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Abstract: The evolution of cancer treatment and development of new classes of anticancer therapies have contin-
ued to revolutionize the field of oncology. New therapies including targeted agents, immunotherapies, and adoptive
cell transfer have allowed for exciting survival benefit progress for patients. However, the novel nature of these
therapies as well as the longer survival periods of patients receiving them has highlighted the various side effects
of anticancer therapies. Cardiotoxicity has emerged as a major side effect of anticancer treatment and can present
both acutely during treatment and chronically even years after treatment has been completed. This work compiles
the cardiotoxic side effects of various chemotherapeutic and targeted anticancer therapies and their management.
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Introduction

As our understanding of cancer biology has
advanced, there has been an explosion in the
number of new cancer therapeutics available
to clinicians to tailor treatments for patients
based on a wide variety of factors. Especially
exciting in the field is the development of new
categories of novel, targeted therapies that
have emerged from our greater understanding
of the unique molecular features of cancer. This
expansion of knowledge and therapeutic strat-
egies had led to exciting progress in prolonged
patient survival, but these survival advances
have also highlighted the adverse effects that
come with anticancer therapy, one of the most
common being cardiotoxicity [1]. Cardiotoxicity
can be defined in a variety of ways including
diminished left ventricular ejection fraction
(LVEF), damage to cardiac cells and structure,
conduction abnormalities, vascular abnormali-
ties, as well as other adverse effects that per-
turb normal cardiac function [2]. Groups such
as the National Cancer Institute (NCI) have
defined grading schemes for cardiotoxicity. The
NCI defines grade | as asymptomatic biomarker
elevation or imaging abnormalities, grade II/Ill
as cardiac symptoms that present with mild to
moderate exertion, grade IV as severe symp-

toms needing supportive care, and grade V as
death due to cardiotoxicity [3]. Cancer therapy
related cardiotoxicity has the potential to exhib-
it permanent adverse effects in patients, so cli-
nicians must remain vigilant for early signs of
diminished cardiac function, especially in
patients receiving therapies that have estab-
lished cardiotoxic profiles. With the rapid
advancement of new therapies, it is essential to
maintain an understanding of the adverse car-
diac effects of new classes of anticancer drugs.
Further work establishing the molecular and
physiologic basis of anticancer therapy induced
cardiotoxicity will allow for better tailored treat-
ment to the unique mechanisms of each thera-
py’s cardiotoxicity profile.

One of the hallmarks of cardiotoxic cancer ther-
apies is direct damage to cardiomyocytes. One
well established class of cardiotoxic chemo-
therapeutics, the anthracyclines, cause cardio-
toxicity via topoisomerase Il inhibition, subse-
quent cardiomyocyte DNA damage, and even-
tual cell death resulting in heart failure (HF) and
other adverse effects [4]. Another recently
developed class of therapies, immune check-
point inhibitors, also cause cardiomyocyte dam-
age, albeit through a very different mechanism
of direct cell mediated damage by disinhibited
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immune cells [5]. Additional cardiotoxicities are
the result of more peripheral effects that can
manifest in the heart such as hypertension,
atherosclerosis, and ischemic events exempli-
fied by VEGF-inhibitor induced nitric oxide sig-
naling dysfunction and endothelial cell dysfunc-
tion [6]. Early identification of cardiotoxicity is
essential for the discontinuation of the offend-
ing agent or initiation of proper therapies to pre-
vent permanent cardiac damage.

Tables 1 and 2 provide a compilation of the car-
diotoxicity and corresponding management for
two general classes of anticancer therapies:
broad spectrum chemotherapy and targeted
agents. Broad spectrum chemotherapy agents
that cause cardiotoxicity includes classes of
agents such as anthracyclines and antitumor
antibiotics, alkylating agents, antimetabolites,
platinum-based agents, and antimicrotubular
agents. Targeted agents include HER-2 inhibi-
tors such as trastuzumab, immune checkpoint
inhibitors, small molecule inhibitors, and other
therapies such as CAR-T cells, all of which have
associated cardiotoxicities and corresponding
management guidelines.

Epidemiology of anticancer therapy cardiotox-
icity

Understanding the risk of cardiotoxicity allows
clinicians to better prepare for potential
adverse effects related to anticancer therapy,
however, clinicians must remain vigilant for
signs of cardiotoxicity even in patients receiv-
ing therapies that have low rates of cardiotoxic-
ity. The frequency of anticancer therapy cardio-
toxicity varies widely between drugs and class-
es of therapies. The rate of anthracycline
induced HF ranges between 0.2-8.7% with risk
increasing as the cumulative anthracycline
dose in a patient increases [7]. This increased
HF risk from anthracycline therapy continues in
patients monitored for over 10 years after
treatment [7, 8]. The rate of HF in patients
treated with trastuzumab is up to 3.8% while
other chemotherapies including alkylating
agents and anti-microtubular agents have car-
diotoxicity rates between 7-28% for cyclophos-
phamide and 2.3-8% for docetaxel [8]. The
introduction of targeted agents, especial VEGF
inhibitors and tyrosine kinase inhibitors (TKIs)
has introduced additional cardiotoxicity risk in
cancer patients. Risk of cardiotoxicity in
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patients receiving VEGF inhibitors is 7.4%
for hypertension, 1.8% for thromboembolism,
1.7% for cardiac ischemia, and 2.3% for gener-
al cardiac dysfunction [9]. Additionally, immune
checkpoint inhibitor (ICl) and CAR-T cell thera-
pies carry a lower cardiotoxicity rate of about
1-2%, but the risk of fatal adverse events due to
these therapies remains [5].

