ system.>>

Among these toxicities, ICI-associated myocarditis
is uncommon but can have fatal complications. The
reported incidence ranges from 0.04% to approxi-
mately 1%, depending on the treatment regimen and
strategy, vyet remains

surveillance mortality
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ABBREVIATIONS
AND ACRONYMS

ATG = antithymocyte globulin
CBC = complete blood count

CMR = cardiac magnetic
resonance

CPK = creatine phosphokinase
cTnl = cardiac troponin |
€TnT = cardiac troponin T
ECG = electrocardiogram

FDA = Food and Drug
Administration

FDG-PET =
fluorodeoxyglucose - positron
emission tomography

ICI = immune checkpoint
inhibitor

19G = immunoglobulin G
IL = interleukin

irAE = immune-related adverse
event

IVIG = intravenous
immunoglobulin

JAK = Janus kinase

LVEF = left ventricular
ejection fraction

MMF = mycophenolate mofetil

NT-proBNP = N-terminal
pro B-type natriuretic peptide

STAT = signal transducers and
activators of transcription

disproportionately high, with published es-
timates ranging from 20% to 50%.>° This
combination of low incidence and high fa-
tality has made myocarditis one of the most
important cardiovascular complications of
ICI therapy to recognize and initiate timely
treatment.

The acute management of ICI myocarditis
has been increasingly discussed and studied
in the cardio-oncology literature, with mul-
tiple professional societies recommending
prompt ICI discontinuation, hospital admis-
sion with telemetry, and early initiation of
high-dose  intravenous  corticosteroids,
whereas steroid-refractory cases may require
second-line immunosuppressive agents."**®
However, risk stratification models, man-
agement recommendations, and current
ongoing randomized clinical trials remain
focused largely on inpatient acute manage-
ment, with evidence to guide post-discharge
care limited.

This gap is particularly important because
many patients who survive the acute phase
enter a prolonged outpatient course charac-
terized by steroid tapering, serial biomarker
surveillance, possible escalation to addi-
tional immunosuppressive therapies, and
the ongoing need to balance disease control
against infection risk and malignancy pro-
gression. These challenges are especially

pronounced in patients with steroid-refractory or
smoldering myocarditis, in whom troponin recru-
descence may occur despite relative clinical stability.
Additional challenges adding to this complexity

include co-management of other ongoing toxicities,
especially in the setting of triple M overlap syndrome
involving muscular and neuromuscular toxicities. In
this review, after a brief overview of the pathophys-
iology, diagnosis, and acute inpatient management

of ICI myocarditis, we focus on the data and practical
recommendations for outpatient care, including
transition from inpatient management, early and late
surveillance, steroid tapering, second-line immuno-
suppressive therapies, and infection prevention.

PATHOPHYSIOLOGY AND MECHANISMS OF
ICI MYOCARDITIS

Under physiological conditions, immune checkpoints
maintain cardiac immune tolerance. PD-L1, consti-
tutively expressed on cardiomyocytes, engages PD-1
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HIGHLIGHTS

e Qutpatient management of steroid-
refractory ICI myocarditis lacks
evidence-based guidelines and stan-
dardized protocols.

A biomarker-guided surveillance frame-
work with structured steroid tapering
and escalation triggers is proposed.

Second-line agents, including abatacept
and ruxolitinib, show promise but lack
randomized comparative data.

e Prospective registries and randomized
trials specifically addressing outpatient
management strategies are urgently
needed.

on T cells to suppress myocardial inflammation,
whereas CTLA-4 restrains T-cell priming via CD80/
CD86 interactions on antigen-presenting cells
(Figure 1, left panel).®'° ICI therapy disrupts these
inhibitory pathways: anti-PD-1 antibodies permit
T-cell activation and tumor killing, but activated
CD8" T cells may also mount an off-target immune
response against cardiomyocytes sharing antigenic
epitopes. a-Myosin heavy chain, which escapes cen-
tral tolerance owing to its absence from the thymus,
has been identified as a candidate autoantigen in a
murine and human study, though it may not be a
universal T-cell target across all cases of ICI
myocarditis."” Combined checkpoint blockade (anti-
CTLA-4 plus anti-PD-1 or anti-LAG-3 plus anti-PD-1)
amplifies this risk by removing redundant tolerance
mechanisms.®*°

The resulting myocardial injury is sustained by a
self-amplifying T cell-macrophage inflammatory
loop. Single-cell RNA and T-cell receptor sequencing
have identified clonally expanded, cytotoxic CD8"
effector-memory populations in patients with ICI
myocarditis.'” Interferon gamma from these effector
T cells drives expansion of CCR2" monocyte-derived
macrophages expressing CXCL9 and CXCL10, which
recruit additional CXCR3" T cells to the myocar-
dium.'*>'* Depletion of either CD8" T cells or macro-
phages mitigates disease, confirming that this
bidirectional interaction is essential for pathogen-
esis. This self-perpetuating cycle underlies steroid-
refractory and smoldering myocarditis: partial
immunosuppression may reduce systemic inflam-
mation without disrupting the tissue-resident loop,
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(Left) Checkpoint-mediated immune tolerance, immune checkpoint inhibitor (ICl)-induced antitumor immunity, and off-target myocardial injury. (Right) Immuno-
modulatory targets in both macrophages and T cells, including abatacept, corticosteroids, calcineurin inhibitors, ruxolitinib, tofacitinib, mycophenolate mofetil
(MMF), tocilizumab, and infliximab. Ruxolitinib and tofacitinib are depicted as modulating both macrophage and T-cell signaling. Arrows indicate activation/signaling,
and blunt-ended lines indicate inhibition. ER = endoplasmic reticulum; IMPDH = inosine monophosphate dehydrogenase; iNOS = inducible nitric oxide synthase;
JAK = Janus kinase; MHC = major histocompatibility complex; NFAT = nuclear factor of activated T cells; NF-kB = nuclear factor kappa B; TCR = T-cell receptor;

explaining troponin rebound during steroid tapering
even in clinically stable patients.

These pathogenic mechanisms inform the thera-
peutic targets illustrated in Figure 1 (right panel).
Abatacept (CTLA-4-Ig), blocks CD80/CD86-CD28
co-stimulation required for T-cell activation.'” Cor-
ticosteroids broadly inhibit proinflammatory gene
transcription. Calcineurin inhibitors (tacrolimus,
cyclosporine) prevent NFAT-mediated T-cell activa-
tion.'® Mycophenolate mofetil (MMF) inhibits inosine
5’-monophosphate dehydrogenase, depleting guano-
sine nucleotides essential for lymphocyte prolifera-
tion.'” Janus kinase (JAK) inhibitors (ruxolitinib,
tofacitinib) target the JAK/signal transducers and
activators of transcription (STAT) signaling cascade
that amplifies inflammatory cytokine production in
both macrophages and T cells.® Tocilizumab blocks

interleukin (IL)-6 signaling by binding soluble and
membrane-bound IL-6 receptors, inhibiting the JAK/
STAT3 inflammatory cascade that is significantly
upregulated in ICI myocarditis."® Genetic suscepti-
bility, including human leukocyte antigen risk alleles
(notably the 8.1 ancestral haplotype) and preexisting
subclinical cardiac autoimmunity, may determine
why only a minority of patients treated with ICIs
develop myocarditis.*

SUMMARY

o A self-amplifying T cell-macrophage inflammatory
loop sustains steroid-refractory and smoldering
myocarditis.

e Therapeutic targets include co-stimulation
blockade, JAK/STAT inhibition, calcineurin inhi-
bition, and IL-6 receptor blockade.
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TABLE 1 Severity Classification of ICI-Associated Myocarditis

Grade Clinical Features
ASCO Grading System*

1 Asymptomatic patients with abnormal ECG or troponin

2 Symptomatic patients with abnormal ECG and troponin

3 Symptomatic patient with findings on echocardiogram or CMR that are
diagnostic or suggestive of ICI myocarditis

4 Life-threatening disease with cardiac abnormalities appreciated in
grades 1-3

IC-0S Classification®

Smoldering Troponin elevation meeting diagnostic criteria without clinical signs or
symptoms

Nonsevere Symptomatic myocarditis without hemodynamic compromise

Severe (fulminant) Hemodynamic instability, life-threatening arrhythmias, or cardiogenic
shock

CTCAE™®

1 Mild; asymptomatic or mild symptoms; clinical or diagnostic
observations only; intervention not indicated

2 Moderate; minimal, local, or noninvasive intervention indicated;
limiting age-appropriate instrumental activities of daily living

3 Severe or medically significant but not immediately life-threatening
disease; hospitalization or prolongation of hospitalization
indicated; disabling; limiting self-care activities of daily living

Life-threatening consequences; urgent intervention indicated
5 Death related to adverse event

The ASCO system grades ICl-associated myocarditis from asymptomatic biomarker or ECG abnormalities to life-
threatening disease. The IC-0S system classifies myocarditis as smoldering, nonsevere, or severe according to
symptoms and hemodynamic status. CTCAE provides a general adverse-event severity framework from mild
disease to death.

