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The advent of immunological therapies has revolutionized the treatment of solid and haematological cancers over the last decade.
Licensed therapies which activate the immune system to target cancer cells can be broadly divided into two classes. The first class
are antibodies that inhibit immune checkpoint signalling, known as immune checkpoint inhibitors (ICls). The second class are cell-based
immune therapies including chimeric antigen receptor T lymphocyte (CAR-T) cell therapies, natural killer (NK) cell therapies, and tumour
infiltrating lymphocyte (TIL) therapies. The clinical efficacy of all these treatments generally outweighs the risks, but there is a high rate
of immune-related adverse events (irAEs), which are often unpredictable in timing with clinical sequalae ranging from mild (e.g. rash) to
severe or even fatal (e.g. myocarditis, cytokine release syndrome) and reversible to permanent (e.g. endocrinopathies).The mechanisms
underpinning irAE pathology vary across different irAE complications and syndromes, reflecting the broad clinical phenotypes observed and
the variability of different individual immune responses, and are poorly understood overall. Inmune-related cardiovascular toxicities have
emerged, and our understanding has evolved from focussing initially on rare but fatal ICl-related myocarditis with cardiogenic shock to more
common complications including less severe ICl-related myocarditis, pericarditis, arrhythmias, including conduction system disease and heart
block, non-inflammatory heart failure, takotsubo syndrome and coronary artery disease. In this scientific statement on the cardiovascular
toxicities of immune therapies for cancer, we summarize the pathophysiology, epidemiology, diagnosis, and management of ICl, CAR-T, NK,
and TIL therapies. We also highlight gaps in the literature and where future research should focus.

Keywords Cardio-oncology e Cardiotoxicity ¢ Immunotherapies

metastatic (stage V) melanoma, the combination of anti-CTLA-4

Introduction

with anti-PD-1 offers a ‘clinical cure’ for ~50% of patients,3 in

The ability to evade immune surveillance is a recognized hallmark
of solid cancers." The advent of immunological therapies has revo-
lutionized the treatment of solid and haematological cancers over
the last decade. Licensed immune therapies which activate the
immune system to target cancer cells can be broadly divided into
two classes. First are antibody therapies inhibiting immune check-
point signalling, known as immune checkpoint inhibitors (ICls). The
second are cell-based immune therapies including chimeric antigen
receptor T lymphocyte (CAR-T) cell therapies, natural killer (NK)
cell therapies, and tumour infiltrating lymphocyte (TIL) therapies.

Immune checkpoint inhibitor therapies including anti-CTLA-4,
anti-LAG-3, anti-PD-1 and anti-PD-L1 monoclonal antibodies have
US Food and Drug Administration-approved indications in 18 can-
cer types across neoadjuvant, adjuvant, and palliative care settings.?
As an example of the clinical impact of ICls, for patients with

contrast to the once universally fatal outlook for this disease.
Their application in both advanced and ‘high-risk’ solid cancer
patients, such as those with triple-negative breast cancer, has been
approved, even in early stages of their disease. The clinical effi-
cacy of ICl therapy generally outweighs the risks, but there is
a high rate of immune-related adverse events (irAEs), which are
often unpredictable in timing with clinical sequalae ranging from
mild (e.g. rash) to fatal (e.g. myocarditis) and reversible to perma-
nent (e.g. endocrinopathies).* The mechanisms underpinning irAE
pathology vary across different irAE complications and syndromes,
reflecting the broad clinical phenotypes observed and the variabil-
ity of different individual immune responses, and is poorly under-
stood overall. Inmune-related cardiovascular (CV) toxicities have
emerged, and our understanding has evolved from focussing initially
on rare but fatal ICl-related myocarditis with cardiogenic shock

© 2024 European Society of Cardiology.
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to more common complications including less severe ICl-related
myocarditis, pericarditis, arrhythmias, including conduction system
disease and heart block, non-inflammatory heart failure, takotsubo
syndrome (TTS) and coronary artery disease.

In this scientific statement on the CV toxicities of immune ther-
apies for cancer, we summarize the pathophysiology, epidemiology,
diagnosis, and management of ICl, CAR-T, NK and TIL therapies.
We also highlight gaps in the literature and where future research
should focus. All authors contributed to the very successful and
insightful online workshop of 1 December 2021 on immunothera-
pies in cancer.

Pathophysiology of immune
checkpoint inhibitor-related
toxicities — an overview

Immune checkpoint inhibitors targeting the PD-1/PD-L1 and
CTLA-4 signalling pathways have significantly improved the out-
comes from an expanding range of solid malignancies. They are also
increasingly licensed in adjuvant settings. Thus, increasing numbers
of patients will be treated with these therapies over the coming
years. Consequently, far greater numbers of patients will be at risk
of developing irAEs. IrAEs are characterized by autoinflammatory
tissue destruction and can arise in any organ (Figure 7). They are
most commonly seen in skin, bowel, and the endocrine system.“
Other internal organs including the heart are more rarely affected,
but cardiac toxicity in particular can be fulminant and fatal.”

It is reported that up to 95% of patients will develop an irAE
with combination immunotherapy. Around 50% of the events are
of grade >3 (online supplementary Table S 7), with a fatality rate of
1—1.5%.>~7 Even non-fatal IrAEs can result in severe morbidity, for
example through the destruction of endocrine glands necessitating
lifelong hormone replacement therapy.

The pathobiology of irAEs is complex as they are not mediated
by a common mechanism. Single agent PD-1 or PD-L1 inhibition
leads to a spectrum of toxicity distinct from that resulting from
regimens including a CTLA-4 inhibitor.® Organ-specific irAEs have
distinct kinetics. Skin and bowel toxicities tend to arise much
earlier in treatment, which implies a particular vulnerability of
these organs to irAE development.® It has been proposed that
barrier organs and tissues with rich resident T-cell populations are
more likely to harbour autoreactive T-cells at baseline, which have
arisen due to repeated immune stimulation from external antigens.
‘Sterile’ internal organs, such as the heart, on the other hand have
low levels of resident T-cells, and irAE toxicity arises more rarely
and slowly after a de novo immune response, for example, after
tissue damage during ICl treatment has occurred.®

The inflammatory infiltrates in organs affected by irAEs are
also diverse.”'® CD8+ T-cells predominate, but CD4+ T-cell,
B-cell/plasma cell, and myeloid infiltration can also be observed.%-"2
The proposed origins of autoreactive T-cells include stochastic
escape from central tolerance,’>'* tumour-directed T-cell clones
11,1516 pathogen-directed T-cell
7 and tissue-resident

cross-reacting with other tissues,
clones cross-reacting with other tissues,
memory T-cells giving rise to autoreactive effector T-cells on ICI

© 2024 European Society of Cardiology.

initiation.’® Some patients might harbour an inherent deficit in
their T-regulatory cells, which makes them more prone to irAE
development due to impaired peripheral tolerance.’

Pathogenic autoantibodies derived from autoreactive B-cells
have been detected in a multitude of studies, but how T-cell
directed anti-PD-1/PD-L1 and anti-CTLA-4 therapy leads to B-cell
activation in humoral irAEs remains poorly understood.?-2> Other
proposed irAE mechanisms include direct ipilimumab antibody-
mediated cellular cytotoxicity in hypophysitis?® and induced
hypersensitivity in cutaneous Stevens—Johnson syndrome.?

In view of this complexity, further studies to advance our under-
standing of irAE biology are required. It is essential to ascer-
tain organ-specific irAE mechanisms to develop targeted treat-
ments. Current treatment strategies rely on ICl discontinuation or
high-dose steroid therapy, both of which have potentially adverse
impacts on cancer outcomes. In adjuvant settings, the risk of
high grade (online supplementary Table S7), permanent, or fatal
irAEs might outweigh the benefit from ongoing ICl treatment. In
the metastatic setting the risk:benefit balance for continuing or
restarting ICl after an irAE is more complex. Thus, prospective
studies to evaluate baseline biomarkers for irAE risk stratifica-
tion are a further research priority. These objectives can only
be achieved through multidisciplinary research efforts integrating
expertise from basic scientists, oncologists and the multitude of
other medical specialties, which manage irAE patients.