Monitoring for cardiotoxicity

As there is a wide variety of cardiotoxic effects
for many different anticancer therapies, proper
screening and risk assessment is essential in
patients initiating treatment with a therapy
that presents a cardiotoxicity risk. Traditionally,
2D-echocardiography (echo) has been used to
establish baseline values for left ventricular
ejection fraction (LVEF) which can then be mon-
itored to detect cardiotoxicity manifesting as
reduced LVEF [10]. While cost effective and
widely accessible, echo presents issues such
as measurement variability and low sensitivity
for subclinical damage. Cases have been
reported in patients treated with TKIs who
experienced cardiotoxic events without early
detection by echo [11]. As a result of this
diminished sensitivity, newer imagining modali-
ties for detecting cardiotoxicity are being us-
ed such as 3D-echocardiography and cardio-
vascular magnetic resonance (CMR) imaging
[12]. CMR imaging provides a highly accurate,
reproducible evaluation of LVEF in patients and
also provides further information such as left
ventricle mass, myocardium fibrosis, and isch-
emia [12, 13]. Additionally, study of CMR imag-
ing in a pig animal model demonstrated that
CMR could detect subclinical myocardial dam-
age indicative of doxorubicin induced cardiotox-
icity before LVEF was affected. This monitoring
strategy allowed for earlier intervention to pre-
vent irreversible cardiotoxicity from occurring
[13]. Additionally, patients should receive a
baseline electrocardiogram (ECG) to evaluate
risk of cardiac arrythmias.

Other strategies to monitor patients for cardio-
toxicity and predict cardiotoxicity risk are also
being studies including cardiac biomarkers and
personalized genetic screening panels. Due to
drawbacks associated with serial cardiac imag-
ing studies, there has been increased interest
in the use of cardiac biomarkers such as tropo-
nins, NTproBNP, and myeloperoxidase for moni-
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Table 1. List of chemotherapy agents which cause cardiotoxicity

Cardiotoxic Effect

Management

Ref

Serial No Agent
Anthracyclines and Antitumor Antibiotics
1. Doxorubicin

2. Daunorubicin

3. Mitoxantrone

4. Epirubicin

5. Mitoxantrone

6. Bleomycin

7 Mitomycin C
Alkylating agents

1. Cyclophosphamide
2. Ifosfamide

3. Bleomycin

4. Melphalan

Platinum based agents

1. Cisplatin

Antimetabolites

1. 5-fluorouracil
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LV dysfunction/HF/Arrhythmias

LV dysfunction/HF/Arrhythmias

LV dysfunction/HF/Arrhythmias

LV dysfunction/HF/Arrhythmias

Arrhythmia/HF

Pericarditis/CAD/Atherosclerosis

HF

Cardiac Tamponade/Arrhythmias/HF

Similar to Cyclophosphamide
Myocardial Ischemia

Acute cardiomyopathy

HTN/CAD/Thromboembolic Events/Angina/HF/Arrythmias

Angina/MI/Arrhythmias/Cardiomyopathy/HF

¢ General-Dexrazoxane

* LV dysfunction-D/C agent, ACEI, and B-blocker

* HF-D/C agent, ACEI (enalapril), and B-blocker (Carvedilol)
 Arrhythmias-antiarrhythmics

¢ General-Dexrazoxane

» LV dysfunction-D/C agent, ACEI, and B-blocker

¢ HF-D/C agent, ACEI (enalapril), and B-blocker (Carvedilol)
* Arrhythmias-antiarrhythmics

¢ General-Dexrazoxane

¢ LV dysfunction-D/C agent, ACEI, and B-blocker

* HF-D/C agent, ACEI (enalapril), and B-blocker (Carvedilol)
¢ Arrhythmias-antiarrhythmics

* General-Dexrazoxane

* LV dysfunction-D/C agent, ACEI, and B-blocker

* HF-D/C agent, ACEI (enalapril), and B-blocker (Carvedilol)
* Arrhythmias-antiarrhythmics

* Arrhythmias-antiarrhythmics

¢ HF-D/C agent, ACEI, and B-blocker

* Pericarditis-NSAIDs, colchicine; prednisone if severe

* CAD-statin, ADP receptor inhibitor, nitrate, B-blocker

* Atherosclerosis-statins

* HF-D/C agent, ACEI, and B-blocker

» Cardiac Tamponade-pericardiocentesis, dobutamine
 Arrhythmias-antiarrhythmics
* HF-D/C agent, ACEI, and B-blocker

* Myocardial ischemia-anticoagulation, aspirin, ADP receptor inhibitor

» Acute cardiomyopathy-D/C agent, ACEIl, B-blocker, cardiac glycoside

¢ HTN-ACEI and Ca?* channel blocker (CCB)

* CAD-statin, ADP receptor inhibitor, nitrate, B-blocker

* Thromboembolic Events-LMWH, edoxaban, or rivaroxaban
* HF-D/C agent, ACEI, and B-blocker

* Angina-aspirin, ADP receptor inhibitor, nitrate, 3-blocker

¢ Arrythmias-antiarrhythmics

* General-D/C agent
* Angina-aspirin, ADP receptor inhibitor, nitrate, B-blocker
* MI-PCl or IV thrombolytics as per AHA guidelines

* Arrhythmia-if acute and pt unstable: cardioversion or defibrillation; Long term

treatment with antiarrhythmics
» Cardiomyopathy-aspirin, statin, B-blocker
* HF-ACEI and B-blocker

[4, 10, 19, 21, 30]

[4, 10, 19, 21, 30]

14, 10, 19, 21, 30]

[4, 10, 19, 21, 30]

[25]

[25, 54]

[25]

[10, 25, 27]

