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Abstract

Background:

Immune-checkpoint inhibitors (ICI) are associated with life-threatening myocarditis but milder
presentations are increasingly recognized. The same autoimmune process that causes ICI-myocarditis
can manifest concurrent generalized myaositis, myasthenia-like syndrome, and respiratory muscle
failure. Prognostic factors for this "cardiomyotoxicity" are lacking.

Methods:

A multicenter registry collected data retrospectively from 17 countries between 2014-2023. A
multivariable cox regression model (hazard-ratio(HR), [***confidence-interval]) was used to determine
risk factors for the primary composite outcome: severe arrhythmia, heart failure, respiratory muscle
failure, and/or cardiomyotoxicity-related death. Covariates included demographics, comorbidities,
cardio-muscular symptoms, diagnostics, and treatments. Time-dependent covariates were used and
missing data were imputed. A point-based prognostic risk score was derived and externally validated.

Results:

In 748 patients (67% male, age 23-94), 30-days incidence of the primary composite outcome,
cardiomyotoxic death, and overall death were 33%, 13%, and 17% respectively. By multivariable
analysis, the primary composite outcome was associated with active thymoma (HR=3.60[1.93-6.72]),
presence of cardio-muscular symptoms (HR=2.60 [1.58-4.28]), low QRS-voltage on presenting
electrocardiogram (HR for <0.5mV versus >1mV=2.08[1.31-3.30]), left ventricular ejection fraction
(LVEF) <50% (HR=1.78[1.22-2.60]), and incremental troponin elevation (HR=1.86 [1.44-2.39],
2.99[1.91-4.65], 4.80[2.54-9.08], for 20, 200 and 2000-fold above upper reference limit, respectively).
A prognostic risk score developed using these parameters showed good performance; 30-days primary
outcome incidence increased gradually from 3.9%(risk-score=0) to 81.3%(risk-score>4). This risk-
score was externally validated in two independent French and US cohorts. This risk score was used
prospectively in the external French cohort to identify low risk patients who were managed with no
immunosuppression resulting in no cardio-myotoxic events.

Conclusions:

ICI-myocarditis can manifest with high morbidity and mortality. Myocarditis severity is associated
with magnitude of troponin, thymoma, low-QRS voltage, depressed LVEF, and cardio-muscular
symptoms. A risk-score incorporating these features performed well.

Trial registration number:

NCT04294771 and NCT05454527.


http://clinicaltrials.gov/show/NCT04294771
http://clinicaltrials.gov/show/NCT05454527
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Structured Graphical Abstract (39/40)
Key Question: What predicts poor prognosis in ICl-associated myocarditis?

Key Finding: Troponin, thymoma, cardio-muscular symptoms, low QRS-voltage, and LVEF
predicted negative outcomes. A risk score containing these features performed well.

Take-Home Message: ICI-myocarditis is part of a generalized myotoxicity and early risk-
stratified early is possible.

INTRODUCTION

Immune checkpoint inhibitors (ICI) have emerged as a mainstay of cancer therapy with
widespread adoption across multiple tumor types and clinical settings. Almost 50% of patients
with cancer are currently eligible for ICI therapy.1 ICI activate the immune system with anti-
tumor effects but cause immune related adverse events (irAE) in 70-90% of patients.2—4
IrAE can affect any organ including cardio-muscular tissues and range from mild to fatal.1,5-
8 ICI-myocarditis, which occurs in 0.3-1% of ICI recipients, is the most fatal irAE with
mortality estimated at 30-50% in early studies.5,7,9 However, ICl myocarditis severity is
heterogeneous; while asymptomatic cases are increasingly recognized, others patients
experience life-threatening arrhythmias, cardiogenic shock, or severe concomitant myositis
with respiratory muscle failure.5,10 Triage and management of this rare condition remains a
significant challenge even for advanced multidisciplinary teams.



To date, prognostic studies of ICI-myocarditis have used pharmacovigilance datasets or
cohorts less than 150 patients, without external validation and with differing results.7,9,11,12
Proposed predictors of severity include combination ICI treatment, elevated biomarkers,
conduction delays, systolic dysfunction, inadequate immunosuppression, and simultaneous
myasthenia or myositis irAE. Since these features often coexist, reconciling these data is
challenging. Consequently, major knowledge gaps remain in selecting the appropriate level
of care and immunosuppression strategy for ICI-myocarditis. To address this, we leveraged a
web-based platform and built a multicenter registry with approximately 750 adjudicated
cases of ICI-myocarditis. In this work, we use this cohort to perform a comprehensive
multivariable analysis of predictors of severe outcomes in ICI-myocarditis. We then generated
and externally validated a risk score to assist clinicians in risk stratification and treatment
decisions.

