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Abstract

Although cardiovascular toxicity from traditional chemotherapies has been well recognized for
decades, the recent explosion of effective novel targeted cancer therapies with cardiovascular
sequelae has driven the emergence of cardio-oncology as a new clinical and research field.
Cardiovascular toxicity associated with cancer therapy can manifest as a broad range of potentially
life-threatening complications, including heart failure, arrhythmia, myocarditis, and vascular
events. Beyond toxicology, the intersection of cancer and heart disease has blossomed to

include discovery of genetic and environmental risk factors that predispose to both. There is

a pressing need to understand the underlying molecular mechanisms of cardiovascular toxicity

to improve outcomes in patients with cancer. Preclinical cardiovascular models, ranging from
cellular assays to large animals, serve as the foundation for mechanistic studies, with the
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ultimate goal of identifying biologically sound biomarkers and cardioprotective therapies that
allow the optimal use of cancer treatments while minimizing toxicities. Given that novel

cancer therapies target specific pathways integral to normal cardiovascular homeostasis, a better
mechanistic understanding of toxicity may provide insights into fundamental pathways that lead
to cardiovascular disease when dysregulated. The goal of this scientific statement is to summarize
the strengths and weaknesses of preclinical models of cancer therapy—associated cardiovascular
toxicity, to highlight overlapping mechanisms driving cancer and cardiovascular disease, and

to discuss opportunities to leverage cardio-oncology models to address important mechanistic
questions relevant to all patients with cardiovascular disease, including those with and without
cancer.

Keywords
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Cardiovascular toxicity resulting from traditional cytotoxic cancer therapies has been
well recognized for decades. However, the recent explosion of effective novel targeted
cancer therapies with cardiovascular and metabolic sequelae has driven the emergence of
cardio-oncology as a new field. Whereas cardiovascular toxicity manifests primarily as
cardiomyopathy with traditional agents such as the anthracyclines, newer targeted agents
and immunotherapies have been associated with a range of potentially life-threatening
complications, including arrhythmia, myocarditis, and vascular events. Beyond toxicology,
the intersection of cancer and heart disease has prompted the discovery of genetic and
environmental risk factors that predispose to both. With increasing recognition of the
short- and long-term consequences of cardiovascular toxicity, there is a pressing need to
understand the underlying molecular mechanisms to improve cardiovascular outcomes in
patients with cancer.

Preclinical cardiovascular models, ranging from cellular assays to large animals, serve as

the foundation for mechanistic studies that ultimately aim to identify biologically sound
biomarkers and cardioprotective therapies. Given that novel cancer therapies target specific
pathways integral to normal cardiovascular homeostasis, a better mechanistic understanding
of toxicity may provide insights into fundamental pathways that lead to cardiovascular
disease when dysregulated. For instance, the role of HER2 (human epidermal growth factor
receptor 2) in cardiomyocyte signaling was elucidated as a direct result of observations made
in patients with breast cancer who developed cardiomyopathy while treated with inhibitors
of this pathway.

The goal of this scientific statement is to highlight strengths and weaknesses of preclinical
models used to study cancer therapy—associated cardiovascular toxicity. We also discuss
emerging platforms with great potential for use in cardio-oncology, as well as the increasing
recognition that the biological mechanisms driving cancer and cardiovascular disease may
overlap. Finally, we discuss opportunities for basic and translational investigators to harness
preclinical models to address unmet needs in cardiovascular pathophysiology, with the goal
of improving cardiovascular care in patients with and without cancer.
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PRECLINICAL MODELS TO STUDY CARDIOVASCULAR TOXICITY
Cultured Cell Models

Both traditional and novel cancer therapies can adversely affect a broad range of cell types
in the cardiovascular system, from cardiomyocytes to nonmyocytes, including fibroblasts,
pericytes, and endothelial cells. However, clinical observations of cardiomyopathy in
patients treated with anthracyclines (eg, doxorubicin) motivated an early focus on
recapitulating the drug effects in cultured cardiomyocytes, which are uniquely sensitive to
perturbations in bioenergetic pathways. Rodent-derived cardiomyocytes, especially neonatal
rat ventricular myocytes, are widely used cell models of cardiovascular disease (Table

1) and have been used extensively to decipher mechanisms driving doxorubicin-induced
cardiotoxicity, including oxidative stress, impaired energy metabolism, and abnormal
activation of cell death pathways.

More recently, human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs)
have been harnessed to understand cardiovascular biology and specifically mechanisms

of cancer therapy-associated toxicity, as summarized in a recent American Heart
Association scientific statement!® and in Table 1. hiPSC-CMs enable high-throughput
screening of toxicities from many cancer therapeutics in parallel, from conventional
cytotoxic chemotherapies to newer targeted agents, and can offer insight into mechanisms
of cardioprotection. Compared with rodent-derived cardiomyocytes, hiPSC-CMs display
phenotypic characteristics that appear more representative of human cardiac physiology,
including more typical ion channel expression, heart rate, contractility, and myofilament
composition.1® Patient-specific hiPSC-CMs may recapitulate individual susceptibility to
cardiovascular toxicity. For example, ex vivo treatment with doxorubicin identified those
at risk of anthracycline cardiomyopathy3; however, the relationship between disease
characteristics in patients and the in vitro phenotype is often unpredictable. hiPSC-CMs
have an additional advantage in the modeling of cancer therapies that target human
proteins but not their homologs in other species such as trastu-zumab, which specifically
inhibits human HER2.# Considerable experimental variability with hiPSC-CMs has been
reported and highlights the need for more rigorous phenotyping, cross-validation between
laboratories, and continued studies correlating phenotypic changes (eg, transcriptional
changes, impaired contractility) with human disease end points in these models. Advances in
gene therapy and engineered tissues, as discussed below, are expected to further improve the
induced pluripotent stem cell methodologies.1’

Organoid Systems

Microphysiological systems integrating engineered tissue have emerged as novel approaches
to tackle the limitations of cell culture models. These “organs on a chip” typically
incorporate human cells plated onto a polymeric membrane to enable evaluation of toxicity
mechanisms that necessitate cross talk between different cell types such as cardiomyocytes,
fibroblasts, and endothelial cells. Recent progress in the engineering of these organoid chips
has allowed parallelized creation of multiple physiologically relevant tissues, including the
heart.18 One limitation to this approach is the inability to account for the unique mechanical
forces critical to the cardiovascular system such as contractile forces, tissue stiffness, and
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the presence of pulsatile versus laminar versus oscillatory flow. These limitations may be
partially overcome by the integration of microfluidics into organoid models.

