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Background: Immune checkpoint inhibitors (ICIs)-associated myocarditis remains a rare but fatal adverse
event. The authors sought to provide a comprehensive clinical description of ICI-associated myocarditis by
analyzing symptoms, laboratory indicators, imaging features, and management of ICI-associated myocarditis
in patients with non-small cell lung cancer INSCLC).

Methods: A retrospective study was conducted to analyze 14 ICI-associated myocarditis cases and 45 control
patients to clarify clinical features of ICI-associated myocarditis. Detailed laboratory tests and imaging
examinations were performed in 14 cases, and the rescue process and follow-up after the onset of myocarditis
were recorded.

Results: A total of 14 (2.08%) NSCLC patients developed ICI-related myocarditis, with a median time
of onset of 34 days (interquartile range, 12 to 146 days) after ICI initiation. The most common concurrent
adverse events in cases were myositis (P<0.001) and peripheral neuritis (P<0.001). Among cases, cardiac
troponin I (¢Tnl) levels were abnormally elevated in 92% of patients, and electrocardiogram (ECG) showed
abnormal in all cases. Steroid therapy was used in 92.9% of patients with ICI-associated myocarditis,
of which the response rate to steroids was 76.9% and the mortality rate was 7.1%. A dose of 1 g/d of
glucocorticoid supplemented by immunoglobulin was observed to be effective for severe myocarditis.
Conclusions: Early identification and treatment are essential for managing myocarditis caused by
ICI. Routine monitoring of ¢Tnl level and ECG is most sensitive for the early diagnosis of ICI-related
myocarditis. High-dose of glucocorticoids can effectively relieve the symptoms of ICI-associated myocarditis

and stabilize the condition, especially for fulminant myocarditis.
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Introduction

Immunotherapy has currently been the first-line treatment
for non-small cell lung cancer (NSCLC). Compared
with radiotherapy, chemotherapy, and molecular targeted
therapy, immunotherapy has the advantages of potent
antitumor activity and long-lasting effects. As of September
2019, a total of 2,975 immune checkpoint inhibitors (ICIs)
clinical trials were in progress, with an increase of 97.5%
compared with 2017 (1). Although ICI represents a major
advance in the treatment of NSCLC, it might lead to a wide
range of immune-related adverse events (irAEs), including
the toxicities of multiple organs such as the liver, intestinal
tract, skin, thyroid, and pituitary (2). It is difficult to predict
the certain location and moment before the onset of irAEs.
Therefore, the diagnosis and management of irAEs are still
challenging (3,4). Recently, emerging case reports have
raised awareness of ICI-associated severe myocarditis, which
is reported to be a rare but life-threatening complication
(5,6). Although the incidence of ICI-related myocarditis
(1.14%) was lower than other irAEs, the mortality rate of
ICI-associated myocarditis is up to 46% (5,6). Therefore,
it is necessary to better characterize ICI-associated
myocarditis, including its early diagnosis indicators and
management.

In this retrospective study, 14 cases were observed to
have their symptoms relieved by traditional glucocorticoid
immunomodulation and supportive therapy after ICI-
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mediated myocarditis. In this article, we detail the clinical
manifestations, biochemical indicators, imaging findings,
and treatment of myocarditis, aiming to provide references
for early diagnosis and treatment of ICI-associated
myocarditis by discussing the successful practical experience.
We present this article in accordance with the STROBE
reporting checklist (available at https://jtd.amegroups.com/
article/view/10.21037/jtd-23-596/rc).

Methods
Patients

A retrospective case-control study was conducted to clarify
the clinical features of myocarditis. From June 2019 to
January 2021, among 673 NSCLC patients treated with
programmed cell death protein 1 (PD-1) inhibitors therapy,
a total of 14 patients who developed myocarditis were
included, including patients transferred to our hospital
because of severe cardiotoxicity. Diagnosis criteria of ICI-
associated myocarditis were represented in Supplementary
file (Appendix 1). In comparison with 14 ICI-associated
myocarditis cases, 45 NSCLC controls who used PD-1
inhibitors but did not develop cardiotoxicity in our hospital
were randomly selected to be included in the study. Control
subjects were evenly matched to myocarditis cases on age,
sex ratio, and tumor staging. All cases and controls were
from the First Affiliated Hospital of Guangzhou Medical
University. The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study was
reviewed and approved by the Medical Ethics Committee
of the First Affiliated Hospital of Guangzhou Medical
University, Guangzhou, Guangdong, China (approval No.
202280). Individual consent for this retrospective analysis
was waived.

