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Abstract Immune checkpoint inhibitors (ICIs) represent one of the most exciting
therapeutic advancements in the field of oncology. While myocarditis is one of the
rarest side effects of immune checkpoint inhibitor (ICI) therapies with an incidence
of 1%, it ranks as one of the deadliest with a mortality rate approaching 25-50% [1].
The nuances involved in diagnosing ICI-associated myocarditis and a wide range of
symptoms characterizing the clinical presentation create a challenge in identifying
with great specificity the disease in clinical trials, in clinical case series, and, ulti-
mately, in patients [2]. The keys to diagnosis and treatment of ICI-associated myo-
carditis lie with a circumspect understanding of the various cardiac biomarkers,
noninvasive imaging modalities, and invasive methods that are combined in con-
junction with the patient’s clinical presentation to establish the diagnosis and treat-
ment plan. While ICI-associated myocarditis is a clinically distinct entity, the
emerging diagnosis and treatment strategies for this disease are founded on the
diagnostic and treatment principles established for cardiotoxic chemotherapy
agents, viral myocarditis, and cardiac allograft rejection. However, ICI-associated
myocarditis remains unique in that there remains much work in not only seeking a
uniform definition for the disease process but also in discovering increasingly spe-
cific biomarkers and novel imaging techniques to further aid in diagnosis.
Furthermore, while high-dose steroids are acknowledged as a mainstay treatment
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for the disease, the discovery of second-line agents that may successfully control
disease progression is still underway, in addition to identifying the patient charac-
teristics for those at highest risk of failing frontline therapies.

Keywords Immune checkpoint inhibitors - Immunotherapy - Immune-related
adverse events - Myocarditis - Cardiotoxicity - Cardio-oncology

Abbreviations

ASCO American Society of Clinical Oncology

CMR Cardiac magnetic resonance

CTCAE Common Terminology Criteria for Adverse Events
ECG Electrocardiogram

ICIs Immune checkpoint inhibitors

irAE Immune-related adverse event

MACE  Major adverse cardiac events

Available Immune Checkpoint Inhibitors

As of 2021, the immune checkpoint inhibitor (ICI) therapies available in the United
States are cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) inhibitor (ipilim-
umab), three PD-1 inhibitors (pembrolizumab, nivolumab, and cemiplimab), and
three PD-L1 inhibitors (atezolizumab, avelumab, and durvalumab) [3]. In cases of
untreated or metastatic melanoma, ipilimumab and nivolumab monotherapy have
individually improved survival in these patients [4, 5]. Later studies showed
improved survival and antitumor activity using combination ICI therapy (nivolumab
and ipilimumab) for untreated melanoma [6]. Since then, the use of ICI has been
expanded to several malignancies including many genitourinary cancers and lung
cancers [7, 8]. With the increased use of ICI as both first-line cancer therapy and
combination therapy, clinicians must be aware of the potential for myocarditis and
be vigilant to diagnose and treat the potentially fatal cardiotoxicity.

Cardiac Side Effect Profile of Immune Checkpoint Inhibitors

The side effects of ICI are called immune-related adverse events (irAEs) for which
several grading scales exist. In oncology clinical trials, the Common Terminology
Criteria for Adverse Events (CTCAE) are often used; however, due to limitations in
these criteria for irAEs, the American Society of Clinical Oncology (ASCO) released
clinical practice guidelines in 2018 for grading the severity of irAEs specifically [9].
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Table 2.1 Comparison of CTCAE and ASCO clinical practice guideline grading of
cardiovascular irAE

ASCO irAE myocarditis, pericarditis,
arrhythmias, impaired ventricular function with

CTCAE myocarditis grading heart failure, and vasculitis
Definition: a disorder characterized by Definition: signs and symptoms may include chest
inflammation of the muscle tissue of the pain, arrhythmia, palpitations, peripheral edema,
heart progressive or acute dyspnea, pleural effusion, and
fatigue
Grade 1: not applicable Grade 1: abnormal cardiac biomarker testing,
including abnormal ECG
Grade 2: symptoms with moderate Grade 2: abnormal screening tests with mild
activity or exertion symptoms
Grade 3: severe with symptoms at rest or Grade 3: moderately abnormal testing or
with minimal activity or exertion; symptoms with mild activity
intervention indicated; new onset of
symptoms
Grade 4: life-threatening consequences; Grade 4: moderate to severe decompensation,
urgent intervention indication (e.g., IV medication or intervention required,
continuous IV therapy or mechanical life-threatening conditions

hemodynamic support)

CTCAE Common Terminology Criteria for Adverse Events, ASCO American Society of Clinical
Oncology, irAE immune-related adverse event, ECG electrocardiogram

Differences between the CTCAE grading of myocarditis and the ASCO guidelines
can be seen in Table 2.1. In addition, the ASCO guidelines provide expert consensus
recommendations for treatment of different grades of myocarditis. It should also be
noted that myocarditis is not the only potential cardiac irAE from ICI therapy. The
ASCO guidelines group the grading of irAE to include all cardiac irAEs which
include myocarditis, pericarditis, arrhythmias, impaired ventricular function with
heart failure, and vasculitis. In addition to pericarditis, recurrent pericardial effusion
requiring pericardiocentesis has been recognized with ICI therapy [10]. Also, a recent
study by Drobni et al. showed that patients on ICI had increased risk of atheroscle-
rotic events (HR 3.3, 95% CI 2.0-5.5, p < 0.001) compared to controls [11]. The role
of inflammation in atherosclerosis is well established, and more studies are needed to
see if ICIs lead to increased atherosclerotic events. Due to the limited literature
regarding other cardiac adverse events and the high mortality of myocarditis, this
chapter will focus only on diagnosing and treating ICI-associated myocarditis.