Pathophysiology of cardiovascular
immunotoxicities

Pathophysiology of immune checkpoint
inhibitor-mediated myocarditis

Pre-clinical models in cardio-oncology have helped provide mecha-
nistic insights into the underlying pathophysiology of ICI-mediated
myocarditis as well as novel diagnostic and therapeutic strate-
gies.?®2? |n several commonly used strains of mice, anti-PD-1 treat-
ment is not sufficient to induce myocarditis.3° Instead, additional

d,3937 combi-

interventions such as a susceptible mouse backgroun
nation ICl therapy (anti-CTLA-4 and anti-PD-1),32 tumour inocula-
tion,3? or cardiac injury such as by radiation,** are needed to gen-
erate |Cl-related myocarditis. Genetic deletion of CTLA-4 results
in lymphoproliferation and multi-organ autoimmunity.>® By con-
trast, the phenotype of PD-1 deficiency is background-dependent
with a minimal phenotype in the C57BL/6 background.® In the
BALB/c background, there have been conflicting reports with some
studies showing minimal phenotype to others showing dilated car-
diomyopathy with pathogenic autoantibodies targeting troponin
1.37-3% An intriguing new genetic mouse model involves monoal-
lelic loss of Ctla4 (gene for CTLA-4) in the context of com-
plete genetic absence of Pdcd 7 (gene for PD-1), ‘Ctla4*'~ Pdcd 17/,

T Myocarditis

leading to premature death due to myocarditis.’
in this model shows pathogenic myocardial immune infiltration
(consisting of T lymphocytes and macrophages), severe conduc-
tion disease and electrocardiographic abnormalities, closely reca-
pitulating the pathologic and clinical hallmarks of |ICl-mediated

myocarditis observed in patients.’%*! Interestingly, unlike other
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Figure 1 Clinical spectrum of immune-related adverse events associated with the use of immune checkpoint inhibitors (ICls). ICls promote
the activation and expansion of T-cells. There is a large diversity regarding both T-cell population and infiltration for each organ. ICls can cause
a wide range of immune-related adverse events (irAEs), and these can affect virtually any organ. The organ-specific irAEs are listed in this figure.
DRESS, drug reaction with eosinophilia and systemic symptoms; SJS, Stevens—Johnson syndrome; TEN, toxic epidermal necrolysis. Adapted

from Martins et al.® Created in BioRender.

models, immune infiltration is restricted to only a few organs, with
fulminant myocarditis as the sole cause of premature mortality in
these mice.

These pre-clinical models have helped gain new insights into
disease pathophysiology. For example, the Ctla4+'~ Pdcd 1/~
mice show that Ctla4 and Pdcd7 functionally interact in a gene
dosage-dependent manner, providing a mechanism by which
myocarditis arises with increased frequency in the setting of
combination ICI therapy.*? Utilization of single-cell RNA and T-cell
receptor (TCR) sequencing of cardiac immune infiltrates from
Ctla4™'~ Pdcd 17/~ mice allows for identification of clonal effector

CD8" T cells as the dominant cell population.* Treatment
with anti-CD8-depleting, but not anti-CD4-depleting, antibodies
improved the survival of Ctla4™'~ Pdcd 77/~ mice, with adoptive
transfer of immune cells from mice with myocarditis inducing fatal
myocarditis in recipients, strongly suggesting that CD8" T cells are
necessary for the development of myocarditis.** Several groups,
using pharmacological or genetic mouse models, have demon-
strated that the cardiac-specific protein a-myosin, which is absent
from the thymus, is the cognate antigen source for three major
histocompatibility complex class I-restricted TCRs derived from

30,43

mice with fulminant myocarditis. These studies underscore

© 2024 European Society of Cardiology.
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the crucial role for cytotoxic CD8" T cells, identify a candidate
cardiac autoantigen in ICl-mediated myocarditis, and yield new
insights into the pathogenesis of IC| toxicity. Finally, a recent
study of mice with ICl-mediated myocarditis suggests a novel
endocrine—cardiac—immune pathway at play providing biological
plausibility of sex differences in ICl-mediated myocarditis.??
Pre-clinical models in ICl-mediated myocarditis have also
provided hypotheses for novel therapeutics. In particular, the
development of myocarditis in Ctla4*'~ Pdcd 1/~ mice (but not
Ctla4*™* Pdcd 17"~ mice) suggests that CTLA-4 signalling plays a
causal role for the development of myocarditis. Abatacept (recom-
binant CTLA-4—Ig) blocks T-cell co-stimulation by binding to
CD80/CD86 ligands and in Ctla4*/~ Pdcd 17~ mice, abatacept treat-
ment significantly reduced mortality with attenuation of immune
infiltrates in the heart to near-baseline levels.>' Anecdotal clinical
reports support the use of abatacept in ICl-mediated myocarditis
in patients.** There are important considerations for future studies
with abatacept.*® First, abatacept has a slow time to onset and
would not be optimal for the management of rapidly evolving and
life-threatening ICl-mediated myocarditis cases. Second, standard
dosing with abatacept (10mg/kg every 2weeks) appears to be
far below the dose required for the treatment of ICl-mediated
myocarditis in patients. A pharmacodynamic biomarker tracking
abatacept’s clinical efficacy has been proposed, which relies on
the assessment of the receptor occupancy of its target (cluster of
differentiation 86 receptor occupancy [CD86RO]) on circulating
monocytes.* Third, given the expected delayed full effect of abat-
acept, the use of synergistic inmunosuppressants with faster time
of onset in combination may be needed. In Ctla4*/~ Pdcd 7~ mice,
janus kinase 1 and 2 (essential signalling mediators downstream
of pro-inflammatory cytokines) are up-regulated; ruxolitinib (a
janus kinase 1/2 inhibitor) attenuates myocarditis. Importantly,
ruxolitinib synergizes with abatacept in attenuation of myocarditis
in pharmacological and genetic mouse models of ICI-mediated
myocarditis (). Moslehi, unpublished data). However, the use of
janus kinase 1 and 2 inhibitors in non-cancer patients has been
linked to increased risk of CV events and cancers, so additional data
are needed to address this.¥’ These animal model data have signif-
icant relevance to human disease. Recently, Salem and colleagues
treated 40 patients with definite ICl-mediated myocarditis and
pathological confirmation of concomitant myositis in a majority of
patients. In the first 10 patients, using guideline recommendations,
myotoxicity-related fatality was 60%, consistent with historical
controls. In the subsequent 30 cases, systematic screening for
respiratory muscle involvement coupled with active ventilation
and treatment using ruxolitinib and abatacept were added.*®
The abatacept dose was adjusted using CD86RO on circulating
monocytes. The myotoxicity-related fatality rate was 3.4% (1/30)
versus 60% in the first quartile (p < 0.0001).*® An ongoing clinical
trial is investigating the most appropriate dose of abatacept for
ICl-mediated myocarditis based on CD80/CD86 occupancy.***°
Programmed cell death ligand 1 (PD-L1) is highly expressed on
the dense capillary network of the myocardium and may shield
the heart from immune reactions via the PD-1-PD-L1 immune
checkpoint.3! Anti-PD-1 ICI therapy leads to myocardial infiltra-
tion of activated T cells, indicating a disruption of cardiac immune

© 2024 European Society of Cardiology.

homeostasis.>

Deleterious effects are enhanced by cardiac
radiation during ICI therapy.3* In parallel, anti-PD-1 ICl induces
changes in macrophage polarization towards an inflammatory
phenotype, leading to a decrease in cardiac function.’? Cardiac
inflammatory changes translate to contractile dysfunction in mice
and patients as a form of early adverse effects in the absence
of myocarditis. Increased levels of tumuor necrosis factor alpha
(TNFa) are commonly found in the myocardium upon PD-1 and
play a substantial role in mediating deleterious effects, as TNFa

depletion ameliorates cardiac dysfunction.3

Pathophysiology of immune checkpoint
inhibitor-mediated non-inflammatory heart failure
syndromes

The pathophysiology of ICl-related non-inflammatory left ventric-
ular dysfunction (NILVD) is not known. Increasing evidence indi-
cates further deleterious effects on the myocardium involving car-
diac immune homeostasis and metabolism, but without inflamma-
tion. Pathophysiological implications can be derived from various
pre-clinical and translational models. PD-L1 expression is signif-
icantly altered by anti-PD-1 ICl therapy in pre-clinical models,
and PD-L1 expression is also upregulated in other models of car-
diac injury and therefore may also be part of cardiomyocyte sur-
vival pathways independent of the checkpoint function.’’** Dis-
tinct effects of anti-PD-1 ICI therapy on cardiac metabolism can
be observed, including dysregulated lipid homeostasis and glucose
metabolism, inducing disturbed mitochondrial oxidative phospho-
rylation in cardiomyocytes.3*>* Understanding the consequences of
these effects on morbidity and mortality in patients will determine
future research on ICl-related adverse effects (Figure 2).

