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Abstract (350/350 words)

Background: Immune-checkpoint inhibitors (ICI) are approved for multiple cancers but can result in
ICl-associated myocarditis, an infrequent but life-threatening condition. Elevations in cardiac
biomarkers, specifically troponin-I (cTnl), troponin-T (cTnT) and creatine-kinase (CK) are used for
diagnosis. However, the association between temporal elevations of these biomarkers with disease

trajectory and outcomes has not been established.

Methods: We analyzed the diagnostic accuracy and prognostic performances of ¢Tnl, cTnT and CK
in ICI-myocarditis (n=60) followed-up for a year in two cardio-oncology units (APHP.Sorbonne,
Paris, France & Heidelberg, Germany). A total of 1751 (one cTnT assay-type), 920 (4 cTnl assay-
types), and 1191 CK sampling time points were available. Major adverse cardio-myotoxic events
(MACE) were defined as heart failure, ventricular arrhythmia, atrioventricular/sinus block requiring
pacemaker, respiratory muscle failure requiring mechanical ventilation, and sudden cardiac death.
Diagnostic performance of cTnl and cTnT were also assessed in an international ICIl-myocarditis
registry.

Results: Within 72h of admission, cTnT, ¢Tnl or CK were increased compared to upper reference
limit (URL) in 56/57(98%), 37/42(88%, p=0.03 vs. cTnT), 43/57(75%, p<0.001 vs. cTnT),
respectively. This higher rate of positivity for cTnT (93%) vs. ¢cTnl (64%,p<0.001) on admission was
confirmed in 87 independent cases from an international registry (13 countries). In the Franco-German
cohort, 24/60 (40%) patients developed at least one MACE (52 MACE in total, median time to first
MACE=5[2-16]days). The highest value of cTnT/URL within the first 72h of admission performed
best in terms of association with MACE within 90days (AUC=0.84) than CK/URL (AUC=0.70). A
c¢TnT/URL>32 within <72h of admission was the best cut-off associated with MACE within 90days
(Hazard-ratio=11.1(*"CI=3.2, 38.0), p<0.001), after adjustment for age and sex. cTnT was increased
in all patients within 72hours of the first MACE (23/23, 100%) while cTnl and CK values were <URL
in 2/19 (11%) and 6/22 (27%) of patients (p<0.001).

Conclusions. cTnT is associated with MACE, and is sensitive for diagnosis and surveillance in ICI-
myocarditis. A ratio of ¢cTnT/URL<32 within <72h of diagnosis is associated with a subgroup at low-
risk of MACE. Potential differences in diagnostic and prognostic performances between ¢TnT and

cTnl as a function of the assays used deserve further evaluation in ICl-myocarditis.

Keywords: Myocarditis, Cardio-oncology, Pharmacology, Immune-checkpoint inhibitors, Adverse

drug reactions, Biomarkers, Troponins



Clinical Perspective

What is new?

Circulating levels of cTnl and CK normalized earlier in the course of ICI-myocarditis while
cTnT levels continued to stay elevated. cTnT was increased in all patients at the time of the
first major adverse cardiac and respiratory muscle failure events (MACE) while ¢cTnl and CK
were within normal ranges in up to one quarter of patients with MACE.

A cTnT level less than 32x the upper reference limit within 3 days of an ICI-myocarditis
diagnosis was associated with a minimal risk of MACE

When diagnosing or surveilling ICI-myocarditis, a normal cTnl value may justify a
confirmatory cTnT evaluation to avoid missing active cardio-muscular pathologic

involvement.

What are the clinical implications?

Circulating levels of cTnT are associated with MACE and are more often elevated at the time
of MACE in ICI-myocarditis patients compared to CK and cTnl.

Kinetic changes of circulating levels of cTnT within the first 72 hours of admission in ICI-
myocarditis are associated with risk of MACE in ICI-myocarditis.

While suspecting or following-up an ICI-myocarditis, a normal cTnl value may justify a

complementary cTnT evaluation to avoid missing an active ICI-myotoxic active process.



Non-standard Abbreviations and Acronyms.

CK : creatine kinase

CTLAA4: Cytotoxic T-Lymphocyte Associated protein 4

cTnl : cardiac troponin-I

cTnT : cardiac troponin-T

ICI : immune checkpoint inhibitors

LAG3: Lymphocyte Activation Gene-3

MACE : major adverse cardiac and respiratory muscle failure events
PD1 : Programmed cell Death protein 1

PDL1 : Programmed cell Death protein 1 ligand

URL : upper reference limit



Introduction.

Immune-Checkpoint inhibitors (ICI) are a potent class of oncology therapies used to treat up to 50%
of cancer types."? Currently approved ICI are monoclonal antibodies targeting four inhibitory immune
checkpoints: CTLA4 (Cytotoxic T-Lymphocyte Associated protein 4), PD1 (Programmed cell Death
protein 1) and its ligand (PDL1), and LAG3 (Lymphocyte Activation Gene-3).% By virtue of activating
the adaptive immune system in fighting cancer, ICI can result in immune-related toxicities that can
affect any organ.! ICI-induced myocarditis is one such toxicity which, although infrequent, can result
in mortality in up to ~50% of affected patients.* ® ICI-myocarditis often presents concurrently with
other myotoxicities including symptomatic myositis (~30-35% of the time) and may lead to fatal
respiratory muscle failure.*® Mechanistically, ICI-myocarditis is associated with macrophage and T-
cell infiltration into muscles and associated myocyte death.'®® The diagnosis of ICI-myocarditis is
challenging and a combination of biomarkers, cardiac imaging, and endomyocardial biopsy is needed
to confirm the diagnosis.** ** Cardiac biomarkers, including high-sensitive cardiac troponin-T (cTnT),
cardiac troponin-I (cTnl) and creatine kinase (CK), are sensitive (though not specific) for the detection
of myocarditis.® However, there are no comparative data on performance of different biomarker and
commercial assays for diagnosis of ICI-myocarditis, particularly when considering the analytical
differences between contemporary and high-sensitive troponin assays.'”?° Available data regarding
use of cardiac biomarkers for risk prediction of major adverse cardiac and respiratory muscle failure
events (MACE) in patients with ICI-myocarditis are limited and most risk prediction tools use
appearance of pathological electrocardiographic features or signs and symptoms of clinical heart
failure.> # Most ICI-myocarditis reports used blood analysis for cardiac troponins to detect cardiac
injury, which is currently part of most diagnostic criteria.** '’ Increased levels of CK in blood have
also been used for ICI-myocarditis diagnosis and potentially prognostication.* ** ®  However, the
diagnostic and predictive performance of these different cardiac biomarker for the diagnosis and
prediction of MACE in ICI-myocarditis is unknown. Herein, we investigated their value for diagnosis,