The ability to mimic fully functional organs remains a challenge of organoid systems.
Although physiological measurements can be performed on ex vivo organs isolated from
animal models (eg, Langendorff heart preparations), these approaches have not generally
been translated to human organs because of the difficulty in obtaining human tissues.
Rejected donor hearts or isolated cardiac muscle segments from discarded surgical tissue
could represent a unique means to define the impact of anticancer therapy on cardiac
muscle, although downstream effects on other tissues may not be captured. Similarly, the
use of pressurized isolated vessel preparations alongside indirect measurements of vascular
reactivity has recently been tested in human coronary vessels incubated with doxorubicin.1®
With the use of a biomimetic culture system, human heart slices can be preserved and
remain functional for 6 days with regard to calcium homeostasis, mitochondrial structure,
and contraction and relaxation kinetics.2% However, the physiological or clinical relevance
of these techniques has not yet been validated, prompting the National Toxicology Program
to develop a new initiative, the National Toxicology Program Interagency Center for the
Evaluation of Alternative Toxicological Methods. This program focuses on the development
and evaluation of alternatives to animal use for chemical safety testing and could contribute
to the understanding of cancer therapy—associated cardiovascular toxicity.

In Vivo Models

Comprehensive assessment of cardiovascular toxicity often necessitates the use of an
appropriate in vivo model that ideally incorporates all the distinctive pathological features
of cardiovascular toxicity observed in patients. These models range from high-throughput
experimental models (eg, zebratish) to large animal models (eg, swine), which have their
own strengths and weaknesses (Table 1). For instance, larval zebratish are small and
therefore well suited to chemical screening, an approach that has been used to identify
small molecules that protect against doxorubicin cardiomyopathy.?! On the other hand,
large animal models may phenocopy human cardiovascular toxicity more closely than
small animal models, allowing detailed phenotyping of early cardiotoxicity by advanced
imaging techniques such as cardiac magnetic resonance,14 but these studies are often
limited by the high cost of maintaining and treating large animals. As with other

models, it is important to consider time course, route of administration, and use of doses
comparable to human therapeutic doses (see the Anthracyclines and Kinase Inhibitors
sections). Animal models can be particularly useful in elucidating mechanisms of action
contributing to specific cardiovascular phenotypes observed in patients. For instance,
rodent and rabbit models have been harnessed to dissect the roles of vascular smooth
muscle cell-mediated vasoconstriction and direct endothelial toxicity in 5-fluorouracil-
mediated coronary vasospasm. Finally, rodent models have been applied extensively to
elucidate mechanisms of cardioprotection associated with carvedilol, dexrazoxane, and other
established cardiovascular therapies.

Once a relevant in vivo model has been established, a key element to consider is
the end point for assessing cardiovascular toxicity, which should be robust and easily
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reproducible. Echocardiographic monitoring of left ventricular ejection fraction represents
the most widely used approach, although the time course of echocardiographic changes
does not always correlate with microstructural changes observed by histopathologic
analyses. The incorporation of myocardial strain and strain rate, as detected with Doppler
echocardiography, and cardiac magnetic resonance imaging can serve as more sensitive
tools to detect early cardiac injury in rodents and large animals.22 Cardiac magnetic
resonance imaging in particular can provide more objective and precise quantification

of left ventricular function over time. Given the possible effects of sedatives on cardiac
function (eg, heart rate changes, depression of cardiac function), many laboratories
perform echocardiography in nonsedated rodents when possible. Additional markers of
cardiomyocyte injury such as cardiac troponins and natriuretic peptides also can be helpful
in assessing the severity of cardiac injury.

Despite the attempt to recapitulate key features of human disease, currently available in
vivo models of cardiotoxicity display important shortcomings that should be taken into
consideration for future studies (Table 1). Most experiments are carried out in healthy young
rodents, whereas cancer therapy—associated cardiovascular toxicity in humans is a complex
process that can be exacerbated by preexisting comorbidities. Although studies in mice have
shown how previous exposure to doxorubicin increases the susceptibility to myocardial
infarction or impairs adaptation to hypertension later in life, the opposite approach

of modeling cardiotoxicity in animals with preexisting heart disease or cardiovascular
comorbidities has not been attempted to date. Efforts have been made to establish models

of juvenile doxorubicin exposure, demonstrating that hearts from young mice, unlike adult
hearts, express the molecular machinery that primes them for apoptosis.23 Although similar
cardiovascular toxicity has not been fully explored in aged mice, models of telomere
dysfunction have been used to study the cardiotoxic effects of anthracyclines.?*

Furthermore, to faithfully model cancer therapy—associated cardiovascular toxicity,

it is important to take into consideration multimodal cancer therapies that can

interact to potentiate cardiac dysfunction. For instance, anthracycline cardiotoxicity

can be exacerbated by concurrent use of other cancer therapies, including traditional
chemotherapy (cyclophosphamide, paclitaxel), targeted therapies (trastuzumab), and
mediastinal radiotherapy. In addition, the potential interactions between cancer therapies
and other medications intended for the treatment of cardiovascular comorbidities such as
hypertension and diabetes should be considered and included in preclinical models.

The variability of intraspecies and interspecies phenotypes should also be considered in
preclinical models. Cardiovascular phenotypes might differ in severity according to the
genetic background of the animal strain used,2° with the potential for differences even
between the N and J substrains of C57BL/6 mouse lines attributable to genetic variations.
Sex is an additional variable that has been inadequately studied in preclinical models of
cardiovascular toxicity. Despite the use of rigorous experimental techniques, there may still
be a translational gap between animal models and clinical observations in human patients;
for instance, imatinib causes cardiomyopathy in rodents but does not seem to have the same
effect in patients.26 Integration of data from genomic and proteomic studies in patients can
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be helpful in determining the relevance of molecular mechanisms identified in preclinical
models.

BALANCING CARDIOPROTECTION WITH ANTITUMOR EFFICACY

Many cardiotoxicity preclinical platforms fail to incorporate simultaneous modeling of the
cancer. From a therapeutic perspective, it is critical to assess the impact of novel candidate
cardioprotectants on the antitumor activity of cancer therapy, typically with the use of
xenograft models in zebrafish or rodents.”12 Syngeneic models, in which tumor cells are
derived from the same genetic background as a given mouse strain, are straightforward

to establish, but the aggressiveness of the tumor cells may require euthanasia of the

animal before the development of cardiotoxicity. As an alternative strategy, genetically
engineered models promote spontaneous and less aggressive tumor growth that more closely
recapitulates human malignancies.

Any preclinical model should also consider interactions of the immune system with

the tumor and the cardiovascular system. Immunocompetent preclinical models will

be necessary to study emerging toxicities associated with immunotherapies. Both

syngeneic and genetically engineered models provide effective platforms to study
cardiovascular toxicity in the presence of a functional immune system. Humanized tumor
models, particularly patient-derived xenografts, may recapitulate genetic and phenotypic
heterogeneity of tumors more closely, but they typically require immunocompromised hosts
such as athymic nude or severe combined immunodeficiency mice.

