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Immune checkpoint inhibitors (ICls) are the most notable breakthrough in
tumor treatment. ICls has been widely used in tumor patients, but its wide
range of immune-related adverse events (irAEs) should not be ignored. irAEs
can be involved in any organ system, including immune-related cardiotoxicity.
Although the cardiotoxicity induced by immune checkpoint inhibitors is rare, it
is extremely lethal and has attracted increasing attention. PD-1 and PD-L1 are
expressed in human cardiomyocytes, so the application of PD-1/PDL-
1 inhibitors can cause many adverse reactions to the cardiovascular system.
This review summarizes the latest epidemiological evidence on the
cardiovascular toxicity of programmed cell death protein-1(PD-1)/
programmed cell death ligand-1(PD-L1) inhibitors and the clinical
manifestations, as well as the potential pathological mechanisms. These
updates may provide a novel perspective for monitoring early toxicity and
establishing appropriate treatment for patients with ICl-related cardiotoxicity.

KEYWORDS

cardiotoxicity, immune checkpoint inhibitors, oncotherapy, tumor immunotherapy,
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Introduction

Tumor immunotherapy is an important clinical strategy for the treatment of various
solid and hematological malignancies (Bhullar et al, 2018). Immune checkpoint
inhibitors (ICIs) are the most notable breakthrough in tumor treatment. They
significantly improve clinical efficacy and extend the overall survival time of cancer
patients (Gong et al.,, 2018). ICI therapy achieves unprecedented durable antitumor
responses, especially in advanced malignancies such as metastatic melanoma (Dummer
etal., 2020), non-small cell lung cancer (Leonetti et al., 2019), renal cell carcinoma (Atkins
et al,, 2017), and refractory Hodgkin’s lymphoma (Haslam and Prasad, 2019).

The therapeutic mechanism of ICIs is based on targeting immunosuppressive
checkpoints, including cytotoxic T lymphocyte-associated protein-4 (CTLA-4),
programmed cell death protein-1 (PD-1), and PD-1 ligand (PD-L1), which prevents
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the immune escape response of tumor cells through reactivating
inoperative cellular immunity mediated by these molecules
(Ribas and Wolchok, 2018). Currently, numerous ICIs, such
as anti-PD-1 (nivolumab or pembrolizumab), anti-PD-L1
(atezolizumab, avelumab, or durvalumab), and anti-CTLA-4
(ipilimumab or tremelimumab) antibodies, can activate the
anti-tumor immune response and inhibit the growth of tumor
cells (Weyand et al,, 2018). Furthermore, the ICI combination
therapy can further activate the function of T cells and produce a
synergistic anti-tumor effect compared to that of single-drug
therapies (Motzer et al., 2018; Wang et al., 2018).

While activating T cell anti-tumor effects, ICIs can produce a
series of autoimmune toxicities due to the activation of more
responsive T cells, resulting in the occurrence of immune-related
adverse events (irAEs) (Postow et al, 2018). Approximately
60%-80% of patients treated with ICIs may experience irAEs,
and 20% of them can experience high-grade irAEs (> grade 3;
grade set forth by the Common Terminology Criteria for Adverse
Events) (Khunger et al, 2020). Among patients with cancer
treated with ipilimumab and nivolumab, more than 90% had
at least one irAE, and approximately 50% had serious irAEs
(Koelzer et al., 2016).

In tumor immunotherapy, ICIs can lead to the development
of ICI-related
cardiotoxicity is rare, the mortality rate is extremely high (Hu
et al., 2019). The fatality rate of ICI-associated myocarditis
amounts to 35%-50% (Mahmood et al, 2018; Mir et al,
2018). In addition, patients treated with ICIs have a four-fold
increased risk of major adverse cardiac events, including

immune-related  cardiotoxicity. ~Although

cardiovascular mortality and arrest, and cardiogenic shock
(Moslehi et al., 2018). It is worth noting that patients treated
with CTLA-4 blockades are more likely to develop cardiologic
irAEs than patients treated with PD-1 inhibitors. Furthermore,
patients treated with a combination of ICIs seemed to have a
higher incidence of cardiotoxicity and mortality than those
treated with a single ICI (Salem et al, 2018; Tawbi et al,
2018). The purpose of this review is to summarize the latest
epidemiological evidence of cardiovascular toxic effects of PD-1/
PDL-1 inhibitors as well as the clinical presentation and possible
underlying mechanisms, in order to provide new strategies for
clinical prevention and treatment and to minimize the incidence
of fatal cardiac events associated with ICI treatments.

Epidemiology

Reports of cardiotoxicity in ICI clinical trials are rare. The
most common manifestation of cardiotoxicity is myocarditis
(Supplemenatry Table S1). A retrospective study of data from
eight clinical centers found that the prevalence of myocarditis
was 1.14% (Mahmood et al, 2018). In a phase II trial of
pembrolizumab (anti-PD-1) for the treatment of thymic
epithelial tumors, 34% of patients had grade 3 or higher
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irAEs, of which 9% had myocarditis and 6% had myasthenia
gravis (Cho et al., 2019). Moreover, according to the data from
the International Database VigiBase of the World Health
Organization Individual Case Safety Report, the proportion of
myocarditis cases in patients treated with a combination of ICIs
(1.33%) was higher than those treated with monotherapy (0.31%)
(Salem et al,, 2018). The median onset time of myocarditis was
17-34 days, but most cases were discovered within the first
3 months. More fulminant cases usually occurred after the
first few ICI treatments, and more than 70% of cases occurred
within the first 6 weeks of treatment (Waliany et al., 2021). In
addition, secondary myocarditis due to treatment with a
combination of ICIs had a higher mortality rate (67%)
compared to the mortality rate of monotherapy (36%), which
indicates that the myocarditis phenotype of combined ICIs is
more severe (Moslehi et al., 2018).

A meta-analysis of 22 clinical trials of ICI treatment for
patients with lung cancer reported that the incidence of ICI-
related myocardial infarction was 1% (Khunger et al., 2020).
Rapid progression of atherosclerosis has been observed in
patients with giant cell tumors of the bone (Kwan et al,
2019). ICIs can cause tachyarrhythmias, including atrial
fibrillation,
tachycardia, and also brady arrhythmias, including partial or

supraventricular tachycardia, and ventricular
complete atrioventricular block (Agrawal et al., 2019). In patients
receiving ICI combination therapy, QTd is prolonged, potentially
indicating increased susceptibility to ventricular arrhythmia

(Pohl et al., 2020).