Methods

Data Collection

A retrospective registry spanning 127 institutions across 17 countries containing 757 cases of
ICI myocarditis diagnosed by treating clinicians was used as a discovery cohort (Table S1,
Figure S1 for collaborators). Clinical data were locally adjudicated and submitted by
participating centers via a HIPPA compliant REDCap web-based platform (IRB:181337;
NCT04294771). Submissions were reviewed and cases were rejected when evidence did not
meet Bonaca’s diagnostic criteria for myocarditis, a hierarchical definition incorporating the
availability and strength of diagnostic data.13 Electrocardiograms (ECG) on presentation
were independently interpreted by two cardiologists (B.O. and C.D) blinded to specific cases
who performed quantitative measurements (Sokolow-Lyon Index, PR, and QRS length) and
identified qualitative features (methods previously published).14,15 The primary outcome,
major cardio myotoxic events, was defined as any of the following: 1) severe heart failure
requiring either intravenous medicines or mechanical circulatory support 2) severe
arrhythmia defined as sustained ventricular arrythmia, complete heart block, sudden cardiac
death, use of atropine or isoproterenol, and/or use of pacemaker/defibrillator 3) respiratory
failure due to myositis-related respiratory muscles failure requiring ventilation and/or 4)
death due to these conditions (henceforth referred to as cardio myotoxicities). Respiratory
muscle failure was included to reflect contemporary understanding of ICImyocarditis as part
of a generalized skeletal myositis that can impair ventilation.5, 8, 16, 17 The study period
ended 30 days after clinical presentation with ICI-myocarditis to avoid including unrelated
endpoints. Cases were excluded if the primary outcome was met more than 24 hours prior to
presentation (n=9), leaving 748 cases for analysis.

Two external independent validation ICI-myocarditis cohorts (using the updated Bonaca’s
criteria) were obtained from Sorbonne University (SU, Paris, France) (prospective cohort of
35 consecutive cases presenting between April 2023 and April 2024 where the risk score was
used to guide treatment; NCT05454527)5,18 and Mass General Brigham (MGB, Boston,
USA) (retrospective cohort of 119 consecutive cases presenting between January 2015 and
June 2022, with enough available elements to compute the replication),19 both collected after
derivation of a risk-score from the discovery cohort. The same inclusion and exclusion
criteria, and outcomes definition from the discovery cohort were applied.



Table 1: Discovery cohort characteristics (n=748)

Variahle ICI-Myocarditis Study Cohort | N missing
Administrative data
World region
e Morth America J43/748 (46%)
= Lurops 334/748 (45%) 0
s fsia B3/748 (B%)
o fstralia 8/748 (1%)
Demographics
Age (years, median, (10K), [rangs]) 6% (61-77) [23-94] Z
Body Mass Index (kg/m?)
* Underweight (<18.5) 33/650 (5%)
e PNormalweight (18.5-25) 2BO/GY0 (41%) 58
o Cverweight (=25-30) 226/690 (33%)
o (Obese (»30) 151/690 (22%)
Femals 248/747 (33%)

Dizbetes (gither type 1 or 2)

160/707 (23%)

Coronary arlery diseass

1341718 (18%)

History of heart failure

BO/706 (8%)

Stroks

Chronic obstructive pulmonary dissass
Obshructive slesp apnaa

Chronic kidney dissase

29710 (4%)
88/699 (13%)
60/696 (9%)
100701 (14%)

[RR ey e o) | L F -]

~

Paripheral vascular dissase

43/709 (6%)

Prior organ transplant

4/682 {1%)

Histary of autoimmuns disease”
Seasonal influsnza vaccination in the last year

Cancar lype

« Hemopathy

« Lung

e Skin

«  Urogenital

s Other
Prezence of thymoma

s Agtive thymoma

o Hizlory of thymoma

o« Poactive or history of thymama
Cancer treatments concurrent to ICI
Vascular Endothelial Growth Factor inhibitors
ICI Regimen

«  Anbi-FOT or anti-POLY monotherapies

e Anti-CTLAY monatherapy

e Anti-CTLAL & anli-PDT/PDLT combination therapy

e (Other combinalion regiman
[ime from current ling 15! 1C infusion to myocarditis (days)
Clinical examination
Cardio-muscular symploms™

62/714 (9%)
196/462 (42%)

M Cad | O |Cad|f O B Cad| P | Cad | P

00 e | O D
o

151747 (2%)

180/747 (24%)
231747 (31%)
164/747 (22%)
157/747 (21%)

14/748 (2%)
61748 (1%)

728/748 (97%)

27/748 (4%)

5751747 (78%)
11741 (1%) .
151/741 (20%) '
4741 (1%)

40 (2377) [0-953)

625/748 (84%)

Heart rats on presentation (beal/minute, median, (1QR), [range])

ones

on

86 (73-102) [25-220]




Variable

ICI-Myocarditis Study Cohort

N missing

Index electrocardiogram (adjudicated blindly from outcomes)

Heart rhythm on presentation™”
e Sinus rthythm
o fgcelerated junctional rhythm
. ilock, second degras (type [ or 1l
e Supraventricular tachycardia
e Complete heart block
s Venlricular arrhythmia

Prasence of pathological Q-waves”
Sokolow-Lyon QRS voltage®

e =[AmY
o >051.0mY
e =10mY

QRS duration”

o =1720ms
o >120-150ms
o >150ms

Follow-up electrocardiographic features (as assessed by the reporters

« \enlricular arrhythmias and complete heart blocks

« entricular arrhythmias without complete heart blocks

s Complete heart blocks without ventricular arthythmiss

e Other significant conductive disorders, sxcluding complete heart
blocks and ventricular arrhythmias

e Other thythm or repolarization zbnommalitizs, excluding

conductive disorders and ventriculzar arrhythmias
MNone of the above

4651588 (79%)
31588 (1%)
12/588 (2%)
63/588 (11%)
34/588 (8%)
11/588 (2%)

771535 (14%)

26/699 (4%)
?4, EE'(' |:' 1%
691699 (10%)

74/659 (11%)

459 (64%)

160

(=]
Cad

(=]
Cad

[
Cad

49

290 (67%)

