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Abstract

Immune checkpoint blockade (ICB) has become a standard of care in a subset of solid tumors. Although cancer survivorship
has extended, rates of durable response of ICB remain poor; furthermore, cardiac adverse effects are emerging, which
impact several mechanical aspects of the heart. Cardio-oncology programs implement a clinical assessment to curtail
cardiovascular disease progression but are limited to the current clinical parameters used in cardiology. Pharmacogenomics
provides the potential to unveil heritable and somatic genetic variations for guiding precision immunotherapy treatment to
reduce the risk of immune-related cardiotoxicity. A better understanding of pharmacogenomics will optimize the current
treatment selection and dosing of immunotherapy. Here, we summarize the recent pharmacogenomics studies in
immunotherapy responsiveness and its related cardiotoxicity and highlight how patient genetics and epigenetics can
facilitate researchers and clinicians in designing new approaches for precision immunotherapy. We highlight and discuss
how single-cell technologies, human-induced pluripotent stem cells and systems pharmacogenomics accelerate future
studies of precision cardio-oncology.

Introduction

Checkpoint inhibitors harness the innate and adaptive immune
system to eliminate tumor cells (1). Cytotoxic T-lymphocyte-
associated antigen 4, programmed cell death protein 1 (PD-1)
and programmed death ligand 1 (PD-L1) play a central role in
peripheral tolerance (1). Binding of CTLA-4 to B7 molecules
on antigen-presenting cells and PD-1 to PD-L1 on the tumor
surface or other immune cells will subsequently induce a
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negative signal to dampen T cell activation (2,3). Monoclonal
antibodies that interfere with the PD-1/PD-L1 and CTLA-4/B7
axis, will therefore reinvigorate lymphocyte activity from an
anergic state. (Fig. 1). These revolutionizing findings were
recognized in the 2018 Nobel Prize in Physiology and Medicine
to James P. Allison and Tasuku Honjo for the discovery of
CTLA-4 and PD-1 as negative immune regulation targets for
cancer therapy. Indeed, ipilimumab has doubled 10-year survival
rates in metastatic melanoma (4,5); PD-1/PD-L1 inhibitors

http://www.oxfordjournals.org/
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Figure 1. Immune checkpoint signaling under investigation. Validated checkpoint marker interactions between macrophages (left) and dendritic cells (right) with

lymphocytes are depicted. TCR interacting with MHC II serves as the first stimulation signal. Macrophages can play an immunosuppressive role by upregulating the

surface expression of checkpoint proteins PD-L1 and ligand 2 (PD-L2), which interacts with Programmed cell death proten 1 (PD-1) on lymphocytes. Furthermore,

lymphocyte-activation gene 3 (LAG3) will bind to MHC II molecules and reduce monocyte differentiation. Colony-stimulating factor 1 receptor (CSF1R) also functions to

differentiate monocytes to macrophages. V-domain immunoglobulin suppressor of T cell activation (VISTA) functions to dampen T-cell activation. A secondary signal

between dendritic cells and lymphocytes will determine the stimulatory or inhibitory response. Stimulatory checkpoint pairs include CD28 and CD80/86, CD137/CD137

ligand, OX40/OX40 ligand, CD40/CD40 ligand, CD27/CD70 and glucocorticoid-induced tumor necrosis factor receptor (GITR)/GITR ligand. Inhibitory checkpoint pairs

include inducible T cell co-stimulator (ICOS) with ICOS ligand, cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)/CD80 or 86, PD-1/PDL1/2, LAG3/MHC II and VISTA

(Created with BioRender.com).

have also shown significant clinical impact in melanoma,
non-small cell lung, bladder, ovarian and colorectal cancers,
among others (6–8).