Clinical presentation of ICls-related
cardiotoxic effects

At present, there are no standard diagnostic criteria for the
clinical diagnosis of ICI-related cardiotoxicity. A diagnosis of
exclusion is generally based on clinical manifestations and
auxiliary examination results. The results of the ICI clinical
trial and reports of current practice suggest that the

manifestations of ICI-related cardiotoxicity are diverse,
including myocarditis, pericardial ~disease, arrhythmia,
myocardial infarction, and left ventricular (LV) dysfunction
without evidence of myocarditis, such as Tako-Tsubo

cardiomyopathy (TTC) (Lyon et al,, 2018) (Figure 1). Some of
these complications can develop and progress rapidly within a
few days or weeks after ICI treatment. However, several
complications, such as chronic diseases, can increase the risk
of cardiovascular disease-associated morbidity and mortality in
the long term (Han et al., 2020).

ICI-related myocarditis is the leading early ICI-related
cardiovascular adverse event, and it can be acute and
fulminant (Dolladille et al, 2020). According to the IRAE
classification system proposed by the American Society of
Clinical Oncology (ASCO) clinical practice guidelines, the
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FIGURE 1

Clinical presentation of ICl-mediated cardiotoxic effects. The ICl-associated clinical trial and reports of current practice suggest that the
manifestations of ICl-related cardiotoxicity are diverse, including myocarditis, pericardial disease, arrhythmia, myocardial infarction, and left
ventricular (LV) dysfunction without evidence of myocarditis, such as Tako-Tsubo cardiomyopathy (TTC).

clinical manifestations of ICI-related myocarditis can range from
elevated cardiac biomarkers to severe cardiac decompensation
with multiple organ failure (Palaskas et al., 2020). ICI-related
myocarditis is characterized by elevated levels of serum cardiac
biomarkers (troponin T/I), brain natriuretic peptide (BNP), or
NT-proBNP (N-terminal pro-BNP), new LV impairment, and
the presence of active myocardial inflammation as revealed by
cardiac MRI or endomyocardial biopsy (Chen et al., 2020). In
addition, approximately 89% of patients with ICI-related
myocarditis develop new-onset ECG changes (Mahmood
et al., 2018). Additionally, ICI-related myocarditis can occur
with
arrhythmias, and even death in severe cases (Chen et al,
2020). Therefore, it is of great clinical value to explore the

cardiogenic shock, multiorgan failure, ventricular

pathogenesis of ICI-associated myocarditis.
ICI treatment can be associated with pericardial diseases,
including pericarditis, pericardial effusion, and pericardial
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tamponade. ICI-related pericarditis can occur in isolation or
alongside myocarditis (Lyon et al., 2018). Pericarditis is
characterized by the presence of typical chest pain and
dyspnea and can rapidly progress to respiratory failure
(Chen et al.,, 2020). In terms of symptoms, patients may
present with signs of pericardial friction, tamponade, or
coarctation (Ala et al, 2019). ECG changes in such
patients include PR depression, widespread saddle-shaped
ST elevation, low QRS voltage, and T-wave inversion (Chen
et al., 2020). Troponin elevation is seen in patients with
pericardial disease accompanied by myocarditis, and is
associated with a poor prognosis (Mahmood et al., 2018).
ICI therapy can also result in cardiac conduction disease,
fibrillation,
(ventricular tachycardia or VF), and atrioventricular block

including  atrial ventricular  arrhythmias
(Lyon et al., 2018). Supraventricular arrhythmias have the

highest incidence (Guo et al., 2020). Patients with ICI-related
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The anti-tumor effect of ICI therapy is associated with potential cardiotoxicity. (A) “PD-1-PD-L1 axis” induced immunosuppression. PD-1 is a
member of the CD28 superfamily. PD-1 inhibits the activation of T cell receptor-proximal kinases and prevents the formation of stable T cell-APC
contacts, thereby affects signal transduction and cell-effective functions mediated by T cell antigen receptors. PD-1 ligands (PD-L1 and PD-L2) are
highly expressed in tumor cells, and the PD-1 expression of infiltrating T cells is upregulated under tumor microenvironment. PD-1 and PD-L1
combination suppresses T cell activation and disables the anti-tumor immune response. Meantime, PD-L1 is also expressed in cardiomyocytes, and
the binding of PD-1 to myocardial PD-L1 suppresses the own immune response and maintains the homeostasis in heart. (B) ICls have anti-tumor
effects and potential cardiotoxicity. ICls are neutralizing antibodies that completely bind to immunosuppressive checkpoints and thus exerts anti-
tumor by activating immune response. PD-1 antibody (Atezolizumab, durvalumab and avelumab) and PD-L1 antibody (Nivolumab and
pembrolizumab) respectively binding to PD-1 and PD-L1, breaking "PD-1-PD-L1 axis” between immune and tumor cells. CTLA-4 has a stronger
affinity for B7-1 and B7-2 than CD28. CTLA-4 inhibitor (Ipilimumab) broadly enhances the immune response dependent on CD4* cells. Otherwise,
during ICl treatments, the "PD-1-PD-L1 axis” between immune cell and cardiomyocytes is also hindered, resulting excessive activation of immune
response and cardiotoxicity. CTL-4, cytotoxic T lymphocyte-associated protein-4; TCR, T cell receptor; PD-1, programmed cell death protein-1;

PDL-1, programmed cell death ligand-1.

conduction disease can present with a prolonged PR interval,
bundle branch block, and in severe cases, complete AV block,
which may lead to cardiac arrest (Chen et al., 2020). In
addition, ICI therapy can also lead to LV functional
impairment without myocardial inflammation, manifesting
only as a functional impairment. There are various forms of
ICI-related impairment of LV function, which can occur
concomitantly with dilated cardiomyopathy, such as TTC
(stress-induced cardiomyopathy) (Lyon et al., 2018).

Anti-tumor mechanism of ICls

Tumor immune escape, that is, the loss of tumor
antigens, leads to a decrease in the recognition of tumor
cells by the immune system. ICIs inhibit the immune escape
of tumor cells, increase anti-tumor immunity, and mediate
tumor regression (Figure 2). Among ICIs, PD-1 and CTLA-4
inhibitors are the most effective for tumor immunotherapy.
PD-1 is a member of the CD28 superfamily. It is mainly
expressed in activated T and B cells and plays an important
role in maintaining the homeostasis of the immune system. It
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can inhibit excessive activation of T cells and exert self-
protection. PD-1 is involved in inhibiting the activation of
T cell receptor-proximal kinases and preventing the
formation of stable T cell-APC contacts, thereby affecting
signal transduction and cell-effective functions mediated by
T cell antigen receptors. While tumor cells reactively
upregulate the expression of PD-1 ligands (PD-L1 and
PD-L2), the high
expression of PD-1 molecules on infiltrating T cells. The