risk assessment and surveillance in ICI-myocarditis.



Methods.

Patient cohort

We included consecutive patients (n=60) admitted for ICI-myocarditis (having at least an histologic
examination of cardiac biopsy specimens and/or cardiac magnetic resonance imaging consistent with
myocarditis and presentation not explained by other conditions, (see Supplementary-Table-1 for
detailed diagnostic criteria)® into a Franco-German study at the university hospitals of Heidelberg
(Heidelberg, Germany) or Pitié-Salpétriere (AP-HP; Sorbonne, Paris, France) between 2018 and 2020.
Data from the initial hospital stay and subsequent one-year follow-up visits were prospectively
gathered and analyzed. Collected and adjudicated MACE events included : heart failure (requiring
hospitalization); ventricular arrhythmias (including non-sustained events); high-degree atrioventricular
or sinus blocks requiring pacemaker implantation; respiratory muscle failure requiring mechanical
ventilation support; and sudden cardiac death. Death related to MACE was termed as
‘cardiomyotoxicity-related’ death. The study protocol was approved by the Ethics Committee /
institutional review board of both institutions (Heidelberg University: S-286/2017, 390/2011; APHP-
Sorbonne: APHP-CSE-20-37_JOCARDITE; NCT04637672). The investigation conforms with the
principles outlined in the Declaration of Helsinki. Written informed consent was gathered from the

participating patients.

Measurement of cardiac and muscular circulating biomarkers

In the index Franco-German cohort, cTnT was measured in 1751 samples (n=60 patients with at least
one measurement), cTnl in 920 samples (n=55) and CK in 1191 samples (n=60) over a median follow-
up of 354 days, interquartile range [85-360]. Blood samples were collected as clinically indicated up
to one year after diagnosis of ICI-myocarditis and were subsequently analyzed at different time
intervals in days (d) after first hospital admission for ICI-myocarditis: 0-3d (i.e diagnosis phase), 4-7d,
8-14d, 15-30d, 31-90d, 91-180d and 181-360d. Across the whole surveillance period, the median
available number of CK/cTnl/cTnT samples per patient was 15[10-23], 14[7-20], and 21[14-39];
respectively. For a detailed outline of the different assays used and their individual characteristics

including limit of detection, 10% coefficient of variation, and 99" and 95" percentile (for troponins,
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and CK, respectively) upper reference limit of normal population values (URL); refer to
Supplementary-Table-2. The magnitude of correlations between ¢cTnT and cTnl levels as a function
of the 3 main different types of cTnl assays used was moderate (rho=0.6), and not dependent on the
type of ¢Tnl assay (Supplementary-Figure-1). Blood sampling of ¢TnT and cTnl was considered
concomitant if performed within 6 hours.

We externally validated our results concerning ¢Tnl and ¢TnT diagnostic properties using an
international registry collecting ICI-myocarditis worldwide (n=659 as of July 2022, 13 countries, see
Appendix for full list of contributing centers).?> # A total of 87 independent cases (different from the
Heidelberg/APHP.Sorbonne discovery cohort) in which both cTnl or cTnT were available were used
for this validation. In this international registry, cTnl and ¢TnT and their URL were entered by
contributors but data regarding the assays used were not collected. International ICI-myocarditis

21,22

registry ethical approval has already been described elsewhere (NCT04294771).

Determination of cTnl circulating auto-antibody titers

We assessed (as previously described in other cardiac prevalent diseases)®* whether ICI-
myocarditis was associated with the presence of anti-cTnl antibodies, potentially interfering with cTnl
assays. Sera samples (n=242 in total, n=7/patient[4-11]) from all patients prospectively included at
APHP.Sorbonne (n=29 patients, Paris, France)"® were used to detect circulating anti-cTnl IgM or 1gG
during the course of their care. Ninety-six well plates were coated with anti-cTnl diluted in coating
buffer (0.1M NaHCO3/ 34mM Na2CO03, pH=9.5) and then incubated overnight at 4°C. All washing
steps were performed with 1x PBS/0.05% Tween20 three times each. One percent Gelatine (Cold
Water Fish, Sigma)/1x PBS was used for blocking. After 2h incubation at 37°C, half of the plate was
coated with human cTnl for another 2h at room temperature (RT) while the other half served as
control, thus, only coated with 1x PBS/1%BSA/0.1% Tween20. The dilution series of the serum
samples were as follows: 1/40, 1/80, 1/160, and 1/320. For 2h, the plates were incubated at RT.
Horseradish peroxidase (HRP) anti-human 1gG or anti-human IgM (diluted 1/7500 with 1x PBS/1%
BSA/0.1% Tween20, 1h incubation at RT) was used as detection-antibody. Blue Star HRP-Substrate

from Diarect was applied for 10min (IgG) or 25 min (IgM) at RT. The reaction was stopped with
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0.3M H2S04. Finally, the absorbance was measured at 450nm. We used a hybrid antibody construct
(Fc-fragment = humanlgG + Fab-fragment=mouse anti human cTnl; provided by Roche
Diagnostics®, Mannheim, Germany) as a positive control. To calculate the cTnl titres, the optical
densities on both halves of the plate of each sample and dilution were subtracted. Total 1gG and IgM
antibody titers were measured in all tested samples. Total antibody endpoint titers for each sample
were calculated as the highest positive dilution of antibody.*
Pathology findings and troponins expression in skeletal muscles

