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ABSTRACT

Immune checkpoint inhibitors (ICIs) revolutionized cancer
therapy, yet require management of immune-related
adverse events (irAEs). Fulminant myocarditis is a rare
irAE, but lower-severity cardiac events are being reported
more frequently, leading to an unmet need for irAE
prevention, early diagnosis, and treatment, especially for
long-life-expectancy patients. We recruited 57 patients,
stratified according to therapy regime (monotherapy
(30%) or combination (33%) cohort) or history of cardiac
disease or presence of at least two cardiovascular

risk factors other than prior or active smoking
(cardiovascular cohort (37%)). We performed a complete
cardiological assessment with clinical visit, 12-lead ECG,
multiparametric cardiac MRI as well as peripheral blood
mononuclear cell immunophenotyping, prior to ICl initiation
and around 2 months later. ICl treatment was associated
with a significant left ventricular ejection function (LVEF)
reduction pre-ICl versus post-ICI treatment (60.1+8% to
58.1+8%, p=0.002, paired t-test) and more than 3% LVEF
loss in a substantial proportion of patients (18; 32%).
These patients also showed significantly higher T2 values
(p=0.037, unpaired t-test), putative sign of cardiac edema.
The loss of cardiac function did not differ among patients
with different tumor types, therapy regimes or history of
cardiac disease. Immunophenotyping analyses showed

a reduction of programmed cell death protein 1 staining
on both CD4* and CD8" T cells, and an upregulation

of HLA-DR on CD8™ T cells. Using a very sensitive and
comprehensive approach in patients unselected for
cardiac history, we found a subclinical but significant LVEF
decrease. These findings may inform ongoing discussions
on optimal management of cardiac irAEs in patients
undergoing ICI treatment and warrant further evaluation.

INTRODUCTION

Impressive and durable clinical responses to
immune checkpoint inhibitor (ICI) immu-
notherapy led to the regulatory approval of

1,2

ICIs blocking programmed cell death protein
1 (PD-1) orits ligand, programmed cell death
ligand 1 (PD-L1), and cytotoxic T-lymphocyte
antigen 4 (CTLA-4) in a variety of solid and
hematological malignancies.' Clinicians thus
have to effectively manage a novel spectrum
of toxicities, a set of autoimmune-like /inflam-
matory side effects, termed ‘immune-related
adverse events’ (irAEs), affecting potentially
every tissue or organ. Based on current
knowledge, ICI-iinduced myocarditis involves
only around 1% of ICI-treated patients with
cancer, but it is fatal in 50% of those cases,
and most likely occurs within 6 weeks of treat-
ment initiation.? This creates an urgent clin-
ical need to better understand cardiac irAE
pathophysiology, and to generate suitable
management, especially now that ICIs have
begun to be used even as adjuvant therapy
in cancerfree patients with potential for a
long life expectancy. Furthermore, different
combination strategies of ICIs with other
immunomodulating agents or different
anticancer therapies such as chemotherapy,
antiangiogenic agents, tyrosine-kinase inhib-
itors (TKIs), and more recently antibody-
drug conjugates, are currently under clinical
investigation or have already entered routine
clinical practice,”* potentially inducing addi-
tional, combinatorial organ damage.

Several reports suggest that beyond the
symptomatic or fatal form of ICl-induced
myocarditis,” ° there may exist “low-grade”
subclinical myocardial disease, the long-term
complications of which are not currently
known.”
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In previous preclinical findings, we showed that anti-
PD-1 treatment of mice with no prior immunological or
cardiac defects led to significant T cell infiltration and
inflammation in the myocardium, causing a small but
significant reduction in left heart ventricle systolic func-
tion.” These mechanistic findings, which have been inde-
pendently confirmed,” hint that ICI might be triggering
a wider range of immunologically-driven myocardial
dysfunction manifestations, of which fulminant myocar-
ditis may represent just the “tip of the iceberg”.”

To address the scarcity of data in this field, we set up a
prospective cohort study performing a clinical and radio-
logical cardiac assessment, using cardiac MRI (cMRI),
currently the most reliable and accurate tool available
for the monitoring of cardiac function and detection of
tissue changes,' coupled with immunophenotyping of
peripheral blood immune cells, in patients undergoing
ICI therapy as monotherapy or in combination with
chemotherapy, TKIs or other immunomodulatory agents
(eg, a second ICI).