tumor microenvironment induces
pathway continues to suppress T cell activation, disabling the
anti-tumor immune response, which manifests as a
suppression of CD8" T cells. CTLA-4 inhibits T cell
activation by binding to the ligands B7-1 and B7-2.
CTLA-4 has a stronger affinity for B7-1 and B7-2 than
CD28. Ipilimumab (anti-CTLA-4 antibody) can broadly
enhance the immune response dependent on CD4" cells
and was initially approved for the treatment of melanoma.
ICIs that are neutralizing antibodies against CTLA-4 and
PD-1 can activate the anti-tumor immune response and
inhibit the growth of tumor cells by blocking the negative
inhibitory effect of PD-1 and CTLA-4 on T cells. However,
because the “PD-1-PD-L1 axis” and CTLA-4 pathway also
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Currently recognized pathogenic mechanisms of the ICls-related Cardiotoxicity. PD-L1 exists in cardiomyocytes and can be upregulated by a
variety of cytokines, including interferon, tumor necrosis factor-a, and vascular endothelial growth factor. During ICl treatments,
immunosuppressive effects mediated by the "PD-1 - PD-L1 axis" are hindered, resulting in the development of ICl-related cardiotoxicity. Although
the underlying pathophysiological mechanism of ICl-related myocarditis is not totally understood, the infiltration of T cells into the injured
myocardial tissue is recognized as the major pathogenic mechanism. ICl-associated inflammation and T cell activation-induced coronary vasculitis
contribute to the myocardial infarction after ICI treatments. New arrhythmia is believed to be directly related to T cell-mediated cytotoxicity

associated with the use of ICls.

mediate autoimmune damage, (Johnson et al, 2016;
Varricchi et al.,, 2017a), ICIs can activate lymphocytes and
macrophages to infiltrate nontumor as well as tumor tissues.
Attacks on healthy tissues in the body result in a wide range
of IRAEs (Khunger et al., 2020).

Pathological mechanism of ICI-
related cardiotoxicity

Although some treatments for ICI cardiotoxicity have
been mastered as mentioned above, the effect is limited and
it is still a barrier restricting the use of ICI drugs. Therefore, a
systematic review and discussion of the possible molecular
mechanisms of ICI-related cardiotoxicity are essential for
identifying treatment strategies. PD-L1 is expressed in
cardiomyocytes and can be upregulated by a variety of
cytokines, including interferon, tumor necrosis factor-a,
and vascular endothelial growth factor (Varricchi et al,
2018). Under normal circumstances, PD-L1 on the surface
of cardiomyocytes binds to PD-1 on the surface of T
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lymphocytes to inhibit their own immune response.
However, during ICI treatments, immunosuppressive effects
mediated by the “PD-1 - PD-L1 axis” are hindered, resulting in
the development of ICI-related cardiotoxicity (Figures 2, 3).

Myocarditis

Although the underlying pathophysiological mechanism
of ICI-related myocarditis is not totally understood, the
infiltration of T cells into the injured myocardial tissue is
the main reason (Salem et al., 2018). In the two cases of
melanoma described byJohnson et al. (2016) patients had
with
macrophage and T cell infiltration in myocardial tissue.
During the
ipilimumab. Lymphocytes in the myocardium and tumor
show clonality of the T cell receptor, which indicates that

myositis rhabdomyolysis, followed by massive

combined treatment of nivolumab and

the heart and tumors can share the same antigen recognized
by the T cell clone (Johnson et al., 2016; Varricchi et al., 2017a;
Varricchi et al, 2017b). Considering the coexistence of
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myositis and myocarditis, skeletal muscle biopsy may be an
alternative diagnostic strategy.

In a mouse myocarditis model, Lova et al. proved that
CTLA-4-deficient T cells were more likely to cause
substantial CD4" and CD8" T cell infiltration in the
myocardium than CTLA-4" T cells (Khunger et al., 2020;
Palaskas et al., 2020). These results indicate that a lack of
CTLA-4 can lead to the destruction of immune homeostasis,
leading to spontaneous activation of T cells and severe
myocardial damage. Similarly, animal experiments have
shown that PD-L1-deficient MRL mice develop fatal
lymphocytic myocarditis. Autopsy analysis revealed many
macrophages, CD8" and CD4" T cell infiltrate in the
myocardium (Khunger et al., 2020). Another animal study
evaluated cynomolgus monkeys treated with ipilimumab and
nivolumab. The hearts of the monkeys had CD4" and CD8"
T cell infiltration, T cell infiltration in the monkeys was
similar to that observed in humans. Immunohistochemical
staining showed that PD-1 and PD-L1 were positive (]i et al.,
2019). Studies on mice have shown that genetic defects of
checkpoint molecules, such as PD-1, PD-L1, and CTLA-4,
increase the pathogenicity of cardiac antigen-specific effector
T cells, and increase the risk of autoimmune T cell-mediated
myocarditis (Grabie et al., 2019). The cardiac function of
tumor-bearing mice decreased after anti-PD-1 antibody
treatment. Histological examination of the left ventricle
showed that it was dilated, which was related to the
infiltration of CD4" and CD8* T cells in the myocardium.
PD-1 and PD-L1 are also highly expressed in myocardial cells
of rodents and humans, and their absence can cause
autoimmune myocarditis (Johnson et al., 2016; Mahmood
et al., 2018). The current model is that the upregulation of
PD-L1 in the myocardium may be a cytokine-mediated
myocardial protection mechanism, which is essential for
limiting immune-mediated myocardial damage. That is,
the lack of CTLA-4 and PD-1 leads to autoimmune
myocarditis, suggesting that PD-1/PD-L1 and CTLA-4
play an important role in limiting T cell-mediated

autoimmune myocarditis.

Myocardial infarction

The underlying pathophysiological mechanisms of ICI-related
myocardial infarction remain unclear, but three possible hypotheses
have been proposed. First, the activation of ICI-related inflammation
may affect atherosclerotic coronary plaques and trigger the rupture of
the fibrous cap, leading to acute myocardial infarction (Chen et al,
2020). Recent single-cell sequencing and mass spectrometry analysis
of human atherosclerotic plaques showed that T cells are the primary
immune cell type in human atherosclerotic lesions (Johnson et al,,
2016). The CD4" and CD8" T cells in plaques are in an activated state
that promotes the formation of atherosclerotic lesions and the
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development of plaques to vulnerable plaques, possible causing
myocardial infarction or ischemic stroke on rupturing (Johnson
et al, 2016). The PD-1-PD-L1 doublet is upregulated in
myocardial injury patterns (such as myocardial ischemia and
myocardial infarction), and the genetic deficiency of PD-1
increases atherosclerosis in hyperlipidemic mice by increasing the
function of CD4" and CD8" T cell effector molecules and their
abundance in plaques (Seijkens et al., 2018; Herrmann, 2020). These
studies have shown that immune checkpoint proteins coordinate
inflammatory responses that lead to atherosclerosis. The second
hypothesis is that secondary to PD-1 inhibitor (pembrolizumab)
treatment, transient ST-segment elevation caused by coronary
artery spasm may occur (Chen et al, 2020), but the specific
mechanism is still unclear. The third hypothesis is that T cells
mediate the occurrence of coronary vasculitis (Lyon et al, 2018).
Further research is needed to experimentally validate these
pathophysiological hypotheses. A recent study focused on
determining the composition of immune cells in coronary
atherosclerotic plaques in patients receiving ICI treatment,
providing more insights into the pathophysiology of atherosclerosis
associated with ICI treatment. It was observed that the T cells/
macrophages ratio (CD3/CD68 ratio) in the plaques of patients
receiving ICI treatment was significantly higher than that in the
plaques of patients not receiving ICI treatment. The increase in CD3/
CD68 ratio may be caused by ICIs of plaque T cell infiltration,
reactivation of plaque T cells, or T cell-induced increase in
macrophage apoptosis (Newman and Stone, 2019; Khunger et al,,
2020).