In all ICI-myocarditis patients included in the APHP.Sorbonne cohort (n=29), we systematically
performed a peripheral muscle biopsy and searched for concurrent ICI-myositis on pathology, as ICI-
myocarditis and ICl-myositis frequently co-occur and have similar pathophysiology.> ** * We sought
to determine whether skeletal muscle injury attributed to ICI-myaositis is a source of ¢TnT or cTnl
release, as non ICI-mediated myositis is associated with increases in ¢TnT but not cTnl.*®* We
performed bulk transcriptomics using muscle biopsies from 6 ICI-myositis patients compared to 6
controls with normal muscle (both groups collected at APHP.Sorbonne, France)* seeking for
differential expression between TNNT2 (encoding cTnT) versus TNNI3 (encoding cTnl). RNA was
extracted from 20 slices of 20 um using QIAzol Lysis reagent and RNeasy Plus Universal Mini Kit
(Qiagen, Germany) following the manufacturer’s protocol. Only samples with RIN (RNA Integrity
Number)>7 determined on the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA)
were then processed. Non-strand-oriented libraries were prepared following the NEBNEXT single
cell/Low input RNA library prep kit protocol from NEB, starting from 20 ng of high-quality total
RNA. Paired-end (2x75bp) sequencing was performed on an Illumina Nextseq 500 platform. RNA-
sequencing analyses were performed using STAR program version 2.7.1a and GRCh 38 release 96
reference genomes for sequences alignment. Data were analyzed using R-program version 4.0.2 and
are expressed as log2 fold change (Log2FC), adjusted p-value using DESeq2 method. Volcano plot of
differentially expressed genes was created using package ‘EnhancedVolcano’.

To investigate whether cTnT may be expressed in ICIl-myositis muscle samples, we performed an
immunohistochemistry staining on 3um sections of formalin-fixed/parrafin-embedded (FFPE) muscle
tissue of a representative patient. Staining was performed using anti-cTnT antibody (#ab91605,

Abcam, Amsterdam, Netherlands; clone:EPR3695). After the addition of a biotinylated secondary
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antibody, the reaction product was visualized on a Benchmark XT immunostainer (Roche Ventana,
Darmstadt, Germany). Images were acquired on a Nikon Eclipse Ti2 at 20X magnification. After
image acquisition, image tiles were stitched together with the microscope’s native software (NIS-

Elements).

Statistical analysis

Data were analyzed using R-software. Quantitative data were presented as median and interquartile
range [IQR] and were compared using Mann-Whitney test. Biomarker measurements were compared
to their respective 99" and 95" percentiles URL for troponins and CK, respectively. Calculated ratios
(cTnT/URL, cTnl/URL, CK/URL) were subsequently normalized by logarithmic transformation.
Kaplan Meier analyses and multivariate logistic Cox regression models (adjusted on age and sex) were
computed using the survival package (Version 3.1-8). ROC (Receiver-Operator curves) and AUC
(Area under the curve) analysis were calculated by the plotROC package (version 2.2.1). AUC and its
[95™ confidence intervals] were calculated by using the pROC package with 2000 stratified bootstrap
replicates each. The correlation between concomitant ¢Tnl and ¢TnT plasma levels was calculated
using spearman’s test (rho). Comparison of these different correlations as a function of cTnl assay
used was calculated with the Fisher z test for independent correlations as implemented in the R cocor
package.* Non-linear mixed effect (nlme) models were used to study if the ratio of cTnT/URL over
cTnl/URL (as a proxy of their divergence) were influenced by the following fixed effects variables
(time-period after ICI-myocarditis diagnosis, inclusion center, presence or not of 1gG or IgM anti-cTnl
antibodies, age and sex), integrating the following random effects (patients’ identity, and cTnl assay
types). Sensitivity analyses were performed to study the time-dependent evolution of the ratio of
cTnT/URL over cTnl/URL using nlme models (with similar explaining covariates) in subgroups of
patients with the same cTnl assay available. A serum sample identifying detectable IgG or IgM anti-
cTnl (at least 1/40 for each) was considered positive for a 10days time period, except if
plasmapheresis was performed within this time-period. Data will be made available to other

researchers upon reasonable request to corresponding authors.



Results.
Population studied

Our cohort included 60 consecutive patients admitted with ICl-myocarditis. The median age was 71
[61-80] years, 35% were female and the median follow-up was 354 [85-360] days. All patients were
promptly hospitalized upon suspicion of ICIl-myocarditis with diagnosis confirmed via
endomyocardial biopsy or cardiac MRI. Each patient was serially assessed for circulating biomarker
(CK/cTnl/cTnT) of myotoxicity; these biomarkers were analyzed within the first 3 days (median
number[IQR] of tests/patient for CK=3[2-4], cTnI=3[1-3], c¢TnT=4[3-4]). The clinical and
demographic characteristics of this cohort are displayed in Table-1. Most patients had definite ICI-
myocarditis (48/60, 80%) as determined by a diagnostic level of certainty; the rest had probable or
possible myocarditis (Supplementary-Table-1).° A total of 63% of patients received anti-PD1
monotherapy, 22% anti-PDL1 monotherapy and 15% received a combination of anti-PD1 and anti-
CTLA4. Most patients had non-small cell lung cancer (40%) or malignant melanoma (20%). Most
patients were symptomatic at initial presentation (44/60; 73%) while a small subset was identified
asymptomatically as part of a systematic screening strategy (16/60; 27%). A total of 24/60 (40%)
patients developed at least one MACE (52 total MACE events detailed in Table-1). Overall mortality
and ICI cardio-myotoxicity related death occurred in 30/60 (50%) and 9/60 (15%) patients,
respectively. Cardio-myotoxicity related deaths occurred earlier after ICI-myocarditis diagnosis versus
non-myocarditis related deaths (17[8-38] vs. 107[59-271] days, p<0.001). Causes of death are detailed

in Table-1.