ASCO = American Society of Clinical Oncology; CMR = cardiac magnetic resonance; CTCAE = Common Ter-
minology Criteria for Adverse Events; ECG = electrocardiogram; ICI = immune checkpoint inhibitor;
IC-0S = International Cardio-Oncology Society.

CLINICAL PRESENTATION:
THE SPECTRUM OF DISEASE

TIMING AND ONSET. ICI myocarditis typically mani-
fests early in the treatment course, with a median
onset of 30 to 34 days after ICI initiation, often after 1
or 2 doses.>” The risk is significantly higher with
combination checkpoint blockade: dual anti-CTLA-4
and anti-PD-1 therapy confers an approximately 4.7-
fold increased risk compared with monotherapy,
and anti-LAG-3 plus anti-PD-1 combinations may
carry similarly elevated risk.>’ Late-onset cases
beyond 3 months have been reported, necessitating
ongoing vigilance.

CLINICAL SPECTRUM: FROM SUBCLINICAL TO
FULMINANT. The clinical presentation spans a broad
spectrum. Symptoms are often nonspecific, including
chest pain, dyspnea, fatigue, palpitations, syncope,
and weakness, and some patients are identified
solely through routine biomarker surveillance."*
Fulminant myocarditis manifests with hemodynam-
ically significant arrhythmias, high-grade atrioven-
tricular block, or cardiogenic shock. Notably,
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conduction abnormalities rather than pump failure
can be the primary cause of death in fatal cases, and
left ventricular ejection fraction (LVEF) is frequently
preserved.”* Multiple grading systems have been
developed to classify disease severity, including the
American Society of Clinical Oncology 4-tier system,
the International Cardio-Oncology Society (IC-OS)
clinically actionable classification (smoldering, non-
severe, and severe/fulminant), and the Common
Terminology Criteria for Adverse Effects, which
are summarized in Table 1.*° After initial improve-
ment, in a subset of these patients, their condition
may evolve into a smoldering phenotype, defined
by the IC-OS as troponin elevation meeting diag-
nostic criteria without clinical signs or symptoms.°
These patients may have preserved or recovered
LVEF yet exhibit persistently elevated troponin,
creating a clinical dilemma regarding immunosup-
pression readmission thresholds.
This smoldering phenotype is thought to be
sustained by the macrophage-T cell inflammatory
loop (see “Pathophysiology and Mechanisms of
ICI Mpyocarditis”) and constitutes a significant
outpatient challenge.

intensity and

OVERLAP SYNDROMES. The triple M overlap syn-
drome (concurrent myocarditis, myositis, and myas-
thenia gravis-like illness) is increasingly recognized,
with approximately one-third of patients with
having concomitant
myositis.”" For patients with triple M overlap syn-
drome, in-hospital mortality is 38% to 60%, primarily
from respiratory muscle failure.>?”> The National
Comprehensive Cancer Network (NCCN) recom-
mends evaluating for concomitant myositis and

ICI-associated myocarditis

myasthenia gravis-like symptoms in all suspected
cases, with biomarkers including creatine phospho-
kinase (CPK), aldolase, and acetylcholine receptor
antibodies.” Notably, acetylcholine receptor anti-
bodies are positive in only a minority of cases (26% in
1 cohort), and there is ongoing debate regarding
whether these presentations represent true myas-
thenia gravis or a myasthenia gravis-like phenotype
driven by myositis with a predilection for oculo-
bulbo-respiratory muscles, which may account for
the frequently negative serologies.”®> Simultaneous
elevation of CPK, aspartate aminotransferase,
alanine aminotransferase, lactate dehydrogenase,
and troponin portends the highest mortality.” This
biomarker profile informs outpatient risk stratifica-
tion, and patients with concurrent myositis or
myasthenia gravis-like syndrome require monitoring
of respiratory function (negative inspiratory force,

vital capacity) in addition to cardiac biomarkers.”**
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SUMMARY

e ICI myocarditis most commonly manifests within
the first month of ICI initiation, with higher risk in
combination regimens.

e It is critical to identify associated noncardiac
irAEs. Concomitant myositis and myocarditis
occur in up to one-third of patients and the triple
M overlap syndrome (myocarditis, myositis,
myasthenia gravis-like illness) is associated with
mortality rates of up to 60%.

¢ Smoldering myocarditis with biomarker-symptom
dissociation represents a major outpatient man-
agement challenge.

DIAGNOSIS

Diagnostic criteria for ICI myocarditis have been
extensively addressed in contemporary society
guidelines and consensus statements, and a detailed
diagnostic algorithm is beyond the scope of this re-
view. Briefly, diagnosis relies on integration of ICI
exposure timing, symptoms, findings on electrocar-
diogram (ECG), cardiac biomarkers, and multi-
modality imaging, with endomyocardial biopsy
reserved for cases in which noninvasive evaluation is
inconclusive and tissue confirmation would mean-
ingfully affect oncologic or immunosuppressive
management. Notably, biopsy sensitivity may be
reduced after immunosuppression is initiated, and
fulfillment of IC-OS criteria with exclusion of acute
coronary syndrome may be sufficient to establish the
diagnosis in many patients.® Troponin elevation re-
mains central to diagnosis, though interpretation
should account for overlap myositis, as cardiac
troponin T (cTnT) may reflect skeletal muscle
involvement, whereas cardiac troponin I (cTnl) is
more cardiac specific. Lehmann et al.>* demonstrated
re-expression of TNNT2 (encoding cTnT) in regener-
ating skeletal muscle, providing a mechanistic basis
for the disproportionate c¢TnT elevation seen with
concurrent myositis. In this cohort, ¢cTnT was
elevated in more cases (94%-100% Vs 82%-83% for
cTnl), normalized more slowly (median 133 days
vs 17 days), and may carry greater prognostic
value for major adverse cardiovascular events, with
implications for both screening and longitudinal
surveillance.

Cardiac magnetic resonance (CMR) (with both T1
and T2 sequences) is the preferred noninvasive mo-
dality when feasible, whereas echocardiography and
fluorodeoxyglucose positron emission tomography
(FDG-PET) may provide complementary information

Morad et al
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in selected patients; however, these imaging modal-
ities have limited sensitivity, and endomyocardial
biopsy may be warranted for equivocal findings.®*°
Because symptoms are frequently nonspecific, and
some cases are identified solely through biomarker
screening, multiple professional societies have pro-
posed on-treatment surveillance strategies to facili-
tate early detection, including baseline cardiac
assessment and serial biomarker monitoring during
the highest-risk period of ICI therapy. These recom-
mendations vary regarding specific biomarkers,
testing frequency, and risk stratification approach
(Table 2).*7 In a prospective study by Cheng et al,*®
investigators used cTnl surveillance and symptom-
based triaging to facilitate early evaluation and
treatment of cardiotoxicities, including myocarditis.
However, because ICI myocarditis is rare and
troponin elevation is not specific, routine troponin
surveillance carries a low positive predictive value,
with most elevations reflecting alternative causes;
the optimal on-treatment strategy therefore still re-
mains unclear, and no single approach has been
prospectively  validated to improve clinical
outcomes.

SUMMARY

e Diagnosis integrates ICI exposure timing, bio-
markers, ECG, multimodality imaging, and endo-
myocardial biopsy; cTnl is more cardiac specific,
though ¢TnT may carry greater prognostic value
for major adverse cardiovascular events.

e Optimal on-treatment surveillance
remain an area of investigation.

strategies

ACUTE INPATIENT MANAGEMENT

FIRST-LINE THERAPY: HIGH-DOSE CORTICOSTEROIDS.
High-dose intravenous methylprednisolone is the
cornerstone of acute management, with broad
consensus across all major professional societies on
early and intensive steroid therapy, though specific
dosing and taper duration vary considerably
(Table 2).“*® Current dosing and tapering recom-
mendations are based on expert consensus rather
than randomized controlled trials. Prospective
comparative studies are needed.

SECOND-LINE AGENTS. In steroid-refractory cases,
defined by the IC-OS as worsening clinical deterio-
ration and/or persistent troponin elevation despite
high-dose methylprednisolone, second-line immu-
nosuppressive agents are recommended.® In addi-
tion, some experts advocate earlier introduction of
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TABLE 2 Society Recommendations for ICl Myocarditis Management

classification
Baseline monitoring

Post-discharge
monitoring

Domain ASCO (2021)* ESC (2022)" NCCN (2025)” ACC (2025)° IC-0S (2026)°
IV steroid 1000 mg/d 500-1000 mg for =3d 1g/d for 3-5d 500-1,000 mg/d for =3 d 500-1,000 mg/d
(Methylprednisolone)
dosing
Oral steroid 1-2 mg/kg/d 1-2 mg/kg/d 1 mg/kg/d Not explicitly defined 1-2 mg/kg/d
(Prednisolone)
transition
Taper duration =4-6 wk 4-6 wk 6-12 wk guided by biomarkers Guided by troponin and clinical ~ ~10 mg/wk; slower below
status 10 mg/d; guided by troponin
Severity Grade 1-4 Fulminant (Non Fulminant/ Grade 1-4 Not explicitly defined Smoldering/nonsevere/severe

steroid recovery)

ECG, troponin, natriuretic
peptides in all patients (class
I, LOE B); echocardiography in

high-risk patients

ECG, troponin
before each
cycle

Not explicitly
defined

Not explicitly defined

Consider hs-troponin and
NT-proBNP at baseline and
serially; hs-troponin every
cycle x 3 cycles (high-risk),
then every 3 mo
Follow-up with oncologist

and subspecialists; topical
patch monitoring outpatient

(fulminant)

Troponin at baseline and
before each cycle

hs-troponin; CPK, AST, ALT
biweekly x 12 wk (under
investigation)

Not explicitly defined Troponin-guided taper

Recommendations from 5 professional societies are compared across corticosteroid dosing, tapering, severity classification, baseline surveillance, and post-discharge monitoring. Substantial variation
remains, particularly regarding steroid taper duration and outpatient follow-up.