Arrhythmia

The cause of new arrhythmia is believed to be related
directly to T cell-mediated cytotoxicity associated with the
use of ICIs. Based on the histopathological findings of a
patient with abnormal conduction after ICI treatment,
infiltrated the
sinoatrial and atrioventricular nodes (Khunger et al,
2020). In addition, we found that the risk of arrhythmia
with ICI-related
myocarditis can develop tachyarrhythmias or bradycardia,
ECG monitoring should be performed in suspected or

patchy lymphocytes were found into

was time-dependent. Since patients

confirmed patients.

Myocardial injury combined with other
anti-tumor drugs

Vanderburgh University Medical Center published data
regarding two patients with melanoma who presented with
hypertension but had no other special history of heart disease
and died of fatal myocarditis 2 weeks after receiving the first
dose of ipilimumab and nivolumab. The autopsy revealed a
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large number of T cells and macrophages that infiltrated the
myocardial tissue, and the infiltrated cells were homologous to
the T cells present in the tumor. Based on this information, it
can be speculated that immune cells may attack normal
cardiomyocytes while treating tumors and simultaneously
release some cytokines, causing myocardial inflammation
(Johnson et al., 2016). Therefore, combination medication
is the clearest risk factor for ICI-related myocarditis, and
combined conduction diseases have the highest mortality
rate (Varricchi et al.,, 2017a; Chen et al., 2018). Immune-
mediated myocarditis is characterized by fulminant
progression (Han et al, 2020), and the early stage of
combination medication, especially the first course of
treatment, is considered a high-risk period that causes
explosive and death. Although
combination drugs have a stronger anti-tumor effect than
single drugs, they are double-edged swords, and a trade-off is
often faced when using combination therapy.

myocardial ~damage

10.3389/fphar.2022.962596

Composition and function of the
cardiovascular immune system

Different immune cells (B cells, T cells, monocytes,
macrophages, dendritic cells, neutrophils, mast cells) have
different effects on the heart. Some cells can promote
whereas some can inhibit the occurrence and development
of cardiovascular diseases (Figure 4). (Gistera and Hansson,
2017; Tabas and Lichtman, 2017; Albany et al., 2019; Wu
etal., 2019; Martini et al., 2020; Saigusa et al., 2020; Varricchi
et al., 2020; Ferrari et al., 2021)

Current treatment strategy for ICl-
related cardiotoxicity

According to the severity of the condition, ICI-related
cardiotoxicity is divided into four levels: 1) level 1, which

Promoting the formation of

Producing 1gG

Secreting pro-inflammatory cytokine
TNFa

cardiovascular dis

ses(38]

Inhibiting the formation of
cardiovascular diseases[38]

Exosomes derived from
activated T cells are
associated with endothelial
damage

The role of different
immune cells in

) A Regulatory T cells (Tregs)
cardiovascular disease

inhibite atherosclerosis

Monocyte- \ /
macrophage

\ stage of injury

Neutrophils and

mast cells

transform into an anti-inflammatory phenotype that promotes
\ ound healing in the process of myocardial repair in the later

~" Exosomes derived from neutrophils and mast cells play an important role in
the innate immune process that initiates damage-related molecular
__ mechanisms (DAMP).

Activating CD4+ T cells

Peritoneal Bla cells secrete natural IgM to eliminate apoptotic cells and

Thi cells[39] Thi cells promote the progression of the disease

IL-4 induces the expression of transcription factor
GATA-3 through STAT-6 activation, stimulates Th2 cell
differentiation, leads to the up-regulation of IL-5,
inhibiting Th1 cells differentiation

Whether Th2 cells are beneficial o harmful
depends on the stage of the disease andor the
location of the disease.

Th2 cells[40) "
s Th2 cells release IL-4, IL-5, and IL-13 to promote B cell

activation and antibody production

Th17 cells produce IL-6. interferon y and colony stimulation and
other factors that cause atherosclerosis

7 £ % SR
Thtgedhtel Thi7 cells can also be transformed into regulatory T cells to inhibit

atherosclerosis

Inhibition of PD-1 in a healthy heart can block.
Treg-mediated inhibition and release cardiac
Inflammation

Tregs play an inhibitory role by
inhibiting Th1 cells[42)

Mononuclear-macrophages are highly dynamic and act as the main
ry mediator in the early stage of injury[41]

As a response to fschemia, monocytes are
Fecruited to the injury site within 30 minutes and
differentiate into macrophages. It has the dusl
role of inflammation and repair in different time
periods.

Neutrophils and mast cells trigger an
inflammatory cascade in the first few
hours of myocardial infarction. [44)

The exosomes of dendsitic cells are mainly taken up and activated by CD4+ T cells in the spleen(45)
Dendritic Cells < €D+ T cells increase the expression of related cytokines(45]

The different roles of immune cells in cardiovascular disease. Various immune cells (B cells, T cells, monocytes, macrophages, dendritic cells,
neutrophils, mast cells) exist in heart and vascular system and build up cardiovascular immunologic barrier. These immune cells play multiple effects
on the Cardiac and vascular parenchymal cells (cardiomyocytes, endothelial cells and smooth muscle cells) and cardiac fibroblast. They regulate the
pathological process of cardiovascular diseases, contributing to or delaying the disease development.