Despite advances in immune checkpoint blockade (ICB), rates
of durable response remain poor (9). The estimated response
rate of ICB across cancers is 12.46% (10). Predicting the risk
of ICB efficacy has remained elusive and focuses primarily on
biological indicators of poor immune surveillance (1). A greater
obstacle is the alarming rate of adverse effects (up to 50%) that
consequently result in the early discontinuation of treatment
(11). Although rare, cardiac adverse effects in ICB can be serious
and lethal (12,13). They encompass a diverse set of disorders
in the heart including myocarditis, pericarditis, arterial vascular
disease, venous thromboembolism, pulmonary hypertension,
arrhythmias and heart failure (14). Despite not having a ground
understanding of the molecular mechanisms governing efficacy
and toxicity, an unprecedented number of new drugs are enter-
ing clinical trials. As of March 2020, the cancer cell therapy
pipeline worldwide includes 1483 active agents, with an increase
of 472 from the previous year (15). To date, the U.S. Food and Drug
Administration approved seven antibody ICBs highlighted in
Table 1 (16). It will be vital to incorporate additional biomarkers,
like patient genetics to better understand treatment responsive-
ness; and to elucidate underlying molecular determinants of
cardiotoxicity and detain growing rates of toxicity as more ICB
drugs enter the clinic.

Pharmacogenomics utilizes genetic variation to explain the
distribution of drug responses by differences in pharmacokinet-
ics or pharmacodynamic pathways. Such strategies have been

employed to explain anthracycline-induced cardiotoxicity in
association to single-nucleotide polymorphisms (SNPs) (17,18).
The goal for precision immuno-oncology will be to apply
pharmacogenomic methods to offer a non-invasive technique
of identifying actionable biomarkers of responsiveness and
immune-related toxicity. With increasing surveillance of
cardiotoxicity, it should become clearer whether events are
either a direct insult from cancer treatment or the exacerbation
of underlying disease comorbidities (i.e. diabetes, hypertension
and existing cardiovascular conditions). In this review, we
will focus on recent evidence describing cardiotoxicity of
ICB and how pharmacogenomic studies contribute to clinical
management of personalized immunotherapy.

Pharmacogenomics in immunotherapy
Tumor mutation burden (TMB) is the average number of
mutations per megabase. A high TMB score is a biomarker of
ICB response already utilized in the clinic for nominating non-
small cell lung cancer (NSCLC), melanoma and microsatellite
instability-high colorectal cancer patients for immunotherapy
treatment (5,6). Despite the increasing accessibility of germline
and tumor genetic testing, it remains unclear if TMB and
canonical oncogene driver mutations serve as reliable indicators
of ICB response. Samstein et al. (19) profiled the TMB in
1662 advanced pan-cancer patients treated with ICB. The
top 20% mutated tumors associated with a better overall
survival in colorectal, head and neck, melanoma, non-small
cell and bladder cancers, but not in renal cell, glioma or breast
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Table 1. Food and Drug Administration-approved ICB therapies

Drug Target Histology Key trials Combination

Ipilimumab CTLA-4 Melanoma NCT00094653 Monotherapy
Nivolumab PD-1 Melanoma Checkmate-037,069,067,238 Ipilimumab

NSCLC CheckMate-063, 017,057,227,9LA Ipilimumab,
Ipilimumab + platinum

RCC CheckMate-025, 214 Ipilimumab
Hodgkin’s lymphoma CheckMate-205 Monotherapy
Head and neck CheckMate-141 Monotherapy
Colorectal CheckMate-142 Ipilimumab
HCC CheckMate-040 Ipilimumab
SCLC CheckMate-032 Monotherapy
Bladder CheckMate-275 Monotherapy
Esophageal SCC ATTRACTION-3 Platinum, fluoropyrimidine

Pembrolizumab PD-1 Melanoma KeyNote-001, 002,006,054/EORTC
1325

Monotherapy

NSCLC KeyNote-001,010,
024,021,189,407,042

Pemetrex, cisplatin/carboplatin,
paclitaxel

RCC KeyNote-426 Atixinib
Hodgkin’s lymphoma KeyNote-087 Monotherapy
Head and neck KeyNote-012,048 Platinum, fluorouracil
MCC CITN-09/KeyNote-017 Monotherapy
MSI-H NCT01876511 Monotherapy
Gastric KeyNote-059 Monotherapy
HCC KeyNote-244 Monotherapy
Cervical KeyNote-158 Monotherapy
PMBCL KeyNote-170 Monotherapy
SCLC KeyNote-158,028 Monotherapy
Bladder KeyNote-045,052,057 Monotherapy
Endometrial KeyNote-146 Lenvatinib

Cemiplimab PD-1 CSCC NCT0276048 Monotherapy
Avelumab PD-L1 RCC JAVELIN Renal 101 Axitinib