ACC = American College of Cardiology; ALT = alanine aminotransferase; ASCO = American Society of Clinical Oncology; AST = aspartate aminotransferase; CPK = creatine phosphokinase;
ECG = electrocardiogram; ESC = European Society of Cardiology; hs-troponin = high-sensitivity troponin; ICl = immune checkpoint inhibitor; IC-OS = International Cardio-Oncology Society; LOE = level of
evidence; NCCN = National Comprehensive Cancer Network; NT-proBNP = N-terminal pro-B-type natriuretic peptide.

second-line therapy in selected patients with fea-
tures suggestive of worse outcomes (eg, reduced
LVEF, wall motion abnormalities, markedly elevated
troponin, significant conduction disease or ventric-
ular arrhythmias, or triple M overlap syndrome, as
reflected in the novel risk score developed by Power
et al?’), rather than awaiting refractory disease. This
practice is reflected in IC-OS recommendations
advising first-line combination therapy in severe/
fulminant myocarditis or triple M overlap syn-
drome.® Multiple agents have been used with selec-
tion guided by disease severity, overlap syndromes,
and local expertise (Table 3).° Supportive cardiac care
should parallel immunosuppression, including pac-
ing for advanced heart block, mechanical circulatory
support for cardiogenic shock, and guideline-
directed medical therapy for reduced LVEF.® Indi-
vidual agents are discussed in detail in “Outpatient
Management of Steroid-Refractory ICI Myocarditis.”

CRITERIA FOR DISCHARGE AND TRANSITION TO
OUTPATIENT CARE. No formal, validated discharge
ICI
However, in our experience, transition to outpatient
management should be considered when the
following conditions are met: 1) hemodynamic sta-
bility without vasopressor or inotropic support;

criteria exist specifically for myocarditis.

2) declining or stable troponin trajectory on the
current immunosuppressive regimen; 3) absence of
high-grade arrhythmias or new conduction abnor-
malities for at least 48 to 72 hours; and 4) an estab-
lished oral immunosuppressive regimen; and 5) a
clearly defined outpatient follow-up plan, including

scheduled biomarker surveillance, cardiology follow-
up within 2 to 4 weeks, and patient education
regarding concerning clinical symptoms and return
precautions. The NCCN emphasizes appropriately
timed follow-up visits with the oncologist and
comanaging subspecialists, as these patients are
likely receiving new immunosuppressive agents
requiring further adjustment.” Given that conduction
abnormalities are associated with increased mortality
in ICI myocarditis, ambulatory rhythm monitoring at
discharge is recommended, in accordance with NCCN
Guidelines and the 2024 American College of Cardi-
ology (ACC) Expert Consensus Decision Pathway
Document. For patients with implanted rhythm
monitoring devices, more frequent interrogations
(eg, monthly) post-discharge should be considered to
monitor for ventricular and atrial arrhythmias. For
patients without devices, extended ambulatory
rhythm and event monitors can offer higher diag-
nostic yield than 24-hour rhythm monitoring.
Ambulatory continuous cardiac/event monitors
permitting real-time uploading of symptomatic or
automatically triggered episodes should be consid-
ered for high-risk patients. In addition, patient
education on warning symptoms and indications for
urgent evaluation is an essential component of
discharge planning.

OUTPATIENT MANAGEMENT OF
STEROID-REFRACTORY ICI MYOCARDITIS

OUTPATIENT SURVEILLANCE STRATEGY. Risk
stratification and prognostication. The IC-OS
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TABLE 3 Immunosuppressive Therapies for Steroid-Refractory ICl Myocarditis

Level of Evidence

neutralizes soluble
and membrane-
bound TNF-o

HF; monitor for
infusion reactions

Agent Mechanism of Action Dosing Key Monitoring Case Series Cohort/Meta-Analysis RCT Guideline
Abatacept CTLA-4-Ig fusion 10 mg/kg IV Infusion reactions, Salem et al°®®  Nielsen et al;** Ongoing: NCCN’: option if no
protein; blocks (ATRIUM infection signs; CD86 Salem et al"® ATRIUM®’ response to steroids
CD80/CD86 protocol); up to receptor occupancy
co-stimulation, 20 mg/kg (investigational)
suppressing T-cell
activation
Ruxolitinib JAK1/JAK2 inhibitor;  5-10 mg orally CBC (thrombocytopenia,  Nguyen et al®"  Salem et al'® Ongoing: NCCN’: with abatacept
blocks JAK-STAT twice a day (per anemia), LFTs ACHLYS® for concomitant
signaling, reduces case series; no myositis/myocarditis
inflammatory guideline-
cytokines specified
dosage)
Mycophenolate  IMPDH inhibitor; 0.5-1g orally every CBC (leukopenia), LFTs; ~ Wilson et al°>  Nielsen et al*? - NCCN’: option if no
mofetil blocks guanine 12 h (NCCN); Gl side effects; response to steroids
nucleotide titrate from delayed onset 2-4 wk
synthesis, 250 mg twice a
suppresses B-/T- day as tolerated
cell proliferation
Tacrolimus Binds FKBP, inhibits 0.05-0.1 mg/kg/ Drug trough levels, renal  Sakaguchi Nielsen et al*? - Second-line by ACC and
calcineurin, d orally twice a function, K*, Mg?*; et al®® AHA®
suppresses IL-2 day, titrate by extensive drug
and T-cell trough drug interactions
activation levels
IVIG Modulates B-/T-cell 2 g/kg IV divided Renal function (avoid Sakaguchi Nielsen et al*? — NCCN’: option if no
activation, Fc over 2-5d sucrose-containing et al®® response to steroids
receptor blockade, (NCCN) formulations),
autoantibody thrombotic risk
neutralization
Alemtuzumab  Anti-CD52; profound  Per institutional CBC (prolonged Esfahani et al®* Nielsen et al*? - NCCN’: option if no
lymphocyte protocol (no lymphopenia months- response to steroids;
depletion via standardized years), CMV/EBV viral ACC®: hemodynamic
complement- dosage)/IV loads, infection instability
dependent
cytolysis and ADCC
ATG Polyclonal Per transplant/ CBC (lymphopenia, Tay et al®; Nielsen et al*? - NCCN’: option if no
antithymocyte GCM protocols/ thrombocytopenia), Stein- response to steroids;
antibodies; T-cell [\ CMV/EBV viral loads; Merlob AHA®®: unstable
depletion via premedication for et al®® steroid-refractory
complement lysis, serum sickness patients
ADCC, apoptosis
Plasmapheresis Removes circulating 1-1.5 plasma Electrolytes, Ke et al*®; - - NCCN’: option if no
antibodies, volumes per hemodynamics, Stein- response to steroids;
immune session (per coagulation; removal Merlob IC-05°:
complexes, standard of therapeutic drugs et al®® MG-like
cytokines; clears practice) requiring dose timing presentations
ICls adjustment
Tocilizumab Anti-IL-6R; blocks 8 mg/kg IV every 4 LFTs, lipids, CBC Doms et al'® Fa'ak et al®' - -
JAK-STAT3 wk or 162 mg (neutropenia),
inflammatory SC weekly/ infection screening; Gl
cascade biweekly (FDA perforation risk
CRS/RA dosing)
Tofacitinib JAK1/JAK3 inhibitor; 5 mg orally twice a CBC, LFTs, lipids; Wang et al®” Nagra et al*’ - -
blocks JAK-STAT day cardiovascular safety
signaling considerations
Infliximab Anti-TNF-o. 5 mg/kg IV at LFTs, CBC, infection; Padegimas Nielsen et al*? - NCCN’: Option, use with
monoclonal weeks O, 2, 6, contraindicated in et al®® caution in reduced
antibody; then every 8 wk moderate to severe LVEF

This table summarizes the mechanisms, dosing, monitoring requirements, and supporting evidence for immunosuppressive therapies used in steroid-refractory ICl-associated myocarditis. Several dosing
regimens are derived from case series, transplant protocols, or investigational studies because standardized ICI myocarditis regimens remain unavailable. Supporting references are categorized by the
publication type of the cited evidence (case report/series; cohort study or meta-analysis; randomized controlled trial; or professional society guideline recommendation). Case reports cited are not
comprehensive. No completed randomized trial data exist for any agent; randomized trials of abatacept and ruxolitinib (ATRIUM, ACHLYS) are ongoing. Several agents are supported principally by the
meta-analysis of Nielsen et al.,*” in which the pooled data are derived predominantly from individual case reports and small case series.

