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1 INTRODUCTION

1.1 Drug-induced cardiotoxicity in drug development and clinical practice

Drug-induced cardiotoxicity may present in many forms, including heart failure, increased
risk of atherosclerotic cardiovascular disease (ASCVD), myocardial infarction, or
arrhythmias leading to sudden cardiac death (1) (Figure 1). In this broad category, a
distinction should be made between the cardiotoxic effects of oncological and non-
oncological drugs: with oncological drugs, the cardiotoxic effects may be more common and
related to their main mechanism of action, and may not be possible to uncouple from their
anti-cancer effects. Due to this, cardiovascular risk stratification and potential
cardioprotective strategies are needed in cancer patients, however, without interfering with
the anti-cancer effects of the treatment. The significance of anti-cancer drug-induced
cardiotoxicity is shown by the occurrence of a new interdisciplinary scientific field, cardio-
oncology, which in part investigates the mechanisms of cardiotoxicity induced by anti-cancer
drugs and potential strategies to alleviate these adverse effects. On the other hand, with non-
oncological drugs, the cardiotoxic adverse effects are less common, however, they are one
of the leading causes of post-marketing drug withdrawals (2,3). Screening studies for
cardiotoxic effects are mandatory during drug development, nevertheless, drugs with
cardiovascular adverse effects may still gain clinical approval due to undetected
cardiotoxicity in preclinical and clinical studies — a phenomenon termed “hidden
cardiotoxicity” (4). Hidden cardiotoxic effects of drugs may only manifest in the diseased
hearts, e.g., during or after myocardial infarction, however, these conditions are currently not
tested during drug development. Thus, improved preclinical testing systems are needed to
identify hidden cardiotoxic effects at the early phases of drug development to decrease the
number of patients at risk for these adverse effects in clinical trials and after marketization,

in clinical practice.
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Figure 1. Manifestations of drug-induced cardiotoxicity and characteristic features of
the cardiotoxicity of oncological and non-oncological medications. ASCVD,
atherosclerotic cardiovascular disease; CV, cardiovascular; SCD, sudden cardiac death.

Created via. Biorender.com.
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1.2 Cardio-oncology: adverse effects of anti-cancer medications

1.2.1 Overview of the cardiotoxicity of different anti-cancer drug classes

Cardiotoxicity of anti-cancer medications is a long-known phenomenon (5,6), with a broad
range of manifestations, including drug-induced heart failure and arrhythmias (7), as well as
vascular toxicities (8). Importantly, cardiotoxicity of anti-cancer drugs is widespread,
including classical chemotherapeutic agents (such as anthracyclines (9) and antimetabolites
(10)) and newer, targeted therapies as well, such as anti-HER2 monoclonal antibodies (11)
or small molecule signal transduction inhibitors (e.g., sunitinib, ibrutinib) (12). More
recently, cancer immunotherapy (such as immune checkpoint inhibitors and CAR-T
cell therapy) has received widespread attention due to its breakthrough effect in the
treatment of many cancer types, however, it has also become clear that even these novel
therapies come with various cardiovascular adverse effects (13,14). In the following
chapters, we will discuss the biology and clinical relevance of immune checkpoint inhibitors,

as well as the current knowledge on their cardiovascular toxicities.

1.2.2 Cardiotoxicity of immune checkpoint inhibitors
1.2.2.1 Immune checkpoint molecules

T cell activation requires at least two signals: (1) antigen presentation via T cell receptor
(TCR) and major histocompatibility complex (MHC) and (2) co-stimulatory signaling, for
example, by the interaction of CD28 and CD80/86 (15) (Figure 2). Immune checkpoint
molecules are physiological regulators of immune activation (16).

Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) was the first immune checkpoint
investigated thoroughly, a molecule with high similarity to CD28 (17). CTLA-4 is found in
a variety of immune cells, including T cells, B-cells, natural killer (NK) cells, and dendritic
cells (18). The most well-known function of CTLA-4 is its induced expression after T cell
activation, to blunt the activation of the adaptive immune system (19). Its binding affinity to
CD80 and CDS86 is higher compared to CD28 (20,21), thus, when CTLA-4 is expressed on
the cell surface, it can inhibit the co-stimulatory signal. Inhibition of CTLA-4 increases

immune responses and represents a target for anti-cancer immunotherapy (17), while the use
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Figure 2. T cell co-inhibitory immune checkpoints and currently available immune
checkpoint inhibitor monoclonal antibodies. APC, antigen-presenting cell; CTLA-4,
cytotoxic T lymphocyte-associated protein 4; LAG-3, lymphocyte activation gene 3 protein;
MHC, major histocompatibility complex; programmed cell death protein 1 (PD-1),
programmed cell death ligand 1 (PD-L1), TCR, T cell receptor. Adapted from Gergely et al.,
Nat. Rev. Cardiol., 2024 (53) . Created via Biorender.com

of CTLA-4-immunoglobulin fusion proteins (such as abatacept and belatacept) is useful for
autoimmune diseases (22) and preventing solid organ transplant rejection (23).

Programmed cell death protein-1 (PD-1) and its ligand, PD-L1, were later discovered as
further immune checkpoints, with effects distinct from CTLA-4 signaling (24). PD-1 is
mainly expressed in immune cells, including T cells and myeloid cells, and is involved in
peripheral tolerance development (25). PD-L1 is expressed on antigen-presenting cells
(APCs), and it can also be found on non-hematological cell types, including endothelial cells
and possibly cardiomyocytes (26). While immune checkpoints physiologically regulate
immune cell activation to prevent autoimmune responses, upregulation of co-inhibitory
checkpoints, such as PD-L1, is a common mechanism in tumour cells to escape immune
surveillance and promote tumour survival (27), thus presenting a target for cancer

immunotherapy.
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1.2.2.2 Role of immune checkpoint inhibitors in oncology

Inhibition of the co-inhibitory immune checkpoint CTLA-4 with ipilimumab was
demonstrated to result in tumour regression in a subset of patients with metastatic melanoma
(28,29), and it was the first immune checkpoint inhibitor to gain Food and Drug
Administration (FDA) approval in 2011. Since then, several ICIs targeting the PD-1 axis
have been approved, such as nivolumab (30) or pembrolizumab (31), alone or in combination
with CTLA-4 blockade (32,33). The indications for ICI treatment are quickly expanding,
including metastatic melanoma, non-small cell lung cancer, renal cell carcinoma, Hodgkin’s
lymphoma, colorectal and bladder cancers, among many other cancer types. The use and
importance of ICI therapy in cancer is rising rapidly: for instance, in 2021, 5863 ongoing
clinical trials were investigating PD-1/PD-L1-targeted immunotherapies either alone or in
combination treatments (34).

1.2.2.3 Cardiovascular adverse effects of immune checkpoint inhibitor therapy

Cardiovascular adverse events associated
with immune checkpoint inhibition

Myocarditis Heart failure  Atherosclerosis,
!i |! !! ! ASCVD

Vasculitis Pericardial disease VTE

Sl

Figure 3. Cardiovascular toxicities associated with immune checkpoint inhibitors.
ASCVD, atherosclerotic cardiovascular disease; VTE, venous thromboembolism. Adapted

from Gergely et al., Basic Res. Cardiol., 2024 (35). Created via Biorender.com

ICI therapy has been shown to induce several immune-related adverse events (irAE), that
affect most tissues (36), including colitis (37), cutaneous toxicity (38), hepatotoxicity (39),
endocrinopathies (such as hypophysitis (40) and thyroiditis (40)), neuropathy (41) and

13
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nephritis (42). Furthermore, several cardiovascular adverse effects have been observed
after ICI therapy (43-46) (Figure 3).

Overall, ICIs increase the occurrence of major adverse cardiac events (MACE) compared to
non-ICI-based anti-cancer therapy in metastatic melanoma and lung cancer (47). Of these,
ICI-induced myocarditis has been studied in the most detail, as it represents the most severe
form of ICI-induced cardiac events, with up to 50% lethality (48). Nevertheless, ICI
treatment has also been shown to accelerate atherosclerosis (49), lead to arrhythmias (50)
and cardiac dysfunction, ranging from a milder, subclinical effect (51) to late-onset heart
failure (52). Notably, heart failure without concomitant myocarditis is an emerging adverse
effect of ICI therapy (53). Potential mechanisms leading to late cardiac dysfunction or heart
failure include the persistence of cardiac inflammation (“smoldering myocarditis™),
progression from acute to chronic heart failure, and the acceleration of atherosclerotic plaque
development or rupture, leading to heart failure with ischemic etiology (53) (Figure 4).
Mechanisms of ICI-induced cardiotoxicity are not fully understood currently. Myocardial
infiltration of immune cells (including CD8" and CD4" T cells, CD68" macrophages) has
been shown in histological samples of ICI myocarditis (54—56), whereas clonal expansion of
CDS8* T cell populations specifically recognizing cardiac antigens, such as alpha-myosin, has
been suggested as a potential mechanism for fulminant myocarditis development (57).
Interestingly, MYH6, the gene encoding alpha-myosin, is not expressed in thymic epithelial
cells, thus, autoreactive T cells may be present in the circulation in low numbers in healthy
states (57). In naive mice, these autoreactive T cells have been found in the myocardium with
high expression of PD-1 (58), potentially suppressing autoimmune effects in homeostatic
states. During immune checkpoint inhibition treatment, these T cell populations may become
activated and target cardiac tissues. Nevertheless, myocarditis only occurs in 1% of patients,
thus understanding of further risk factors is needed. Moreover, the central role of the thymus
has been shown in myocarditis development after ICI treatment in a clinical study (59). The
mechanisms of other ICI-cardiotoxicities, including ICI-induced non-myocarditis heart
failure, are far less understood (35), highlighting the need for mechanistic investigation
of these effects to understand the patients at risk and develop potential cardioprotective

strategies. Current treatment options for ICI cardiotoxicity include glucocorticoids for ICI
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myocarditis, while in refractory cases, second-line immunosuppressive therapy is
recommended, such as mycophenolate mofetil, anti-thymocyte globulin, tocilizumab,
abatacept, alemtuzumab, and tofacitinib (60). Notably, abatacept, a CTLA-4 fusion protein,
has been a promising therapeutic option in preclinical studies (61) and clinical reports
(62,63), with ongoing clinical trials investigating its efficacy in ICI myocarditis (64). For
early ICI-induced cardiac dysfunction, anti-TNFo therapy has been shown to improve
cardiac function in a preclinical model (51), however, its clinical applicability may be limited
as TNFa inhibitors are contraindicated in heart failure. Nevertheless, there is a need for

novel therapeutic options to alleviate the various forms of ICI cardiotoxicity.

