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Abstract

:

Immune checkpoint inhibitors (ICIs) have now emerged as a mainstay of treatment for various cancers. Along with development of ICIs, immune-related adverse effects (irAEs) have aroused wide attention. The cardiac irAE, one of the rare but potentially fatal effects, have been reported recently. However, the clinical comprehension of cardiac irAEs remains limited and guidelines are inadequate for cardio-oncologists to tackle the problem. In this review, we have summarized current classifications of, manifestations of, potential mechanisms of, and treatment for ICI-related myocardial injury in order to provide some clues for the understanding of cardiac irAEs in clinical work.
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1. Introduction


Immune checkpoint inhibitors (ICIs), a class of antibodies that amplify T-cell-mediated immune responses against cancer cells, have revolutionized cancer therapy. Immune checkpoints are inhibitory pathways processed by immune cells to regulate immune responses, and they are important pathways for tumor immune escape. Among all the immune checkpoints, cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and programmed cell death 1 (PD-1) and its ligand PD-L1 have been approved for clinical use. CTLA-4 competes with the co-stimulatory receptor CD28 for CD80 and CD86, thus inhibiting T cell activation [1]. In peripheral tissues, CTLA-4 also inhibits effector T cells by promoting the immunosuppression function of Tregs [2]. In contrast to CTLA-4, PD-1 inhibits the activation of T cells through cell-intrinsic signaling and restraining immunosuppression by Tregs [3,4]. Until now, more than 20 ICIs have been studied in over 800 clinical trials [5]. CTLA-4 antibodies (ipilimumab), PD-1 antibodies (nivolumab, pembrolizumab, cemiplimab, etc.), and PD-L1 antibodies (atezolizumab, durvalumab, avelumab, etc.) have been widely used. Candonilimab, a bispecific antibody targeting PD-1/CTLA-4, is now in clinical trials at different stages for several cancer types, including locally advanced unresectable or metastatic gastric adenocarcinoma or gastroesophageal junction adenocarcinoma (NCT05008783), advanced hepatocellular carcinoma (NCT04728321), and peripheral T cells lymphoma (NCT04444141).



Various cancer types have been approved for ICI treatment, including melanoma, non-small cell lung cancer (NSCLC), renal cell carcinoma, colorectal cancer, breast cancer, etc. [6]. Compared with chemotherapy, ICIs are associated with higher levels of quality of life and longer times to clinical deterioration [7]. It is expected that the indications for ICIs in cancer will continue to expand in the coming years [8]. What accompanies the prominent antitumor responses is unspecific organ damages known as immune-related adverse events (irAEs). Common irAEs include dermatologic, hepatic, gastrointestinal, and endocrine toxicities [9]. Most irAEs are reversible and respond well to corticosteroids; however, fatal irAEs have been noted with an incidence of 0.3% to 1.3% [10]. Compared with other irAEs, ICI-related myocarditis has the highest fatality rate of approximately 39.7%, although the incidence of myocarditis is estimated to be only 0.04–1.14% [11,12]. Apart from myocarditis, ICI-related cardiac injuries also include pericarditis, arrhythmias, and vasculitis, with varied symptoms, signs, and prognoses.



The global burden of disease is shifting from communicable disease to non-communicable disease and has included cancer since 1990 [13], creating increasing challenges for cardiologists and oncologists. Inadequate experience with ICI-related cardiotoxicity causes great hinderances in clinical work for oncologists and cardiologists. In this review, we aimed to summarize the current understanding of ICI-related myocardial injuries with regard to their epidemiology, potential mechanisms, clinical presentations, and management in order to raise common awareness of ICI-related cardiotoxicity.




2. Epidemiology


Some marketed ICIs worldwide are listed in Table 1. The incidence of ICI-related myocarditis ranges from 0.04% to 1.14%; however, its mortality (25–50%) is significantly higher than other irAEs, according to current publications [14,15]. Exponentially increasing cases of ICI-related myocarditis were reported from 2013 to 2018 [11]. Other cardiovascular toxicities have also been reported, such as acute coronary disease, pericardial disease, and vasculitis. Among all the cardiac irAEs, myocarditis is likely the most common early cardiac impairment, followed by pericardial diseases and conduction diseases [16]. Late cardiac adverse events are primarily heart failure with reduced ejection fraction (HFrEF) [17]. Hu et al. revealed that in clinical trials regarding lung cancer treated with PD-1 and PD-L1 inhibitors, the incidence of heart failure and cardiac arrest was 2% and 1%, respectively [18]. In a retrospective study, 4/60 (6.7%) patients with non-small cell lung cancer developed pericardial effusion during ICI therapy [19]. In a systemic review, Mir, H. et al. reported that approximately 10% of ICI-related cardiotoxicity cases developed cardiac conduction defects and 5–10% developed ventricular arrhythmias [20]. In addition, an ICI-induced inflammatory response might increase the risk of atherosclerosis [21]. It was reported that ICIs were associated with a three-fold higher risk for atherosclerotic cardiovascular events and a >three-fold higher rate of aortic plaque progression [22]. Mahmood et al. reported that major adverse cardiovascular events were observed in 0.52% of patients with ICI-related myocarditis [14]. In a registry involving 103 ICI-related myocarditis patients, 40% of the cases developed at least one major adverse cardiovascular event [23]. Escudier et al. reported a case fatality rate of 27% in 30 patients with ICI cardiotoxicity, including left ventricular (LV) systolic dysfunction, a Takotsubo-like syndrome, and arrhythmia, in addition to myocarditis [24]. The incidence of major adverse cardiovascular event (MACE) was been reported to be 10.3% during a median follow-up of 13 months in patients treated with ICI [25]. For Asian users of ICI, MACE occurred with an incidence rate (IR) of 1.7 per 100 patient-years; the IR of cardiovascular hospitalization was 5.6 [4.6, 6.9] episodes per 100 person-years, with 52.9 [39.8, 70.3] days’ stay per 100 person-years [26]. The prime publications about cardiotoxicity related to immune checkpoint inhibitors from 2018–2022 are listed in Table 2.



The risk factors for ICI-related cardiotoxicity are unclear. Patients who received combination ICI therapy had a higher incidence of myocarditis than those who received a monotherapy [51]. However, in a systematic review and meta-analysis that enrolled cancer patients, no significant difference regarding cardiac irAEs was found between single ICI and dual ICI therapies [45]. The overreporting of myocarditis in patients treated with anti-PD-1 vs. anti-CTLA-4 was noted [11]. By using the US Food and Drug Administration’s (FDA) Adverse Event Reporting System (FAERS) database, Yoshito Zamami et al. enrolled 13,096 cases that received five different ICIs and found that myocarditis risk was significantly higher in female patients (OR, 1.92; 95% CI, 1.24–2.97; p  =  0.004) and patients who were 75 years or older (OR, 7.61; 95% CI, 4.29–13.50; p  <  0.001) [52]. In addition, they also reported that a combination of ICIs (ipilimumab and nivolumab) was associated with an increased risk of myocarditis [52]. The incidence of ICI-related myocarditis does not differ among cancer types and among patients with preexisting cardiovascular disease [14]. Similarly, using univariate regression analysis, Dal’bo N. identified that pre-existing coronary artery disease and atrial fibrillation were not risk factors for myocarditis [53]. Conversely, Rushin P. Patel reported that patients with ICI-related myocarditis had a higher prevalence of cardiovascular risk factors, including hypertension, and were more likely to be on statin and angiotensin-converting enzyme inhibitors/angiotensin receptor blockers (ACEI/ARB) therapy [54]. In another retrospective study, individuals with previous heart failure and acute coronary syndrome were more likely to develop ICI-related myocarditis [55]. Underlying autoimmune disease and diabetes mellitus might be risk factors for ICI-associated myocarditis [56]. Genetic variation has been demonstrated to be associated with hypothyroidism irAE during atezolizumab treatment [57]; however, whether cardiac irAEs are affected by genetic variations remains unknown. In a cohort of 75 enrolled melanoma patients treated with anti-CTLA-4, anti-PD-1, or their combination, Michael F. Gowen et al. tested a baseline serum autoantibody before ICI therapy and identified that the antigen targets for toxicity-associated autoantibodies were significantly enriched in organs affected by irAEs [58]. In another cohort that enrolled 60 melanoma patients, fewer differentially expressed autoantibodies at baseline were detected in patients who experienced specific irAE compared with those who did not [59]. Whether cardiac-specific antibodies could serve as predictive factors for cardiac irAEs remains unclear, although these antibodies have been detected in several cases [40]. Collectively, large registries and cohorts are lacking for the assessment of the valid risk factors for ICI-related cardiotoxicity.




