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Abstract

Cancer therapies have been evolving from conventional chemotherapeutics to targeted agents.
This has fulfilled the hope of greater efficacy, but is not accompanied by greater safety. In

fact, a broad spectrum of toxicities can be seen, including cardiovascular toxicities. Among

these, cardiomyopathy and heart failure have received greatest attention, given their profound
implications for continuation of cancer therapies, and cardiovascular morbidity and mortality.
Prediction of risk has always been difficult, and even more so with the newer targeted agents.
Accurate risk prediction would greatly facilitate decisions on these therapies even before the first
dose is given. This is important for agents with a long half-life and high potential to induced
life-threatening cardiac complications, such as myocarditis with immune checkpoint inhibitors. An
opportunity to address these needs in the field of Cardio-Oncology is provided by the expanding
repertoire of “-omics” and other tools in precision medicine. Utilizing a systems biology approach
to integrate these personalized tools may facilitate new insights into patho-mechanisms and risk
prediction. This would allow for the creation of more precise and cost-effective risk prediction
tools, improved therapy decisions, and prevention of cardiovascular complications. Herein, we
explore this topic as a future approach to translating the complexity of cardio-oncology to the
reality of patient care.
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INTRODUCTION

Since the turn of the millennium, therapeutic strategies have shifted from universal
chemotherapies to therapeutic agents that target the molecular footprints of the malignant
disease process (signaling pathways, molecules, gene mutations), specific cell clones, or the
immune system(1-3). Much against their promise of being safer designer drugs, however,
these new targeted therapies are not without cardiovascular complications(4, 5). Toxicities
can include cardiomyopathy, heart failure, myocarditis, venous and arterial thrombosis,
progression of atherosclerosis, QTc prolongation, and arrhythmias (6). Each therapy is at
risk for one or several of these toxicities, with risks being individually different.

One of the eminent demands in this area is optimal risk prediction and management.

This, however, requires a thorough understanding of the pathophysiology. The very
heterogeneities of the patient populations and the disease spectra have complicated clinical
and translation efforts. A systems-based approach may offer a solution to such a broad

and heterogeneous field. Integrating data from various angles of view (e.g. genomics,
proteomics, kinomics, and metabolomics) can provide mechanistic insight, reveal key risk
factors, and may indicate new therapeutic avenues (7, 8). In this review, we will focus on
such an approach for cardiomyopathy, considering the response of the cardiovascular system
to perturbation by tyrosine kinase inhibitors (TKIs) and immune checkpoint inhibitors
(ICls).

Tyrosine Kinase Inhibitors

Since the introduction of imatinib in 2001, there have been over 30 TKIs approved

by the US Food and Drug Administration (9). Tyrosine kinases (TK) are ubiquitous
phosphorylating enzymes with over 500 being identified in the human genome (1). They
operate across a number of signaling pathways of significance for cancer, including
proliferation, differentiation, and survival (6, 10-13). Some even take the crucial position
of a molecular fingerprint and under such circumstances their inhibition provides a cure.
One illustrating example is the expression of the TK oncogene product Becr-ABL (Abelson
murine leukemia gene) in patients with Philadelphia chromosome positive leukemias. Other
TKs control such vital processes as angiogenesis, e.g. the VEGF (vascular endothelial
growth factor) receptor and other growth factor proliferation pathways, e.g. EGFR
(epidermal growth factor receptor) including HER-2. (9). (6, 10-13).

In order to inhibit TK-controlled signaling pathways two main strategies have been pursued:
a) antibodies to decrease the activation of receptor TKs (e.g. trastuzumab directed against
HER-2) and b) small molecule TK inhibitors (smTKIs) that penetrate into the cell and
compete for the ATP (adenosine triphosphate) binding domain of TKs. As this site can be
rather similar across several TKs, target specificity is often difficult to accomplish leading
to “drug promiscuity” (Table 1). To some degree such multi-targeted approach can be of
synergistic action in controlling cancer cell proliferation and survival. However, it may also
generate a greater risk of adverse effects with less mechanistic predictability of action.

Adverse effects from TKIs are divided into on- and off-target toxicities (6, 10). “On-target”
toxicity results when the intended TK inhibited is responsible for both the anti-neoplastic
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effect and the unintended toxicity. On the contrary, “off-target” toxicity is the result of
inhibition of kinases not intended for the anti-neoplastic effect. An in-depth description
of the cardiovascular side effects of TKIs is beyond the scope of this review. However,
representative examples of cardiomyopathy induced by antibodies and smTKI will be
presented in the following.

Cardiomyopathy of antibody-based receptor tyrosine kinase inhibitors—ERBB
(erythroblastic oncogene B)-2, also known as EGFR 2 or human epidermal growth receptor
(HER-2), is (over-)expressed in around 15-25% of breast cancer patients (14). Stimulation
of the ERBB-2 receptor increases the activity of multiple kinases including mitogen
activated protein kinase (MAPK), PI3K, protein kinase C, and signal transducer and
activator of transcription (STAT) (14, 15). The subsequent signaling cascade promotes

cell replication and inhibits apoptosis. Inhibition of this pathway can be achieved by
antibodies (trastuzumab, pertuzumab, trastuzumab emtansine) or by smTKI (lapatinib,
neratinib, afatinib), with various combinations purposed. Contrary to the anti-cancer effects,
the mechanisms of cardiomyopathy with HER-2 receptor blockade are less well understood.