Pathophysiology of immune checkpoint
inhibitor-mediated acute coronary
syndrome-atherosclerosis

Accumulating evidence also suggests that ICls aggravate existing
inflammatory diseases. As inflammation drives atherosclerotic CV
disease, several studies have evaluated the propensity of ICl therapy
to accelerate atherosclerosis.

One study used '8F-FDG (2-deoxy-2-[fluorine-18]fluoro-D-glucose)

positron emission tomography (PET)-computed tomography to
detect macrophage-driven vascular and systemic inflammation in
10 pembrolizumab and nivolumab/ipilimumab-treated melanoma
patients.>> In parallel, atherosclerotic Ldlr”'~ mice were treated
with CTLA-4 and PD-1 inhibition to study the proinflammatory
consequences of immune checkpoint inhibition.>> Immune check-
point inhibitor treatment did not affect '®F-FDG uptake in the
large arteries, spleen, and bone marrow of melanoma patients, nor
myeloid cell activation in blood and lymphoid organs in hyperlipi-
daemic mice.> In contrast, the authors reported marked changes
in the adaptive immune response with increased CD4+ effector
T-cell and CD8 + cytotoxic T-cell numbers in lymphoid organs
and the arterial wall of the hyperlipidaemic mice.>> Although
plaque size in mice was unaffected, plaques had progressed toward
a lymphoid-based inflammatory phenotype, characterized by
a 2.7-fold increase of CD8+ T-cells and a 3.9-fold increase in
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Figure 2 Pre-clinical models for immune checkpoint inhibitor (ICl)-related myocarditis (left) and non-inflammatory heart failure syndromes
(right). CMy-mOva, transgenic mice which express ovalbumin exclusively on cardiomyocytes; CTLA4, cytotoxic T-lymphocyte-associated
protein 4; Pd1, programmed cell death protein 1; PdI1/2, programmed cell death protein 1 ligand 1/2; TNF«, tumour necrosis factor alpha.
Elements from Servier Medical Art (https://smart.servier.com, accessed 23 Jan 2022) were used for the creation of the figure.

necrotic core size.>> Atherosclerotic plaques of patients treated
with |Cl therapy also showed a profound increase in CD8+
T-cells. Increased endothelial activation was observed with a
2.2-fold and 1.6-fold increase in vascular cell adhesion molecule-1
and intercellular adhesion molecule-1, respectively (Figure 3).°

In another study of ~3000 patients with treated with ICls,
there was a three-fold increase in atherosclerosis-related cardiac
events in parallel with a three-fold increase in atherosclerotic
plaque progression.®® The increase in plaque among ICl-treated
patients appears to be mostly driven by an increase in non-calcified
plaque.’” This study demonstrates that combination therapy
with anti-CTLA-4 and anti-PD-1 antibodies does not affect
myeloid-driven vascular and systemic inflammation in melanoma
patients and hyperlipidaemic mice. However, short-term ICI
therapy in mice induces T-cell-mediated plaque inflammation and
drives plaque progression. Studies investigating the long-term
effects of immune checkpoint therapies on the progression of
atherosclerosis are awaited.

Although relatively infrequent, detrimental effects of ICl| treat-
ment on clinical atherosclerotic CV disease have been reported. In
a systematic review, analysing the results of 10 106 patients treated
with anti-CTLA-4 or anti-PD-1 antibodies or both, the incidence
of athero-thrombotic events (myocardial infarction or stroke)
was 1.1%.%8 In another analysis, with a follow-up of 2842 cancer
patients, the incidence of atherosclerotic CV events, defined as
myocardial infarction, coronary revascularization and/or ischaemic
stroke, had increased 4.7-fold in patients receiving ICls.>® These
studies increase awareness that ICl treatment drives the pro-
gression of atherosclerosis. As atherosclerosis is a disease that

slowly progresses, the increase of ICl-associated atherosclerotic
CV events may rather be long-term effects of ICl treatment, and
these effects may become more evident over the years.>*¢
Pathophysiology of immune checkpoint
inhibitor-mediated conduction disease and arrhythmias

There is increasing recognition of cardiac adverse events with ICI
therapy. While much of the focus has been on myocarditis and
other inflammatory conditions, arrhythmias are also common.
In recent studies, arrhythmias are some of the most commonly
observed cardiac adverse events, encompassing both atrial and
ventricular tachyarrhythmias as well as bradyarrhythmias.t'¢2
These arrhythmic complications have traditionally been thought to
result from underlying myocardial inflammation. Indeed, arrhyth-
mias are often a harbinger of yet to be diagnosed myocarditis.!!
Nevertheless, myocarditis may not be the only explanation for
the increased arrhythmic burden with ICI therapy, and other
pathophysiologic mechanisms must be considered especially since
the incidence of arrhythmias is substantially higher than that of
myocarditis.®® It is possible that PD-1 itself may have direct impact
on the development of arrhythmias, particularly atrial fibrillation
(AF). There is evidence that PD-1/PD-L1 is down-regulated in AF
patients compared to healthy controls. Moreover, patients with
persistent AF express lower levels of PD-1 than patients with
paroxysmal AF® While this is intriguing, the clinical significance
remains uncertain. Additional basic and translational research is
needed to fully understand the pathophysiology of ICl-induced
arrhythmias which will then facilitate the development of treatment
strategies tailored specifically to this population.

© 2024 European Society of Cardiology.
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Figure 3 Immune checkpoint inhibitors (ICls) aggravate T-cell-driven plaque inflammation in atherosclerosis. Short-term ICI therapy does
not affect 2-deoxy-2-[fluorine-18]fluoro-D-glucose uptake in vessel wall in stage IV melanoma patients. In hyperlipidaemic mice, myeloid cell
populations were unaffected upon anti-CTLA-4/anti-PD-1 treatment. However, ICl therapy induced profound T-cell activation and CD8"

T-cell-driven atherosclerotic plaque progression. Reproduced with permission from Poels et al.

Pathophysiology of CAR-T, natural killer and tumour
infiltrating lymphocyte cell therapy-related
cardiovascular toxicities

Immunotherapy treatments, such as CAR-T, bi-specific T-cell
engager (BiTE), and TIL, have evolved to provide radically new
treatment options for patients with advanced and/or refractory
malignancies. However, CV adverse effects continue to be a signif-
icant concern along with the known potential toxicities related to
the inflammatory cascade that is a fundamental physiologic com-
ponent related to these treatments. While the mechanisms that
contribute to cardiotoxicity with these treatments are unknown,
research efforts to understand them are critical to identify patients
who may be at risk of not only the known effects of cytokine release
syndrome (CRS), but who can potentially suffer from CV sequelae

that may be associated with worse outcomes.