3. Pathogenic Mechanisms


The mechanism of ICI-related cardiotoxicity is not completely clear. Pathologically, ICI-associated myocarditis is associated with the infiltration of CD4+/CD8+ T cells, CD68+ macrophages, and a paucity of other immune cells in the myocardium [51]. Clonal cytotoxic Temra CD8+ cells are increased in the blood of patients with ICI myocarditis, as well as in the blood/hearts of Pdcd1-/- mice with myocarditis, and these CD8+ cells are featured in some unique transcriptional changes, including the upregulation of several chemokines such as CCL5 [60]. The direct T cell cytotoxic killing of cardiac cells and overexpressed proinflammatory cytokines by these activated immune cells might partly contribute to cardiac injury [61,62]. Spencer C. Wei demonstrated that CTLA4 in the context of the complete genetic absence of PD-1 leads to premature death featured in myocardial infiltration by T cells and macrophages and severe electrocardiographic abnormalities in mice, similar to what has been observed in ICI-associated myocarditis [63]. PD-1−/− BALB/c mice developed spontaneous dilated cardiomyopathy caused by auto-antibodies targeting cardiac troponin [64,65]. Correspondingly, in both CD8+ and CD4+ T cells mediated myocarditis models, a lack of PD-1 enhanced cardiac damage [66].



PD-1 deficiency in autoimmune murphy Roths Large (MRL) mice led to the development of fatal myocarditis with T cell and macrophage infiltration into the myocardium, and positive cardiac specific antibodies were detected [67]. Different B cell subtypes in the peripheral blood of cancer patients were found to be related to treatment response during ICI therapy [68], while on the other hand, they might also contribute to ICI-related irAEs. Apart from cardiac specific antibodies, autoantibodies induced by ICI therapy have also been detected, such as anti-acetylcholine receptors, anti-striated muscle antibodies, and anti-mitochondrial antibodies [69]. Anti-striated muscle antibodies, for example, might react with both cardiac and skeletal muscle antigens to induce antibody-dependent cellular cytotoxicity (ADCC) [70]. Further, autoantibodies could induce complement-dependent cytotoxicity (CDC) activation, leading to cell lysis [71]. These studies suggest that both cellular and humoral immunity contribute to ICI-related cardiotoxicity.



The mechanisms through which immune cells are recruited in the myocardium is incompletely understood. Immune checkpoints are not specifically expressed on tumor cells; instead, they are constitutively expressed in APCs, endothelial cells, cardiomyocytes, etc., providing potential targets for ICIs [72]. Alan H. Baik et al. proposed some other theories about the mechanisms of ICI-related cardiac irAEs, including the upregulation of autoantibodies targeting self-antigens, the systemic activation of T cells against normal cardiac tissues that bear the same antigens as tumor cells, and the release of subclinical or smoldering microbial-induced inflammation infiltration [73]. Clonal T cells targeting identical antigens in skeletal muscle and cardiac tissues might explain the concomitant presentation of myocarditis and myositis.



Few reports regarding inflammatory cytokines in ICI-related cardiac injury have been published. Several cytokines have been identified, including interferon γ, interleukin 1β (IL-1β), and the chemokine (C-X-C motif) ligand 10 (CXCL10) [69]. The release of several cytokines and chemokines is attributed to the recruitment of neutrophils and macrophages to the heart. In heart failure, increased levels of these cytokines lead to the local recruitment of T cells and other immune cells to further induce heart damage [74]. Cytokines such as IL-6 could directly increase the risk of cardiac arrhythmias [75]. Further, some cytokines could alter the excitation–contraction coupling to induce cardiac dysfunction by altering calcium handling [76]. IL-1β increases the risk of arrhythmias associated with CaMKII oxidation and phosphorylation in cardiomyocytes [77]. However, the precise role of cytokines in ICI induced myocarditis remains unknown.




4. Clinical Presentation


Several cardiotoxic irAEs have been reported, including myocarditis, pericardial disease, conduction abnormalities, congestive heart failure, Takotsubo-like syndrome, and acute coronary syndrome (ACS) [14,78]. ICI-related cardiotoxicity typically occurs early after ICI treatment. According to Escudier et al., the median time from treatment to the occurrence of presentations was 65 days after nearly three cycles of ICI treatment [24]. In another registry that enrolled 35 patients with ICI-associated myocarditis and 105 patients without myocarditis, the median time of onset was 34 days after starting ICI (inter-quartile range: 21 to 75 days) [14]. Sixty-four percent of myocarditis occurred after the first or second ICI dose, and 76% occurred within the first 6 weeks of treatment [15]. Some late-onset cases which occurred several months and years after ICI therapy have also been reported [79].



Patients may present with various unspecific symptoms including asymptomatic troponin elevation, fatigue, dyspnea, myalgia, palpitation, chest pain, lower extremity edema, headedness, syncope, and so on [14]. Severe cases may present with cardiogenic shock and even cardiac arrest. These symptoms occur in varied incidence, and 14–37% of patients with ICI-associated myocarditis may present with chest pain and 71–76% may present with dyspnea/fatigue [80]. It has been shown that approximately 10% of ICI-related cardiotoxicity cases developed cardiac conduction defects, and 5–10% of patients receiving ICI therapy developed ventricular arrhythmias, with a mortality rate of 40% [20]. ICI-related myocarditis is often combined with other organ damage such as diplopia (6%), myasthenia-like syndrome (11–30%), and myositis (23–30%) [80]. Due to the broad range of nonspecific clinical presentations, it is difficult to differentiate ICI-related cardiotoxicity with other cardiac conditions, such as acute coronary syndrome and heart failure, unless further rule-out tests are performed. Commonly used tests for ICI-related cardiac irAEs include an electrocardiogram (ECG), cardiac biomarkers, an echocardiogram, cardiac magnetic resonance (CMR) imaging, and an endomyocardial biopsy (EMB).



An ECG is a practical examination for the detection of ICI-related cardiotoxicity. Approximately 40–89% patients presented with an abnormal ECG, such as a prolonged PR interval, various arrhythmia, a declined R-wave amplitude, and a change of the ST-T segment [24]. These changes in ECG are commonly unspecific, and more tests are needed to establish the diagnosis of ICI-related cardiotoxicity. Cardiac biomarkers, including cardiac troponin I (TnI), creatine kinase (CK), creatine kinase myocardial band (CK-MB), brain natriuretic peptide (BNP), and N-terminal pro-brain natriuretic peptide (nt-proBNP) are efficient tools for assessing cardiac injury. TnI is now regarded as the most valuable biomarker for the diagnosis of ICI-related cardiotoxicity and is recommended to be tested during the first 6-week treatment of ICI for screening and surveillance [81,82]. An increase in troponin occurs in 46–94% of patients with ICI myocarditis, and an increase in NT-proBNP might be present in 65–100% of ICI myocarditis cases [80]. Echocardiography is an important tool for evaluating cardiac structure and function. Changed left LVEF, diastolic function, new wall motion abnormalities, and newly onset pericardial effusion, compared with baseline echocardiogram indexes, could suggest the diagnosis of ICI-related myocarditis [83]. Among patients with ICI-related myocarditis, echocardiographic global longitudinal strain (GLS) is reduced, and the decrease in GLS is associated with the incidence of major adverse events, which could be a potential indicator for the diagnosis and stratification of ICI-related myocarditis. CMR is now the most solid validation of myocarditis among the noninvasive cardiac imaging modalities. Different imaging techniques with CMR such as T2-weighted imaging, T 1/2 mapping, and late gadolinium enhancement (LGE) could demonstrate myocardial edema and injury. In a retrospective cohort study that enrolled patients with ICI myocarditis, myocardial T1 and T2 values were significantly elevated in 78% and 43% of patients, respectively, and T1 measurements were more significantly related with histopathological changes and were independent prognostic indicators for the subsequent development of MACE [84]. However, specific signs of CMR for ICI-related cardiotoxicity are unclear. Some patients with ICI-related myocarditis may show negative evidence of LGE, partly due to the early phase of the disease [24]. Therefore, repeated CMRs in 2 to 3 days should be considered when myocarditis is highly suspected. Endomyocardial biopsy is the gold standard for diagnosing ICI-related myocarditis. Inflammatory infiltrates and myocardial necrosis are typical in myocarditis [85]. The pathological classification of ICI myocarditis might also help to stratify the prognosis [86]. A skeletal muscle biopsy could be considered as an alternative for patients with suspected myocarditis and myositis if myocardial biopsy is not feasible [87]. In addition, coronary angiography is usually required to rule out coronary artery disease.



By integrating all the related clinical characteristics, uniform diagnostic criteria for ICI-related myocarditis were proposed in 2019 [88]. ICI-related myocarditis is categorized into definite myocarditis, probable myocarditis, and possible myocarditis [88]. A diagnosis of definite myocarditis can only be made if any of the following criteria are met: (1) cardiac biopsy indicates myocarditis; (2) myocarditis confirmed by CMR, together with elevated cardiac biomarkers or ECG evidence of myo-pericarditis; and (3) new wall motion abnormality on echocardiogram with no extra reasons, combined with typical clinical syndrome of myocarditis, elevated cardiac biomarkers, ECG evidence of myo-pericarditis, and negative tests to exclude obstructive coronary disease. According to The American Society of Clinical Oncology guidelines, ICI-related cardiotoxicity is ranked from grade 1 to 4, ranging from asymptomatic screening test results to life-threatening situations [89]. These guidelines help to instruct the clinical diagnosis and stratification of cardiac irAEs; however, due to the variety of ICI-related cardiotoxicities, some diagnostic criteria are hard to meet. More precise guidelines on the specific types of cardiac irAEs are necessary.