Several lines of evidence suggest that HER-2 signaling is important in cardiac development
as well as for maintenance of cardiac function in adults. HER-2 and -4 receptors

are essential co-receptors for developing cardiac myocytes and play a pivotal role in
Neuregulin-1 (NRG-1) signaling, which is vital for cardiomyocyte proliferation and
regeneration (16). In murine models, mutations in HER-2, HER-4 or NRG-1 result in mid-
gestation lethality (17), whereas mice with /ER-2 deletion confined to cardiac myocytes
are able to survive after birth but develop dilated cardiomyopathy with no compensatory
reserve to high afterload conditions (17-19). ERBB-2and ERBB-4 expression is high
during gestation and required for the normal structural development of the heart including
ventricular trabeculations, valves, and neuromuscular junctions (16, 20-23). Downregulated
shortly after birth, certain stressors such as anthracycline exposure, myocardial ischemia/
injury, or high afterload can, however, lead to re-expression of ERBB-2(20). Blocking the
HER-2 pathway under such circumstances decreases the capacity of the myocardium to
adapt to such stressors and increases the risk of cardiac dysfunction.

Of note, there are considerable differences in the incidence of cardiomyopathy and heart
failure with different HER-2 inhibitors; 2—-18% and 0.3-4% with trastuzumab, 3-7% and
0.3-1% with pertuzumab, and 1-2% and 0.1-0.5% with lapatinib, respectively (24, 25).
The mechanisms underlying these differences still remain largely unexplained though some
studies provide some insight (26). In rodents antibodies against HER-2 (trastuzumab-like)
down-regulate BCL-X|, resulting in degradation of mitochondrial membrane potentials and
reduction of available ATP (27, 28). This effect has not been appreciated with other types
of ERBB kinase inhibitors and would be in keeping with a trastuzumab-specific toxicity
profile (27, 28). Further to consider, pertuzumab targets subdomain 2 of HER-2 and not
subdomain 4 like trastuzumab (29, 30). The HER-2 subdomain 2 is also known as the
“dimerization domain”, and pertuzumab, unlike trastuzumab, blocks the dimerization of
HER-2 with HER-1, -3, and -4 (mostly strongly HER-3) (29, 30). This difference in the
pharmacokinetics may be a key to the understanding of the lower cardiomyopathy risk

of pertuzumab versus trastuzumab. In further distinction from trastuzumab, pertuzumab
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improves the likelihood of neuregulin-1 (NRG-1) stimulation of HER-4 dimer formation
with subsequent activation of P13K/Akt signaling and improvement in cardiac metabolism
and repair (18, 31). While HER2:HER4 dimer formation is reduced by pertuzumab, a
shift to HER4:HER4 dimerization is conceivable and in keeping with maintained cardiac
recovery potential. This theory is supported by work in cultured cardiomyoblasts and fetal
cardiac myocytes, which noted different activities of NRG-1 stimulated HER2:HER4 and
HER4:HER4 dimerization in response to treatment with different HER2 inhibitors (32).
Finally, and interestingly enough, lapatinib has been associated with the lowest rate of
cardiotoxicity. This has been attributed to the concomitant increase in AMPK activity and
serves as an intriguing example of how off-target effects can be of benefit (33). Different
examples of multi-target smTKIs are outlined in the following.

Cardiomyopathy of small molecule (multi-) tyrosine kinase inhibitors—A prime
example and one of the most diverse kinase inhibitors is sunitinib, which has been shown

to inhibit at least 50 different kinases (34). The main intended targets are the TKs of VEGF
receptors 1-3. Multiple RTKs and non-RTKs, however, are affected as well, including
platelet derived growth factor receptor (PDGFR), ¢c-KIT, FMS-like tyrosine kinase3 and
colony-stimulating factor-1, and RET, for instance, with sunitnib (10, 11). Inhibition of
AMPK might be of particular significance for the development of cardiomyopathy/heart
failure seen with sunitinib. This off-target effect has been related to ATP depletion and the
cascade of oxidative stress, endoplasmic reticulum (ER) stress, mitochondrial damage, and
caspase activation (11). Some studies also suggest a multifaceted physiological mechanism
to heart failure and cardiomyopathy (35-38). While cellular alteration in myocyte function
is suggested, its physiological expression as cardiomyopathy or heart failure may only
present in particular settings associated with specific risks. The addition of stressors such as
hypertension or or coronary artery disease (ischemia) enhances the risk of cardiomyopathy
with or without clinical heart failure (35-38). This might be related to the fact that the
VEGF signaling pathways serves a compensatory role under such and other circumstances
(39). Up to this point, however, no specific risk prediction models are available.

The risk dimensions reported so far, in terms of incidences of left ventricular dysfunction
and clinical heart failure, are in the range of 2 to 33% and 2 to 11%, respectively, with
VEGF inhibitors (40-42). Other TKIs not discussed herein are outlined in Table 1. For most
of these the exact nature of TKI-induced cardiomyopathy has not been well defined though
alterations in cellular metabolism, mitochondrial function, and ATP utilization seem to be
common themes (11, 43, 44). In general, TKI-related cardiomyopathies, including those
related to VEGF inhibitor use, are thought to be largely reversible and of functional rather
than structural nature. This concept, however, is being increasingly challenged.

Immune checkpoint inhibitors

Following the interaction of the major histocompatibility complex (MHC) with the T-cell
receptor (TCR); the immune system walks a delicate balance between host defense and
autoimmunity, directed by stimulatory and inhibitory signals.(2) Co-stimulation via CD28,
CD27/CD70 and CD40/CD40L, promotes effector T-cell activity, whereas interaction
with surface molecules like CTLA-4 (cytotoxic T-lymphocyte-associated protein 4), PD-1
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(programmed cell death protein 1), and LAG-3 (lymphocyte-activation gene 3) exerts an
inhibitory effect (2). Both stimulatory and inhibitory signaling may be referred to as
“immune check points”, though most commonly this terminology refers to the inhibitory
aspects. Cancer cells can utilize this mechanism to escape the action of the immune

system. For instance, melanoma cells are poised to interact with the immune system during
lymphatic migration and expression of PD-L1 silences T-cell activity against them. Immune
checkpoint inhibitors (ICIs) are designed to remove this “break” and allow for an immune
action against the malignant tissue.