FIGURE 4
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includes asymptomatic with laboratory abnormalities (such as

abnormal detection of cardiac biomarkers and abnormal
electrocardiogram); 2) level 2, which includes mild symptoms
with screening test; 3) level 3, which includes moderately
abnormal or mildly active symptoms; and 4) level 4, which
includes  moderate to  severe, even life-threatening,
decompensated heart damage requiring abnormal intravenous
medication or interventional therapy. (Liu and Wu, 2020). The
first step in dealing with immunomodulator-related heart damage is
to determine and evaluate the severity of cardiotoxicity. Because
patients have different risks of ICI cardiotoxicity, a personalized
clinical approach is crucial. An in-depth baseline assessment should
be carried out for all patients, and monitoring strategies for high-risk
patients should be considered too quickly detect immune-related
toxicity and side effects. In a previous study, we focused on the first
12 weeks when the risk of cardiotoxicity was higher. However,
whether a previous history of myocardial damage (such as
myocardial infarction or myocarditis) is a risk factor for ICI-
related cardiotoxicity remains unclear. Patients with a known
history of autoimmune diseases, such as rheumatoid arthritis,
systemic lupus erythematosus, and sarcoidosis, maybe at a higher
risk, especially those with previous heart involvement. Therefore, it is
recommended that in addition to the oncologist, a cardiologist is
consulted to detect the presence of any cardiovascular severities such
that the patient is provided with the best treatment plan (Konala
et al,, 2020; Romitan et al., 2020). The treatment strategy for ICI-
related cardiovascular complications is divided into the following
three aspects: stop using ICIs to prevent further toxicity, start
supportive treatment for cardiac complications, and use
immunosuppression agents to suppress excessive inflammation.

Due to the long functional half-life of ICIs, terminating ICI
treatment may not immediately reverse its cardiotoxicity. The
decision to stop ICI treatment requires a thorough discussion
between an oncologist and a cardiovascular expert. Current
guidelines recommend ending ICI treatment when patients
develop grade 3 or 4 ICI-related toxicities. However, stopping
ICI treatment for patients with asymptomatic abnormalities in
the laboratory (level 1) or abnormal detection and mild
symptoms (level 2) remains controversial. Some studies
reported that after the test is normalized, for patients with
grade 1 or 2 ICIs-related toxicity, ICI treatment can be
considered again, but ICI treatment should be permanently
discontinued in case of grade 3 and 4 toxicity. According to
the latest guidelines of ASCO, patients with any ICI-related
toxicity greater than grade 1 (asymptomatic biomarker
elevation) should permanently stop ICI treatment (Stein-
Merlob et al., 2021).

If necessary, patients with ICI-related heart injuries can
receive effective supportive treatment. For example, patients
with heart failure should receive medications recommended
by the guidelines, including B-blockers and ACEI/ARB.
with tachyarrhythmia

appropriate drugs,

Patients life-threatening can use

antiarrhythmic such as intravenous
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amiodarone. According to the needs of advanced conductive
disease, temporarily or possibly permanently placing a
pacemaker should be considered. (Yang and Asnani, 2018). If
the patient has persistent refractory heart failure, in addition to
vasoactive drugs, intra-aortic balloon counter pulsation or
extracorporeal membrane oxygenation supportive therapy
should be given.

Immunosuppressive therapy can also be applied to overactive
T cell responses. Corticosteroids are currently considered as the
first-line immunosuppressive drug for ICI-related myocarditis.
(Yang and Asnani, 2018; Romitan et al., 2020; Stein-Merlob et al.,
2021; Waliany et al.,, 2021).However, many studies have shown
that corticosteroids alone may not be enough to improve
immune-mediated adverse cardiac reactions. During steroid
therapy, patients with ICI-related cardiac events may progress
to malignant arrhythmias and severe heart failure symptoms.
Patients with poor corticosteroid response should use other
immunosuppressive  drugs, including immunoglobulin,
mycophenolate mofetil, tacrolimus, and infliximab, as well as
other second-line treatment options. In severe cases, plasma
exchange can be performed. (Asnani, 2018; Chen et al., 2018;

Yang and Asnani, 2018; Zhou et al., 2019; Liu and Wu, 2020).

Perspective

IClIs has a significant anti-tumor effect, which brings good news
for the treatment of many refractory or advanced tumors. As ICI
treatment has expanded to encompass a variety of cancer types, and
more novel ICIs are entering clinical trials, more patients receive the
benefit from the novel immunotherapy. But they will also experience
serious irAEs, which usually force them to abandon treatment or
lead to death. Actually, ICI-mediated cardiotoxicity is relatively rare,
but when it does occur clinically, it is often serious and potentially
fatal. Current treatment strategies still struggle to correct heart injury
and cardiac dysfunction. Most deaths have been reported so far.
Meanwhile, ICI-related cardiotoxicity also limits the participation of
patients with underlying cardiovascular diseases in clinical trials of
ICIs, which tremendously narrows the application. At present, the
pathological mechanism of cardiotoxicity after ICI treatments is
unclear, and the explanation of cardiotoxicity induced by excessive
activation of T cells is still incomplete and controversial, which
thus greatly restricts the modification of clinical treatment
plans and the development of novel therapy. Therefore, it is
inevitably urgent to understand ICI-related cardiovascular
side effects, predisposing risk factors, and the underlying
pathological mechanisms. Moreover, it is indeed important
to monitor early toxicity and establish appropriate treatment
for patients with ICI-related cardiotoxicity. Close collaboration
between cardiologists and oncologists is needed to improve the
outcomes and survival of patients with cancer receiving ICIs.
Additionally, prospective studies aiming to record and

characterize cardiac function during ICI therapy are
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necessary, and systematic registration of patients with ICI-
related cardiotoxicity will help to develop standardized

treatment recommendations for this collective.

Author contributions

LG and DL was responsible for manuscript writing. AD and XC
were responsible for data collection and analysis. YM, SZ and X]J
were responsible for data analysis. GG were responsible for
manuscript writing and review. All listed authors meet the
authorship criteria and that all authors agree with the content of
the manuscript.

Funding

This study was supported by the National Natural Science
Foundation of China (grant No0.82100301), Hebei Natural
Science Foundation (grant No. H2020206409); and the China
Cardiovascular Association-Cardiac Rehabilitation and Metabolic
Therapy research fund (grant No. CCA-CRMT-1806).

References

Agrawal, N, Khunger, A., Vachhani, P., Colvin, T. A., Hattoum, A., Spangenthal,
E., et al. (2019). Cardiac toxicity associated with immune checkpoint inhibitors:
Case series and review of the literature. Case Rep. Oncol. 12 (1), 260-276. doi:10.
1159/000498985

Ala, C. K,, Klein, A. L., and Moslehi, J. J. (2019). Cancer treatment-associated
pericardial ~disease: Epidemiology, clinical presentation, diagnosis, and
management. Curr. Cardiol. Rep. 21 (12), 156. doi:10.1007/s11886-019-1225-6

Albany, C. J., Trevelin, S. C., Giganti, G., Lombardi, G., and Scotta, C. (2019).
Getting to the heart of the matter: The role of regulatory T-cells (tregs) in
cardiovascular disease (CVD) and atherosclerosis. Front. Immunol. 10, 2795.
doi:10.3389/fimmu.2019.02795

Asnani, A. (2018). Cardiotoxicity of immunotherapy: Incidence, diagnosis, and
management. Curr. Oncol. Rep. 20 (6), 44. doi:10.1007/s11912-018-0690-1