Clinical data information

Patients with advanced NSCLC were recommended for
first-line PD-1 therapy. During ICI treatment, baseline
data were regularly monitored every 2 to 4 weeks. In
order to detect cardiotoxicity as soon as possible, physical
examination, electrocardiogram (ECG), and biochemical
indicators monitoring were routine examinations. Close
attention was paid to clinical manifestations of suspected
myocarditis, such as elevated troponin, chest pain, dyspnea,
muscle weakness, palpitations, or malignant arrhythmias.
Patients with abnormalities were admitted to our hospital
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for examination. The first-line evaluation was arranged
as soon as possible, including immediate cardiology/
cardio-oncology consultation, ECG/24 h ambulatory
ECG, transthoracic echocardiogram (TTE), chest X-ray,
and biomarkers such as myocardial injury indicators,
lymphocytes, and cytokines. Moreover, advanced diagnostic
tests were performed on patients whose myocarditis-related
abnormalities were identified in the above assessment.
The possibility of coronary artery disease was excluded by
coronary arteriography. Cardiac magnetic resonance (CMR)
was recommended to be implemented as fast as possible,
and endomyocardial biopsy (EMB) was further performed
if the diagnosis was in doubt. The individualized treatment
plan was adopted according to the grade of cardiotoxicity,
and attention was paid to giving life support and preventing
side effects during medication. To observe the clinical
outcome and decide whether to restart ICI treatment,
follow-up was performed once myocarditis occurred.

Statistical analysis

Continuous variables are summarized as mean = standard
deviation or median (interquartile range), and categorical
variables are expressed as percentages. The continuous
variables of cases and controls were compared using the

Table 1 Baseline characteristics

He et al. Features of ICl-associated myocarditis

unpaired Student’s ¢-tests or Wilcoxon rank-sum tests,
and the categorical variables were tested by chi-square
test or Fisher’s exact test. Paired-sample z-test was used
to compare biomarkers levels at different times. Variables
with significance were included in the binary multivariate
logistic regression. All statistical tests were 2-sided, and 5%
was set as the level of significance. Statistical analyses were
performed using IBM SPSS Statistics version 26 (RRID:
SCR_019096). The vertical bar charts and heat maps were
drawn by GraphPad Prism software version 8.0 (RRID:
SCR_002798), and the horizontal bar charts and pie charts
were drawn by Microsoft Excel (RRID: SCR_016137).

Results
Patient characteristics

Baseline characteristics of patients are described in Table 1.
The mean age of ICI-associated myocarditis cases (n=14)
was 60.43£14.10 years, with 71.4% being male. In
comparison with controls, myocarditis patients had a higher
prevalence of liver and kidney disease, and previous use of
beta-blockers and angiotensin-converting enzyme inhibitors
or angiotensin receptor blockers (ACEI or ARB) was more
common (7able 1). Logistic regression including the above

Variables Myocarditis (n=14) Control (n=45) P value
Age at start of ICI (years) 60.43+14.10 61.4+11.20 0.791
Body mass index (kg/m?) 22.27+4.42 22.65+3.22 0.742
Male 10 (71.4) 38 (84.4) 0.484
CV risk factors
Current or prior smoking 3(21.4) 25 (55.6) 0.026*
Hypertension 3(21.4) 5(11.1) 0.591
Diabetes mellitus 2 (14.3) 2(4.4) 0.236
Hyperlipidemia 1(7.1) 2 (4.4) 0.564
No CV risk factors 9 (64.3) 18 (40.0) 0.111
Underling disease
Heart disease 1(7.1) 3(6.7) 1.000
Pulmonary disease 7 (50.0) 10 (26.7) 0.096
Liver disease 7 (50.0) 3(6.7) 0.001*
Kidney disease 4 (28.6) 1(2.2) 0.011*

Table 1 (continued)
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Table 1 (continued)

Variables Myocarditis (n=14) Control (n=45) P value

Pre-ICl CV medications

Statin 1(7.1) 2(4.4) 0.564
Aspirin 1(7.1) 1@2.2) 0.421
Beta-blockers 5(35.7) 1(2.2) 0.002*
ACEIl or ARB 4 (28.6) 2(4.4) 0.036*
Calcium-channel blockers 3(21.4) 4 (8.8) 0.427

Primary cancer type

Non-small cell lung cancer 14 (100.0) 42 (93.3) 1.000
Small cell lung cancer 0(0.0) 2 (4.4) 1.000
Other 0(0.0) 1(2.2) 1.000