First generation ICls entailed a monoclonal antibody targeted against CTLA-4. Its success
led to quick advancement into second generation therapies targeting PD-1 and PD-1L
(programmed cell death protein 1 ligand 1) (Table 2). A newer generation of therapies

is currently under investigation and has expanded into both inhibitory and stimulatory
signaling (Table 2) (2, 45). While extremely successful in terms for tumor response, the
flipside of the success has been the induction of immune-related adverse events (irAEs).
Among these, myocarditis is clinically infrequent (1%) but the most fatal irAE (up to
40-60% fatality rate). Pericarditis can occur in combination or isolation (with or without
clinically relevant pericardial effusion); non-inflammatory cardiomyopathy has also been
reported, even more classical Takotsubo-like presentations (46, 47).

Cardiomyopathy of Immune Checkpoint Inhibitors—The exact mechanisms for
myocarditis with ICls have not been completely elucidated. (4, 46, 47). Of the cases studied,
histologic evaluations have demonstrated cardiac infiltration of T-cells and macrophages
consistent with lymphocytic myocarditis. There is little evidence of B-cell activation, or a
humaoral/antibody response (4).

One of the proposed mechanisms of ICl myocarditis is an increased effector T-cell response
to an unknown cardiac antigen. This could be facilitated by either a shared epitope or
epitope mimicry. While the exact epitope for ICI-induced myocarditis is not known, current
theories suspect contractile proteins such as troponin, titin, and myosin (4, 48, 49). This
could be supported by findings in melanoma patients where postmortem evaluations, by
way of RNA sequencing, noted expression of both troponin and myosin heavy chain

(4). Previous works have also investigated the heterogeneity of troponin expression in
malignancy. Immunofluorescence studies have shown cardiac troponin protein expression
in non-small cell lung cancer, and gene and protein expression have also been shown in
cervical and hepatocellular carcinomas and osteosarcoma (50, 51). Thus, it is conceivable
that cellular immunity is responding to the same epitope (e.g. troponin), similar epitopes
(e.g. “troponin-like™), or two different epitopes (e.g. malignancy antigen and troponin on the
same T-cell) (Fig. 1). Moreover, immune cells can be primed to target self in the absence

of foreign antigens that are similar to the host. In such cases, the T-cells may have dual or
chimeric TCRs (52). In this scenario, T-cells can have one of the dual TCRs reacting to the
foreign antigen and the other reacting to self. As most of the potential self-antigen culprits
are intra-cardiac proteins, one may speculate that immune exposure to these proteins occurs
after cardiomyocyte damage or previous cardiac inflammation (53).
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Another mechanism of cellular autoimmunity may be related to the biological role that
immune checkpoint receptors could play in cardiac myocytes. PD-1L expression is found
on both human and murine cardiomyocytes, but the functional implications are not fully
known (54, 55). Acute ischemia and infarction, in addition to stimulation with various
cytokines, have been shown to enhance upregulation of PD-1L (56). Conversely, genetic
deficiency of PD-1 and CTLA-4 in mice leads to autoimmune myocarditis (57, 58). It
could be purposed that effector T-cells primed for immunity against contractile proteins
under traditional circumstances would be inhibited by the expression of PD-1L during
cardiac stress; however, in the setting of ICI therapy this protective mechanism would be
antagonized.

In addition to myocarditis, recent descriptions of non-inflammatory cardiomyopathies have
been recognized and described (59). Whether this is a manifestation of “burned-out”
myocarditis, low-level myocarditis, or a separate entity is not completely understood.
Importantly, high and low degrees of myocardial inflammation have recently been described
with low level myocarditis being clinically subtle or even silent (60). Furthermore, cardiac
exposure to adrenergic signals and cytokines released during cancer therapy could result in
stress cardiomyopathy, of which several reports have been documented (61, 62). Of interest,
an auto-inflammatory etiology has recently been suggested for stress cardiomyopathy
(63)While the currently utilized ICI receptors regulate the co-stimulation of T cell-related
immune response, receptors such as PD-1 and PD-1L may also play a role in cardiomyocyte
viability beyond protection from cellular immunity. Inhibition and downregulation of PD-1
and PD-1L may lead to alterations in transcription and cellular metabolism, which could
play a role in non-inflammatory cardiomyopathy.

In summary, several variables likely play a key role in the development of ICl-related
cardiomyopathy or myocarditis, including pre-existing cardiovascular disease, immune
priming, and the regulation of immune checkpoint receptor expression on cardiac myocytes.
It is because of this variability that systems biological and precision medicine approaches
could facilitate better understanding of patients’ risks, offering improved monitoring and
toxicity prevention.

PRECISION & SYSTEMS CARDIO-ONCOLOGY

Currently, there are no bonafide means of predicting which individuals will develop
cardiovascular toxicity from either TKIs or ICls. Clinical and host variables, as well as

drug classification, can help suggest who may be at risk, but these entities by themselves

are so far insufficient. Precision and systems medicine approaches may help identify

those individuals who are most at risk and personalize their care accordingly. Primarily
genomics and transcriptomics related to the pharmacokinetics and pharmacodynamics of
VEGF signaling pathways, receptors, and ligands were previously outlined (8). In the
following, we extend the precision and systems medicine approaches further to non-receptor
signaling genomics, transcriptomics, proteomics, and metabolomics. An important question
is whether genomic variants or biomarkers associated with drug efficacy or resistance can
also predict cardiovascular toxicity, and if the latter is a reflection of the cancer response to
therapy. As such, the opportunities for precision medicine in helping with the understanding,
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management, and prevention of cardiovascular toxicities from cancer therapies remain yet to
be defined in order to advance their use in clinical practice.