5. Baseline Screening and Surveillance


For the early recognition of ICI-related cardiac irAEs, a basic assessment on cardiac status, including ECG, echocardiography, and troponin I, should be considered before starting ICI therapy [88]. Low neutrophil-to-lymphocyte ratios (L-NLR) were associated with the risk of ICI-related cardiotoxicity; therefore, this may also serve as an indicator for cardiac irAEs [25]. During ICI treatment, it is recommended that all patients receive regular troponin I measurements every week [12]. If elevated troponin I is found, other tests such as an ECG, an echocardiography, a CMR, and even a cardiac biopsy should be carried out to further confirm the diagnosis of cardiac irAEs.




6. Treatment


Once a diagnosis of ICI-related cardiac irAEs is made, treatment must be initiated promptly to avoid severe adverse events. Until now, prospective studies and randomized trials assessing the efficacy of treatment for ICI-related cardiotoxicity have been lacking. Currently, the management of ICI-related cardiac irAEs focuses on immunosuppression therapy, together with ICI discontinuation. Generally, grade 3–4 toxicities require the initiation of high-dose corticosteroids (prednisone 1 to 2 mg/kg/d or methylprednisolone 1 to 2 mg/kg/d), and corticosteroids should be continued for at least 4 to 6 weeks [89]. A higher initial dose and an earlier initiation of corticosteroids have proven to be associated with improved outcomes [90]. Compared with low-dose corticosteroids (<60 mg/d), high doses (501–1000 mg/d) have been associated with a 73% lower risk of MACE, and patients receiving corticosteroids within 24 h of admission also had a lower rate of MACE (7.0%) than those receiving corticosteroids between 24 and 72 h (34.3%) [90].



Apart from corticosteroids, immunosuppressive therapies such as immunoglobulin, tacrolimus, infliximab, mycophenolate mofetil, and methotrexate might also serve as potential treatments for ICI-related myocarditis [91]. However, the efficacy of these second-line immunosuppressive has not been tested by large observational or prospective studies. The administration of over one of these agents, in addition to steroids, could be considered for patients who do not respond well to glucocorticoids [83]. Mariella Bockstahler demonstrated the potential of immunoproteasome inhibitors in improving heart-specific autoimmune responses, which could possibly benefit patients with ICI-related cardiac autoimmunity [92]. Therapeutic plasma exchange (TPE) was reported to be used in steroid-refractory, nivolumab-induced myocarditis, and fatal myocarditis combined with myositis [93,94]. Further, immunoadsorption therapy has been applied in dilated cardiomyopathy and heart transplantation to selectively remove immunoglobulins and immune complexes [95], which might be considered as a potential treatment for ICI-related irAEs when cardiac autoimmune antibodies are detected. Blocking tumor necrosis factor alpha (TNFα) has preserved left ventricular function in anti-PD1 treated melanoma, providing a potential approach to prevent ICI-induced cardiac injury [96]. The successful use of tocilizumab (an anti-CD52 antibody) and tocilizumab (an IL-6 receptor antagonist) on ICI-related myocarditis provides alternative options for corticosteroid-refractory cases.



Besides immunosuppressive treatment, conventional cardiac therapy should be initiated for patients with heart failure, ACS, and arrhythmias. These medications include β-blockers, angiotensin-converting enzyme inhibitors, aldosterone antagonists, etc. For ICI-related increases in aortic atherosclerotic plaque, concomitant statin and corticosteroid therapy could be applied. For patients with elevated hsTnI and cardiac conduction defects, it should be considered to transfer them to a coronary care unit. Pacemakers should be considered for patients with high-grade atrioventricular blocks [40]. Mechanical supports must be used for life-threatening cases.



Collectively, individualized treatment strategies made for patients require a multidisciplinary team composed of oncologists, cardiologists, and immunologists. However, ICI-related cardiotoxicity remains therapeutically challenging, and there is a lack of hard evidence to support these therapeutic strategies. There are limited data regarding the safety of re-introducing ICIs upon stabilization or the resolution of symptoms and/or laboratory abnormalities. Whether ICI therapy can be restarted remains challenging. ICI may be re-introduced in patients with grade 1–2 (but not grade 3–4) irAEs, with careful surveillance [97].




7. Other Immune Checkpoint Inhibitors


The past decade has witnessed several novel immune checkpoint inhibitors, apart from the CTLA-4, PD-1, and PD-L1 inhibitors. Lymphocyte activation gene-3 (LAG-3), an immunosuppressive molecule expressed on various immune cells (T cells, Tregs, B cells, natural killer cells, etc.), could increase the function of Tregs and inhibit CD8+ T cells [98]. Randomized controlled trials (RCT) regarding inhibitors of LAG-3 are ongoing, and some have shown positive effects of anti-LAG-3 therapy [6]. Opdualag, a compound preparation of relatlimab (anti-LAG-3) and nivolumab (anti-PD-1), has recently been approved by the FDA for the treatment of previously untreated metastatic or unresectable melanoma. T cell immunoglobulin and mucin-domain containing-3 (TIM-3) is another target for cancer therapy. By interacting with its ligand, TIM-3 could diminish anti-tumor effects partly by inducing CD8+ T cell exhaustion [99]. RCTs on antibodies against TIM-3 have also been launched and a promising efficacy has been reported [6]. The T cell immunoglobulin and ITIM domain (TIGIT) is an immune checkpoint molecule that induces immunosuppressive activity in DCs and NK cells [100,101]. Clinical trials (NCT03563716) proved the efficacy of Tiragolumab (an anti-TIGIT) combined with atezolizumab (a PD-L1 antibody) in metastatic NSCLC patients. Other inhibitory checkpoint molecules that could serve as potential therapeutic targets include VISTA, CD276, CD272, and sialic acid-binding immunoglobulin-like lectin 15 (Siglec-15) [6].



In addition, immune checkpoints for positive immune regulation have also been introduced for cancer therapy. An agonist-targeting immune co-stimulator (ICOS) that enhances the function of CD8+ T cells and Tregs is now being studied (NCT02904226, NCT02723955, and NCT03251924). Several agonist antibodies for the glucocorticoid-induced TNFR-related gene (GITR) and OX40, molecules that belong to the tumor necrosis factor (TNF) receptor superfamily, have also been developed (NCT02598960, NCT02410512, etc.).



These novel immune checkpoint inhibitors and agonists provide promising options for cancer therapy. However, whether these treatments could lead to cardiac irAEs should be carefully monitored once they are applied in clinical work.




8. Conclusions


ICI treatment has revolutionized cancer therapy and improved the long-term survival of cancer patients. Along with the prosperity of ICIs, irAEs have emerged as a main obstruction to prevent patients from gaining clinical benefits. ICI-related cardiotoxicity is one of the rare but fatal irAEs that have been underestimated. Efforts have been made to elucidate the mechanisms of ICI-related cardiotoxicity, and diagnostic approaches for early identification have also been developed. However, the mechanisms through which ICIs lead to cardiac irAEs remains incompletely understood. Specific and noninvasive tests for the diagnosis of ICI-related cardiac toxicity are still lacking. Prospective and large RCTs assessing the efficacy of treatments on ICI-induced cardiac injury are in great demand. Future studies are warranted to enable a better understanding of the mechanisms underlying ICI-related toxicity and to facilitate the diagnostic, prognostic, and therapeutic strategies to improve the outcomes of cancer patients.







Author Contributions


Conceptualization, M.Z. and F.Z.; writing—original draft preparation, R.C.; writing—review and editing, F.Z. and M.Z.; supervision, F.Z.; funding acquisition, F.Z. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by grants from the National Natural Science Foundation of China (No. 81570348).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Schildberg, F.A.; Klein, S.R.; Freeman, G.J.; Sharpe, H.A. Coinhibitory Pathways in the B7-CD28 Ligand-Receptor Family. Immunity 2016, 44, 955–972. [Google Scholar] [CrossRef]

	



Wing, K.; Onishi, Y.; Prieto-Martin, P.; Yamaguchi, T.; Miyara, M.; Fehervari, Z.; Nomura, T.; Sakaguchi, S. CTLA-4 control over Foxp3+ regulatory T cell function. Science 2008, 322, 271–275. [Google Scholar] [CrossRef]

	



Okazaki, T.; Maeda, A.; Nishimura, H.; Kurosaki, T.; Honjo, T. PD-1 immunoreceptor inhibits B cell receptor-mediated signaling by recruiting src homology 2-domain-containing tyrosine phosphatase 2 to phosphotyrosine. Proc. Natl. Acad. Sci. USA 2001, 98, 13866–13871. [Google Scholar] [CrossRef]

	



Tan, C.L.; Kuchroo, J.R.; Sage, P.T.; Liang, D.; Francisco, L.M.; Buck, J.; Thaker, Y.R.; Zhang, Q.; McArdel, S.L.; Juneja, V.R.; et al. PD-1 restraint of regulatory T cell suppressive activity is critical for immune tolerance. J. Exp. Med. 2021, 218, e20182232. [Google Scholar] [CrossRef]

	



Lipe, D.N.; Rajha, E.; Wechsler, A.H.; Gaeta, S.; Palaskas, N.L.; Alhajji, Z.; Viets-Upchurch, J.; Chaftari, P. Cardiotoxicity associated with immune checkpoint inhibitors and CAR T-cell therapy. Am. J. Emerg. Med. 2021, 50, 51–58. [Google Scholar] [CrossRef]

	