Mechanisms of Myocardial Toxicity

While the precise mechanism of ICI-associated myocarditis is unknown, work has
been done to elucidate it. Researchers at the Vanderbilt-Ingram Cancer Center per-
formed histopathological analyses of the hearts of two patients with metastatic
melanoma who had fatal reactions to one infusion of the ipilimumab-nivolumab
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combination [12]. The histopathology in one patient demonstrated patches of highly
concentrated lymphocytic infiltrate within the myocardium, sinus node, and atrio-
ventricular node. Isolated myocytes within the skeletal muscle were targeted for
destruction by lymphocytes [12]. The histopathology of the second patient similarly
showed evidence of lymphocytic myocarditis and myositis. To further characterize
the nature of the destructive lymphocytes, the researchers performed next-generation
sequencing of the CDR3 region and the antigen-binding portion of the T-cell recep-
tor beta chain [12]. They found specific T-cell receptor sequences in infiltrates from
the cardiac muscle, skeletal muscle, and tumors, suggesting that epitopes from each
of these three tissues were recognized by the same T-cell clones [12]. Given that
only striated muscle (cardiac and skeletal) was affected by the lymphocytes, it is
also possible that the same T-cell receptor may be targeting a tumor antigen and a
different but homologous muscle antigen. Finally, a third mechanism is that differ-
ent T-cell receptors are targeting different antigens [12]. Further molecular studies
with larger cohorts would be required to elucidate the exact mechanism of action.

ICI-Associated Myocarditis

The diagnosis of ICI-associated myocarditis can be problematic in the clinical set-
ting because of the lack of a uniform definition and lack of specificity of many
noninvasive imaging modalities. When studies report ICI-associated myocarditis,
the incidence varies greatly and is likely due to lack of a widely accepted uniform
approach to concretely establishing the diagnosis [1]. Decades before immune
checkpoint inhibitors were in clinical use, the 1986 Dallas Criteria attempted to
provide a histopathological designation for defining viral myocarditis, which
requires an inflammatory infiltrate of the myocardial tissue and associated myocyte
necrosis or damage that cannot be attributed to an ischemic event [13].
Endomyocardial biopsy for a tissue diagnosis is still considered the gold standard
for myocarditis diagnosis [14, 15]; however, due to the invasive nature of this pro-
cedure and the need for a specialized center with pathologists experienced in inter-
preting cardiac pathology, its use is limited in the general clinical setting. For this
reason, many reports of ICI-associated myocarditis rely on a combination of the
clinical presentation, cardiac biomarker analysis, and noninvasive cardiac imaging
(electrocardiogram, echocardiogram, cardiac magnetic resonance imaging) to diag-
nose myocarditis [2].

Overall, ICI-associated myocarditis is among the rarest but most fatal irAEs
[16]. Surveying the literature, ICI-associated myocarditis has a reported incidence
ranging from 0.04% to 1.14% with an associated mortality of 25-50% [3, 17]. For
relative comparison with the incidence of other irAEs, Wang et al. conducted a
query of the World Health Organization (WHO) pharmacovigilance database
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(VigiBase-VigiLyze) and performed a meta-analysis of published trials to establish
the incidence of ICI-associated toxic effects [16]. For example, in anti-CTLA-4
deaths, 70% were usually from colitis [16]. Anti-PD-1/PD-L1-related fatalities
were often from pneumonitis (35%), hepatitis (22%), and neurotoxic effects (15%)
[16]. Combination PD-1/CTLA-4 deaths were frequently from colitis (37%) and
myocarditis (25%) [16]. In a fatality rate analysis of the irAEs, myocarditis com-
posed 39.7% of cases, whereas endocrine had 2%, colitis had 5% reported fatalities,
and other organ system toxic effects ranged from 10% to 17% of reported fatal
outcomes [16]. Additionally, in a retrospective review of 3545 patients treated with
ICIs from 7 academic centers, the overall fatality rate from ICI-related events was
0.6%, and cardiac and neurologic events together composed 43% of those [16].
Initial pharmacovigilance studies published early in the acknowledgment of ICI-
associated myocarditis showed that myocarditis only occurred in 0.27% of patients
treated with a combination of ipilimumab and nivolumab [12]. However, as aware-
ness of recognition of myocarditis has improved, more contemporary studies report
a prevalence of myocarditis around 1% that is generally accepted [16, 17]. Other
IClI-associated cardiotoxicities including pericardial tamponade, myocardial infarc-
tion, stroke, cardiac failure, and cardiorespiratory arrest approach a similar indi-
vidual incidence rates ranging from 0.7% to 2.0%, according to a meta-analysis of
22 clinical trials of PD-1 and PD-L1 inhibitors for lung cancer [18].