Precision Cardio-Oncology in TKI-induced cardiovascular toxicity

Genomics, Transcriptomics, Proteomics, Metabolomics—A genome-wide
association study in the fission yeast Schizossaccharomyces pombe identified mitochondrial
DNA polymerase gamma 1 (POG1) as a potential mediator of sunitinib-induced
cardiovascular toxicity (64). In POG1-deleted heterozygous mutant yeast compared to

wild type, more severe cytotoxicity and mitochondrial damage were noted. Knockdown

of the human ortholog POLG in HeLA cells by 50-60% using POLG-specific siRNA also
associated with significantly increased cytotoxicity in response to sunitinib administration.
Interestingly, administration of sunitinib independent of the use of siRNA led to similar
downregulation of transcription and translation of POLG by 50%. Prior studies showed

that POLG knockdown induces generation of reactive oxygen species and depletion of
mitochondrial DNA, resulting in mitochondrial dysfunction and cytotoxicity (65-67).
Previous studies also indicate that sunitinib causes abnormal mitochondrial structure and
function in human myocardial cells and can associate with cardiomyopathy (35). In mice,
POLG mutation causes oxidative stress with consequent loss of mitochondrial DNA and
results in abnormal mitochondrial structure and function with subsequent cardiomyopathy
(35, 68). Further, human cardiomyocyte expression of POLG has been confirmed by
genome-wide integration of transcriptomics and antibody-based proteomics, as a possible
mediator of sunitinib-induced cardiomyopathy in humans (69). Taken together, these results
suggest that sunitinib downregulates production of POLG mRNA and protein, leading to
impaired adaptation to oxidative stress and associated mitochondrial dysfunction, which
both mediate cardiovascular toxicity. These studies illustrate the merit of an omics approach
in elucidating the potential mechanisms for cardiovascular toxicity as an off-target effect

of a TKI, here the VEGF inhibitor sunitinib. Furthermore, studies have indicated a

high clinical variability of phenotypic expression in patients carrying POLG mutations
(although 3D biophysical modeling would support consistent phenotypes), suggesting the
possible influence of other genetic or epigenetic factors (70). In addition, point mutations

in mitochondrial DNA can independently associate with cardiomyopathy, which can
conceivably be amplified by administration of sunitinib (71). These observations from a
systems level may also help explain inter-individual variability in response to sunitinib
therapy.

Transcriptomics and proteomics studies in a murine model demonstrated unique differences
between sunitinib and sorafenib (72), illustrating the pleomorphic effects of multikinase
TKIs and the variability in the genes and mRNA affected by each drug. Therefore, while

a class effect may be observed phenotypically regarding hypertension, cardiomyopathy, or
other forms of cardiovascular toxicity, at the molecular level, gene and mRNA expression
may not be identical. Since both the genome and transcriptome can be influenced by other
factors, such as microRNAs or the environment, differential regulation of the genome and
transcriptome in various individuals can also help to explain inter-individual variability in
cardiovascular toxicity.
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In regards to metabolomics, several changes were noted in mice which were treated with
sunitinib and developed left ventricular systolic dysfunction within two weeks of drug
administration (73). Levels of long chain omega-3 fatty acids docosahexaenoic acid (DHA)
and arachidonic acid (AA)/ eicosapentaenoic acid (EPA) were decreased in the heart in
addition to the metabolites O-phosphocolamine, 6-hydroxynicotinic acid, and fructose.
Cholesterol, sucrose, and similar disaccharides were increased in the liver. Adenosine/
inosine and DHA, as well as C11 hydrocarbon and dehydroalanine (possibly from cysteine)
were downregulated in skeletal muscle. In distinction, mice treated with erlotinib did not
develop left ventricular systolic dysfunction and showed an increase in one metabolite
(spermidine) in the heart, downregulation of homoserine and ornithine in the liver as

well as C11 hydrocarbon and dehydroalanine (possibly from cysteine) in skeletal muscle.
As polyunsaturated fatty acids are important for mitochondrial function and can also act

as beneficial inflammatory mediators,(74-76) this study pointed to a metabolic aspect in
the pathophysiology of sunitinib-induced cardiotoxicity. Of further interest, treatment with
L-carnitine, which transports fatty acids into the mitochondria to facilitate oxidation and
energy production, can be protective in the setting of sunitinib therapy (74). Last but

not least to mention, one study also noted enhanced glycolysis and reduced oxidative
phosphorylation (metabolic switch) in murine myocardium in response to sunitinib (77).
Of note, co-administration of an endothelin receptor antagonist protected against these
metabolic defects and restored cardiac structure and function, possibly by modulating
mitogen-activated protein kinase (MAPK) activity. Collectively these studies illustrate the
potential of approaches other than genomics in a systems-based approach in cardio-oncology
related to TKiIs.