Atkins, M. B., Clark, J. I, and Quinn, D. I. (2017). Immune checkpoint inhibitors
in advanced renal cell carcinoma: Experience to date and future directions. Ann.
Oncol. 28 (7), 1484-1494. doi:10.1093/annonc/mdx151

Bhullar, K. S., Lagarén, N. O., McGowan, E. M., Parmar, I, Jha, A., Hubbard, B.
P., et al. (2018). Kinase-targeted cancer therapies: Progress, challenges and future
directions. Mol. Cancer 17 (1), 48. doi:10.1186/s12943-018-0804-2

Chen, D. Y., Huang, W. K,, Chien-Chia Wu, V., Chang, W. C,, Chen, J. S., Chuang,
C. K, et al. (2020). Cardiovascular toxicity of immune checkpoint inhibitors in cancer
patients: A review when cardiology meets immuno-oncology. J. Formos. Med. Assoc.
119 (10), 1461-1475. doi:10.1016/j.jfma.2019.07.025

Chen, Q., Huang, D. S., Zhang, L. W,, Li, Y. Q., Wang, H. W,, and Liu, H. B.
(2018). Fatal myocarditis and rhabdomyolysis induced by nivolumab during the
treatment of type B3 thymoma. Clin. Toxicol. 56 (7), 667-671. doi:10.1080/
15563650.2017.1401079

Cho, J, Kim, H. S, Ku, B. M,, Choi, Y. L, Cristescu, R, Han, ], et al. (2019).
Pembrolizumab for patients with refractory or relapsed thymic epithelial tumor: An
open-label phase II trial. J. Clin. Oncol. 37 (24), 2162-2170. doi:10.1200/JCO.2017.77.3184

Dolladille, C., Ederhy, S., Allouche, S., Dupas, Q., Gervais, R, Madelaine, J., et al. (2020).
Late cardiac adverse events in patients with cancer treated with immune checkpoint
inhibitors. J. Immunother. Cancer 8 (1), €000261. doi:10.1136/jitc-2019-000261

Dummer, R, Ascierto, P. A., Nathan, P., Robert, C., and Schadendorf, D. (2020).
Rationale for immune checkpoint inhibitors plus targeted therapy in metastatic
melanoma: A review. JAMA Oncol. 6 (12), 1957-1966. doi:10.1001/jamaoncol.2020.4401

Frontiers in Pharmacology

09

10.3389/fphar.2022.962596

Conflict of interest

The authors declare that the research was conducted in
the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphar.
2022.962596/full#supplementary-material

Ferrari, A., Cozzi, M., Aresu, L., and Martini, V. (2021). Tumor staging in a
Beagle dog with concomitant large B-cell lymphoma and T-cell acute
lymphoblastic leukemia. J. Vet. Diagn. Invest. 33 (4), 792-796. doi:10.1177/
10406387211011024

Gister4, A., and Hansson, G. K. (2017). The immunology of atherosclerosis. Nat.
Rev. Nephrol. 13 (6), 368-380. doi:10.1038/nrneph.2017.51

Gong, J., Chehrazi-Raffle, A, Reddi, S., and Salgia, R. (2018). Development of PD-
1 and PD-LI inhibitors as a form of cancer immunotherapy: A comprehensive
review of registration trials and future considerations. J. Immunother. Cancer 6 (1),
8. doi:10.1186/s40425-018-0316-2

Grabie, N, Lichtman, A. H., and Padera, R. (2019). T cell checkpoint regulators in
the heart. Cardiovasc. Res. 115 (5), 869-877. doi:10.1093/cvr/cvz025

Guo, X.,, Wang, H., Zhou, J., Li, Y., Duan, L., Si, X, et al. (2020). Clinical
manifestation and management of immune checkpoint inhibitor-associated
cardiotoxicity. Thorac. Cancer 11 (2), 475-480. doi:10.1111/1759-7714.13250

Han, D., Dong, J., Li, H.,, Ma, T., Yu, W., and Song, L. (2020). Cardiac adverse
events of PD-1 and PD-L1 inhibitors in cancer protocol for a systematic review and
network meta-analysis: A protocol for systematic review. Med. Baltim. 99 (5),
€18701. doi:10.1097/MD.0000000000018701

Haslam, A., and Prasad, V. (2019). Estimation of the percentage of US patients
with cancer who are eligible for and respond to checkpoint inhibitor
immunotherapy drugs. JAMA Netw. Open 2 (5), 192535. doi:10.1001/
jamanetworkopen.2019.2535

Herrmann, J. (2020). Adverse cardiac effects of cancer therapies:
Cardiotoxicity and arrhythmia. Nat. Rev. Cardiol. 17 (8), 474-502. doi:10.
1038/541569-020-0348-1

Hu, J. R, Florido, R., Lipson, E. J., Naidoo, J., Ardehali, R., Tocchetti, C. G., et al.
(2019). Cardiovascular toxicities associated with immune checkpoint inhibitors.
Cardiovasc. Res. 115 (5), 854-868. doi:10.1093/cvr/cvz026

Ji, C., Roy, M. D, Golas, J., Vitsky, A., Ram, S., Kumpf, S. W, et al. (2019).
Myocarditis in cynomolgus monkeys following treatment with immune checkpoint

inhibitors. Clin. Cancer Res. 25 (15), 4735-4748. doi:10.1158/1078-0432.CCR-18-
4083

Johnson, D. B., Balko, J. M., Compton, M. L., Chalkias, S., Gorham, J., Xu, Y., et al.
(2016). Fulminant myocarditis with combination immune checkpoint blockade. N.
Engl. J. Med. 375 (18), 1749-1755. d0i:10.1056/NEJMoal609214

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphar.2022.962596/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.962596/full#supplementary-material
https://doi.org/10.1159/000498985
https://doi.org/10.1159/000498985
https://doi.org/10.1007/s11886-019-1225-6
https://doi.org/10.3389/fimmu.2019.02795
https://doi.org/10.1007/s11912-018-0690-1
https://doi.org/10.1093/annonc/mdx151
https://doi.org/10.1186/s12943-018-0804-2
https://doi.org/10.1016/j.jfma.2019.07.025
https://doi.org/10.1080/15563650.2017.1401079
https://doi.org/10.1080/15563650.2017.1401079
https://doi.org/10.1200/JCO.2017.77.3184
https://doi.org/10.1136/jitc-2019-000261
https://doi.org/10.1001/jamaoncol.2020.4401
https://doi.org/10.1177/10406387211011024
https://doi.org/10.1177/10406387211011024
https://doi.org/10.1038/nrneph.2017.51
https://doi.org/10.1186/s40425-018-0316-z
https://doi.org/10.1093/cvr/cvz025
https://doi.org/10.1111/1759-7714.13250
https://doi.org/10.1097/MD.0000000000018701
https://doi.org/10.1001/jamanetworkopen.2019.2535
https://doi.org/10.1001/jamanetworkopen.2019.2535
https://doi.org/10.1038/s41569-020-0348-1
https://doi.org/10.1038/s41569-020-0348-1
https://doi.org/10.1093/cvr/cvz026
https://doi.org/10.1158/1078-0432.CCR-18-4083
https://doi.org/10.1158/1078-0432.CCR-18-4083
https://doi.org/10.1056/NEJMoa1609214
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.962596

Gan et al.