© 2024 European Society of Cardiology.
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The three major types of proposed cardiotoxicities that can be
propagated by CAR-T are (i) ‘on-target, on-tumour’, (ii) ‘on-target,
off-tumour’, and (jii) ‘off-target, off-tumour’.%> The most clinically
apparent manifestation of CRS is related to ‘on-target, on-tumour’
effects due to cytokines being released from a variety of sources.
This may originate from infused CAR-T cells, local ‘bystander’
immune cells, and byproducts from tumour cell apoptosis.®®
Interleukin (IL)-6, a key mediator of CRS, was initially thought
to be directly produced by CAR-T cells, but subsequent studies
have shown that it primarily originates from macrophages and
monocytes.®”’ IL-6 blockade with agents such as tocilizumab atten-
uates the effects of CRS and may have implications for reducing
cardiotoxicity as well.®*¢? These cytokines, particularly IL-6, can
have cardiodepressant effects.’”® In addition, severe CRS can
upregulate angiopoietin-2 and von Willebrand factor, leading to
other clinical manifestations such as capillary leak, hypotension,
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and haematological derangements.®’””" This mechanism may also
explain the CRS that can be induced by BiTE treatments as well.®®
The ‘on-target, off-tumour’ concept may occur with a transduced
T-cell from CAR-T that can attack an antigen other than the
intended tumour target. Finally, an ‘off-target, off-tumour’ effect
is another potential mechanism in which an unknown epitope
expressed by normal tissue may be attacked by T-cells. This con-
cern originates from a case series of two patients who underwent
treatment with engineered T-cells expressing affinity-enhanced
TCR against a melanoma-associated antigen 3 (MAGE-A3) and
subsequently developed fatal cardiogenic shock and heart fail-
ure. Autopsy subsequently revealed T-cell infiltration of their
myocardium consistent with myocarditis. However, MAGE-A3
was not detected in the heart muscle, with TCR-recognized
titin, a sarcomeric protein expressed by the heart. This highlights
the critical importance of targeting epitopes that are exclusively
expressed on malignant cells and not on healthy tissue.”>”3

In summary, the mechanisms that cause cardiotoxicity with
these novel immune effector cell (IEC) treatments remain elusive
and are confounded by toxicities that are conventionally seen
with the inflammatory cascade reported in a variety of disease
states in which a systemic inflammatory response syndrome can
occur.%> Further investigation is indicated to identify both unique
contributors and overlapping cardiotoxic pathways that can help
identify vulnerable patients and create strategies that both directly
and indirectly reduce their potential for CV adverse events.

Epidemiology of cardiovascular
immunotoxicities

Epidemiology of immune checkpoint
inhibitor-related cardiovascular toxicities

Although severe ICl-related myocarditis is the most concerning
immune-related CV adverse event (irCVE), milder ICl-related
myocarditis and other irCVEs are more common. Andres et al.”*
published a single-centre cohort experience of 89 cases of irCVEs
which reflected a 3.4% rate of irCVE from the referring oncology
cancer population. ICl-related myocarditis was the most frequent
event (n=33, 37%), followed by tachyarrhythmia (n=27, 30%),
NILVD (n=15, 17%) and pericarditis (n=7, 8%) (Figure 4). In
a real-life setting, major adverse CV events (MACE) have been
reported in up to 10% of patients undergoing ICl therapy, especially
in patients with a history of heart failure or valvular disease.”

In addition, indirect irCVEs may develop resulting from other
organ ICl-related toxicities, e.g. thyrotoxicosis causing arrhythmia,
hypoadrenalism and collapse/hypotension, type 1 diabetes and vas-
cular events. A recent meta-analysis of 1265 studies including 4751
patients, showed a 1.3% rate of cardiac irAEs, with myocarditis
being the most frequent (50.8%) and with a 24.6% mortality rate.”
A further analysis of randomized clinical trials showed an incidence
of 3.1% for ICl monotherapies, 5.8% for dual ICl therapies, 3.7%
(irAEs/AEs) for ICls plus chemotherapy, and cardiac AEs were
reported in 2.5% of patients treated solely with chemotherapy.

Large multicentre studies are required to capture more patients
with irCVEs and prospectively define irCVEs with greater preci-
sion. It is clear that a range of irCVEs is possible and the prevalence
is under-reported.””’® From the perspective of clinical care and
practical decision making, it is imperative to carefully define what
may be encountered during ICI therapy, the range of possible pre-
sentations and complications, and collaborate effectively with our
cardiology and oncology colleagues to develop the most effective
strategies for prevention and treatment of |Cl-related CV com-
plications.”” Importantly, patients suggested to have an ICl-related
myocarditis need to be actively investigated for other irAEs, since
these with multiple irAEs are specifically at a high risk for compli-
cations.

Epidemiology of CAR-T, natural killer
and tumour infiltrating lymphocyte cell
therapy-related cardiovascular toxicities

There is a significant gap in clinical data regarding cardiotoxicity
between Phase 2-3 clinical trials and real-world data from sub-
sequent multi- and single-centre cohort studies (Table 7).%880-%4
While direct comparisons are limited by their retrospective
nature, CV manifestations including cardiomyopathy and arrhyth-
mias appear to be higher than those reported in clinical trials. While
this may be due to higher risk populations and/or different car-
diotoxicity surveillance methods, more work is needed to identify
those at risk of CRS and other cardiotoxicity.

The overall incidence of TlL-related cardiotoxicity is unknown
and not well described. A systematic review and meta-analysis
of 13 studies, including 410 patients studying the efficacy of
adoptive cell therapy (ACT) with TIL and recombinant IL-2 in
advanced melanoma documented three patients (1.1%) having
AF with treatment, and with IL-2.> A retrospective analysis of
43 patients who received ACT-TIL reported 32.6% of patients
developing hypotension, 14% AF, and 2.3% with troponin elevation.
No heart failure was noted, and no significant differences in left
ventricular ejection fraction (LVEF) or survival between those with
or without CV complications. However, the authors did note that
this was also confounded by IL-2 treatments, whose CV adverse
effects are well known.*

It is also important to emphasize that cancer patients treated
with TIL or CAR-T cells have unique characteristics who differ sig-
nificantly in pre-treatment, risk, and prognosis from those treated
with ICls. These patients have a relatively high mortality per se and
might not profit from a close surveillance or discontinuation of an
anti-cancer therapy.

Diagnosis and Management of
Cardiovascular Immunotoxicities
Diagnosis of immune checkpoint
inhibitor-related myocarditis

In 2016, two cases of fulminant lethal myocarditis with a combi-
nation of ipilimumab and nivolumab were published attracting the

© 2024 European Society of Cardiology.
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Figure 4 Incidence of cardiovascular adverse events in patients with immune checkpoint inhibitors. Bar chart showing the absolute number
of patients presenting with cardiovascular adverse events after treatment with immune checkpoint inhibitors. NILV, non-inflammatory left
ventricular; SV, supraventricular. Reproduced with permission from Andres et al.”*

attention of cardiologists to these highly effective anti-cancer med-
ications."” Mahmood et al.*” pointed to relatively low incidence of
myocarditis (1.14%) with a high mortality of 48%. In a nationwide
Danish study,’® the hazard ratios for cardiac events were signifi-
cantly increased among ICl-treated lung cancer patients with an
absolute 1-year risk for peri-myocarditis of 1.8%.

Prior anti-cancer therapy, combination of two ICls, known
autoimmune disease, prior CV disease, diabetes, and expression
of cardiac antigens in tumour and gene polymorphisms of CTLA-4,
PD-1 or PD-L1 are thought to predispose for |Cl-related myocardi-
tis,” although the only confirmed risk factor with evidence from
trials and registries is dual ICl therapy.

The monitoring of ICI therapy is challenging and currently
based on electrocardiogram (ECG), troponin and natriuretic pep-
tide (NP) monitoring. Two recent guidelines published in 2022
from the European Society of Cardiology (ESC) and the European
Society for Medical Oncology (ESMO) have provided the same rec-
ommendations to help clinicians.’®1%" All patients scheduled to
receive ICl therapy should have a baseline ECG and troponin and
NP assessment to understand relative changes in these biomark-
ers if problems develop during therapy.'®1%2 High-risk patients
should additionally undergo a transthoracic echocardiography
(TTE) evaluation.'®

Clinical presentations vary from mild symptoms of chest pain,
sudden onset of weakness, palpitations, dyspnoea, dizziness or
syncope to cardiogenic shock, new frequent atrial or ventricular
ectopy, life-threatening ventricular arrhythmias and conduction dis-
turbances. Therefore, a high level of clinical suspicion based on new
symptoms, an increase in troponin and new electrocardiographic

© 2024 European Society of Cardiology.