BIU|IJ values are expressed as folds of upper limit uf normal

Crealting Kinase, initial
o =] 204/564 {36%)
e 110 200/564 {35%) 184
o >10-50 135/564 fa’4-":r:]
o >5[ 25/564 (4%)
Craaling Kinass, psak
o =1 182/664 (32%)
« 110 206/564 {37%) 184
e >10-50 148/564 (26%)
» >B[) 28/564 (5%)
Iroponin (preferentially T, otherwise 1), initial
o =i 87/673 (B%)
o =120 2B2/673 (42%) -
o >20-200 265/673 (39%) -
o 2002000 64/673 (10%)
e 2000 51673 (1%)
[ropanin (preferentially T, otherwise 1), peak
s =1 J2/675 (5%) 73
o .20 236/675 (35%
o >20-200 293/675 t4dLIc]
« >200-2000 100/675 (15%)
o >2000 14/675 (2%)
Neutrophil to Lymphocyle Ratiod 6 {3-10) [0-78] 391
Estimated glomerular fillration rate (CKD-EPI, mL/min/1.73m?) 75(54-92) [8-137 196




Variahle ICI-Myocarditis Study Cohort | N missing ‘

Myocarditis staging (criteria detailed in 1)

e Possible 1797486 (24%)
e Probahls 174/7T46 (23%) 2
e Definile 393/748 (53%
Myocarditis treatment
Corlicosteraids 619/748 (83%) 0
e Initial daily dose (pradnisone equivalsnt, mgka) 2{1-18)[0-:29 43
e Pegk daily doss (prednisons squivalent, mg'kg) 7 {1-168) [0-40] 58
Corticosteraids, initial daily dose (prednizone equivalent, ma/ka)
o« < 85/576 {15%) ]
43
o 12 171/576 (30%)
. 7 320/576 (56%)
Corlicosteroids, peak daily dosz (pradnisons equivalznt, mg/kg)
S ol :
e 17 35/561 (24%)
o 7 359/561 (64%)
Immunomadulators (any, but not corticosteroids) 268/748 (36%) 0

* Prior autoimmune diseases : Addison’s disease (2), Ankylosing spondylitis (1), Antiphospholopid syndrome
(1), Autoimmune hepatitis (3), Chronic inflammatory demyelinating polyneuropathy (2), Hashimotos thyroiditis
(6), Immune gastritis (2), Myasthenia gravis (3), Myositis (3), Other (16), Psoriasis (5), Rheumatoid arthritis
(12), Sarcoidosis (2), Sjogren (2), Systemic lupus erythematosus (4), Thyroiditis (2), Type 1 diabetes (4);
patients with more than one disease (6).

Other autoimmune diseases details (1 patient each): Anti-synthetase Syndrome, Atopic asthma, Autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy, Autoimmune nephritis, Bullous pemphigoid, Chronic
cutaneous lupus, Erythema nodosum, Fibromyalgia, Immune thrombocytopenic purpura, Paraneoplastic
acrokeratosis, Paraneoplasic limbic encephalitis, Primary generalized osteoarthritis, Raynaud’s disease,
Ulcerative colitis, Viral myocarditis, Unspecified.

** Any of the following symptoms: Altered mental status, Anorexia / Loss of appetite, Arthralgia / Joint
pain,Dyskinetic apical impulse, Dysphagia, Dyspnea, Chest pain or discomfort, Cough, Fatigue, Jugular venous
distention, Lower extremity edema, Myalgias, Nausea/vomiting, Ocular symptoms (ptosis, diplopia, vision
changes), Orthopnea, Pain other than chest pain (e.g abdominal), Palpitations, Paroxysmal Nocturnal Dyspnea,
Pre-syncope, Pulmonary rales, Syncope, Third heart sound gallop or S3 gallop, Weakness, Weight gain

*** For index electrocardiogram description: If patients had more than one ECG available on first day of
presentation, sinus rhythm (and supraventricular tachycardia) ECGs were preferred over complete heart block
and ventricular arrhythmia ones.

# Q-waves, Sokolow-Lyon voltage, QRS voltage and duration were not measured in patients presenting with
accelerated junctional rhythm (3), complete heart block (34), and sustained ventricular arrhythmias (11).
Additionally, measures were missing for 5 patients without fully interpretable ECG available (e.g ventricular
pacing, full 12-lead missing).

## Follow-up (median (IQR) in days : 116 (31-331))

EKG features : Ventricular arrhythmias i 1 nclude sustained and non-sustained ventricular tachycardia, Torsade
de Pointes, and ventricular fibrillation.

Other significant conduction disorders include first or second-degree heart blocks, fascicular blocks (left
anterior or posterior), bundle branch blocks (left, right, or undetermined, including QRS duration>120ms), sinus
dysfunction with escape junctional rhythm, sinus arrest/sinus pause.

Other repolarization or rhythm abnormalities include supraventricular arrhythmias (including junctional
tachycardias), PR-segment depression, premature atrial and/or ventricular complex(es), left ventricular
hypertrophy, ST segment and T-U waves abnormalities, presence of pathological Q-waves, microvoltage or
Sokolow-Lyon voltage<0.5mV).



8§ Blood count collected within 48 hours before the first dose of immunosuppressant (either steroid or
immunomodulator, whichever was first). If no treatment given, first available value.