MCC JAVELIN Merkel 200 Monotherapy
Bladder JAVELIN Solid Tumor Monotherapy

Atezolizumab PD-L1 NSCLC Birch, Poplar, FIR, Oak,
IMpower150,130 ,110

Bevacizumab, carboplatin, and
paclitaxel

HCC IMbrave150 Bevacizumab
SCLC IMpower133 carboplatin, etoposide
Bladder IMvigor210 Monotherapy
Breast IMpassion130 n-ab paclitaxel

Durvalumab PD-L1 NSCLC PACIFIC Monotherapy
SCLC CASPIAN Carboplatin, etoposide
Bladder NCT01693562 Monotherapy

CSCC, cutaneous squamous cell carcinoma; HCC, hepatocellular carcinoma; MCC, Merkel cell carcinoma; MSI-H, microsatellite instability- high; NSCLC, non-small cell
lung cancer; PMBCL, primary mediastinal B-cell lymphoma; RCC, renal cell carcinoma; SCC, squamous cell carcinoma.
Information summarized from https://www.canceresearch.org/.

cancer (19). Major differences in the tumor microenvironment
(tumor-infiltrating lymphocytes, tumor antigens, clonality,
immune cell suppressors, etc.) make it difficult to apply one
universal metric across different histologies and capture tumor
stochasticity (20,21). Understanding the interaction of patient
genetic signatures and the tumor immune microenvironment
will be necessary for the development of robust predictors of
ICB resistance and represent a critical step towards stratifying
patients to ICB responders and non-responders. Genome-
wide association studies (GWAS) have already found SNPs
in CTLA-4 and PD-L1 that distinguish drug response (22). In
light of this, quantitative trait mapping and functional studies
have to be performed to support these findings in the near
future. In the next sections, we will highlight recent evidence
describing genetic or genomic alterations in phosphatase
and tensin homolog (PTEN) and human leukocyte antigen
(HLA) as example determinants of ICB response and their

potential role as pharmacogenomic markers of immune-related
cardiotoxicity.

Phosphatase and tensin homolog

PTEN acts as a phosphatase to substrates with serine, threo-
nine and tyrosine residues and canonically negatively regulates
phosphatidylinositol 3-kinase (PI3K) signaling (23). PTEN dys-
function results in uncontrolled cell proliferation and induces
immune escape and apoptosis of activated T cells through the
upregulation of PD-L1. Unsurprisingly, PTEN loss is frequent
in tumor resistance to ICB (24–27). This phenomenon can be
explained in models of PTEN loss that show significantly less
CD8+ T-cell tumor infiltration and functionality compared to
tumors with intact PTEN (27,28). Peng et al. (27) linked this
loss to vascular endothelial growth factor overexpression and
the release of immunosuppressive cytokines. Recent studies

https://www.canceresearch.org/
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have described PTEN as a crucial molecular pathway modu-
lator in regulatory T cells (Tregs) that represses T follicular
helper cell and T helper type 1 cell responses. Pten knockout
mice show loss of the interleukin-2 receptor leading to the
expansion of impaired Tregs (29). Additionally, these mice also
showed impaired metabolic programming via reduced reactive
oxidative species mitochondrial mass and membrane potential.
Together, these studies can clarify the immune signaling mech-
anism observed in PTEN mutants to explain drug responses. It
will be important to assess whether rare germline variants differ
from common somatic variants, as germline variants may be
more relevant to immune response changes in the heart.

Several clinical trials are testing the efficacy of immunother-
apy with canonical variants in the AKT/PIK3CA/PTEN pathway
in solid tumors (NCT03772561, NCT03842228), as well as the
use of PI3K inhibitors in combination with immunother-
apy in metastatic melanoma (NCT03131908), colorectal can-
cer (NCT03711058), large B cell lymphoma (NCT03484819),
lung cancer (NCT03257722) and gynecologic malignancies
(NCT03719326).

Human leukocyte antigen

Highly polymorphic or loss of HLA-I loci are also proposed as
predictors of ICB response (30,31). HLAs are the cell surface pro-
teins that serve as substrates for antigens and are characterized
by a high sequence variation in the peptide-binding domain (32).
Tumors with a high mutation burden are likely to create a more
diverse set of tumor antigen peptides and in turn elicit a more
diverse cytotoxic immune response. For this reason, TMB is a
putative predictor of ICB response (33). Tumor antigens lacking
somatic variants can also elicit an immune response, though this
is limited by central tolerance.

