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Cardiotoxic effects from cancer therapy are a major cause of morbidity during cancer treatment. Unexpected toxicity can occur during
treatment and/or after completion of therapy, into the time of cancer survivorship. While older drugs such as anthracyclines have well-
known cardiotoxic effects, newer drugs such as tyrosine kinase inhibitors, proteasome inhibitors, and immunotherapies also can cause
diverse cardiovascular and metabolic complications. Human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) are
increasingly being used as instruments for disease modelling, drug discovery, and mechanistic toxicity studies. Promising results with
hiPSC-CM chemotherapy studies are raising hopes for improving cancer therapies through personalized medicine and safer drug develop-
ment. Here, we review the cardiotoxicity profiles of common chemotherapeutic agents as well as efforts to model them in vitro using
hiPSC-CM:s.
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Introduction

Cancer continues to be a leading cause of morbidity and mortality. In
the USA, it is projected that ~40% of the population will eventually
be diagnosed with cancer, and that 20% of the population will die
from cancer.’ These grim statistics have engendered a massive scien-
tific effort seeking to improve the diagnosis, treatment, and preven-
tion of various types of cancers, including the pursuit of therapies
tailored to individual patients that can both maximize therapeutic
benefits and minimize adverse effects.

While many of the approved drugs are effective cancer treatments,
unpredictable subsets of patients persistently experience deleterious
side effects. Cardiotoxicity has been observed for decades in tradi-
tional chemotherapeutics such as anthracyclines and radiation ther-
apy (Figure 1).2™° More recently, targeted chemotherapeutics such as
kinase inhibitors (Kls), which include antibody-based drugs like trastu-
zumab and small molecule inhibitors,>® have been developed to
more precisely target malignant cells. Nevertheless, cardiovascular
toxicities continue to be reported even with these drugs.

The advent of human induced pluripotent stem cells (hiPSCs)” has
opened the door to investigating fundamental biomedical questions
using human patient cell models instead of animal models. This allows
experiments to directly compare the responses of clinically affected
patients with unaffected patients as well as mechanistic studies of
drug toxicities using renewable sources of human cells. This review
discusses the major classes of chemotherapeutics and their mecha-
nisms of action and toxicity and provides an update on current
hiPSC-based investigations of cardiovascular toxicity.

Traditional chemotherapeutics

Anthracyclines

The anthracyclines, which include the drug doxorubicin (DOX), are one
of the most effective classes of chemotherapeutics. However, DOX is
associated with cardiotoxicity, which may not emerge for years or even
decades following therapy, bringing significant implications for survivors
of childhood cancers.® Chronic toxicity has an overall incidence of 9%,
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Figure | (A) Traditional chemotherapeutics non-specifically target malignant cells, causing impairment of mitotic processes such as microtubule
formation, cellular damage, or direct DNA damage and ROS generation. (B) Targeted cancer therapies target pathways or proteins unique to cancer

cells or essential for their survival. ROS, reactive oxygen species.

and while 71% of patients experienced partial recovery of left ventricular
ejection fraction (LVEF), only 11% experienced full recovery.”

Anthracyclines form DNA adducts and generate reactive oxygen
species (ROS), resulting in DNA damage, mitochondrial damage, and
lipid membrane peroxidation.® It is now known that topoisomerase
lIB (TOP2B) is a major player in the cardiotoxic effects of anthracy-
clines. Deletion of TOP2B in mice prevented the development of
heart failure, as well as many of the cellular changes that have been
implicated in toxicity, including ROS formation and double-strand
DNA breaks."" Studies in DOX cardiotoxicity are ongoing and will
likely reveal additional mechanisms of toxicity.

Cardiotoxicity is also associated with other traditional chemother-
apeutics, albeit to a significantly lesser extent than anthracyclines. As
these reactions are rare and the mechanisms unclear, they will not be
covered in this review.