A. Early cardiovascular adverse events (overt toxicity)
Other cardiac AEs

i . . * Pericarditis or

. With onyiggt?t':i‘ilgrlise Cgrdlac dysm“q“?“ pericardial effusion
v in ejection fraction without myocarditis o Arrhythmias
. « Arrhythmias frequently / 1 \ e ACS

Plaque

Subclinical Fulminant Asymptomatic Takotsubo  Acute heart @ rupture
myocarditis myocarditis . LvSD  cardiomyopathy fajlure

e ‘
B. Late cardiovascular events (potentially hidden toxicity) .

Cardiac dysfunction

Dyslipidemia Atherosclerosis AscvD >
2 -o® - & - &

Plaque progression t Asymptomatic Symptomatic HF:
LVSD e HFrEF / HFpEF

Figure 5. Early (A) and late (B) cardiovascular adverse events following ICI therapy.
Dashed lines show potential pathways for late-onset cardiac dysfunction development. AE,
adverse event; ASCVD, atherosclerotic cardiovascular disease; HF, heart failure; HFrEF,
heart failure with reduced ejection fraction; HFpEF, heart failure with preserved ejection
fraction, LVSD, left ventricular systolic dysfunction. Adapted from Gergely et al., Nat. Rev.
Cardiol., 2024 (53). Created via Biorender.com
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1.3 Cardiotoxicity of non-oncological drugs: the importance of hidden cardiotoxicity

Unexpected cardiac adverse events are one of the leading causes of drug withdrawals from
the market (3). Drug-induced cardiovascular adverse effects can manifest in multiple forms,
including arrhythmias and sudden cardiac death (65), myocardial infarction (66,67), heart
failure (68), and valvular problems (69). In consequence of the high number of drug
withdrawals due to cardiotoxicity, especially in the 1990s, significant efforts were made to
improve cardiac safety testing during drug development in the early 2000s, resulting in
recommendations by the International Conference for Harmonization (ICH) for the
assessment of cardiac safety. In ICH S7A, testing of the pharmacodynamic properties of new
investigational compounds is described, with cardiovascular effects investigated by blood
pressure and heart rate measurements, electrocardiograms, as well as measurement of cardiac
output or ventricular contractility (70). ICH S7B describes the non-clinical evaluations of the
potential for delayed ventricular repolarization, including both in vitro and in vivo testing
(71). Nevertheless, even with these mandatory testing protocols, drug-induced

cardiotoxicity may not always be detectable during drug development.

1.3.1 Definition of hidden cardiotoxicity

The current preclinical cardiac safety testing protocols are mainly performed on young,
healthy animals, or in vitro models without simulating pathological conditions. However,
some cardiovascular adverse effects may only manifest in the diseased heart or
cardiomyocytes, a phenomenon termed “hidden cardiotoxicity” (4). These conditions
can include, e.g., cardiac ischemia/reperfusion injury, or the presence of comorbidities, such
as hypercholesterolemia or diabetes mellitus, which can alter the cellular processes in the
heart. Mechanisms of hidden cardiotoxicity may include enhancement of cell death or
proarrhythmic pathways during cardiac pathologies, e.g., ischemia/reperfusion injury, or
interference with endogenous cardioprotective pathways (Figure 5, (4)). Testing of new
investigational compounds in the non-clinical phase may reveal hidden cardiotoxic

effects early, thus enabling the identification of at-risk patients before clinical use (4).
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Figure 6. Mechanisms of hidden cardiotoxicity. Hidden drug-induced cardiotoxicity may
be caused by interference with the endogenous survival signaling of the cardiac myocytes or
by enhancing the deleterious cardiac signaling in the diseased heart, e.g., during
ischemia/reperfusion injury or in the presence of cardiometabolic risk factors. Adapted from

Ferdinandy et al., Eur. Heart J., 2019 (4)

1.3.2 Drug-induced hidden cardiotoxicity in the clinical setting

The need for testing of novel compounds for hidden cardiotoxic effects is highlighted by the
fact that current preclinical testing systems do not investigate novel compounds in diseased
hearts, whereas in phase II / III clinical trials safety results may not be generalizable to all
patients with cardiac diseases and comorbidities due to strict exclusion and inclusion criteria
of the studies. Cardiovascular toxicities may only become evident during post-marketing
phase IV trials involving assessment of cardiovascular outcomes, as was the case with the
selective cyclooxygenase-2 (COX-2) inhibitor rofecoxib, where the increased cardiovascular
risk was observed in post-marketing clinical studies (72,73), ultimately leading to its
withdrawal from the market 5 years after authorization. Similarly, the PPARy agonist
antidiabetic drug rosiglitazone was found to increase the risk of myocardial infarction in a

meta-analysis (67) after its market authorization. Rosiglitazone improves HbAlc levels, a

17
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surrogate for blood glucose control, however, its effects on cardiovascular outcomes were
not fully known at the time of approval. The findings of the meta-analysis (67) led to
regulatory actions, restricting its clinical use (74). Since the findings that rosiglitazone
increased cardiovascular risk despite optimal glucose control, new guidelines were set in
place, requiring that all investigational antidiabetic drugs undergo a cardiovascular outcome
trial before market authorization (75).

Nevertheless, other drug classes aimed for the treatment of cardiovascular co-morbidities,
such as antihyperlipidemic drugs, can still be authorized based on the reduction of surrogate
markers (e.g. LDL-cholesterol) and do not require outcome trials prior to marketization, thus
potentially some cardiovascular adverse effects may remain hidden and could only be

revealed in post-marketing phase IV studies.

1.3.3 Preclinical testing of drug-induced hidden cardiotoxicity

Our research group has investigated hidden cardiotoxicity in multiple preclinical models
previously. First, we tested the cardiotoxic properties of rofecoxib, a selective COX-2
inhibitor, which was withdrawn from the market due to its cardiovascular effects. In a rat
model of acute myocardial ischemia/reperfusion injury, rofecoxib was found to increase the
occurrence of lethal ventricular arrhythmias during ischemia/reperfusion, which effect was
not seen in healthy hearts, showing its hidden cardiotoxic properties (76). In another study,
we tested rosiglitazone, a thiazolidinedione class antidiabetic withdrawn from the market due
to an increased risk of myocardial infarction (67). In this study, we found no evidence of
hidden cardiotoxicity, but rosiglitazone interacted with the cardioprotective effects of
ischemic preconditioning, abolishing its arrhythmia-reducing effect (77).

1.3.4 Bempedoic acid, a novel lipid-lowering drug with unknown effects during cardiac

ischemia

Bempedoic acid is a novel, first-in-class antihyperlipidemic drug. Its main targets include
ATP-citrate lyase (ACLY), an enzyme upstream of HMG-CoA reductase (the target of
statins) in the endogenous cholesterol synthesis pathway (78) (Figure 6). Inhibition of ACLY
leads to decreased cholesterol production by the hepatocytes, with subsequent expression of

LDL-receptors on the surface, ultimately leading to decreased LDL-cholesterol levels in the
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circulation (79). Preclinical studies have shown that bempedoic acid is a prodrug, activated
and effective only in the liver for ACLY inhibition, but not in the skeletal muscle (79), thus
potentially leading to fewer muscle-related adverse effects, the most common reason for
statin intolerance (80,81). Other mechanisms of bempedoic acid include enhancing AMPK

signaling (82) and reducing inflammation (83).
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Figure 7. Mechanism of action of bempedoic acid in the liver. Bempedoic acid is
activated by the very long-chain acyl-CoA synthetase (ACSVLI1) enzyme, expressed in
hepatocytes but not in skeletal muscle cells. Activated bempedoic acid (bempedoic acid-
coenzyme A) is needed for the inhibition of ATP citrate lyase (ACLY) and downstream
effects resulting in decreased endogenous cholesterol synthesis. Based on preclinical studies,
bempedoic acid may lead to the phosphorylation of AMP-activated protein kinase (AMPK)
in its free acid form as well, with subsequent downstream effects, including inhibition of
acetyl-CoA carboxylase, altogether increasing autophagy and fatty acid metabolism while

decreasing protein synthesis and fatty acid levels. Created via Biorender.com
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Bempedoic acid received marketing authorization in 2020 by the Food and Drug
Administration and the European Medicines Agency, after clinical studies showing its ability
to reduce LDL-cholesterol in the CLEAR (Cholesterol Lowering via BEmpedoic Acid, an
ACL-inhibiting Regimen) studies (84), nevertheless, its effects on cardiovascular outcomes
were not known at the time of marketization. Since then, the CLEAR Outcomes trial showed
a decrease in major adverse cardiac events with bempedoic acid use in statin-intolerant
patients (85). Interestingly, in subsequent analysis, bempedoic acid was shown to be more
efficient in primary prevention (in patients without established cardiovascular disease) (86).
Furthermore, in a post-hoc analysis using Bayesian methods, the beneficial effects of
bempedoic acid in secondary prevention (in patients with already established cardiovascular
disease) were more modest, and a potential increase in all-cause and cardiovascular mortality
was also observed (87). These findings suggest that the cardiovascular effects of
bempedoic acid may be altered in patients with diseased hearts. Bempedoic acid has not
been investigated previously in preclinical models of ischemic heart disease, e.g.,
ischemia/reperfusion injury, thus, mechanistic investigation for hidden cardiotoxic

effects is warranted (Figure 7).

Atherosclerotic

cardiovascular disease
LDL-cholesterol

wmpeie )Y — \l

acld

\//

P Effect during myocardlal
&= ischemia/reperfusion injury -

/ Cardioprotection
Neutral

Hidden cardiotoxicity

Potential outcomes

Figure 7. Known and potential cardiovascular effects of bempedoic acid. Although
bempedoic acid was shown to reduce low-density lipoprotein (LDL)-cholesterol and
decrease atherosclerotic cardiovascular disease, its effects during acute myocardial

ischemia/reperfusion injury have not been investigated before. Created via Biorender.com
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2 OBJECTIVES

The field of drug-induced cardiotoxicity poses many unanswered questions, ranging from
basic science to clinical practice. The cardiotoxicity of novel anti-cancer medications is
incompletely understood, whereas deeper insights into the molecular mechanisms are needed
to develop successful cardioprotective therapies. Moreover, evaluating the hidden
cardiotoxic properties of non-oncological drugs is pivotal for preventing unexpected
cardiotoxic events, especially in the case of medications indicated for the treatment of
cardiovascular risk factors, as these patients may already be at a higher risk for developing
cardiovascular disease.

Here, we aimed to investigate two emerging topics in the field of drug-induced
cardiotoxicity:

(1) In our first study, we aimed to investigate the mechanisms of anti-PD-1 immune
checkpoint inhibitor-induced cardiotoxicity in a mouse model, to find molecular
targets for ameliorating adverse cardiovascular events.

(2) In our second study, we aimed to investigate the potential hidden cardiotoxic
properties of the novel antihyperlipidemic drug, bempedoic acid, in a rat model

of acute myocardial ischemia/reperfusion injury.
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3 METHODS
For the full methodical descriptions, please see the corresponding publications (88,89).