Tumor staging

M 6 (42.9) 16 (35.6) 0.622
\% 8 (57.1) 29 (64.4) 0.622
Prior cancer treatment
Chemotherapy 10 (71.4) 26 (57.8) 0.360
Radiation 2(14.3) 3(6.7) 0.730
VEGF inhibitors 7 (50.0) 10 (22.2) 0.096
EGFR inhibitors 0 (0.0 1(.2) 1.000
Surgery 4 (28.6) 8(17.8) 0.620
Overall types of PD-1 inhibitors
Sintilimab 5 (35.7) 19 (42.2) 0.665
Pembrolizumab 6 (42.9) 9 (20.0) 0.173
Tislelizumab 2(14.3) 6 (13.3) 1.000
Camrelizumab 1(7.1) 5(11.1) 1.000
Toripalimab 1(7.1) 4 (8.9) 1.000
Nivolumab 0(0.0) 2 (4.4) 1.000
Single agent vs. combined
Single PD-1 inhibitors 3(21.4) 3(6.7) 0.276
PD-1 inhibitors plus chemotherapy 8 (57.1) 31 (68.9) 0.626
PD-1 inhibitors plus VEGF inhibitors 1(7.1) 3(6.7) 1.000

Values are mean = SD or n (%). *, P<0.05. ICIl, immune checkpoint inhibitor; CV, cardiovascular; ACEI, angiotensin-converting enzyme
inhibitor; ARB, angiotensin receptor blocker; VEGF, vascular endothelial growth factor; EGFR, epidermal growth factor receptor; PD-1,
programmed cell death protein 1; SD, standard deviation.
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Table 2 Univariate and multivariate logistic regression analysis of baseline characteristics

Univariate analysis

Multivariate analysis

Variables

OR (95% ClI) P value OR (95% ClI) P value
History of smoking 0.27 (0.066-1.134) 0.074 - -
Liver disease 13.00 (2.70-62.72) 0.001* 20.40 (3.20-130.13) 0.001*
Kidney disease 8.00 (1.28-50.04) 0.026* 7.60 (0.64-90.76) 0.109
Previous use of beta-blockers 22.79 (2.37-219.38) 0.007* 16.46 (1.05-258.96) 0.046*
Previous use of ACEI or ARB 8.00 (1.28-50.04) 0.026* 2.45 (0.14-42.40) 0.538

*, P<0.05. OR, odd ratio; Cl, confidence interval; ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.

factors shows that liver disease [odd ratio (OR): 20.40, 95%
confidence interval (95% CI): 3.20-130.13, P=0.001] and
previous use of beta-blockers (OR: 16.46, 95% CI: 1.05—
258.96, P=0.046) are independently associated with ICI-
associated myocarditis (7able 2).

Cancer and treatment characteristics

A total of 14 NSCLC patients developed immune-
associated myocarditis during PD-1 medication monitoring,
including adenocarcinoma (n=7), large cell carcinoma
(n=4), and squamous cell carcinoma (n=3). Compared with
controls, 64% of myocarditis cases had experienced other
concurrent irAEs, with a higher incidence of myositis (50%)
and peripheral neuritis (35.7%, Table 1). There were no
statistically significant differences in characteristics between
cases and controls, including prior cancer treatment, type
of PD-1 inhibitors, and prevalence of other ICI-related side
effects (Table 1).

Monitoring of myocarditis

The median time from the initiation of ICI to the onset
of myocarditis was 34 days (interquartile range, 12 to
146 days). Approximately 80% of cases developed
myocarditis within 3 months after ICI therapy, most of which
develop after the first dose of PD-1 inhibitors. Shortness
of breath and fatigue were the most common symptoms in
patients with myocarditis (7able 3). Besides, we have observed
that immune-associated myocarditis was usually fulminant,
with rapid deterioration in 57% of patients after admission,
leading to disordered vital signs. The course of disease and
characteristics of troponin and electrocardiogram of patients
with ICI-associated myocarditis are shown in Figure 1.

© Journal of Thoracic Disease. All rights reserved.