Modelling toxicity of anthracyclines

with human induced pluripotent stem
cell-derived cardiomyocytes

The development of hiPSCs has opened new avenues of research
and of developing experimental models. Human induced pluripotent
stem cells permit the use of human cells that can be passaged indefi-
nitely in vitro and scaled up exponentially, allowing the study of unique
individual patients without reliance on isogenic strains of animals.
Human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) have been particularly useful for cardiovascular
research because the alternative options require invasive biopsy of
human cardiac tissue samples, which also cannot be maintained in
prolonged culture. In addition to overcoming these limitations,
hiPSC-CMs can recapitulate the physiology of in vivo cardiomyocytes,
express most cardiac-specific ion channels and currents, and have a
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functional contractile apparatus. They also can be characterized into
atrial, nodal, and ventricular subtypes through patch-clamp analysis of
action potential morphologies.'

However, there are some limitations to the use of hiPSC-CMs. For
instance, they are known to be immature, more akin to foetal cardio-
myocytes in structure, electrophysiology, gene programs, and metab-
olism than adult cardiomyocytes."*'* They have disorganized
sarcomeric structures and the cells lack T-tubules.”>'® The differen-
ces between the in vivo environment and in vitro culture conditions
make it unlikely the cells will ever fully resemble adult cardiomyo-
cytes, which is a serious limitation of these cells. These shortcomings
can complicate the interpretation of drug responses as well as making
it difficult to predict the translational impact in mature cells. Much
work remains to be done in discovering the factors and cellular pro-
grams that lead to mature phenotypes. New advancements in 3D cul-
ture and organ-on-a-chip technologies may provide additional
avenues to overcome these limitations by generating more physio-
logic experimental conditions and promoting maturation of the cells.
Additionally, these approaches allow the integration of cardiac fibro-
blasts and endothelial cells that form capillary-like networks into the
model."”” Such a 3D model was used to test DOX drug-toxicity and
was found to exhibit greater resistance to the drug compared to 2D
cultures, generating physiologic responses such as changes in beating
rate similar to those of living organs."®

In addition, investigators are expanding the application of hiPSCs
to model chemotherapy-mediated cardiotoxicity. A recent study
found that hiPSC-CMs derived from individuals who experienced
clinical DOX cardiotoxicity showed increased sensitivity to DOX
in vitro compared to hiPSC-CMs derived from patients who experi-
enced no cardiotoxicity following DOX therapy.'? The documented
abnormalities included sarcomeric disarray, increases in caspase 3/7
activity, increased ROS, and changes in calcium handling. Another
study by Holmgren et al.'” found dose-dependent toxicity in hiPSC-
CMes, including contractile dysfunction, troponin T release, and

increased expression of genes related to senescence, stress, and
DNA damage repair. Modelling of other agents such as alkylating
agents, platinums, and anti-microtubule agents has been more lim-
ited.?% Given the lack of mechanistic insight into the cardiotoxicity of
these other traditional drugs, hiPSCs are an attractive tool to study
their action on individual patient and tissue levels.

Targeted chemotherapeutics

Kinase inhibitors

Early clinical successes with trastuzumab (Herceptin),”' a monoclonal
antibody efficacious against a subset of breast cancers, and imatinib
(Gleevec), the first FDA-approved small molecule tyrosine kinase
inhibitor (TKI) for the treatment of chronic myelogenous leukaemia
(CML) and gastrointestinal stromal tumour (GIST),?*?* have spurred
the development of new ‘targeted’ approaches to cancer therapy.
Trastuzumab targets human epidermal growth factor receptor 2
(HER2), a tyrosine kinase receptor and oncogene overexpressed in
approximately 30% of breast cancers.”’ Tyrosine kinase inhibitors
have been developed against vascular endothelial growth factor
receptors (VEGFR1, VEGFR2, and VEGFR3), platelet-derived growth
factor receptor (PDGFR), epidermal growth factor receptor (EGFR),
mammalian target of rapamycin (mTOR), and serine/threonine pro-
tein kinase B-raf (BRAF), as well as other kinases.**