Morad, G.; Helmink, B.A.; Sharma, P.; Wargo, J.A. Hallmarks of response, resistance, and toxicity to immune checkpoint blockade. Cell 2021, 184, 5309–5337. [Google Scholar] [CrossRef]

	



Boutros, A.; Bruzzone, M.; Tanda, E.T.; Croce, E.; Arecco, L.; Cecchi, F.; Pronzato, P.; Ceppi, M.; Lambertini, M.; Spagnolo, F. Health-related quality of life in cancer patients treated with immune checkpoint inhibitors in randomised controlled trials: A systematic review and meta-analysis. Eur. J. Cancer 2021, 159, 154–166. [Google Scholar] [CrossRef]

	



Weinmann, S.C.; Pisetsky, D.S. Mechanisms of immune-related adverse events during the treatment of cancer with immune checkpoint inhibitors. Rheumatology 2019, 58, vii59–vii67. [Google Scholar] [CrossRef]

	



Postow, M.A.; Sidlow, R.; Hellmann, M.D. Immune-Related Adverse Events Associated with Immune Checkpoint Blockade. N. Engl. J. Med. 2018, 378, 158–168. [Google Scholar] [CrossRef]

	



Wang, D.Y.; Salem, J.E.; Cohen, J.V.; Chandra, S.; Menzer, C.; Ye, F.; Zhao, S.; Das, S.; Beckermann, K.E.; Ha, L.; et al. Fatal Toxic Effects Associated with Immune Checkpoint Inhibitors: A Systematic Review and Meta-analysis. JAMA Oncol. 2018, 4, 1721–1728. [Google Scholar] [CrossRef]

	



Salem, J.E.; Manouchehri, A.; Moey, M.; Lebrun-Vignes, B.; Bastarache, L.; Pariente, A.; Gobert, A.; Spano, J.P.; Balko, J.M.; Bonaca, M.P.; et al. Cardiovascular toxicities associated with immune checkpoint inhibitors: An observational, retrospective, pharmacovigilance study. Lancet Oncol. 2018, 19, 1579–1589. [Google Scholar] [CrossRef]

	



Hu, J.R.; Florido, R.; Lipson, E.J.; Naidoo, J.; Ardehali, R.; Tocchetti, C.G.; Lyon, A.R.; Padera, R.F.; Johnson, D.B.; Moslehi, J. Cardiovascular toxicities associated with immune checkpoint inhibitors. Cardiovasc. Res. 2019, 115, 854–868. [Google Scholar] [CrossRef]

	



GBD 2019 Diseases and Injuries Collaborators. Global burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: A systematic analysis for the Global Burden of Disease Study 2019. Lancet 2020, 396, 1204–1222. [Google Scholar] [CrossRef]

	



Mahmood, S.S.; Fradley, M.G.; Cohen, J.V.; Nohria, A.; Reynolds, K.L.; Heinzerling, L.M.; Sullivan, R.J.; Damrongwatanasuk, R.; Chen, C.L.; Gupta, D.; et al. Myocarditis in Patients Treated with Immune Checkpoint Inhibitors. J. Am. Coll. Cardiol. 2018, 71, 1755–1764. [Google Scholar] [CrossRef]

	



Moslehi, J.J.; Salem, J.E.; Sosman, J.A.; Lebrun-Vignes, B.; Johnson, D.B. Increased reporting of fatal immune checkpoint inhibitor-associated myocarditis. Lancet 2018, 391, 933. [Google Scholar] [CrossRef]

	



D’Souza, M.; Nielsen, D.; Svane, I.M.; Iversen, K.; Rasmussen, P.V.; Madelaire, C.; Fosbøl, E.; Køber, L.; Gustafsson, F.; Andersson, C.; et al. The risk of cardiac events in patients receiving immune checkpoint inhibitors: A nationwide Danish study. Eur. Heart J. 2021, 42, 1621–1631. [Google Scholar] [CrossRef]

	



Dolladille, C.; Ederhy, S.; Allouche, S.; Dupas, Q.; Gervais, R.; Madelaine, J.; Sassier, M.; Plane, A.F.; Comoz, F.; Cohen, A.A.; et al. Late cardiac adverse events in patients with cancer treated with immune checkpoint inhibitors. J. Immunother. Cancer 2020, 8, e000261. [Google Scholar] [CrossRef]

	



Hu, Y.B.; Zhang, Q.; Li, H.J.; Michot, J.M.; Liu, H.B.; Zhan, P.; Lv, T.F.; Song, Y. Evaluation of rare but severe immune related adverse effects in PD-1 and PD-L1 inhibitors in non-small cell lung cancer: A meta-analysis. Transl. Lung Cancer Res. 2017, 6, S8–S20. [Google Scholar] [CrossRef]

	



Canale, M.L.; Camerini, A.; Casolo, G.; Lilli, A.; Bisceglia, I.; Parrini, I.; Lestuzzi, C.; del Meglio, J.; Puccetti, C.; Camerini, L.; et al. Incidence of Pericardial Effusion in Patients with Advanced Non-Small Cell Lung Cancer Receiving Immunotherapy. Adv. Ther. 2020, 37, 3178–3184. [Google Scholar] [CrossRef]

	



Mir, H.; Alhussein, M.; Alrashidi, S.; Alzayer, H.; Alshatti, A.; Valettas, N.; Mukherjee, S.D.; Nair, V.; Leong, D.P. Cardiac Complications Associated with Checkpoint Inhibition: A Systematic Review of the Literature in an Important Emerging Area. Can. J. Cardiol. 2018, 34, 1059–1068. [Google Scholar] [CrossRef]

	



Lutgens, E.; Seijkens, T.T.P. Cancer patients receiving immune checkpoint inhibitor therapy are at an increased risk for atherosclerotic cardiovascular disease. J. Immunother. Cancer 2020, 8, e000300. [Google Scholar] [CrossRef] [PubMed]

	



Drobni, Z.D.; Alvi, R.M.; Taron, J.; Zafar, A.; Murphy, S.P.; Rambarat, P.K.; Mosarla, R.C.; Lee, C.; Zlotoff, D.A.; Raghu, V.K.; et al. Association Between Immune Checkpoint Inhibitors with Cardiovascular Events and Atherosclerotic Plaque. Circulation 2020, 142, 2299–2311. [Google Scholar] [CrossRef]

	



Zhang, L.; Awadalla, M.; Mahmood, S.S.; Nohria, A.; Hassan, M.Z.O.; Thuny, F.; Zlotoff, D.A.; Murphy, S.P.; Stone, J.R.; Golden, D.L.A.; et al. Cardiovascular magnetic resonance in immune checkpoint inhibitor-associated myocarditis. Eur. Heart J. 2020, 41, 1733–1743. [Google Scholar] [CrossRef] [PubMed]

	



Escudier, M.; Cautela, J.; Malissen, N.; Ancedy, Y.; Orabona, M.; Pinto, J.; Monestier, S.; Grob, J.J.; Scemama, U.; Jacquier, A.; et al. Clinical Features, Management, and Outcomes of Immune Checkpoint Inhibitor-Related Cardiotoxicity. Circulation 2017, 136, 2085–2087. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Bai, H.; Zhang, L.; He, J.; Luo, X.; Wang, S.; Fan, G.; Sun, N. Cardiovascular adverse events induced by immune checkpoint inhibitors: A real world study from 2018 to 2022. Front. Cardiovasc. Med. 2022, 9, 969942. [Google Scholar] [CrossRef]

	



Chan, J.S.K.; Lakhani, I.; Lee, T.T.L.; Chou, O.H.I.; Lee, Y.H.A.; Cheung, Y.M.; Yeung, H.W.; Tang, P.; Ng, K.; Dee, E.C.; et al. Cardiovascular outcomes and hospitalizations in Asian patients receiving immune checkpoint inhibitors: A population-based study. Curr. Probl. Cardiol. 2022, 48, 101380. [Google Scholar] [CrossRef] [PubMed]

	



Raschi, E.; Gatti, M.; Gelsomino, F.; Ardizzoni, A.; Poluzzi, E.; de Ponti, F. Lessons to be Learnt from Real-World Studies on Immune-Related Adverse Events with Checkpoint Inhibitors: A Clinical Perspective from Pharmacovigilance. Target. Oncol. 2020, 15, 449–466. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, D.B.; Balko, J.M.; Compton, M.L.; Chalkias, S.; Gorham, J.; Xu, Y.; Hicks, M.; Puzanov, I.; Alexander, M.R.; Bloomer, T.L.; et al. Fulminant Myocarditis with Combination Immune Checkpoint Blockade. N. Engl. J. Med. 2016, 375, 1749–1755. [Google Scholar] [CrossRef]

	



Agostinetto, E.; Eiger, D.; Lambertini, M.; Ceppi, M.; Bruzzone, M.; Pondé, N.; Plummer, C.; Awada, A.H.; Santoro, A.; Piccart-Gebhart, M.; et al. Cardiotoxicity of immune checkpoint inhibitors: A systematic review and meta-analysis of randomised clinical trials. Eur. J. Cancer 2021, 148, 76–91. [Google Scholar] [CrossRef]

	