Biochemical indicators characteristics of myocarditis

Histograms show fluctuations in levels of five biomarkers
of myocardial infarction from admission to discharge for
each patient (Figure 2A). A measure of cardiac troponin I
(cTnl) was available in all myocarditis patients and ¢Tnl
levels were elevated in 92%, with a peak median value
of 10 pg/L (interquartile range, 1.4 to 23.3 pg/L). The
abnormal increase of ¢Tnl was considerably obvious in
patients with severe myocarditis, which could reach 653
times the normal value (normal range of ¢Tnl, 0-0.4 pg/L).
Due to early diagnosis and prompt treatment, discharge
cT'nl levels decreased significantly compared to peak ¢Tnl
(median value: 1.8 vs. 10.0 pg/L, P=0.002). Moderate
increases were also observed in other myocardial infarction
biomarkers, including creatine kinase (CK), CK-MB, lactic
dehydrogenase (LDH), and myoglobin (Mb) (Figure 2A4).
Besides, inflammatory cells and cytokines showed mildly
abnormal or even normal (Figure 2B,2C). Interleukin-6
(IL-6) in 9 of 12 (64%) patients were elevated, with a
median value of 45.8 pg/mL (interquartile range, 5.9 to
95.8 pg/mL).

Imaging characteristics of myocarditis

In accordance with the previous diagnostic recommendations
(7,8), a series of clinical imaging or other auxiliary
examinations have been performed (7able 3). All patients
with myocarditis showed abnormal ECG with various
manifestations. The most common ECG abnormalities
noted in myocarditis patients consisted of T wave or ST
segment abnormality (78.6%) and arrhythmia (57.1%). Most
notably, patient #13 developed an abnormal ECG 219 days
before the diagnosis of myocarditis, which was characterized
by malignant arrhythmias. Ninety-three percent of cases
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Figure 1 Clinical presentation of patients with ICI-associated myocarditis. (A) Time from ICI to myocarditis onset to follow-up deadline in

each of the 14 cases. ICI was administered on day 0. And the follow-up deadline is December 31, 2020, except for lost follow-up or death.

After the cardiotoxicity onset, 8 patients received rescue in critical condition. Finally, 10 patients were discharged after improvement, while

patients #2, 3, 4, 7 were discharged themselves against the advice of doctors. (B) A description of the results for the ECG. (C) A description

of the results for troponin. ICI, immune checkpoint inhibitor; ECG, electrocardiogram.

showed abnormal echocardiogram, presenting as pericardial
effusion and increased systolic pulmonary artery pressure
(Table 3). Only 1 patient (7.7%) experienced a reduced left
ventricular ejection fraction (LVEE, <50%, Tible 3). Overall,
4 patients had a CMR study with 25% showing pleural
effusion or abnormal enhancement shadow. One case
underwent EMB after stable condition. Histology revealed
a small number of lymphocytes infiltrated around individual
small vessels within the myocardium (Figure 3).

Diagnosis and treatment of myocarditis

With reference to the previously proposed definition (7,9)
and comprehensive experience, the diagnosis of myocarditis

© Journal of Thoracic Disease. All rights reserved.

in 14 patients was clarified, including 3 definite, 6 probable,
and 5 possible ICI-associated myocarditis (7able 4).

All patients with myocarditis had ICI permanently
discontinued and were treated with steroids as initial
treatment. The median time from the onset of myocarditis
to steroid initiation was 1 day (interquartile range, 0 to
2 days). The response rate to steroids was 76.9%. Patients
#1, 2, and 3 received insufficient glucocorticoids (80—
330 mg/d), leading to a poor prognosis. Therefore, the
dose of methylprednisolone was subsequently adjusted
to 0.5 mg/kg/d to treat mild ICI-related myocarditis
(grade 1-2); severe myocarditis (grade 3) was treated with
1-2 mg/kg/d of steroids; fulminant myocarditis (grade 4)
was treated with 1 g/d for 3-5 days. Meanwhile, 64% of

7 Thorac Dis 2023;15(9):4606-4619 | https://dx.doi.org/10.21037/jtd-23-596
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Table 3 Myocarditis presentation and imaging characteristics

Variables

Myocarditis (n=14)

Clinical presentation
No symptoms
Shortness of breath
Fatigue
Myalgia
Chest pain
Edema

ECG

Performed

T wave or ST segment abnormality

Arrhythmia

Conduction block

QRS interval (ms)

QTc interval (ms)
TTE

Performed

Pericardial effusion

Increased systolic pulmonary artery

pressure

Left ventricular systolic dysfunction

(LVEF <50%)"
LVEF by TTE (%)
LVDd (mm)
CMR
Performed
Pleural effusion
Myocardial signal increase

Patchy abnormal enhancement
shadow

LVEF by CMR (%)
LVEDV (mL)
LVESV (mL)

SV (mL)

14
11 (78.6)
8 (57.1)
5 (35.7)
179+128
406+131

14
5 (35.7)
5 (35.7)

1(7.7)

69.2+7.8
46.2+4.4

4
1(25.0)
2 (50.0)
1 (25.0)