Groups have leveraged new sequencing methods to char-
acterize HLA diversity in ICB-treated patients. Chowell et al.
reported homozygosity at the HLA-I locus was associated
with a significant reduction of overall survival following ICB
treatment [P = 0.003, hazard ration (HR) = 1.38, 95% confidence
interval (CI) 1.11–1.70] in melanoma and NSCLC. Additionally, the
investigators used T-cell receptor (TCR) sequencing to compare
TCR subclones in HLA heterozygotes versus homozygotes. TCR
complementary-determining region 3 subclones are responsible
for recognizing processed antigens on T-cells and were more
abundant in HLA heterozygotes compared to homozygotes.
Specifically, patients harboring B44 alleles had better disease
outcome (P = 0.01, HR = 0.61, 95% CI = 0.42–0.89) and those with
B62 alleles had reduced survival (P = 0.0007; HR = 2.29; 95%
CI 1.40–3.74) (34). In a later study, the investigators created
an HLA evolutionary divergence (HED) score to calculate the
high sequence diversity of HLA-A, B and C alleles and tumor
immunogenicity to predict response to anti-PD1 and anti-CTLA-
4. Using HED, the investigators reported heterozygous HLA-I
patients with a HED in the upper quartile responded better
to ICB compared to the lower quartile in two cohorts in late-
stage melanoma and one cohort in NSCLC. They found that
TMB does not correlate with HED, as HED may only represent
variants causing neoantigens recognized by T-cells. However,
they did see a significant positive correlation of HED with
the number of viral peptides, neopeptides and self-peptides
(35). Assessing individuals’ immune-priming score will be an
important step implemented in the genetic screening process
before administering ICB treatment.

Understanding the frequency and strength of antigen
peptides is of equal importance. Cai et al. analyzed 147 lung

adenocarcinoma samples from The Cancer Genome Atlas
(TCGA) to identify mutant peptides that bind to HLA. The
algorithm identified 8804 strong and weak neopeptides.
Surprisingly the second-ranked gene with predicted HLA-DRB1
(Major Histocompatibility Complex, Class II, beta chain) binding
was the skeletal and cardiac muscle encoding gene, TTN.
Canonical lung cancer genes were also highly ranked: KRAS,
EGFR, STK11 and TP53 (36). This study used machine learning
approaches to predict HLA substrates. A major caveat to this
approach of prediction suffers from potential bias in training
sets and overfitting. Additionally, larger genes (i.e. TTN) are
overrepresented in these studies and are often not corrected by
gene cDNA length leading to potential false-positive rates. This
is why functional studies, while harboring its own limitations,
are essential for establishing causality.

Pharmacogenomics of
immunotherapy-related cardiotoxicity
ICB is associated with a spectrum of immune-related adverse
events (irAEs): dermatitis, colitis, hepatitis, hypophysitis,
pneumonitis and myocarditis (37). The frequency of irAEs
is common in patients treated with ipilimumab (64–80%),
pembrolizumab (up to 79%) and combination therapies (96%).
High grade toxicity occurs in 40–50% of combination treatment
cases 40–50% of combination treatment cases (38). Cardiac-
related adverse events include myocarditis, pericarditis and
arrhythmias (39). Myocarditis in patients treated with ICB is rare
irAE (1%); however, it has disproportionally high mortality rates
(50%) and warrants attention (12,40–42). The onset of myocarditis
occurs within the first month (40,43) and is more frequent in
the combination of PD-1 and CTLA-4 inhibitors (40). Managing
adverse effects presents several challenges, including patients
not receiving their full treatment course. Here, we focus on the
recent literature that helps explain how immunotherapy and
combination of epigenetic modulators with immunotherapy
may trigger the immune system to attack cardiac tissue and
how we can utilize ‘-omics’ tools to mitigate adverse reactions
in the heart.