The clinical presentation of ICI-associated myocarditis can range from the
asymptomatic patient with slightly elevated troponin to the patient in cardiogenic
shock on multiple pressors with advanced atrioventricular block and ventricular
arrhythmias (Table 2.2) [1, 3]. Few diagnoses in medicine carry such a heteroge-
neous repertoire of presentations. The clinical presentation of myocarditis often
mimics other common acute cardiac disorders such as acute coronary syndrome or
heart failure with common symptoms of chest pain/pressure, dyspnea, orthopnea,
and lower extremity edema [3] (Table 2.2).

Table 2.2 Range of signs Symptoms Signs
and symptoms in ICI-

. o Fatigue Asymptomatic troponin
associated myocarditis £ ymp P
elevation
Heart failure symptoms Change in mental status

(dyspnea, orthopnea,
paroxysmal nocturnal dyspnea,
lower extremity edema)

Palpitations Cardiogenic shock

Chest pain Complete heart block

Lightheadedness Intractable ventricular
arrhythmias

Syncope Cardiac arrest
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Timing Onset of Myocarditis

Based on small patient cohorts, the first 2-3 months are high risk for onset of
myocarditis, and patients need only one to two ICI doses before being at risk for
myocarditis [3, 17]. This timing of onset is comparable to the overall onset of
fatal toxic effects seen for all irAEs, which typically occurred within the first
1-3 months of therapy initiation for combination therapy, anti-PD-1, and ipili-
mumab monotherapy (median 14.5, 40, and 40 days, respectively) [16]. A
breakdown of the timing of onset of irAEs per organ system seen with combina-
tion therapy shows that the renal, hepatic, endocrine, pulmonary, gastrointesti-
nal, and dermatologic organ systems are affected at 3.75, 2.62, 2.16, 1.93, 1.63,
and 0.71 months, respectively [19]. The median time to onset of myocarditis
after ICI therapy is initiated is 34 days (range 21-75 days as recorded in 35
patients described by Mahmood et al. [17]). In another cohort of 30 patients
analyzed by Escudier et al., patients were diagnosed with myocarditis at a
median of 65 days (range 2—-454 days) after an average of 3 infusions of the
medicine [20]. In an analysis of 33 patients with ICI-associated myocarditis
from VigiBase, the World Health Organization (WHO) database of individual
safety case reports, the median onset to diagnosis was 27 days (range 5-155
days), with 76% occurring in the first 6 weeks. Of these patients, 64% had only
received one or two doses of ICI [21]. In a Bristol-Myers Squibb corporate
safety database of 20,594 patients, 18 drug-related severe adverse events of
myocarditis were reported (0.09%). In patients receiving ipilimumab and
nivolumab combination therapy, myocarditis occurred at a median of 17 days
(range 13—-64 days) after one dose of treatment [12]. Another observation worth
noting is that combination ICI therapy tends to lead to increased observance of
severe myocarditis events in association with severe myositis (grades 3—4) com-
pared with single-agent use only (0.24% vs. 0.15%) [12]. Patients can present
with multiple irAEs or overlap syndromes, and myocarditis most commonly
overlaps with myositis and myasthenia gravis irAEs [16].

Diagnostic Testing Considerations
in ICI-Associated Myocarditis

Given that the presenting symptoms of myocarditis have such a wide range of dif-
ferential diagnoses including the spectrum of acute coronary syndrome, heart fail-
ure, pericardial effusion, and side effects of other irAEs, the diagnostic schema to
begin an investigation into myocarditis should necessarily include testing for these
other disease processes as well (Fig. 2.1) [1-2].
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Presentation

Patient presents with one or more of the following after ICl initiation (typically within 3 months

of initiation however later presentations are possible):

1) New chest pain, dyspnea, orthopnea, paroxysmal nocturnal dyspnea, palpitations, and\or
fatigue

2) A presentation similar to acute coronary syndrome

3) New onset heart failure or subacute heart failure presentation

4) Severe presentation with cardiogenic shock, fatal arrhythmias (ventricular tachycardia or
third degree atrioventricular block)

Assessment
In conjuction with a cardiologist, preferably one with cardio-oncology expertise, initiate rapid
assessment. The following labs and diagnostic tests should be performed within 24 hours of
presentation and preferably as an inpatient.