72.7+1.2
54.2+9.9
14.7+2.0
39.5+7.9

Table 3 (continued)

© Journal of Thoracic Disease. All rights reserved.
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Table 3 (continued)

Variables Myocarditis (n=14)
EMB

Performed 1

T lymphocyte infiltration 1(100.0)

Values are mean + SD or n (%). ', 13 of the 14 myocarditis
patients had this information. ECG, electrocardiogram; ST, ST
segment; QRS, QRS wave; QTc, QT interval corrected for heart
rate; TTE, transthoracic echocardiography; LVEF, left ventricular
ejection fraction; LVDd, left ventricular end diastolic dimension;
CMR, cardiac magnetic resonance; LVEDV, left ventricular end-
diastolic volume; LVESYV, left ventricular end-systolic volume;
SV, stroke volume; EMB, endomyocardial biopsy; SD, standard
deviation.

cases were supplemented with intravenous gamma globulin
on the basis of early glucocorticoid therapy, with a dose of
5-20 g/d (1able 4). Approximately all myocarditis cases had
received appropriate cardiac support including mechanical
circulatory support, inotropic and other cardiovascular
drugs, and management of malignant arrhythmia including
temporary or permanent pacemakers (7zble 4). Finally,
12 patients successfully relieved the symptoms and maintained
stable vital signs, 1 patient died of cardiovascular cause, and
1 patient lost follow-up after self-discharge. The mortality
of ICI-associated myocarditis was 7.1%. Individual
characteristics and case summaries of patients with
myocarditis are presented in Table S1.

Discussion

ICI therapy is a breakthrough in cancer treatment. This
retrospective case-control study provided a comprehensive
clinical description of ICI-associated myocarditis. The
results from this practice suggest two important findings.
The first is to clarify how to identify patients with ICI-
related myocarditis in the early stage. Early detection of
abnormal ECG and elevated ¢Tnl may have prognostic
significance. The second important finding was that early
use of high-dose steroids supplemented by immunoglobulin
has been proven effective.

The risk factors for ICI-associated myocarditis are not
well characterized. In our study, renal disease, liver disease,

7 Thorac Dis 2023;15(9):4606-4619 | https://dx.doi.org/10.21037/jtd-23-596
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Figure 2 Laboratory examination of cardiac biomarkers and related biochemical indexes. Since the different normal value ranges of
each indicator, all actual values are converted to the fold change of normal values for comparing different indicators. (A) Admission, peak
and discharge levels of five myocardial injury biomarkers of 13 cases. *, P<0.05; **, P<0.01. (B,C) Two heat maps show the peak levels of
laboratory biomarkers in various patients during hospitalization. (B) This heat map shows eight key biomarkers. Due to a few Maxima, fold
change values are converted to log,, (fold change), therefore, 0 means the normal value. (C) This heat map shows inflammatory cells and
cytokines, etc. White rectangle means the missing value. ¢Tnl, cardiac troponin I; CK-MB, creatine kinase-MB; CK, creatine kinase; LDH,
lactic dehydrogenase; Mb, myoglobin; pro-BNP, pro-B-type natriuretic peptide; D-d, D-dimer; IL, interleukin; WBC, white blood cell; NK
cell, natural killer cell; MONO, monocyte; IgG, immunoglobin G; TNEF, tumor necrosis factor; IFN, interferon.

and previous use of beta-blockers, ACEI, or ARB were diabetes, and obesity are identified as the independent
correlated with ICI-related myocarditis, among which liver risk factors for ICI cardiotoxicity in an international
disease and previous use of beta-blockers were independent registry (10). With regard to other potential risk factors, it
risk factors for ICI-associated myocarditis. ICI combination, has been reported that abnormal creatinine and aspartate
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Figure 3 HE and IHC staining of endomyocardial biopsy. This myocardial tissue was obtained from patient #9, 23 days after the onset of

myocarditis, which was in a stable condition. A small number of fibers around the muscle bundle became smaller, and a small number of

lymphocytes infiltrated around individual small vessels (30 lymphocytes/foci). (A-C) HE staining shows increased fatty tissue, tissue fibrosis
and lymphocytic infiltration. All scale bars in this figure denote 50 pm. (D) Medium quantity of CD3-positive T lymphocytes, CD3 THC
staining. (E) Rare CD4-positive T lymphocyte infiltrate, CD4 IHC staining. (F) A small number of CD8-positive T lymphocytes, CD8
THC staining. (G) Limited CD20-positive B lymphocyte infiltrate, CD20 IHC staining. (H) Moderate CD68-positive macrophage infiltrate,
CD68 IHC staining. HE, hematoxylin-eosin; IHC, immunohistochemical.