METHODS

Study design and participants

We prospectively recruited patients undergoing ICI
therapy at the Humanitas Cancer Center from May 2021 to
October 2024. Patients were assigned to three groups: (1)
ICI therapy given as monotherapy (monotherapy cohort),
(2) ICI therapy given in combination with chemotherapy,
TKI or other immunomodulating agents (combination
cohort), (3) history of cardiac disease or presence of at
least two cardiological risk factors other than prior or
active smoking (cardiovascular cohort). Patients were not
eligible for the study if they were previously exposed to
any immunomodulating agent, if the combination agent
had a well-recognized cardiotoxic potential (eg, anthra-
cycline), if they were diagnosed with acute or chronic
myocarditis (any time prior to enrollment) or if they had
experienced acute (in the last 3 months) cardiac events.
Participants underwent complete cardiological assess-
ment including clinical visit, 12-lead ECG and multipara-
metric cMRI at two time points: prior initiation of the ICI
therapy, and around 8 weeks later (+1week). Peripheral
blood samples for immunophenotyping were collected
directly before each cMRI.

For correlation analyses, clinical benefit from ICI
therapy was defined as disease control (complete response
or partial response or stable disease (SD) according to
RECIST criteria) lasting>6 months or>4 months, as
first line or from the second line onwards, respectively,
for patients treated in a metastatic setting. For patients
receiving ICI therapy as adjuvant treatment, the benefit
corresponded to a disease-free survival (DFS)>12 months.

Cardiac magnetic resonance protocol

c¢MRI scans were performed using a 1.5 Tesla whole-
body scanner (MAGNETOM Aera; Siemens Healthcare,
Erlangen, Germany). A standardized procedure was

used, including two-chamber, three-chamber and four-
chamber views; short-axis cine images covering both
ventricles; basal, mid, and apical shortaxis T1, using
modified Looked Locker Inversion recovery sequences
and T2 mapping, using T2-prepared single-shot steady-
state free-precession (SSFP) sequences with different T2
prep times. For the definition of normal native T1 and
T2 mapping values, a local reference range of gender-
adjusted and age-adjusted reference was used and derived
from a cohort of 100 healthy subjects.

As recommended, phantom-based quality control
checks were performed periodically to ensure that the
status and stability of the cMRI system had not changed
significantly between the establishment of normative
values and clinical scanning."!

Cine images were acquired using breath-hold SSFP
sequences with retrospective ECG-gating in end-
expiration breath-holds.

Peripheral blood cell immunophenotyping via multiparameter
flow cytometry
(See online supplemental methods).

Statistical analysis
Statistical analysis was performed in GraphPad Prism.
Data sets were tested for normal distribution prior to
applying parametric or non-parametric post-tests.
Multiparameter flow cytometry data were analyzed
using a pairwise Wilcoxon signed-rank method with FDR
correction, to examine the differences among paired
groups, after normalizing for confounding factors (batch
effect, tumor type, previous chemo/radio therapy; see
online supplemental methods).

RESULTS
Patients’ characteristics
Between May 2021 and October 2024, 57 patients with
different solid tumors who underwent ICI treatment at
our institution were recruited in the study. 17 (30%)
patients were assigned to the monotherapy cohort, 19
(33%) to the combination cohort, and 21 (37%) to the
cardiovascular cohort, respectively. Most patients (49;
86%) were treated with ICI for locally advanced/meta-
static disease (33 as firstline therapy, 16 from second-
line on), while 8 (14%) as adjuvant therapy. The range
of tumor types included was wide, the most represented
being clear cell renal carcinoma (20; 35%), melanoma
(15; 26%), colorectal cancer (4; 7%) and non-small cell
lung cancer (3; 5%). Most patients received an anti-PD-1
agent (46; 81%), while in the combination cohort ICI
plus a TKI (19; 33%) was the most frequent combinato-
rial strategy administered; within patients receiving ICI
plus other immunomodulating agents, anti-PD-1 + anti-
CTLA-4 was the most common regimen (4; 7%).