Zamami, Y.; Niimura, T.; Okada, N.; Koyama, T.; Fukushima, K.; Izawa-Ishizawa, Y.; Ishizawa, K. Factors Associated with Immune Checkpoint Inhibitor-Related Myocarditis. JAMA Oncol. 2019, 5, 1635–1637. [Google Scholar] [CrossRef]

	



Dal’bo, N.; Patel, R.; Parikh, R.; Shah, S.P.; Guha, A.; Dani, S.S.; Ganatra, S. Cardiotoxicity of Contemporary Anticancer Immunotherapy. Curr. Treat. Options Cardiovasc. Med. 2020, 22, 62. [Google Scholar] [CrossRef] [PubMed]

	



Patel, R.P.; Parikh, R.; Gunturu, K.S.; Tariq, R.Z.; Dani, S.S.; Ganatra, S.; Nohria, A. Cardiotoxicity of Immune Checkpoint Inhibitors. Curr. Oncol. Rep. 2021, 23, 79. [Google Scholar] [CrossRef] [PubMed]

	



Oren, O.; Yang, E.H.; Molina, J.R.; Bailey, K.R.; Blumenthal, R.S.; Kopecky, S.L. Cardiovascular Health and Outcomes in Cancer Patients Receiving Immune Checkpoint Inhibitors. Am. J. Cardiol. 2020, 125, 1920–1926. [Google Scholar] [CrossRef]

	



Ganatra, S.; Neilan, T.G. Immune Checkpoint Inhibitor-Associated Myocarditis. Oncologist 2018, 23, 879–886. [Google Scholar] [CrossRef] [PubMed]

	



Khan, Z.; Hammer, C.; Carroll, J.; di Nucci, F.; Acosta, S.L.; Maiya, V.; Bhangale, T.; Hunkapiller, J.; Mellman, I.; Albert, M.L.; et al. Genetic variation associated with thyroid autoimmunity shapes the systemic immune response to PD-1 checkpoint blockade. Nat. Commun. 2021, 12, 3355. [Google Scholar] [CrossRef]

	



Gowen, M.F.; Giles, K.M.; Simpson, D.; Tchack, J.; Zhou, H.; Moran, U.; Dawood, Z.; Pavlick, A.C.; Hu, S.; Wilson, M.A.; et al. Baseline antibody profiles predict toxicity in melanoma patients treated with immune checkpoint inhibitors. J. Transl. Med. 2018, 16, 82. [Google Scholar] [CrossRef]

	



Ghosh, N.; Postow, M.; Zhu, C.; Jannat-Khah, D.; Li, Q.Z.; Vitone, G.; Chan, K.K.; Bass, A.R. Lower baseline autoantibody levels are associated with immune-related adverse events from immune checkpoint inhibition. J. Immunother. Cancer 2022, 10, e004008. [Google Scholar] [CrossRef]

	



Chen, R.; Peng, L.; Qiu, Z.; Wang, Y.; Wei, F.; Zhou, M.; Zhu, F. Case Report: Cardiac Toxicity Associated with Immune Checkpoint Inhibitors. Front. Cardiovasc. Med. 2021, 8, 727445. [Google Scholar] [CrossRef]

	



Zhu, H.; Galdos, F.X.; Lee, D.; Waliany, S.; Huang, Y.V.; Ryan, J.; Dang, K.; Neal, J.W.; Wakelee, H.A.; Reddy, S.A.; et al. Identification of Pathogenic Immune Cell Subsets Associated with Checkpoint Inhibitor-Induced Myocarditis. Circulation 2022, 146, 316–335. [Google Scholar] [CrossRef]

	



Grabie, N.; Lichtman, A.H.; Padera, R. T cell checkpoint regulators in the heart. Cardiovasc. Res. 2019, 115, 869–877. [Google Scholar] [CrossRef]

	



Lim, S.Y.; Lee, J.H.; Gide, T.N.; Menzies, A.M.; Guminski, A.; Carlino, M.S.; Breen, E.J.; Yang, J.Y.H.; Ghazanfar, S.; Kefford, R.F.; et al. Circulating Cytokines Predict Immune-Related Toxicity in Melanoma Patients Receiving Anti-PD-1-Based Immunotherapy. Clin. Cancer Res. 2019, 25, 1557–1563. [Google Scholar] [CrossRef] [PubMed]

	



Wei, S.C.; Meijers, W.C.; Axelrod, M.L.; Anang, N.A.S.; Screever, E.M.; Wescott, E.C.; Johnson, D.B.; Whitley, E.; Lehmann, L.; Courand, P.Y.; et al. A Genetic Mouse Model Recapitulates Immune Checkpoint Inhibitor-Associated Myocarditis and Supports a Mechanism-Based Therapeutic Intervention. Cancer Discov. 2021, 11, 614–625. [Google Scholar] [CrossRef]

	



Nishimura, H.; Okazaki, T.; Tanaka, Y.; Nakatani, K.; Hara, M.; Matsumori, A.; Sasayama, S.; Mizoguchi, A.; Hiai, H.; Minato, N.; et al. Autoimmune dilated cardiomyopathy in PD-1 receptor-deficient mice. Science 2001, 291, 319–322. [Google Scholar] [CrossRef] [PubMed]

	



Okazaki, T.; Tanaka, Y.; Nishio, R.; Mitsuiye, T.; Mizoguchi, A.; Wang, J.; Ishida, M.; Hiai, H.; Matsumori, A.; Minato, N.; et al. Autoantibodies against cardiac troponin I are responsible for dilated cardiomyopathy in PD-1-deficient mice. Nat. Med. 2003, 9, 1477–1483. [Google Scholar] [CrossRef] [PubMed]

	



Tarrio, M.L.; Grabie, N.; Bu, D.X.; Sharpe, A.H.; Lichtman, A.H. PD-1 protects against inflammation and myocyte damage in T cell-mediated myocarditis. J. Immunol. 2012, 188, 4876–4884. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.; Okazaki, I.M.; Yoshida, T.; Chikuma, S.; Kato, Y.; Nakaki, F.; Hiai, H.; Honjo, T.; Okazaki, T. PD-1 deficiency results in the development of fatal myocarditis in MRL mice. Int. Immunol. 2010, 22, 443–452. [Google Scholar] [CrossRef]

	



Barth, D.A.; Stanzer, S.; Spiegelberg, J.A.; Bauernhofer, T.; Absenger, G.; Szkandera, J.; Gerger, A.; Smolle, M.A.; Hutterer, G.C.; Ahyai, S.A.; et al. Patterns of Peripheral Blood B-Cell Subtypes Are Associated with Treatment Response in Patients Treated with Immune Checkpoint Inhibitors: A Prospective Longitudinal Pan-Cancer Study. Front. Immunol. 2022, 13, 840207. [Google Scholar] [CrossRef]

	



Rubio-Infante, N.; Ramírez-Flores, Y.A.; Castillo, E.C.; Lozano, O.; García-Rivas, G.; Torre-Amione, G. A Systematic Review of the Mechanisms Involved in Immune Checkpoint Inhibitors Cardiotoxicity and Challenges to Improve Clinical Safety. Front. Cell Dev. Biol. 2022, 10, 851032. [Google Scholar] [CrossRef]

	



Fazal, M.; Prentice, D.A.; Kho, L.K.; Fysh, E. Nivolumab-associated myositis myocarditis and myasthenia and anti-striated muscle antibodies. Intern. Med. J. 2020, 50, 1003–1006. [Google Scholar] [CrossRef]

	



Duensing, T.D.; Watson, S.R. Complement-Dependent Cytotoxicity Assay. Cold Spring Harb. Protoc. 2018, 2018, pdb-prot093799. [Google Scholar] [CrossRef]

	



Robert, C.; Ribas, A.; Wolchok, J.D.; Hodi, F.S.; Hamid, O.; Kefford, R.; Weber, J.S.; Joshua, A.M.; Hwu, W.J.; Gangadhar, T.C.; et al. Anti-programmed-death-receptor-1 treatment with pembrolizumab in ipilimumab-refractory advanced melanoma: A randomised dose-comparison cohort of a phase 1 trial. Lancet 2014, 384, 1109–1117. [Google Scholar] [CrossRef]

	



Baik, A.H.; Oluwole, O.O.; Johnson, D.B.; Shah, N.; Salem, J.E.; Tsai, K.K.; Moslehi, J.J. Mechanisms of Cardiovascular Toxicities Associated with Immunotherapies. Circ. Res. 2021, 128, 1780–1801. [Google Scholar] [CrossRef] [PubMed]

	



Hanna, A.; Frangogiannis, N.G. Inflammatory Cytokines and Chemokines as Therapeutic Targets in Heart Failure. Cardiovasc. Drugs Ther. 2020, 34, 849–863. [Google Scholar] [CrossRef] [PubMed]

	



Dick, S.A.; Epelman, S. Chronic Heart Failure and Inflammation: What Do We Really Know? Circ. Res. 2016, 119, 159–176. [Google Scholar] [CrossRef] [PubMed]

	



Fernández-Sada, E.; Torres-Quintanilla, A.; Silva-Platas, C.; García, N.; Willis, B.C.; Rodríguez-Rodríguez, C.; de la Peña, E.; Bernal-Ramírez, J.; Treviño-Saldaña, N.; Oropeza-Almazán, Y.; et al. Proinflammatory Cytokines Are Soluble Mediators Linked with Ventricular Arrhythmias and Contractile Dysfunction in a Rat Model of Metabolic Syndrome. Oxidative Med. Cell. Longev. 2017, 2017, 7682569. [Google Scholar] [CrossRef] [PubMed]