transaminase (AST) (suggesting renal and hepatic
dysfunction) are risk factors for fulminant myocarditis (11).
It has been reported that patients with liver cirrhosis had
higher risks of ICI-associated major adverse cardiovascular
events (12). Likewise, renal dysfunction is considered
to have a major impact on the progression of fulminant
myocarditis (13). Therefore, monitoring renal and liver
function may be critical in the early identification of ICI-
related myocarditis and the effective management of
fulminant myocarditis. Besides, our myocarditis cases tended
to be more likely to have prior use of ACEI or ARB, which
was consistent with a multicentre international registry in
which the interpretation is based upon proportional analysis
rather than multivariate regression analysis (14). Since beta-
blockers, ACEI, and ARB are all cardiovascular drugs, it is
suggested that cardiovascular disease may be related to ICI-
associated myocarditis. In a retrospective study discussing
the relationship between cardiovascular factors and ICI-
associated myocarditis, history of heart failure and history
of acute coronary syndrome help identify patients at higher
risk of ICI-induced myocarditis (15). In a meta-analysis,
all cases that experienced cardiovascular irAEs presented
cardiovascular risk factors (16). However, our study did not

© Journal of Thoracic Disease. All rights reserved.

show a difference in previous heart history between the
myocarditis and control groups.

The onset time of cardiotoxic symptoms depends on
the anamnesis, type of ICI, duration of medication, and
single or combination medication (17). Several studies have
shown that ICI-associated myocarditis occurs in the early
stage, with a median time of 1-2 months, most of which
occur within 3 months after the start of ICI treatment
(17,18). It is worth noting that the absence of myocarditis
or other irAEs in short term cannot ensure stable safety
for immunotherapy, because myocarditis has also been
reported to occur after nearly 20 months (6). The time
to ICI-associated myocarditis onset varied widely in our
cases, ranging from 1 to 266 days, with up to 29% of cases
exceeding 3 months. Therefore, careful monitoring should
begin immediately after PD-1 inhibitors administration
and patients who have not yet experienced any side effects
should also be evaluated every 4—6 weeks.

ICI-related myocarditis was usually accompanied by
myositis and peripheral neuritis in our cases. Neuromuscular
side effects usually begin as mild manifestations, with
77% of myositis patients having elevated CK and 43%
having muscle weakness or myalgia. A case series report
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Table 4 Diagnosis and clinical course of myocarditis

Variables Myocarditis (n=14)

Myocarditis diagnosis

Definite 3(21.4)
Probable 6 (42.9)
Possible 5(35.7)
Corticosteroids 14 (100.0)
Time from first irAE to corticosteroids (days) 1[0-2]
Intravenous immunoglobulin 9 (64.3)
Supportive therapy
Mechanical ventilation 4 (28.6)
Temporary or permanent pacemakers 3(21.4)
Inotropic agents or vasopressors 10 (71.4)
Diuretics 8 (57.1)
Beta-blockers 4 (28.6)
Angiotensin-converting enzyme inhibitors 3(21.4)
Treatment outcome
Death from cardiovascular cause 1(7.1)
Lost to follow-up 1(7.1)

Values are median [IQR] or n (%). ', 13 of the 14 myocarditis
patients had this information. irAE, immune-related adverse
event; IQR, interquartile range.

also indicated that myositis has a certain overlap with
myocarditis and neuropathy, and neuromuscular side effects
resulted in sequelae in at least one-third of the patients and
were fatal in 5% of cases (19). Therefore, the possibility of
myocarditis and other serious sequelae should be considered
in patients with asymptomatic CK elevation and myositis
symptoms. In addition, 29% of advanced NSCLC patients
with myocarditis were complicated with pneumonia, which
was more prone to respiratory failure and required close
attention and adequate support to the respiratory and
circulatory systems. Thirty-six percent of patients had
pericardial effusion. It has been described that ICI can
cause recurrent pericardial and pleural effusion. Therefore,
the presence of new or enlarged pericardial effusion should
raise suspicion of ICI-related myocarditis.