Despite the lack of prospective randomized controlled trials
to assess ICB mediated cardiotoxicity, case reports offer insight
into the underlying mechanism of toxicity. Three hypotheti-
cal mechanisms have been proposed to explain ICB mediated
myocarditis: (1) TCR recognizes the same antigen in the tumor
and the heart, (2) antigens in the heart and tumor have substan-
tial sequence overlap and are recognized by the same TCR and (3)
one T-cell has two chimeric TCRs recognizing distinct antigens
(44). These hypotheses are reliant on cardiomyocytes’ ability to
escape immune surveillance by expression of checkpoint mark-
ers. Indeed, PD-1 surface expression is present on human and
murine cardiomyocytes (45). An in vivo study of Pd1 knockout
mice described the development of cardiomyopathy leading to
decreased overall survival (45,46). These models showed thin-
ning of the right ventricle, lowered ventricular systolic function
and autoreactive antibodies against cardiomyocytes.

In support of the first hypothesis, Martinez-Calle et al.
reported a fatal case of fulminant myocarditis following a single
dose of anti-PD1. The patient tested positive for cardiac troponin
autoantibodies and had elevated troponin T levels suggesting
a pre-existing T memory response that was abrogated by PD-
1 blockade (47). TCR recognition in the heart thus results in
cytotoxic effect to cardiac tissue.

Evidence of the second hypothesis is reported in two
clinical cases of fulminant myocarditis following ipilimumab
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and nivolumab treatment that show a substantial increase
of infiltrating lymphocytes and macrophages in the cardiac
muscle Lymphocyte receptor sequence shows a significant
overlap of TCR sequences among cardiac, skeletal and tumor
infiltrates, suggesting that the antigens in the myocardium and
skeletal muscle were recognized by infiltrating lymphocytes.
Additionally, one case had a 10-fold increase in PD-L1 expression
on the injured cardiac tissue compared to the normal tissue
suggesting an exhausted immune phenotype (48). Finally, the
third concept of chimeric TCRs is borrowed from reports of TCRs
in autoimmune diseases but has yet to be applied in the context
of cardiotoxicity (49). Further functional work will be required to
understand which hypothesis predominates in cardiac irAEs.

Genetic variation, both somatic and germline, can also
provide insight to explain the overlap in TCR signaling
between the tumor and cardiomyocytes in ICB-treated patients.
Human genetic studies, such as GWAS, have advanced the
understanding of the genetic factors in response to irAEs. For
instance, CTLA-4 SNPs (rs4553808, rs11571317 and rs231775)
were found to associate with irAEs in ipilimumab-treated cases
(22). Additionally, susceptibility loci in major histocompatibility
complex (MHC) genes in patients of autoimmune disease linked
to cardiac-related adverse have begun to show avenues of
pharmacogenomic approaches in myocarditis and myopathies
(50). Large-scale prospective controlled studies will be necessary
to make a robust assessment of SNPs and ICB-mediated
cardiotoxicity. After identifying a robust list of loci, it will
be necessary to perform quantitative trait locus mapping or
molecular experiments to refine the functional consequences
of genetic variation associated to cardiotoxicity. These methods
are commonly employed following major GWAS such as cardio-
vascular disease (51) and cancer (52). These studies help further
refine genetic susceptibility in complex traits that may involve
several genes contributing risk of immunotherapy-related
cardiotoxicity.

Epigenetic modulators in pharmacogenomics

As discussed in great detail, the efficacy of immunotherapy
is based on the expression of immune checkpoint markers
on immune or tumor cell surfaces. In addition to epistatic
effects of germline or somatic variation on expression of PD-
1 and PD-L1, DNA methylation and chromatic accessibility
also play a vital role (53). DNA methyltransferase (DNMT)
and histone deacetylase (HDAC) are key enzymes that serve
as epigenetic ‘writers’ and ‘readers’, respectively. DNMT are
responsible for adding methyl groups to gene promoters
and thus silencing gene expression. Whereas, HDACs remove
acetyl groups from lysine residues on histones to activate
genes. Additionally, bromodomain and extra-terminal motif
(BET) modulates interactions of histone acetyl transferases
with HDACs with transcription factors involved in gene
expression and cell cycle control (53). Inhibitors against these
key enzymes are currently explored as modulators of immune-
deprived tumors and harbor great interest to combine with
ICB (54).