3.1 Ethical approvals and animal welfare

All procedures were approved by the National Scientific Ethical Committee on Animal
Experimentation and the Semmelweis University's Institutional Animal Care and Use
Committee (H-1089 Budapest, Hungary) in accordance with NIH guidelines (National
Research Council [2011], Guide for the Care and Use of Laboratory Animals: Eighth Edition)
and permitted by the government of Food Chain Safety and Animal Health Directorate of the
Government Office for Pest County (project identification code: PE/EA/1912-7/2017; date
of approval: November 2017). The animals had an acclimatization period of at least 1 week
prior to experiments. Mice and rats were maintained under a 12:12 h light—dark cycle, under
controlled environmental conditions (20-24 °C and 35-75% relative humidity) in
individually ventilated cages with shelters, holding two to four animals per cage. Standard
rodent chow and tap water were provided ad libitum throughout the entire study. Animal

studies were reported in compliance with the ARRIVE guidelines (90).

3.2 Preclinical model of immune checkpoint inhibitor-induced cardiotoxicity

3.2.1 In vivo experiments

C57BL/6J and BALB/c mice (ranging from 8§ to 10 weeks in age and weighing 20-28 g at
the beginning of the study) were randomly assigned to isotype control or anti-PD-1 treated
groups, using a strategy to minimize initial weight difference between study groups. The
following antibodies were used for in vivo treatments (all purchased from BioXCell,
Lebanon, NH, USA): anti-PD-1 monoclonal antibody (clone RMP1-14, BP0146), anti-CD4
(clone GK1.5, BP0003), anti-IL17A (clone 17F3, BP0173), and isotype control (rat IgG2a,
clone 2A3, BP0089). C57BL/6J mice were treated three times a week for either 2 or 4 weeks
with a dose of 200 pg per mouse (n = 10 per group, Figure 8/A), whereas BALB/c mice were
treated for three times a week for 2 weeks with a dose of 200 pg per mouse (n = 10 per group,

Figure 8/B). In separate experiments, C57BL6/J mice were randomly assigned to isotype
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control, anti-PD-1, anti-CD4, or anti-IL17A-treated groups (200 pg per mouse, n = 10 per
group, Figure 8/C). The initial group size calculation was performed based on left ventricular
ejection fraction (EF) as the primary endpoint. Assuming 65% as the control group's EF
(based on previous measurements with a typical standard deviation +5), at least eight animals
per group were needed to detect at least a 10% decrease with a power of 0.8 and alpha = 0.05.
We chose an initial number of 10 animals per group to account for unexpected mortality and
technical issues. After the treatment period, cardiac function was evaluated by
echocardiography. Following this, mice were sacrificed under ketamine/xylazine anesthesia
(100/10 mg/kg) with cervical dislocation, followed by whole-body perfusion with phosphate-

buffered saline (PBS), after which organs were stored for histological and molecular

analyses.
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Figure 8. Schematic protocols for the in vivo experiments. (A) Treatment of C57BL/6J
mice with anti-PD-1 or isotype control antibodies for either 2 or 4 weeks. (B) Treatment of
BALB/c mice with anti-PD-1 or isotype control antibodies for 2 weeks. (C) Treatment of
C57BL/6J mice with isotype control, anti-PD-1, anti-PD-1 + anti-CD4 or anti-PD-1 + anti-
IL17A antibodies for 2 weeks. Adapted from Gergely et al., Br. J. Pharm., 2023 (89)

3.2.2 Echocardiography

Mice were anaesthetized with isoflurane (5% for induction, 2% for maintenance) and placed
on heating pads to maintain 37 °C body temperature, with continuous monitoring of core
temperature via a rectally placed probe. Echocardiographic analysis was done with the Vevo
3100 high-resolution in vivo imaging system (Fujifilm VisualSonics, Toronto, Canada) using
an ultrahigh-frequency MX400 transducer (30 MHz, 55 frames per second) by an operator
blinded to the study groups. On two-dimensional recordings of the short-axis at the mid-
papillary muscle level, measured parameters included left ventricular internal diameter in
systole and diastole (LVIDs and LVIDd, respectively), LV anterior wall thickness, and
posterior wall thickness. End-diastolic and end-systolic LV areas were measured from short-
and long-axis two-dimensional B-mode recordings. Diastolic parameters were measured in
the apical four-chamber view. Pulsed-wave Doppler and tissue Doppler were used to
determine early mitral inflow velocity (E) and mitral annular early diastolic velocity (e’),
respectively. Fractional shortening was calculated as [(LVIDd - LVIDs)/ LVIDd] x 100. End-
diastolic (LVEDV) and end-systolic (LVESV) LV volumes were calculated from the
rotational volumes of the left ventricular trace at the diastole and systole around the long axis
line of the spline. Stroke volume (SV) was calculated as LVEDV x LVESV. Ejection fraction
(EF) was determined as (SV/LVEDV) x 100. Cardiac output was calculated as (SV x
HR/1000). LV mass was calculated according to a cubic formula, proposed first by Devereux
et al. (1986) and modified for rodents (91) (LV mass = 1.04 x [(LVIDd + LVAWd +
LVPWd)® x LVIDd?] x 0.8 + 0.6). An evaluator blinded to the study groups evaluated
echocardiographic recordings via VevoLAB software (Fujifilm VisualSonics, Toronto,
Canada). Global longitudinal strain (GLS) was assessed by speckle-tracking. Two to three

consecutive cardiac cycles in B-mode were selected for this procedure. Using the Vevo Strain

24



DOI:10.14753/SE.2025.3215

Software, semi-automated tracing of the endocardial and epicardial borders in the parasternal
long-axis was performed to calculate GLS. Papillary muscles were excluded from the GLS
analysis. Mice with a high respiratory rate, which prevented tracing consecutive cardiac

cycles, were excluded from GLS analysis.

3.2.3 Histology

Heart tissues were fixed in neutral buffered formalin for 24 h, then dehydrated in alcohols,
and embedded in paraffin. 5 pm-thick sections were used for histological analyses and
immunohistochemistry.

Hematoxylin and eosin staining. Paraffin-embedded heart sections were stained with
hematoxylin and counterstained with eosin, after initial de-paraffinization and hydration for
evaluation of morphologic and pathologic alterations.

Sirius red staining. Heart sections after initial preparations (see above) were pre-treated with
0.2% aqueous phosphomolybdic acid, followed by staining with 0.0125% picrosirius red for
1 h, and then washed with 0.01 N HCI. The extent of cardiac fibrosis was analyzed and
quantified by ImagelJ Software, using predefined threshold values, in a blinded manner.
Immunohistochemistry. Prepared heart sections underwent antigen retrieval in a citrate-based
solution for 30 min. After blocking endogenous peroxidase activity via 3% H202 in PBS
solution, the sections were blocked with 2.5% goat serum in PBS and 2.5% milk powder.
Primary anti-CD3¢ antibodies (rabbit IgG, 85061, Cell Signaling Technology, Technology,
Leiden, The Netherlands) were diluted (1:200) in goat serum (2.5%) and were incubated
overnight at 4 °C. After washing with gentle shaking three times with PBS, the sections were
incubated with anti-rabbit IgG secondary antibodies (8114S, Cell Signaling Technology,
Leiden, The Netherlands) conjugated with horseradish peroxidase. Secondary antibodies
were washed with gentle shaking three times with PBS, and signals were developed with
diaminobenzidine (SK-4103, InmPACT DAB EqV Peroxidase [HRP] Substrate, Vector
Laboratories, Burlingame, CA, USA). CD3g-positive cells were counted manually by an
evaluator blinded to study groups.

Lectin histochemistry. Prepared heart sections underwent antigen retrieval in an alkaline

solution for 30 min. The sections were incubated with wheat germ agglutinin (WGA-FITC,
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1:50, Sigma Aldrich, L4895) and isolectin B4 (ILB4-DyLight 594, 1:50, Invitrogen, L.32473)
overnight at 4 °C (92). Cardiomyocyte cross-sectional area was analyzed by automatically
delineating cross sections of cardiomyocytes with ImageJ Software, by an evaluator blinded
to study groups. Cardiomyocytes were analyzed on at least eight images per heart.
Microvascular density was calculated as the ratio of microvascular count divided by the

average cross-sectional area of the cardiomyocytes.

3.2.4 RNA isolation and quantitative reverse transcription-polymerase chain reaction

(QRT-PCR)

Total RNA was isolated from mouse heart, thymus, and spleen samples with a
chloroform/isopropanol precipitation method. Qiazol® (Qiagen, The Netherlands) was
added to each sample and homogenized with TissueLyser (Qiagen, The Netherlands).
Homogenates were centrifuged, and from the clean upper phase, DNA and protein were
precipitated with chloroform. Total RNA was precipitated with isopropanol, and pellets were
washed four times with 75% ethanol (vVWR, PA, USA). Finally, total RNA was resuspended
in nuclease-free water, and the RNA concentration was determined by spectrophotometry
(Implen Nanophotometer® N60, Miinchen, Germany). cDNA was synthesized from 1 pg
total RNA by Sensifast cDNA synthesis kit (Bioline, UK) according to the manufacturer's
protocol. cDNA was further diluted 20x with RNAse-free water. qRT-PCR reactions were
performed on a LightCycler® 480 II instrument (Roche, Germany) by using SensiFAST
SYBR Green master mix (Bioline, UK). Peptidylprolyl isomerase A (Ppia) and ribosomal
protein L13a (Rpl13a) were used as housekeeping genes. Results were calculated with 2-44¢P

evaluation method.

3.2.5 RNA sequencing and bioinformatics analysis

RNA sequencing. The RNA Integrity Numbers and RNA concentration were determined by
RNA ScreenTape system with 2200 Tapestation (Agilent Technologies, Santa Clara, CA,
USA) and RNA HS Assay Kit with Qubit 3.0 Fluorometer (Thermo Fisher Scientific,
Waltham, MA, USA), respectively. For gene expression profiling (GEx) library construction,
Quant-Seq 3' mRNA-Seq Library Prep Kit FWD for Illumina (Lexogen GmbH, Wien,

Austria) was applied according to the manufacturer's protocol. The quality and quantity of
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the library were determined by using High Sensitivity DNA1000 ScreenTape system with
the 2200 Tapestation (Agilent Technologies, Santa Clara, CA, USA) and dsDNA HS Assay
Kit with the Qubit 3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA),
respectively. Pooled libraries were diluted to 2 pM for 1x86 bp single-end sequencing with
75-cycle High Output v2.5 Kit on the NextSeq 500 Sequencing System (Illumina, San Diego,
CA, USA) according to the manufacturer's protocol. Datasets from the RNA sequencing
experiments are publicly available at ArrayExpress (https://www.ebi.ac.uk/
biostudies/arrayexpress) under the accession number E-MTAB-12388.