	



Monnerat, G.; Alarcón, M.L.; Vasconcellos, L.R.; Hochman-Mendez, C.; Brasil, G.; Bassani, R.A.; Casis, O.; Malan, D.; Travassos, L.H.; Sepúlveda, M.; et al. Macrophage-dependent IL-1β production induces cardiac arrhythmias in diabetic mice. Nat. Commun. 2016, 7, 13344. [Google Scholar] [CrossRef]

	



Ederhy, S.; Cautela, J.; Ancedy, Y.; Escudier, M.; Thuny, F.; Cohen, A. Takotsubo-Like Syndrome in Cancer Patients Treated with Immune Checkpoint Inhibitors. JACC Cardiovasc. Imaging 2018, 11, 1187–1190. [Google Scholar] [CrossRef]

	



Yamaguchi, S.; Morimoto, R.; Okumura, T.; Yamashita, Y.; Haga, T.; Kuwayama, T.; Yokoi, T.; Hiraiwa, H.; Kondo, T.; Sugiura, Y.; et al. Late-Onset Fulminant Myocarditis with Immune Checkpoint Inhibitor Nivolumab. Can. J. Cardiol. 2018, 34, 812.e1–812.e3. [Google Scholar] [CrossRef]

	



Lehmann, L.H.; Cautela, J.; Palaskas, N.; Baik, A.H.; Meijers, W.C.; Allenbach, Y.; Alexandre, J.; Rassaf, T.; Müller, O.J.; Aras, M.; et al. Clinical Strategy for the Diagnosis and Treatment of Immune Checkpoint Inhibitor-Associated Myocarditis: A Narrative Review. JAMA Cardiol. 2021, 6, 1329–1337. [Google Scholar] [CrossRef]

	



Asnani, A. Cardiotoxicity of Immunotherapy: Incidence, Diagnosis, and Management. Curr. Oncol. Rep. 2018, 20, 44. [Google Scholar] [CrossRef]

	



Spallarossa, P.; Meliota, G.; Brunelli, C.; Arboscello, E.; Ameri, P.; Dessalvi, C.C.; Grossi, F.; Deidda, M.; Mele, D.; Sarocchi, M.; et al. Potential cardiac risk of immune-checkpoint blockade as anticancer treatment: What we know, what we do not know, and what we can do to prevent adverse effects. Med. Res. Rev. 2018, 38, 1447–1468. [Google Scholar] [CrossRef] [PubMed]

	



Palaskas, N.; Lopez-Mattei, J.; Durand, J.B.; Iliescu, C.; Deswal, A. Immune Checkpoint Inhibitor Myocarditis: Pathophysiological Characteristics, Diagnosis, and Treatment. J. Am. Heart Assoc. 2020, 9, e013757. [Google Scholar] [CrossRef] [PubMed]

	



Thavendiranathan, P.; Zhang, L.; Zafar, A.; Drobni, Z.D.; Mahmood, S.S.; Cabral, M.; Awadalla, M.; Nohria, A.; Zlotoff, D.A.; Thuny, F.; et al. Myocardial T1 and T2 Mapping by Magnetic Resonance in Patients with Immune Checkpoint Inhibitor-Associated Myocarditis. J. Am. Coll. Cardiol. 2021, 77, 1503–1516. [Google Scholar] [CrossRef] [PubMed]

	



Spallarossa, P.; Tini, G.; Sarocchi, M.; Arboscello, E.; Grossi, F.; Queirolo, P.; Zoppoli, G.; Ameri, P. Identification and Management of Immune Checkpoint Inhibitor-Related Myocarditis: Use Troponin Wisely. J. Clin. Oncol. 2019, 37, 2201–2205. [Google Scholar] [CrossRef] [PubMed]

	



Champion, S.N.; Stone, J.R. Immune checkpoint inhibitor associated myocarditis occurs in both high-grade and low-grade forms. Mod. Pathol. 2020, 33, 99–108. [Google Scholar] [CrossRef]

	



Allenbach, Y.; Anquetil, C.; Manouchehri, A.; Benveniste, O.; Lambotte, O.; Lebrun-Vignes, B.; Spano, J.P.; Ederhy, S.; Klatzmann, D.; Rosenzwajg, M.; et al. Immune checkpoint inhibitor-induced myositis, the earliest and most lethal complication among rheumatic and musculoskeletal toxicities. Autoimmun. Rev. 2020, 19, 102586. [Google Scholar] [CrossRef]

	



Bonaca, M.P.; Olenchock, B.A.; Salem, J.E.; Wiviott, S.D.; Ederhy, S.; Cohen, A.; Stewart, G.C.; Choueiri, T.K.; di Carli, M.; Allenbach, Y.; et al. Myocarditis in the Setting of Cancer Therapeutics: Proposed Case Definitions for Emerging Clinical Syndromes in Cardio-Oncology. Circulation 2019, 140, 80–91. [Google Scholar] [CrossRef]

	



Brahmer, J.R.; Lacchetti, C.; Schneider, B.J.; Atkins, M.B.; Brassil, K.J.; Caterino, J.M.; Chau, I.; Ernstoff, M.S.; Gardner, J.M.; Ginex, P.; et al. Management of Immune-Related Adverse Events in Patients Treated with Immune Checkpoint Inhibitor Therapy: American Society of Clinical Oncology Clinical Practice Guideline. J. Clin. Oncol. 2018, 36, 1714–1768. [Google Scholar] [CrossRef]

	



Zhang, L.; Zlotoff, D.A.; Awadalla, M.; Mahmood, S.S.; Nohria, A.; Hassan, M.Z.O.; Thuny, F.; Zubiri, L.; Chen, C.L.; Sullivan, R.J.; et al. Major Adverse Cardiovascular Events and the Timing and Dose of Corticosteroids in Immune Checkpoint Inhibitor-Associated Myocarditis. Circulation 2020, 141, 2031–2034. [Google Scholar] [CrossRef]

	



Frigeri, M.; Meyer, P.; Banfi, C.; Giraud, R.; Hachulla, A.L.; Spoerl, D.; Friedlaender, A.; Pugliesi-Rinaldi, A.; Dietrich, P.Y. Immune Checkpoint Inhibitor-Associated Myocarditis: A New Challenge for Cardiologists. Can. J. Cardiol. 2018, 34, 92.e1–92.e3. [Google Scholar] [CrossRef]

	



Bockstahler, M.; Fischer, A.; Goetzke, C.C.; Neumaier, H.L.; Sauter, M.; Kespohl, M.; Müller, A.M.; Meckes, C.; Salbach, C.; Schenk, M.; et al. Heart-Specific Immune Responses in an Animal Model of Autoimmune-Related Myocarditis Mitigated by an Immunoproteasome Inhibitor and Genetic Ablation. Circulation 2020, 141, 1885–1902. [Google Scholar] [CrossRef] [PubMed]

	



Compton, F.; He, L.; Sarode, R.; Wodajo, A.; Usmani, A.; Burner, J.; Berlacher, M.; de Simone, N. Immune checkpoint inhibitor toxicity: A new indication for therapeutic plasma exchange? J. Clin. Apher. 2021, 36, 645–648. [Google Scholar] [CrossRef] [PubMed]

	



Matsui, H.; Kawai, T.; Sato, Y.; Ishida, J.; Kadowaki, H.; Akiyama, Y.; Yamada, Y.; Nakamura, M.; Yamada, D.; Akazawa, H.; et al. A Fatal Case of Myocarditis Following Myositis Induced by Pembrolizumab Treatment for Metastatic Upper Urinary Tract Urothelial Carcinoma. Int. Heart J. 2020, 61, 1070–1074. [Google Scholar] [CrossRef] [PubMed]

	



Fuchs, K.; Rummler, S.; Ries, W.; Helmschrott, M.; Selbach, J.; Ernst, F.; Morath, C.; Gauly, A.; Atiye, S.; Stauss-Grabo, M.; et al. Performance, clinical effectiveness, and safety of immunoadsorption in a wide range of indications. Ther. Apher. Dial. 2022, 26, 229–241. [Google Scholar] [CrossRef] [PubMed]

	



Michel, L.; Helfrich, I.; Hendgen-Cotta, U.B.; Mincu, R.I.; Korste, S.; Mrotzek, S.M.; Spomer, A.; Odersky, A.; Rischpler, C.; Herrmann, K.; et al. Targeting early stages of cardiotoxicity from anti-PD1 immune checkpoint inhibitor therapy. Eur. Heart J. 2022, 43, 316–329. [Google Scholar] [CrossRef] [PubMed]

	



Hasson, S.P.; Salwen, B.; Sivan, A.; Shamai, S.; Geva, R.; Merimsky, O.; Raphael, A.; Shmilovich, H.; Moshkovits, Y.; Kapusta, L.; et al. Re-introducing immunotherapy in patients surviving immune checkpoint inhibitors-mediated myocarditis. Clin. Res. Cardiol. 2021, 110, 50–60. [Google Scholar] [CrossRef]

	