BASIC MECHANISMS OF CARDIOVASCULAR TOXICITY ASSOCIATED WITH
COMMON CANCER THERAPIES

Anthracyclines

Anthracycline cardiotoxicity was first recognized in patients in the 1970s and has

been studied extensively in preclinical models. Although several mechanisms have been
implicated in the pathogenesis of anthracycline cardiomyopathy (Table 2 and the Figure), the
interplay between these mechanisms has not yet been fully defined. Future studies should
aim to develop an integrated mechanistic understanding of the complex networks involved

in the pathogenesis of cardiotoxicity. For instance, it will be essential to understand the
effects of perturbation of 1 pathway such as intracellular iron overload on other proposed
pathways such as autophagy or modulation of PI3K+y (phosphoinositide 3-kinase-y) in order
to identify new therapeutic approaches that can translate clinically. Despite the variety of
established models to study anthracycline cardiotoxicity, few have demonstrated the ability
to reproduce the complex pathophysiology of the disease as it manifests in humans.

Careful consideration of drug dosing, formulation, and delivery is paramount to ensure
reproducibility of cardiac phenotypes with anthracyclines and for other cardiotoxic cancer
therapies. For instance, many anthracycline cardiotoxicity models in mice have used either
very high doses or intraperitoneal injection of doxorubicin, which is more practical than
intravenous delivery for regimens that require repeated administration or concomitant
delivery of other agents such as cardioprotective small molecules. However, when possible,
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the intravenous route should be favored because doxorubicin and other cancer therapies may
elicit local injury of the peritoneum and fibrosis, with consequent malaise, anorexia, weight
loss, and reduced drug absorption in subsequent injections. For example, acute models of
anthracycline cardiotoxicity rely on a single administration of high-dose doxorubicin in
mice (eg, 20 mg/kg), whereby cardiac phenotypes are typically analyzed within 1 week.
Although these models can provide insight into the acute side effects of doxorubicin,
primarily arrhythmias and electrocardiographic abnormalities in humans, they are usually
characterized by a high mortality rate that is unrelated to cardiac toxicity.

A major challenge of modeling anthracycline cardiotoxicity in preclinical models

relates to the difficulties of recapitulating the chronic and typically delayed nature of

the cardiomyopathy observed in patients. In adults, cardiotoxicity is dose dependent

and typically manifests within the first year after completion of treatment, although
cardiotoxicity may manifest years after anthracycline exposure, as observed in the pediatric
patient population. To better recapitulate typical dosing regimens in humans, protocols
featuring repeated injection of low-dose doxorubicin (eg, 2-5 mg/kg weekly for multiple
weeks) have been developed that result in chronic cardiotoxicity, with the total cumulative
dose varying slightly, depending on the differing sensitivity of specific mouse strains to
doxorubicin.2” These models are characterized by low mortality and the development of
cardiomyopathy, which is similar to that observed clinically, which typically manifests as a
decrease in fractional shortening of >10% at 6 to 8 weeks after therapy completion. Models
that recapitulate late cardiotoxicity occurring years after anthracycline exposure have not yet
been developed and represent an important unmet need.

Kinase Inhibitors

Aberrant activation of kinases is implicated in many tumor types and has led to the
development of kinase inhibitors (KIs) for cancer therapy. Kls include monoclonal
antibodies that bind the receptor kinase or its ligand, as well as small-molecule inhibitors
that interfere with the binding of the kinase to ATP or its substrates.3! Kinases also

play critical roles in cardiovascular homeostasis, with Kls potentially leading to diverse
cardiovascular sequelae, as summarized in Table 3. These may be “on target,” whereby
the Kinase inhibited for the treatment of cancer also has a critical role in cardiovascular
biology, or “off target,” which can occur when the inhibitor binds to multiple kinase
receptors simultaneously or other targets. When preclinical studies of cardiovascular toxicity
associated with Kls are designed, it is critical to select an appropriate dose that reflects the
kinase binding profile observed in patients and recapitulates the pharmacokinetics seen in
humans.8

The cardiomyopathy observed with trastuzumab provided an initial model of on-target
cardiotoxicity. Although pharmacological mouse models of trastuzumab cardiotoxicity have
been challenging because trastuzumab does not bind mouse HER2, genetic deletion of
HER?2 in a mouse model resulted in ventricular dilatation and increased susceptibility

of isolated cardiomyocytes to myocardial stress, including anthracycline exposure.1:32
Recently, the advent of hiPSC-CMs has allowed the implementation of a pharmacological
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model of cardiomyocyte toxicity in which trastuzumab exposure impaired contractile
function, calcium handling, and cardiac energy metabolism.*

Another class of Kls (eg, sunitinib, sorafenib) inhibit VEGF (vascular endothelial growth
factor) or PDGF (platelet-derived growth factor) and can lead to various cardiovascular
adverse effects, including hypertension, vascular disease, and cardiomyopathy.3! Mouse
models of genetic or pharmacological inhibition of VEGFor PDGF suggest that inhibition

of these pathways leads to capillary rarefaction with subsequent myocyte hypoxia

and induction of hypoxia-inducible factors, which are sufficient to cause a reversible
cardiomyopathy.13:33 Consistent with these models, the cardiomyopathy observed in patients
treated with sunitinib and sorafenib is often reversible.38 Although mouse models have
provided insights into VEGF inhibitor—associated hypertension, human translational studies
will be critical to elucidate underlying mechanisms.

Given the explosion of Kls in oncology and their associated cardiovascular sequelag,
adoption of appropriate preclinical models of cardiotoxicity not only may dissect
mechanisms of toxicity but also may lead to recognition of new kinase pathways in
cardiovascular biology. For example, ibrutinib, a highly specific KI against Bruton tyrosine
kinase used for the treatment of B-cell malignancies, is associated with arrhythmias,
including atrial fibrillation. It is unclear whether this arrhythmogenic effect is an on-target
(resulting from inhibition of Bruton tyrosine kinase) or off-target (caused by inhibition of
another kinase) toxicity. Preclinical studies may illuminate novel kinase pathways that are
critical to the development of arrhythmia, which could inform the development of new
Bruton tyrosine kinase inhibitors. This concept has already been demonstrated with the
observation that several multitargeted tyrosine Kls (eg, dasatinib, sunitinib, nilotinib) cause
QT prolongation. This clinical finding prompted preclinical experiments suggesting a long-
term, PI3K—dependent, QT-prolonging effect that altered multiple ion currents, especially
the late sodium current (/ya-),3 in contrast to other medications that cause QT prolongation
immediately and almost invariably target repolarizing potassium channels (eg, /).

Immune-Based Therapies

Immune-based therapies have revolutionized treatment for patients with cancer by
harnessing the immune system to treat cancer. These therapies may be very specific; for
example, CAR T-cell (chimeric antigen receptor T-cell) therapy repurposes genetically
modified immune cells to target specific tumor antigens. On the other hand, immune
checkpoint inhibitors (ICIs) are monoclonal antibodies against immune checkpoints such

as CTLA-4 (cytotoxic T-lymphocyte-associated protein 4), PD-1 (programmed cell death
protein-1), and PD-L1 (programmed cell death protein-ligand 1) that release the brakes

on T-cell activation in a more generic way compared with adoptive T-cell therapies.