In the examination of biomarkers in patients with ICI-
related myocarditis, ¢Tnl levels were elevated in 92% of
patients. In addition, an increase in CK, CK-MB, LDH,
and Mb was also observed. However, it is worth noting
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that mild to large increases in serum CK and Mb are
usually found in patients with ICI-related myositis. LDH
is widely present in various tissues, and its elevation can
be seen in various clinical situations. Considering the
above, ¢Tnl is the most reliable predictive biomarker of
myocarditis in the early stage supplemented by CK-MB.
It has been reported that higher ¢Tnl and CK-MB levels
are related to severe myocarditis and increased mortality
among patients with myocarditis (20). Therefore, when
patients have abnormally elevated troponin level, the risk
of ICI-associated myocarditis should be noted and cardiac
evaluation should be performed as soon as possible. If
available, we recommend troponin monitoring both at
baseline and after initiation of PD-1 inhibitors. However,
we have observed that some patients had very high levels
of troponin but ultimately achieved excellent results. The
reason may be that the release of troponin in myocarditis
is caused by increased permeability of the myocardial cell
membrane and troponin level in acute myocarditis may be
more affected by the measurement time compared with the
severity of myocardial injury and dysfunction (21), or that
despite high troponin levels in patients with myocarditis,
adequate steroids can relieve symptoms of myocarditis and
reduce myocardial enzyme levels. Moreover, ICI-associated
myocarditis can also cause an increase in cytokines, which
may suggest a strong positive correlation between the
severity of the myocardial injury and the levels of cytokines.
IL-6 levels increased in 64% of patients, and the levels
of IL-4 and IL-10 slightly increased in 21% of patients,
coupled with abnormal immune cells, suggesting a state
of inflammatory activation. Since the cytokine IL-6 is the
earliest and most highly sensitive indicator of inflammation,
the significantly increased level of IL-6 can be used for
early warning of severe irAEs. Although the research on the
mechanism of PD-1-associated inflammatory storms needs
to be further improved, this prompts us to be more alert to
inflammatory factor storms once ICI-associated myocarditis
occurs, otherwise it will eventually lead to various organ
failures.

In our cases, all ICI-related myocarditis showed ECG
abnormalities after the development of myocarditis. It is
worth noting that patient #13 developed an abnormal ECG
with arrhythmia 47 days and was diagnosed with myocarditis
after 266 days after ICI initiation. Hence, we speculate
that ECG may be suitable for early prediction of occult
myocarditis. Almost all myocarditis patients in our study had
a normal LVEF. This result contrasts with previous studies
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which showed that approximately 50% of patients with ICI-
related myocarditis have reduced LVEF and left ventricular
dysfunction (22). This finding warns us that we cannot
ignore the risk of myocarditis despite the LVEF of patients
remaining normal. In our case, CMR of four myocarditis
patients did not show typical features of myocarditis.
The reason may be that our cases were identified in the
early stage of myocarditis by ECG and cardiac troponin
monitoring, so there were no cardiac organic changes that
can be detected by CMR. Besides, in cases of strong clinical
suspicion for myocarditis but negative CMR presentations,
EMB may be useful for definitive diagnosis (23). EMB
emerges as a useful tool to reveal the mechanism of ICI-
mediated myocarditis (24). In a study reporting two patients
with fatal ICI-associated myocarditis, immunofluorescence
studies and next-generation sequencing were performed
on afflicted tissues to identify cell types in the infiltrates
found in the myocardium, skeletal muscle, and tumor.
Immunohistochemistry showed that infiltrating cells in
the myocardium and skeletal muscle were positive for
T-cell marker CD3 or macrophage marker CD68. T-cell
infiltrates contained an abundance of CD4" and CD8"
T cells. Notably, immune infiltrate was limited to the
myocardium and skeletal muscle. No other tissues were
affected, including adjacent smooth muscle. Clonal T-cell
populations infiltrating the myocardium were identical
to those present in skeletal muscle and tumor (25), which
suggested that patients with ICI-associated myocarditis
were having an overactivated and potentially fatal T-cell-
driven immune response. Another case report showed that
there were multiple subsets of immune cells involved in
inflammation, including CD4", CDS8’, and CD68" cells (26).
Immunohistochemical analysis of EMB specimens allows
identification of the subtype of pathogenic T-cells and
revelation of underlying etiology in ICI-associated
myocarditis, potentially guiding appropriate therapy
(immunosuppression and antiviral treatment) (27,28). By
using monoclonal and polyclonal antibodies to characterize
inflammatory infiltrate on EMB tissue sections, markers
of infection-negative immune-related myocarditis could
be identified, in which case immunosuppression should be
considered. We observed an increase in ¢Tnl and pericardial
effusion in patient #9 after the EMB, which was suspected
to be due to part of the myocardium being damaged during
the operation. As a result, we do not recommend EMB for
fulminant myocarditis because of the risk of complications
in invasive examination (21). In summary, we recommend
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¢Tnl combined with ECG as an early general screening
method, which has the characteristics of low cost, less
trauma, high specificity, and sensitivity.