Time course of cTnT, Tnl and CK in patients with ICI-myocarditis

Within 72 hours of admission, ¢TnT, cTnl or CK were increased compared to upper reference limit
(URL) with varying degrees. cTnT was elevated in 56/57(98%), compared to cTnl (37/42, 88%,
p=0.03 vs. cTnT) and CK (43/57, 75%, p<0.001 vs. cTnT), respectively. Within 72h after admission,
maximum blood concentrations expressed as multiples of URL were higher for cTnT (median=40[10-
70]) compared to cTnl (median=12[6-64]; p=0.03 vs. ¢cTnT) and CK (median=7[2-9]; p<0.001 vs.
cTnT). These biomarkers were serially measured during hospitalization and their time-dependent

concentration changes following presentation are displayed in Figure-1. Peak values were observed
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for ¢TnT on day 7[3-16], for cTnl on day 3[2-10] (p=0.03 vs. cTnT), and for CK on day 1[1-5]
(p<0.001 vs. cTnT) after initial ICI- myocarditis diagnosis. Figure-1 shows a faster decline in
maximal (Figure-1A), minimal (Figure-1B) and median (Figure-1C) CK and cTnl levels during the
early phase of the ICI-myocarditis (weeks) in contrast to a more prolonged elevation of TnT lasting
several months. Minimal circulating levels of cTnT, cTnl and CK were below URL between day 15-
30 after admission for ICI-myocarditis in 2%, 65% and 78% of cases; and in 11%, 87%, 95% between
day 31-90 (p<0.001 at all times, more extended follow-up data are shown in Figure-1E), respectively.
In patients in whom measured biomarkers normalized during the follow-up, the median time to first
value below URL was longer for cTnT (133[50-247]days), compared to c¢Tnl (17[10-14]days), and
CK (12[6-23]days). Maximum discrepancy between ratio of cTnT/URL over cTnl/URL (maximal
ratio=14.6[4.8-64.3]) during follow-up was identified between day 15-30 after diagnosis (Figure-1D).
Using non-linear mixed models in the patients having concomitant cTnT and cTnl levels available
(n=55 patients; n=761 timepoints), we confirmed that the ratio of cTnT/URL over cTnl/URL was
significantly associated with time to admission for ICI myocarditis (p<0.001 for days 15 to 90 after
diagnosis vs. other time periods; Figure-1D), after adjusting on fixed effect variables (age, p=0.02;
inclusion center, p=0.72 and sex, p=0.04; Supplementary-Table-3A for detailed results and
Supplementary-Figure-2 for age and sex-specific display) and integrating random effects (subject
and types of cTnl assays used). This latter analysis performed in subgroups of patients having only the
same type of cTnl assay available showed similar time-dependent increase of the ratio of cTnT/URL
over cTnl/URL through time (Supplementary-Table-4A-C for detailed nlme models results and
Figure-2 for evolution of cTnl/URL or ratio of cTnT/URL over cTnl/URL through time as a function

of cTnl assays).

Predictors of MACE in ICI-myocarditis

We next investigated the association with MACE of the levels of troponins and CK at index
admission and during the course of their surveillance. Characteristics of ICI-myocarditis patients with
MACE compared to patients without MACE during follow-up are shown in Table-1. The maximal
cTnT/URL value measured within 72h of admission performed best in predicting MACE

(AUC=0.84(0.72-0.93)) during follow-up compared to CK/URL (AUC=0.70(0.55-0.84)) (Figure-
11



3A). Based on ROC analysis, we found a maximal cTnT/URL value within <72 hours of admission for
ICI-myocarditis above >32 to be the most associated with MACE during follow-up (Cox regression
hazard-ratio=11.1, 95% confidence interval=3.2, 38.0, p<0.001, adjusted for age and sex, Figure-3B).
The sensitivity, specificity, positive and negative predictive values of this cTnT/URL threshold to
predict MACE was 86% (66-96%) , 74% (58-86%), 68% (51-85%) and 90% (79-100%), respectively.
This latter cTnT/URL threshold was also associated with all-cause mortality (HR=2.4 (1.1, 5.1),
p=0.03; Supplementary-Figure-3) but not with non-MACE related mortality (HR=1.2 (0.5, 3.1),
p=0.71; Supplementary-Figure-3) during the one-year follow-up. MACE in the 3/29 patients with
cTnT/URL<32, were non-fatal and occurred after hospitalization discharge except for one ventricular
tachycardia diagnosed at day 2 after admission for ICI-myocarditis. Notably, cTnT/URL values
(58[33-130]) were abnormal in all patients within 3days of the first MACE (23/23 patients) while
cTnl/URL (14[2-150]) and CK/URL (7[0.5-20]) values were normal in 2/19 (11%) and 6/22 (27%) of
patients, respectively (p<0.001) (Figure-3C). Kinetic changes of mostly declining or normalizing CK
and cTnl despite persistently high or even increasing cTnT levels at the time of MACE in the 24 ICI-

myocarditis patients developing a MACE are shown in Supplementary-Figure-4.

External validation of cTnT, cTnl diagnostic value in patients with ICI-myocarditis

The external validation cohort included 87 patients from an international registry (cases described in
the discovery Franco-German cohort were not included) who had both initial cTnl and cTnT
measurements within 72 hours of admission. While 64% patients (56/87) with ICI-myocarditis had an
elevated cTnl/URL on admission, the respective percentage was 93% (81/87) for cTnT/URL (Mac
Nemar Test, p<0.001). This discrepancy also persisted for peak troponin values (cTnl/URL>1 in 58/79

(73%) vs. TnT/URL>1 in 76/79 (96%), Mac Nemar Test, p<0.001).