[10, 25]
[10, 56]
[43]

[2, 10, 25, 54, 56]

[2, 25, 30, 31, 35]
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2. Capecitabine Similar to 5-FU [2, 25, 31]
Antimicrotubular Agents
1. Paclitaxel Arrhythmia/Heart Block/HF/HTN  Arrhythmias-antiarrhythmics [2, 10, 30, 54]

* Heart Block-monitoring; potential pacemaker placement
* HF-D/C agent, ACEI, and B-blocker
* HTN-ACEI and CCB

2. Docetaxel Arrhythmia/Heart Block/HF  Arrhythmias-antiarrhythmics [2, 10, 25, 30]
* Heart Block-monitoring; potential pacemaker placement
* HF-D/C agent, ACEI, and B-blocker

3. Vinblastine Angina/MI * Angina-aspirin, ADP receptor inhibitor, nitrate, B-blocker [10, 56]
* MI-PCl or IV thrombolytics as per AHA guidelines

Table 2. List of targeted agents that cause cardiotoxicity

Serial No Agent Cardiotoxic Effect Management Reference
HER-2 Inhibitors
1. Trastuzumab LV Dysfunction/HF/HTN/Arrythmias * LV Dysfunction-D/C agent, ACEI, and -blocker [2,42,43, 54]

* HF-D/C agent, ACEI, and B-blocker
* HTN-ACEI and CCB
¢ Arrhythmias-antiarrhythmics

2. Pertuzumab LV Dysfunction » LV Dysfunction-D/C agent, ACEI, and B-blocker [42, 54]
Checkpoint Inhibitors
1. Nivolumab Myocarditis/Pericarditis/HF/Ventricular Arrhythmia * Myocarditis-D/C agent, steroids [5, 43, 48, 55]

* Pericarditis-D/C agent, pericardiocentesis
* HF-D/C agent, ACEI, and B-blocker
« Ventricular arrythmia-D/C agent, B-blocker; emergency defibrillation
2. Ipilimumab Myocarditis/Pericarditis/HF * Myocarditis-D/C agent, steroids [5, 43, 48, 55]
* Pericarditis-D/C agent, pericardiocentesis
* HF-D/C agent, ACEI, and B-blocker

3. Pembrolizumab Myocarditis/HF * Myocarditis-D/C agent, steroids [5, 43, 55]
* HF-D/C agent, ACEI, and B-blocker
Atezolizumab Mi * MI-D/C agent, PCI or IV thrombolytics as per AHA guidelines [5, 56]
Avelumab Myocarditis/HF/Ventricular arrythmia * Myocarditis-D/C agent, steroids [5, 55]

* HF-D/C agent, ACEI, and B-blocker
* Ventricular arrythmia-D/C agent, B-blocker; emergency defibrillation

6. Durvalumab Myocarditis/HF/Ventricular arrythmia * Myocarditis-D/C agent, steroids [5, 55]
* HF-D/C agent, ACEI, and B-blocker
* Ventricular arrythmia-D/C agent, B-blocker; emergency defibrillation

Small molecule TKIs and VEGF-inhibitors

1. Sunitinib HF/HTN/Thromboembolic events ¢ HF-D/C agent, ACEI, and B-blocker [2, 30, 54, 56]
* HTN-ACEI and CCB
* Thromboembolic Events-LMWH, edoxaban, or rivaroxaban

2. Sorafenib HTN/Thromboembolic events/LV dysfunction * HTN-ACEI and CCB [60, 79]
* Thromboembolic Events-LMWH, edoxaban, or rivaroxaban
¢ LV dysfunction-D/C agent, ACEI, and B-blocker
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3. Regorafenib
4. Bevacizumab
5. Imatinib
6. Dasatinib
7. Erlotinib
8. Nilotinib
9. Ponatinib
10. Lapatinib
11. Dabrafenib
12. Trametinib
13. Vemurafenib

Proteasome Inhibitors

1. Bortezomib
2. Carfilzomib
3. Ixazomib

Other Targeted Agents and Immunomodulators

1. CAR-T therapy
2 IL-2
1136
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HTN/Myocardial Ischemia

HTN/HF/Thromboembolic events

Thromboembolic events/HTN/HF

Thromboembolic events/HTN/HF

Thromboembolic events/HTN

Thromboembolic events/HTN/HF/Arrhythmias

HTN/HF/Thromboembolic Events

HF/HTN/Arrhythmias

Arrythmia
HF
HF

HF/Arrhythmias/HTN/MI

HF/Arrhythmias/Cardiomyopathy/HTN

HF

Arrhythmia/LV dysfunction/Hypotension/HF

Hypotension/Tachycardia/MI

HTN-ACEI and CCB

Myocardial ischemia-anticoagulation, aspirin, ADP receptor inhibitor

HTN-ACEI and CCB
HF-D/C agent, ACEl and B-blocker

Thromboembolic Events-LMWH, edoxaban, or rivaroxaban

Thromboembolic Events-LMWH, edoxaban, or rivaroxaban

HTN-ACEI and CCB
HF-D/C agent, ACEIl and B-blocker

Thromboembolic Events-LMWH, edoxaban, or rivaroxaban

HTN-ACEI and CCB
HF-D/C agent, ACEIl and B-blocker

Thromboembolic Events-LMWH, edoxaban, or rivaroxaban

HTN-ACEI and CCB

Thromboembolic Events-LMWH, edoxaban, or rivaroxaban

HTN-ACEI and CCB
HF-D/C agent, ACEI, and B-blocker
Arrhythmias-antiarrhythmics

Thromboembolic Events-LMWH, edoxaban, or rivaroxaban

HTN-ACEI and CCB

HF-D/C agent, ACEI, and B-blocker
HF-D/C agent, ACEI, and B-blocker
HTN-ACEI and CCB
Arrhythmias-antiarrhythmics
Arrhythmias-antiarrhythmics
HF-D/C agent, ACEI, and B-blocker
HF-D/C agent, ACEI, and B-blocker