The patients’ cardiovascular risk profile was heteroge-
neous; smoking (prior or active) and hypertension were
the most prevalent risk factors (both 39; 68%), followed
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Table 1
Age median (range)
Sex
Male
Female
Tumor type
Kidney
Melanoma
Colorectal
Lung
Urothelial
Duodenum
Pancreas
Skin squamous cell
Stomach
Head and Neck
Mesothelioma
Treatment setting
Adjuvant
First line
Subsequent lines
Immune target
PD-1
PD-LA1
PD-1/CTLA-4
PD-L1/PD-L2
PD-1/IL-2
Combination therapy
TKI
Immunomodulating agent
Chemotherapy
Cardiovascular characteristics
BMI medium (range)
Smoking
Hypertension
Dyslipidemia
Chronic kidney disease moderate-to-severe
Diabetes
Cardiovascular therapy
ACEi/ARB
Beta-blockers
Ca++ antagonist
Statins/ezetimibe
K sparing
Cohort

Monotherapy
Combination

Patient baseline characteristics (n=57)

62 (29-85)
N (%)

40 (70)

17 (30)

N (%)

N (%)
17 (30)
19 (33)

Continued

Table 1 Continued

Cardiovascular 21 (37)
Ischemic cardiomyopathy 6 (29)
Hypertensive cardiomyopathy 3 (14)
Dilated cardiomyopathy 5 (24)
>2 cardiovascular risk factors 10 (48)

ARB, Angiotensin 2 Receptor Blockers; BMI, body mass index;
CTLA-4, cytotoxic T-lymphocyte antigen 4; IL-2, interleukin 2;
PD-1, programmed cell death protein 1; PD-L1, programmed cell
death ligand 1; TKI, tyrosine-kinase inhibitor.

by dyslipidemia (22; 39%). Among 21 patients enrolled in
the cardiovascular cohort, 6 had chronic ischemic cardio-
myopathy, 3 hypertensive cardiomyopathy, and 5 dilated
cardiomyopathy. Baseline characteristics of participants in
the study are summarized in table 1, while specific clinic
characteristics of patients recorded in the cardiovascular
cohort are detailed in online supplemental table 1.

Efficacy and AEs

With a median follow-up time of 25.3 months (range
2-41.3), we could assess clinical benefit in 51 (89%)
patients. Median overall survival of the entire population
was not reached, while at 2 years it was 58.8%. Median
progression-free survival (mPFS) of the entire population
was 28.8 months, specifically mPFS for first-line patients
was 38.1 months, while mPFS for patients treated in
subsequent lines was 4.2 months.

Among patients treated for advanced/metastatic
disease as first line (28; 49%), disease control rate (DCR)
at 6 months was 89%, overall response rate (ORR) 57%,
with a median duration of response (mDoR) of 23
months; while among patients treated in subsequent lines
(16; 28%), DCR at 4 months was 50%, ORR 12%, with a
mDoR of 16 months. Median DFS of patients receiving
ICI therapy in the adjuvant setting was 39.1 months, with
all of them (7; 12%) being relapse-free at 12 months.

Nine (24%) patients experienced non-cardiovascular
irAEs during treatment, namely grade 2 alanine amino-
transferase/aspartate aminotransferase increased (3;
33%), grade 1-2 rash maculopapular (2; 22%), grade 2
hypo/hyperthyroidism (4; 44%), grade 2 lipase/amylase
increase (2; 22%) and grade 2 colitis (1; 11%).

Two major adverse cardiovascular events were noted
during the study’s follow-up. In the first case, a symptom-
atic grade 3 myocarditis occurred in a patient (2.7%),
included in the monotherapy cohort, after the second
cycle of a firstline anti-PD-1 treatment for metastatic
melanoma. After a 3month follow-up, the patient was
asymptomatic for angina and a new cMRI confirmed
stable signs of fibrosis. The patient continued active onco-
logical surveillance with radiological confirmation of SD
at the most recent disease evaluation.

A second patient, with a diagnosis of metastatic
colorectal cancer, recruited in the cardiovascular cohort
due to anamnestic presence of two risk factors other
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Figure 1 ICl treatment activates T cells across the entire patient cohort. Box-violin plot showing the mean fluorescence
intensity (MFI) of different surface and intracellular markers on T cell subsets of patients with cancer pre-ICl and post-ICI
treatment. Bold frames highlight significant changes in the MFI of PD1 and HLA-DR-expressing cells among CD4" and/or CD8*
T cells. Wilcoxon signed-rank test (p=0.02; p=0.005; p=0.02). ICI, immune checkpoint inhibitor; PD1, programmed cell death
protein 1.
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Figure 2 cMRI shows loss of systolic function across the entire patient cohort A. Scatter dot plot showing change in left
ventricle ejection fraction (%) pre-ICl versus post-ICl treatment. Paired t-test (p=0.0024). (B) Scatter dot plot showing change in
T2 cMRl values post-ICl versus pre-ICl treatment; patients split on the basis of their loss of ejection fraction of more than versus
less than or equal to 3%. Unpaired t-test (p=0.0367). cMRlI, cardiac MRI; EF, ejection fraction; ICI, immune checkpoint inhibitor.