Kinomics in Computational Pathway Analyses—While pathways for cardiotoxicity
are multifaceted, they may not necessarily be linearly associated with the number of kinases
inhibited. Rather, it seems that it is of greater significance which types of kinases are
inhibited. This sentinel kinase concept is also supported by developments in experimental
studies on this topic. For example, in one study, TKIs with a known/likely cardiotoxicity
profile were contrasted against those with a low cardiotoxicity profile. The comparison
indicated that the former group had, in general, a much broader scope of targets (6). While
therapies in the “high risk” group were notoriously more kinase-promiscuous, it remains
likely that the sheer number of kinases inhibited is less important than the specific kinases
inhibited (78, 79). Moreover, not only inhibitory but also the stimulatory effects are of
significance. For instance, a very illustrating study revealed that the compared to sunitinib
and sorafenib very benign cardiotoxicity profile of erlotinib is not only due to a difference
in TKI properties, but also due to the concomitant upregulation of signal transducer and
activator of transcription 3 (STAT3) signaling, enabling metabolically adaptive changes (78).
Notably, for VEGF inhibitors, activation of the insulin signaling pathway was identified

as a compensatory mechanism in an extensive high throughput screen in human inducible
pluripotent stem cells. Such recent observations outline the complexity of the matter in both
inhibition and upregulation of signaling and lend support for systems biology approaches in
assessing the response of the cardiovascular system to TKI-induced perturbation.
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Finally, computational systems can be used to address the complexity, mapping

pathways and predicting interactions among proteins. Further development, validation, and
implementation of such computational predictions could potentially improve clinical and
research practice. (80). Integration of various omics may help to optimized computational
pathway analyses in their predictive abilities regarding cardiovascular toxicity from cancer
therapies.

Precision Cardio-Oncology in ICl-induced cardiovascular toxicity

Gene polymorphisms, Multiple hits, and Autoimmunity—Gene polymorphisms
leading to deficiency or dysfunction of CTLA-4, PD-1, or PDL-1 may be associated

with myocarditis or cardiomyopathy, or a myriad of other autoimmune or inflammatory
conditions, in humans or in mice. Patients carrying genomic variants in CTLA-4 such as

the most frequently studied rs231775 (a single nucleotide polymorphism in the 3’ flanking
region of the gene) often develop a variety of autoimmune disorders, such as type 1 diabetes,
celiac disease, systemic lupus erythematosus, and rheumatoid arthritis (81-86). In one study,
patients autoimmune hypothyroidism and with A/G (odds ratio 5.333, p = 0.0004) or G/G
(odds ratio 5.779, p = 0.0019) alleles for the CTLA-4 variant rs231775 had lower levels

of CTLA-4 mRNA expression than control individuals, with an apparent dose effect on

both mRNA levels and susceptibility to autoimmunity (Fig. 2) (87). Other studies found

that autoimmune disorders often clustered together in individuals with unfavorable CTLA-4
polymorphisms (88-91). The breadth of autoimmune conditions associated with CTLA-4
polymorphisms is reminiscent of the variety of autoimmune observed in patients treated
with inhibitors of CTLA-4, PD-1, PD-L1. It is therefore conceivable that the inter-individual
variability in the development of these varied cardiovascular toxicities may in part be
mediated by polymorphisms in the genes that encode CTLA-4, PD-1, and PDL-1.

It is conceivable that multiple hits may play a role in ICI-induced cardiovascular toxicities.
Patients treated with an ICI may have a pre-existing CTLA-4 polymorphism, dual or
chimeric TCRs, prior exposure to an infectious agent, leading to prior immune self-priming
with cardiac or extra-cardiac proteins, or alterations in stress or sex hormone signaling.

Any number of these combinations could potentially be present in patients who present

with myocarditis, which is a rare adverse effect in ICI therapy. Further studies in precision
cardio-oncology from such a systems perspective may help further elucidate such concurrent
mechanisms consistent with multiple hits.

Possible Precision Markers of ICI Efficacy and Toxicity—Several candidate
genomic ‘nomograms’ or immunotherapy ‘signatures’ or ‘footprints’ may be useful as
precise markers of cardiovascular toxicity or risk. Whole-exome and whole-transcriptome
sequencing of surgically resected malignant melanoma have identified an association
between mutational load and expression of cytolytic genes and the degree of clinical
benefit (92, 93). Whole exome sequencing of non-small-cell lung cancers from patients
treated with PD-1 and CTLA-4 inhibitors, for instance, demonstrated that a high tumor
mutation burden (or “mutanome”, in “mutanomics”) strongly associated with clinical
benefit, including progression-free survival (94, 95). Others have developed genomic and
transcriptomic signatures to correlate clinical response to CTLA-4 and PD-1 inhibitor
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therapy in metastatic melanoma, glioblastoma, and other cancers(96-99). The use of
exomics, transcriptomics, and computer simulations has successfully predicted clinical
response to PD-1 immunotherapy (100). Perhaps these genomic and transcriptomic
signatures could be studied to determine any concurrent association with the likelihood
or extent of cardiovascular toxicity from immunotherapy.

Gene polymorphisms alone are not likely to be fully responsible for inter-individual
variability in cardiovascular toxicities from ICls. Methylation of CTLA-4 is related to the
clinical response to anti-CTLA-4 and anti-PD-1 immunotherapy (101). DNA regulation,
such as histone post-translational modifications and noncoding RNAs, could also play

a role (102). Epigenomic changes often occur due to gene-environment interactions and
lifestyle habits, such as nutrition, smoking, stress, and pollution, potentially modifying

gene expression, and cardiovascular risk (102, 103). Several studies also suggest the utility
of microbiomics to predict clinical benefit from ICI therapy (104-107). The endogenous
presence or oral administration of bacteria such as Akkermansia muciniphila has been found
to improve the response to PD-1 immunotherapy (104, 108, 109), suggesting that the gut
microbiome interacts with the host by modulating the function of gut epithelium or directly
the local immune system (110). Collectively, these areas within precision medicine could be
explored further in cardio-oncology.