Khunger, A., Battel, L., Wadhawan, A., More, A., Kapoor, A., and Agrawal, N.
(2020). New insights into mechanisms of immune checkpoint inhibitor-induced
cardiovascular toxicity. Curr. Oncol. Rep. 22 (7), 65. doi:10.1007/s11912-020-
00925-8

Koelzer, V. H., Rothschild, S. I, Zihler, D., Wicki, A., Willi, B., Willi, N, et al.
(2016). Systemic inflammation in a melanoma patient treated with immune
checkpoint inhibitors-an autopsy study. J. Immunother. Cancer 4, 13. doi:10.
1186/540425-016-0117-1

Konala, V. M., Adapa, S., and Aronow, W. S. (2020). Immune checkpoint
inhibitors-related cardiotoxicity. Am. J. Ther. 27 (6), e591-e598. doi:10.1097/
MJT.0000000000000988

Kwan, J. M., Cheng, R, and Feldman, L. E. (2019). Hepatotoxicity and recurrent
NSTEMI while on pembrolizumab for metastatic giant cell bone tumor. Am. J. Med.
Sci. 357 (4), 343-347. doi:10.1016/j.amjms.2018.11.017

Leonetti, A., Wever, B., Mazzaschi, G., Assaraf, Y. G., Rolfo, C., Quaini, F., et al.
(2019). Molecular basis and rationale for combining immune checkpoint inhibitors
with chemotherapy in non-small cell lung cancer. Drug resist. updat. 46, 100644.
doi:10.1016/j.drup.2019.100644

Liu, Y., and Wu, W. (2020). Cardiovascular immune-related adverse events:
Evaluation, diagnosis and management. Asia. Pac. J. Clin. Oncol. 16 (4), 232-240.
doi:10.1111/ajco.13326

Lyon, A. R, Yousaf, N,, Battisti, N., Moslehi, J., and Larkin, J. (2018). Immune
checkpoint inhibitors and cardiovascular toxicity. Lancet. Oncol. 19 (9), e447-e458.
doi:10.1016/S1470-2045(18)30457-1

Mahmood, S. S., Fradley, M. G., Cohen, J. V., Nohria, A., Reynolds, K. L., Heinzerling,
L. M, et al. (2018). Myocarditis in patients treated with immune checkpoint inhibitors.
J. Am. Coll. Cardiol. 71 (16), 1755-1764. doi:10.1016/j.jacc.2018.02.037

Martini, E., Giugliano, S., Rescigno, M., and Kallikourdis, M. (2020). Regulatory
T cells beyond autoimmunity: From pregnancy to cancer and cardiovascular
disease. Front. Immunol. 11, 509. doi:10.3389/fimmu.2020.00509

Mir, H., Alhussein, M., Alrashidi, S., Alzayer, H., Alshatti, A., Valettas, N., et al.
(2018). Cardiac complications associated with checkpoint inhibition: A systematic
review of the literature in an important emerging area. Can. J. Cardiol. 34 (8),
1059-1068. doi:10.1016/j.cjca.2018.03.012

Moslehi, J. J., Salem, J. E., Sosman, J. A., Lebrun-Vignes, B., and Johnson, D. B.
(2018). Increased reporting of fatal immune checkpoint inhibitor-associated
myocarditis. Lancet 391 (10124), 933. doi:10.1016/S0140-6736(18)30533-6

Motzer, R. J., Tannir, N. M., McDermott, D. F., Aren Frontera, O., Melichar, B.,
Choueiri, T. K., et al. (2018). Nivolumab plus ipilimumab versus sunitinib in
advanced renal-cell carcinoma. N. Engl. ]. Med. 378 (14), 1277-1290. doi:10.1056/
NEJMoal712126

Newman, J. L., and Stone, J. R. (2019). Immune checkpoint inhibition alters the
inflammatory cell composition of human coronary artery atherosclerosis.
Cardiovasc. Pathol. 43, 107148. doi:10.1016/j.carpath.2019.107148

Palaskas, N., Lopez-Mattei, J., Durand, J. B., Iliescu, C., and Deswal, A. (2020). Immune
checkpoint inhibitor myocarditis: Pathophysiological characteristics, diagnosis, and
treatment. J. Am. Heart Assoc. 9 (2), e013757. doi:10.1161/JAHA.119.013757

Pohl, J., Mincu, R. I, Mrotzek, S. M., Hinrichs, L., Michel, L., Livingstone, E., et al.

(2020). ECG changes in melanoma patients undergoing cancer therapy-data from
the ECoR registry. J. Clin. Med. 9 (7), E2060. doi:10.3390/jcm9072060

Postow, M. A,, Sidlow, R., and Hellmann, M. D. (2018). Immune-related adverse
events associated with immune checkpoint blockade. N. Engl. J. Med. 378 (2),
158-168. doi:10.1056/NEJMral703481

Ribas, A., and Wolchok, J. D. (2018). Cancer immunotherapy using checkpoint
blockade. Science 359 (6382), 1350-1355. doi:10.1126/science.aar4060

Frontiers in Pharmacology

10

10.3389/fphar.2022.962596

Romitan, D. M., Radulescu, D., Berindan-Neagoe, I., Stoicescu, L., Grosu, A,
Radulescu, L., et al. (2020). Cardiomyopathies and arrhythmias induced by cancer
therapies. Biomedicines 8 (11), E496. doi:10.3390/biomedicines8110496

Saigusa, R., Winkels, H., and Ley, K. (2020). T cell subsets and functions in
atherosclerosis. Nat. Rev. Cardiol. 17 (7), 387-401. doi:10.1038/s41569-020-0352-5

Salem, J. E., Manouchehri, A., Moey, M., Lebrun-Vignes, B., Bastarache, L.,
Pariente, A., et al. (2018). Cardiovascular toxicities associated with immune
checkpoint inhibitors: An observational, retrospective, pharmacovigilance study.
Lancet. Oncol. 19 (12), 1579-1589. doi:10.1016/5S1470-2045(18)30608-9

Seijkens, T., van Tiel, C. M., Kusters, P., Atzler, D., Soehnlein, O., Zarzycka, B.,
et al. (2018). Targeting CD40-induced TRAF6 signaling in macrophages reduces
atherosclerosis. J. Am. Coll. Cardiol. 71 (5), 527-542. d0i:10.1016/j.jacc.2017.11.055