HF-D/C agent, ACEI, and B-blocker
Arrhythmias-antiarrhythmics

HTN-ACEI and CCB

MI-PCI or IV thrombolytics as per AHA guidelines

HF-D/C agent, ACEI, and B-blocker
Arrhythmias-antiarrhythmics
Cardiomyopathy-aspirin, statin, 3-blocker
HTN-ACEI and CCB

HF-D/C agent, ACEI, and B-blocker

General-Tocilizumab, steroids if refractory
Arrhythmias-antiarrhythmics

LV dysfunction-ACEl and B-blocker
Hypotension-fluid replacement, vasopressors
HF-ACEI and B-blocker

Hypotension-D/C agent, fluid replacement, vasopressors

Tachycardia-similar to hypotension
MI-PCI or IV thrombolytics as per AHA guidelines

(58]

[2, 10, 54, 56]

[10, 30, 54, 56]

[10, 30, 54, 56]

[30, 54, 56]

[10, 30, 54, 56]

[6, 10, 54, 56]

[10, 54]

[56]
(56, 61]
[62]

12, 10, 66]

[2, 10, 67]

[68]

[6, 75, 78, 80]

[30, 81]
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3. Interferon Ml/Tachyarrhythmia/HF * MI-PCI or IV thrombolytics as per AHA guidelines [10]
» Tachyarrhythmia-antiarrhythmic
* HF-D/C agent, ACEI, and B-blocker
4. Thalidomide Thromboembolism/MI/HF/Cardiogenic shock * Thromboembolism-LMWH, edoxaban, or rivaroxaban [10, 56]
* MI-PClI or IV thrombolytics as per AHA guidelines
* HF-D/C agent, ACEI, and B-blocker
» Cardiogenic shock-D/C agent, dobutamine, norepinephrine

4. Lenalidomide Similar to Thalidomide
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toring of cardiotoxicity and detection of subclin-
ical damage that would not be detected with
LVEF evaluation [14, 15]. Different biomarkers
can be used to screen for various manifesta-
tions of cardiotoxicity such as troponins for
therapy induced acute coronary syndrome
(ACS) and checkpoint inhibitor induced myocar-
ditis, D-dimers for evaluation of thromboem-
bolic events, and BNP/NT-proBNP for HF [16].
Recently, groups have begun to perform
genome-wide association studies and candi-
date gene analysis to identify genetic risk fac-
tors in patients who experience cardiotoxicity
[17, 18]. Interestingly, single-nucleotide-poly-
morphisms in ATP-binding-cassette trans-
porter genes that play a role in transmembrane
doxorubicin transport and carbonyl-reductase
genes that catalyze metabolism of damaging
aldehydes and ketones were found to be asso-
ciated with increased cardiotoxicity risk, sug-
gesting that genetic factors do indeed contrib-
ute to increased cardiotoxicity susceptibility
[17]. As of now, the best approach for cardiotox-
icity monitoring in patients should employ a
variety of modalities to ensure that toxicities
are detected early to ensure that proper man-
agement is initiated to prevent irreversible car-
diac damage.

Cardiotoxicity of broad-spectrum chemothera-
py classes

Anthracyclines and antitumor antibiotics

Anthracyclines are some of the most cardiotox-
ic and widely used chemotherapeutic agents
with use in the treatment of a variety of malig-
nancies including lymphomas, leukemias,
breast cancer, and sarcomas. The cardiotoxic
effects of anthracyclines include LVEF dys-
function that can progress to HF as well as
cardiac arrythmias [4, 7, 19]. Anthracycline-
induced cardiotoxicity is due to a variety of
mechanisms including the generation of reac-
tive oxygen species (ROS) in cardiomyocytes,
pathological changes in the metabolism of
iron, and the inhibition of topoisomerase IIf.
Topoisomerase I inhibition results in cardio-
myocyte mitochondrial dysfunction, ROS for-
mation, and activation of apoptosis pathways
and is thought to be the primary mechanism of
anthracycline induced cardiotoxicity [20]. As
previously mentioned, anthracyclines carry a
cardiotoxicity risk of up to 8.7% and the risk of
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toxicity increases exponentially as the cumula-
tive received dose in a patient increases [7, 8].

Due to the well characterized cardiotoxicity pro-
file of anthracyclines, there has been great
interest and study into strategies to detect and
manage anthracycline induced cardiotoxicity.
While monitoring for is essential, study of phar-
macologic management of anthracycline car-
diotoxicity, especially HF, has determined that
treatment with carvedilol (B-blocker) and enala-
pril (ACE-inhibitor) is most effective [10, 21].
Dexrazoxane administration presents another
strategy to prevent anthracycline induced car-
diotoxicity via iron chelation and reduced ROS
production and it was found that dexrazoxane
administration increases the anthracycline
dose that can be given in pediatric patients
before the risk of cardiotoxicity increases expo-
nentially [22]. However, dexrazoxane does
potentially diminish the antineoplastic activity
of anthracyclines when co-administered [23].
Currently, dexrazoxane is recommended when
high anthracycline doses are planned on being
administered to a patient [24]. Looking toward
the future, characterization of genetic risk fac-
tors for anthracycline-induced cardiotoxicity
could allow clinicians to screen patients for
their risk level. For example, candidate gene
analysis has identified alleles that are associ-
ated with increased risk of anthracycline-
induced cardiotoxicity, showing how future
study could form genotyping panels to stratify
patients into cardiotoxicity risk groups [17].
Continued development of personalized genet-
ic screening panels for anthracycline induced
cardiotoxicity risk could allow for stratification
of patients and tailored treatment plans based
on their risk profile.