/\

Laboratory Imaging Invasive Diagnostic Procedures
Troponin (preferably troponin 1) Electrocardiogram Endomyocardial biopsy
Creatine Kinase Telemetry Monitoring Coronary Angiography
Creatine Kinase-MB Echocardiogram
Natriuretic Peptides (BNP or NT proBNP) Cardiac Magnetic Resonance Imaging

Fig. 2.1 Presentation and diagnostic workup for immune checkpoint inhibitor-associated
myocarditis

Troponin

Prior to patients receiving monotherapy or combination immunotherapy agents,
there is general agreement among several authors in the cardio-oncology field; their
proposed treatment algorithm is that these patients have a documented baseline tro-
ponin and electrocardiogram (ECG) [1, 2]. In particular, troponin I is preferred over
troponin T due to its better specificity for myocardial injury, though it still can be
elevated in other non-myocardial situations including chronic kidney disease and
pulmonary embolus. Troponin T is additionally not preferred as a marker for ICI-
associated myocarditis because in cases where the patient also has myositis, there
are already elevated levels of creatine kinase and its isoforms as well as troponin T,
which is a protein integral to the contraction of both skeletal and heart muscles [2].
Troponin I has a greater specificity for myocyte injury in patients with clinically
suspected myocarditis than creatine kinase levels, and while superior to other mark-
ers, they are still non-specific and when normal do not exclude myocarditis [15].
The other value of troponin is it has both diagnostic and prognostic values with
some studies showing a fourfold increase in major adverse cardiac events with
higher troponin levels [17]. Some literatures based on expert opinion have recom-
mended consideration of troponin surveillance early after ICI initiation; however,
two small prospective single-arm studies have been limited by the low incidence of
myocarditis with the majority of troponin elevations not being related to myocardi-
tis but rather other etiologies [22, 23]. Early assessment to rule out myocarditis is
essential to limit interruptions in ICI therapy if a surveillance strategy is used.
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Natriuretic Peptide

The natriuretic peptides (B-type natriuretic peptide and NT-proBNP [N-terminal pro-
B-type natriuretic peptide]) have been considered for the diagnosis of myocarditis,
but they are not specific enough for this purpose. They generally indicate the degree
of stress on the ventricles and thus are elevated in patients with heart failure exacerba-
tions or severe left ventricular dysfunction. They may also be elevated in the setting
of inflammation [2]. Since not all patients with myocarditis present in heart failure,
normal natriuretic peptides should not exclude the diagnosis. A recent study evaluat-
ing the association between NT-proBNP levels and grade of myocarditis showed an
association with troponin T levels but not with proBNP [24].

Electrocardiogram (ECG)

Electrocardiographic changes frequently accompany ICI-associated myocarditis.
However, a patient may have a completely normal ECG and still have the diagnosis
[25, 26]. While there is no specific sign on an ECG that determines whether a patient
has ICI-associated myocarditis, there are some non-specific changes that can sug-
gest myocarditis in the right clinical setting [3]. Patients admitted to the hospital
with suspected myocarditis should be monitored on telemetry for early detection of
arrhythmias and other electrical changes [3].

Complete atrioventricular block is the most common electrical complication of
ICI-associated myocarditis (Fig. 2.2) [27]. ICI-associated myocarditis can present
with conduction disturbances ranging from bundle branch block to complete heart
block. Other inflammation-associated arrhythmias include sinus tachycardia, atrial
fibrillation, ventricular tachycardia and fibrillation, and frequent supraventricular
and ventricular premature beats and non-specific ECG changes such as Q wave
formation, ST depression, and diffuse T wave inversions [3, 20, 25]. While some
patients may have PR interval prolongation induced by ICI-associated myocarditis
that resolves with treatment of the inflammation [3], one registry showed that over-
all patients with myocarditis did not have a prolonged PR interval [28].

In an international registry comparing QRS duration and QTc interval between
140 myocarditis cases and 179 controls across multiple time points, it was found
that the QRS duration (representing ventricular depolarization) prolonged with
myocarditis, but the QTc interval (corrected using the Fridericia formula) remained
unchanged [28]. The sensitivity for myocarditis with a QRS duration of >110 ms
was determined to be 48.6% with a specificity of 87%, and a QRS duration of >130
ms yielded a sensitivity of 16.4% and a specificity of 92.6% [28]. In fact, an increase
in the QRS duration of 10 milliseconds at the time of diagnosis of myocarditis con-
ferred a 1.30-fold increase in the odds of major adverse cardiac events (MACE)
including cardiovascular death, cardiac arrest, cardiogenic shock, and hemodynam-
ically significant complete heart block [28].
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Fig. 2.2 Electrocardiograms of a patient who developed immune checkpoint inhibitor-associated
myocarditis. (a) Baseline electrocardiogram 3 months prior to presentation with myocarditis. The
electrocardiogram shows normal sinus rhythm with Q waves in V1 and V2 consistent with the
patient’s history of a previous anteroseptal myocardial infarction. (b) Initial electrocardiogram
upon presentation to the emergency room with dyspnea and fatigue after which patient was diag-
nosed with myocarditis by endomyocardial biopsy. The electrocardiogram shows complete heart
block with a ventricular escape rhythm. (¢) Electrocardiogram after one dose of 1000 mg methyl-
prednisolone showing sinus rhythm with recovery of atrioventricular conduction; however, a left
bundle branch block persisted

Echocardiography

The echocardiogram is another noninvasive imaging modality to aid the clinician in
the diagnosis of ICI-associated myocarditis [3, 29]. Echocardiography is fast, read-
ily available, and relatively lower cost when compared to other imaging modalities,
such as cardiac magnetic resonance (CMR) imaging. The ease of use of
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echocardiography makes it ideal for serial evaluations of the heart to investigate
changes in clinical condition [30]. With increased use of point-of-care ultrasound,
also known as bedside echocardiograms, patients presenting in the emergency room
can be quickly examined to look for the presence of a new pericardial effusion,
which would raise suspicion for myocarditis [3]. Escudier et al. reported that three-
fourth of patients diagnosed with ICI-associated myocarditis developed left ven-
tricular dysfunction on echocardiography [20]. However, Mahmood et al. reported
that ejection fraction was within normal limits in more than half of the patients who
suffered ICI-associated myocarditis [17]. A normal ejection fraction in ICI-
associated myocarditis is not necessarily a sign of a benign course, which is why it
is important especially in these persons to proceed to tests such as cardiac magnetic
resonance imaging (MRI) to find evidence of myocardial inflammation and fibro-
sis [26].