ACC = American College of Cardiology; ADCC = antibody-dependent cellular cytotoxicity; AHA = American Heart Association; ATG = antithymocyte globulin; CBC = complete blood count;
CMV = cytomegalovirus; EBV = Epstein-Barr virus; FDA = Food and Drug Administration; GCM = giant cell myocarditis; GI = gastrointestinal; HF = heart failure; ICI = immune checkpoint inhibitor;
IL = interleukin; IMPDH = inosine monophosphate dehydrogenase; IV = intravenous; IVIG = intravenous immunoglobulin; JAK = Janus kinase; LFT = liver function test; MG = myasthenia gravis;
MMF = mycophenolate mofetil; NCCN = National Comprehensive Cancer Network; SC = subcutaneous; STAT = signal transducer and activator of transcription; TNF = tumor necrosis factor.
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SUMMARY

e High-dose intravenous methylprednisolone is first-
line therapy; steroid-refractory or fulminant cases
require second-line immunosuppression.

e No validated discharge criteria exist; ambulatory
rhythm monitoring at discharge is recommended
for patients who develop new conduction abnor-
malities and/or atrial/ventricular arrhythmias with
ICI myocarditis.

classification of smoldering, nonsevere, and severe
(fulminant) myocarditis provides a clinically
actionable framework for outpatient decision
making.® Patients initially classified as having
nonsevere or severe myocarditis who have been
stabilized and discharged should be reassessed at
each outpatient visit to determine whether their
disease has transitioned to a smoldering phenotype

or has fully resolved. Conversely, a patient with

smoldering myocarditis who develops new
conduction abnormalities should be reclassified and
managed accordingly. Patients can also be

categorized using the Common Terminology Criteria
for Adverse Effects grading system.

The International ICI-Myocarditis Registry risk
score developed by Power et al’’ provides further
guidance in prognostication. Developed and vali-
dated as an inpatient triage tool using presenting
clinical parameters, this score was derived from
a multicenter registry of 748 patients across
17 countries. The 30-day incidence of the primary
composite outcome (severe arrhythmia, heart failure,
respiratory muscle failure, and/or cardiomyotoxicity-
related death) was 33%, with cardiomyotoxicity-
related death occurring in 13%. The risk score
incorporates 5 parameters assessed at presentation:
active thymoma (hazard ratio [HR]: 3.6), presence
of cardiomuscular symptoms (HR: 2.6), low QRS
voltage on presenting ECG (HR: 1.9 for =0.5 mV vs
>1 mV), LVEF <50% (HR: 1.7), and incremental
troponin elevation (HR: 1.8, 2.9, and 4.6 for 20-,
200-, and 2000-fold above the upper reference
limit, respectively). The 30-day primary outcome
incidence increased from 4% (risk score = 0) to 81%
(risk score =4),
validated
cohorts.””

Although designed for initial risk stratification
at presentation, this score has potential implications

and the score was externally

in 2 independent French and U.S.

for outpatient management. In the prospective
French validation cohort, all patients with a
risk score of 0 were managed without immunosup-
pression and experienced no cardiomyotoxic
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events.”” The IC-OS position statement incorporates
this finding, noting that patients with low-risk scores
and smoldering myocarditis may be candidates for
close monitoring without
potentially avoiding the infectious complications
associated with prolonged steroid therapy.®
Further study, ideally in the form of randomized
controlled trials with immunosuppressive/non-
immunosuppressive strategies, is warranted.

Biomarker, imaging, and integrated outpatient
surveillance. Serial biomarker monitoring is essen-
tial for outpatient surveillance of ICI myocarditis.
The 2025 ACC Concise Clinical Guidance highlights
cardiac troponins as fundamental biomarkers in
diagnosing ICI-associated myocarditis, with nearly
all cases showing elevation.” The NCCN suggests
considering high-sensitivity troponin and N-terminal
pro-B-type natriuretic peptide (NT-proBNP) at base-
line and serially during treatment to detect abnormal
that precede

immunosuppression,

biomarkers may symptomatic
myocarditis.”

Selecting between troponin T and troponin I
is important for outpatient monitoring, although
this may be dictated by local availability. cTnT
normalizes more slowly (median 133 days) than cTnl
(median 17 days).?* Persistent ¢TnT elevation may
reflect ongoing skeletal muscle involvement rather
than active myocardial inflammation, whereas cTnl is
more specific for cardiac disease activity. This can be
clinically helpful in determining disease course
and/or severity; for instance, a rising c¢Tnl during
steroid taper likely indicates true myocardial recru-
descence, whereas persistently elevated cTnT with
concurrent myositis may not require increased
cardiac immunosuppression.

For patients with established ICI myocarditis
who have been discharged, the 2024 ACC Expert
Consensus Decision Pathway on Strategies and
Criteria for the Diagnosis and Management of
Myocarditis provides the most relevant guidance.?®
This document stratifies post-discharge surveillance
by risk: patients with stage D or medium-/high-risk
stage C myocarditis (defined as patients with any
of the following: reduced LVEF, nonsustained
ventricular tachycardia or higher-grade ventricular
ectopy, significant bradyarrhythmias, late gadolin-
ium enhancement on CMR, increased myocardial
FDG uptake on PET, or hemodynamic instability/
clinical heart failure) require the most intensive
follow-up.

Close outpatient follow-up within 2 to 4 weeks
post-discharge is recommended for all patients
with established ICI myocarditis. For stage D or
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medium-/high-risk stage C patients, this visit should
include biomarkers (high-sensitivity troponin, natri-
uretic peptides if elevated at baseline, and C-reactive
protein if elevated at baseline), ECG, and echocardi-
ography when feasible. For patients with symptom-
atic heart failure with reduced ejection fraction,
an office visit should ideally occur within 1 week
of hospital discharge. Interval visits focus on
up-titration of guideline-directed medical therapy as
appropriate. Post-discharge guidance on imaging
surveillance by CMR or echocardiography is lacking,
especially in patients with preserved LVEF. FDG-PET
may have a role when CMR is equivocal or not
feasible; the 2024 ACC Expert Consensus Decision
Pathway notes it may provide additional sensitivity
for identifying myocarditis of mild severity or pro-
longed duration, though no validated protocols exist
to date to accurately identify active inflammation
related to irAEs.?®

During the early post-discharge period (weeks 1-2),
the initial office visit serves as a critical checkpoint for
detecting early deterioration and establishing baseline
recovery parameters. The evaluation should include a
comprehensive physical examination with attention
to volume status and signs of heart failure decompen-
sation; ECG; and biomarker assessment including
high-sensitivity cardiac troponin (T and/or I), B-type
natriuretic peptide or NT-proBNP, CPK (particularly if
overlap myositis is suspected or confirmed), complete
blood count (CBC), and comprehensive metabolic
panel. Echocardiography should be performed in
accordance with best practice standards in cardio-
oncology (LVEF assessment by 3-dimensional echo-
cardiography, biplanar quantification, speckle
tracking if available).

During the intensive surveillance phase (weeks
2-6), weekly visits are recommended in our practice,
and these may alternate between in-person and tel-
ehealth encounters depending on clinical stability.
During this phase, we typically perform weekly
high-sensitivity troponin (preferably troponin I)
and CPK to guide immunosuppressive management,
along with B-type natriuretic peptide or NT-proBNP,
CBC, and comprehensive metabolic panel, con-
tinued weekly until clinical stability has been
demonstrated. This frequency reflects the critical
steroid taper period when biomarker rebound may
signal inadequate immunosuppression. Clinicians
should interpret troponin trends in the context of the
differing normalization kinetics of cTnT and cTnl as
described previously.

As biomarkers stabilize and steroid doses decrease
during the stabilization phase (weeks 6-12), visits
may be spaced further apart. The same laboratory
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panel should be obtained at each visit and can be
discontinued once normal values and/or prolonged
clinical stability has been achieved. Continued
biomarker surveillance remains important to detect
subclinical rebound while weaning immunosuppres-
sion. Repeat echocardiography should be considered
approximately every 3 months, based on expert
opinion, to assess for progressive deterioration of left
ventricular function. Ambulatory rhythm monitoring
should be considered if prior arrhythmias were
documented; the role of wearable and implantable
cardioverter-defibrillators is unclear, although these
devices can be considered in patients who experi-
enced significant ventricular arrhythmias in the
acute phase of myocarditis, as the post-discharge risk
of sudden cardiac death is unknown.