DNMT inhibitors, such as 5-azacitidine and decitabine, are
the more common epigenetic modulators used in oncology clin-
ical care. In human cancer cell lines, azacitidine was shown to
upregulate interferon signaling and decreased Th1 response (55).
A case report of three patients presenting with pericarditis fol-
lowing 1–5 cycles of azacytidine with mild elevation of troponin
I levels (56). Patients’ symptoms were resolved following steroid
treatment (56). Azacitidine and decitabine are in active Phase I/II

trials with ICBs, monitoring for hypersensitivity in these trials
is imperative (ClinicalTrials.gov Identifiers: NCT02959437 and
NCT02957968).

Class I and II HDACs are the most active regulators of his-
tones in cancer (57). Indeed, vorinostat, Class I and II HDAC
inhibitor, was approved in 2006 for cutaneous T-cell lymphoma
and showed minimal high-grade adverse effects (4%) (58). HDACs
have been shown to play a role in macrophage polarization
(59). Specifically, a novel Class IIa HDAC inhibitor was previously
reported to play a direct role in polarizing macrophages to highly
phagocytic and pro-inflammatory phenotype and synergized
with anti-PD1 treatment in a breast cancer model resistant to ICB
monotherapy (60). HDACis have also shown promise to deplete
myeloid-derived suppressor cells (61). HDACis in combination
with ICB are actively in Phase I and Phase II clinical trials in
numerous solid tumors. Safety and tolerability outcomes are
anticipated.

JQ1 is among the first generation of BET inhibitors synthe-
sized and tested in the clinic. Pre-clinical studies of JQ1 in NSCLC
murine models showed decreased Treg tumor infiltration and
expression of PD-1 and CTLA-4 (62). However, the first-in-human
Phase I study of BETi had an early termination due to dose-
limiting toxicity (63). Additionally, BETi are actively being tested
for tolerability in multiple myeloma (NCT03068351), progressive
lymphoma (NCT01949883) and solid tumors (NCT02259114).
Monitoring cardiotoxicity effects in epigenetic modulators
with ICB is highly suggested and will be important for
understanding how epigenetic modulation affects normal tissue
homeostasis.

Clinical implementation of
pharmacogenomics
Standard guidelines on ICB-mediated cardiotoxicity do not
currently exist. To date, cardio-oncology programs implement
individual procedures for the management of this clinical niche
(64,65). For patients diagnosed with cardiotoxicity, permanent
discontinuation of ICB and administration of corticosteroids fol-
lowed by a tapering dose of glucocorticoids after improved signs
are recommended (13). The European Society of Medical Oncol-
ogy published their consensus for the management of cardiotox-
icity and outline strategies for prevention, screening, monitoring
and treatment. Specifically for ICB, an emphasis on acquiring
baseline cardiac evaluation (electrocardiogram, troponin,
B-type natriuretic peptide or N-terminal-pro-brain natriuretic
peptide, C-reactive protein, viral titer, global longitudinal
strain and cardiac magnetic resonance imaging) and carefully
assessing patients with a history of cardiovascular disease is
addressed (66). Detection and management of ICB-mediated
cardiotoxicity is challenging and will require a multidisciplinary
team as well as new methodologies to assess risk, especially in
patients with a history of autoimmune disease, pre-existing
cardiovascular disease or patients treated with targeted or
immunotherapy combinations. This will require a shift in
the infrastructure to the cardio-oncology standard of care to
incorporate pharmacogenomic markers informed by cardiotox-
icity registries. The Clinical Pharmacogenetics Implementation
Consortium, PharmGKB and RadioGenomics Consortium are
examples of consortiums that are focusing on GWAS and
translational cellular screens to evaluate drug responses and
adverse effects (67–69). Additionally, they help set guidelines
for translating genotyping tests in cancer patients receiving
immunotherapy.

ClinicalTrials.gov
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Discussion and future directions
Single-cell sequencing technology

Tumor heterogeneity and plasticity is a large contributor
to the marginal outcomes of ICB treatment (70). Single-
cell RNA sequencing (scRNA-seq) technology is enabling the
‘reverse translation’ of clinical findings and confirming such
observations in a controlled experimental environment. For
example, Goswami et al. performed mass cytometry and single-
cell sequencing on glioblastoma patients and identified CD73hi