Overall, the clinical guidelines are not unanimous regarding obtaining baseline
echocardiograms prior to initiating ICI therapy. ASCO guidelines regarding manag-
ing irAEs in patients on ICI therapy are neither in favor of nor against obtaining one
prior to therapy initiation [9], likely reflecting the aforementioned results of studies
showing that a normal ejection fraction will not necessarily identify nor predict
course in a patient with ICI-associated myocarditis. In contrast, ASCO guidelines
regarding general cardiotoxicity of any cancer therapeutic recommend obtaining an
echocardiogram prior to starting any of the potentially cardiotoxic standard chemo-
therapies such as anthracyclines [31]. With how uncommon myocarditis is, there may
not be a benefit for performing echocardiogram at baseline in all patients, and once
better risk factors for myocarditis are found, it may be useful in a higher risk subset.

Much work is being made in the field of echocardiography to utilize more sensi-
tive methods in detecting ICI-associated myocarditis before symptoms manifest
[32]. In fact, one methodology, two-dimensional speckle tracking echocardiography
(2D-STE)-derived strain and strain rate, can detect changes in myocardial mechan-
ics before changes in LVEF occur, so it aims to find preclinical signs of ventricular
dysfunction [30]. To do this, 2D-STE uses software to assemble a global assessment
of LV myocardial mechanics using three spatial dimensions of cardiac deforma-
tion — longitudinal, circumferential, and radial strain and strain rate [30]. In studies
of patients treated with anthracyclines, taxanes, and trastuzumab, 2D-STE has
shown early decreases in global longitudinal, circumferential, and radial strain or
systolic or early diastolic strain rate [33-37]. Hypothesizing that global longitudinal
strain (GLS) will be decreased in patients receiving ICIs just like those receiving
standard cardiotoxic chemotherapy, Awadalla et al. retrospectively compared echo-
cardiographic GLS by speckle tracking in cases of ICI-associated myocarditis
(n=101) from a large international multicenter registry with controls (n = 99) [38].
The summary of findings was that GLS decreases in patients with ICI-associated
myocarditis and, furthermore, lower GLS was strongly associated with major
adverse cardiac events (MACE) [38].
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Cardiac Magnetic Resonance (CMR) Imaging

Cardiac magnetic resonance (CMR) imaging is the gold standard diagnostic imag-
ing tool for myocarditis in the noninvasive arsenal of available tests [25]. CMR is
not often used as a frontline screening tool due to its expense, lack of availability in
certain hospital settings, incompatibility with other patient-worn devices including
implantable cardioverter-defibrillators and pacemaker leads, longer test completion
length, and intra-hospital transportation considerations in patients who are critically
ill requiring intensive care unit stays and multiple complex life support machines [32].

The 2018 Lake Louise criteria, as put forth by the Journal of the American
College of Cardiology Scientific Expert Panel, detail the different parametric map-
ping techniques that may be used to diagnose myocardial inflammation in patients
in whom myocardial inflammation is likely active [39]. The original Lake Louise
criteria were published in 2009, centering on three diagnostic characteristics of
myocardial tissue which are (1) edema, (2) hyperemia, and (3) necrosis/scar, as seen
on validated CMR imaging techniques such as T2-weighted imaging, early gado-
linium enhancement (EGE), and late gadolinium enhancement (LGE) [39]. Using
the 2009 criteria, if two out of three of the criteria were met, then there was a high
likelihood of the presence of acute myocarditis (inflammation) [40].

The updated 2018 Lake Louise criteria have been validated by multiple studies
as having a high diagnostic accuracy, with one meta-analysis reporting both a high
sensitivity and high specificity at 80% and 87%, respectively [41]. The criteria are
founded on the following principle: evidence of inflammatory myocardial injury is
seen based on at least one T2-based criterion (global or regional increase of myocar-
dial T2 relaxation time or an increased signal intensity in T2-weighted CMR
images) and at least one T1-based criterion (increased myocardial T1, extracellular
volume, or LGE). Thus, the current Lake Louise criteria are as follows:

1. Main criteria (2 of 2): CMR highly suggests myocarditis with great specificity if
both myocardial edema and nonischemic myocardial injury are identified.
However, if only one of these two is identified, myocarditis may still be identi-
fied under the appropriate clinical circumstances.