Abbreviations:

CKD-EPI: Chronic Kidney Disease Epidemiology collaboration (Ann Intern Med. 2009 May 5; 150(9): 604612)

Statistical Analysis

Explanatory model

A univariate cox regression model was used to evaluate the association of clinical variables
with major cardio-myotoxic events in the discovery cohort. Independent variables spanned
past medical history, objective data collected during the ICI-myocarditis evaluation, and
immunosuppressant use.  Troponin, creatine-kinase, cardio-muscular symptoms, left
ventricular ejection fraction (LVEF), and immunosuppressant use were treated as time-
dependent covariates to prevent survivorship bias. Troponin and creatine-kinase were divided
by the contributing institution’s upper limit of normal (ULN). When both cardiac troponin-T
and troponin-1 were collected, troponin-T was preferentially used.18 A multivariable
explanatory model tested pre-selected variables based upon available evidence and clinical
experience. Multivariable analysis was performed after multiple imputation by chained
equations of missing data using 50 imputed datasets. Imputed results were merged according
to Rubin’s rule.20

Predictive model

Starting from an empty predictive model, a stepwise selection procedure was performed
using Schwartz Criteria to select the most impactful variables. The untransformed coefficients
of these variables were used to derive a risk score for predicting the primary outcome with
one point assigned for a coefficient of 0.5-1, two points for a coefficient of >1-1.5, and three
points for a coefficient >1.5. Internal validation was performed with K-fold cross-validation
with k-set of 10. External validation was performed on the two external validation ICI-
myocarditis cohorts. For both internal and external validation, Harrell’s c-index assessed the
risk score’s goodness-of-fit using serial models on days 1-3. Confidence intervals were
obtained with bootstrap, using up to 1000 bootstrap replicates. Sensitivity analysis was
performed with an unimputed dataset as well as a competing risk model to account for death
from other causes. Analyses were conducted with R-v.4.2.2 for Windows, and the R-packages
survival, mice, boot and rms. A two-sided p-value<0.05 was deemed significant.

Results

Patient Characteristics and Outcomes



Among 748 cases of ICI-myocarditis, median(interquartile-range) age was 69(61-77) and
33% were female (Table-1 for the baseline characteristics). Median time from first ICI dose
to myocarditis presentation was 40(23-77) days with 21% patients receiving combination ICI
and 79% receiving ICI monotherapy (usually anti-PD-1). The most common primary cancers
were skin (31%), lung (24%), and genitourinary (22%); 3% had a thymoma. Half the cohort
was classified as definite myocarditis, and one quarter each as probable and possible. Among
those who underwent cardiac MRI (n=459), studies were consistent with myocarditis in 64%
patients and when endomyocardial biopsy or autopsy was performed (n=290), histopathology
was consistent with myocarditis in 67% patients. Patients without supporting MRI or
histopathology met myocarditis criteria by other diagnostics; 84% had cardio-muscular
symptoms within 72h of presentation, 95% had elevated troponin, 94% had abnormal ECG,
42% had depressed LVEF, and 43% had either concomitant myositis or myasthenia gravis-
like syndrome (Figure-1A). Corticosteroids were given to 83% of patients and 36% received
non-steroidal immunomodulators.

Figure 1: Cardiac workup and clinical event rate. Results of diagnostics used in myocarditis workup (A),
major cardio-myotoxic events overlap (B), time from first ICI dose to onset of myocarditis (C), and event
curve of first major cardio-myotoxic event at 30-days (D).
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The primary composite outcome of major cardio-myotoxic events occurred in one third of
patients within one month of presentation. This included 118/748(16%) patients with heart
failure, 143/748(19%) with arrhythmia, 61/748(8%) with respiratory muscle failure, and
92/748(13%) with death due to cardio-myotoxicity (Figure-1B for the intersection of primary
outcome components). Most cardiomyotoxicity events and related deaths occurred early in the
30-days study period while overall death (17%) was more evenly distributed (Figure-1D for
event curves).



Explanatory Analysis

Multivariable modeling found that major cardio-myotoxic events were associated with active
thymoma (HR=3.75[1.82-7.69]), recent ICI initiation (HR for 10 versus 30 days=1.06 [1.01-
1.11]), presenting ECG with low QRS-voltage (HR for <0.5mV versus >1mV =1.88 [1.15-
3.07]), LVEF<50% (HR=1.78 [1.19-2.67]), presence of cardio-muscular symptoms
(HR=2.60[1.57-4.31]) and troponin elevation (HR=1.83 [1.38-2.43], 2.91 [1.76-4.81], 4.63
[2.25-9.53] for 20, 200 and 2000-fold increase over upper reference limit (Figure-2A). In this
model, notable variables that showed no association with severe cardio-myotoxicity included
age, sex, combination ICI therapy, corticosteroid dose, and use of non-steroidal
immunomodulators.

Figure 2: Multivariable analysis of association with 30-days major cardio-myotoxic events. Explanatory
multivariable model for association with major cardio-myotoxic event (A). Predictive multivariable model
for association with major cardio-myotoxic event using a stepwise selection procedure (B).