Alkylating agents

Alkylating agents cause a variety of cardiotox-
icities with the nitrogen mustards, cyclophos-
phamide and ifosfamide, exhibiting the most
diverse profile of toxicities ranging from car-
diac arrhythmias, tamponade, and HF [25].
Cyclophosphamide induced cardiotoxicity oc-
curs primarily through its metabolism to acro-
lein, which then causes cardiomyocyte inflam-
mation, ROS formation, and reduced endothe-
lial nitric oxide synthase activity and produc-
tion. Additionally, acrolein causes caspase acti-
vation and subsequent apoptosis in cardiomyo-
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cytes as well as calcium overload resulting in
HF [26]. Clinicians must be vigilant for cyclo-
phosphamide-induced cardiotoxicity with a
recent case report of toxicity in a bone marrow
transplant patient who experienced acute, fatal
HF after cyclophosphamide treatment without
any previous signs of cardiac dysfunction via
imaging or biomarker screening [27]. Treatment
for cyclophosphamide and alkylating agent
induced cardiotoxicity generally follows estab-
lished treatments such as antiarrhythmics for
arrhythmias, dobutamine and pericardiocente-
sis for tamponade, and ACE-inhibitors and
B-blockers for HF [10].

Platinum based agents

Cisplatin induced cardiotoxicity has been
reported in a variety of cases with toxicity rang-
ing from hypertension and coronary artery dis-
ease (CAD) to arrhythmias and HF [2, 25]. The
mechanism for cisplatin-induced cardiotoxicity
includes direct toxicity to cardiomyocytes and
ROS production that results in inflammation
and thrombus formation [25]. One example of
cisplatin-induced cardiotoxicity involves a case
of a patient who received cisplatin and experi-
enced angina with LVEF decline without an
increase in cardiac biomarkers, highlighting
the need for a wide variety of monitoring tests
to detect cisplatin cardiotoxicity. The patient’s
cardiac function improved after discontinua-
tion of cisplatin administration [28]. Another
recent example of cisplatin induced cardiotox-
icity involves a case of a patient who received
cisplatin and then suffered from multiple myo-
cardial infarctions secondary to acute throm-
botic events potentially due to cisplatin admin-
istration. The first Ml occurred during therapy
administration while the second occurred ten
months after chemotherapy, indicating that
patients must be monitored for long term car-
diotoxicity [29]. Treatments for cisplatin
induced cardiotoxicity typically follows accept-
ed guidelines for the specific cardiac disease
as shown in Table 1.

Antimetabolite agents

Within the antimetabolite class of chemoth-
erapeutic agents, 5-florouracil (5-FU) and
capecitabine, a prodrug that is metabolized to
5-FU, are the most cardiotoxic. As they both
share a metabolic pathway, administration of
the two drugs can result in similar cardiotoxic
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effects. 5-FU (and capecitabine) induced car-
diotoxicity includes angina, ventricular tachy-
cardia, MI, cardiomyopathy, and HF [2, 30, 31].
5-FU induced cardiotoxicity results from multi-
ple mechanisms including coronary artery
effects and direct effects on cardiomyocytes.
5-FU and its metabolites can cause oxidative
stress in coronary artery vascular smooth mus-
cle resulting in vasospasm and thrombosis,
and they also can induce direct damage of car-
diomyocytes via disruption of mitochondrial
function and activation of apoptosis [31]. All
these effects can be seen after administration
of the first dose of 5-FU. Switching to a bolus
dose from a continuous infusion regimen has
been shown to mitigate the vaso-spastic eff-
ects of 5-FU. Many case reports describe the
wide variety of cardiotoxicities that can occur
in patients receiving 5-FU including cases
describing angina secondary to coronary vaso-
spasm, atrial fibrillation, and acute cardiomy-
opathy [32-34]. In each of the cases, clinicians
were able to successfully treat the cardiotoxici-
ty with discontinuation of 5-FU, and subse-
quent treatment for the individual cardiac con-
ditions following established protocols. Another
case in the literature describes a patient who
experienced acute Takotsubo cardiomyopathy
4 days after starting capecitabine, highlighting
how capecitabine’s metabolism into 5-FU re-
sults in similar cardiotoxicities with each drug
[35]. As with the other cases mentioned, the
patient recovered with discontinuation of the
capecitabine and treatment for the Takotsubo
cardiomyopathy with a statin, aspirin, and
B-blocker. Pre-treatment with isosorbide mono-
nitrate and post-treatment with nifedipine has
also been recommended to alleviate cardiotox-
icity. Other cardiotoxicities of 5-FU and
capecitabine and their treatments are included
in Table 1.