types nor correlated with specific pre-ICI anticancer treat-
ments (online supplemental figure 2A,B). In an explor-
atory analysis, no difference was observed in terms of PFS
between patients who had aloss of more than 3 percentage
points of EF and those who did not (p=0.537); simi-
larly, no PFS difference was observed among the three
patients’ cohorts (p=0.197) (online supplemental figure
2C,D). Only two among patients who experienced non-
cardiological irAEs had a loss of more than 3 percentage
points of EF, thus we cannot infer any correlation between
the occurrence of non-cardiovascular irAEs and ICI-
induced cardiac damage.

DISCUSSION

We present data from patients enrolled in a prospec-
tive study conducted in a high-volume cancer center,
aimed at characterizing early cardiovascular events
secondary to ICI therapy which may evolve into full-
blown myocarditis. Given the low incidence of cardio-
logical irAEs, in current clinical practice, most recent
oncological international guidelines do not explic-
itly recommend cardiological assessments before or
during ICI therapy in the absence of cardiac symptoms
(see both American Society of Clinical Oncology"
and European Society of Medical Oncology'® guide-
lines). The European Society of Cardiology (ESC)
guidelines on cardio-oncology do clearly endorse a
baseline assessment with ECG and troponin assay for
all patients and an additional echocardiography eval-
uation for high-risk patients.'” Unfortunately, outside
of clinical trials, this management is not routinely
adopted; this may be occurring due to the costs of

additional monitoring, coupled with the relatively
low frequency of cardiac fulminant events. Yet the
high number of patients exposed to immunotherapy,
both as single agent, in combination with other anti-
cancer agents, as well as in the neo/adjuvant context
for highly-prevalent solid tumors, drives a need for
further evaluation. Our starting hypothesis was that
a prospective evaluation could identify groups of
patients at higher risk of development of cardiovas-
cular events. For this purpose, while recruiting an
all-comer cohort, we identified patients with known
cardiovascular risk (highlighted in the ESC guide-
lines),17 as well as combination therapy patients,
whose enhanced pharmacological burden could be
driving a higher toxicity risk.*?

Previous longitudinal studies, retrospective case series,
and meta-analyses describe low occurrence of symp-
tomatic cardiac irAEs.* "% Accordingly, in the present
study we observed a low incidence of symptomatic severe
cardiovascular events: an acute myocarditis, deemed
immune-related and treated accordingly, and an episode
of acute infarction.

By applying a prospective cardiac function assessment
with cMRI in a cohort of ICI-treated patients, not selected
for suspected cardiac symptoms, our study was able to
show more than 3% EF loss in a substantial proportion
of patients (14; 38%). It is important to highlight that,
while this difference is small and will almost certainly
be below the detection threshold of echocardiography,
the standard-of-care cardiac monitoring tool, the loss
of systolic function is both statistically significant and
above the threshold considered meaningful for cMRI by
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radiologists.” '* The few prospective studies published so
far have found different and very low degrees of loss of
heart function; some of these variations may be attributed
to cohort variance, but also differences in the methods
of cardiac monitoring (eg, echocardiography vs cMRI).*
The novel contribution of our study is the examination of
an “all-comers” prospective cohort, enabling an unbiased
estimation of the incidence of overall cardiac dysfunc-
tion, combined with the use of cMRI, the most reliable
means of examining cardiac abnormalities, pretreat-
ment and on-treatment. Despite being very limited in
severity, this loss of cardiac function, coupled with the
large percentage of patients presenting it (32%) and the
increased use of ICI, calls for more accurate cardiological
monitoring, a fact undermined by the current discrep-
ancy between oncological and cardiological guidelines.
This is especially valid for patients with ICI indication for
adjuvant therapy, who are thus cancerfree, potentially
having long life expectancy.