During long-term follow-up (months 3-6 and
beyond), monthly visits facilitate the transition to
routine cardio-oncology follow-up. Laboratory
monitoring continues at each visit as clinically
indicated. This phase focuses on optimizing
guideline-directed medical therapy for heart failure if
reduced ejection fraction persists, monitoring for late
complications, and coordinating with an oncologist
regarding alternative cancer therapies and potential
ICI rechallenge assessment. The 6-month timepoint,
albeit arbitrary, may serve as a reasonable juncture
at which repeat echocardiography and/or multi-
parametric CMR with T1/T2 mapping and late gado-
linium enhancement assessment can be considered
for patients at medium to high risk, particularly given
that the long-term risk of cardiomyopathy/heart
failure in survivors of ICI myocarditis remains
unknown.?® Emerging ICI-specific data are beginning
to address this gap: in a prospective study of 62
patients undergoing serial CMR, baseline and
follow-up parameters (LVEF, feature-tracking strain,
left atrial strain) correlated with adverse cardiovas-
cular events, suggesting that serial CMR may aid risk
stratification, though larger studies are needed to
guide management.*®

Proposed clinical triggers for escalation of immu-
nosuppression in the outpatient setting include the
following: 1) a troponin increase greater than 50%
from nadir during steroid taper; 2) new or worsening
symptoms such as dyspnea, chest pain, palpitations,
or syncope; 3) new ECG abnormalities, particularly
conduction disturbances; and 4) inability to taper
steroids without biomarker recrudescence. These
thresholds are based on expert consensus rather than
prospective validation, underscoring the need for
further research (Figure 2, Central Illustration)."»*©
Telehealth integration. Telehealth visits can be
integrated into the post-discharge surveillance
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FIGURE 2 Proposed Integrated Outpatient Surveillance and Management Timeline for ICI-Associated Myocarditis
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Proposed post-discharge surveillance timeline for immune checkpoint inhibitor (ICl)-associated myocarditis based on our institutional experience. Escalation triggers
include a >50% troponin increase from nadir, new or worsening symptoms, new electrocardiogram (ECG) conduction abnormalities, or inability to taper prednisone

(pred). *Median normalization: 133 days for cardiac troponin T and 17 days for cardiac troponin I. **Monitor creatine phosphokinase (CPK) when myositis is suspected or
confirmed. ATG = antithymocyte globulin; CBC = complete blood count; CMR = cardiac magnetic resonance; CMP = comprehensive metabolic panel;

HBV = hepatitis B virus; hs-TnT/l = high-sensitivity cardiac troponin T/cardiac troponin I; IGRA = interferon gamma release assay; IS = immunosuppression;

PJP = Pneumocystis jirovecii pneumonia; PPD = purified protein derivative; TB = tuberculosis; TMP-SMX = trimethoprim-sulfamethoxazole. Created with

biorender.com.

schedule for patients recovering from ICI-associated
myocarditis. An American Heart Association (AHA)
scientific statement supports telehealth for remote
cardiovascular monitoring, including structured
telephone/video support and wearable device inte-
gration.>° In this population, telehealth encounters
are particularly well suited for symptom assessment,
medication adherence review, discussion of labora-
tory results obtained at local facilities, and steroid
taper guidance, thereby reducing patient burden
while maintaining close surveillance.>°

Patient education. Patients recovering from ICI-
associated myocarditis should receive education
tailored to their clinical needs. Key topics include: 1)
recognizing symptoms such as chest pain, shortness
of breath, palpitations, fainting, dysphagia, diplopia,
ptosis, and weakness and understanding when to
seek emergency care, may be

as symptoms

nonspecific and can recur; 2) adhering to prescribed
medications, with emphasis on not adjusting steroid
doses independently, as stopping steroids early can
cause disease flare, and prolonged use may lead to
complications such as glucocorticoid-induced adre-
nal insufficiency (distinguishing between ICI-
associated adrenalitis and adrenal insufficiency also
may require involvement of onco-endocrinology
specialists); 3) identifying signs of infection, espe-
cially due to immunosuppression; 4) undergoing
regular laboratory monitoring to guide immunosup-
pressive therapy adjustments; and 5) avoiding
strenuous activity for 3 to 6 months, with return to
activities guided by biomarker normalization, imag-
ing, and exercise testing per general myocarditis
guidelines. Patient and caregiver education on
glucocorticoid risks is recommended,*' along with
osteoporosis prophylaxis (vitamin D, calcium) and
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CENTRAL ILLUSTRATION Outpatient Knowledge Gaps in ICI Myocarditis

Gaps in Knowledge in ICI Management

Inpatient vs Outpatient Care

« Severity of: myocarditis, oncologic disease, non-cardiac irAEs (particularly overlap syndromes)
« Choice of immunosuppression (beyond steroids)
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« Degree of biomarker rise to trigger treatment escalation

* Role of repeat CV imaging in asymptomatic, biomarker
positive patients

« For clinical worsening and/or biomarker rebound, increase in
steroid dosing vs 2nd line therapy

« Efficacy of inpatient therapies abatacept and ruxolitinib in
outpatient setting
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other organ irAEs
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significant antitumor response

« Frequency and duration of biomarker surveillance

« Frequency of CV imaging with ICI rechallenge

Future Directions

« ICl real world registries with focus on outpatient management and outcomes

» Randomized controlled trials comparing immunosuppression strategies in the outpatient population
« Serial CV imaging studies to determine prognostic features of smoldering myocarditis

« Strategies focusing on multiorgan irAE management, especially "Triple M" overlap syndrome

Morad TT, et al. JACC CardioOncol. 2026;8(5):483-502.

Uncertainties in outpatient immune checkpoint inhibitor (ICl) myocarditis care are summarized, including surveillance, biomarker rebound, immunosuppression
escalation, logistical considerations, and ICl rechallenge. Factors influencing management are shown on the left, and research priorities are shown on the right.
Arrows indicate transition from inpatient to outpatient care; the question mark denotes uncertainty regarding rechallenge. CMR = cardiac magnetic resonance;
CPK = creatine phosphokinase; CV = cardiovascular; GLS = global longitudinal strain; irAE = immune-related adverse event; LFT = liver function test; LGE = late
gadolinium enhancement; LVEF = left ventricular ejection fraction; T1/T2 = longitudinal and transverse relaxation parameters; Triple M = myocarditis, myositis,
and myasthenia gravis-like illness. Created with biorender.com.
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gastritis prophylaxis (proton pump inhibitor or H2
blockers) when indicated.

Coordination with oncology. Effective communi-
cation with the oncology team is essential and should
focus on 3 areas: 1) ICI hold status and duration, as
NCCN Guidelines recommend permanent discontin-
uation of immunotherapy for grades 2 to 4 myocar-
ditis;” 2) the possibility of ICI rechallenge in select
cases depending on weighing risks and benefits of
treatment efficacy against recurrent myocarditis
risk;” and 3) continuation of non-ICI-related cancer
regimens and alternative cancer treatment options,
which should be discussed in a multidisciplinary
fashion between cardiovascular, cardio-oncology,
and oncology care teams. ICI rechallenge may be
considered on a case-by-case basis for low-severity
myocarditis when no alternative cancer therapies
are available.” IC-OS consensus states that rechal-
lenge should occur only when myocarditis has clini-
cally resolved and immunosuppression is minimal
(ideally <10 mg/day prednisone equivalent).® Risk
mitigation includes using monotherapy over combi-
nation regimens. Given the presumed heightened
risk of recurrence, a strategy of enhanced cardiac
surveillance should be implemented on rechallenge,
including biomarker (troponin) and ECG assessment
before each cycle of ICI therapy, although supporting
evidence remains limited.

OUTPATIENT CORTICOSTEROID MANAGEMENT.
Oral prednisone taper strategies. Following
initial stabilization with high-dose intravenous
methylprednisolone, patients are transitioned to
oral prednisone at 1 to 2 mg/kg/day once troponin
concentrations trend downward. Steroid taper
strategies vary across professional societies, as
summarized in Table 2, with recommended taper
durations ranging from approximately 4 to 6 weeks
(American Society of Clinical Oncology, ESC) to 6
to 12 weeks (NCCN), alongside IC-OS advising
a gradual reduction of roughly 10 mg/wk that is
slowed to less than 10 mg/day and guided by
troponin. Notably, these recommendations are based
largely on expert consensus and extrapolation from
the transplant rejection literature rather than
prospective comparative data, and the optimal taper
duration remains undefined. It is also important to
frequently reassess and prioritize steroid treatment
toward the dominant irAE process affecting the
patient, which may pivot toward other disease
processes, such as myositis, hepatitis, colitis, and
other organ systems that may be affected.

Managing rebounding biomarkers/smoldering
myocarditis. A particularly challenging scenario
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in outpatient management is the smoldering
myocarditis phenotype. Decisions regarding escala-
tion of immunosuppression, hospital readmission, or
acceptance of biomarker abnormalities present a
clinical dilemma that current guidelines do not
adequately address.