Antimicrotubular agents

While antimicrotubular agents such as the tax-
anes cause cardiotoxicities that include heart
block, hypertension, arrythmias, and CHF,
recent study of taxane cardiotoxicity has
explored if they exacerbate toxicity of other che-
motherapy drugs such as anthracyclines or
trastuzumab [2, 30]. The mechanism of
taxane-induced cardiotoxicity is not well char-
acterized, but studies suggest that it may be
due to disruption of the cardiac Purkinje fiber
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system or disruption of autonomic control of
the cardiac electrical circuit [25]. The additive
cardiotoxicity risk between taxanes, anthracy-
clines, and trastuzumab has been of interest
due to the well characterized cardiotoxicity of
anthracyclines and trastuzumab and their con-
comitant use in chemotherapy regimens. Meta-
analysis of toxicities in patients treated with
anthracyclines alone vs. anthracycline and tax-
ane therapy found that patients treated with
anthracyclines alone had a higher rate of car-
diotoxicity vs. patients treated with combina-
tion therapy [36]. Additional study of paclitaxel
administered in a chemotherapy regimen with
Trastuzumab and Pertuzumab found that the
combination therapy did not pose a higher car-
diotoxicity risk while improving survival out-
comes [37]. More recently, study of combina-
tion therapy of Pertuzumab, trastuzumab, tax-
ane, and then either ddAC (dose denset adria-
mycin plus cyclophosphamide) or FEC (5-FU,
Epirubicin, cyclophosphamide) found no signifi-
cant cardiotoxicity differences between the two
treatment groups [38]. Overall, taxanes carry a
low but still significant cardiotoxicity risk that
clinicians must monitor for, especially when
administered in addition to other more cardio-
toxic drugs. Treatment for taxane related car-
diotoxicity follows established guidelines for
the individual toxicity as outlined in Table 1.

Cardiotoxicity of targeted agents
HER-2 inhibitors

HER-2 or human epidermal growth factor
receptor 2 is an oncogene whose pathologic
amplification is used as a major classifier in
breast cancer for individualizing treatment for
patients [39]. Amplification of HER-2 results in
over-activation of cellular growth, proliferation,
and cell survival via the PI3K-AKT-mTOR-RAS-
MAPK signaling pathway [30]. The develop-
ment of targeted therapies that inhibit HER-2,
such as trastuzumab, have greatly improved
the prognosis of HER-2 positive breast cancer
[40]. More recent work is also exploring wheth-
er HER-2 inhibitors improve survival in other
HER-2 positive tumors such as colorectal can-
cer, gallbladder carcinoma, non-small cell lung
cancer, and bladder cancer [41]. While anti-
HER-2 therapies such as trastuzumab have
improved outcomes in HER-2 positive breast
cancer, they also have considerable cardiotox-
icities including LV dysfunction with reduced

1140

LVEF, cardiac arrhythmias, HTN, and HF [42,
43].

Blockage of HER-2 signaling by trastuzumab in
cardiomyocytes results in ROS production, dis-
ruption of mitochondrial function, and induc-
tion of pro-apoptotic signaling ultimately mani-
festing clinically as HER-2-inhibitor induced
cardiotoxicity [44, 45]. Trastuzumab induced
cardiotoxicity is well characterized and a meta-
analysis of over 29,000 female patients treat-
ed with trastuzumab found that about 3% of
patients experienced severe cardiotoxicity due
to trastuzumab administration [46]. More
recent study has focused on the management
and prevention of trastuzumab induced car-
diotoxicity. In a randomized, double-blinded,
placebo-controlled trial comparing preventa-
tive lisinopril vs carvedilol vs placebo, Guglin et
al found that there was no statistically signifi-
cant difference in cardiotoxicity rates between
all three prevention groups in patients receiv-
ing trastuzumab alone. In patients treated with
trastuzumab with an anthracycline, Guglin et al
found that preventative administration of lisino-
pril or carvedilol each resulted in lower cardio-
toxicity rates compared with placebo [47]. The
results of this study highlight how the cardiotox-
icity of individual drugs within a cancer treat-
ment regimen can be managed successfully as
well as the need for more prospective studies
to develop preventative treatment strategies
for trastuzumab induced cardiotoxicity so that
treatment can be proactive instead of reactive
to adverse events.

Immune checkpoint inhibitors

One of the most exciting new advances in anti-
cancer therapy are immune checkpoint inhibi-
tors (ICIs) which mediate an antitumor effect by
blocking immunoregulatory signaling via inhibi-
tion of immune function attenuating molecules
including CTLA-4 and PD-1. In doing so, ICls
unleash disinhibited immune cells to destroy
tumor cells, but this disinhibition brings the
additional effect of autoimmune attack of self-
tissues, including cardiomyocytes. Many case
reports of severe ICl-related cardiotoxicities
have been published, including fatal events.
Altan et al reported three cases of patients who
experienced pericarditis secondary to ICl thera-
py with either anti-PD-1 therapy or combination
anti-PD-1 and anti-CTLA-4 therapy [48].
Notably, the two fatal cases were patients
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who received combination anti-PD-1 and anti-
CTLA-4 therapy which is consistent with obser-
vations that cardiotoxicity rates were higher in
patients who received dual ICI therapy vs
single agent ICI therapy [5, 49]. Other fatal
cases of HF in patients receiving nivolumab
have been reported [50, 51]. Recent meta-
analysis by Rahouma et al found that anti-
PD-1/PD-L1 ICI treatment had cardiotoxicity
rates that were not significantly different than
other therapies and Mahmood et al reported
an ICl-associated myocarditis rate of about
1.4% indicating that ICl-related cardiotoxicity
presents at a rate similar to or lower than other
chemotherapies, however, the severe nature of
ICl-related cardiotoxicity requires close moni-
toring and the development of proactive and
effective management plans [52, 53].