These act as inhibitory regulators of T cells during the adaptive immune response,
preventing excessive immune responses and allowing self-tolerance. However, by activating
the immune system, these therapies can cause immune-mediated side effects. A broad
range of cardiovascular toxicities, including myocarditis, pericarditis, vasculitis, accelerated
atherosclerosis, arrhythmia, and potentially thrombosis, have emerged as infrequent

but severe and life-threatening complications associated with 1CIs.39 ICl-associated
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myocarditis is characterized pathologically by myocardial infiltration of macrophages and
T lymphocytes, resulting in myocyte death, consistent with the pathological definition for
myocarditis.*0

The emergence of immune-mediated cardiovascular diseases in cardio-oncology adds a new
level of complexity for preclinical models, with animal models potentially best suited to
recapitulate the resulting cellular interactions. Early data suggested that an on-target effect
attributable to perturbation of the Ct/a4 and Pdcd genes individually led to myocardial
pathology.38 However, these models are background dependent and do not fully recreate

the clinical and pathophysiological features of ICl-associated myocarditis. Monoallelic loss
of Ctla4in the context of complete genetic absence of PD-1 leads to premature death in
mice as a result of myocardial infiltration by T cells and macrophages and causes severe
electrocardiographic abnormalities, closely recapitulating the clinical and pathological
hallmarks of ICl-associated myocarditis observed in patients.4%2 In another example of
discordance between mouse models and clinical observations, CAR T-cells expressing a
receptor with high affinity for the tumor antigen MAGE-A3 (melanoma-associated antigen
3) were found to be safe in mice but led to fatal cardiogenic shock in patients.3” Subsequent
studies in hiPSC-CMs determined that these T cells cross-reacted with a peptide from

the cardiac sarcomeric protein titin in humans but not the equivalent peptide in mice.*!

The ongoing development of preclinical models that align with clinical phenotypes will be
critical to understand the pathogenesis of cardiovascular toxicities, especially as the use of
immunotherapies continues to expand. Emerging modalities such as CAR T-cell therapy and
bispecific T-cell engager antibodies can also cause cardiomyopathy in the setting of cytokine
release syndrome through mechanisms that have not yet been defined.

Chest Radiation

The adverse effects of chest radiation therapy have been studied in a variety of species,
including rabbits, rats, and mice. Historically, y- or x-ray radiation at doses up to 30

Gy has been deployed as a 1-time treatment in preclinical models, with few studies

using clinically relevant fractionation protocols or proton therapy. Although modern
image-guided radiation delivery platforms that recapitulate treatment in patients have
become available for small animals, most prior studies have used traditional methods
such as lead shielding. Apolipoprotein E—deficient (ApoE~~) mice on normal chow
develop atherosclerotic coronary disease =220 weeks after receiving radiation doses of

>8 Gy.30 Systolic dysfunction in mice treated with chest radiation appears modest and
occurs late after therapy. Histopathological analysis of the myocardium may show loss
of microvascular density and fibrosis, a hallmark of radiation-induced organ dysfunction.
Pericardial thickening and inflammatory cell infiltration have also been reported in several
rodent studies. Despite some limitations, preclinical models have been used to identify
genetic modulators of radiation-induced cardiovascular toxicity*? and to assess additive
effects of chemotherapeutic agents (eg, tyrosine kinase inhibitors)43 and ICls.** Of note,
models of radiation-induced valvular disease have not yet been established.
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FUTURE DIRECTIONS

Shared Risk Factors for Cancer and Cardiovascular Disease

Preclinical models must also capture novel clinical frontiers in cardio-oncology. The

tumor itself may affect cardiovascular function and exacerbate the toxicities of cancer
therapy. On the other hand, shared risk factors could predispose to both cancer and
cardiovascular disease, a concept that has enormous public health implications. For example,
in clonal hematopoiesis of indeterminate potential, somatic mutations in specific genes

in hematopoietic cells are associated not only with an increased risk for hematologic
malignancies but also with early mortality driven by cardiovascular events.*>46 In parallel
with human “omics” studies,*’ it will be necessary to establish mouse models in which

the direct causal effects of specific mutations on the cardiovascular system can be tested.
Even more intriguing are recent data suggesting that heart failure itself is a risk factor

for tumor growth.48 Conversely, excess levels of the oncometabolite D-2-hydroxyglutarate
have been associated with the development of dilated cardiomyopathy.*? Perturbations

in systemic inflammation, oxidative stress, AMP-activated protein kinase, plasminogen
activator inhibitor-1, and Wnt signaling have similarly been proposed as shared mediators
of cancer and cardiovascular disease, and cardioprotective therapies such as statins could
improve cancer-related outcomes. Appropriate preclinical models will be critical to better
define the mechanisms of these complex interactions between the cardiovascular system and
tumor biology.

Translation to the Clinic

Establishment of preclinical models that recapitulate key features of human cardiovascular
toxicity (eg, aging, comorbidities, tumor biology) will be an essential step toward
translation of potential biomarkers or therapeutics. Given the strengths and weaknesses

of each preclinical model discussed in this statement, multiple complementary models

may be necessary to fully understand the complex and interrelated pathways involved

in the pathogenesis of toxicity and their implications for patient care. High-throughput
technologies such as metabolomics, proteomics, and genomics are increasingly being used
to illuminate candidate pathways in humans that can be interrogated in preclinical models to
understand underlying biological mechanisms. Computational modeling could accelerate
the generation and interpretation of vast amounts of data, for instance, by predicting
potential cardiovascular toxicities on the basis of existing drug/cell interaction databases.

In the age of precision medicine, identification of genetic risk factors that predispose

certain patients to severe cardiovascular toxicity, or conversely that offer cardioprotection,
will be of the utmost importance. To maximize applications of these techniques to cardio-
oncology, there is a need for large, multicenter biorepositories that include blood samples,
endomyocardial biopsy samples, and autopsy tissues when relevant. Proper recording and
adjudication of cardiovascular end points in cancer trials and, conversely, cancer end points
in cardiovascular registries and trials will be equally important. Advances in molecular
imaging techniques can also provide insights into mechanisms of toxicity in real time during
treatment, both in patients and in preclinical models. Finally, new artificial intelligence and
machine learning approaches may be valuable in integrating genetic risk with environmental
and individual risk factors.
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Cardio-oncology has come to the forefront of academic medicine as a field ripe with
excellent opportunities to make impactful advances in science and patient care. The diverse
cardiovascular sequelae of targeted cancer therapies represent an opportunity for closer
collaboration between basic scientists and clinicians to interrogate the cardiovascular and
cardiometabolic changes caused by the modulation of critical signaling pathways in patients
with cancer. In this regard, cardio-oncology represents a novel and growing platform for
basic and translational cardiovascular investigation located at the intersection of molecular
biology, cardiovascular research, and drug discovery.50 Cancer therapies targeting specific
molecular pathways can serve as tools for understanding the role of these pathways in
other noncancer disease states; for instance, a detailed understanding of the sequelae of
VEGF inhibition has contributed to the development of novel biomarkers for peripartum
cardiomyopathy. In addition to cardiovascular toxicities associated with cancer therapies,
malignancies and related conditions such as amyloidosis exert direct and indirect effects