A related but distinct challenge is the taper-flare
phenomenon, in which patients demonstrate good
initial clinical response to high-dose steroids with
declining troponin concentrations, only to experi-
ence anywhere from mild to significant biomarker
recrudescence while attempting to wean oral pred-
nisone with no or unchanged symptoms. In contrast
to smoldering myocarditis, which reflects persistent
low-grade disease, the taper-flare phenomenon rep-
resents reactivation of inflammation unmasked by
steroid withdrawal. Both scenarios, however, share
the common feature of biomarker-symptom dissoci-
ation and require a similar management approach.
Importantly, troponin elevation in this setting
may have noninflammatory mimickers; patients with
preexisting cardiovascular disease, chronic kidney
disease,
concurrent cardiotoxic agents (eg, anthracyclines,

or heart failure or patients receiving

trastuzumab, or tyrosine kinase inhibitors) may
have chronically elevated troponin concentrations
unrelated to active myocarditis, and establishing
a new postevent baseline with management guided
by relative changes rather than absolute values is
essential in these populations.

When troponins increase during taper, a strategy is
to increase the steroid dosage and prolong the
tapering process. However, prolonged high-dose
corticosteroid exposure increases the risk of oppor-
tunistic infections and metabolic complications and
may delay resumption of oncologic therapy. In pa-
tients with recurrent biomarker elevation, clinical
deterioration, or smoldering/taper-flare phenotypes,
there is growing interest in steroid-sparing strategies
using second-line agents such as ruxolitinib to
shorten corticosteroid exposure in both inpatient and
outpatient settings, although evidence comparing
these strategies with steroid-intensive regimens is
lacking."®

If troponin increases but the patient remains
clinically stable, the following stepwise approach is
recommended: 1) confirm with repeat testing;
2) obtain an ECG to assess for new conduction
abnormalities;  3) echocardiography;
4) evaluate for intercurrent illness, renal dysfunc-

consider

tion, or other noninflammatory causes; and 5) assess
medication adherence. This evaluation distinguishes
lower-risk patients (isolated, modest biomarker
fluctuation, preserved LVEF, and no ECG or
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symptomatic changes), in whom continued close
observation is appropriate, from higher-risk patients
(rising biomarker kinetics, reduced or declining
LVEF, new conduction disease or arrhythmias, or
features of triple M overlap syndrome), in whom
escalation of immunosuppression should be consid-
ered more readily. In our experience, small increases
in troponin, which may occur with high-sensitivity
assays, without clinical symptoms should not
prompt the need to escalate steroid dosing and/or
second-line treatments. For patients who experience
significant biomarker recrudescence with other
concerning clinical symptoms (ie, new cardiovascular
symptoms, arrhythmias, heart failure), readminis-
tration of high-dose intravenous methylprednisolone
(1 g/day for 3-5 days) may be considered. Hospital
readmission should be considered for significant
elevations (eg, greater than 50% increase from nadir,
a threshold based on expert consensus rather than
prospective validation), new symptoms, or new ECG
abnormalities.

Our institutional practice does not escalate
immunosuppression necessarily with mild fluctua-
tions of biomarker levels of high-sensitivity troponin
concentrations in the outpatient setting, and we
continue tapering steroids if the patient is asymp-
tomatic. If a clinically determined significant in-
crease in biomarker levels occurs, further second-line
immunomodulatory agents are considered (ie, rux-
olitinib, mycophenolate, tacrolimus) with consulta-
tion with cardiomyopathy specialists. There is no
defined cutoff of percentage of rise of cardiac bio-
markers to change management, and surveillance
and management strategies require further study.
Steroid-related complications during prolonged
tapers. Prolonged corticosteroid therapy carries sig-
nificant risks that must be actively monitored in
the outpatient setting, including hyperglycemia,
osteoporosis, adrenal insufficiency, and psychiatric
effects. Steroid-induced myopathy warrants vigi-
lance during prolonged high-dose therapy, as it can
confound assessment of concurrent myositis; a rising
or nonimproving CPK with new proximal weakness
should prompt consideration of both active myositis
and steroid myopathy, as management differs. For
prophylaxis, the NCCN recommends vitamin D and
calcium supplementation and notes that steroid use
exceeding 30 mg daily for more than 30 days places
patients at high risk for vertebral fractures.” Proton
pump inhibitor or H2 blocker therapy should be
considered for patients at higher risk of gastritis for
the duration of steroid therapy.

The management of steroid-refractory ICI myo-
carditis requires balancing adequate
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immunosuppression with the risk of opportunistic
infections. The 2025 ACC Concise Clinical Guidance
states that prophylaxis against opportunistic in-
fections should be ensured during prolonged steroid
tapers or when other immunosuppressive agents are
used.” As no ICI myocarditis-specific antimicrobial
prophylaxis guidelines exist, treatment is modeled
after the transplant and oncology literature. The
NCCN recommends Pneumocystis jirovecii pneumonia
prophylaxis with trimethoprim-sulfamethoxazole
(preferred) for patients expected to
=20 mg daily prednisone equivalent for =4 weeks,
continuing until prednisone dosage is less than
20 mg/day for at least 4 weeks and additional
immunosuppressants have been discontinued; for

receive

patients with sulfonamide allergy, atovaquone is a
commonly used alternative in clinical practice,
though the NCCN lists aerosolized or intravenous
pentamidine as options, with caution regarding
atovaquone (diarrhea risk) and dapsone (hemolytic
anemia risk; glucose-6-phosphate dehydrogenase
screening required).” Pre-immunosuppression
screening should include hepatitis B virus, HIV,
hepatitis C virus, tuberculosis, and Strongyloides
immunoglobulin G (IgG) serology for endemic
regions.® Herpes simplex virus/varicella-zoster virus
prophylaxis should be considered with antithymo-
cyte globulin (ATG) or alemtuzumab, and antifungal
prophylaxis should be considered
areas, with attention to azole-calcineurin inhibitor

in endemic

interactions. Clinical vigilance for infection should be
maintained at every visit, with a low threshold
for work-up in patients receiving steroids plus addi-
tional immunosuppressants.

SECOND-LINE IMMUNOSUPPRESSIVE AGENTS. For
patients with steroid-refractory or severe disease,
second-line immunosuppressive agents are recom-
mended. Many treatments are adapted from those
used in organ transplant rejection, given over-
lapping mechanisms of impaired peripheral toler-
ance.”*® Although no agent has randomized data
to date and no head-to-head comparisons exist, the
strength of supporting evidence varies substan-
tially: abatacept and JAK inhibitors (ruxolitinib,
tofacitinib) have the most robust support from
larger case series and systematic reviews, with
randomized abatacept trials ongoing, whereas the
remaining agents rest on moderate retrospective
cohorts or small series and case reports (Table 3).
Agent selection should be guided by strength of
evidence, disease severity, overlap syndromes,
institutional availability/insurance coverage, and
multidisciplinary input.
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Abatacept. Abatacept is a CTLA-4 immunoglobulin
fusion protein that downregulates T-cell activation
by binding CD80/CD86 on antigen-presenting cells,
thereby blocking the co-stimulatory signal required
for T-cell activation.’**> This mechanism directly
counteracts the effects of anti-CTLA-4 checkpoint
inhibitors and addresses the T cell-mediated patho-
physiology of ICI myocarditis. Following intravenous
administration, abatacept has a terminal half-life of
approximately 13 to 16 days; however, a steady-state
immunosuppressive effect is not achieved until after
approximately 8 to 12 weeks of repeated dosing, and
clinically meaningful CD86 receptor occupancy may
take several days to weeks after the initial dose,
which is a rationale for concurrent use of a faster-
acting agent such as ruxolitinib to bridge this lag
period.**

Abatacept has emerged as a preferred second-line
agent based on nonrandomized data and case
reports suggesting efficacy. In a systematic review
by Nielsen et al,®* abatacept was administered to
12 patients with ICI myocarditis, with reported suc-
cess in 11 patients (91.7%); only 1 patient died of
myocarditis (8.3%). This success rate exceeds that of
other second-line agents. Salem et al*> demonstrated
that systematic screening for respiratory muscle
involvement coupled with early abatacept (dose-
adjusted using CD86 receptor occupancy) and
ruxolitinib reduced myotoxicity-related fatality from
60% in a historical cohort to 3.4% in a subsequent
cohort of 30 patients (P < 0.0001).

Ruxolitinib. Ruxolitinib modulates immune res-
ponses by inhibiting the JAK/signal transducers and
activators of transcription (STAT) signaling pathway
through binding to JAK1 and JAK2, thereby reducing
the downstream production of inflammatory cyto-
kines including the CXCR3-CXCL9/CXCL10 axis.'®
Ruxolitinib is rapidly absorbed orally, achieving peak
plasma concentration within 1 to 2 hours, with a short
elimination half-life of approximately 3 hours;
steady-state concentrations are reached by day 3 of
twice-daily dosing, and maximal STAT3 phosphory-
lation inhibition occurs within 2 hours of adminis-
tration.>* This rapid onset of action makes ruxolitinib
well suited to bridge the delayed immunosuppressive
effect of abatacept. In the Salem et al'® study, pa-
tients with severe ICI myocarditis received rux-
olitinib for approximately 1 month in addition to
abatacept, with a dramatic reduction in mortality. As
an oral agent, ruxolitinib is well suited for outpatient
use. Monitoring should include CBC (for cytopenias,
particularly thrombocytopenia and anemia) and liver
function tests. For patients treated beyond 2 weeks,
gradual tapering is advisable, as abrupt
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discontinuation of JAK inhibitors may precipitate a
cytokine rebound (withdrawal) syndrome. Rux-
olitinib access may also be limited by cost and in-
surance coverage.