Surveillance for myocarditis and other adverse
cardiac events in these patients receiving ICI
therapy is essential and can be done using a
combination of methods previously mentioned
including serological evaluation of troponin lev-
els and cardiac imaging such as echo or CMR
[10, 16]. Treatment protocols developed for
cases of ICl-related myocarditis are similar to
acute organ transplant rejection and involve
immediate discontinuation of the agent, initia-
tion of high dose steroids, non-steroid immuno-
suppressants if the myocarditis is refractory
to steroids, and eventual tapering of immuno-
suppressant treatment with steroids [5, 54,
55]. Treatment of resultant sequela from ICI
therapy such as heart failure with established
treatments such as ACE-inhibitors (ACEIl) and
B-blockers, similar to how cardiotoxicity from
other anticancer therapies is managed [5, 54].
As ICI therapy becomes more widely used,
future study to predict genetic risk factors for
predisposition to ICl-related cardiotoxicity such
as myocarditis is essential to properly tailor
treatment for each individual patient. In addi-
tion to risk stratification, preventative mea-
sures that can balance between blocking auto-
immune hyperactivity in tissues such as the
heart while maintaining the potent antitumor
activity of immunotherapies can hopefully less-
en the burden of toxicities associated with ICls
and other anticancer immunotherapies.

Small molecule TKIs and VEGF-inhibitors

VEGF and small molecule tyrosine kinase inhib-
itors (TKIs) represent a recently developed
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class of targeted anticancer therapies that
exhibit cardiotoxic adverse effects. These ther-
apies inhibit a wide variety of tumor associated
targets that mediate growth and angiogenesis
but are also associated with cardiotoxicities
that range from hypertension (HTN), thrombo-
embolic events, HF, and arrhythmias [2, 10,
56]. Cardiotoxicity due to VEGF inhibitors is
due to a variety of mechanisms including accel-
eration of atherosclerosis, impaired ability for
coronary vasculature to respond to myocardial
ischemia, and induction of hypertension via
increased vascular resistance leading to ven-
tricular hypertrophy [57]. As previously stated,
risk of cardiotoxicity in patients receiving VEGF
inhibitors is 7.4% for hypertension, 1.8% for
thromboembolism, 1.7% for cardiac ischemia,
and 2.3% for general cardiac dysfunction [9,
57]. Small molecule TKI related cardiotoxicity
occurs in a variety of mechanisms that are
specific to the individual inhibitor and its target,
but all commonly cause toxicity via cardiomyo-
cyte damage. One example is the TKI rego-
rafenib, which causes cardiotoxicity via impair-
ment of cardiomyocyte mitochondrial ATP pro-
duction and disruption of mitochondrial mem-
brane potential [58]. Analysis of the wide range
of small molecule TKls, found that 73% have
reported cardiotoxicities ranging from arrhyth-
mias, HTN, LVEF dysfunction, HF, and myocar-
dial infarction (Ml) [59].

A variety of cases have been published report-
ing cardiotoxicity due to VEGF inhibitors and
TKls including fatal myocarditis due to sora-
fenib treatment and heart failure in a patient
treated with trametinib [60, 61]. Another case
report described HF due to vemurafenib treat-
ment that was successfully reversed with dis-
continuation of vemurafenib and pharmacolog-
ic treatment of the HF, highlighting the po-
tential for small molecule inhibitor cardiotoxici-
ty to be successfully reversed if caught early
and treated properly [62]. Common surveil-
lance findings that indicate VEGF inhibitor and
TKI therapy related cardiotoxicity include QT
prolongation and other ECG abnormalities
indicative of arrhythmias or acute MI, elevated
d-dimers indicative of thromboembolism, and
signs of heart failure such as elevated BNP [9,
16, 59]. Imaging such as CMR and electrocardi-
ography are also essential for early detection of
signs of LVEF dysfunction and HF [16]. General
treatment for each cardiotoxicity follows estab-
lished guidelines as outlined in Table 2, but fur-
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ther study and future development of therapies
that are more target specific have the potential
to reduce the cardiotoxic profile of these effec-
tive anticancer therapies. Additionally, more
study into predictive risk stratification of
patients receiving these therapies will allow for
more targeted monitoring of at-risk patients
and preparation for therapeutic intervention
when necessary.

Proteasome inhibitors

Proteasome inhibitors include bortezomib,
carfilzomib, and ixazomib, the most recently
approved agent within the class. They have
been widely used in the treatment of multiple
myeloma and exhibit anticancer activity via
inhibition of the 20S core of the proteasome
leading to impaired cancer cell degradation of
pro-apoptotic molecules and subsequent
destruction of cancer cells [63]. Cardiotoxicity
secondary to proteasome inhibitor treatment
occurs due to a host of downstream effects
secondary to cardiomyocyte proteasome inhibi-
tion including endoplasmic reticulum stress
due to protein accumulation, protein aggrega-
tion leading to inclusion body formation, cas-
pase and apoptosis activation, and pathologic
cardiomyocyte hypertrophy [64, 65]. Protea-
some inhibitor cardiotoxicity has been well
characterized with retrospective analysis for
bortezomib finding cardiotoxicity rates of up to
7.6% for HF, 5.6% for arrhythmias, 2.9% for
ischemic heart disease, and 13.5% for hyper-
tension [66]. For carfilzomib, analysis of phase
Il trial data found cardiotoxicity rates of 13.3%
for arrhythmia, 7.2% for HF, 3.4% for ischemic
heart disease, and 1.7% for cardiomyopathy
[67].

While large, trial-based cardiotoxicity analysis
of ixazomib has not been studied, case reports
of ixazomib cardiotoxicity have been published
including a report of a patient who suffered
from acute HF secondary to treatment with ixa-
zomib suggesting that cardiotoxicity is an over-
all drug class effect of proteasome inhibitors
[68]. The clinicians discontinued the ixazomib,
and administered carvedilol, spironolactone,
and furosemide but the patient’s heart function
did not improve. Similar to the management of
ixazomib cardiotoxicity, treatment for cardiotox-
icities of other proteasome inhibitors follows
established treatment for the cardiac dysfunc-
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tion as outlined in Table 2. For example, a
patient who experienced HF while receiving
bortezomib was treated for the HF and then
improved their LVEF, though it did not fully
recover to the baseline value [69]. There is also
a report of a multiple myeloma patient who
experienced cardiotoxicity when receiving both
carfilzomib and the immunomodulator lenalido-
mide suggesting that each drug class in multi-
ple myeloma treatment may act synergistically
to cause cardiotoxicity [70]. As proteasome
inhibitors continue to be developed and
employed as treatment for multiple myeloma,
new prevention strategies and risk prediction
must be developed to address the well charac-
terized cardiotoxicity of this class of anticancer
therapy.