(a) Myocardial edema identified with abnormal findings on T2 mapping or
T2-weighted images

(b) Nonischemic myocardial injury identified with abnormal findings on T1
mapping, LGE, or extracellular volume fraction

2. Supportive criteria (suggestive, but not diagnostic): These criteria support a
diagnosis of myocarditis in a clinical setting that lacks the 2 of 2 main criteria.

(a) Pericarditis

(i) Evidence of pericardial effusion or abnormal LGE/T2 or T1 findings in
pericardium



18 J. V. Kaczmarek and N. L. Palaskas

(b) Left ventricular systolic dysfunction
(i) Regional or global wall motion abnormalities

While CMR is less sensitive than endomyocardial biopsy at diagnosing myo-
carditis [9], it can provide more certainty in the clinician’s diagnosis of a patient
with suspect ICI-associated myocarditis and obviate the need for invasive proce-
dures [42].

When it comes to applying the CMR utility in the population of patients with ICI-
associated myocarditis, there are some notable downfalls. In one series, 26% (8/31)
patients diagnosed with ICI-associated myocarditis did not have LGE on CMR [17].
In another study, 77% (10/13) patients with the diagnosis of ICI-associated myocar-
ditis who underwent CMR did not have LGE on CMR [20]. Using an international
registry, Zhang et al. analyzed 103 ICI-associated myocarditis patients who also had
a CMR and found that LGE on CMR was present in 48% overall, and elevated
T2-weighted short tau inversion recovery (STIR) was present in 28% overall [43].
Delayed CMR imaging was noted to increase in sensitivity for detecting ICI-
associated myocarditis as the presence of LGE was 21.6% when CMR was performed
within 4 days of admission and increased to 72.0% when CMR was performed on day
4 of admission or later [43]. This data supports a possible explanation for patients
with a negative LGE myocarditis, which is the scans were performed too early in the
disease process to detect nonischemic myocardial injury. Fifty-six patients of the 103
registry patients in the Zhang et al. study had cardiac histopathology obtained, and
LGE was present in 35% of patients with pathological fibrosis, and elevated
T2-weighted STIR signal was present in 26% with a lymphocytic infiltration [43].

Endomyocardial Biopsy (EMB)

While CMR is the noninvasive diagnostic gold standard, endomyocardial biopsy
(EMB) is the de facto gold standard test for the diagnosis of ICI-associated myocar-
ditis [15, 32]. Historically, the histopathological diagnosis of myocarditis is based
on the Dallas Classification System, devised in 1987 by eight cardiac pathologists
known as the Dallas panel [13, 14]. The histopathological diagnosis of myocarditis
is defined by myocyte necrosis and/or degeneration with adjacent inflammatory
infiltrates [14, 44]. In ICI-associated myocarditis, immunohistochemical staining
typically shows CD8+ T-cell infiltration intermixed with subsets of CD4+ T cells
and CD68+ monocyte/macrophage lineages [24]. In addition, prominent expression
of programmed death ligand 1 on immunohistochemical staining has been observed
in areas of inflammatory infiltrate as displayed in Fig. 2.3 [24].

Biopsy comes with several technical considerations. Myocarditis often affects
the myocardium focally with patchy immune cell infiltration, and thus sampling
error can occur if biopsies are not obtained from areas of myocarditis [14]. Obtaining
samples from the affected areas is critical, or there is a risk of false negatives [14,
24]. At least five different samples help increase the yield [45]. However, despite
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Fig. 2.3 Endomyocardial biopsy of a patient with immune checkpoint inhibitor-associated myo-
carditis. (a) Hematoxylin and eosin stain at 20x power lens showing inflammatory infiltrate and
myocyte loss consistent with myocarditis. (b) Programmed cell death ligand 1 immunohistochem-
istry stain showing diffuse uptake in corresponding areas of inflammatory infiltrate

current practice to optimize yield with 4-6 biopsies and attempts at targeting biopsy
location via triangulation with CMR, one postmortem analysis of myocarditis cases
determined that more than 17 samples were actually needed in order to accurately
diagnose myocarditis in >80% of cases [46]. This highlights the limitations in the
sensitivity of the EMB, which is overall 70% in pure myocarditis cases [46].
Furthermore, 17 biopsies are neither feasible nor safe in clinical practice, and the
number of biopsies obtained to achieve diagnostic answers must be balanced with
the risks of EMB. The most concerning of risks is perforation, which is reported in
<1% by experienced operators. Overall, an endomyocardial biopsy is typically per-
formed in less than 15% of myocarditis cases due to the above limitations and effec-
tiveness of studies earlier in the diagnostic algorithm at providing reasonable
evidence of ICI-associated myocarditis [28, 47].