Once the patient is diagnosed with myocarditis,
glucocorticoids should be administered promptly.
Delayed or insufficient use of glucocorticoids will
affect outcomes. Two cases of ICI-related fulminant
myocarditis were reported to be treated with 1 mg/kg/d of
methylprednisolone, and both ended in cardiac death (25).
In our cases, patient (#1, 2, 3) were administrated with
an insufficient dose of 1-4 mg/kg, which led to a poor
prognosis, presenting as malignant arrhythmia, conduction
block, and myositis. The unfavorable prognosis of
neuromuscular toxicity may also be long-term, with
patient #13 having ventricular premature beats after one
month of follow-up, and patient #10 having myositis,
sinus arrhythmia, and T wave changes after 9 months.
Through our follow-up, we found that patients with
myocarditis generally had a favorable prognosis, but even
though the ECG had turned to normal, neuromuscular
toxicity in the periphery and heart may still be observed,
suggesting irreversible permanent damage. Therefore, the
dosage regimen was subsequently selected according to
the condition, and the initial glucocorticoid dose was up
to 1 g/d, which finally proved to be effective. Meanwhile,
high-dose glucocorticoid pulse therapy should be used for
3-5 days if severe myocarditis is confirmed. Additionally,
the occurrence of severe left ventricular dysfunction,
heart failure, or malignant arrhythmia often indicates
a critical condition, requiring immediate and sufficient
glucocorticoid pulse therapy which is the key to recovering
vital signs and controlling malignant course. It has been
also reported that immunosuppression should be considered
based on general myocarditis treatment strategies for
patients who do not respond immediately to high-dose
steroids (28). Treatment of ICI-associated myocarditis with
other immunosuppressive agents results in a reduction in
case mortality compared with high-dose steroids alone,
suggesting that the addition of other immunosuppressive
agents improves outcomes of patients with ICI-associated
myocarditis (29). Glucocorticoid treatment was commonly
carried out together with gamma globulin in our cases to
help improve immunity. However, gamma globulin was
only administered for severe myocarditis in our cases with
insufficient dosage due to its expensive costs. Additionally,
alemtuzumab or abatacept was considered as an effective
supplementary treatment for ICI-related myocarditis,
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which can reduce the dose of steroids and avoid toxicity
due to long-term high-dose steroids (29). A case report
showed that alemtuzumab was administrated in a patient
with ICI-myocarditis, which resulted in resolution of
cardiac immunotoxicity unresponsive to glucocorticoid and
mycophenolate mofetil (30). Similarly, cardiac damage has
progressed in one ICl-associated myocarditis case treated
with steroids and plasma exchange, and subsequent injection
of the cytotoxic T lymphocyte associate protein-4 (CTLA-4)
agonist abatacept induced rapid T-cell anergy and reduced
cardiotoxicity (31). However, the data on the use of
abatacept and alemtuzumab in the treatment of immune-
related side effects are still limited, and further research
is needed in the future to confirm their clinical value and
provide more references for clinical practice.

There are limitations merit mentioned in our study.
This study needs to be interpreted within the context of
the study design. This was a single-centre, retrospective
study, so our results may be biased by the potential
confounding factors inherent in the nature of such studies.
Due to the low incidence of ICI-associated myocarditis,
the analysis was affected by a small sample size. Since this
was a retrospective study, we did not prospectively perform
ECG and CMR in ICI-associated myocarditis before
patients started ICI and in patients without ICI-associated
myocarditis. Therefore, we lacked data to compare the
imaging differences between myocarditis group and the
control group. In addition, although we observed that early
and sufficient steroid administration may improve outcomes
in patients with IClI-associated myocarditis, we did not
establish this recommendation with a randomized study,
hence detailed larger multicenter investigations should be
performed to better determine the role of steroid timing
and dose on prognosis of ICI-associated myocarditis.

Conclusions

In summary, our practice has proven that early identification
and treatment are essential for managing myocarditis caused
by PD-1 inhibitors. Based on the cases we have observed,
attention should be paid to the characteristics of ICI-related
myocarditis and the characteristics of concomitant myositis
and peripheral neuritis. The combined diagnosis of ECG
and cT'nl is highly effective in prognostic judgment. In
order to control the malignant course of severe myocarditis,
the initial dose of glucocorticoid up to 1 g/d is usually
effective.
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