macrophages that persisted following treatment of anti-PD1
and anti-CTLA-4. Furthermore, they found that mice deficient
in CD73hi macrophages were sensitized to combination ICB
treatment (71). This reverse translational approach lead to
the development of a new clinical trial aimed at combining
immune checkpoint therapy with the targeting of the CD73
pathway (72). Several potential limitations about scRNA-seq
have been addressed (73). Currently, short-read sequencing is
the dominant sequencing platform used. While this method
is efficient, without paired genotyping makes it difficult to
know whether variants or transcript isoforms are responsible
for differential expression. A partial sampling of the transcript
as well as dimension reduction steps used in the analysis results
in a bias for abundant genes and poses a challenge for the
identification of rare transcripts (74). Also, established protocols
have not been implemented leading to a lack of golden standard
markers used to represent a specific-cell type or appropriate
statistical cutoffs. The majority of protocols require fresh
samples, which are often difficult for investigators to acquire
(75). Given these limitations, The Human Tumor Atlas Network
is leading the initiative to incorporate spatial and single-cell
sequencing longitudinal sampling and comprehensive clinical
data that will enrich our understanding of tumor immunology
and personalized immunotherapy (76).

Single-cell sequencing has also been used to describe the var-
ious resident cell populations in the heart (77,78). Understanding
cellular homeostasis is a fundamental resource for identifying
transitions of cellular states in the heart following ischemic
injury and heart failure. Notably, Nomura et al. (79) revealed a
subset of cardiomyocytes that highly expressed p53 and oxida-
tive programming by NRF2 and ERK that was critical for the devel-
opment of heart failure following ischemic stress (79). Vascular
tissue is also characterized as highly heterogenous and transient
in a disease environment. Wirka et al. harnessed atherosclerotic
tissue in mice and patients and used single-cell sequencing to
identify a unique cell population, ‘fibrocytes’. Overexpression
of transcription factor 21 promotes smooth muscle modula-
tion that was protective for coronary artery disease (80). These
studies are revealing the essential role of immune cell and cell
cycle control in cardiovascular disease sequelae. Importantly,
immune checkpoints often have redundant pathways and could
help explain toxicity outcomes. To affirm this, single-cell studies
specific to ICB-induced cardiotoxicity are required.

Conceivably, assessment of gene expression and phenotypic
heterogeneity at the single-cell level will inform personalized
therapeutic decision-making. The profiling of patient plasma
samples or indirect profiling of patient-driven engineered heart
tissues obtained through biopsies could in principle be used to
predict treatment responses and monitor cardiotoxicity result-
ing from immunotherapy.

Human-induced pluripotent stem cells

Acquiring cardiac samples for studying cardiotoxicity is
both invasive and rare. Human-induced pluripotent stem

cells (hiPSCs) have served as robust model systems, e.g. in
targeted therapies (HER2 inhibitors, anthracycline and tyrosine
kinase inhibitor) induced toxicity (81–83). Kitani et al. tested
trastuzumab (HER2/neu receptor inhibitor) treatment in vitro on
hiPSC-differentiated cardiomyocytes (hiPSC-CMs) that resulted
in decreased contractility, deformation distance, calcium
handling and altered mitochondrial metabolic signaling. Addi-
tionally, treatment of 5′ adenosine monophosphate-activated
protein kinase-activating compounds rescued contractility
properties in hiPSC-CM from patients who received trastuzumab
and experienced ejection fraction decline of >20% (82). These
results suggest that altered energy metabolism pathway in
cardiomyocytes influences the development of trastuzumab-
induced cardiac dysfunction and is a targetable pathway for
managing cardiac dysfunction. Additionally, this study reveals
the use of a hiPSC-CM in vitro assay for studying antibody
treatment-mediated toxicity.

Human iPSC-CMs are attractive models for cardio-oncology
because they express that the majority of ion channels and
sarcomere proteins found in the adult heart, can spontaneously
contract, and implement quick differentiation protocol. How-
ever, once differentiated, hiPSC-CMs have physiological limita-
tions that differ from the human heart, such as high resting
potential, low sodium channel density and underdeveloped
T-tubules (81). Despite these considerations, hiPSC-CM from
patients experiencing toxicity will have a large impact on
additional pharmacogenomic targets. The oncology research
field has leveraged genetic engineering strategies to genetic
dependencies across cancer types using genome-scale CRISPR-
Cas (84). By pooling gRNA, such high-throughput assays can
assess the loss-of-function effects of oncogenes to explain
differences in cell viability and drug response (85–87). Similar
approaches are feasible and instrumental for identifying novel
pharmacogenomic targets in cardio-oncology.