Bioinformatics analysis. To perform adapter and poly(A) tail trimming, quality- and length-
filtering of raw RNA sequencing reads, we used Cutadapt software (version 2.10) (93). Reads
with a Phred quality score below 30, or reads with a length of less than 19 nucleotides were
filtered out. For quality control analysis, we used FastQC (version 0.11.9) and MultiQC
(version 1.10) (94) tools. Adapter-trimmed and filtered reads were aligned to the GRCm38
Mus musculus reference genome assembly (Ensemble release 81) (95) using HISAT2
software (version 2.2.1) (96). Annotation and read counting were performed by
featureCounts (version 2.0.1) (97) using the corresponding reference annotation.
Normalization, differential expression analysis of the annotated reads, and visualizations of
the results by volcano plots were conducted with the use of the DESeq2 (version 1.10.1) (98)
Bioconductor package and custom scripts developed in the R programming language
(version 3.2.3). To control false discovery rate due to multiple hypothesis testing, p values
of pairwise comparisons were corrected by the Benjamini-Hochberg procedure, yielding ¢
values (99).

Gene Ontology enrichment analysis. We performed Gene Ontology (database version
released on 9 October 2020) enrichment analysis against the Mus musculus reference gene
list, using the online PANTHER Overrepresentation Test (geneontology.org, version
released on 28 July 2020) (100) to evaluate enriched biological process terms among genes
that were significantly differentially expressed based on non-corrected p values. Enrichment
p values were assessed with Fisher's exact test, and results were corrected for multiple

comparisons by applying the false discovery rate method.
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3.2.6 Flow cytometry

After sacrifice, the thymus and spleen of mice were harvested, manually dissected, and
homogenized through a 40-pum cell strainer (pluriStrainer 40 um, Nylon-Mesh. 43-57040-
51). The samples were centrifuged for 5 min at 400 x g and resuspended in 0.5- to 1-ml PBS.
All samples were stained for 15 min with the following antibodies (all from Cell Signaling
Technology, Leiden, The Netherlands, Mouse Activated T Cell Markers Flow Cytometry
Panel, 62447): PE CD3 (28306), violetFluor 450TM CD4 (92599), PE-Cy7 CD8a. (87922).
The spleen and plasma samples were incubated with 1 mL red blood cell lysis buffer for 10
min (eBioscience™ 1X RBC Lysis Buffer, 00-4333-57). After washing steps, all samples
were fixed in 2% PFA. A CytoFlex S flow cytometer (Beckman Coulter, Indianapolis, IN,
USA) was used for data acquisition, and data were analyzed using the CytExpert software

(Beckman Coulter, Indianapolis, IN, USA) by an evaluator blinded to study groups.

3.3 Preclinical model for the investigation of the potential hidden cardiotoxicity of

bempedoic acid

3.3.1 In vivo experiments

The schematic protocol for the study is shown in Figure 9. Male Wistar rats (ranging from
92 g to 150 g at the beginning of the treatment) were treated with bempedoic acid (30 mg/kg,
n = 26) or its vehicle, 1% hydroxyethylcellulose (n = 61), once daily by oral gavage for 28
days. The dose of bempedoic acid was chosen based on previous studies, which showed that
four weeks of treatment in rats resulted in plasma levels similar to clinical findings, while no
drug-related toxicities were found (82). None of the animals died or were excluded during
the treatment period. After 28 days of treatment, animals underwent echocardiography, as
described previously, to determine the cardiac function of animals after chronic bempedoic
acid treatment. Following the echocardiography, surgical induction of cardiac ischemia and
reperfusion (I/R) was performed by occlusion of the left anterior descending coronary artery
(LAD) for 30 min, followed by 120 min of reperfusion, while in one group ischemic
preconditioning (IPC) was performed by three cycles of 5 min I/R prior to the index ischemia,

as a positive control for cardioprotective effects in preclinical studies. Animals were
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randomized into the following surgical groups: vehicle + I/R (n = 26), bempedoic acid + /R
(n =26) and vehicle + IPC (n = 35). Animals were randomized into groups in a way that on
each surgical day, at least one animal from all groups was operated on. The order of animals
was randomized for each surgical day separately. For investigation of cardiac function via
echocardiography, the minimum number of animals needed to be included was determined
by a priori power calculation. Echocardiographic measurements were performed at the
beginning of each surgical day until the sufficient number of animals were reached for both
groups; however, due to the uneven distribution of BA and vehicle-treated animals, the final

number of measurements is different between the two groups.

28 days pre-treatment ischemia/reperfusion injury

Wistar rats
vehicle treatment & 30’ 120’ v
i /AR . —
I/R + vehicle =/
BA treatment f; 30’ 120°
- v
IR + BA /- = . —
vehicle treatment % 3x5’ 30’ 120’

IPC + vehicle ——y/’ R

é Echocardiography
. Cardiac ischemia
VW Area at risk, infarct size, arrhythmias
Figure 9. Schematic protocol for the rat model of acute myocardial

ischemia/reperfusion injury and bempedoic acid treatment. Adapted from Gergely et al.,

Int. J. Mol. Sci., 2023 (88)

3.3.2 Induction of myocardial ischemia/reperfusion injury

Rats were anesthetized with 60 mg/kg pentobarbital intraperitoneally (i.p.) (Produlab
Pharma, Raamsdonksweer, The Netherlands). The absence of pedal reflex was considered to
be deep surgical anesthesia. Anesthesia was maintained by supplying half-dose pentobarbital

i.p. as required when the plantar reflex could be elicited through regular paw pinch
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monitoring. Body surface electrocardiogram (ECG) was monitored throughout the
experiments by using standard limb leads (AD Instruments, Bella Vista, Australia). The core
body temperature was maintained at physiological temperature with a heating pad (Harvard
Apparatus, Holliston, MA, USA). After orotracheal intubation, rats were ventilated with a
rodent ventilator (Ugo-Basile, Gemonio, Italy) with room air at a volume of 6.2 mL/kg and
a frequency of 69 + 3 breaths/min. Myocardial ischemia was induced by the occlusion of the
left anterior descending coronary artery (LAD). A 5-0 Prolene suture (Ethicon, Johnson &
Johnson, Budapest, Hungary) was looped around the LAD by an operator blinded to study
groups. Reversible myocardial ischemia was induced by tightening a snare around the LAD.
After occlusion of the LAD, the presence of myocardial ischemia was confirmed by the
appearance of ST-segment changes on the ECG, I/R-induced arrhythmias, and visible pallor
of the myocardial regions distal to the occlusion. After 30 minutes of LAD occlusion, 120
minutes of reperfusion was initiated by relieving the snare. Reperfusion was confirmed by
ST-segment normalization and hyperaemia of the reperfused cardiac region. To prevent
coagulation, the animals received i.p. injections of 100 TU/kg heparin at the 35%, 65, and
185" minutes of experiments. Predefined exclusion criteria during surgery were the
following: iatrogenic or technical error leading to the death of the animal, severe bleeding
during the surgery, lack of confirmed ischemia after LAD occlusion by visual inspection or
ECG alterations, lack of confirmed reperfusion after the release of the occluder by

normalization of ECG alterations or visual inspection.

3.3.3 Infarct size measurement

After 120 minutes of reperfusion, hearts were excised and perfused for 2 min with
oxygenated Krebs—Henseleit solution at 37 °C in Langendorff mode to remove blood from
the tissue, LAD was re-occluded, and the area at risk (AAR) was negatively stained with
Evans blue dye through the ascending aorta. For the assessment of viable myocardial tissue,
2 mm-thick slices were cut and incubated in 1% triphenyltetrazolium chloride at 37 °C for 14
min. The slices were weighed and scanned. Planimetric analyses were performed by two
independent, blinded investigators with InfarctSize 2.4b software (Pharmahungary Group,

Budapest, Hungary). Area at risk (AAR) was expressed as the proportion of the left
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ventricular area, and the infarct size as the proportion of the AAR, and then the areas were

normalized to the mass of each slice.

3.3.4 Arrhythmia analysis

The severity and duration of I/R-induced arrhythmias were analyzed by independent
investigators in a blinded fashion. Continuous ECG records of each animal were evaluated
according to the Lambeth conventions and quantified by using the ‘score A’ as previously
described by Curtis et al. (101,102). The whole 30-minute period of ischemia and the first 15
minutes of reperfusion were quantified separately. Visual representation of the most severe
arrhythmia during the 30 minutes of ischemia and the first 15 minutes of reperfusion is shown
by the arrhythmia map, where the 5-minute periods were colored according to the most severe

arrhythmia type.

3.4 Statistical analysis

The statistical analysis was performed using GraphPad Prism software (version 8.0.1). p <
0.05 was considered significant. Normal distribution of data was tested by the Shapiro—Wilk
normality test. For comparisons between two groups, either a parametric two-tailed Student's
t test or a nonparametric Mann—Whitney U-test was performed. Repeated measures ANOVA,
followed by Bonferroni's post hoc test, was used for multiple comparisons between related
groups. One-way ANOVA followed by Tukey's post hoc test or Kruskal-Wallis test followed
by Dunn's post hoc test was used to compare independent groups. The post hoc tests were
conducted only if F in ANOVA or Kruskal-Wallis test achieved p < 0.05 and there was no
significant variance inhomogeneity. For correlation analysis of two continuous variables,
Spearman's rho (rs) was computed, and 95% confidence intervals were obtained. ROUT

analysis was performed to identify outliers, with Q value = 1%.
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4 RESULTS

4.1 Investigating the mechanisms of ICI-induced cardiotoxicity

In our first study, we investigated the mechanisms of ICI-induced cardiotoxicity in mice, as
described earlier. The following results have all been published in our corresponding

scientific publication: (89).