Human epidermal growth factor receptor 2 inhibitors

Trastuzumab cardiotoxicity has been well-documented, typically
resulting in subclinical impairments in LVEF, but occasionally
leading to clinical congestive heart failure (CHF).>" A retrospective
analysis of breast cancer patients found that trastuzumab was associ-
ated with a four-fold increased risk of cardiomyopathy; however,
when it is combined with an anthracycline, the risk is increased
women who never received

seven-fold compared to

Table | Cardiotoxic effects of targeted therapies
Target Drugs Class Cardiovascular effects
VEGF receptors Sunitinib, Sorafenib, Pazopanib, Small molecule TKls Cardiomyopathy, hypertension,
Axitinib, Regorafenib, Vendatinib, vascular events
Lenvatinib, Cabozantinib
VEGF Bevacizumab Monoclonal antibody Cardiomyopathy, hypertension,
vascular events
VEGF Aflibercept Recombinant VEGFR Cardiomyopathy
domains (VEGF trap)
HER2 Trastuzumab Monoclonal antibody Cardiomyopathy
Bruton’s kinase Ibrutinib Small molecule TKI Arrhythmias
MEK Trametinib, Cobimetinib Small molecule TKls Cardiomyopathy
Proteasome Carfilzomib Proteasome inhibibtor Cardiomyopathy, arrhythmias, hypertension,
vascular events
CTLA-4 Ipilmumab Immune checkpoint blocker Myocarditis, Takotsubo cardiomyopathy
PD-1 Nivolumab, Pembrolizumab Monoclonal antibody Myocarditis, arrhythmias

CHF, congestive heart failure; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; HER2, human epidermal growth factor receptor 2; MEK, mitogen-activated protein kinase kinase;
PD, platelet-derived; TKI, tyrosine kinase inhibitor; VEGF, vascular endothelial growth factor; VEGFR, vascular endothelial growth factor receptor.
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chemotherapy.?® For about 75% of treated patients, these effects are
reversible upon discontinuation of the drug, but cardiomyopathy per-
sists in other patients.”’

Clues to the toxic effects have been recently identified in vitro using
hiPSC-CMs. When treated with trastuzumab, hiPSC-CMs demon-
strated alterations in metabolism, including down-regulation of glu-
cose uptake and mitochondrial genes, and up-regulation of pyruvate
dehydrogenase kinase 4 (PDK4), an inhibitor of glycolysis.® Other
studies using primary human cardiomyocytes suggest the toxicity
of trastuzumab may be caused by impaired pro-survival signalling
downstream of HER2, leading to collateral impairment of HER3 and
HER4, and ultimately interfering with neuregulin (NRG) signalling.
In a mechanistic study of trastuzumab toxicity, Eldridge et al. demon-
strated that hiPSC-CMs express three of the four HER receptors
(HER1, HER2, and HER4), and were able to reproduce earlier find-
ings that NRG1 activates ErbB signalling in a protective manner
against anthracycline and trastuzumab toxicity. This finding under-
scores the importance of using human cells, as trastuzumab is specific
to the human HER?2 receptor with no cross-reactivity to murine
receptors,”’ which significantly limits the usefulness of mice in anti-
body toxicity studies. The attenuation of the toxic effects through
NRG1-mediated signalling suggests a prophylactic target that can be
used in patients. Consequences of blocking this pathway include the
accumulation of intracellular ROS, activation of pro-apoptotic pro-
teins, and mitochondrial dysfunc‘cion.28 The blockade of cell-survival
pathways and activation of pro-apoptotic pathways exacerbate con-
comitant anthracycline toxicity,'® leading to the development of CHF
in 27% of patients.?’