Clinical Implementation of Precision Cardio-Oncology for TKI and ICI therapies

Ideally to protect against toxicities, prior to or during cancer therapies, each individual
would have a precision nomogram created. This multifaceted nomogram would represent an
individual’s risk by way of their genome, exome, mutanome, transcriptome, epigenome,
proteome, metabolome, and microbiome, microRNA regulome, exposome, interactome,
and so on (Fig. 3). The use of precision Cardio-Oncology with receptor-based therapies
could create a fingerprint/signature unique to each patient, thus placing the individual’s
nomogram in the context of predicting their specific anti-cancer response and risk for
cardiotoxicity. Various tools within precision medicine would be integrated for this purpose,
to form a global picture of the patient that could be used to personalize care in Cardio-
Oncology via the P*3 pathway (Fig. 4) (7, 8). To preempt and prepare for the possibility

of developing cardiovascular toxicity, the data would be integrated into the electronic health
record of these patients, along with clinical and other information such as family history,
lifestyle, and so on. Imaging data would be incorporated, particularly echocardiography,
coronary CT, cardiac MRI and PET scans, as well as more recently developed ‘molecular
imaging’ techniques (111). Molecular imaging allows for detection of bimolecular events
and trends underlying cardiac physiology and phenotype, using radio-labelled imaging
probes. Such advanced testing and nomogram development within the context of precision
Cardio-Oncology would require counseling akin to genetic counseling (P1; a comprehensive
step 1 shown in the figure). This would help patients understand the probabilistic nature of
all their data and also the uncertainty with which we make subsequent predictions (P2). In
the end, it it the hope that providing such information will help navigate inter-individual
variability and prevent cardiovascular toxicity (P3).
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One might consider, for example, the presentation of a patient treated with nivolumab (a
PD-1 inhibitor), who subsequently developed ptosis, diplopia, myositis, and myocarditis.
This patient’s presenting symptoms are remarkably similar to those seen in patients

with multisystem autoimmune conditions associated with CTLA-4 polymorphisms and
decreased CTLA-4 receptor levels (Fig. 2) (87). It could be that in the setting of such
CTLA-4 polymorphisms, treatment with a PD-1, PD-L1, or CTLA-4 inhibitor creates a
multiple hit scenario. Therefore, it would be reasonable to infer that a CTLA-4 agonist
such as abatacept in opposition to corticosteroids could rescue individuals with the AG
or GG allele combinations, from severe myocarditis, if administered before, during, or
after immunotherapy (112). This supports the possibility that CTLA-4 polymorphisms
and its associated effect on receptor expression explain the inter-individual variability

in the development of myocarditis. As outlined above, it is the hope of developing and
implementing precision cardio-oncology in clinical practice to assist with shared decision-
making on risk and benefit of ICI therapy. For patients identified to be at high risk for
cardiotoxicity, it might be worth testing shorter treatment period or administration of a
CTLA-4 agonist (112, 113).

The P*3 pathway for therapy decisions, as well as any other process of incorporating
precision medicine to guide imaging or other decisions in cardio-oncology should be useful
in the setting of a variety of cancer therapies. In fact, the P*3 pathway was originally
developed to guide future decisions for anthracycline therapy in precision cardio-oncology
(7). Any drug can be incorporated into such algorithms for either combination or sequential
therapies. The overall patient nomogram can be dynamic and updated iteratively over time,
e.g., as underlying patient characteristics are updated in the EHR.

Of course, it may not initially be practical or cost-effective to pursue a precision nomogram
for every patient in oncology, or for every patient treated with a TKI or an ICI. Initial
studies may need to first target patients with factors in their medical history or baseline
assessment that may suggest a possibility of high risk of developing cardiovascular toxicity.
For example, patients planned to undergo VEGF inhibitor therapy are already known to be
at higher risk of cardiovascular toxicity if they have a history of coronary heart disease,
arterial thromboembolism, hypertension, or other conditions recently reviewed. (114) (115).
Yet, given inter-individual variability in cardiovascular toxicity and poor precise prediction
of cardiovascular risk at the level of the individual patient, personalizing their care by use
of the P*3 pathway may help tailor treatment plans and improve outcomes. The same holds
true for patients undergoing ICI therapy (4, 46). Such patients could also pursue shared
decision-making using the P*3 pathway to personalize decisions regarding their treatment
and monitoring composition and duration.

However, even more so in this area there is a critical need to systematically catalog and
define risk factors for developing ICI-induced cardiovascular toxicity (46, 116). Until
precision nomograms become available, it would be reasonable to consider testing patients
planned to undergo combination ICI therapy for common genomic variants such as the
CTLA-4 rs231775 described above. As additional studies are pursued, more data will
become available to guide precision-related decisions and practice guidelines (117).

J Cardjovasc Transl Res. Author manuscript; available in PMC 2022 February 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brown et al.

Page 12

CONCLUSION

Funding:

The use of targeted therapies, and especially immune-targeted therapies, continues to

grow in cancer care. This is accompanied by the risk of cardiovascular toxicities, which
remains extremely difficult to predict by clinical means alone. Integration of information
on multiple levels including, but not limited to, genomics, epigenomics, transcriptomics,
proteomics, metabolomics, microRNA regulomics, microbiomics, pharmaco-interactomics,
and environmentomics might offer solutions in risk prediction and management. Such

an approach in precision and systems medicine might also assist with the mechanistic
understanding of cardiovascular toxicities seen with relevant drugs. This would allow for

a pathophysiology-based approach to the management and prevention of cardiovascular
toxicities. With continued preclinical and clinical investigation and innovation, and
subsequently clinical implementation, we may perhaps approach an era in which inter-drug
and inter-individual differences and variability can be cheaply, reliably, and effectively
predicted, to facilitate cancer treatment, remission, and cure without the high burden of
cardiovascular toxicity.
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Fig. 1.