The low-grade EF loss observed in our entire cohort
may or may not share the same underlying immune-
driven pathogenesis mechanisms with the rare fulmi-
nant ICI myocarditis cases. It is worth noting that T
cell-mediated mechanisms are implicated not only in
fulminant ICI myocarditis,” but also in cardiac diseases
such as heart failure, irrespective of whether this involves
reduced or preserved EF.** A common mechanism under-
lying these conditions is immune activation of T cells,
which we observed across our cohort, and which is the
expected outcome of treatment with ICI; ICI aim to acti-
vate all T cells, hoping to include those specific for tumor-
associated antigens. Further study is required to dissect
any mechanistic differences between fulminant and low-
grade cardiac AEs.

In retrospective reports, cardiovascular events linked
to ICI treatment have been found more frequently
in patients with a previous history of cardiovascular
disease.” We observed variations in cardiac structure
and function (both left and right chambers) in the
combination cohort compared with the others. These
findings are not statistically significant in this anal-
ysis, calling for increased patient enrollment. Further
studies will clarify any basis for recommending addi-
tional follow-up for groups with higher risk of cardio-
toxicity, whether due to prior risk factors or due to
combination therapy.

Author affiliations

'Department of Biomedical Sciences, Humanitas University, Pieve Emanuele (MI),
Italy

“Medical Oncology and Hematology Unit, IRCCS Humanitas Research Hospital,
Rozzano (MI), Italy

SCardiology Unit, IRCCS Humanitas Research Hospital, Rozzano (MI), Italy
“Adaptive Immunity Laboratory, IRCCS Humanitas Research Hospital, Rozzano (M),
[taly

SInstitute of Genetic and Biomedical Research (IRGB), National Research Council of
[taly, Milan, Italy

5Bjostatistics Unit, IRCCS Humanitas Research Hospital, Rozzano, Italy

"Radiology Unit, IRCCS Humanitas Research Hospital, Rozzano (MI), Italy

8 aboratory of Translational Immunology, IRCCS Humanitas Research Hospital,
Rozzano (MI), Italy

X Carla D’Andrea @DAndreaCarla, Angelo Dipasquale @AngeloDipa_ and Marinos
Kallikourdis @Kkallikourdis

Contributors AL, CP, MF, GC, MS, and MK designed the initial study, MK sourced
funding. AL, AD, PP, ADM, MCT, MP, GF, AS, MS handled all oncological aspects of
the study, CP, CD'A, AM, GC handled all cardiological aspects of the study, LM, FC,
SF, MF, handled all radiological aspects of the study, CC, MC, EL, MK handled all
immunological aspects of the study, SS and LG handled statistical analysis. AL,
CP, CC, MS, GC, and MK wrote the manuscript, all authors critically reviewed and
approved the manuscript. GC, MS, and MK are the shared guarantors of the study.
GC, MS and MK are joint last authors.

Funding The work in this study was funded by Associazione Italiana per la Ricerca
sul Cancro (AIRC) IG Grant 24988 to MK. EL is a CRI Lloyd J. Old STAR (CRI award
3914); MK and EL are supported by the AIRC 5x1000 program UniCanVax 22757.

Competing interests The authors have no competing interests to declare. EL
receives research grants from Bristol Myers Squibb (BMS) on a topic unrelated to
this paper, royalties from NIH for a patent on methods to develop T memory stem
cells and consulting fees from BD Biosciences, Swarm Therapeutics, Menarini,

and BioLegend. AS is a member of Advisory Boards for BMS, Servier, Gilead, Pfizer,
Eisai, Bayer, MSD; has consulted for Sanofi/Incyte; has received speaker fees from
Takeda, BMS, Roche, AbbVie, Amgen, Celgene, Servier, Gilead, AstraZeneca, Pfizer,
Lilly, Sandoz, Eisai, Novartis, Bayer, MSD. MS is a member of Advisory Boards for
Incite, GSK; steering committee for BMS; Data Monitoring committee for Sanofi; and
has consulted for Incite, GSK.

Patient consent for publication Not applicable.

Ethics approval This study involves human participants and was approved by
Independent Ethical Committee IRCCS Humanitas Research Hospital, protocol
number ONG/0SS-02/2021. Participants gave informed consent to participate in the
study before taking part.

Provenance and peer review Not commissioned; externally peer reviewed.

Data availability statement Data are available upon reasonable request. All data
are available upon reasonable request.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs

Carla D’Andrea http://orcid.org/0000-0003-1101-9789
Matteo Simonelli http://orcid.org/0000-0002-5264-1251
Marinos Kallikourdis http://orcid.org/0000-0001-9318-3368

REFERENCES

1 Sharma P, Goswami S, Raychaudhuri D, et al. Immune checkpoint
therapy-current perspectives and future directions. Cell
2023;186:1652-69.