4.1.1 Anti-PD-1 treatment impairs cardiac function in C57BL/6J mice

Treatment with anti-PD-1 significantly decreased left ventricular ejection fraction, while left
ventricular mass and left ventricular internal diameter at systole and diastole (LVIDs and
LVIDd, respectively) were significantly increased compared with the isotype control group
(Figure 10/A). Diastolic function was assessed by the ratio of early diastolic filling (E,
measured via pulsed-wave Doppler) and early diastolic mitral annular tissue velocity (e’,
measured via tissue Doppler), which correlates with the end-diastolic pressure of the left
ventricle. E/e’ was significantly increased after 4 weeks of anti-PD-1 treatment. Global
longitudinal strain (GLS), a sensitive parameter of early cardiac dysfunction, was
significantly decreased due to anti-PD1 treatment after 4 weeks of treatment. Altogether,
immune checkpoint inhibition with a PD-1 inhibitor resulted in reduced cardiac systolic and

diastolic function and led to left ventricular dilation in C57BL/6J mice.
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Figure 10. Impaired cardiac function following anti-PD-1 treatment assessed by
transthoracic echocardiography in C57BL/6J mice. (A) Selected parameters of systolic
and diastolic function are shown. EF: ejection fraction; LV mass: left ventricular mass;
LVIDs: left ventricular systolic internal diameter; LVIDd: left ventricular diastolic internal
diameter; GLS: global longitudinal strain. * p < 0.05 versus time-matched isotype control,

repeated measures ANOVA, followed by Bonferroni's post hoc test, n = 8-10 per group. (B)
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Representative echocardiographic B-mode and M-mode images of isotype control and anti-
PD-1-treated animals. Scale bar: 3 mm. Time stamp: 0.5 s. Results are presented as mean +

standard deviation (SD). Adapted from Gergely et al., Br. J. Pharmacol, 2023 (89)

4.1.2 Anti-PD-1 treatment does not cause cardiac fibrosis or hypertrophy

Representative histological sections of anti-PD-1-treated animals showed dilation of the
ventricles (Figure 11/A), while heart weight was significantly increased compared to isotype
control groups (Figure 11/B). Cardiomyocyte cross-sectional area was not altered following
anti-PD-1 treatment, and microvascular density was also unaffected (Figure 11/C). Cardiac
gene expression related to hypertrophy did not reveal significant changes after anti-PD-1
treatment (Figure 11/E), whereas a mild tendency towards increased cardiac fibrosis was
seen, measured by either Sirius red staining (Figure 11/D) or gene expression of fibrosis
markers by qRT-PCR (Figure 11/F). Overall, anti-PD-1 treatment did not affect cardiac
hypertrophy and fibrosis significantly. Thus, distinct mechanisms may play a role in the

previously observed anti-PD-1-induced cardiac dysfunction and left ventricular dilation.
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Figure 11. Concentric hypertrophy of the heart or cardiac fibrosis was not seen

following anti-PD-1 treatment. (A) Representative images of hematoxylin and eosin-

stained hearts of isotype control and anti-PD-1-treated animals. Scale bar: 1 mm. (B)
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Comparison of heart weights relative to the body weight or tibia length of the animals. * p <
0.05 vs Isotype CON, Student’s t-test, n = 9-10 / group. (C) Cardiomyocyte cross-sectional
area (CSA) was determined on WGA-stained sections (representative images are shown).
Microvascular density was determined by the ratio of the microvascular number (stained with
ILB4) and CSA. Scale bar: 100 um. Student’s t-test: n.s., n =9-10/ group. (D) Representative
images are shown of hearts stained with Sirius red following anti-PD-1 treatment. Cardiac
fibrosis is expressed as the ratio between the stained area and the total area of the slice.
Student’s t-test: n.s., n = 9-10 / group. Scale bar: 100 um. (E), (F) qRT-PCR was performed
to assess relative expression of hypertrophy- (E) and fibrosis-related (F) genes. One-way
ANOVA or Kruskal-Wallis test was performed, followed by Tukey’s or Dunn’s post hoc test
if the test’s p value was significant, n = 7-8 / group. Results are presented as mean + standard
deviation (SD). Exact group sizes are shown in each graph. Adapted from Gergely et al., Br.
J. Pharmacol, 2023 (89)

4.1.3 Anti-PD-1 treatment leads to transcriptomic changes in the heart

To investigate the underlying mechanisms of ICl-induced cardiac dysfunction, we
characterized the transcriptomic changes occurring after anti-PD-1 treatment in the heart with
bulk RNA sequencing. After 2 weeks of PD-1 inhibitor therapy, 538 genes were differentially
expressed after multiple comparison corrections, compared to isotype control treatment. Of
these, 266 were upregulated and 272 were downregulated. After 4 weeks of PD-1 inhibitor
therapy, 55 genes were differentially expressed, with 17 being upregulated and 38
downregulated (Figure 12/A). Figure 12/B shows the 50 most significantly changed genes.
Furthermore, to analyze the functional changes after PD-1 inhibition, we have performed
Gene Ontology (GO) analysis. After 2 weeks of treatment, several GO terms related to
cardiac contractile function were downregulated, while GO terms indicating metabolic
changes were upregulated. After 4 weeks, upregulated genes with the highest fold enrichment
were related to antigen presentation via major histocompatibility complex (MHC) molecules
(Figure 13).

Altogether, these findings indicate that immune checkpoint inhibition with anti-PD-1

treatment leads to a distinct transcriptomic profile, characterized by reduced cardiac
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contractility, metabolic changes, and increased antigen presentation.
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Figure 12. RNA sequencing shows a distinct myocardial transcriptomic profile after

anti-PD-1 treatment in C57BL/6J mice. (A) Volcano plots showing down- and upregulated

genes after 2 and 4 weeks of anti-PD-1 treatment. (B) Heat map showing gene-wise Z-scores

of the normalized read counts of the 50 most significant differentially expressed genes after

2 and 4 weeks of anti-PD-1 treatment. n = 6 animals / group. Adapted from Gergely et al.,

Br. J. Pharmacol, 2023 (89)
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Figure 13. Gene Ontology (GO) biological process enrichment analysis of the
differentially expressed transcripts following 2 and 4 weeks of anti-PD-1 treatment,
compared to isotype control. GO terms were categorized based on their expression pattern
(downregulated, upregulated, down- and upregulated). The top 10 GO terms with the highest

fold enrichment values are shown in each category. All of the shown GO terms had adjusted
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p values < 0.05 and were considered significant. n = 6 animals / group. Adapted from Gergely

et al., Br. J. Pharmacol, 2023 (89)

4.1.4 Anti-PD-1 treatment leads to immune activation in the thymus

To investigate the potential pro-inflammatory effects of anti-PD-1 treatment in the
development of cardiac dysfunction, we have measured the changes in inflammatory gene
expression locally (in the heart) and remotely (in the thymus and spleen) via qRT-PCR
(Figure 14). Anti-PD-1 treatment significantly increased the expression of ///b in the heart
after 2 weeks, while Aifl and Cd163 - markers of different macrophage populations - were
increased after 4 weeks of PD-1 inhibitor treatment. However, other cytokines, or cell-type
specific markers of inflammation were not affected significantly, including Cd3e expression
(Figure 14/A). Furthermore, CD3¢ immunohistochemistry did not show an increase in CD3*
T cells in the myocardium (Figure 14/B).

Immune checkpoint inhibition has also been reported to cause various systemic
immune-related adverse effects, whereas thymus alterations are associated with ICI
myocarditis development (59). After anti-PD-1 treatment, we observed increased gene
expression of pro-inflammatory cytokines in the thymus (113, 116, 1l17a, 1117f, 1123) (Figure
14/C). Of these, I/17a showed the highest increase compared to the isotype control-treated
group. Importantly, gene expression of the anti-inflammatory cytokine 7//0 did not change
significantly, leading to an increased //17a/1l10 ratio after anti-PD-1 treatment. Furthermore,
we also assessed inflammatory changes in the spleen, where only Ifng showed increased
expression after 2 weeks of anti-PD-1 treatment (Figure 14/D).

Altogether, these findings indicate that cardiac dysfunction after anti-PD-1 treatment
in healthy C57BL/6J mice can develop independently of significant T cell infiltration into
the myocardium. However, gene expression of pro-inflammatory cytokines is markedly
increased in the thymus, suggesting thymus alterations and remote cytokine production as a

potential mediator of ICI-induced cardiac dysfunction.
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Figure 14. Anti-PD-1 treatment causes mild inflammation in the heart and prominent
inflammatory gene expression in the thymus of CS7BL/6J mice. (A) Analysis of mRNA
expression of cytokines (I11b, 14, 116, 1123, Tnfa) and cell markers (Cd3e, Aifl, Cd163, CdS80,
Icaml) in the heart by qRT-PCR. * p <0.05 vs Isotype CON, one-way ANOVA followed by
Tukey’s post hoc test, n = 6-8 / group (B) Representative images and quantification of CD3¢
immunohistochemistry after anti-PD-1 treatment. Scale bar: 100 um. Student’s t-test: n.s., n
= 9-10 / group. (C) Analysis of mRNA expression of cytokines (Il1b, 113, 116, 1110, 1117a,
1171, 1123, Ifng), cell markers (Cd3e, Aifl, Cd163, Cd19, Cd20, Cxcr3) and transcription
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factors (Tbx21, Rora, Rorc, Stat3, Gata3) in the thymus by qRT-PCR. * p < 0.05 vs Isotype
CON, one-way ANOVA followed by Tukey’s post hoc test, n = 6-8 / group. (D) Analysis of
mRNA expression of cytokines (Il1b, 114, 116, 1110, I1117a, 11171, Ifng), cell markers (Cd3e,
Aifl, Cd163, Cd19, Cd20) and transcription factors (Tbx21, Rora, Rorc, Stat3, Gata3) in the
spleen by qRT-PCR. * p < 0.05 vs Isotype CON, one-way ANOVA followed by Tukey’s
post hoc test, n = 6-8 / group. Results are presented as mean = standard deviation (SD). Exact

group sizes are shown in each graph. Adapted from Gergely et al., Br. J. Pharmacol, 2023
(89)

4.1.5 Anti-PD-1 does not cause cardiac dysfunction in BALB/c mice and leads to more

balanced cytokine expression in the thymus

Following the findings that anti-PD-1 treatment induced pro-inflammatory gene
expression in the thymus, we investigated the effects of PD-1 inhibition in BALB/c mice, a
mouse strain known to differ in systemic T cell-mediated immune response, mainly
exhibiting Th2-type immune response (103). As we have seen the most prominent changes
in cardiac gene expression after 2 weeks of treatment in C57BL/6J mice, we have treated
BALB/c mice for 2 weeks with isotype control or anti-PD-1 (Figure 8/B). In contrast to
C57BL/6J mice, BALB/c mice did not show increased heart weight, left ventricular dilation,
or cardiac dysfunction following PD-1 inhibition (Figure 15/A, B, C), suggesting that this
strain of mice is resistant to anti-PD-1-induced cardiac dysfunction in this experimental
setting. Moreover, we investigated inflammatory changes in BALB/c mice. In the heart, the
expression of //4 and Cd163 increased significantly, while in contrast to C57BL/6J mice, //1b
expression was not altered (Figure 16/A). In the thymus, we have seen a prominent response
to anti-PD-1 treatment, with the increase of 113, 116, 1110, Il17a, 1l17f, 1123, Rora, and a
decrease of /4 and Gata3. Interestingly, as opposed to C57BL/6J mice, the expression of
anti-inflammatory cytokine ///0 was significantly increased, leading to a lower ratio of