Proposed Mechanisms of Cardiotoxicity from Immune Checkpoint Inhibitors. Top: Tumor

cell antigen interaction with TCR. A specific antigen present of the cell surface is
recognized by the TCR of the T-cell, co-stimulation is inhibited by immune checkpoint
therapy resulting in further T-cell effect. Bottom: Purposed cardiac autoimmunity by one

of three mechanisms. 1) “Same antigen” the effector T-cell recognizes the same antigen on
both the tumor and self-cardiac myocyte. 2) “Similar antigen” the antigen recognized by the
effector T-cell is similar to the antigen recognized but not identical. This similarity is close

enough to facilitate T-cell immunity against cardiac myocytes. 3) T-cell chimera where a
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single T cell has two different TCRs recognizing two different antigens (1 from the tumor,
and 1 from the cardiac myocyte) both are recognized leading an effector T-cell response to
both tumor and cardiac myocyte. TCR= T-cell receptor.
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Fig. 2.
Potential Impact of CTLA-4 Polymorphism on Immune System Activation. An apparent

dose effect on both mRNA levels and susceptibility to autoimmunity is noted for the most
frequently studied CTLA-4 genomic variant rs231775 (single nucleotide polymorphism

in the 3’ flanking region of the gene), with lower levels of CTLA-4 mRNA expression
associated with the alleles A/G (odds ratio 5.333, p = 0.0004), and even lower levels of
CTLA-4 mRNA expression associated with the alleles G/G (odds ratio 5.779, p = 0.0019),
compared to control (A/A) individuals (87); decreased expression of CTLA-4 would be
expected to decrease T-cell inhibition, with the equilibrium of T-cell activity shifting towards
activation. CTLA-4 = cytotoxic T-lymphocyte-associated protein 4; TCR = T-cell receptor.

J Cardiovasc Transl Res. Author manuscript; available in PMC 2022 February 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Brown et al.

ainjeusis 10 ‘quradiaduily

‘wes3owoN auRIpaN

swaisAg/uoisidaid

|
§

Page 22

Tﬁmﬁ“mcs Integrative
microRNA Regulomics Precision/Systems
Epigenomics Medicine Algorithms

onal Bi
mpntghonaBnbgyl

(\

s

Low Risk High Risk

? Likelihood of
response to therapy

Fig. 3.
Precision and Systems Medicine Paradigm in Cardio-Oncology. A Precision or Systems

Medicine nomogram, fingerprint, or signature consisting of genomic, transcriptomic,
microRNA regulomics, epigenomic, proteomic, metabolomic, and other ‘omic’ factors could
be determined for each patient, with assessment of their genetic/genomic variants that may
associated with cardiotoxicity, potentially utilizing network medicine and computational
pathway analyses in integrative algorithms. The output of such algorithms would be
prediction of whether a patient with cancer, based on their unique characteristics, might

be at low or high risk for developing cardiotoxicity, and whether they may be more or less
likely to respond to specific cancer therapies. Adapted from [29], with permission.

J Cardiovasc Transl Res. Author manuscript; available in PMC 2022 February 18.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Brown et al.

Pre-emption (P1)

]

Prediction (P2)

Prevention (P3)

[ 1

Fig. 4.

P1

P2

P3

Page 23

Precision medicine counseling
Patient education

\i
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Integration into a comprehensive EHR that
also includes information concerning
family history, lifestyle and other factors

\
Implementation of interactive,
electronic decision aids to facilitate
shared decision-making

\J

Patient reviews data via a patient-friendly
interface with the physician in a shared
decision-making session

Different decisional avenues available to
patient to pursue to prevent
cardiovascular toxicity

Clinical Implementation of Precision Cardio-Oncology: The P*3 Pathway (7, 8). In the P*3
approach to precision cardio-oncology, pre-emption (P1) is represented in purple: precision
medicine data should be integrated into the electronic health record (EHR) along with
clinical information and other demographics such as family history and environmental or
lifestyle contributors, following precision/systems medicine counseling, and with interactive
electronic decision aids to facilitate shared decision-making. Then prediction (P2)is
represented in blue, incorporating stratification mechanisms for risk prediction, including
both clinical factors and precision medicine data. Individual would be placed into three

risk categories: high, intermediate and low. Prevention (P3) is represented in orange, and
involves personalized prevention strategies that simultaneously optimize therapeutic efficacy
and safety for the individual patient. EHR = electronic health record. Adapted from [93], and
used with permission of Springer Nature.
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Small molecule tyrosine kinase inhibitors (modified from Current Oncology Reports, Tyrosine Kinase
Inhibitors and Vascular Toxicity: Impetus for a Classification System?, volume 18, issue 6, page 33, year
2016, Joerg Herrmann, with permission of Springer).