Matsuzaki, J.; Gnjatic, S.; Mhawech-Fauceglia, P.; Beck, A.; Miller, A.; Tsuji, T.; Eppolito, C.; Qian, F.; Lele, S.; Shrikant, P.; et al. Tumor-infiltrating NY-ESO-1-specific CD8+ T cells are negatively regulated by LAG-3 and PD-1 in human ovarian cancer. Proc. Natl. Acad. Sci. USA 2010, 107, 7875–7880. [Google Scholar]

	



Huang, Y.H.; Zhu, C.; Kondo, Y.; Anderson, A.C.; Gandhi, A.; Russell, A.; Dougan, S.K.; Petersen, B.S.; Melum, E.; Pertel, T.; et al. CEACAM1 regulates TIM-3-mediated tolerance and exhaustion. Nature 2015, 517, 386–390. [Google Scholar]

	



Yu, X.; Harden, K.; Gonzalez, L.C.; Francesco, M.; Chiang, E.; Irving, B.; Tom, I.; Ivelja, S.; Refino, C.J.; Clark, H.; et al. The surface protein TIGIT suppresses T cell activation by promoting the generation of mature immunoregulatory dendritic cells. Nat. Immunol. 2009, 10, 48–57. [Google Scholar] [CrossRef]

	



Liu, S.; Zhang, H.; Li, M.; Hu, D.; Li, C.; Ge, B.; Jin, B.; Fan, Z. Recruitment of Grb2 and SHIP1 by the ITT-like motif of TIGIT suppresses granule polarization and cytotoxicity of NK cells. Cell Death Differ. 2013, 20, 456–464. [Google Scholar] [CrossRef]

	



Ederhy, S.; Dolladille, C.; Thuny, F.; Alexandre, J.; Cohen, A. Takotsubo syndrome in patients with cancer treated with immune checkpoint inhibitors: A new adverse cardiac complication. Eur. J. Heart Fail. 2019, 21, 945–947. [Google Scholar] [CrossRef] [PubMed]

	



Horinouchi, H.; Yamamoto, N.; Fujiwara, Y.; Sekine, I.; Nokihara, H.; Kubota, K.; Kanda, S.; Yagishita, S.; Wakui, H.; Kitazono, S.; et al. Phase I study of ipilimumab in phased combination with paclitaxel and carboplatin in Japanese patients with non-small-cell lung cancer. Investig. New Drugs 2015, 33, 881–889. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, P.; Retz, M.; Siefker-Radtke, A.; Baron, A.; Necchi, A.; Bedke, J.; Plimack, E.R.; Vaena, D.; Grimm, M.O.; Bracarda, S.; et al. Nivolumab in metastatic urothelial carcinoma after platinum therapy (CheckMate 275): A multicentre, single-arm, phase 2 trial. Lancet Oncol. 2017, 18, 312–322. [Google Scholar] [CrossRef]

	



Behling, J.; Kaes, J.; Münzel, T.; Grabbe, S.; Loquai, C. New-onset third-degree atrioventricular block because of autoimmune-induced myositis under treatment with anti-programmed cell death-1 (nivolumab) for metastatic melanoma. Melanoma Res. 2017, 27, 155–158. [Google Scholar] [CrossRef]

	



Rosenberg, J.E.; Hoffman-Censits, J.; Powles, T.; van der Heijden, M.S.; Balar, A.V.; Necchi, A.; Dawson, N.; O’Donnell, P.H.; Balmanoukian, A.; Loriot, Y.; et al. Atezolizumab in patients with locally advanced and metastatic urothelial carcinoma who have progressed following treatment with platinum-based chemotherapy: A single-arm, multicentre, phase 2 trial. Lancet 2016, 387, 1909–1920. [Google Scholar] [CrossRef]

	



Jeyakumar, N.; Etchegaray, M.; Henry, J.; Lelenwa, L.; Zhao, B.; Segura, A.; Buja, L.M. The Terrible Triad of Checkpoint Inhibition: A Case Report of Myasthenia Gravis, Myocarditis, and Myositis Induced by Cemiplimab in a Patient with Metastatic Cutaneous Squamous Cell Carcinoma. Case Rep. Immunol. 2020, 2020, 5126717. [Google Scholar] [CrossRef]

	



Stratigos, A.J.; Sekulic, A.; Peris, K.; Bechter, O.; Prey, S.; Kaatz, M.; Lewis, K.D.; Basset-Seguin, N.; Chang, A.L.S.; Dalle, S.; et al. Cemiplimab in locally advanced basal cell carcinoma after hedgehog inhibitor therapy: An open-label, multi-centre, single-arm, phase 2 trial. Lancet Oncol. 2021, 22, 848–857. [Google Scholar] [CrossRef]

	



Liang, S.; Yang, J.; Lin, Y.; Li, T.; Zhao, W.; Zhao, J.; Dong, C. Immune Myocarditis Overlapping with Myasthenia Gravis Due to Anti-PD-1 Treatment for a Chordoma Patient: A Case Report and Literature Review. Front. Immunol. 2021, 12, 682262. [Google Scholar] [CrossRef]

	



Tang, Y.; Zhang, Y.; Yang, X.Y. Rare Case of Wide QRS Tachycardia after Sintilimab Treatment for Lung Cancer. Circulation 2022, 145, 783–786. [Google Scholar] [CrossRef]

	



Ni, J.; Zhou, Y.; Wu, L.; Ai, X.; Dong, X.; Chu, Q.; Han, C.; Wang, X.; Zhu, Z. Sintilimab, stereotactic body radiotherapy and granulocyte-macrophage colony stimulating factor as second-line therapy for advanced non-small cell lung cancer: Safety run-in results of a multicenter, single-arm, phase II trial. Radiat. Oncol. 2021, 16, 177. [Google Scholar] [CrossRef]

	



Wang, F.; Sun, X.; Qin, S.; Hua, H.; Liu, X.; Yang, L.; Yang, M. A retrospective study of immune checkpoint inhibitor-associated myocarditis in a single center in China. Chin. Clin. Oncol. 2020, 9, 16. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, C.; Qin, S.; Zuo, Z. Immune-related myocarditis in two patients receiving camrelizumab therapy and document analysis. J. Oncol. Pharm. Pract. 2022, 28, 1350–1356. [Google Scholar] [CrossRef] [PubMed]

	



Guo, K.; Chen, M.; Li, J. PD-1 Inhibitor-Induced Thyrotoxicosis Associated with Coronary Artery Spasm and Ventricular Tachycardia. Cardiovasc. Toxicol. 2022, 22, 892–897. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, Q.; Chen, M.; Jiang, O.; Pan, Y.; Hu, D.; Lin, Q.; Wu, G.; Cui, J.; Chang, J.; Cheng, Y.; et al. Sugemalimab versus placebo after concurrent or sequential chemoradiotherapy in patients with locally advanced, unresectable, stage III non-small-cell lung cancer in China (GEMSTONE-301): Interim results of a randomised, double-blind, multicentre, phase 3 trial. Lancet Oncol. 2022, 23, 209–219. [Google Scholar]

	



Chitturi, K.R.; Xu, J.; Araujo-Gutierrez, R.; Bhimaraj, A.; Guha, A.; Hussain, I.; Kassi, M.; Bernicker, E.H.; Trachtenberg, B.H. Immune Checkpoint Inhibitor-Related Adverse Cardiovascular Events in Patients with Lung Cancer. JACC Cardio Oncol. 2019, 1, 182–192. [Google Scholar] [CrossRef]

	



Awadalla, M.; Mahmood, S.S.; Groarke, J.D.; Hassan, M.Z.O.; Nohria, A.; Rokicki, A.; Murphy, S.P.; Mercaldo, N.D.; Zhang, L.; Zlotoff, D.A.; et al. Global Longitudinal Strain and Cardiac Events in Patients with Immune Checkpoint Inhibitor-Related Myocarditis. J. Am. Coll. Cardiol. 2020, 75, 467–478. [Google Scholar] [CrossRef]

	



Moey, M.Y.Y.; Tomdio, A.N.; McCallen, J.D.; Vaughan, L.M.; O’Brien, K.; Naqash, A.R.; Cherry, C.; Walker, P.R.; Carabello, B.A. Characterization of Immune Checkpoint Inhibitor-Related Cardiotoxicity in Lung Cancer Patients From a Rural Setting. JACC Cardio Oncol. 2020, 2, 491–502. [Google Scholar] [CrossRef]

	



Rubio-Infante, N.; Ramírez-Flores, Y.A.; Castillo, E.C.; Lozano, O.; García-Rivas, G.; Torre-Amione, G. Cardiotoxicity associated with immune checkpoint inhibitor therapy: A meta-analysis. Eur. J. Heart Fail. 2021, 23, 1739–1747. [Google Scholar] [CrossRef]

	



Chen, C.; Chen, T.; Liang, J.; Guo, X.; Xu, J.; Zheng, Y.; Guo, Z.; Chi, L.; Wei, L.; Chen, X.; et al. Cardiotoxicity Induced by Immune Checkpoint Inhibitors: A Pharmacovigilance Study from 2014 to 2019 Based on FAERS. Front. Pharmacol. 2021, 12, 616505. [Google Scholar] [CrossRef]

	