Variable Hazard g o c1
Ratio
Age (+Syears) 0,99 (0.93-1.05) L
Body Mass Index (+5ka/m2) 1.08 (0.87-1.20) )
Female 0.95 (0.70-1.29) [ B
Presence of thymoma ‘
- Active thymoma 375 (1.82-7.89) L Hazard
- History of thymoma 1.64 (0.68-3.99) 1+ Variable Coef 95%Cl
- No active/history of thymoma Ref. Ratio
Concurrent VEGFI 0.92 (0.38-2.21) —— Presence of thymoma
ICI combination therapy 1.08 {0.77-1.52) p - Active thymoma 128 360  (1.93-6.72)
Time to onset - History of thymoma 034 141  (0.61-3.26)
- 10 days 1.06 (1.01-1.11) ] ) X
- 30 days Ref - .No active/history of thymoma Ref.
- 120 days 0.77 (0.63-0.98) Time to onset
Cardiomuscular symptoms 260 (1.57-4.31) - - 10 days 008 1.06 (1.01-1.11)
Myasitis 0.77 (0.55-1.08) 1 - 30 days Ref. J
Pathological O waves 1.33 (0.88-2.01) - 120 days -0.25 078  (0.63-0.96)
- vais 188 (145307) . Gardiomuscular symptoms ~ 0.95 260 (1.58-4.28)
~0,5-1.0mV 130 {D.05-2.04) | Sokalow-Lyon voltage
- >1.0my Ref. - =0.5mV 073 208 (1,31-3.30) -
QRS duration - =0.5-1.0my 042 152 (1.06-2.18)
- 90ms Ref, - >1.0mv Ref.
Le}lsegr']smcular ejiction fraction 1.09 {0.72-1.84) g Left ventricular ejection fraction
_ =50% Ref. - 150‘%‘: 0..55 1.78 (1.22-2.60) 4
- <50% 1,78  {1.19-2.87) Y Troponin (preferentially T, otherwise 1)
Creatine Kinasa (*50 ULN) 116 (0.72-1.893) » - 1*ULN Ref.
Troponin (preferantially T, otherwise 1} - 10* ULN 048 161 (1.33-1.95)
e R 108108 l - 20*ULN 062 186  (1.44-2.39) .
T 20° ULN prai :3aj2:4ai . - 100 * ULN 095 259 (1.763.81)
- 100 * ULN 253 {1.64-3.92) » - 200* ULN 1.09 299  (1.91-4.65)
- 200 * ULN 291 (1.76-4.81) [ 3 - 2000 * ULN 1.57 4.80 (2.54-9.08)
- 2000 * ULN 463 (2.258.53) —i- NeutrophillLymphocyte Ratio  0.02  1.02 (1.00-1.03)
NeutrophililLymphocyte Ratio  1.01  {1.00-1.03) ) i
Corticoslerolds (prednisone equivalent) B
- None Ref.
- <Tmegka 0.81 (D.41-1.58)
- 1-2mgtkg 0.79 (0.50-1.25)
- >2mgfkg 0.87 {D.B1-1.23)
Immunomodulators 1.37 (0.87-2.19)
04 051 2 I.U

Abbreviations: CI : confidence interval, coef: coefficient, ICI: immune checkpoint inhibitor, ms: millisecond,
mV: millivolt, Ref: reference, ULN: upper limit of normal, VEGFi: Vascular Endothelial Growth Factor
Inhibitor, Immunomodulator: non-steroidal immunomodulators only

Univariate analysis associated major cardio-myotoxic events with several features, some of
which did not meet significance upon multivariable analysis. Those included high body mass
index (HR=1.10 [1.00-1.21]), cardio-muscular symptoms (HR=3.44 [2.10-5.63]), pathological
Q-waves (HR=1.96 [1.34-2.89]), magnitude of QRS prolongation (HR=1.64[1.18-2.27] for
150ms vs. 90ms), elevated creatine kinase (HR for 50-fold increase over ULN=2.44[1.77-



3.35]), elevated neutrophil-to-lymphocyte ratio (HR=1.03[1.01-1.04]), and treatment with
non-steroidal immunomodulators (HR=1.98 [1.34-2.94]) (Figure S2A). The incremental
association of severe cardio-myotoxicity with continuous variables on day of presentation
including biomarkers, ECG, LVEF, and time to onset are displayed in Figure S3. Similar
results were found when multivariable modeling was performed on an unimputed complete
dataset (Figure S2B). A competing risk analysis correcting for the effect of death due to other
causes had overall unchanged findings and effect size compared to the original multivariable
model (Figure S4).

Figure 3: Risk score for major cardio-myotoxic events. Components of the risk score of major cardio-
myotoxic events at 30-days (A).Distribution of patients according to risk score (B). Cumulative incidence of
major cardio-myotoxic events according to for risk score level (C). Cumulative incidence of components of the
primary composite outcome of cardio-myotoxic eveBnts (D).
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Predictive Analysis and Risk Score

A stepwise variable selection procedure identified the strongest predictors of the composite
major cardio-myotoxic event outcome to be active thymoma (HR=3.60[1.93-6.72]), presence
of cardiomuscular symptoms (HR=2.60 [1.58-4.28]), low QRS-voltage on presenting
electrocardiogram (HR for <0.5mV versus >1mV=2.08 [1.31-3.30]), LVEF<50% (HR=1.78
[1.22-2.60]), and elevated troponin (HR=1.86 [1.44-2.39], 2.99 [1.91-4.65], 4.80 [2.54-9.08],
for 20, 200 and 2000-fold increase over institution’s upper limit respectively) (Figure-2B). A
risk score ranging from 0 to 8 was derived by assigning each predictor a value proportional to
its respective regression coefficient: +2 for active thymoma, +1 for cardio-muscular
symptoms, +1 for low QRS-voltage, +1 for LVEF<50%, and +1-3 points for degree of
troponin elevation (Figure-3A). Classification of the cohort according to risk score on day of
presentation showed 9% with O points, 29% with 1 point, 36% with 2 points, 18% with 3
points, and 4% with 4 or more points (Figure-3B). 30-days cumulative incidence of major
cardio-myotoxic events was low at 3.9% for patients with risk score of 0 and increased
proportionally as risk score increased with 16.7% incidence for 1 point, 33.3% for 2 points,
50.4% for 3 points, and 81.3% for 4 or more points (Figure-3C). There was a 1.6%
cumulative incidence of cardio-myotoxicity related death for a risk score of 0 compared to



34.8% for a score>4. All components of the primary outcome increased incrementally with
higher risk scores (Figure-3D).