abnormalities is essential for timely diagnosis, especially during
the first four cycles (12 weeks) of ICI therapy.®' In all cases of
suspected myocarditis, it is essential to rule out acute coronary
syndrome (ACS) by invasive or coronary computed tomography
angiography according to clinical status and local protocols.
When myocarditis is suspected, an ECG may detect ST-segment
deviation, new conduction defects, and life-threatening ventricu-
lar arrhythmias. Recent studies suggest that new QRS widening
>110 ms was associated with hazard ratio for MACE of 3.28 rela-
tive to a QRS duration <110 ms and that an increase in QRS dura-
tion of 10 ms conferred a 1.3-fold increase in odds of MACE.*1%3
TTE is recommended according to the 2022 ESC Guidelines

on cardio-oncology,'®

although LVEF may be preserved in many
ICl-related myocarditis patients.'® Cardiac troponin and creatine
kinase-MB fraction may be useful, although normal levels should not
be used to exclude ICl-related myocarditis. A recent publication
contradicts the universal use of cardiac troponin | as the preferred
biomarker and demonstrates better prognostic utility of cardiac
troponin T.'% NP elevation interpretation is complicated because
their increase may occur directly due to inflammatory processes in
the setting of normal filling pressures, and therefore the negative
predictive value of a normal result may be useful in the exclusion
of ICl-related myocarditis.'%

Cardiac magnetic resonance (CMR) is the preferred non-invasive
modality for the diagnosis of myocarditis. A specific CMR pat-
tern has not been described and modified Lake Louise crite-
ria are recommended according to the 2022 ESC Guidelines on
cardio-oncology.”®'% Late gadolinium enhancement and elevated
T2-weighted short tau inversion recovery (STIR) signal, were
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present in only 48% and 28% of patients, respectively, from an
international registry of patients with |Cl-associated myocarditis,
calling into question the use of CMR as the gold standard for the
exclusion of myocarditis in patients with a high clinical suspicion.’””
Where available, T1 and T2 and calculation of the extracellular
volume should be performed in suspected ICl-related myocarditis
cases as data suggest an improvement in diagnostic accuracy with
the addition of these approaches.’® In patients with non-specific
symptoms, PET can be performed in selected patients with sus-
pected myocardial inflammation particularly in patients presenting
with ventricular arrhythmia or heart block.® Where the diagno-
sis remains uncertain, endomyocardial biopsy remains the defini-
tive diagnostic test for ICl-related myocarditis in unstable patients
and those with elevated troponin and new electrocardiographic
abnormalities and/or new left ventricular impairment when CMR
is non-diagnostic or where the patient is clinically unstable with
acute heart failure, cardiogenic shock or ventricular arrhythmias
and CMR is not possible.’~1"" The 2021 ESC Guidelines on heart

112 recommend a minimum of five but possibly at least seven

failure
samples, from left and right ventricles. CMR or PET-guided sam-
pling may be considered.'? The diagnosis of inflammation is made
by immunohistochemistry with staining for anti-CD3, CD4, CD8
or CD45 antibodies for lymphocytes and anti-CDé68 antibodies for

macrophages and anti-HLA-DR antibodies.

Management of immune checkpoint
inhibitor-mediated myocarditis

All patients with suspected ICl-mediated myocarditis should be
admitted to an acute care facility for an urgent evaluation.'’® This
should have the ability to perform the standard tests that are
required to diagnose myocarditis and monitor for acute complica-
tions including complete heart block, ventricular arrhythmias with
haemodynamic compromise, acute heart failure and cardiogenic
shock.” It should also be considered whether the patient should
be transferred to a facility able to provide temporary mechan-
ical circulatory support if required. It is recommended by the
2022 ESC Guidelines on cardio-oncology'® that ICI treatment is
stopped while the patient is undergoing this evaluation, diagnosis
and treatment of ICl-related myocarditis.

Both ESC and ESMO have published guidelines which pro-
vide details on the management of ICl-related myocarditis
(Figure 5).190197 AJl guidelines support the use of corticosteroids
as the initial pharmacological therapy for ICl-related myocarditis,
but there are variations in the initial dose that should be prescribed.
Most guidelines support a high initial dose of corticosteroids, from
500 to 1000 mg/day of methylprednisolone with a transition
to an oral regimen of 1-2mg/kg of prednisone if the patient
responds.’™'"> Some guidelines support an initial lower dose
of corticosteroids (1-2mg/kg of prednisone) with a rapid dose
increase in the event of a non-response.’’® There are no robust
data to define the optimal initial steroid dose but retrospective
data suggest that a higher initial dose of steroids may be associated
with better outcomes.'” As the taper of corticosteroids is typ-
ically long, the patient will also likely need standard corticosteroid
prophylaxis regimens. The optimal rate of the outpatient steroid

© 2024 European Society of Cardiology.

taper is not well-defined, but a standard approach is to measure
troponin once a week and taper by 10mg of prednisone per
week based on the troponin kinetics. Beyond corticosteroids,
patients should have standard cardiac therapies. For example,
those with a reduced ejection fraction should be prescribed
standard goal-directed medical therapy for heart failure.'2118

Up to 50% of patients may not respond to high-dose corti-
costeroids and will require a second-line immunosuppressant.’”
There are no definitive data to guide the second-line immunosup-
pressant approach. A common approach is to add mycophenolate
mofetil if the patient is stable.””> However, patients with ICl-related
myocarditis may be unstable or may progress rapidly to an acute
complication. Thus, alternative second-line immunosuppres-
sants should be considered'® and are discussed in the 2022
ESC Guidelines on cardio-oncologyand'® in the 2021 Society
for Immunotherapy of Cancer (SITC) clinical practice guide-
line on immune checkpoint inhibitor-related adverse events.'™
These include infliximab, abatacept, alemtuzumab, intravenous
immunoglobulin, and plasmapheresis.'*1"5 Recent data suggest
that caution may be needed with infliximab, as patients treated
for ICl-related myocarditis had worse outcomes compared to
other agents. Abatacept, a CD80/86 antagonist, is being inves-
tigated for second-line use, based on several case reports and
plausible basic science data3'* Abatacept is currently under
evaluation in the Abatacept in Immune Checkpoint Inhibitor
Myocarditis (ATRIUM)*® and the AbataCept for the Treatment of
Immune-cHeckpoint Inhibitors-Induced mYocarditiS (ACHLYS)*
randomized controlled trials. All other second-line agents, and
their relative safety and efficacy in steroid-resistant ICl-related
myocarditis, require further investigation in randomized clinical
trials.

In general, most patients with ICl-related myocarditis should
not be rechallenged with an ICl. However, there are some for
whom it may be possible. These include patients with lower
grade initial myocarditis, in whom initial testing showed preserved
cardiac structure and function, or in whom cardiac biopsy showed
a lower grade of histological injury.'93107.108120.121 However, all
decisions on re-challenge need to be made on a case-by-case bases
by a multidisciplinary team and after discussion with the patient.
If the patient is to be re-challenged, then serial cardiac monitoring
should be performed.

Diagnosis of immune checkpoint
inhibitor-mediated non-inflammatory
heart failure syndromes

Although the majority of cases of irCVEs are myocarditis, espe-
cially during the first 3 months of therapy,’® there is an emerging
subgroup of patients who develop non-inflammatory syndromes,
including new left ventricular dysfunction and heart failure (NILVD)
or TTS.”3'122'123

Non-inflammatory left ventricular dysfunction is a newly
recognized irCVE which typically develops as a late event when
compared with myocarditis, usually after at least 6 months of
ICI treatment. It is possible more common in patients with lung
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Figure 5 Management of immune checkpoint inhibitor (ICl)-related myocarditis. CMR, cardiac magnetic resonance; CV, cardiovascular; ECG,
electrocardiogram; ICU, intensive care unit; i.v., intravenous; LGE, late gadolinium enhancement; LVEF, left ventricular ejection fraction; MCS,
mechanical circulatory support. *Fulminant: haemodynamic instability, heart failure requiring non-invasive or invasive ventilation, complete or
high-grade heart block, and/or significant ventricular arrhythmia. Non-fulminant: including symptomatic but haemodynamically and electrically
stable patients and incidental cases diagnosed at the same time as other immuno-related adverse events. Patients may have reduced LVEF but
no features of severe disease. "Recovering: ongoing improvement in patient clinical symptoms, signs, biomarkers, and imaging parameters, but
not yet normalized, while on tapering doses of immunosuppression. Complete recovery: patients with complete resolution of acute symptoms,
normalization of biomarkers, and recovery of LVEF after discontinuation of immunosuppression. CMR may still show LGE or elevated T1 due
to fibrosis, but any suggestion of acute oedema should be absent. Reproduced with permission from Lyon et al.'®

cancer treated with PD-1, and increased risk in cancer patients
with pre-existing left ventricular dysfunction or heart failure prior
to starting ICI treatment.”® In the cohort published by Andres
et al”, 15 patients (17% of the cohort with irCVEs) developed

new left ventricular dysfunction in the absence of myocarditis,
ischaemia, infarction, or other acute causes. NILVD was seen in
patients treated with all types of ICl, and the median time from
starting ICl treatment was 26 weeks. In contrast to ICl-related

© 2024 European Society of Cardiology.
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myocarditis, most patients with NILVD had normal troponin, no
active inflammation on CMR and few had other irAEs.’* Diag-
nostic workflow should be based on defining the heart failure
phenotype and excluding ACS, TTS and myocarditis according to
local protocols and clinical guidelines."'>'?* The main treatment is
heart failure therapy and the important differences in management
compared to ICl-related myocarditis are that steroid therapy is
not indicated and ICl treatment can be restarted once the heart
failure syndrome has been stabilized.