Mascolo, A.; Scavone, C.; Ferrajolo, C.; Rafaniello, C.; Danesi, R.; del Re, M.; Russo, A.; Coscioni, E.; Rossi, F.; Alfano, R.; et al. Immune Checkpoint Inhibitors and Cardiotoxicity: An Analysis of Spontaneous Reports in Eudravigilance. Drug Saf. 2021, 44, 957–971. [Google Scholar] [CrossRef]

	



Li, C.; Bhatti, S.A.; Ying, J. Immune Checkpoint Inhibitors-Associated Cardiotoxicity. Cancers 2022, 14, 1145. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Marketed ICIs worldwide.
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	Immune Checkpoint Inhibitors
	Target
	Approval Year
	Indications
	Reported Cardiac irAEs





	Ipilimumab
	CTLA-4
	2011 (FDA)
	Melanoma, renal cell carcinoma, and colorectal cancer
	Myocarditis [14], Takotsubo syndrome [27], pericardial diseases [11], and arrhythmia [28]



	Nivolumab
	PD-1
	2014 (FDA)
	Melanoma, renal cell carcinoma, non-small-cell lung cancer, head and neck squamous cell cancer, Hodgkin’s lymphoma, colorectal cancer, urothelial carcinoma, and hepatocellular carcinoma
	Myocarditis [14], Takotsubo syndrome [27], heart failure [29], pericardial diseases [11], and arrhythmias [30]



	Pembrolizumab
	PD-1
	2014 (FDA)
	Melanoma, small-cell lung cancer, non-small-cell lung cancer, head and neck squamous cell cancer, Hodgkin’s lymphoma, colorectal cancer, urothelial carcinoma, hepatocellular carcinoma, large B-cell lymphoma, gastric cancer, esophageal cancer, cervical cancer, renal cell carcinoma, and Merket cell carcinoma
	Myocarditis [14], Takotsubo syndrome [27], and pericardial diseases [11]



	Atezolizumab
	PD-L1
	2016 (FDA)
	Urothelial carcinoma and non-small-cell lung cancer
	Myocarditis [14], pericardial diseases [11], and hypertension [31]



	Avelumab
	PD-L1
	2017 (FDA)
	Merket cell carcinoma
	Myocarditis [11] and pericardial diseases [11]



	Durvalumab
	PD-L1
	2017 (FDA)
	Urothelial carcinoma
	Myocarditis [11] and pericardial diseases [11]



	Dstarlimab
	PD-1
	2021 (FDA)
	MSI-H/dMMR advanced solid tumors
	N/A



	Cemiplimab
	PD-1
	2018 (FDA)
	Cutaneous squamous cell carcinoma
	Myocarditis [32] and hypertension [33]



	Toripalimab
	PD-1
	2018 (NMPA)
	Melanoma, nasopharyngeal carcinoma, urothelial carcinoma, esophageal squamous cell carcinoma, and non-small cell lung cancer
	N/A



	Sintilimab
	PD-1
	2018 (NMPA)
	Hodgkin’s lymphoma, non-small cell lung cancer, and hepatocellular carcinoma
	Myocarditis [34], arrhythmia [35], and heart failure [36]



	Camrelizumab
	PD-1
	2020 (NMPA)
	Hodgkin’s lymphoma, hepatocellular carcinoma, non-small cell lung cancer, esophageal squamous cell carcinoma, and nasopharyngeal carcinoma
	Myocarditis [37], heart failure [38], arrhythmia [38], and coronary artery spasm [39]



	Tislelizumab
	PD-1
	2019 (NMPA)
	Hodgkin’s lymphoma, urothelial carcinoma, non-small cell lung cancer, hepatocellular carcinoma, esophageal squamous cell carcinoma, nasopharyngeal carcinoma, and MSI-H/dMMR advanced solid tumors
	Myocarditis [40] and arrhythmia [40]



	Prolgolimab
	PD-1
	2020 (MHRF)
	Melanoma
	N/A



	Sugemalimab
	PD-L1
	2021 (NMPA)
	Non-small cell lung cancer
	Heart failure [41]



	Penpulimab
	PD-1
	2021 (NMPA)
	Hodgkin’s lymphoma
	N/A



	Zimberelimab
	PD-1
	2021 (NMPA)
	Hodgkin’s lymphoma
	N/A



	Envafolimab
	PD-L1
	2021 (NMPA)
	MSI-H/dMMR advanced solid tumors
	N/A



	Serplulimab
	PD-1
	2021 (NMPA)
	MSI-H/dMMR advanced solid tumors
	N/A







CTLA-4, cytotoxic T lymphocyte-associated antigen-4; FDA, Food and Drug Administration; irAEs, immune-related adverse effects; MHRF, Ministry of Health of the Russian Federation; NMPA, National Medical Products Administration; MSI-H/dMMR, microsatellite instability-high/mismatch repair deficient; PD-1, programmed cell death protein 1; PD-L1, programmed cell death ligand 1; N/A, not available.
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Table 2. The prime publications about cardiotoxicity related to immune checkpoint inhibitors from 2018–2022.
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References

	
Study Type

	
Research Period

	
Sample Size

	
Data Source

	
Types of Cancer

	
Cardiac irAEs (n/%)

	
Mortality of Cardiac irAEs (n/%)

	
Different Types of Cardiac irAEs




	
Myocarditis (n/%)

	
Pericardial Disease (n/%)

	
Arrhythmia (n/%)

	
Myocardial Infarction (n/%)

	
Heart Failure (n/%)

	
Cardiac Arrest (n/%)






	
Wang D.Y. et al. [10]

	
Meta-analysis

	
From 2009 to 2018

	
613

	
WHO pharmacovigilance database

	
Melanoma, lung cancer, and other

	
N/A

	
52/39.7

	
131/21.4

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A




	
Mahmood S.S. et al. [14]

	
Retrospective study

	
From December 2013 to July 2017

	
35

	
The electronic medical records from eight centers

	
Multiple cancer types

	
N/A

	
16/45.7

	
35/100

	
N/A

	
N/A

	
N/A

	
N/A

	
6/17.1




	
Chitturi K.R. et al. [42]

	
Retrospective study

	
From August 2015 to August 2018

	
135

	
Houston Methodist oncologic pharmacy registry

	
Lung cancer

	
18/13.3

	
13/9.6

	
1/0.7

	
9/6.7

	
25/18.5

	
1/0.7

	
4/3.0

	
N/A




	
Awadalla M. et al. [43]

	
Retrospective study

	
From December 2013 to January 2019

	
101

	
19-center international registry

	
Multiple cancer types

	
101/100

	
6/5.9

	
101/100

	
N/A

	
19/18.8

	
N/A

	
N/A

	
12/11.9




	
Moey M.Y.Y. et al. [44]

	
Retrospective study

	
From 2015 to 2018

	
196

	
Vidant Medical Center/East Carolina University

	
Lung cancer

	
23/11.0

	
3/1.5

	
9/4.6

	
4/2.0

	
7/3.6

	
3/1.5

	
N/A

	
N/A




	
Agostinetto E. et al. [45]

	
Meta-analysis

	
Prior to 30 June 2020

	
6092

	
PubMed, MEDLINE, Embase databases, and conference proceedings

	
Multiple cancer types

	
230/3.78

	
55/0.33

	
16/0.12

	
31/0.51

	
104/1.79

	
27/0.41

	
28/0.43

	
19/0.24




	
Rubio-Infante N. et al. [46]

	
Meta-analysis

	
Prior to 31 August 2020

	
104,276

	
WHO’s Vigi Access database

	
N/A

	
4401/4.2

	
15/0.32

	
839/19.1

	
335/7.6

	
850/19.3

	
287/6.5

	
348/7.9

	
257/5.8




	
Chen C. et al. [47]

	
Pharmacovigilance study

	
From 2014 to 2019

	
9271

	
FDA Adverse Event Reporting System database

	
N/A

	
N/A

	
2808/30.3

	
614/16

	
423/3.6

	
576/4.8

	
N/A

	
476/4.0

	
N/A




	
Mascolo A. et al. [48]

	
Retrospective study

	
Prior to 14 March 2020

	
2478

	
European pharmacovigilance database

	
N/A

	
N/A

	
N/A

	
542/16

	
229/6.8

	
221/6.5

	
166/4.7

	
242/7.1

	
107/3.2




	
Li C. et al [49]

	
Retrospective study

	
Prior to 17 February 2022

	
5518

	
Health care organizations in the research network of TriNetX

	
Multiple cancer types

	
690/12.5

	
N/A

	
116/2.1

	
N/A

	
513/9.3

	
N/A

	
N/A

	
N/A




	
Chan J.S.K. et al. [26]

	
Retrospective study

	
From 1 January 2013 to 31 December 2021

	
4324

	
A population-based, administrative electronic medical records system in Hong Kong

	
Multiple cancer types

	
188/4.4

	
N/A

	
N/A

	
N/A

	
97/2.2

	
46/1.1

	
52/1.2

	
N/A








N/A, not available. Despite increased reporting of ICI-related cardiotoxicity, the underreporting of potential cases has drawn wide attention. Incidence rates calculated from clinical trials, but not from spontaneous reporting, could be misleading [50]. This may partly explain the varied range of incidence and fatality rate of ICI-related cardiotoxicity reported by current studies. Therefore, standardized reporting of cardiac adverse events is required in clinical trials.
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