Pathobiology of cardio-muscular biomarkers in 1CI-myocarditis

We first combined the external international validation cohort with the Franco-German discovery
cohort to analyze differences in the clinico-demographical features of ICI-myocarditis patients having
both ¢Tnl and cTnT increased over URL (n=109/134, 81%; cTnT+/cTnl+) vs. those having cTnl

below URL despite having cTnT increased over URL (25/134, 19%; cTnT+/cTnl-). Age, sex, past
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cardiovascular medical history, and diagnostic certainty criteria for ICI-myocarditis were similar
(Table-2). However, ICI-myocarditis patients with cTnT+/cTnl+ had more severe phenotypes than
those with ¢cTnT+/cTnl- with increased admission and peak ¢cTnT and CK levels, more abnormal
admission echocardiogram and electrocardiogram, and shorter time to onset after ICI start (Table-2).
Concurrent association with ICI-myositis was similar between cTnT+/cTnl+ (74/109, 68%) and
cTnT+/cTnl- (16/25, 64%, p=0.71) groups, but myasthenia-like features (potentially leading to
respiratory muscle failure) were more prevalent in ¢cTnT+/cTnl+ (43/109, 39%) vs. cTnT+/cTnl-
patients (4/25, 16%, p=0.03).

Patients with 1CI-myocarditis enrolled at APHP.Sorbonne in the discovery cohort were
systematically and prospectively evaluated for concomitant ICI-myositis. Almost all of these patients
(26/29, 90%) had ICI-myositis with T-cells and macrophages inflammatory cells mostly associated
with myocytes death on peripheral muscle biopsy; a figure similar to what is found in ICI-myocarditis
on endomyocardial pathology.” ** This finding further supported that ICI-myocarditis was
overwhelmingly part of a systemic ICIl-myotoxicity sharing similar pathophysiology with ICI-
myositis.

We hypothesized that cTnT more thoroughly captured the overall cardio-muscular burden induced
by ICI-myotoxicity compared to ¢Tnl, as this discrepancy in troponins prognostic value have been
previously described in non-ICI cardio-muscular diseases.*® **® Therefore, we searched for
differences in the gene expression coding for ¢TnT (TNNT2) vs ¢Tnl (TNNI3) in ICI-myositis
peripheral muscle samples versus normal controls (n=6 each, Figure-4). We confirmed that TNNT2
had higher RNA expression in ICI-myositis vs. controls (Log2 fold-change=5.2, adjusted-p=0.3x10°).
No such increase was observed with TNNI3 (Log2 fold-change=0.96, adjusted-p=0.2).
Immunohistochemistry showed protein expression of cTnT in the muscle sample of a patient with I1CI-
myositis (Figure-4B-D).

We additionally assessed whether presence of anti-cTnl antibodies could be interfering with cTnl
assays and thus eventually contributing to the differences observed in cTnl vs cTnT circulating levels
in ICI-myocarditis. In the French cases, IgM and IgG anti-cTnl antibodies were searched serially upon
evolution of the disease (Figure-5A). Forty-one percent of the patients (12/29) had at least one

detectable anti-cTnl IgM levels above 1/40; 31% above 1/80; 17% above 1/160 and 7% above 1/320.
13



Similarly, 9/29, 31% had anti-cTnl 1gG above 1/40; 17% above 1/80 and 3% above 1/160. No patient
was detected with anti-cTnl IgG levels over 1/320. Using non-linear mixed models in these latter 29
patients on 493 available time-points with ¢cTnT/URL over cTnl/URL ratio and IgM/IgG status
available; we did not find any association between expression of detectable anti-cTnl IgM or IgG and
cTnT/URL over cTnl/URL ratio (Figure-5 & Supplementary-Table-3B), after adjusting on cTnl

assay types, patient’s identity, age, sex and time from ICI-myocarditis diagnosis.
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Discussion.

Herein, we investigated a prospective cohort of 60 ICI-myocarditis patients from two cardio-
oncology programs where ¢TnT, ¢cTnl and CK were collected as clinically indicated during the first
year of follow-up after diagnosis. This cohort is unique given the frequency of measurements of
cardio-muscular biomarkers, particularly within 72 hours after admission. At the time of initial
diagnosis, cTnT was more often elevated compared to ¢Tnl and CK. This higher sensitivity for ICI-
myocarditis of ¢cTnT compared to cTnl or CK was also observed in an independent international
cohort. These data are in contrast with current ICI-myocarditis diagnostic guidelines which
specifically recommend cTnl.** Our data also highlight an early peak of cTnl and CK within hours of
initial presentation, followed by a normalization over several days. In contrast, cTnT peaked within
days after the initial presentation, but remained persistently elevated for months. In our cohort, we
identified a significant difference in the association of each biomarker elevation and kinetics with
MACE with peak cTnT being a stronger prognosticator than peak CK. Repeated measurement of
cTnT within the first few days of presentation may help to capture the peak value of ¢TnT; allowing
for identification of a subgroup of patients associated with a low-risk of event; when cTnT/URL is
<32. Further studies are required to assess eventual differences in the diagnostic and prognostic
performances of the multiple cTnl assays available commercially. Given the technical limitation in
comparing the quantitative magnitude of cTnl/URL increase (Figure 2B) at admission with the 4

different cTnl assays used in our study, we did not investigate cTnl association with MACE.
Troponins as a diagnostic tool for ICI-myocarditis

To date, most ICI-myocarditis cases reported in the literature were identified using cTnl, because
cTnl assays are widely available due to multiple vendors and are often preferred over ¢TnT given the
recent recommendations for diagnosis of ICI-myocarditis.** ¢Tnl is considered by some to be more
cardiac specific than ¢TnT and therefore more suitable for diagnosis of ICI-myocarditis.***® However,
in the few reported cases where ICI-myocarditis was diagnosed despite negative troponins, the

39
.