Takotsubo syndrome is increasingly being reported in patients
with cancer and recent reports have also highlighted the risk of
TTS in patients receiving ICI." Little is known about TTS in cancer
patients compared to non-cancer patients, how ICl causes TTS, and
whether TTS is a direct non-inflammatory ICl-related effect or if
it is related to the adrenergic stress during early cancer therapy.

Evaluation of patients with clinical suspicion of NILVD or TTS
should include clinical examination, ECG, cardiac biomarkers (NP
and cardiac troponins) and TTE. CMR is recommended according

to the 2022 ESC Guidelines on cardio-oncology'®

in patients who
are stable, whereas haemodynamically unstable patients should be
referred to coronary angiography and endomyocardial biopsy to

exclude myocarditis and other causes of cardiomyopathies.’2124

Management of immune checkpoint
inhibitor-mediated non-inflammatory
heart failure syndromes

When a cancer patient receiving ICl treatment presents with new
heart failure, it is imperative to diagnose or exclude myocarditis
with biomarkers, CMR and endomyocardial biopsy where indi-
cated. There is growing recognition that some patients, particularly
those treated with ICl| for more than 6 months, are presenting
with a non-inflammatory heart failure syndrome where myocarditis
has been excluded.”* The identification of these patients is impor-
tant as the management is different from ICl-related myocarditis.
Specifically, these patients with the ICl-mediated non-inflammatory
heart failure syndrome require ESC guideline-recommended heart
failure therapy''? but do not require immunosuppression. In addi-
tion, the decision to continue versus interrupt ICI therapy depends
upon the severity of the heart failure syndrome. Using the Inter-
national Cardio-Oncology Society (IC-OS) definition of cancer
therapy-related cardiac dysfunction (CTRCD),”® ICl therapy should
be interrupted if patients present with severe symptomatic or
asymptomatic CTRCD where the LVEF is <40% and in patients
with |Cl-mediated non-inflammatory heart failure syndrome com-
plicated by arrhythmias, acute pulmonary oedema or cardiogenic
shock.

In mild cases ICl can be continued. In all cases a multidisciplinary
team discussion between cardiology and oncology is recommended
according to the 2022 ESC Guidelines on cardio-oncology,'®
especially in moderate CTRCD cases in which continuing with ICl
therapy is possible depending on the stability of the clinical heart
failure syndrome and absence of complications.

In patients with an ICl-related NILVD with severe CTRCD, after
implementation of heart failure therapy, an early reassessment

© 2024 European Society of Cardiology.

of cardiac function (clinical assessment, biomarkers, echocardio-
graphy) is recommended according to the 2022 ESC Guidelines
on cardio-oncology,'® and once the heart failure syndrome has
improved, and LVEF has recovered to >40% and ideally >50%,
then after excluding myocarditis ICl treatment with ongoing car-
diac surveillance can be continued after MDT discussion.'®

If ICl-induced TTS is diagnosed then ICl therapy should be
interrupted and management of TTS should proceed according to
the management algorithm in the Heart Failure Association (HFA)

position statement on TTS."26

Diagnosis of immune checkpoint
inhibitor-mediated acute coronary
syndrome-atherosclerosis versus
vasculitis

There is growing evidence of the progression of pre-existing
atherosclerosis during ICl therapy for cancer. This is particularly
marked in those with evidence of significant pre-existing vascu-
lar disease before beginning ICI therapy.’®°7:'?” Cancer patients
with documented coronary atherosclerosis or other vascular dis-
ease are at higher risk of the exacerbation of vascular disease.
As there are shared risk factors for coronary artery disease and
cancer in many cancers, e.g. smoking, diabetes, and obesity, the
presence of pre-existing coronary artery disease in some cancer
patient cohorts treated with ICl is high, e.g. non-small cell lung
cancer. Whether this represents vasculitis or merely accelerated
atherosclerosis is still unknown. Beyond CV risk factor modifica-
tion, the optimal management is not known and requires further
investigation.'?® It is the opinion of the authors that patients with
incidental coronary calcification reported on oncology imaging or
hypercholesterolaemia should start statin therapy with due cau-
tion (drug—drug interactions), if not already prescribed, prior to
and during ICl treatment.

Management of immune checkpoint
inhibitor-mediated acute coronary
syndrome-atherosclerosis and vasculitis

There are several layers to the management of an ACS in patients
on ICl therapy. A key question is that of causality (or casualty) of
therapy versus co-incidence. The largest published cohort study
reported an increase in the risk of acute vascular events after the
initiation of ICl therapy, implying causality.® In a small subset of
patients in this study, an increase in the burden of aortic plaques
was seen, and these were not heavily calcified.>® Another study out-
lined an increase on aortic inflammation seen in PET imaging after
initiation of ICl therapy.'” These studies extended case reports
on aortic/large vessel vasculitis and rapid progression of coronary
atherosclerosis in patients started on ICl therapy.'3®'3" This begets
the question of whether patients presenting with an ACS on ICI
therapy should receive anti-inflammatory therapy in addition to
standard optimal guideline-directed therapy. This question is rel-
evant to all patients with complicated atherosclerotic CV disease,
not only to those on ICl therapy, but appears more significant in
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Figure 6 Pathway of immune checkpoint inhibitor
(ICl)-mediated acute coronary syndrome (ACS). This figure
illustrates the pathway of inflammatory injury in ICl therapy and
the subsequent process of accelerated atherosclerosis leading to
ACS. DAPT, dual antiplatelet therapy.

these patients.’32133 Which anti-inflammatory agent(s) to use, at
which dose, at which point in time and for how long, are questions
that remain to be addressed. In patients with ACS, it is not only the
vascular inflammatory process that needs to be considered but also
the acute inflammatory injury and subsequent inflammatory heal-
ing and repair response at the myocardial level.'3*-"37 |deally, one
would monitor the activity of these inflammatory processes to tai-
lor anti-inflammatory therapies and guide decisions on anti-cancer
therapies for the individual patient (Figure 6). In patients with ACS,
ICI therapy might not be interrupted, but this should be discussed
in the multidisciplinary cardio-oncology team.

Diagnosis and management of immune
checkpoint inhibitor-related cardiac
conduction disease and arrhythmia

Surveillance for rhythm disturbances is important in the course
of ICl therapy, particularly early in the course of treatment,
when most of CV toxicity occurs.’ 3% A new-onset atrioven-
tricular or intraventricular conduction disorder (atrioventricu-
lar block or QRS prolongation) or a supraventricular or ven-
tricular tachyarrhythmia occurring during ICl therapy is a red
flag for ICl-related cardiotoxicity that may include myocardi-
tis, NILVD/non-inflammatory heart failure, ACS, or pericarditis.
Arrhythmias, particularly supraventricular tachycardias, may also
occur in association with non-CV inflammatory adverse events
induced by ICl, such as thyroiditis.”® Pre-clinical evidence shows
that arrhythmias may arise in the context of an inflammatory stress
induced by IC| and that ICI may also have direct arrhythmogenic
effects.>*¢* As a result, the identification of a new-onset conduction
disorder or arrhythmias should trigger further investigation for a
potential cardiac cause with cardiac biomarkers (cardiac troponins,
NPs), echocardiography and, in selected cases (clinical suspicion
of myocarditis), CMR imaging, PET, cardiac catheterization (suspi-
cion of ACS), and in critically ill patients, endomyocardial biopsy
(Figure 7)."3 Investigation for non-CV causes should also be per-
formed, including electrolyte levels (particularly serum potassium),

thyroid function, renal function, and so forth. At the same time,
ICI therapy should be suspended, the patients should be admitted
for ECG telemetry monitoring and cardio-oncology consultation
should be sought.”” Severe arrhythmias such as complete atri-
oventricular block and ventricular tachycardia/fibrillation indicate
a more complicated clinical course with increased mortality’** and
should therefore prompt for a more aggressive diagnostic approach
(e.g. cardiac catheterization, endomyocardial biopsy) in the pres-
ence of diagnostic uncertainties.