CAR-T cells

CAR-T cells represent a paradigm shift in anti-
cancer therapy that has revolutionized the
treatment of malignancies such as lymphoma
and leukemia. Similar to ICl therapies, CAR-T
cells harness the immune system to destroy
malignant cells but instead of a mechanism
involving disinhibition of the immune response,
CAR-T cells are patient derived T-cells that
have been engineered to target specific anti-
gens on malignant cells, such as CD19 [71]. In
addition to being approved for treatment of
hematologic malignancies, CAR-T cells are
also being widely studied for solid malignancies
and represent a rapidly advancing therapeutic
strategy that is growing in use [72]. One of the
most common and striking side effects of
CAR-T therapy is cytokine release syndrome
(CRS) which is clinically characterized by fever,
flu-like symptoms, circulatory shock and hypo-
tension, and even multi-organ failure [73]. Of
note in regard to this review, data indicating
CAR-T cell therapy mediated cardiotoxicity,
especially secondary to CRS, has been pub-
lished and includes toxicities such as arryth-
mias, HF, and cardiovascular related deaths
[74, 75].

In a retrospective cohort study of adult patients
receiving CAR-T cell therapy, Raza et al found
that 17 out of 137 patients experienced cardio-
toxicity (12.4%) including 5 patients with arryth-
mia, 6 with HF, and 6 who died from cardiotoxic-
ity. Of note, each patient in the study who expe-
rienced cardiotoxicity after CAR-T cell adminis-
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tration also experienced grade 2 or higher CRS
before the cardiotoxicity, indicating that CAR-T
related cardiotoxicity likely occurs secondarily
to CRS. Additionally, Raza et al found that all
but one patient who experienced cardiotoxicity
also had elevated troponin levels, suggesting
that the combination of grade 2 or higher CRS
with elevated troponins was highly indicative
of potential for CAR-T cell induced cardiotoxicity
[75]. These findings were consistent with
another retrospective study by Shalabi et al of
pediatric and young adult patients receiving
CAR-T cells which found that 6 of 52 patients
in the study experienced cardiotoxicity with
reduced LVEF. As in the adult study, the cardio-
toxicity was secondary to CRS in the 6 patients
with 4 of the 6 patients also having elevated
troponin levels [76]. These findings necessitate
the close monitoring of troponin levels in
patients receiving CAR-T cell therapy, espe-
cially those who experience CRS after therapy
administration. IL-6 is an inflammatory cytokine
that has been identified as a major factor in the
development of CRS secondary to CAR-T cell
therapy and administration of Tocilizumab, an
anti-IL-6 mAb, is used in severe cases of CRS
[77]. The likely connection between CRS pro-
gression and severity with cardiotoxicity in
patients receiving CAR-T cells has led to consid-
eration of Tocilizumab as a potential preventa-
tive treatment for CAR-T cardiotoxicity, however,
concerns over potential deleterious effects of
Tocilizumab on the anticancer activity of CAR-T
cells calls for further study of it as a treatment
for CAR-T cell induced cardiotoxicity [78]. As
CAR-T cell therapy becomes more widespread,
clinicians must be prepared for the varieties of
toxicities the therapy presents including CRS
and cardiotoxicity. Additionally, longitudinal
study to characterize long term cardiotoxic
effects of CAR-T therapy in survivors will be nec-
essary as patient outcomes improve in
durability.

Conclusions

While the management of anticancer treat-
ment cardiotoxicity is a current topic of intense
study, there are few evidence-based guidelines
for treatment related adverse cardiotoxic
events. Many mainstays of cancer treatment
such as alkylating agents, antimetabolites,
platinum agents, and antimicrotubular agents
exhibit cardiotoxic effects such as arrhy-
thmias, HF, and myocardial ischemia [2, 25].
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Management of these adverse effects still
involves following treatment guidelines that
have been established for patients diagnosed
with these conditions outside the scope of a
treatment related adverse effect [56]. The lack
of established guidelines highlights the impor-
tance of a close collaboration between oncolo-
gy and cardiology for patient management
including patient risk profiling, screening for
cardiotoxicity, cancer treatment regimen man-
agement, and management of acute and
chronic manifestations of treatment related
cardiotoxicity.

The rapid advance and development of target-
ed anticancer agents has greatly expanded our
ability to effectively treat a wide variety of
malignancies, but also requires oncologists to
remain well informed of the associated toxici-
ties with these treatments. Cancer therapy
related cardiotoxicity remains a major chal-
lenge and surveillance for signs of treatment
related cardiotoxicity and corresponding man-
agement are essential. This is highlighted by
the development and expansion of the field of
cardio-oncology. While most treatments for
therapy related cardiotoxicity follow previously
established guidelines for conditions such as
HTN, arrhythmias, and thromboembolic events,
oncologists and cardiologists must continue to
monitor new guidelines as they are developed
and evaluated in clinical trials. Proactive moni-
toring of patient’s cardiac function and early
intervention once signs of cardiotoxicity are
present will allow for delivery of the best care
possible for patients.
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