on the heart through mechanisms that remain underexplored. The National Heart, Lung,
and Blood Institute and the National Cancer Institute have recognized cardio-oncology as
a research area of importance.® The public health impact of cancer therapy—associated
cardiovascular toxicity will continue to expand with the rapid development of new cancer
treatment paradigms; several new targeted agents and immunotherapies are approved by
the US Food and Drug Administration each year. Cardiovascular injury mechanisms arising
from cancer and cancer therapy present a unique opportunity not only to improve care for
a growing patient population but also, more broadly, to understand fundamental signaling

pathways in the heart that are modulated by specific cancer therapies.
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Figure. Mechanisms of anthracycline cardiotoxicity.
Several mechanisms have been proposed to contribute to the cardiotoxic effects of

anthracyclines such as doxorubicin (DOX). These include topoisomerase “poisoning,”
alterations of cell survival and metabolic pathways, and excessive generation of reactive
oxygen species (ROS). In the nucleus, DOX binds Top2 (topoisomerase 2), thereby
promoting p53-dependent DNA damage responses and altering the transcription of genes
involved in mitochondrial biogenesis, for example, PGC-1a (peroxisome proliferator-
activated receptor-y coactivator 1-a). As a polyaromatic hydrocarbon, DOX activates the
AR (aryl hydrocarbon receptor), a ligand-activated transcription factor that translocates to
the nucleus to induce the expression of Cypl (cytochrome P450 family 1 enzymes). DOX
can inhibit the binding of the HIF (hypoxia-inducible factor) heterodimer (HIF-1 a/ARNT
[aryl hydrocarbon receptor nuclear translocator]) to the hypoxia response element, leading
to a decrease in the HIF transcriptional response. DOX induces defects in mechanisms of
organelle quality control such as autophagy and mitophagy, which are under the control

of PI3K-y (phosphoinositide 3-kinase-y), p53, and BNIP3 (BCL2/adenovirus E1B 19 kd-
interacting protein 3) and exacerbate DOX-associated mitochondrial dysfunction and ROS
production. DOX can trigger ROS production directly or after being reduced to semiquinone
radicals that undergo redox cycling, generating superoxide and hydrogen peroxide. DOX can
bind to iron, resulting in iron cycling and subsequent production of cytotoxic hydroxyl
radicals via the Fenton reaction. These events occur in the mitochondria where DOX
preferentially accumulates on its binding to the mitochondrial phospholipid cardiolipin. ROS

Circ Res. Author manuscript; available in PMC 2021 September 07.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Asnani et al.

Page 19

production also can be secondary to accumulation of calcium or iron within mitochondria,
resulting from activation of the MCU (mitochondrial calcium uniporter) and inhibition of the
iron transporter ABCB8 (ATP-binding cassette subfamily B member 8), respectively. DSB
indicates double-strand break; and TCA, tricarboxylic acid cycle.

Circ Res. Author manuscript; available in PMC 2021 September 07.



Page 20

Asnani et al.

'$91A20AWIOIPIRD PAALIBP-|[39 Wals Juajodund paonpul uewny ‘SIND-JSdIY pue ‘g 101dadal Jo1oey yimolh feuwspids uewny ‘gg3H ‘g 101dadal 1039e) yimolh [ewlspids uewny saledipul z43H

prSaulPATRIYIUY

suewny
03 uone|sues} ui deb 1oy jenualod ‘Bulinsuod-awiy pue AjisoD

sa1Bayens an10a101doIpIED
pue sanfepou o1soubelp Jo uoe|suel 8)ell|19e4

(sbop ‘auims
‘suqqed) sjewiue abie

erqluniung
fuomqiyul ey3H
Z1-orSeUlIAdRIYIUIY

saldelay) 91X0101p.ed JuelWoouod Jo (Buibe ‘sajaqelp ‘uoisusladAy)
SIIPICIOWOD Uewny 1931431 Aj8JeInade Jou op S[apow ISON

1813 Apeal[e Ualo SaIpogiIue pue s|apow dlushsuely
‘A1191x0) BUIApNIS J0J [8POW OAIA UI PAYSI|GRISa-|[3M 1SOIN

(s1ed ‘891W) Sluapoy

cAl0IX0101pIRD

ureyd-ybi| projAuwy
¢S10}1qIYuI aseuly auIS0IAL
,SauloAdeIyIUY

a|qe|rene Ajipeal aq jou Aew
(sa1pognue ‘6a) syuabeal oiy198ds-ysiyelgaz uonenaad Areuowind
INOYNM Lieay Jaquieyd-g ‘abels [eAse|/o1uoAlquia Ul pasn usyo

BuiBew seyeljioey aouasedsuel) jeando ‘Buiusalds
ndybnoiyi-ybiy sajgeus azis jjews ‘sauab uewny Buisnes

QAN

-95easIP 1S0W JO UOITRAISBSUOD UYIIM [3pOW 81RIGaLIBA ysneigaz
S|apow OAIA U|
JUBWUOIIAUS
pUB UOIIRIIUNWILIOD |[39-03-]]89 OAIA UI JO 32Uasqe ‘spioueblo Alsnoaueynwis sadA 1199 ajdiynw Apnis 01 jenusiod SwiaisAs

pazipJepuelsuou ul Buinsal ‘uonoalul |19 fenuew 1oy peaN

‘a1nyna |]82 pale|os! uey) Juens|al AjealboloisAyd aioN

pioueBio pue senssnoIIN

SI0)IqIYUI BWIOSE8}0Id
aewnznises L
¢SaUIRATBIUY

pauysp
Al1ea]2 udaq 10U aney ALIDIX0I0IPJEI OAIA UL 81ed1|dal Jey) SUOIIPUOD
eIpaw ewndo ‘Ajigerien onsuab pue [ejuswiiadxe S|99 ainyewiw|

suewny
03 o13193ds sAemyyred Apnis 01 Aljige ‘sadA 182 8]qIssadde
Ajisea adinjnw woJy paaLap ‘Ajssajpua papuedxa aq ued

(SIWD-0Sd1y ‘B9) sau|
1180 JejnaseAolipied uewnH

ZsaulpAoeiyiuy

sAesse Buiwioypiad

10} aWely awiy Japoys ‘Buroed salinbal uonoeuod (Buibusjieys
9I0W 8Je UOI1I8JSUBI} PUB UOIB|OS] :S8)AJ0AWOIP.IED 3 NPy
wesboud auab [e18) ssaidxa ‘ainyewiwi :$81400AWoIpIeI [JRUOBN

109)sue1] 01 Ases ‘s]020304d paysi|qeIss
-113M YlMm paisantey A|1ses :S81A20AW01pIeD BIRUOBN
S[199 Arewid

SIND PaALIap-1UsPOY

sjapouw piouebio pue |18 painnd

sajdwex3

S9SSauUNeap\

syibuaans

Wa1SAS [apoIN

Author Manuscript

A119IX0] Jejnasenolpie) palelnossy-Adelay L Jaaue) ApniS 01 3|qe|IeAY S|SPOIA [ealulfd3id

‘TalqeL

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 September 07.