Management

Currently there are no studies or randomized controlled trials evaluating treatment
options for ICI-associated myocarditis [1, 3]. Treatments will vary by institution
and local expertise. Current recommendations borrow from treatment of other irAEs
and cardiac allograft rejection treatment strategies. Treatment of ICI-associated
myocarditis consists of a dual-pronged approach including cessation of the culprit
immunotherapy agent and early initiation of immunosuppression consisting of glu-
cocorticoids in the form of oral prednisone and intravenous methylprednisolone [3,
17, 48]. There are data to suggest that patients receiving higher doses of corticoste-
roids (1-2 mg/kg/day) early in their disease onset exhibit recovery of left ventricu-
lar function and experience less MACE [17, 20, 49]. In clinical practice, the average
time from admission to administration of steroids in the retrospective series by
Mahmood et al. was 21.4 = 16 hours (range 1-60 hours) [17]. From this retrospec-
tive series, the suggested treatment is 1000 mg of methylprednisolone daily for 3
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days as a standard starting dose, with 1 mg/kg daily of either oral or intravenous
steroids thereafter and a rapid taper over 4—6 weeks or until symptoms improve to
grade 1 [17, 50]. ASCO clinical practice guidelines support this regimen for treat-
ment of irAEs, suggesting initiation of methylprednisolone 1-2 mg/kg with taper-
ing over also at least 4-6 weeks, with allowance for re-escalation as clinically
needed [9]. In patients receiving glucocorticoid doses equivalent to greater than or
equal to 20 mg of prednisone daily for 1 month or longer, it is important to remem-
ber to prescribe concomitant pneumocystis pneumonia prophylaxis [1].
Trimethoprim sulfamethoxazole can be given as one double-strength tablet daily (or
three times per week) or as one single-strength tablet daily in patients with normal
kidney function [51].

There is no consensus on the standard duration of treatment length [9]. Down-
trending levels of troponin, improvements in LVEF, and resolution of conduction
abnormalities are markers that can indicate that the treatment is effective, but these
goals can take more than 6—12 weeks to accomplish [1]. In fact, trials for viral myo-
carditis treatment include steroid durations of at least 12 weeks and up to a year [3].
For ICI-associated myocarditis, isolated case reports track troponin levels to assess
steroid response and increase the taper doses and extend the treatment duration if
the levels increase [3]. If this strategy is not effective, immunomodulators are the
next medications in the treatment arsenal for ICI-associated myocarditis (Fig. 2.4) [3].

Fig. 2.4 Treatment
options for immune First-line treatment

checkpoint inhibitor-

associated myocarditis ¢ Hold ICI and rapid initiation of high dose

steroids

e 500 to 1000 mg IV Methylprednisolone daily for 3 days—
1 mg/kg either PO prednisone or IV prednisone equivalent
— Taper per clinical response (improvement in presenting

symptoms and/or troponin level decrease) over 4-6 weeks

Second-line treatment

Consider one or a combination of the
following if patient is not responding clinically to steriods

* Increase steriods ¢ Abatacept
e Infliximab ¢ Alemtuzumab
* IVIG ¢ Anti-thymocyte

* Plasmapheresis ¢ Mycophenolate




2 Cardiology (Heart) 21

In patients who do not improve on high-dose steroids, there are second-line
options as detailed in various case reports or case series [3]. Various institutions
have used different immunologic medications in these cases including intravenous
immunoglobulin (pleiotropic immunomodulating actions) [52-54], anti-thymocyte
globulin (depletes T lymphocytes) [55], mycophenolate (powerful inhibitor of lym-
phocyte proliferation) [53], infliximab (monoclonal antitumor necrosis factor alpha
antibody) [24], plasmapheresis [24, 56], alemtuzumab (CD52 monoclonal anti-
body) [57], abatacept (a CTLA-4 agonist which blocks CD86/CD80-CD28 interac-
tion) [58], and belatacept (a second-generation form of abatacept with higher
binding affinity to CD86/CD80) [1, 3]. The overall effectiveness of these agents is
unclear, as their use has been documented in a limited number of cases. Additionally,
patients whose disease course progresses on high-dose steroids are typically very
ill, requiring intensive care unit level of care [53]. Infliximab should be used with
caution in these critically ill patients as it can worsen heart failure in patients with
acute decompensated heart failure, though this risk appears dose-dependent [59].
Given that preclinical studies have shown that serum levels of tumor necrosis factor
alpha are elevated in patients with heart failure and that severity of disease corre-
sponds with higher levels, Chung et al. did a preliminary investigation asking the
question of whether infliximab, the antibody to this inflammatory cytokine, would
be helpful in patients with moderate to severe heart failure [59]. The authors found
that neither low-dose (5 mg/kg) nor high-dose (10 mg/kg) infliximab improved the
patient’s clinical heart failure symptoms despite effective suppression of cytokine
levels, though the 5 mg/kg dose did confer a modest increase in ejection fraction
[59]. Patients receiving 10 mg/kg infliximab had increased risk of death from any
cause or increased hospitalization from heart failure that persisted for up to 5 months
after the cessation of therapy, suggesting the dose-dependent nature of this therapy
[59]. However, in diametric opposition to the infliximab data just presented and in
spite of the black box warning of infliximab on its use in heart failure, Zhang et al.
showed that in four of their patients with ICI-associated myocarditis who failed
high-dose steroids and were in intensive care unit settings for acute decompensated
heart failure or high-risk arrhythmia sequelae of their disease, a single dose of inf-
liximab 5 mg/kg has been effective and safe [60]. All four patients survived their
initial infliximab dosing without worsening heart failure [60]. Given the low num-
bers of patients involved in these cohorts or case reports secondary to low incidence
of ICI-associated myocarditis, it is expected for future studies to often contradict
each other, and once again, meta-analyses of more of these studies could help deter-
mine more definitive standards with regard to this second-line therapeutic.