Systems pharmacogenomics

Biological entities are involved in intricate and complex inter-
actions, thereby forming highly complex systems. Understand-
ing cancer and cardiotoxicity from the point-of-view of how
subcellular systems and molecular ‘interactome’ network per-
turbations underlie disease initiation and progression is the
essence of the fields of systems biology and network medicine as
demonstrated in recent studies (88–90). As drug targets (includ-
ing immunotherapy) do not operate in isolation from the com-
plex cellular systems of proteins that comprise the molecular
machinery of the cell with which they associate, we believe
that each drug–gene interaction must be examined in an appro-
priate integrative context (91). The main hypothesis of sys-
tems pharmacogenomics is that subcellular networks gradually
rewire throughout disease initiation, progression and mainte-
nance, and drug responses, leading to progressive shifts of local
and global network properties and systems states, all of which,
in turn, underlie disease-causing factors and responsiveness
(Fig. 2). Obviously, genomic alterations, such as amplification,
deletion, translocation and mutations, are the primary events
of drug responses. But such events can only be selected in cells
if they encode the appropriate changes or perturbations in the
human interactome and systems properties of the affected cells.
Therapeutic interventions need to be designed to deal with
perturbations of subcellular systems properties and have little
to do, functionally speaking, with genomic alterations only.

We posit that an integrated, systems pharmacogenomics
approach (Fig. 2), which incorporates large-scale existing
patient multi-omics profiles (e.g. genomics, transcriptomics,
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Figure 2. A diagram illustrating the proof-of-concept of systems pharmacogenomics approaches for precision immunotherapy and immune-related cardiotoxicity. A

diagram illustrating how multi-omics measurements can be utilized in personalized immunotherapy and evaluate cardiotoxicity. Network-based integrative analysis

(89,90) of genomic, transcriptomic, metabolomic and proteomic profiles of individuals will help to identify clinically actionable subgroups to assign personalized

treatments. Overlapping biological pathways shared by cancer and cardiovascular disease will reveal complementary drug target vulnerabilities that will allow for the

stratification of patients receiving ICB by response and cardiotoxicity.

proteomics, and metabolomics) from TCGA, The Cancer Imaging
Archive, Clinical Proteomic Tumor Analysis Consortium and
other open data resources into the human protein–protein
interactome, will offer a novel and effective way in developing
personalized cardio-oncology for cancer patients receiving
immunotherapy or other cancer treatments if broadly applied.
Bioinformatics and systems biology approaches have shown
possibilities in identifying pathways, which, in turn, provide

actionable biomarkers to minimize cardiotoxicity during
cancer treatment and cardiovascular risk for cancer survivors
(92–94). ‘Accelerate the development of guidelines for monitoring
and management of patient symptoms to minimize side
effects of therapy’ is one of the 10 recommendations from
the 2016 Cancer Moonshot initiative (95). Cardio-oncology is a
multidisciplinary field, which requires the creative and energetic
involvement of biologists, physicians, technology developers,
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data scientists, patient groups and others. Cardiovascular
specialists and oncologists can build on their experience,
leveraging pharmacogenomics clinical specialists, and use
precision medicine to facilitate discovery science and improve
the efficiency of clinical research, with the goal of providing
more precise information to improve the health of individuals
with immunotherapies or other cancer treatments.

Conclusions
In summary, cancer immunotherapy with ICBs enables immune
activation, thereby inducing anti-tumor responses in a variety
of solid tumors. However, immunotherapy-induced cardiovas-
cular toxicity is life-threatening and a proposed Achilles’ heel
of this class of therapeutic agents although it is rare. Phar-
macogenomics studies of anthracycline-induced cardiotoxicity
have been well described, while the genetic variants that predis-
pose to immunotherapy-related cardiotoxicity are in its infancy.

The unique integration of genomic signatures, protein
biomarkers and imaging markers using systems biology or
mathematical models would offer new risk prediction tools
and novel immune targets for emerging development of
precision immunotherapy and further reducing immune-related
cardiotoxicity (96,97). Comprehensive identification of patients’
specific predispositions, to individualize immunotherapy
strategies and therefore yield the greatest clinical benefits at
the lowest impact of heart and cardiovascular systems, is the
ultimate goal of precision cardio-oncology and immunotherapy.
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