Tofacitinib. Tofacitinib and other JAK inhibitors
represent an emerging class of agents for ICI
myocarditis. Tofacitinib is a JAK1/JAK3 inhibitor (in
contrast to ruxolitinib, which targets JAK1/JAK?2) that
blocks the JAK-STAT signaling pathway, reducing the
production of inflammatory cytokines.** Tofacitinib
is rapidly absorbed orally with peak plasma concen-
trations within 0.5 to 1 hour and an elimination
half-life of approximately 3 hours, necessitating
twice-daily dosing; clinical immunosuppressive
effects are observed within the first 1 to 2 weeks of
therapy. A multicenter observational study by Liu
et al*® evaluated 53 patients treated with tofacitinib
for various irAEs (including myocarditis). Among 30
steroid-resistant patients, the clinical remission rate
was 96.7%, and among 12 patients with steroid taper
failure, remission was 100%, though these rates
reflect the overall irAE cohort rather than myocar-
ditis alone. A recent systematic review by Nagra
et al®” identified 104 patients treated with JAK in-
hibitors for ICI-related irAEs, with tofacitinib ac-
counting for 82% of cases and myocarditis being the
most common indication (70%).

As an oral agent, tofacitinib is well suited for
outpatient use. Monitoring should include CBC, liver
function tests, and lipid panels. The cardiovascular
safety profile of JAK inhibitors warrants consider-
ation, as the ORAL Surveillance trial®® raised con-
cerns about cardiovascular events with tofacitinib
in patients with rheumatoid arthritis, though the
relevance of these findings to short-term use in
ICI myocarditis is uncertain. Similar concerns with
ruxolitinib regarding access and cost are also an issue
with tofacitinib.
mofetil. MMF inhibits
5’-monophosphate dehydrogenase, which prevents

Mycophenolate inosine
new synthesis of guanine nucleotides, thus reducing
proliferation of B and T immune cells.'” This mech-
anism is adapted from its use in transplant rejection
and autoimmune diseases. MMF is rapidly hydro-
lyzed to mycophenolic acid (peak 1-2 hours, half-life
~17-18 hours), supporting twice-daily dosing.
However, maximal lymphocyte suppression requires
1 to 2 weeks, with full therapeutic effect at 4 to
6 weeks; steroid taper should not be accelerated
prematurely when initiating MMF.?>° In the Nielsen
et al*’* systematic review, MMF was administered
to 45 patients with ICI myocarditis, with a success
rate of 64.4%. Case reports have described successful
use at dosages of 1,000 mg twice daily for
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approximately 1 month.*® The NCCN recommends
MMF at 0.5 to 1 g every 12 hours.”

Neutropenia is the most significant adverse effect,
occurring most frequently between days 31 and 180.
Per FDA labeling, CBC should be obtained weekly in
month 1, twice monthly in months 2 and 3, and
monthly thereafter; dosage adjustments may be
necessary for cytopenias.*’ Gastrointestinal side
effects are common; conversion to enteric-coated
mycophenolate sodium (Myfortic) may improve
tolerability in affected patients.*” MMF-associated
colitis, though rare, should be considered in the
differential diagnosis of new-onset diarrhea, given
overlap with ICI-associated colitis.

Tacrolimus. Tacrolimus binds to FK506 binding
proteins, which inhibits calcineurin and suppresses
the transcription of proinflammatory cytokines such
as IL-2, ultimately reducing T-cell activation and
clonal expansion.'® This mechanism is adapted from
its use in cardiac allograft rejection. Oral tacrolimus
reaches peak concentrations within 1 to 3 hours with
a half-life of approximately 12 hours (range:
4-41 hours); this is highly variable due to CYP3A4/
CYP3A5 metabolism. The narrow therapeutic index
of tacrolimus necessitates close trough-level moni-
toring, with attention to drug interactions, dietary
factors, and hepatic or renal impairment.** In the
Nielsen et al®” systematic review, tacrolimus was
administered to 6 patients with ICI myocarditis;
4 (66.7%) patients showed improvement, and
1 (16.7%) patient died. The 2025 ACC Concise Clinical
Guidance lists tacrolimus among the additional
immunosuppressive agents that can be considered.”
Similarly, the NCCN Guidelines for ICI-related hepa-
totoxicity reference tacrolimus use with monitoring
of trough levels; however, the guidelines notably
state there is no target tacrolimus trough level
and recommend targeting the lowest dosage that in-
duces a biochemical response.” Side effects include
nephrotoxicity, neurotoxicity (headache, tremors),
electrolyte disturbances, and leukopenia/anemia.

Intravenous immunoglobulin. Intravenous im-
munoglobulin (IVIG) is indicated for myasthenia
gravis-like presentations that can accompany
myocarditis in triple M overlap syndrome.** IVIG
modulates the immune system through multiple
mechanisms, including modification of B- and T-cell
activation and differentiation, Fc receptor blockade,
and neutralization of autoantibodies.** IVIG achieves
peak serum IgG levels immediately after infusion
completion, with immunomodulatory effects typi-
cally observed within 24 to 72 hours; the elimination
half-life of infused IgG is approximately 21 to 35 days,
which supports its prolonged duration of effect.**
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The NCCN recommends IVIG at 2 g/kg divided into
equal doses given over 2 to 5 consecutive days.” In
the Nielsen et al®*’ systematic review, IVIG was
administered to 63 patients with myocarditis, and
improvement in clinical condition, cardiac bio-
markers, and LVEF was noted in 58.7% of patients.
For outpatient administration, IVIG requires
coordination with an infusion center. Considerations
include renal toxicity (particularly in patients with
preexisting renal impairment or volume depletion),
thrombotic risk, and significant cost. Premedication
with acetaminophen, methylprednisolone, and
diphenhydramine is recommended to reduce infu-
sion reactions. Of note, IVIG should be temporally
separated from other antibody-mediated therapies to
prevent accelerated clearance of antibody therapies.

Plasmapheresis/therapeutic plasma exchange.

Plasmapheresis/therapeutic plasma exchange
removes circulating antibodies, immune complexes,
and cytokines from the blood and may also promote
rapid clearance of circulating ICIs. The 2025 ACC
Concise Clinical Guidance notes that in addition
to removing pathologic antibodies, plasmapheresis
may promote rapid clearance of circulating drugs,
including immunosuppressive agents that may
impede their effects.® This is particularly relevant
given the long half-lives of ICI antibodies (nivolumab
~25 days, pembrolizumab ~22 days, ipilimumab
~15 days).*> The IC-OS position statement recom-
mends IVIG and/or plasma exchange especially for
myasthenia gravis-like presentations in the triple M
overlap syndrome.® A case series by Ke et al*®
reported favorable outcomes in 4 patients treated
with plasma exchange plus glucocorticoids for
anti-PD-1/anti-PD-L1-induced myocarditis, with all
patients improving and being discharged.
Plasmapheresis requires vascular access and
specialized equipment, making it primarily an inpa-
tient or specialized outpatient procedure. For
outpatient continuation, it can be performed at
apheresis centers, though logistical coordination is
required. Important considerations include the need
for central venous access, hypotension during pro-
cedures, electrolyte disturbances, increased bleeding
risk, increased infection risk, and the removal of
therapeutic drugs (including immunosuppressive
agents), which may necessitate dosage timing
adjustments.
Alemtuzumab. Alemtuzumab targets CD52, a
glycoprotein expressed on the surface of mature
lymphocytes, monocytes, macrophages, and natural
killer cells, resulting in profound and prolonged
through  complement-
and antibody-dependent

lymphocyte
dependent

depletion
cytolysis
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cellular cytotoxicity.*”**® Following intravenous
administration, alemtuzumab produces rapid
lymphocyte depletion within days, with near-
complete T- and B-cell depletion typically occurring
by the end of a treatment course; the elimination
half-life is approximately 2 weeks, but lymphocyte
recovery is markedly prolonged, with CD4" T-cell
counts often remaining suppressed for 12 months or
longer.*”**® Evidence for alemtuzumab in ICI
myocarditis is limited to case reports and expert
opinion, with only 1 patient reported in the Nielsen
et al®’> systematic review; nonetheless, it is listed
among agents that can be considered for refractory
cases with hemodynamic instability by both the 2025
ACC Concise Clinical Guidance® and the AHA scien-
tific statement on fulminant myocarditis.*® Given its
profound immunosuppressive effects, including
prolonged lymphopenia lasting months to years,
alemtuzumab is typically reserved for the most re-
fractory and life-threatening cases. It is administered
intravenously and requires close monitoring for
infusion reactions, cytopenias, and opportunistic
infections.
Antithymocyte globulin. ATG is a polyclonal anti-
body preparation derived from immunization of
rabbits or horses with human thymocytes, resulting
in antibodies that target multiple T-cell surface an-
tigens and cause T-cell depletion through
complement-dependent lysis, antibody-dependent
cell-mediated cytotoxicity, and apoptosis.”® Rabbit
ATG (Thymoglobulin) achieves significant T-cell
depletion within 24 hours of the first dose; the serum
half-life is approximately 2 to 3 days, though func-
tional lymphocyte suppression persists for weeks to
months.>° Its use in ICI myocarditis is adapted from
its established role in treating cardiac allograft
rejection and giant cell myocarditis, where it is
used in combination with calcineurin inhibition
(cyclosporine, tacrolimus) and corticosteroids to
block T-cell infiltration of the myocardium.*® The
AHA scientific statement recommends that ATG or
IVIG can be considered in patients who are unstable
and do not respond to corticosteroids.*® The IC-0S
position statement recommends ATG as one of
the first-line combination options with high-dose
steroids for severe or fulminant myocarditis and/or
triple M overlap syndrome.®