troponin assay used was for cTnl.* Those findings are in line with our results showing that ~10-20%

of our cases lack an increase of cTnl on admission, despite cTnT being positive. The reason of the
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discrepancy between ¢TnT and cTnl is unclear. It has been reported that of patients who develop ICI-
myocarditis, 2/4 patients developed anti troponin-I antibodies vs 0/4 in ICI treated control patients,
possibly interfering with cTnl assays.* In preclinical models of myocarditis including genetic animal
models with global PD-1 deletion, production of antibodies against cardio-muscular antigens,
including troponin-I were felt to cause myocardial damage.”® Interestingly, interference between cTnl
and anti-cTnl antibodies have previously and consistently been reported in humans.?® #* 22 |n our
cohort, up to half of the patients had detectable anti-cTnl IgM levels during ICI-myocarditis course,
with highest proportion observed in survivors after a month of initial presentation. This proportion is
much higher (but of indeterminate clinical significance) than what have been observed in dilated or
post-ischemic cardiomyopathies patients.®* However, the presence of these latter anti-cTnl
autoantibodies were not associated with differences in the ratio of cTnT/URL over cTnl/URL;

therefore not supporting a major analytical interference between anti-cTnl antibodies and cTnl

circulating levels in ICI-myocarditis.
Troponins as a prognosticator of MACE in ICI-myocarditis

Differences between ¢cTnT and cTnl blood kinetics and prognostic implications has been assessed in

M-47 cardiac hypertrophy,*® diabetes,* general

various research settings including cardiac ischemia,
population,® and patients affected by neuromuscular disorders.** % In these studies, cTnT was
shown to be associated with overall mortality while cTnl was more often associated with
cardiovascular specific mortality.*® In addition, cTnT may be elevated due to coexisting non-cardiac
pathologies including muscular disorders with regenerating muscle potentially expressing cTnTwhile
cTnl is not.* In our study, cTnl normalized within days while cTnT remained elevated for over
three months in >90% of patients. These differences between cTnl and cTnT blood concentration
cannot be explained by their plasma half-life (previously determined in the setting of isolated
myocardial injury or ischemia), which is only slightly longer for cTnT compared to cTnl, but still
within a range of few hours for both.* “> " The fact that ICI myositis was almost universally present
in our cohort of ICI-myocarditis (90% of patients with available muscular biopsy) highlights that ICI-
myocarditis almost always occurred in the context of a systemic ICI-myotoxicity. Interestingly, this

damaged peripheral muscle expressed specifically more ¢cTnT versus cTnl RNA. This latter finding
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may have contributed to the better diagnostic and prognostic accuracy of ¢TnT vs. ¢Tnl in ICI-
myocarditis, because cTnT levels may have reflected more appropriately the overall cardio-muscular

burden of ICI induced myotoxicity.
Study limitations

While careful attention was paid to prospectively collect cTnT, cTnl and CK biomarkers in the
standard of care of our Franco-German index cohort, some timepoints were missing given the
prolonged follow-up. Extended follow-up may have occurred and biomarkers collected in clinics
closer to patient’s main residence, which explains an additional confounder of different cTnl assay
measurements (various providers, variable sensitivity detection with differences in high-sensitive and

1820 this concern was less

contemporary assays favoring heterogeneity bias, Supplementary-Table-2);
of an issue with cTnT, given a single vendor (All using the Elecsys high-sensitive assay by Roche®).
Though, adjustment on the types of cTnl assays (in the multivariate model we used) did not blunt the
discrepancy observed between ¢TnT and cTnl circulating levels evolution after admission for ICI-
myocarditis. While these latter points may be seen as limitations of our study, they reflect use of these
biomarkers in the real-life setting. Other subgroup analysis by co-prescribed cancer or ICI drugs may
be worth pursuing but our cohort was too small and heterogenous to allow for such analysis. Another
important limitation is that these findings reflect the biomarker use and MACE incidence of the
symptomatic ICl-myocarditis cases, which is an emerging and very recently described disease.> ’ With
the better awareness concerning ICI-myocarditis, we expect an identification of patients at a much
earlier stage or even while asymptomatic during systematic troponin/CK screening strategies in ICI
treated patients. Therefore, our findings and conclusion might need to be reevaluated in this latter
situation specifically. Our troponin prognostic cut-off threshold needs to be validated in independent
cohorts, completed prospectively to evaluate if the low-risk population can be managed in an
outpatient setting. Lastly, our data suggesting that cTnl may less sensitively detect ICI-myocarditis,
need to be interpreted knowing that some of the signal for cTnT may come from the concomitant ICI-

myositis. Therefore, acknowledging for these competing issues, cTnT may not be as ideal to evaluate

strictly the cardiovascular component of the ICI-myotoxicity disease state.

17



Conclusion

cTnT is a sensitive biomarker for the diagnosis of IClI-myocarditis and is associated with MACE. A
ratio of ¢cTnT/URL<32 within <72h of diagnosis is associated with a subgroup at low-risk of MACE.
Differences in diagnostic and prognostic performances between ¢TnT and cTnl in ICI-myocarditis

deserve further evaluation.
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Table 1. Characteristics of the Franco-German cohort