The treatment of ICl-related arrhythmias includes (i) the
treatment of the underlying CV or other cause of arrhythmia
(e.g. immunosuppression for myocarditis, renin—angiotensin—
aldosterone system inhibitors and beta-blockers for left ven-
tricular dysfunction, pericardiocentesis for tamponade, steroids
and colchicine for pericarditis); (iij) the treatment of arrhyth-
mia itself (e.g. pacing for advanced atrioventricular heart block,
cardioversion for ventricular arrhythmias, rhythm/rate control
and anticoagulation for AF). Drug—drug interactions between
anti-cancer agents and anti-arrhythmics and anticoagulants should
be carefully reviewed." It should also be taken into consideration
that conduction disorders may be reversible so permanent pace-
maker implantation should be performed only when bradycardia is
haemodynamically significant or there is evidence that heart block
is persistent, suggesting evolving fibrosis of the conduction sys-
tem."*2 The continuation or cessation of ICl and other anti-cancer
agents following the arrhythmic event should be decided on the
basis of a multidisciplinary discussion with oncologists. In general,
ICI re-challenge should be avoided when advanced conduction
disease or critical ventricular arrhythmias have occurred. Beyond
acute ICI cardiotoxicity, it has recently been hypothesized that ICI
may further lead to late CV complications, including arrhythmias,
resulting potentially from accelerated atherosclerosis triggered by
ICL""3 which highlights the role of long-term CV follow-up for
cancer survivors after ICl therapy.

Diagnosis of CAR-T and tumour
infiltrating lymphocyte-mediated
cardiovascular toxicities

There is growing recognition of the association between CAR-T
and TIL therapies and risk of irCVEs in patients with haematological

and solid malignancies, respectively,’®'4

with a reported incidence
ranging from 10% to 22%. The spectrum of irCVEs includes new
left ventricular dysfunction, heart failure, arrhythmia, conduction
abnormality, pericardial effusion, TTS, and cardiac arrest.®'43.144
Potential mechanisms include ‘on-target, off-tumour’ effect;
‘on-target, on-tumour’ effect (more common with CAR-T ther-
apy); and ‘off-target, off-tumour’ effects.'*® The majority of irCVEs
with CAR-T cell therapy are associated with the CRS.6882 The
irCVEs with TILs may be related to direct myocardial and vascular
toxicity and/or toxicity from the co-administration of other drugs
that cause CRS (e.g. IL-2). Regardless of the mechanism, the
development of irCVEs is associated with worse overall outcomes

82,144,145

for patients receiving CAR-Ts while its impact on patients

receiving TlLs is currently unclear but is unlikely to be benign.*

© 2024 European Society of Cardiology.
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New-onset arrhythmia during ICI therapy
(AV block, BBB/QRS prolongation, AF/SVT, VT/VF)

Discontinuation of ICl therapy
Admission — telemetry monitoring

Cardio-Oncology consultation

Investigation for cardiac causes:
Echo, cTn, NP
CMR (suspicion for myocarditis)

PET
Coronary angiography (suspicion for ACS)
EMB (critically ill)

Treatment of cardiac/other causes

Investigation for other causes:
electrolytes, thyroid function, etc.

Treatment of arrhythmias:
Pacing for AV block
(temporary; permanent if persistent)

Cardioversion for VT/VF
Rate control & anticoagulation for AF
(Check for drug-drug interactions)

Figure 7 Management of new-onset arrhythmia during immune checkpoint inhibitor (ICI) therapy. Flow diagram of the screening strategies
and treatment for new-onset arrhythmias during ICl therapy. ACS, acute coronary syndrome; AF, atrial fibrillation; AV, atrioventricular; BBB,
bundle branch block; CMR, cardiac magnetic resonance; cTn, cardiac troponin; EMB, endomyocardial biopsy; NP, natriuretic peptide; PET,
positron emission tomography; SVT, supraventricular tachycardia; VF, ventricular fibrillation; VT, ventricular tachycardia.

Assessing the risk of CAR-T- and TlL-related irCVEs should
begin with a comprehensive clinical history and physical exami-
nation. Although no definitive risk factors have been identified,
the ability to tolerate CRS and associated irCVE depends on
the pre-treatment CV status. The history should include features
associated with high risk of CRS such as high disease burden,
higher doses of CAR-T, a high-intensity lymphodepletion regi-
men, and severe thrombocytopenia.®* Other high-risk features
for both CAR-T- and TIL-related irCVEs include pre-existing
CV diseases, CV risk factors and older age.®®821** Other than
the co-administration of IL-2 therapy, specific risk factors for
TIL-related irCVEs remain to be determined.”®

Baseline ECG, NP, and cTn are recommended in all patients
with cancer before starting CAR-T and TIL therapies according
to the 2022 ESC Guidelines on cardio-oncology.'® According to
guidelines, a comprehensive TTE should be considered in all cancer

100 and is recommended in

patients requiring CAR-T cell therapy,
cancer patients pre-treated with anthracycline and/or radiotherapy
to a volume including the heart, or those with pre-existing CV
disease. Patients deemed to be at high risk for irCVEs based
on history and investigations may benefit from cardio-oncology
review.'*?

Once CAR-T or TIL treatment is initiated, it is advised to per-
form a clinical examination for signs of heart failure and arrhythmias
daily post-infusion and ECG and troponin monitoring. An ECG is
suggested 2—5 days and 2—3 weeks post-infusion to identify con-
duction abnormalities, arrhythmias, and ischaemic changes. At sim-
ilar time intervals, troponin measurements (with or without NP)

are advised to identify signs of myocardial injury.581% If there is high

© 2024 European Society of Cardiology.

risk for irCVEs, repeat TTE is suggested 2—3 weeks post-infusion.
Since the development of > grade 2 CRS has been most consis-
tently associated with the development of irCVEs,*88182144 these
patients should have an ECG, cardiac biomarkers (NP, troponin)
and TTE. The role of other imaging approaches (including global
longitudinal strain, assessment of diastolic dysfunction, and CMR)
and long-term follow-up remains to be determined and most
patients with CRS are clinically unstable and unable to have a CMR
during the acute phase. The survivors who had significant troponin
elevation and/or new left ventricular systolic dysfunction during
CRS secondary to CAR-T or TIL therapy should have follow-up
with repeat cardiac assessment including ECG, troponin, NP and
TTE, and follow-up in a cardio-oncology service."® CMR may be
appropriate at follow-up where there is persistent left ventricular
systolic dysfunction to assess for active inflammation or fibrosis.

Management of CAR-T and tumour
infiltrating lymphocyte-related
cardiovascular toxicities

Most CV events that occur with the IECs are acute toxicities,
occurring within 30days of treatment administration. They can
present as part of the systemic toxicity, in particular CRS, or
less frequently, as overlap with |IEC-associated neurotoxicity syn-
drome. Isolated CV events have also been described, including
symptomatic heart failure, pericarditis, myocarditis, and venous
thromboembolism.®®'47 Arrhythmias are among the most com-
mon reported CV events with AF/atrial flutter and non-sustained
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ventricular tachycardias occurring with and without CRS and sys-
temic symptoms.®®'*” Management of CV toxicities is discussed
here based on the haematology and oncology professional societies
recommendations.