1

Circ Res. Author manuscript



Page 21

Asnani et al.

¢A1101X0} Je|nasenoiples Jo

S U} PUB | QY JO SSSSL[O USaMIBQ SBOUBIBLIP B} 818 TRYA
¢AWOIPUAS

a1joqeIaw 03 asodsipaid Jey) S10108} XS Je|naseAoIpIed
au1jaseq aye|nideoas 0} [apow [eatulfoaid 1sag ay} sI FBYA

SIUBAD JR|NISEA
uoisuapadAH

(ssonquyur
J01da2a1 uabolpue 10a41p
‘s101qIyui 103dadas usbolpue

¢AIsago suggey 3WOJPUAS J1jogeIsIN 62/OUBIINAP BUOIANSOISAL Jeualpe ‘sisiuofe HYuo)
pue ‘elwaulnsulladAy ‘elwsa|o.alsajoydasadAy ul synsal reyl sjuapoy eIUAYLY gzSIUBLIND Adesayy uonrenridap usbolpuy
uoneaLidap usBolpue Aq pajoaye Aemyied |esjusd e a1ay) S| SIND-OSdIY uonebuojoid 1O winissejod pue WNIPOS 40O UOIRINPOIA saidelay} [euow.IoH
(uone|uqy Jetye
‘e1pseaApelq ‘uonrebuojold 1 Q)
S8I}I[eWIOU]E UOIIINPUOD
uondJeyul [eIpJedoAN |exels20Q
¢Sluabe asay} uoisuapadAH aseajal aulwelsiH |oxel|oed
Aq pajoaye ale sa|jauehio Jejn||gagns pue sadAy 1189 Y9IYMA sjuapoy AyredoAwoipie) abewep YNA suabe a|ngn1oLIWNUY
uonaunysAp arjoiselq abewep NG 108110
selwiylAy.le Jejnotiusaeidng SSaU1S AAIIRPIXO
snipIedliad afewep ¥3 pue [elPUOYIoHIA uireldsio
uonebuojoid 1O uolre|nBaisAp wnioe) l1anquieiolyD
uoisuaodAH uonounysAp erjayiopus aunsnwepuag
elwyAYY uoleWIWeRU| apIWeysoy|
£S9M1|0QeIBW 21X0] JO UOKBINWNIJE 0} Sjualled ulelsd sisoquioayosoiw Arejjided sisoydode a1A00Awo1pred apiweydsoydojoAD
asodsipaid 1ey3 s1010e}) d1j0geISW JO d118Uah 8y} ale ey sjuapoy AyredoAwolpied suig)o.d Buipuiq proe Aney peaH syuabe Bune| v
snpIeatlad ABeydoine pue sisoidody
Ulesp deipJed usppns 31942 WD 1 Jo uonigiyu
elwyAYLY u1 Bunnsal ‘ayeu310010n]y 0 WSIOGeIBIN
AyredoAwolp.ied SON? aulgendade)
¢ wisedsosen suqaey aWOIPUAS A1eU0I0D 81NdY D aseuny u1glold |19e4n0IN|4-G
pue uondunysAp |erjaylopus 03 asodsipaid S1039e) YSH YIIYAA sjuapoy wsedsosen Areuoio) 3SeUIUAS a1e|ApIWAYL BIA WNA sauipiwiiAdolon|4
SAUI01A2 AJojeWLLR[SUL JO UORONPU|
(XWwg) sIsoJoau pue sisoydody
1.T0AD/ UV
Buifeubis 41H
¢A1a1x0101p.IED BuIdAdRILUE s152ub0Iq [eLIPUOYIOIIIN
03} ANj1gndaasns [enpIAIpuULIBIUL 10} SISeq 9133U3B U} SI YA (uonezijonaen onwsedoko Butfeudis wniojed
¢A191X0101pJeD BUIJIAIRIYIUE JO JUBWIED.} ‘Bulf|ams [elIPUOYI0HW ‘WN[NJ1BI zzi(€5d 'edINg
1o uonuanaid 1oy a1qebbnip are sAemyied Jejnasjow Yaryan o1wse|doases ayp Jo uone|ip ‘Aigld ‘updag) ABeydonuyAbeydony auo.IueXoN|A
¢siuanred ul A1191X0101pJed BuljoAJRIYIUR JO S1aylewolq ‘Aelsesip pue sso| JejjuqloAw) 11(8909V) Wsijogelsw uoJ| urIgnifeA
]8A0u AJnuapl 0} passautey aq Salpnis [ealut|daid ued MoH Asdolq [eipJesoAwopua ordedol uroignuep|
¢A1121X0301p.IRd y1oUIMS uo sabueyd [ednonisen|n J0 uondnusip Agq pasned sfewep wYNQ uigniid3
auIj9AJeIYIUR Ul UONDUNYSAP JRINISEA JO 8]0 U3 SI JRUM 1221SIUBp0Y eIupAYLY uoIew.0} Sa199ds UaBAXO aAdEaY uisIgniouneq
¢Ao1xo101pIes ,usielqsz (19suo pakejap (ggd) sbewep NG udIgnioxoq
asnes 0} JoeIsul sAemyyed onsiueyoaw pasodoid op moH eSIND-0SdIY pue anoe) AyredoAwolpred ‘sjapow pasodoud jdiyniy sauljohoeiuy
suonsanb patojdxaun _mo_w__m_u%mm_ru A1191x01 parioday sAemyred pasodoud Adeaayy 180ue)

Author Manuscript

A121X0] JB|NISBACIPIRD 10 SWSIUBYIB|A pasodold pue saidelay ] 18oued [eUOUSAUOD

‘¢ slqeL

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2021 September 07.

1

Circ Res. Author manuscript



Page 22

"dz aselawosiodo) ‘gzdol

pue 81940 p1oe a1jAx0quedrn ‘v 1 ‘A-aseuny-¢ spnisouloydsoyd ‘AMEld ‘gx-10108) Jesjonu ‘gx-4N S81400AW0IPpIRY PaALIBp—||8d wWals Juslodiinid paonpur uewny ‘SND-0Sd1Y 10108} 8|q1onpul-eixodAy
‘4|H ‘auow.oy Buisesjal-uidosiopeuoh ‘HYUS ‘wnnonal d1wse|dopus ‘43 ‘aSeyluAs apIXo JL1IU [el[aYIopuUd ‘SONS ‘SawAzua T Ajiwey 0Syd awoayd0lAd ‘TdAD ‘g uisioid Bunoelaul-py 6T 913
sniiAouspe/z109d ‘€dING ‘uislold X pale1oosse—z-[og ‘Xvg ‘101dadal uogredolpAy |Are ‘yuy ‘Adelsyy uoneaudap usbolpue ‘1 Qv ‘8 Jaquaw g Ajiweygns alassed Bulpulg-d 1y Ssiedipul 809V

Asnani et al.