Overall cohort (n=60) | MACE (n=24) No MACE (n=36) p-value
Age (years; median [IQR]) 71 [61-80], n=60 70 [60-80], n=24 73 [62-77], n=36 0.84
Sex (female) 21/60 (35%) 8/24 (33%) 13/36 (36%) 0.99
Symptomatic at admission (Yes) 44/60 (73%) 20/24 (83%) 24/36 (67%) 0.23
Follow-up after diagnosis (days, median [IQR]) 354[85-360], n=60 105[23-360], n=24 | 360[135-360], n=36 | 0.04
Patients with MACE (24 patients, 52 events) 24/60 (40%) NA
- Respiratory failure 12/24* (50%)
12/52 (23%)
- Ventricular arrythmias 9/24* (38%)
19/52 (37%)
- Pacemaker implantation 8/24* (33%)
8/52 (15%)
- Heart failure 12/24* (50%)
12/52 (23%)
- Sudden cardiac death 1/24%* (4%)
1/52 (2%)
Overall mortality (1-year follow-up) 30/60 (50%) 14/24 (58%) 16/36 (44%) 0.43
Cause of death: <0.001
- Cancer progression 13/30 (43%) 1/14 (7%) 12/16 (75%)
- Myotoxicity 9/30 (29%) o/14" (64%) 0/16 (0%)
- Infection 6/30 (20%) 5/14" (36%) 2/16 (13%)
- Digestive hemorrhage 1/30 (3%) 0/14 (0%) 1/16 (6%)
- Unknown 1/30 (3%) 0/14 (0%) 1/16 (6%)
Time to first MACE (days, median [IQR]) NA 5 [2-16] NA NA
cTnT/URL ratio at diagnosis (median [IQR])** 29 [10-69], n=57 59 [43-182], n=22 | 16 [4-34],n=35 <0.001
cTnl/URL ratio at diagnosis (median [IQR])** 14 [6-61], n=42 38 [11-522],n=15 | 10 [2-57], n=27 0.04
CK/URL ratio at diagnosis (median [IQR])** 6 [1-24], n=57 12 [4-42], n=23 2[1-11], n=34 0.002
cTnT/URL ratio during MACE (median [IQR])T | NA 90 [45-314],n=45 | NA NA
cTnl/URL ratio during MACE (median [IQR])T | NA 50 [8-409], n=42 NA NA
CK/URL ratio during MACE (median [IQR])T NA 5 [1-10], n=46 NA NA
Drugs Anti-PD1 38/60 (63%) 17/24 (71%) 21/36 (58%) 0.46
Anti-PD1 + Anti-CTLA4 9/60 (15%) 2124 (8%) 7136 (19%)
Anti-PDL1 13/60 (22%) 5/24 (21%) 8/36 (22%)
Tumor Non-small cell lung cancer 24/60 (40%) 10/24 (42%) 14/36 (39%) 0.62
Melanoma 12/60 (20%) 3/24 (13%) 9/36 (25%)
Renal cell carcinoma 6/60 (10%) 2/24 (8%) 4/36 (12%)
Hepato-carcinoma 4/60 (7%) 1/24 (4%) 3/36 (11%)
Squamous cell carcinoma 3/60 (5%) 2/24 (8%) 1/36 (3%)
Otheri 11/60 (18%) 6/24 (25%) 5/36 (14%)

Abbreviations: CTLA4 (Cytotoxic T-Lymphocyte Associated protein 4); IQR: interquartile range; MACE, major adverse cardiomyotoxic
event; NA, not applicable; PD1 (Programmed cell Death protein 1) and its ligand (PDL1); SD, standard deviation; URL: upper reference
limit being upper 99" percentile of normal values for troponins and 95" for CK.

Statistics: Proportions were compared using Fisher's exact test or Chi-Square test, as appropriate. Quantitative values between MACE

and no MACE groups were compared using a Mann-Whitney test.

* One patient may develop more than one MACE (n=52 total number of events in 24 patients).
** Maximal value available within 3 days of presentation.

+ The closest measured value within 3 days of the occurrence of a MACE. When two different types of MACE occurred concurrently,
only one time-point with a biomarker value available was used for calculation (48 timepoints in total)
1 Other cancers involved thymoma (3), colorectal carcinoma (2), sarcoma (1), malignant histiocytosis (1), urothelial carcinoma (1),

pleural mesothelioma (1), endometrial carcinoma (1), cancer of unknown primary (1)
# One patient died of the combination of a septic shock and a severe cardio-myotoxicity
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Table 2. Demographics and diagnostic characteristics of ICI-myocarditis cases reported in the international
redcap (including the Franco-German discovery cohort) based on cardiac troponins (T, cTnT & I, cTnl) assays
results. Only cases with both cTnl and cTnT available are displayed.

cTnl+ & cTnT+ cTnl- & cTnT+
(n=109) (n=25) p-value

Age at hospital admission (years) 71 [62-78] (n=108) 74 [62-79] (n=25) 0.47

Female 39/108 (36%) 7125 (28%) 0.49

Medical History
Coronary Artery Disease 21/109 (19%) 5/25 (20%) 0.99
Heart Failure 5/109 (5%) 3/24 (13%) 0.16

Cardiovascular Risk Factors
Body Mass Index 26 [22-28] (n=107) 28 [27-30] (n=25) 0.004
Dyslipidemia 46/108 (43%) 16/24 (67%) 0.04
Diabetes 27/108 (25%) 11/25 (44%) 0.08
Hypertension 69/109 (63%) 17/25 (68%) 0.82
History of smoking 55/109 (50%) 14/25 (56%) 0.66

Days since first ICI dose to presentation 28 [20-51] (n=106) 56 [30-229] (n=25) 0.002

Admission Symptoms
Fatigue 27/109 (25%) 9/25 (36%) 0.32
Chest pain 20/109 (18%) 6/25 (24%) 0.58
Dyspnea 41/109 (38%) 9/25 (36%) 0.99
Syncope 2/109 (2%) 1/25 (4%) 0.47

Abnormal admission electrocardiogram 87/109 (80%) 14/25 (56%) 0.02

Admission Echocardiography
Regional Wall Motion Abnormality 33/104 (32%) 2/23 (9%) 0.04
Left Ventricular Ejection Fraction (%) 58 [55-64] (n=94) 60 [58-64] (n=24) 0.17

Initial cTnl (multiple of institution URL) 8 [2-34] (n=108) NA

Initial cTnl (>URL) 96/108 (98%) NA

Peak cTnl (multiple of institution URL) 13 [4-48] (n=104) NA

Peak cTnl (>URL) 104/104 (100%) NA

Initial cTNT (multiple of institution ULN) 33[11-78] (n=108) 6 [2-24] (n=25) 0.002