Baseline cardiovascular evaluation prior to immune
effector cell therapy

Adverse CV events have been shown to affect prognosis and other
outcomes of patients receiving IECs leading to increased aware-
ness about baseline CV evaluation, monitoring and management.®®
The Society for Immunotherapy of Cancer (SITC) clinical practice

148

guideline on IEC-related adverse events'* recommends CV assess-

ment in specific populations as summarized below:

e Adult patients planned to receive CAR-T are recommended
to undergo baseline assessment of cardiac function including
an echocardiogram, serum troponin, and an NP (B-type natri-
uretic peptide [BNP]/N-terminal proBNP [NT-proBNP]).1%

e Additional cardiac evaluation, prior to IEC therapy, is rec-
ommended for patients with a history of CV disease,
such as myocardial infarction, heart failure, or history of
cardiac toxicity from prior therapies. Consideration of
treatment-associated risk and disease status is needed to
determine the suitability of CAR-T cell therapy.

e During treatment, routine assessment of troponin and cardiac
function is recommended in adult patients who develop CRS
grade >2, based on the American Society for Transplantation
and Cellular Therapy (ASTCT) grading system.™*

o An individualized approach to CV monitoring and prevention
of events in these patients at high CV risk includes consider-
ations of inpatient CAR-T administration, routine monitoring
of troponin, BNP/NT-proBNP, and cardiac function, as well as
early administration of tocilizumab and/or steroids at the onset
of CRS.

Cytokine release syndrome and cardiovascular event
management

The CRS is the most common adverse event reported across
IEC clinical trials. CRS is considered on-target toxicity caused by
the release of cytokines, and can present with fever, tachypnoea,
tachycardia, hypotension, rash, and/or hypoxia, with a risk of
progression to respiratory and/or multi-organ failure.

The mainstay of CRS management is intravenous administra-
tion of the IL-6 antagonist tocilizumab, with consideration of
corticosteroids in refractory and/or higher-grade CRS and sup-
portive care. For in-depth discussion of grading and manage-
ment of CRS, we direct the reader to professional society
guidelines.’*®1%0 The key specific recommendations for CV man-
agement in patients with CRS developed by the SITC clinical
practice guideline on |EC-related adverse events are included
below:

e Evidence of cardiac toxicity, elevated troponin, decrease in
LVEF or significant arrhythmias, should prompt consideration

of earlier intervention with IL-6 blockade and/or steroids or
escalation of current treatment.

e Malignant arrhythmias or evidence of severe left ventricular
dysfunction are an indication of severe end-organ damage and
requires escalation of intervention.

e The medications that may be continued during CAR-T cell
therapy include beta-blockers, angiotensin Il receptor blockers,
calcium channel blockers, and angiotensin-converting enzyme
inhibitors. If feasible, these medications should be changed
from long-acting to short-acting formulations.

e The medications that should be discontinued prior to CAR-T
cell therapy include antiplatelet agents such as aspirin and
clopidogrel. In patients who have recently undergone coro-
nary revascularization, management decisions regarding
the cessation of antiplatelet agents should be made in
conjunction with the primary cardiology team, and the
risk—benefit of proceeding with CAR-T cell therapy should be
considered.

o Before proceeding with CAR-T cell therapy, patients on ther-
apedutic anticoagulants should be switched from long-acting to
short-acting formulations, wherever possible. Long-acting anti-
coagulants can significantly potentiate bleeding risk during CRS.

e If the platelet count falls below 50 000/pl in a patients under-
going CAR-T cell therapy, dual-acting anticoagulants should be
discontinued.

o [f the platelet count falls below 50 000/l in patients undergoing
CAR-T cell therapy, all anticoagulants should be discontinued
unless the patient has had recent thrombosis.

o [f the platelet count falls below 50 000/pl in patients undergoing
CAR-T cell therapy and the patient has a recent thrombosis,
anticoagulants may be continued, but the dose should be
reduced or platelet transfusions should be administered in a
very specific patient population (most of them haematologic).
Individualized, interdisciplinary recommendations are essential
for these patients.

Next steps and multidisciplinary
management

As the use of IECs increases, there is a growing need for an
improved understanding of CV and other severe adverse events,
and their prevention. Small trials investigating prophylactic use
of tocilizumab have shown promising results with a decrease in
high-grade CRS and favourable oncology outcomes.'>""1*2 A recent
large pharmacovigilance study identified an association between
CAR-T therapies and cardiopulmonary adverse events including
tachyarrhythmias, cardiomyopathy, and venous thromboembolism
with increased reporting odds ratios even in patients without
reported CRS." The fatality rate of all cardiopulmonary adverse
events was 30.9%, emphasising the importance of early diagnosis
and management. This study also highlighted the key ongoing
gap in cardiac safety monitoring during clinical trials and clinical
care: establishing standard CV adverse event definitions, severity
grading criteria and elements of diagnostic evaluation in order to

appropriately characterize and treat drug-related events.'3

© 2024 European Society of Cardiology.
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Quality of life in cancer patients
with cardiovascular toxicities

Cancer therapy-related cardiac dysfunction has emerged as a
major factor influencing the prognosis and quality of life of cancer
patients. As defined by the World Health Organization, quality
of life is ‘an individual’s perception of their position in life in the
context of the culture and value systems in which they live and
in relation to their goals, expectations, standards and concerns’,
which is related to physical, mental and social well-being.">* Cancer
patients with CTRCD experience a physical and mental burden
due to their disease, decreasing their social well-being and societal
participation.’® The influence on quality of life differs between
cardiac diagnoses, and patients with heart failure experience
particular difficulties with activities of daily living and have higher
rates of depressive symptoms.'*®'5” Reduced emotional, social
and school functioning was observed in long-term survivors of
childhood cancer, associated with their cancer therapy-related car-
diotoxicity risk.'® In addition to quality of life, patients’ healthcare
experiences are significantly affected by the organization of care
and professionals’ communication.’® Structured risk stratification
and early detection strategies could significantly reduce cardiotoxic
effects and improve both quality of life and healthcare experiences.

Future directions

There is a number of significant gaps in knowledge which need
to be addressed in high-quality clinical research. These include: (i)
definitions of the types of immune therapy-related CV toxicity in
the short and long term; (i) the precise pathophysiology of irCVEs
including similarities and differences between ICls, and between
IClIs and immune cell therapies; (iii) the role of routine screening
for irCVEs; (iv) identification of the most effective and accessible
screening and diagnostic strategies; (v) the most effective strate-
gies to mitigate CV disease risk and to treat cardiotoxicity; (Vi)
identification of high CV risk populations and targeted screening
and cardioprotection according to risk; (vii) optimal management
of cancer and CV disease once cardiotoxicity occurs; (viii) how
best to overcome disparities in care and ensure equality, diversity
and inclusion; and (ix) the impact of irCVEs on quality of life for
cancer patients, both during treatment and after completing treat-
ment in survivors, and how we can best mitigate CV sequelae in
these patients.

In order to answer these important questions, there is a clear
need for global collaboration, and development of not only elec-
tronic health record registries, but also prospective cohort studies.
Deep phenotyping and discovery -omics will help to elucidate the
role of pathophysiologic mechanisms and inform the discovery of
predictive and prognostic markers. Furthermore, clinical trials are
necessary to understand the role of cardioprotective strategies to
prevent and treat disease.

Conclusions

Immune checkpoint inhibitor treatment has dramatically improved
cancer outcomes and the number of patients worldwide receiving

© 2024 European Society of Cardiology.

ICI treatment has increased exponentially in the last 10years.
irCVEs are relatively uncommon (3-4%) and although initially
the focus was on severe myocarditis complicated by cardiogenic
shock and death, there is growing awareness of a wider spec-
trum of irCVEs, including clinically milder myocarditis which are
more common and account for the majority of the cases observed.
The pathophysiology underlying ICl-related myocarditis is becom-
ing increasingly understood, whereas the pathophysiology of the
other irCVEs remains very limited. Future research is required to
understand the true epidemiology and range of irCVEs, the under-
lying pathophysiology of the different irCVEs, improved diagnos-
tic algorithms and ideally new treatment approaches which mit-
igate irCVEs and allow cancer patients to safely continue their
evidence-based ICl treatment. Similar approaches are required for
irCVEs secondary to CAR-T and TIL therapies where irCVEs, par-
ticularly during a CRS, are associated with increased mortality.
Finally, the legacy of prior ICl treatment on CV health in survivors
is important as a growing number of people are surviving cancer
as a result of ICl and cell-based immune therapies.

Supplementary Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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