uonauNySAp dlwouoINy
Juoleipel 1say2 0 AN91X0} Jejnasenolpled aseasip WajsAs uonanpuo)
ay arebniw 03 sayoeoidde onnadelay) Mau are Jeypm (uonenbinbai
Juoneipel 1sayo 10 SISOUR]S) 3SeasIp Leay Je[NA[eA
10 suonedl|dwod Je1pJed wigl-Buoy Jo [apow 1saq 8y SI Teymn 9SeasIp Je|NISLACIOIN
Zuonelpes Ag paanpul sbo@ 1ea1Iad 8AIOIISUOD sisauaBoibue Jo uomqgiyug
ase sAemyyed Aloyewwrepjul pue anoaqiyold 913193ds YdIymm sbid AyredoAwoipied SS11S AAIIRPIXO
¢A1101X0) Je|NJSeAOIp.IeD suqqey BAIOLISA) 10 pale|Iq gx-4N Jo uone|nbaidn
paonpul-uonelpes 03 asodsipaid Jey s1039e} d11ausb aiay) aly oeSIUBpoY S1S0J3]9S0J3UIe PaleIs|addy VNQ [BLIPUOYI0HW pUE Jes|oNN uoljeIpel 1s8YD
suonsanb patojdxaun _mu_w__m__wmm_fu A1191x01 palioday sAemyred pasodoid Adeaayy 180ue)d

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Circ Res. Author manuscript; available in PMC 2021 September 07.



Page 23

Asnani et al.

(01w O
paulap 10N |euOnIPUOd T-|9IAl) JUSpOY AyredoAwoipie) Jeuonebisanu| T- 10N
ewapa [eJayduad
elWwadA|BIadAH
elwapidijadAH snwijolang
UOI121935 UlJNsul pasealoaq uapoy 2110018 N snwioJIswa | doLwpiEld
pauysp 10N upoy uonebuojoid 1O qrorogry 9/¥Xad
quunswniss
(-+2i3 pue __T3) quunswiIqoD
paulyap 10N 30IN AyyedoAwoipred qunsuiesL NI/
SIs04qly [elny
Anoeded ,;eD olwsedoases paonpal pue (#enaLIUSA ‘ISNIN|H/UOIIR| LG L. quunnigeedy
sa)A00AwW [euze ul Buljpuey ;6D [ewouqy 30IN Aprenonued ‘ejnausaeldns) elwiyAyly quunniqi M14
syuabe 1ay10 Yyum auoN
uoISNya [e1pJestiad qewnwnijued
AyredoAwoipied gewixnia)
ain|iey LesH quuIUBWISO
uone||Hqy [eLY quunyeo
uonebuojoid 10 qiuno3
paulsp 10N SIND-OSdIy ‘quuntswiso qiuniwodeq 4493
glunnsog
uononpoid ON pasealssa (qiurreuod ‘qiunojiu) sjusAa Jejnasesn gluireuod
veBUIRUBIS HEId J0 uoissaddns (quunesep) uoisnys feanad qiunew|
ce(quneuod) Ayredoibueo.oiw onoguioayy pue [eipseaniad ‘uoisusiiadAy Areuowind qiuireseq
01 Buipes| uoisaype 18[ere|d pareIPaW-4AMA (qrunojiu) erwaoK|BiadAH quNoJIN » 19V-d0d
gewnzioensg
giunuezoqed
qiuayelobay
uononpoid ON pasealdsq uonebuojoud 1O quunIxy
vePulfeubis Meld Jo uoissaiddng AyredoiBueosdiw onoquiody qluelspueA
ccWINIPIEO0AW 38U} U1 SIH 4O uonaNpu| IN uoisuauadAH qiuedozed
uonoejarel Aejjiden sa1A00AwWo1p.Ied Alewild 95easIp JeINasen qluajelos
49Ad/493A Jo uonigiyuj SIND-OSdlY AypedoAworpied 49ad 493N
quuiressN
xlggy3 qiunede]
10 uonaap a18uab) 31N gewnznuad
(y9sBuUD| NV ‘B3) sa1Ao0Awolpled Alewlid aulsSuBIWS-qewNnznisel |
sAemuyred d1j0ge18W puE JB|N|[3I Ul SUOIRISY Y ySIND-OSdIY AyredoAwoipied gewnznises | (z9943) Z43H
SIM
sAemyred pasodoid S|apow [esiuljdald A1101x01 parioday sjuaby (s)196.e1 |ROI60J0OUO

Author Manuscript

Author Manuscript

A191X0] Je|naseaoipae) Jo swsiueyda pasodold pue saidelayl Jaoued maN

‘€ 9lqeL

Author Manuscript

Author Manuscript

Circ Res. Author manuscript; available in PMC 2021 September 07.



Page 24

Asnani et al.

“(quuneuod ‘Gs) Aemuyred 493 ayr nqiyut osfe Aew 1gv-yO4 196.e1 Jey sjusby
x

"J0}9B} PURIGS|JIM UOA ‘4AA PUB 110108} UIMOIB [R1]aY10pus JejnaseA ‘49 A ‘ewo02esoiqy paresalaade A|pidel vy ‘aseury-g apnisoutoydsoyd “Meld 10198} yimolb pantiap-1a1areld ‘49ad (T-uteloid yresp
1192 pawwrelBold ‘T-ad ‘apixo duu ‘ON ‘utdAwedel Jo 18b1e) onSIURYIAW ‘YO LW ‘@seuy ulsold pareAnde-uaboniw ‘MIIA ‘T eIWSNN3| [[32-PIOJBAW “T-TDIA IN0X0UY ‘O dodgiyul aseury ‘1> Bnip
apiwi Aloje[npowounwiwl ‘QiiAll ‘g-unjnajaiul ‘g-11 ‘9 ulngojfounwiwi ‘9B ‘io)giyur uiodxayd sunwuwi ‘|Q] 83A20AWo1pIed paALap—i[92 wals Jualodinid pasnpul uewny ‘ND-DSdIY {10198} 8]qIdnpul
-e1xodAy ‘41H ‘g 101dadal Jo1oey Yimouh feuspids uewny ‘zd3H ‘g auaboouo a1se|qoiyifie ‘zgau3 f1oxdadal 101oe) yimolb jewuspids ‘Y493 iy utslosd paje1dosse-a1AdoydwA|-1 91X0103A9 ‘Y- 11D