Small molecule tyrosine kinase and vascular endothelial
growth factor pathway inhibitors

Several studies have found an increased risk of CHF with TKls target-
ing the VEGF receptor kinase pathway.”’ For example, up to 28% of
patients receiving sunitinib experience >10% decrease in LVEF, and
8% of patients can develop clinical CHF.*° These studies likely under-
estimate the true incidence of myocardial dysfunction associated
with these drugs due to factors such as ambiguous signs of CHF that
occur commonly in cancer (such as peripheral oedema and fatigue),
the exclusion of patients with pre-existing heart issues in oncology
clinical trials, and the lack of a standard definition of cardiomyopathy.®
A summary of known cardiotoxic effects and associated drugs is
found in Table 1. Interestingly, TKl-associated vascular toxicity may
be more clinically significant than the direct cardiac effects, resulting
in systemic and pulmonary arterial hypertension, cerebrovascular
accident, peripheral arterial disease, and thrombo-embolic events.
These effects have been extensively reviewed elsewhere and are not
covered in detail in this review.??

The mechanisms of toxicity for VEGF inhibitors are less clear as
many of the drugs have targets other than the VEGF pathway.
However, there is evidence to suggest that a common mechanism of
cardiac dysfunction may be the activation of hypoxia inducible factor-
1-alpha (HIF-101). Targeting the VEGF pathways results in decreased
capillary density, inducing myocardial hypoxia and HIF-1a stability
and activation.® Conditional HIF-1at overexpression in mice leads to a
reversible cardiomyopathy characterized by impaired calcium han-
dling and ventricular dysfunction, as well as histologic and

mitochondrial changes that appear similar to changes seen in TKI-
induced cardiomyopathy.*?

Recently, Sharma et al®>* demonstrated the potential utility of
hiPSC-CMs in a high-throughput manner to screen for TKI cardiotox-
icity, which may pave the way for future studies on TKls using similar
approaches. Although the mechanisms of toxicity were not specifi-
cally studied, the authors screened 21 TKls and DOX. From this ini-
tial screening, seven compounds were found to exhibit significant
in vitro toxicity. These compounds included the VEGF pathway inhibi-
tors sorafenib, regorafenib, nilotinib, and vandetanib. Of these com-
pounds, both nilotinib and vandetanib have FDA black-box warnings
associated with cardiotoxicity. Other studies have also included TKls
in hiPSC-CM-based toxicity screening>*° but these studies were
not aiming to directly study the mechanisms of their toxicity.

Proteasome inhibitors

Proteasome inhibitors are used commonly in the treatment of multi-
ple myeloma, but also have associated cardiovascular toxicity.31
Proteasome inhibitors include bortezomib, carfilzomib, and ixazomib,
which target the ubiquitin-proteasome degradation system, a critical
cell maintenance pathway that allows malignant plasma cells to
degrade misfolded immunoglobulins. While bortezomib has been
clinically found to have minimal cardiovascular toxicity,?” carfilzomib
has been found to be associated with a number of cardiovascular
issues such as CHF, hypertension, and thrombo-embolic events.*®
The mechanisms behind the toxicity are unclear; the vascular effects
of carfilzomib suggest that the vascular toxicity may precede myocar-
dial damage.38 Experiments have found dose-dependent decreases in
hiPSC-CM contractility following exposure to either bortezomib and
carfilzomib. Even after removal of the agents, contractility continued
to decrease before recovering after several days.39

Immunotherapies
Immunotherapies, which unleash the immune system to attack can-
cer cells, have been revolutionary and particularly effective in certain
cancer types. They include immune checkpoint blockers or adoptive
cell transfer (ACT), both of which have been associated with
immune-mediated myocarditis. Immune checkpoint blockers are
monoclonal antibodies against cell-surface antigens that prevent tar-
geting by the host immune system.*® Adoptive cell transfer utilizes
autologous T-cells that express T-cell receptors (TCR) specific for
tumour-associated antigens.*’ Antibodies against two checkpoints,
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and PD-1,
have been associated with myocarditis, electrical conduction abnor-
malities, and ventricular dysfunction.** The effects of these drugs
seem to be exacerbated when used in combination, resulting in
increased risk of life-threatening immune myocarditis.43