2 Zaha VG, Meijers WC, Moslehi J. Cardio-Immuno-Oncology.
Circulation 2020;141:87-9.

3 Gandhi L, Rodriguez-Abreu D, Gadgeel S, et al. Pembrolizumab plus
Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. N Engl J
Med 2018;378:2078-92.

4 Rini BI, Moslehi JJ, Bonaca M, et al. Prospective Cardiovascular
Surveillance of Immune Checkpoint Inhibitor-Based Combination

Losurdo A, et al. J Immunother Cancer 2025;13:010568. doi:10.1136/jitc-2024-010568


https://x.com/DAndreaCarla
https://x.com/AngeloDipa_
https://x.com/kallikourdis
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-1101-9789
http://orcid.org/0000-0002-5264-1251
http://orcid.org/0000-0001-9318-3368
http://dx.doi.org/10.1016/j.cell.2023.03.006
http://dx.doi.org/10.1161/CIRCULATIONAHA.119.042276
http://dx.doi.org/10.1056/NEJMoa1801005
http://dx.doi.org/10.1056/NEJMoa1801005

10

Therapy in Patients With Advanced Renal Cell Cancer: Data From the
Phase Ill JAVELIN Renal 101 Trial. J Clin Oncol 2022;40:1929-38.
Johnson DB, Balko JM, Compton ML, et al. Fulminant Myocarditis
with Combination Immune Checkpoint Blockade. N Engl J Med
2016;375:1749-55.

Norwood TG, Westbrook BC, Johnson DB, et al. Smoldering
myocarditis following immune checkpoint blockade. J Immunother
Cancer 2017;5:91.

Palaskas NL, Segura A, Lelenwa L, et al. Immune checkpoint
inhibitor myocarditis: elucidating the spectrum of disease through
endomyocardial biopsy. Eur J Heart Fail 2021;23:1725-35.

Martini E, Kunderfranco P, Peano C, et al. Single-Cell Sequencing
of Mouse Heart Immune Infiltrate in Pressure Overload-Driven

Heart Failure Reveals Extent of Immune Activation. Circulation
2019;140:2089-107.

Michel L, Helfrich |, Hendgen-Cotta UB, et al. Targeting early stages
of cardiotoxicity from anti-PD1 immune checkpoint inhibitor therapy.
Eur Heart J 2022;43:316-29.

Francone M, Figliozzi S, Monti L, et al. Multiparametric cardiac
magnetic resonance unveiling the mechanisms and early
manifestations of anticancer drug cardiotoxicity. Eur Radiol
2023;33:8439-41.

Messroghli DR, Moon JC, Ferreira VM, et al. Clinical
recommendations for cardiovascular magnetic resonance mapping
of T1, T2, T2* and extracellular volume: A consensus statement

by the Society for Cardiovascular Magnetic Resonance (SCMR)
endorsed by the European Association for Cardiovascular Imaging
(EACVI). J Cardiovasc Magn Reson 2017;19:75.

Huang AC, Postow MA, Orlowski RJ, et al. T-cell invigoration to
tumour burden ratio associated with anti-PD-1 response. Nature
New Biol 2017;545:60-5.

Bellenger NG, Davies LC, Francis JM, et al. Reduction in sample size
for studies of remodeling in heart failure by the use of cardiovascular
magnetic resonance. J Cardiovasc Magn Reson 2000;2:271-8.
Grothues F, Smith GC, Moon JCC, et al. Comparison of interstudy
reproducibility of cardiovascular magnetic resonance with two-
dimensional echocardiography in normal subjects and in patients
with heart failure or left ventricular hypertrophy. Am J Cardiol
2002;90:29-34.

15

19

20

21

22

23

24

Schneider BJ, Naidoo J, Santomasso BD, et al. Management of
Immune-Related Adverse Events in Patients Treated With Immune
Checkpoint Inhibitor Therapy: ASCO Guideline Update. J Clin Oncol
2021;39:4073-126.

Curigliano G, Lenihan D, Fradley M, et al. Management of cardiac
disease in cancer patients throughout oncological treatment: ESMO
consensus recommendations. Ann Oncol 2020;31:171-90.