Risk Score Validation

Internal validation of the risk score showed good performance with a c-index of 0.70[0.67-
0.73] on day one and remained unchanged at 0.71[0.66-0.75] by day three (Figure-S5). A
score of 0 had a negative predictive value of 97%[90-100] for severe myotoxicity and
98%][91-100] for myotoxicity-related death (Table S3 for predictive properties per risk score
value).

The external validation 1 cohorts’ characteristics are detailed in Table-S2. Compared to the
discovery cohort, the SU cohort had a higher proportion of score 0 (20%), but scores 1, 2, and
3+ were similar (31%, 31%, and 17%, respectively) to the discovery cohort (Figure-S6). The
MGB cohort had almost no patients with score 0(<1%), but more with score 1(37%) and score
2(45%), and fewer with score 3+(18%). For risk score 0, 30-days cumulative incidence of
major cardio-myotoxic events was 0% in both cohorts and increased incrementally for score
1(22.1% SU vs 20.1% MGB), score 2(39.8% SU vs 50.7% MGB), and were highest for risk
score 3+(63% SU vs 72.6% MGB) (Figure-S6). In the MGB cohort, the risk score had a c-
index of 0.63(0.55-0.71) on day 1 which increased to 0.72(0.63-0.80) on day 2 and 0.75(0.65-
0.82) on day 3. In the SU cohort, the risk score had c-index of 0.75(0.53-0.86) on day 1 and
0.74(0.52-0.87) on day 2. In both cohorts, a risk score of 0 had 100% negative predictivevalue
(Table-S3, Figure-S5). In the prospective SU validation cohort, all seven patients with risk
score of 0 had ICI stopped but no immunosuppression given per a recently published
therapeutic protocol.5 There was no death or major cardiomyotoxic events in these seven
patients over one month.

Discussion

ICI-myocarditis manifests with a wide range of severity. This study used a contemporary
multicenter registry to follow 748 patients with ICI-myocarditis for one month after
presentation, observing 13% mortality from cardio-myotoxicity. ICI-myocarditis was highly
morbid with a primary composite outcome of severe heart failure, arrhythmia, respiratory
muscle failure, and cardiomyotoxicity-related mortality occurring in 33% of patients.
Multivariable analysis showed this primary outcome was associated with elevated troponin,
thymoma, cardio-muscular symptoms, LVEF<50%, and ECG with low QRS-voltage. To
avoid over-fitting and favor generalization, a simplified risk score was generated from these
features which predicted adverse outcomes with good accuracy and very high negative
predictive value. The risk score was externally validated in both a prospective cohort of 35
patients at Sorbonne University (Paris, France) and a retrospective cohort of 119 patients at
Mass General Brigham (Boston, USA). In the prospective cohort, all patients with a risk score
of zero had ICI withheld and were managed without immunosuppressants with excellent
outcomes.



While early reports of ICI-myocarditis estimated a mortality of 50%, this study’s lower event
rate is consistent with contemporary reports that include cases with less severe disease.9, 11,
21, 22 To date, few cohort studies have analyzed ICI-myocarditis outcomes with sample
sizes ranging from 33 to 147. All studies used a major adverse cardiac event (MACE) primary
outcome, typically including cardiovascular death, complete heart block, ventricular
arrhythmias and/or cardiogenic shock.9,14,23-28 Over 1-5 month follow-up, 23-64% MACE
was observed, similar to our discovery cohort's major cardiomyotoxic event rate of 33% and
our validation cohorts’ rates of 31% (SU) and 41% (MGB). Our study used a 30-days
surveillance period which reduced the cumulative event rate but prevented misattribution of
late endpoints in this multimorbid population.

With 748 patients, this is the 1 largest cohort of ICI-myocarditis ever studied. Unlike previous
studies, this cohort also included patients with mild or sub-clinical 1CI-myocarditis (~20% of
the cohort) reflecting contemporary understanding that milder asymptomatic cases exist.5, 21
In contrast to previous studies only evaluating a limited number of predictors, our study’s size
allowed for a large multivariable analysis including variables implicated in previous studies as
well as novel predictors. Consequently, previous associations with severe outcomes such as
combination ICI therapy or corticosteroid use, were not found to be significant.9, 24, 26, 27
These findings reframe combination ICI therapy as a risk factor for developing myocarditis
with little prognostic value when other variables are considered.11, 29, 30 The lack of benefit
with corticosteroids is provocative given their widespread use. In the discovery cohort, it is
likely that immunosuppression was prescribed to sicker patients at higher risk for adverse
events. On the other hand, the SU prospective validation cohort followed a pre-defined
therapeutic algorithm where patients with risk score of O were managed without any
immunosuppressants and had no major cardiomyotoxic events at one month. It is worth
considering these findings in light of ongoing debates over appropriate corticosteroid dosing
in ICl-myocarditis, high rates of corticosteroid resistance, and recent evidence of higher
mortality in severe cases when corticosteroids are used as first line therapy without non-
steroidal immunosuppressants.5, 31, 32