Initial cTnT (>URL) 106/108 (98%) 23/25 (92%) 0.16

Peak cTnT (multiple of institution URL) 64 [20-130] (n=107) 11 [4-47] (n=25) <0.001

Peak cTnT (>URL) 107/107 (100%) 25/25 (100%)

Initial CK (multiple of institution URL) 7 [1-21] (n=105) 2 [0-4] (n=22) 0.001

Peak CK (multiple of institution URL) 10 [2-21] (n=105) 2 [1-4] (n=22) <0.001

Diagnostic Criteria* 0.15
Definite 69/109 (63%) 12/25 (48%)

Probable 23/109 (21%) 5/25 (20%)
Possible 17/109 (16%) 8/25 (32%)

Confirmed Myocarditis (Histology or cMRI) 80/101 (79%) 16/23 (70%) 0.41
Cardiac pathology supporting diagnosis 52/79 (66%) 7/17 (41%) 0.10
cMRI supporting diagnosis 52/86 (60%) 15/22 (68%) 0.63

Other irAE
Myositis 74/109 (68%) 16/25 (64%) 0.81
Myasthenia-gravis like syndrome 43/109 (39%) 4/25 (16%) 0.04

* As defined in the following publication ¢4

Abbreviations: ICI: Immune checkpoint inhibitors; URL: upper reference limit of institution’s lab; CK: creatinine kinase; cMRI: cardiac
magnetic resonance imaging; irAE: immune related adverse event; NA: not available

Statistics: Results are provided as median with interquartile range [25%-75%] and number (%). Proportions were compared using
Fisher's exact test or Chi-Square test, as appropriate. Quantitative values were compared using a Mann-Whitney test.
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Figure 1: Time course of troponins and creatine kinase (CK) after admission for 1CI-myocarditis. URL stands for 99" percentile upper reference limit for
troponins and 95™ percentile for CK. Evolution of maximal (A), minimal (B), and median (C) values (median, IQR in the boxplots) of cardiac troponin-T
(cTnT)/URL, cardiac troponin-1 (cTnl)/URL and CK/URL ratios over time after initial diagnosis of ICl-myocarditis within specific timeframes (x-axis) in follow-
up. (D) Ratio of maximum c¢TnT/URL over cTnl /URL over time after initial diagnosis of ICI-myocarditis within specific timeframes (x-axis) in follow-up.
Nonlinear mixed models p-values are shown (*<0.001, See Supplementary Table-2A). For D, n of patients available for each biomarker at each time frame is
just above the x-axis. (E) Proportion of patients with biomarkers above URL over time after diagnosis are displayed, numbers indicate patients with abnormal

values. Light grey area represents the proportion of patients with biomarker levels below URL. Minimal values within the indicated time period were used for
figure E (d for days).
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Figure 2. LOESS (Locally Estimated Scatterplot Smoothing) of the mean (and standard-error) of the ratio of cTnT/URL over cTnl /URL (A) and
cTnl/URL (B) over time after initial admission for ICI-myocarditis in a one-year follow-up as a function of cTnl assays.
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46  Figure 3. Cardiac biomarkers as predictors of MACE (A) Maximal cardiac biomarkers values within 72h of ICI myocarditis diagnosis as a predictor of MACE
47  within 90 days with receiver operating curve of cTnT/URL, and CK/URL. (B) MACE over a one-year time-course after diagnosis as a function of cTnT/URL value
48  above and below 32 (n=57) using maximal cTnT values within 72h of ICI myocarditis diagnosis. (C) Proportion of patients with biomarkers above URL before first
49  MACE are displayed in yellow (cTnT), blue (cTnl) and dark grey (CK). Light grey area represents the proportion of patients with biomarker levels below URL.
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50
51  Abbreviations: AUC, area under the curve; MACE, major adverse cardio-myotoxic event; fc, fold-change; URL, upper reference limit being upper 99" percentile of

52 normal values for troponins and 95" for CK; ®**Cl, 95% confidence interval; HR, hazard ratio.
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Figure 4: Pathobiology of cardio-muscular biomarkers in ICI-myotoxicity patients. Volcano plot showing the
distribution of all differentially expressed genes (n=17070) in muscle samples from patients with ICI-myotoxicities
(n=6, concomitant ICI-myocarditis and ICl-myositis in n=5 and one ICI myositis not screened for concomitant
myocarditis) vs. normal skeletal muscle samples (n=6). Blue dots represent significantly upregulated and
downregulated genes (at least >log2(]2])), after adjustment for multiple testing. TNNT2 gene (coding for cTnT) is
significantly overexpressed in ICI-myotoxicity patients (Log2 fold-change:5.2, adjusted-p:0.3x10%; red dot)
whereas TNNI3 (coding for cTnl) is not (Log2 fold-change:0.96, adjusted-p=0.2; black dot) (panel A).
Immunostaining (immunochemistry identifying protein expression— hematoxylin counterstaining) showing
transversal sections of skeletal muscle fibers positive for cTnT (brown) (100X, panel B; 400X, panel C) adjacent to
inflammatory cells (cluster of nuclei with blue staining) from a representative patient with ICI-myotoxicity.
Longitudinal section of a skeletal muscle sample showing a linear pattern of positive immunostaining for cTnT
tracking the morphology of muscle fibers (200X, panel D).
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Figure 5: Anti-cTnl 1gG/IgM antibodies and influence on cTnT/cTnl ratio. Evolution of anti-cTnl I1gG and
IgM antibodies circulating levels (at least on detectable value >1/40 in each time frame) over time in ICI-
myocarditis in the French discovery cohort (A). Influence of detectable levels of anti-cTnl 1gG (B) or IgM (C)
on cTnT/cTnl ratio over their respective URL (99" percentile upper reference limit). No significant interaction
between anti-cTnl 1gG or IgM levels and cTnT/cTnl ratio over their respective URL was identified
(Supplementary-Table-3B for detailed statistics).
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