Lyon AR, Lopez-Fernandez T, Couch LS, et al. 2022 ESC Guidelines
on cardio-oncology developed in collaboration with the European
Hematology Association (EHA), the European Society for Therapeutic
Radiology and Oncology (ESTRO) and the International Cardio-
Oncology Society (IC-OS). Eur Heart J Cardiovasc Imaging
2022;23:333-465.

D’Souza M, Nielsen D, Svane IM, et al. The risk of cardiac events in
patients receiving immune checkpoint inhibitors: a nationwide Danish
study. Eur Heart J 2021;42:1621-31.

Waheed N, Fradley MG, DeRemer DL, et al. Newly diagnosed
cardiovascular disease in patients treated with immune checkpoint
inhibitors: a retrospective analysis of patients at an academic tertiary
care center. Cardiooncology 2021;7:10.

Dolladille C, Akroun J, Morice P-M, et al. Cardiovascular
immunotoxicities associated with immune checkpoint inhibitors: a
safety meta-analysis. Eur Heart J 2021;42:4964-77.

Drobni ZD, Alvi RM, Taron J, et al. Association Between

Immune Checkpoint Inhibitors With Cardiovascular Events and
Atherosclerotic Plaque. Circulation 2020;142:2299-311.

Faron A, Isaak A, Mesropyan N, et al. Cardiac MRI Depicts Immune
Checkpoint Inhibitor-induced Myocarditis: A Prospective Study.
Radiology 2021;301:602-9.

Axelrod ML, Meijers WC, Screever EM, et al. T cells specific for
a-myosin drive immunotherapy-related myocarditis. Nature New Biol
2022;611:818-26.

Alcaide P, Kallikourdis M, Emig R, et al. Myocardial Inflammation in
Heart Failure With Reduced and Preserved Ejection Fraction. Circ
Res 2024;134:1752-66.

Laenens D, Yu Y, Santens B, et al. Incidence of Cardiovascular
Events in Patients Treated With Immune Checkpoint Inhibitors. J Clin
Oncol 2022;40:3430-8.

Losurdo A, et al. J Immunother Cancer 2025;13:010568. doi:10.1136/jitc-2024-010568


http://dx.doi.org/10.1200/JCO.21.01806
http://dx.doi.org/10.1056/NEJMoa1609214
http://dx.doi.org/10.1186/s40425-017-0296-4
http://dx.doi.org/10.1186/s40425-017-0296-4
http://dx.doi.org/10.1002/ejhf.2265
http://dx.doi.org/10.1161/CIRCULATIONAHA.119.041694
http://dx.doi.org/10.1093/eurheartj/ehab430
http://dx.doi.org/10.1007/s00330-023-09948-8
http://dx.doi.org/10.1186/s12968-017-0389-8
http://dx.doi.org/10.1038/nature22079
http://dx.doi.org/10.1038/nature22079
http://dx.doi.org/10.3109/10976640009148691
http://dx.doi.org/10.1016/s0002-9149(02)02381-0
http://dx.doi.org/10.1200/JCO.21.01440
http://dx.doi.org/10.1016/j.annonc.2019.10.023
http://dx.doi.org/10.1093/ehjci/jeac106
http://dx.doi.org/10.1093/eurheartj/ehaa884
http://dx.doi.org/10.1186/s40959-021-00097-9
http://dx.doi.org/10.1093/eurheartj/ehab618
http://dx.doi.org/10.1161/CIRCULATIONAHA.120.049981
http://dx.doi.org/10.1148/radiol.2021210814
http://dx.doi.org/10.1038/s41586-022-05432-3
http://dx.doi.org/10.1161/CIRCRESAHA.124.323659
http://dx.doi.org/10.1161/CIRCRESAHA.124.323659
http://dx.doi.org/10.1200/JCO.21.01808
http://dx.doi.org/10.1200/JCO.21.01808

	Cardiac MRI study of adverse events in patients treated with immune checkpoint inhibitors: a prospective cohort study of cardiac adverse events
	Abstract
	Introduction
	Methods
	Study design and participants
	Cardiac magnetic resonance protocol
	Peripheral blood cell immunophenotyping via multiparameter flow cytometry
	Statistical analysis

	Results
	Patients’ characteristics
	Efficacy and AEs
	Immune phenotyping
	Cardiac MRI results reveal a loss of systolic function across the entire cohort

	Discussion
	References