Stein-Merlob, A. F., Rothberg, M. V., Holman, P., and Yang, E. H. (2021).
Immunotherapy-associated cardiotoxicity of immune checkpoint inhibitors and
chimeric antigen receptor T cell therapy: Diagnostic and management challenges
and strategies. Curr. Cardiol. Rep. 23 (3), 11. doi:10.1007/s11886-021-01440-3

Tabas, I, and Lichtman, A. H. (2017). Monocyte-Macrophages and T Cells in
atherosclerosis. Immunity 47 (4), 621-634. doi:10.1016/j.immuni.2017.09.008

Tawbi, H. A, Forsyth, P. A., Algazi, A., Hamid, O., Hodi, F. S., Moschos, S.]., et al.
(2018). Combined nivolumab and ipilimumab in melanoma metastatic to the brain.
N. Erlgl. J. Med. 379 (8), 722-730. doi:10.1056/NEJMoa1805453

Varricchi, G., Galdiero, M. R., Marone, G., Criscuolo, G., Triassi, M., Bonaduce,
D., et al. (2017a). Cardiotoxicity of immune checkpoint inhibitors. ESMO Open 2
(4), €000247. doi:10.1136/esmoopen-2017-000247

Varricchi, G., Galdiero, M. R,, and Tocchetti, C. G. (2017b). Cardiac toxicity of
immune checkpoint inhibitors: Cardio-oncology meets immunology. Circulation
136 (21), 1989-1992. doi:10.1161/CIRCULATIONAHA.117.029626

Varricchi, G., Marone, G., and Kovanen, P. T. (2020). Cardiac mast cells:
Underappreciated immune cells in cardiovascular homeostasis and disease.
Trends Immunol. 41 (8), 734-746. doi:10.1016/}.it.2020.06.006

Varricchi, G., Marone, G., Mercurio, V., Galdiero, M. R., Bonaduce, D., and
Tocchetti, C. G. (2018). Immune checkpoint inhibitors and cardiac toxicity: An
emerging issue. Curr. Med. Chem. 25 (11), 1327-1339. doi:10.2174/
0929867324666170407125017

Waliany, S., Lee, D., Witteles, R. M., Neal, ]. W., Nguyen, P., Davis, M. M, et al.
(2021). Immune checkpoint inhibitor cardiotoxicity: Understanding basic
mechanisms and clinical characteristics and finding a cure. Annu. Rev.
Pharmacol. Toxicol. 61, 113-134. doi:10.1146/annurev-pharmtox-010919-023451

Wang, D. Y., Salem, J. E., Cohen, J. V., Chandra, S., Menzer, C., Ye, F,, et al.
(2018). Fatal toxic effects associated with immune checkpoint inhibitors: A
systematic review and meta-analysis. JAMA Oncol. 4 (12), 1721-1728. doi:10.
1001/jamaoncol.2018.3923

Weyand, C. M., Berry, G.J., and Goronzy, J. J. (2018). The immunoinhibitory PD-
1/PD-L1 pathway in inflammatory blood vessel disease. J. Leukoc. Biol. 103 (3),
565-575. doi:10.1189/jlb.3MA0717-283

Wu, R, Gao, W., Yao, K., and Ge, J. (2019). Roles of exosomes derived from
immune cells in cardiovascular diseases. Front. Immunol. 10, 648. doi:10.3389/
fimmu.2019.00648

Yang, S., and Asnani, A. (2018). Cardiotoxicities associated with immune
checkpoint inhibitors. Curr. Probl. Cancer 42 (4), 422-432. doi:10.1016/j.
currproblcancer.2018.07.002

Zhou, Y. W,, Zhu, Y. ], Wang, M. N,, Xie, Y., Chen, C. Y., Zhang, T, et al. (2019).
Immune checkpoint inhibitor-associated cardiotoxicity: Current understanding on
its mechanism, diagnosis and management. Front. Pharmacol. 10, 1350. doi:10.
3389/fphar.2019.01350

frontiersin.org


https://doi.org/10.1007/s11912-020-00925-8
https://doi.org/10.1007/s11912-020-00925-8
https://doi.org/10.1186/s40425-016-0117-1
https://doi.org/10.1186/s40425-016-0117-1
https://doi.org/10.1097/MJT.0000000000000988
https://doi.org/10.1097/MJT.0000000000000988
https://doi.org/10.1016/j.amjms.2018.11.017
https://doi.org/10.1016/j.drup.2019.100644
https://doi.org/10.1111/ajco.13326
https://doi.org/10.1016/S1470-2045(18)30457-1
https://doi.org/10.1016/j.jacc.2018.02.037
https://doi.org/10.3389/fimmu.2020.00509
https://doi.org/10.1016/j.cjca.2018.03.012
https://doi.org/10.1016/S0140-6736(18)30533-6
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1056/NEJMoa1712126
https://doi.org/10.1016/j.carpath.2019.107148
https://doi.org/10.1161/JAHA.119.013757
https://doi.org/10.3390/jcm9072060
https://doi.org/10.1056/NEJMra1703481
https://doi.org/10.1126/science.aar4060
https://doi.org/10.3390/biomedicines8110496
https://doi.org/10.1038/s41569-020-0352-5
https://doi.org/10.1016/S1470-2045(18)30608-9
https://doi.org/10.1016/j.jacc.2017.11.055
https://doi.org/10.1007/s11886-021-01440-3
https://doi.org/10.1016/j.immuni.2017.09.008
https://doi.org/10.1056/NEJMoa1805453
https://doi.org/10.1136/esmoopen-2017-000247
https://doi.org/10.1161/CIRCULATIONAHA.117.029626
https://doi.org/10.1016/j.it.2020.06.006
https://doi.org/10.2174/0929867324666170407125017
https://doi.org/10.2174/0929867324666170407125017
https://doi.org/10.1146/annurev-pharmtox-010919-023451
https://doi.org/10.1001/jamaoncol.2018.3923
https://doi.org/10.1001/jamaoncol.2018.3923
https://doi.org/10.1189/jlb.3MA0717-283
https://doi.org/10.3389/fimmu.2019.00648
https://doi.org/10.3389/fimmu.2019.00648
https://doi.org/10.1016/j.currproblcancer.2018.07.002
https://doi.org/10.1016/j.currproblcancer.2018.07.002
https://doi.org/10.3389/fphar.2019.01350
https://doi.org/10.3389/fphar.2019.01350
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.962596

	Cardiotoxicity associated with immune checkpoint inhibitors: Current status and future challenges
	Introduction
	Epidemiology
	Clinical presentation of ICIs-related cardiotoxic effects
	Anti-tumor mechanism of ICIs
	Pathological mechanism of ICI-related cardiotoxicity
	Myocarditis
	Myocardial infarction
	Arrhythmia
	Myocardial injury combined with other anti-tumor drugs
	Composition and function of the cardiovascular immune system

	Current treatment strategy for ICI-related cardiotoxicity
	Perspective
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