1117a/1110 (Figure 16/B).
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Figure 15. Anti-PD-1 treatment does not cause cardiac dysfunction or left ventricular
dilation in BALB/c mice. (A) Selected parameters of systolic and diastolic function are
shown. EF: ejection fraction; LV mass: left ventricular mass; LVIDs: left ventricular systolic
internal diameter; LVIDd: left ventricular diastolic internal diameter; GLS: global
longitudinal strain. * p < 0.05, vs isotype control, Student’s two-tailed t-test, n = 10 / group
for quantification of EF, LVIDs, LVIDd, LV mass, E/e’, n = 5-8 / group for quantification of
GLS. (B) Comparison of heart weights relative to the body weight or tibia length of the
animals. * p < 0.05 vs Isotype CON, Student’s t-test, » = 10 / group. (C) Representative
echocardiographic B-mode and M-mode images of isotype control and anti-PD-1-treated

animals. Scale bar: 3 mm. Time stamp: 0.5s. Results are presented as mean + standard
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deviation (SD). Exact group sizes are shown in each graph. Adapted from Gergely et al., Br.
J. Pharmacol, 2023 (89)
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Figure 16. Investigation of anti-PD-1 induced inflammatory changes in BALB/c mice.
(A) Analysis of mRNA expression of cytokines (I11b, 114, 116, 1123, Tnfa) and cell markers
(Cd3e, Aifl, Cd163, Cd80, Icaml) in the heart by qRT-PCR. * p < 0.05 vs Isotype CON,
Student’s t-test, n = 7-10 / group. (B) Analysis of mRNA expression of cytokines (Il1b, 113,
16, 1110, 1117a, 11171, 1123, Ifng), cell markers (Cd3e, Aifl, Cd163, Cd19, Cd20, Cxcr3) and
transcription factors (Tbx21, Rora, Rorc, Stat3, Gata3) in the thymus by qRT-PCR. * p <
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0.05 vs Isotype CON, Student’s t-test, » = 7-10 / group. Results are presented as mean =+
standard deviation (SD). Exact group sizes are shown in each graph. Adapted from Gergely
et al., Br. J. Pharmacol, 2023 (89)

4.1.6 Anti-IL17A treatment or CD4 T cell depletion prevents the development of anti-

PD-1 induced cardiac dysfunction

After the molecular characterization of ICI-induced cardiac dysfunction, we aimed to
further investigate mechanisms that could be targeted pharmacologically to alleviate anti-
PD-1-induced cardiotoxicity. Our previous results showed that the expression of several pro-
inflammatory cytokines increased after anti-PD-1 treatment. Thus, first we aimed to deplete
CD4" T cells, major contributors to cytokine production. As expression of 7//7a was most
prominently induced by PD-1 inhibition, we also targeted IL-17A with a monoclonal
antibody, as a clinically relevant intervention (Figure 8/C). We have found that both depletion
of CD4" T cells and selective blockade of IL-17A prevented the development of ICI-induced
cardiac dysfunction, as shown by maintained EF in the respective groups, while EF was
decreased with anti-PD-1 treatment alone (Figure 17/A, B). The efficacy of CD4 depletion
was confirmed by flow cytometry in the spleen and thymus (Figure 17/C). Interestingly,
treatment with anti-PD-1 antibody alone, or in combination with anti-IL17A, has also

modestly decreased the CD4" T cell population in the spleen (Figure 17/C).
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Figure 17. Anti-PD-1-induced cardiac dysfunction is prevented by co-treatment with

anti-CD4 or anti-IL17A antibody. (A) Treatment with anti-CD4 or anti-IL17A prevented

the decline in ejection fraction seen with anti-PD-1 treatment alone. * p < 0.05 vs

corresponding baseline, repeated measures ANOVA, followed by Bonferroni’s post hoc test.

# p <0.05 vs. anti-PD-1 at 2 weeks, repeated measures ANOVA, followed by Dunnett’s post

hoc test, n = 9 for isotype CON group, n = 10 for anti-PD-1, anti-PD-1+anti-CD4, anti-PD-

I+anti-IL17A groups. Results are presented as mean =+ standard deviation (SD). (C)

Representative echocardiographic M-mode images of isotype control, anti-PD-1, anti-PD-

I+anti-CD4, and anti-PD-1+anti-IL17A treated animals. Scale bar: 3 mm. Time stamp: 0.5s.

(D) Representative flow cytometry images and quantification of CD4+ cells in the spleen and

45



DOI:10.14753/SE.2025.3215

thymus of isotype control, anti-PD-1, anti-PD-1+anti-CD4, and anti-PD-1+anti-IL17A
treated animals. * p < 0.05 vs isotype CON, one-way ANOVA, followed by Tukey’s post
hoc test. # p < 0.05 vs isotype CON, anti-PD-1 and anti-PD-1+anti-IL17A groups, one-way
ANOVA, followed by Tukey’s post hoc test, n = 5 / group. Results are presented as mean +
standard deviation (SD). Adapted from Gergely et al., Br. J. Pharmacol, 2023 (89)
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4.2 Investigating bempedoic acid for potential hidden cardiotoxicity

In our second study, we investigated the effects of bempedoic acid on cardiac
ischemia/reperfusion injury and its potential hidden cardiotoxic effects. The following results
have all been published in our corresponding scientific publication (88).

4.2.1 Bempedoic acid treatment did not affect cardiac function or morphology in

healthy animals

After 28 days of treatment with bempedoic acid, echocardiography was performed to
investigate the effect of chronic bempedoic acid treatment on cardiac functional and
morphological parameters. Bempedoic acid did not affect systolic or diastolic function, as
shown by normal ejection fraction, fractional shortening, and similar E/e’ ratios, respectively
(Figure 18). Moreover, bempedoic acid did not alter the left ventricular diameters or the total
mass of the ventricle. In summary, these data show that the use of bempedoic acid does not

affect cardiac function or morphology in healthy animals.

47



DOI:10.14753/SE.2025.3215

A.
80 —~ 80+ 40+
[¢] (™ 2
S <R
= 60 A o, £ - S
S ° ° 7] ]
B £ s
g 40 2 S
" -
& s >
L2 w
- c
g 2 g
wr ]
0 23 18 &
vehicle BA vehicle BA
8+ 8+ 1000+
- o
£ ] % £ & 5 "
£ £ = etk
£ £ =~ 600 (s
> 4 - @ &
B 8 O ©
S S £ 400
-l - >
24 ot
200+
23 18 0-
vehicle BA vehicle BA vehicle BA
B.
Vehicle

Bempedoic acid
—

&

Figure 18. Cardiac function after vehicle or BA treatment. (A) Selected parameters of
systolic and diastolic function are shown. Statistics: Student’s two-tailed t-test or Mann—
Whitney U-test: n.s., n = 18 for BA and n = 23 for vehicle-treated groups. Results are
presented as means + SD. (B) Representative echocardiographic M-mode images of vehicle
and BA-treated animals. Scale bar: 5 mm. Time stamp: 0.5 s. BA: bempedoic acid. EF:
ejection fraction. FS: fractional shortening. E/e’: ratio between peak Doppler blood inflow
velocity across the mitral valve during early diastole and peak tissue Doppler of myocardial
relaxation velocity at the mitral valve annulus during early diastole. LVIDd: left ventricular
internal diameter at diastole. LVIDs: left ventricular internal diameter at systole. LV mass:

left ventricular mass. Adapted from Gergely et al., Int. J. Mol. Sci., 2023 (88).
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4.2.2 Bempedoic acid pretreatment did not alter infarct size or mortality after

ischemia/reperfusion injury

To investigate the potential hidden cardiotoxic effects of bempedoic acid, we have induced
cardiac ischemia/reperfusion injury, as described previously. No statistically significant
difference was found between groups in mortality during I/R surgery (I/R + vehicle: 19.23%,
I/R + BA: 29.17%, IPC + BA: 10%, Chi-square test: n.s., n = 26-30/group). In the I/R +
vehicle group, out of the 26 performed surgeries, 0 had to be excluded, 21 animals survived
the surgery, and five died. In the I/R + BA group, out of the 26 performed surgeries, two had
to be excluded due to predefined exclusion criteria, 17 animals survived, and seven animals
died. In the IPC + vehicle group, out of the 35 performed surgeries, seven had to be excluded,
27 survived, and three animals died. Altogether, this suggests that bempedoic acid
pretreatment does not exacerbate nor protect from I/R-induced acute mortality in this model.
Next, we measured myocardial infarct size, expressed as a proportion of the total LV area
exposed to ischemia (area at risk, AAR). The AARs did not differ between groups (I/R +
vehicle: 29.61% =+ 3.08, I/R + BA: 33.90% + 1.95, IPC + vehicle: 27.29% =+ 2.30, Kruskal—
Wallis test: n.s., n = 11-15/group). Chronic pretreatment with BA did not influence infarct
size compared to the vehicle group, showing no hidden cardiotoxic (nor cardioprotective)
effects, while the positive control for cardioprotective effects, IPC, significantly reduced it

(Figure 19).

49



DOI:10.14753/SE.2025.3215

A. B.
100+ N UR +
vehicle
80 °
— [0} [ ]
S 60 o
E IIR +
< 404 ° bempedoic acid
& H
20
0 ° IPC +
IR+ IR+ IPC+ vehicle

vehicle BA vehicle

Figure 19. Myocardial infarct sizes. (A) * p <0.05 vs I/R + vehicle and I/R + BA groups,
Kruskal-Wallis test, followed by Dunn’s post hoc test, n = 11-15 / group. Results are
presented as means + SD. (B) Representative triphenyltetrazolium-chloride-stained slices.
BA: bempedoic acid. IS: infarct size. AAR: area at risk. IPC: ischemic preconditioning. I/R:
ischemia/reperfusion. Adapted from Gergely et al., Int. J. Mol. Sci., 2023 (88).

4.2.3 Bempedoic acid pretreatment decreased reperfusion-induced arrhythmias

Arrhythmias were analyzed by arrhythmia scoring, as described previously, and visualized
using arrhythmia maps (Figure 20). The arrhythmia score during ischemia was not affected
by bempedoic acid compared to vehicle vehicle-treated group, while IPC significantly
decreased it. However, during reperfusion, the arrhythmia score was significantly reduced
both by bempedoic acid treatment and IPC, compared to the I/R + vehicle group (Figure 21).
The decrease in arrhythmia score during reperfusion by bempedoic acid can be attributed to
the reduction in the incidence of non-sustained ventricular tachycardias (NSVTs). In
summary, bempedoic did not show hidden cardiotoxic properties in terms of arrhythmia

induction, in contrast, a mild decrease in reperfusion-induced arrhythmias was observed.
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Figure 20. Arrhythmia maps. The most severe arrhythmia is shown in 5-minute intervals
during the 30 minutes of ischemia and at the first 15 minutes of reperfusion, in the order of
performed surgeries. Each row represents arrhythmias of one animal. Each box shows 5-
minute periods colored according to the most severe arrhythmia. Animals that died during
IPC (n = 1) are not shown on the arrhythmia map. BA: bempedoic acid. I/R:
ischemia/reperfusion. IPC: ischemic preconditioning. Adapted from Gergely et al., Int. J.
Mol. Sci., 2023 (88).
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Figure 21. Arrhythmia scores during ischemia (A) and the first 15 min of reperfusion (B).
* p <0.05 vs. I/R + vehicle group, Kruskal-Wallis test, followed by Dunn’s post hoc test, n
= 23-27/group. Results are presented as median (red line) with individual data points. BA:

bempedoic acid. IPC: ischemic preconditioning. I/R: ischemia/reperfusion. Adapted from

Gergely et al., Int. J. Mol. Sci., 2023 (88).
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5 DISCUSSION

Here, we investigated two emerging topics in the field of drug-induced cardiotoxicity: (1) the
mechanism of cardiotoxicity induced by an anti-PD-1 immune checkpoint inhibitor (a novel
anti-cancer immunotherapeutic monoclonal antibody), and (2) the testing of hidden
cardiotoxicity of bempedoic acid, a novel antihyperlipidemic medication. In our first study,
we have shown that treatment with anti-PD-1 monoclonal antibody induced cardiac
dysfunction in mice, with mechanisms related to thymus-derived IL-17A signaling,
suggesting that inhibition of the pro-inflammatory IL-17A cytokine could be a
cardioprotective strategy to alleviate ICI-induced cardiac dysfunction. In our second study,
hidden cardiotoxic properties of bempedoic acid were not observed in a rat model of acute
myocardial ischemia/reperfusion injury, suggesting its safe application in patients with

ischemic heart diseases.