The indication and efficacy of use of ATG in
the outpatient setting is unclear. The high mortality
rate likely reflects its use in the most severe and
refractory cases rather than inherent inefficacy. ATG
requires intravenous administration, typically over
several days, with premedication to prevent serum
sickness and anaphylaxis. Outpatient monitoring
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should include CBC (for profound lymphopenia and
thrombocytopenia), cytomegalovirus and Epstein-
Barr virus viral load monitoring, and vigilance for
opportunistic infections.

Tocilizumab. Tocilizumab has emerged as a prom-
ising agent for ICI myocarditis based on recent data.
Tocilizumab blocks IL-6 signaling by binding to both
soluble and membrane-bound IL-6 receptors, thereby
inhibiting the JAK-STAT3 inflammatory cascade."
Following intravenous administration, tocilizumab
produces rapid suppression of C-reactive protein and
IL-6-mediated signaling within 24 hours; the elimi-
nation half-life is concentration dependent, ranging
from approximately 11 to 13 days at therapeutic
doses.' IL-6 is significantly elevated in patients
with ICI myocarditis compared with baseline in
patients with cancer before ICI initiation.'® A multi-
center retrospective study by Fa’ak et al°' evaluated
92 patients treated with anti-IL-6R antibodies for
various irAEs, reporting that 73% showed resolution
or improvement to grade 1 or less, with no reduction
in overall tumor response rate.

Tocilizumab is approved by the FDA for
chimeric antigen receptor T-cell-induced cytokine
release syndrome, providing a precedent for its use
in immune-mediated cardiac inflammation.”®> For
outpatient use, tocilizumab can be administered
intravenously at infusion centers or subcutane-
ously. Monitoring should include liver function
tests, lipid panels, CBC (for neutropenia), and
screening for infections. The risk of gastrointestinal
perforation should be assessed, particularly in
patients with a history of diverticular disease. A
QuantiFERON-TB Gold (Qiagen) test for tuberculosis
infection should be done before initiation of
therapy.

Infliximab. Infliximab is a chimeric monoclonal
antibody that binds soluble and transmembrane tu-
mor necrosis factor alpha, a cytokine implicated in
the pathogenesis of ICI myocarditis. Infliximab ach-
peak
following intravenous infusion with an elimination
half-life of approximately 7 to 12 days. However, its
use in ICI myocarditis remains controversial. Inflix-
imab has been associated with worsening heart fail-
ure in patients with preexisting moderate to severe
heart failure (NYHA functional «class III/IV,
LVEF =35%) in the ATTACH trial,>® and the 2025 ACC
Concise Clinical Guidance and NCCN advise caution
owing to this risk.>” In the Nielsen et al*” systematic
review, infliximab was administered to 21 patients,
with 8 (38.1%) showing improvement and 8 (38.1%)
dying of a cardiac event. Given these data, the role of
infliximab in ICI myocarditis remains uncertain, and

ieves serum concentrations immediately
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its use should be weighed carefully against the po-
tential for cardiac decompensation, particularly in
patients with reduced ejection fraction.

EMERGING THERAPEUTIC TARGETS AND
ONGOING TRIALS

NOVEL MECHANISTIC TARGETS. Several preclinical
discoveries have identified promising therapeutic
targets that may transform the management of ICI
myocarditis. In preclinical models, selective TNFR2
blockade prevented cardiotoxicity while preserving
antitumor efficacy, offering a potential strategy to
uncouple cardiac injury from the therapeutic benefits
of immunotherapy.”* An antibody targeting CXCR6
prevented premature lethality, attenuated arrhyth-
mias, and reduced histologic severity of myocarditis
in Lag3”/ Pdcd1”/~ mice.”> The CXCR3-CXCL9/
CXCL10 axis, central to the T cell-macrophage in-
flammatory loop, is another emerging target; anti-
body blockade of CXCR3 attenuated myocarditis in
preclinical models, and interferon gamma blockade

SUMMARY

e A structured surveillance timeline with serial bio-
markers, imaging, and defined escalation triggers
is proposed.

e Second-line agents vary in onset of action, route,
and monitoring requirements, guiding outpatient
selection.

e Antimicrobial prophylaxis modeled after trans-
plant protocols is essential during prolonged
immunosuppression.

similarly reduced the expansion of CXCL9/CXCL10
macrophages.'# Pharmacologic gasdermin E (GSDME)
blockade attenuated ICI myocarditis and improved
long-term survival in mice by interrupting the
pyroptosis cyclic GMP-AMP synthase-stimulator of
interferon genes axis.’® Each of these targets ad-
dresses a specific component of the pathogenic
cascade and could potentially be developed as
outpatient-administered therapies.

ONGOING CLINICAL TRIALS. Ongoing randomized
clinical trials are evaluating the efficacy of abatacept
and/or ruxolitinib in reducing major cardiovascular
events in patients with ICI myocarditis in both
inpatient and outpatient settings. The ATRIUM trial
(NCT05335928)°7 is a randomized, double-blind, pla-
cebo-controlled trial evaluating abatacept vs placebo
in hospitalized patients with ICI-associated myocar-
ditis. The ACHLYS trial (NCT05195645) is a phase 2,
randomized, double-blind, dose-finding trial evalu-
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ating 3 abatacept doses (10, 20, or 25 mg/kg) com-
bined with ruxolitinib and corticosteroids for severe
or corticosteroid-resistant ICI myocarditis.’® Results
from these trials will provide the first randomized
evidence to guide second-line therapy. Whereas
neither the ATRIUM nor the ACHLYS trial specifically
addresses outpatient strategies, their follow-up data
will inform prognostication and surveillance in-
tensity. The absence of trials evaluating outpatient-
specific management strategies remains a crit-
ical gap.

SUMMARY

e Preclinical targets including TNFR2, CXCR6, and
GSDME blockade may yield future outpatient
therapies.

e The ATRIUM and ACHLYS trials will provide the
first randomized evidence for second-line agents.

KNOWLEDGE GAPS AND
FUTURE DIRECTIONS

Despite the growing body of literature on ICI
myocarditis, significant knowledge gaps remain,
outpatient management.
Prospective registries specifically tracking outpa-
tient ICI myocarditis management are needed to
Standardized
definitions of steroid-refractory disease, including

particularly regarding

establish evidence-based protocols.

specific biomarker thresholds for escalation, require
prospective validation. Head-to-head comparisons
of second-line agents are lacking; the ATRIUM®’
and ACHLYS®® trials will provide important data on
abatacept, but comparative effectiveness studies of
other agents are needed. Optimal antimicrobial
prophylaxis protocols for patients with ICI
myocarditis receiving multiagent immunosuppres-
sion have not been established. The role of wear-
able devices and remote monitoring technologies
for continuous arrhythmia surveillance in this
population warrants investigation. Patient-reported
outcomes and quality-of-life data are conspicu-
ously absent from the current literature. Finally,
the application of artificial intelligence for
biomarker trend analysis and risk prediction may
enhance outpatient decision making but requires
development and validation.

CONCLUSIONS

ICI myocarditis remains one of the most challenging

complications in contemporary cardio-oncology.
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Though acute inpatient management has become
increasingly well defined, outpatient management of
steroid-refractory disease represents a critical gap in
current practice. This review provides a comprehen-
sive synthesis spanning pathophysiology, diagnosis,
acute management, and, most critically, outpatient
management of steroid-refractory disease. The pro-
posed framework, incorporating biomarker-guided
steroid tapering, stepwise immunosuppressive esca-
lation, structured surveillance, antimicrobial pro-
phylaxis, and dynamic risk assessment, aims to
provide clinicians with a practical roadmap for navi-
gating this complex clinical scenario. As the number

SUMMARY

e Prospective registries, head-to-head agent com-
parisons, and outpatient-specific trial designs are
urgently needed.
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of patients receiving ICIs increases, the need for
evidence-based outpatient management protocols
will also increase. Collaborative, multicenter efforts
to prospectively validate the strategies proposed in
this review are needed.
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