‘aseuny Juapuadap-uljoAd ‘o ‘101dadal uabiue oLIBWIYD ‘YWD ‘aseuly auIsolA) uoinig ‘M1 g ‘eusboouooloid uosjage-uoibal Jaisn|o Julodyealq ‘1gv-d049 ‘eseury ewoydwiAf ansedeur saredipul v

qewouwnieulg
:salpoqnue Jabebus [199-1 d1y109dsig
]aonajoine ausbeigeanxaig
189najos|uabesi |
199n3]0[19 auafelqeIxXy
‘Adesay 1180-L ¥V
gqewnfeaing
S1S019]250J3U1Y qewn|any
3WOIPUAS asea|al auIx01AD qewnz1|0zaly
20]q Meay eIWyIAyLIRApRIg T1Ad-nuy
elwiyAysreAyoel qewndiwad
sisoquioly | gewnzijoiquiad 02dd
ea| Je|naseA gewn|oAIN 25a2
SIHINISBA T-ad-huy (¢
,eWNIpIeI0AW uoIsnyya [elnald gewnwijawall ‘Ba) sauIx01A asop-ybiH
ojul uoire.jyur abeydoloew pue [190-1 snIpJesLad qewnuwijid] s1abebus |189-1
uoneAnae |[8d-L AyredoAwoipied -V1LO-uyY suabnue ai419ads-193ue)
ggSIpognUeoINE OB (4-1-ad '--¥V110) N SIpIesoAN Sfe]] sjulodx28yd aunwiwj
saldelayy sunwiw|
aplwopljewod
aplwoplfeusa
(uonennoe 1aa1e1d S]199 Wials J1UOAIquId UBWNH aplwopleyL
‘4MA) s1019e} onnoquioiyiold Jo uoneinfaidn sjuspoy SJUBAS D110GLLIOIY) [e1I1Ie pUB SNOUSA SAINI
AyredoAwolipse)
quuozjire) qluozex|
sa1Ao0AwoIpJed Alewlid uoisuauadAH qiuioz|ipe)
Janou.ny uisjodd [eIpedoAN uapoy SJUBAS JBNISBA glwozauog aWoses}oid
uonepelbap uiglosd Bunodaye sbnig
B1i07]
qiuiebug
qIunos|v
quunued
pauysp 10N 1u3poy elpreoApeig qiunozud MV
sAemyied pasodoid S|apow [esiuljdald A1191x01 parioday sjuaby (s)19b.e3 |R2160J0OUO

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Circ Res. Author manuscript; available in PMC 2021 September 07.



	Abstract
	PRECLINICAL MODELS TO STUDY CARDIOVASCULAR TOXICITY
	Cultured Cell Models
	Organoid Systems
	In Vivo Models

	BALANCING CARDIOPROTECTION WITH ANTITUMOR EFFICACY
	BASIC MECHANISMS OF CARDIOVASCULAR TOXICITY ASSOCIATED WITH COMMON CANCER THERAPIES
	Anthracyclines
	Kinase Inhibitors
	Immune-Based Therapies
	Chest Radiation

	FUTURE DIRECTIONS
	Shared Risk Factors for Cancer and Cardiovascular Disease
	Translation to the Clinic
	Cardio-Oncology as an Emerging Platform for Physician-Scientists

	AppendixWriting Group DisclosuresWriting group memberEmploymentResearch grantOther research supportSpeakers’ bureau/honorariaExpert witnessOwnership interestConsultant/advisory boardOtherAarti AsnaniǂBeth Israel Deaconess Medical Center and Harvard Medical School Cardiovascular InstituteNIH/NHLBI K08HL145019†; R21HL148748†NoneNoneNoneNoneCytokinetics*NoneJavid J. MoslehiVanderbilt University Medical CenterNIH/NHLBI R01HL141466†; R01HL155990†; R01HL156021 †NoneNoneNoneNoneAmgen*; AstraZeneca*; Audentes Pharmaceuticals*; Boehringer*; Boston Biomedical*; Bristol-Myers Squibb†; Cytokinetics*; Deciphera*; GlaxoSmithKline*; GSK*; ImmunoCore*; Janssen*; Myovant*; Nektar*; Pfizer* Pharmacyclics*; Regeneron*; Takeda*NoneBishow B. AdhikariNational Institutes of Health, NHLBINoneNoneNoneNoneNoneNoneNoneAlan H. BaikUniversity of California, San FranciscoNoneNoneNoneNoneNoneNoneNoneAndreas M. BeyerMedical College of WisconsinNIH (R01 level funding to support ongoing research laboratory)†; Bayer Pharmaceutical (contract to test efficacy of new drug in human source material, no personal gain or salary support)*; other academic investigators (reagents, tools, and compounds for research use)*NoneNoneNoneNoneNoneNoneRudolf A. de BoerUniversity Medical Center Groningen (The Netherlands)DELIVER study (dapagliflozin in HFpEF) (executive board member [unpaid])*; MONITOR HF study (PA pressure monitoring in severe heart failure) (co-PI [unpaid])*; European Research Council, CoG 818715 (unpaid)*NoneNoneNoneNoneNoneNoneAlessandra GhigoUniversity of Torino (Italy)NoneNoneNoneNoneNoneNoneNoneIsabella M. GrumbachUniversity of IowaNIH (research grant to study vascular toxicity)†NoneNoneNoneNoneNoneNoneSalvia JainBeth Israel Deaconess Medical CenterAbcuro, Inc. (research funding was obtained from company)†; NCI (K08 Career Development Grant was obtained)†NoneNoneNoneNoneNoneAbcuro, Inc. (0.2% salary support is being provided by Abcuro)*; NCI (K02 Career Development Grant)†Han ZhuStanford UniversityNoneNoneNoneNoneNoneNoneNoneThis table represents the relationships of writing group members that may be perceived as actual or reasonably perceived conflicts of interest as reported on the Disclosure Questionnaire, which all members of the writing group are required to complete and submit. A relationship is considered to be “significant” if (a) the person receives $10 000 or more during any 12-month period, or 5% or more of the person’s gross income; or (b) the person owns 5% or more of the voting stock or share of the entity or owns $10 000 or more of the fair market value of the entity A relationship is considered to be “modest” if it is less than “significant” under the preceding definition.*Modest.†Significant.ǂDr. Asnani took on a Consulting position at Cytokinetics after acceptance of this manuscript and with the approval of the AHA. Since then, she has not made any edits to the manuscript other than responses to author queries.Reviewer Disclosures
ReviewerEmploymentResearch grantOther research supportSpeakers’ bureau/honorariaExpert witnessOwnership interestConsultant/advisory boardOtherCharlotte LeeMassachusetts General Hospital, Harvard Medical SchoolNoneNoneNoneNoneNoneNoneNoneChristopher J. O’DonnellVA Boston Healthcare SystemNoneNoneNoneNoneNoneNoneNoneRupal O’QuinnUniversity of PennsylvaniaNoneNoneNoneNoneNoneNoneNoneHeinrich TaegtmeyerUniversity of Texas Health Science Center at HoustonNoneNoneNoneNoneNoneNoneNoneSean M. WuStanford University School of MedicineSanofi (research project on immune checkpoint inhibitor myocarditis)†NoneNoneNoneNoneNoneNoneThis table represents the relationships of reviewers that may be perceived as actual or reasonably perceived conflicts of interest as reported on the Disclosure Questionnaire, which all reviewers are required to complete and submit. A relationship is considered to be “significant” if (a) the person receives $10 000 or more during any 12-month period, or 5% or more of the person’s gross income; or (b) the person owns 5% or more of the voting stock or share of the entity, or owns $10 000 or more of the fair market value of the entity. A relationship is considered to be “modest” if it is less than “significant” under the preceding definition.†Significant.
	Table T4
	Table T5
	References
	Figure.
	Table 1.
	Table 2.
	Table 3.