5.1 Cardio-oncology: mechanism of immune checkpoint inhibitor-induced cardiac

dysfunction

As the use of immune checkpoint inhibitors is rapidly rising (104), a broad spectrum of
cardiovascular adverse effects is being recognized, among the firstly discovered ICI-induced
myocarditis. Cardiac dysfunction or heart failure after ICI therapy without concomitant
myocarditis is one of the six direct cardiac toxicities highlighted by the 2022 European
Society of Cardiology Guidelines on Cardio-oncology, termed as “non-inflammatory heart
failure” (60). In clinical studies, the presence of cardiac dysfunction or heart failure after ICI
treatment varies (53) depending on the study design. Heart failure has been identified as a
late-onset adverse event in a pharmacovigilance study (52), while in a Danish nationwide
study increased risk of heart failure development was seen after 6 months of treatment in
lung cancer patients (47). In a large meta-analysis of 48 randomized controlled trials,
increased odds of heart failure were seen in patients with ICI use (105). Moreover, in a single-
center retrospective study, the majority (69.6%) of major adverse cardiac events occurring

with ICI use were attributed to heart failure (106). While the incidence of cardiac dysfunction
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or heart failure is increasingly recognized after ICI treatment, little is known about the

potential mechanisms.

The interaction between the tumour and the immune system may influence the response to
ICI therapy, possibly affecting cardiac adverse events. In a preclinical study, anti-PD-1
treatment of only B16-F10 melanoma-bearing BALB/c mice caused decreased cardiac
function and inflammation in the heart, while non-tumour-bearing animals exhibited normal
cardiac function (107). Similar findings were seen in another study, where only tumour-
bearing C57BL/6 mice exhibited cardiac dysfunction after anti-PD-1 therapy (51).
Nevertheless, genetic deletion of PD-1 in the BALB/c background led to dilated
cardiomyopathy (108) (with autoantibody development against cardiac troponins (109)),
without tumour presence, suggesting that while cancer may be a modulating factor, it is not
necessary for the development of cardiac effects after immune checkpoint inhibition.
Clinically, tumour-free cancer patients (e.g., after complete resection) treated with adjuvant

ICI therapy to prevent recurrence (110) may still be at risk for cardiovascular adverse events.

In bulk RNA sequencing, anti-PD-1 treatment resulted in a distinct transcriptomic profile,
including mild inflammatory changes, as well as disruption of cardiac contractile processes
and antigen presentation, as shown by Gene Ontology Enrichment analysis. Out of the
differentially expressed genes, inflammatory pathways were altered by anti-PD-1 treatment,
albeit only to a modest degree. Of note, Cxcl9, encoding the pro-inflammatory chemokine
(C-X-C motif) ligand 9 (CXCL9), was upregulated in the myocardium. CXCL9 binds to
CXCR3, which interaction is responsible for inducing chemotaxis and leukocyte
extravasation. Recently, the CXCR3-CXCL9 axis has been implicated in ICI-myocarditis as
an important mediator of the T cell-macrophage cross-talk and as a potential therapeutic
target (111,112). Moreover, CXCR3-CXCL9 signaling has been shown to play a role in heart
failure development, as CXCR3 deficiency improved pressure-overload induced heart failure
in mice by inhibition of myocardial T cell infiltration (113,114), whereas in heart failure
patients, circulating CXCL9 levels have been associated with disease severity (115).
Moreover, in a clinical study, increased serum levels of CXCL9 have been observed in

patients with immune-related adverse events after ICI therapy compared to patients without
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adverse events (114). These findings suggest that CXCL9 may be one of the mediators behind

the cardiac effects of anti-PD-1 treatment.

Despite the mild inflammatory changes in the heart, we did not observe significant T cell
infiltration into the myocardium, thus, we sought to investigate systemic inflammatory
changes after ICI therapy as further potential mediators of the cardiac adverse effects.
Alterations of the thymus have been recently associated with ICI-myocarditis (59).
Compared to other tumour types, thymic epithelial tumors were more commonly associated
with IClI-related adverse effects and presented with increased severity (59,116). Moreover,
morphological characteristics of the thymus (assessed via CT scan) or the presence of anti-
acetylcholine-receptor antibodies (a surrogate for thymus activity) were also associated with
ICI myocarditis development (59), while in a case report, thymus hyperplasia has been
observed in patients after ICI treatment (117). Altogether, these findings suggest a central
role for the thymus in mediating ICl-related adverse events, including cardiovascular
toxicity. Nevertheless, the molecular mechanisms occurring in the thymus during ICI
treatment are unknown. In our study, gene expression of several pro-inflammatory cytokines
was upregulated in the thymus after anti-PD-1 treatment, including /3, 116, 1l17a, 1117f, and
1123, with [l17a showing the most prominent upregulation. IL-17 has been associated with
ICI treatment previously: in human peripheral blood cells, anti-PD-1 treatment increased IL-
17 production in vitro (118). Moreover, the level of circulating IL-17 correlated with ICI-
induced colitis (119), while increased Thl7 subpopulations were associated with
autoimmune toxicities after ICI therapy (120). Regarding cardiac effects, in previous studies,
IL-17A was associated with left ventricular dilation and cardiac dysfunction in an
experimental autoimmune myocarditis model (121). In mice with pressure overload-induced
heart failure, anti-CTLA-4 treatment led to exacerbated cardiac dysfunction mediated by
Th17 cell differentiation, while inhibition of IL-17 with monoclonal antibodies ameliorated
the anti-CTLA-4-mediated adverse cardiac effects in this heart failure model (122).
Moreover, elevated IL-17 serum levels were associated with heart failure severity in clinical
studies (123,124), whereas circulating IL-17 levels were increased in mice with pressure

overload-induced heart failure as well, and IL-17 deficiency improved cardiac function (125).
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To further investigate the role of systemic inflammatory changes in the cardiac effects of
anti-PD-1 treatment, we have utilized BALB/c mice, a strain with a markedly different, Th2-
dominant immune response, as opposed to the predominant Thl-type immune response in
C57BL/6J mice (126). Here, we have found that cardiac dysfunction and left ventricular
dilation were not evident in BALB/c mice after anti-PD-1 treatment, whereas in the thymus
of the animals, ///0 (encoding the anti-inflammatory cytokine IL-10) was also upregulated,
leading to a more balanced IL-17A /IL-10 ratio. To test whether pro-inflammatory cytokine
production, and specifically IL-17A, could be utilized as a therapeutic target to alleviate ICI-
induced cardiac dysfunction, we co-administered CD4-depleting or IL-17A neutralizing
antibodies with anti-PD-1 treatment in C57BL/6J mice. Here, we have found that both
interventions prevented the cardiac decline seen with anti-PD-1 treatment alone. IL-17
neutralizing monoclonal antibodies are currently available for the treatment of autoimmune
diseases, such as psoriasis (127). Moreover, IL-17 inhibition has also been effective in the
treatment of some cases of ICI irAEs (128,129). Interestingly, in some preclinical studies,
inhibition of IL-17 was able to improve the anti-tumour effects of ICI therapy (130,131),
while in another study, inhibition of IL-25/IL-17RA simultaneously showed anti-tumour

effects and alleviated irAEs in mice (132).
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Figure 22. Summary of the first study. Immune checkpoint inhibitor (ICI)-induced
cardiac dysfunction was alleviated with anti-IL17A treatment. PD-1: programmed cell
death protein 1. Adapted from Gergely et al., Br. J. Pharmacol, 2023 (89). Created via

Biorender.com.

In summary, anti-PD-1-induced cardiac dysfunction was shown to be mediated, at least in
part, by systemic IL-17A signaling (Figure 22). Pharmacological inhibition of IL-17A may
be a promising therapeutic strategy to alleviate ICI-induced cardiotoxicity while not

interfering (or even improving) anti-cancer efficacy.

5.2 Hidden -cardiotoxicity testing: use of bempedoic acid is safe in cardiac

ischemia/reperfusion injury

Currently, hidden cardiotoxic effects of drugs, manifested only in pathological conditions of
the heart, cannot be detected in the preclinical phases of drug development, as new
investigational compounds are only tested on young, healthy animals, whereas models of
cardiovascular diseases (e.g. ischemia/reperfusion injury, heart failure) or co-morbidities
(e.g. diabetes, hypercholesterolemia) are not utilized (4). In a previous study, our group
showed in a preclinical model of cardiac ischemia/reperfusion injury that rofecoxib induced
lethal ventricular arrhythmias only in the presence of myocardial ischemia, thus exhibiting

hidden cardiotoxic properties (76).

Investigating the hidden cardiotoxic properties of drugs that are indicated for the treatment
of cardiovascular risk factors is of paramount importance, as the treated population is
inherently more vulnerable to cardiac events. While antidiabetic drugs are required to
undergo cardiovascular outcome trials before marketization (since the findings that
rosiglitazone increased the risk of myocardial infarction, as discussed previously),
antihyperlipidemic drugs may still be marketed based on the reduction of surrogate
endpoints, such as LDL-cholesterol levels. In a preclinical study by Kocsis et al., the
antihyperlipidemic lovastatin was shown to interfere with the cardioprotective effects of

ischemic conditioning, thus showing hidden cardiotoxic properties and suggesting that
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during ischemic events, the myocardium may be more vulnerable to ischemia/reperfusion

injury with the use of lovastatin (133).

Bempedoic acid is a novel, first-in-class lipid-lowering drug approved for the treatment of
hypercholesterolemia and reduction of cardiovascular events. The long-term cardiovascular
effects of bempedoic acid were investigated in the CLEAR Outcomes trial in patients with statin
intolerance, where the primary analysis revealed a decreased occurrence of major adverse cardiac
events with bempedoic acid use (134). However, in secondary analysis, the beneficial effects
were found to be stronger in primary prevention indication (86), whereas in secondary prevention
(in patients with established cardiovascular disease), even a possible harm, including a potential
increase in all-cause and cardiovascular mortality, was seen (87). These findings raised the
question of a potential hidden cardiotoxic effect in the diseased heart, which is not seen in patients

with primary prevention.