The strongest predictors of adverse outcomes identified in this study — troponin levels,
thymoma, low QRS-voltage, LVEF and cardio-muscular symptoms — are logical from a
mechanistic perspective. Troponin release is inherent to the inflammatory myocyte necrosis of
myocarditis and has been demonstrated as a surrogate for disease severity in smaller studies.9,
18, 24 While univariate analysis of creatine kinase showed significant association in this and
other studies, the multivariable model did not, suggesting it may be confounded by other
biomarkers, namely troponin.18, 33 While only 14/748 (2%) of patients in this study received
ICI for active thymoma, these patients had nearly 4-fold higher severe cardio-myotoxicity risk
after multivariable adjustment. This is consistent with increased autoimmunity seen in thymic
neoplasms and fits the leading hypothesis that ICI-myocarditis is associated with thymic
dysregulation and generation of auto-reactive T-cells targeting cardio-muscular antigens and
unleashed by 1C1.8,34-36 Similarly, the prognostic value of low QRS-voltage is also based in
pathophysiology as immune infiltrates have been shown to directly impact myocyte
electrophysiology and induce arrhythmias.14, 37

The results of this analysis are compelling given their clinical utility. Factors such as troponin,
symptoms, ECG features, LVEF and thymoma status can be promptly ascertained in



ambulatory and emergency room settings. While advanced imaging or endomyocardial biopsy
results have been linked to outcomes in previous studies, the inaccessibility of these resource-
intensive diagnostics makes them impractical prognostic tools.23, 25, 38 Separately, this
study’s identification of risk profiles complements ongoing efforts to optimize
immunosuppression for the treatment of 1CI-myocarditis. For example, while ruxolitinib and
abatacept have been effectively used to treat severe ICI-myocarditis, asymptomatic cases
without severity infra-clinical surrogates have been managed by simply stopping ICI without
steroids or other immunosuppressants with good outcomes.5 Two prospective randomized
studies are currently testing abatacept treatment in 1CI-myocarditis. While one trial only
includes patients with suspected mild to moderate ICI-myocarditis without ventricular
arrhythmias, high-degree atrioventricular blocks, or cardiogenic shock (NCT05335928), the
other aims to optimize abatacept dosing in definite IClI myocarditis with these latter severe
features (NCT05195645). Using predictive risk scores like ours in future studies could
identify patients with the most potential for positive treatment effect.

There are multiple potential clinical applications of this risk score. A score of 0 in
combination with thorough clinical assessment may identify patients who can be managed
with minimal or no immunosuppression since cardio-myotoxic events 1 are rare in this group.
Since over 14% of patients with a risk score of 1 had major cardio-myotoxic events in the
three studied cohorts, inpatient monitoring may be preferred for a score of 1 or higher.
Patients with score equal or above 2 may benefit most from empiric immunosuppression due
to their >30% event rate. Further studies of this risk score may allow much-needed decision
support for clinicians managing this rare and complex disease entity.

This study’s limitations should be recognized. The discovery cohort was derived from a
multicenter registry wherein treating physicians adjudicated clinical data and outcomes. We
attempted to mitigate this variability by excluding cases with no evidence for myocarditis per
Bonaca’s criteria and by utilizing a core lab for ECG interpretation. Second, this cohort had
missing data (detailed in Table 1) which were imputed. Imputation was necessary to power
this analysis and prevented bias linked to potential non-random missingness. Finally, while
the model tested known predictor variables, it is possible that unknown confounders were not
included. Nevertheless, this risk score performed well in two independent external cohorts
suggesting the validity of our model despite the aforementioned limitations.

In conclusion, we used a large multicenter registry to study predictors of severe outcomes in
ICl myocarditis and establish a risk score. This risk score was validated in 2 independent
cohorts. These contemporary cohorts continue to show a high frequency of severe cardio-
myotoxicity, occurring in one third of patients over the first month. A multivariable model
showed that magnitude of troponin increase, pre-existing thymoma, presence of symptoms,
low LVEF, and low QRS-voltage were associated with severe cardio-myotoxicity. These
findings were used to derive a practical risk score which performed well in predicting adverse
events in patients who present with 1CI-myocarditis. This risk score was applied prospectively
and was promising in identifying patients who could be safely managed  without
corticosteroids or other immunosuppressants.
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Supplementary Figures Legends

Figure S1: Geographic distribution of study population (discovery cohort)
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Figure S2: Univariate (A) and Unimputed (B) (n=238)

association with major cardio-myotoxic events.