Abatacept and belatacept, both classes of CTLA-4 agonists, work by inhibiting
CD28-B7-mediated T-cell co-stimulation thus leading to rapid global T-cell deacti-
vation, enacting a specific targeted reversal of the pathways that are activated by
immune checkpoint inhibition [58]. Salem et al. used abatacept in a patient with
metastatic lung cancer who had received three doses of nivolumab and subsequently
developed myocarditis, with disease progression including troponin rise and high-
burden ventricular ectopy even on high-dose intravenous methylprednisolone and
plasmapheresis [58]. The introduction of abatacept reduced the troponin levels,
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premature ventricular contractions, and myositis, allowing her to be discharged
2 months later [58]. Alemtuzumab is an antibody to CD52, which is present on the
surface of mature immune cells and leads to complement-mediated destruction of
these peripheral immune cells [57]. Esfahani et al. reported a woman with stage IV
melanoma who developed ICI-associated myocarditis after receiving pembroli-
zumab with disease progression in the form of life-threatening arrhythmias despite
high-dose steroids, mycophenolate mofetil, plasmapheresis, and rituximab [57].
Initiation of a single cycle of alemtuzumab rapidly depleted T cells and resulted in
termination of the arrhythmia, normalization of inflammatory markers, and recov-
ery from the intensive care unit setting [57]. While these single cases show signs of
promise in these immunosuppressive agents, larger randomized controlled trials
would be needed to determine efficacy and dosing of these second-line therapies for
ICI-associated myocarditis [3].

In cases of ICI-associated myocarditis, the ICI should be held during any signs
of toxicity, even mild ones, because of the high mortality tied with ICI-associated
myocarditis [3]. This is in contrast with management of other organ system irAEs,
in which the ICI can be continued in cases of grade 1 toxicity [9]. Based on very
limited data, restarting an ICI is not recommended after occurrence of ICI-associated
myocarditis [9], but this view is controversial, and there are studies that indicate that
the risk of recurrence is not as high as first thought [1]. One case report supporting
holding ICI therapy indefinitely due to the risks details a man with metastatic mela-
noma who developed nivolumab-induced myocarditis after ten infusions and recov-
ered on high-dose steroids opted to proceed again despite risks of fatality with
single-agent pembrolizumab and subsequently died from recurrence of ICI-
associated myocarditis and its complications after only one infusion [61]. In defense
of attempting a second round of ICISs, re-trial of an ICI was conducted in 4 out of 30
patients in the Escudier et al. cohort without incidence of repeat ICI-associated
myocarditis [20]. With limited data to guide decisions on restarting an ICI after ICI-
associated myocarditis, the decision is typically made on an individualized basis in
a multidisciplinary discussion taking into account cancer status and prognosis, prior
responses and cardiotoxicity to immunotherapy, availability of alternatives, and
patient preference after an informed discussion [68 Ganatra]. In patients experienc-
ing severe (grade 3) or life-threatening (grade 4) toxicities, permanent discontinua-
tion of ICI therapy is recommended as risks far outweigh benefits [9].

Advanced Management

Patients with critical acute decompensated heart failure requiring advanced support
due to ICI-associated myocarditis should be under care in the intensive care unit and
managed according to the American College of Cardiology/American Heart Failure
guidelines [62]. In addition to diuretic drips, pressors, inotropes, mechanical circu-
latory support, and life-threatening arrhythmia management such as pacemakers
(temporary or permanent), patients like these should be considered for second-line
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immunosuppressive therapies as described earlier on an individualized basis [3].
The general treatment principle for institutions regarding ICI-associated myocardi-
tis is to treat as aggressively as possible as there are several cases of reversibility
[60]. Goals of care discussions and palliative measures may also be appropriate
depending on the clinical situation and multidisciplinary discussions with heart fail-
ure and cardiothoracic surgery and oncology [60].

Conclusion

With cancer surpassing cardiovascular disease as the major cause of mortality in
some countries, treating cancer patients with immune checkpoint inhibitors is going
to become more common [63]. ICI-associated myocarditis will become increas-
ingly more relevant in the future as currently approximately 50% of the cancer
population is eligible for immune checkpoint inhibitors [64]. The low frequency of
ICI-associated myocarditis would almost be negligible in the consideration of giv-
ing ICI therapy were it not for its potential lethality [64]. Existing study outcomes
vacillate with regard to positive or negative findings of certain treatments of ICI-
associated myocarditis, as should be expected given the overall relatively low inci-
dence of this irAE compared with others, making randomized controlled trials
difficult to conduct. Future directions include gathering more extensive clinical data
to guide standardization of diagnostic and therapeutic protocols versus institution-
or experience-based protocols [64]. Benchwork and clinical translational laborato-
ries involving biological samples from patients will play a large role in driving
further illumination of the pathogenesis of ICI-associated myocarditis at the molec-
ular and cellular levels, which will help guide the clinician’s methodology of diag-
nosis and treatment of this important disease [64].
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