Similar reactions have occurred during ACT when T-cells express-
ing a TCR specific for melanoma-associated antigen 3 (MAGE-3) or
melanoma antigen recognized by T-cells (MART-1).*> These antigens
are typically restricted to germline and melanoma cells, but the first
two patients treated with MAGE-3-targeting T-cells died after devel-
oping cardiogenic shock and myocardial damage similar to that seen
in graft-vs.-host disease.** Melanoma-associated antigen 3 has subse-
quently been shown to have cross-reactivity with a peptide derived
from the cardiac protein titin.** Given that hiPSC-CMs express many
of the proteins found in in situ cardiomyocytes, they present an
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Figure 2 Future chemotherapy protocols may involve a combination of rational drug selection based on human induced pluripotent stem cell-
derived cardiomyocyte (hiPSC-CM) screening as well as monitoring for the earliest signs of toxicity through advanced imaging techniques and cardiac

biomarkers.

M High-throughput
Toxicity Screening
Compounds of with hiPSC-derived
Interest Cells or Tissues

Clinical Trial

New Drug Candidate

Figure 3 For drug development, human induced pluripotent stem cell-derived cells or tissues can be used to screen for uncommon or rare toxic
reactions before beginning clinical testing. Unsafe drug candidates can be removed from the testing pool instead of progressing to clinical trials.

interesting if as yet unexplored option for screening many of these
immune-based therapies.

Toxicity screening—a road to
personalized medicine?

Much like anthracyclines, there has been great excitement for model-
ling TKI-induced cardiotoxicity using hiPSC-CMs. A future application
of hiPSC-CMs may be their usefulness in predicting cardiotoxicity. A
preliminary demonstration of this concept was achieved by Burridge
et al" in their work with DOX-treated breast-cancer patients. To
our knowledge, no additional investigations have been conducted uti-
lizing chemotherapeutic agents in a patient-specific manner, though
other studies have demonstrated the impact of patient variability in
drug toxicities. For example, drug screening studies have shown an
increased sensitivity of hiPSC-CMs derived from patients with DCM,
HCM, or long QT syndrome to cisapride,* a drug which was notably
removed from the US market following numerous reports of sudden
cardiac death.*’ Similar studies on long QT patient-derived cells have
shown an increased sensitivity to certain drugs compared control
hiPSC-CM lines.*® Although much work remains to be done to vali-
date the pre-clinical application of hiPSC-CMs, preliminary results are
encouraging and may eventually change the way drugs are screened

for population and individual use. The current approach to mitigating
toxicity begins with the identification of known risk factors and co-
morbidities combined with regular screening of patients through
echocardiography, ECG, angiography, and serum biomarkers.*? It is
in this area that hiPSC-CMs may prove the most useful by allowing a
personalized medicine approach to pre-screen a patient’s own cardi-
omyocytes in ‘toxicity trials’ before taking a potentially cardiotoxic
drug (Figure 2).

Employing hiPSC-CMs creatively raises hopes of dramatically
improving drug development by accurately assessing the potential
cardiotoxicity of drugs early in the process, before they enter into the
much more costly phases of pre-clinical and clinical trials.'® Aside
from saving money and resources, significant patient morbidity and
mortality can be prevented by reducing unnecessary clinical trials,
and rare toxic reactions affecting patients can be caught before enter-
ing the market (Figure 3).

Conclusion

Chemotherapy has a reputation of being difficult to endure, some-
times carrying lasting effects even after the cancer has gone into remis-
sion. Although clinical medicine has come a long way in improving
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treatment protocols, adverse reactions still occur unpredictably.
Cardiovascular toxicity can be particularly damaging by causing per-
manent dysfunction, CHF, and sudden death. The advent of hiPSCs
presents an unprecedented opportunity to improve our approach to
cancer therapy on three fronts: a better understanding of the mecha-
nisms of cardiotoxicity and how to mitigate them, the development of
personalized medicine based on patients’ own cells and tissues, and a
potentially revolutionary transformation in the way drugs are devel-
oped and brought to the clinic. However, major limitations to the use
of hiPSC-CMs exist, particularly issues related to their immature phe-
notype. Nevertheless, these cells have already proven to be useful
predictors of toxicity, showing dysfunction in the face of known cardi-
otoxins and correctly identifying them from screening libraries.
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