A.
> Hazard
Variable % 95%C1
Administrative data
World region
- North Amernca Red.
« Europe 0568 (042.0.73) L]
- Asia 1.20 (D.80-1.81) 4
- Australia 0.57 (0.14.229) —ef-
Demographics
Age (+5ye8rs) 098 (0.93-1.03)
Body Mass Index (+Skg/m2) 1,10 {1.00.1.21) '
Femala 093 (D71-1.29) <
Patient history
Disbetes 092 (0.67-1.26) L
Carcnary artery disease 090 (0.63-1.28) L
Heart faiure history 093 (057-1.52) 4
Stroke 070 (D32-1.54)
coep 118 (0.78-1.72) B.
Obstructive sleep apnea 142 (D.94-2.16)
Chronic Kidney dsease 064 (041-0.99) Hazard
Pecipharal vascular dissase 1.02  (0.56-1.77) Variable 2 95%C1
Prior organ transplant 194 (0.52-7.26) Age (+5ycars) W (0.80-1.14)
Autoimmune dsease hisiory  1.40 (0.93.2.10) Sody Mass Index (+Skg'm2) 106 (0.84-134) )
Seasonal nfiuenza vaccine  1.05 (0.77-1.42) Famalka 094  (053-172) 4
Cancer Prasence of thymoma
- Hemopathy 104 (042-2.54) - m:nryﬂ;y'r;:;m":"“ 21;48 (1,74-1166.39) °
- Lung 097 (072-134) - No wva‘niﬂn;y of thymoma Ref,
« Skin 084 (064.1.11) Concurren: VEGF 113 (026-491) -9
- Urogeneal 085 (062-1.17) l'(|:1 cormnu\anlon therapy 062 (02%132) @
- Other 146 (1.10.1.84) e to oNnse =
Prasence of (hymoma T g:’v: 1% © a-117) @
- Actve thymoma 522 (334.817) - - 120 gays 071 (0A45-104)
« History of thymoma 227 (1.054.83) ° Cardiamuscular symptoms 33t (128-854) -
- No activafhistory of thymoma Ref Pathological Q waves 105 (052-2.10)
Cancurrent VEGF! 0.63 (0.28.1.44) of S%a‘gatfuon voitage T
IC1 combination therapy 1.05 (0.77-1.43) > > 305 omy 140 50'75-2 52)
Time to onset - »1.0mV Ref.
10 days 1.09 (1.03.1.15) d QRS duraticn
g g - Y3om 080 (042191) 4
¥ : - e ! -1.91)
Cnﬁ?otﬁmnaﬁm . SN Left ventricular sjection fraction
- 250% Ref.
Cardiomuscular symptoms 344 (210.563) > - <50% 237 (123-454) °
Myostis 128 (0.96-1.70) Creatine Kinase (‘50 ULN)  1.03  (0.44-240) ¢
Index edectrocardicgram T(?o.og{\ N(pm«enuolly T oalervé:’o 1)
g&mﬁv‘:ﬁ; 95 (1wt * 10* ULN 197 (132.295) e
= 20* ULN 242 (143-4.08) .
<0.5mV 285 (190.4.40) o 100 * ULN 388 (1.74-889) .
- »0.5-1.0mV 1.82 (1.29-2.56) L - 200 * ULN 476 (1.89-12.03) Y
- >1.0mVy Red, - 2000 * ULN 839 (249-3545) o
QRS duration NeutrophilLymphocyle Rato  1.01  (0.98-1.04)
- 90ms Ret C%msmoios {prednisone euug:’hm
jone .
150m= 1.64 (1.18.227) o <1mgikg 062 (0.17-224)
Left ventricular ejection fraction 1:2mgkg 075 (0.32-1.73)
- 280% Red, *2mg'ky 066 (0.33-1.31)
- <50% 193 (1.36-2.74) . Immunomodulators 159 (0.72-352)
CAD with urgent revasc 0.75 (0.44-1.29) o TINT N W
Biology
Creatine Kinase ("50 ULN) 244 (177-335) L]
Troponin (preferentially T, ctherwisa |)
- 1" ULN Red.
- 10* ULN 199 (165.230) L]
« 20* ULN 245 (1.823.11) )
- 100" ULN 395 (273-672) -
- 200° ULN 486 (318.7.44) o
- 2000 * ULN 967 (5.25-17.80) L 3
NeutrophilLymphocyte Ratia 103 (101-1.04)
eGFR (-20 mL/min/1.73m?) 1.10 (0.86-1.23) >
Myocardiils treatmen!
Contx pr e egl %)
- None Red.
. <Imglkg 092 (0.48.175) <
- 1-2mgig 118 {0.79-1.77) 3
- 22mo/kg 136 (1.00.1.87) 13

Abbreviations:

multivariable models for

CAD: coronary artery disease, Cl: confidence interval, COPD: Chronic obstructive pulmonary disease, eGFR:
estimated glomerular filtration rate, ICI: immune checkpoint inhibitor, ms: millisecond, mV: millivolt, Ref:

reference, ULN:

upper

limit of normal,

VEGFi: Vascular Endothelial

Immunomodulator: non-steroidal immunomodulators only

Growth Factor

Inhibitor,



Figure S3: Spline models. Hazard-ratio for major cardio-myotoxic event at 30 days after
presentation as a function of continuous variable predictors using data available at initial
presentation. Troponin and creatine kinase were log transformed to account for non-linearity.
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Figure S4: Predictors of 30-days mortality with competing risk approach. Illustration of
competing risks for study patients (A). Cumulative incidence of competing risks during study
period (B). Explanatory multivariable model for association with major cardio-myotoxic
events fitted using Aalen Johanssen approach to account for death from other causes (C).
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Figure S5: Harrel’s 1 c-index of risk score for association with major cardio-myotoxic
events. Graphical and tabular display of c-index when applied on a daily basis to Discovery
Cohort(A), Sorbonne University Validation Cohort (B), Mass General Brigham Validation

Cohort (C)
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Figure S6: Validation cohorts risk score distribution and cardio-myotoxic event rate.
Risk score distribution for Sorbonne University (A) and for Mass General Brigham (B)
validation cohorts. Cumulative incidence of major cardio-myotoxic events according to for
risk score level in the Sorbonne University (C) and in the Mass General Brigham Hospitals
(D) validation cohorts
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Supplemental Figures

Table S1: Collaborators by institution (n=757 cases for discovery cohort, n=127
institutions, n=17countries; and n=149 cases for replication cohorts, n=2 institutions,
n=2 countries)
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