Malignancy Molecular HTN Chest | MI Stroke/ | PAD | DVT/ | Additional
targets Targets pain TIA PE warnings
Bcr/Abl
inhibitors
Imatinib Ph+ CML, Ph+ ABL-1, c-KIT, 4% - Edema 11-86%
ALL, GIST, PDGFR-A, 11% Hypotension
ASM, MDS Off- | PDGFR-B, FLT-3 11%
label melanoma
Nilotinib Ph+ CML Off- ABL-1, c-KIT, 10-11% 5- 1-3% 3- Pericardial
label GIST PDGFR-A, 9% 4% effusion 2%
PDGFR-B, FLT-3
Ponatinib Ph+ CML, Ph+ ABL-1, c-KIT, 53-71% 12% 2% 8% 5% HF6-15%
ALL PDGFR-A, Pericardial
PDGFR-B, effusion 1-3%
FLT-1, KDR, Atrial fibrillation
FLT-3, FLT-4, 4%
FGFR, SRC,
TIE2
Bosutinib Ph+ CML ABL-1, FGFR, Edema 14%
FLT-1, FLT-2, Pericardial
FLT-3, KDR, effusion 1-3%
PDGFR-A,
PDGFR-B, SRC
Dasatinib Ph+ CML, Ph+ ABL-1, FGFR2, 4% Edema 4%
ALL Off-label KIT, PDGFR-A, IHD Pericardial
GIST PDGFR-B, SRC effusion 4%
Cardiac
dysfunction 4%
QTc prolongation
1% Conduction
abnormalities 7%
VEGFR
inhibitors
Sorafenib RCC, Thyroid B-Raf, FLT-1, 9-41% 3% 1% HF in 2%
cancer, HCC, FLT-3, FLT-4, (grade 3
off-label: KDR, KIT, or4
angiosarcoma PDGFR-A, 10%)
and GIST PDGFR-B,
FGFR, c-fms
Sunitinib RCC, GIST, ABL-1, c-KIT, 27-34% | 13% 3% LVEF drop 16—
PNET, off-label: | PDGFR-A, (grade 3 each 27%
STS, thyroid PDGFR-B, or4
cancer FLT-1, KDR, 10%)
FLT-3, FLT-4,
FGFR, SRC, c-
smc
Pazopanib RCC, STS, ABL-1, c-KIT, 40% 5- 2% 1% 1-5% | HF 11% QTc
thyroid cancer PDGFR-A, (grade 3 10% prolongation 2%
PDGFR-B, or 4 7%) Bradycardia 2—
FLT-1, KDR, 19%
FLT-4, FGFR, c-
frns
Axitinib RCC c-KIT, PDGFR- 40% 2% 1% 1-3%
A, PDGFR-B, (grade 3
FLT-1, KDR, or4
FLT-4, 16%)
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Malignancy Molecular HTN Chest | MI Stroke/ | PAD | DVT/ | Additional
targets Targets pain TIA PE warnings
Regorafenib GIST, colorectal PDGFR-B, 30-59% 1%
cancer FLT-1, KDR, (grade 3
FLT-4, TIE2, or48-
RET, c-KIT, RAF | 28%)
Lenvatinib Thyroid cancer PDGFR-B, 73% 3% LVEF drop 2%
FLT-1, KDR, (grade 3 QTc prolongation
FLT-4, RET, c- or4 9%
KIT 44%)
EGFR inhibitors
Erlotinib NSCLC, EGFR (HER1) N/a 12% (2%) | (3%) N/a (4%) (Cardiac
(+gemcitabine) pancreatic arrhythmia 5%,
cancer syncope 5%,
thrombosis 11%)
Vandetanib Thyroid cancer EGFR, KDR, 33% 1% QTc prolongation
FLT-4, RET (grade 3 14% Heart failure
or4- 2%
9%)
ALK inhibitors
Crizotinib NSCLC ALK,MET, 6% QTc prolongation
ROS1 5-6%
Bradycardia 5—
15% Syncope 1-
3% Edema 31—
49%
Ceritinib NSCLC ALK, IGF-1R, QTc prolongation
ROS1, InsR 4% Bradycardia
3%
JAK inhibitors
Ruxolitinib Myelofibrosis JAK1, JAK2, 6%
Polycythemia TYK2
vera
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Table 2

Immune checkpoint inhibitors

IMMUNE CHECK POINT RECEPTOR THERAPIES

Generation of Checkpoint Inhibitor Location

First Generation

CTLA-4 T-Cell

Ipilimumab

Tremelimumab

Second Generation

PD-1 T-Cell

Nivolumab

Pembrolizumab

Cemiplimab

PD-L1 Tumor, APC

Avelumab

Atezolizumab

Durvalumab

Next Generation - Inhibitory pathways

LAG-3 (CD223) T-Cell

IMP321 (Immuntep®)

BMS-986016

LAG525

TIM-3 T-Cell

MBG453

MEDI9447

TIGIT T-Cell, NK

OMP-31M32

VISTA T-Cell

JNJ-61610588

CA-170

B7-H3 T-Cell

Enoblituzumab (MGA271)

MGD009

8H9

KIR NK cell

Lirilumab

IPH4102

AlaR T-Cell

CPI-444

Next Generation - Stimulatory Pathways
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IMMUNE CHECK POINT RECEPTOR THERAPIES

Generation of Checkpoint Inhibitor Location
0OX40 T-Cell
9B12
MOXR 0916

PF-04518600

MEDI6383

MEDI0562

INCAGN01949

GSK3174998

GITR

T-Cell

TRX-518

BMS-986156

AMG 228

MEDI1873

MEDI6469

MK-4166

INCAGNO01876

GWN323

ICOS

T-Cell

JTX-2011

GSK3359609

MEDI-570

4-1BB

NK, T-cell

Utomilumab (PF-05082566)

Urelumab

BMS-936561 (MDX-1203)

Varilumab

CD27-CD70

T-cell/APC, Tumor

ARGX-110

CD 40-CD40L

T-cell/APC, Tumor

CP-870893

APX005M

ADC-1013

JNJ-64457107

SEA-CD40

RO7009789

IDO

Tumor

BMS-986205

Indoximod
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IMMUNE CHECK POINT RECEPTOR THERAPIES

Generation of Checkpoint Inhibitor Location

Epacadostat
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