Here, we investigated the effects of bempedoic acid during myocardial ischemia/reperfusion
injury. We have found that long-term pretreatment with bempedoic acid did not exacerbate
infarct size, arrhythmias, or mortality during ischemia/reperfusion, thus, it did not exhibit
hidden cardiotoxic properties in this experimental setting. These findings suggest that
bempedoic acid may be safe to use in patients at high risk for myocardial infarction, as no
interaction was found between bempedoic acid treatment and myocardial

ischemia/reperfusion injury.

Moreover, chronic treatment with bempedoic acid did not affect systolic or diastolic
myocardial function or cardiac morphology, assessed via echocardiography. Recently,
ACLY, one the main targets of bempedoic acid, has been shown to play differing roles in the
failing myocardium: ACLY was found maintain normal NAD*/NADH balance, whereas a
downregulation was observed in patients with heart failure with preserved ejection fraction
(135), while in another study, ACLY was necessary for the metabolic adaptation of the heart,
maintaining cardiac function (136). These studies suggest that inhibition of ACLY in the
heart may lead to adverse cardiac effects, however, whether bempedoic acid can effectively
inhibit ACLY in the myocardium is not known currently, as its activating enzyme, ACSVLI,

is not expressed in the heart (137). In another study, however, ACLY was found to promote
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myofibroblast formation and cardiac fibrosis in a pressure overload-induced heart failure
model, whereas pharmacological inhibition of ACLY prevented the pro-fibrotic effects
(138). Based on these results, further investigation of bempedoic acid in models of post-

myocardial infarction or non-ischemic heart failure may be warranted.

In healthy human volunteers, bempedoic acid did not affect cardiac repolarization and QT
length, suggesting no pro-arrhythmic effects in the healthy heart (139). However, no previous
data were available regarding the electrophysiological effects of bempedoic acid in the
diseased heart. Importantly, ischemia/reperfusion injury may interact with the drug-induced
electrophysiological effects and may cause arrhythmias that are not evident in healthy
conditions (4,76). These effects may be caused by inhibition of the repolarization reserve
(140), among other potential mechanisms. Here, we have found that pretreatment with
bempedoic acid did not exacerbate ischemia/reperfusion-induced arrhythmias. On the
contrary, reperfusion-induced early non-sustained ventricular tachycardias were suppressed
in the bempedoic acid-treated group, which effect needs further investigation to confirm a
potential clinical relevance. Amelioration of ischemia/reperfusion-induced arrhythmias was
also reported with other lipid-lowering drugs in preclinical studies, including statins (141-143)
and PCSK9 inhibitors (144).

In contrast to hidden cardiotoxic effects, many lipid-lowering drugs have been shown to have
pleiotropic, cardioprotective effects beyond decreasing cholesterol. For instance, in
preclinical models, statins and PCSK9 inhibitors have been shown to decrease infarct size
(133,144-149). For this reason, we included ischemic preconditioning (the gold standard
preclinical method for cardioprotection) in our study design to be able to assess any potential
cardioprotective effect of bempedoic acid as well. Here, we have found no improvement in
infarct size with bempedoic acid pretreatment. This finding suggests that bempedoic acid
may be inferior to statins and PCSK9 inhibitors in terms of beneficial pleiotropic effects.
Nevertheless, some pleiotropic effects of bempedoic acid are also recognized, for example,
the lowering of inflammation as assessed by decreased hsCRP levels (150-153), as well as a
potential beneficial effect in improving metabolic-associated fatty liver disease (MAFLD) or

steatohepatitis (154,155).
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In summary, chronic bempedoic acid treatment did not show hidden cardiotoxic effects in a
rat model of cardiac ischemia/reperfusion injury, suggesting its safe use during myocardial
infarction. Nevertheless, based on clinical findings of a reduced beneficial effect in secondary
prevention indication, further preclinical studies may be needed to investigate the effect of
bempedoic acid in diseased hearts.

ischemia/reperfusion injury

Myocardial H
C / infarct size

/\ ‘

\ Reperfusion- ‘

induced arrhythmias

Outcomes

Figure 22. Summary of the second study. Bempedoic acid did not affect infarct size during
acute myocardial ischemia/reperfusion injury, but it reduced reperfusion-induced

arrhythmias. Created via Biorender.com.

5.3 Intersection of cardio-oncology and hidden cardiotoxicity: the need for risk

stratification in cancer patients based on pre-existing cardiovascular diseases and

risk factors

Whereas hidden cardiotoxicity is an emerging problem in drug development, cardiotoxic
effects that are only seen or exacerbated in patients with diseased hearts may have further
implications in cardio-oncology as well. Cancer patients with cardiovascular diseases or co-
morbidities are often excluded from randomized clinical trials. For example, in the phase I1I
Javelin Renal 101 trial (investigating avelumab, a PD-L1 inhibitor plus axitinib, compared
with sunitinib treatment in renal cell carcinoma), using prospective cardiovascular
surveillance, patients with a decreased LVEF, history of myocardial infarction or coronary

revascularization, hypertension, or cerebrovascular events were excluded (156).

Nevertheless, patients with previous cardiovascular diseases may be at greater risk for the
cardiovascular sequelae of anti-cancer medications. For example, pre-existing cardiovascular

disease or cardiovascular risk factors are associated with cardiotoxicity after anthracycline
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therapy (157-159), whereas coronary artery disease (160—163), diabetes (164), or obesity

(161,165) were identified as risk factors for trastuzumab-induced cardiotoxicity.

In the case of immune checkpoint inhibitors, previously diagnosed ischemic heart disease or
arrhythmias were found to predispose patients to major adverse cardiovascular events after
ICI therapy in a retrospective observational study (166). In another study, a history of acute
coronary syndrome or heart failure was associated with a higher incidence of myocarditis
after ICI therapy (167). Moreover, in a preclinical model of hypertension-induced cardiac

injury, increased myocardial inflammation was seen after anti-PD-1 treatment (168).

Overall, based on currently available data, risk assessment for cardiotoxic anti-cancer
therapies should include pre-existing cardiovascular diseases or cardiometabolic risk factors.
For example, the HFA-ICOS Cardio-Oncology cardiovascular risk assessment tool has been
recently validated in anthracycline-induced cardiotoxicity, which involves information about
previous cardiovascular diseases and risk factors of the patient (169). Nevertheless, the HFA-
ICOS risk assessment only includes six anti-cancer medication groups (anthracyclines, HER-
2 inhibitors, VEGF inhibitors, combined RAF/MEK inhibitors, multi-targeted kinase
inhibitors, and multiple myeloma therapies), thus future research is needed to develop risk
stratification systems for the remaining anti-cancer therapies with potential cardiovascular

adverse effects, including immunotherapies.
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6 CONCLUSIONS

In this PhD work, two fields of drug-induced cardiotoxicity were studied: (1) the mechanisms
of the cardiotoxicity of a novel anti-cancer drug class, immune checkpoint inhibitors, and (2)
the testing of hidden cardiotoxic effects of the novel antihyperlipidemic drug, bempedoic
acid.

Here, we have shown that treatment with an anti-PD-1 immune checkpoint inhibitor
monoclonal antibody induces cardiac dysfunction in C57BL/6J mice. This effect was
associated with gene expression alterations in the myocardium and the thymus. Whereas only
mild inflammatory changes were seen in the heart, prominent upregulation of pro-
inflammatory markers was observed in the thymus, especially in the case of IL-17A. These
findings suggested the involvement of systemic immune activation after anti-PD-1 treatment
in cardiac dysfunction development. Further investigating this, BALB/c mice (a strain with
Th2-type immune response as opposed to Th1 in C57BL/6J mice) were treated with anti-PD-
1, where cardiac dysfunction was not evident, and the gene expression in the thymus was
more balanced between the upregulation of pro-inflammatory and anti-inflammatory
cytokines. Lastly, we co-treated C57BL/6J mice with anti-PD-1 and neutralizing anti-IL17A
antibodies, which successfully prevented cardiac dysfunction development, suggesting the

potential role of IL-17A blockade in ameliorating anti-PD-1-induced cardiac dysfunction.

Moreover, we have tested bempedoic acid, a novel antihyperlipidemic drug, in a preclinical
model of cardiac ischemia/reperfusion injury for potential hidden cardiotoxic properties.
Here, we have found that bempedoic acid did not elicit hidden cardiotoxic effects in rats,
while it reduced reperfusion-induced arrhythmias. These findings suggest that bempedoic

acid may be safely used during myocardial ischemia/reperfusion injury.
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7 SUMMARY

The field of drug-induced cardiotoxicity investigates cardiovascular adverse effects of both
oncological and non-oncological drugs. Cardiotoxicity of anti-cancer medications often
results from the main mechanism of the drug and cannot be uncoupled from the anti-cancer
effect. The use of novel anti-cancer therapies with potential cardiotoxic effects, such as
immune checkpoint inhibitors, is increasing, thus, an understanding of the cardiotoxic
mechanisms is needed to develop cardioprotective therapies. On the other hand, the
cardiotoxicity of non-oncological drugs should be recognized early during drug development
via mandatory screening studies. Nevertheless, some cardiotoxic effects of drugs may only
manifest in the diseased hearts, which is currently not tested during preclinical drug
development, a phenomenon termed “hidden cardiotoxicity”. Thus, cardiovascular adverse
effects may only be seen after market authorization in some cases.

In our first study, we investigated the mechanisms of anti-PD-1-induced cardiotoxicity in
multiple mouse models. Immune checkpoint inhibitors are known to cause cardiotoxic
effects, however, the mechanisms are incompletely understood. Here, we found that anti-PD-
1 treatment induced significant cardiac dysfunction in C57BL/6J, but not in BALB/c mice.
A mild inflammatory response was seen in the myocardium of the animals, however, a
markedly increased pro-inflammatory gene expression was observed in the thymus of
C57BL/6J mice. Of note, //17a showed the highest upregulation. Thus, we targeted IL-17A
with a neutralizing antibody, which prevented the development of cardiac dysfunction after
anti-PD-1 treatment. These findings suggest that IL.-17A may be a promising therapeutic
target to alleviate ICI-induced cardiotoxicity.

In our second study, we investigated the potential hidden cardiotoxic effects of bempedoic
acid, a novel antihyperlipidemic drug. Here, we used a rat model of acute cardiac
ischemia/reperfusion injury as a model for hidden cardiotoxicity testing. We found that
chronic pretreatment with bempedoic acid did not show hidden cardiotoxic properties in this
model, on the contrary, it reduced the occurrence of reperfusion-induced arrhythmias. These
results suggest that the wuse of bempedoic acid may be safe during -cardiac

ischemia/reperfusion injury.
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