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Abstract

Background

Treatment options for many cancers include immune checkpoint inhibitor (ICl) monotherapy
and combination therapy with impressive clinical benefit across cancers. We sought to
define the comparative cardiac risks of ICl combination and monotherapy.

Methods

We used VigiBase, the World Health Organization pharmacovigilance database, to identify
cardiac ADRs (CADRs), such as carditis, heart failure, arrhythmia, myocardial infarction,
and valvular dysfunction, related to ICI therapy. To explore possible relationships, we used
the reporting odds ratio (ROR) as a proxy of relative risk. A lower bound of a 95% confidence
interval of ROR > 1 reflects a disproportionality signal that more ADRs are observed than
expected due to chance.

Results

We found 2278 cADR for ICI monotherapy and 353 for ICI combination therapy. Combina-
tion therapy was associated with significantly higher odds of carditis (ROR 6.9, 95% CI: 5.6—
8.3) versus ICI monotherapy (ROR 5.0, 95% CI: 4.6-5.4). Carditis in ICI combination ther-
apy was fatal in 23.4% of reported ADRs, compared to 15.8% for ICI monotherapy (P =
0.058).

Conclusions

Using validated pharmacovigilance methodology, we found increased odds of carditis for all
ICI therapies, with the highest odds for combination therapy. Given the substantial risk of
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severe ADR and death, clinicians should consider these findings when prescribing check-
point inhibitors.

Introduction

One in five men and one in six women develop cancer during their lifetime, accounting for
18.1 million new cases and 9.6 million deaths globally in 2018 [1]. Although cancers vary
widely in terms of their biology and interactions with the host, many rely on immune check-
point pathways to suppress the immune system and evade host surveillance [2]. This common-
ality has recently been exploited by immune checkpoint inhibitors (ICI), which demonstrate
impressive clinical benefit, especially in advanced and metastatic cancers [3].

ICIs block negative regulators of T-cell function on immune and tumor cells. The most
extensively evaluated T-cell checkpoints are the cytotoxic T-lymphocyte antigen 4 (CTLA-4)
and programmed cell death 1 (PD-1)/programmed cell death ligand 1 (PD-L1) pathways. ICIs
are approved for various oncological indications, such as treatment of metastatic melanoma
[4], non-small cell lung cancer (NSCLC) [5], renal cell carcinoma (RCC) [6], urothelial carci-
noma [7], Hodgkin lymphoma [8], B-cell lymphoma [9], breast [10], head and neck [11], gas-
tric [12], colorectal [13], and hepatocellular cancer [14]. National Comprehensive Cancer
Network (NCCN) guidelines list both ICI monotherapy and combination therapy with differ-
ently acting ICIs as options for a variety of cancers [15-17].

ICIs can result in a wide range of adverse drug reactions (ADRs), with prior studies demon-
strating a higher adverse events profile for patients treated with ICI combination therapy com-
pared to monotherapy [18]. However, while cardiac toxicity is described with chemotherapy,
the relative cardiac toxicity of ICIs in a real-world setting, especially in combination therapies,
remains incompletely characterized [19]. Prior literature has reported cardiac ADRs including
myocardial fibrosis [20], left ventricular dysfunction [21], cardiomyopathy [22], pericarditis
[23], and myocarditis [24]. These events are uncommon, but the numbers of cardiac toxicity
might be underestimated given the non-specific symptomatology, low incidence and the
incomplete diagnostic testing [25]. Zamami et al. analyzed risk factors associated with ICI-
related myocarditis and found higher odds in female patients, patients of older age (>75 years)
and the concomitant use of ICI treatment [26]. While Salem et al. found an over-representa-
tion of myocarditis, pericardial diseases and vasculitis cases in patients treated with ICI therapy
[27], our study sought to directly compare the incidence of cardiotoxicity between ICI mono-
therapy and combination therapy. We therefore explored their comparative cardiac risk by
analyzing a global pharmacovigilance database.

Methods
Study design and data source

We analyzed VigiBase, the World Health Organization (WHO) global database of individual
case safety reports (ICSRs). Starting in 1968 with 10 contributing countries, VigiBase is now
the largest ICSR database, with more than 130 participating countries and over 20 million
reports of suspected ADRs, which are managed by the Uppsala Monitoring Centre (UMC). All
reports until November 23, 2019 were analyzed. Reports to this pharmacovigilance database
can be made by health professionals, pharmaceutical companies and patients themselves. The
ICSRs are reviewed and analyzed locally and may lead to regulatory action [28, 29]. The study
was approved by our Institutional Review Board Partners Human Research, reference number:
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2019P000832. Consent to participate was waived because de-identified VigiBase reports were
analyzed.

Procedures

We identified cardiac ADRs (cADRs) reported in patients taking ipilimumab (CTLA-4 inhibi-
tor), nivolumab (PD-1 inhibitor), pembrolizumab (PD-1 inhibitor), atezolizumab (PD-L1
inhibitor) or durvalumab (PD-L1 inhibitor) as ICI monotherapy (hereafter referred to as
“monotherapy”) or combination therapy of ipilimumab and nivolumab (hereafter referred to
as “combination therapy”), as a treatment for various solid and hematological cancers. For this
purpose, we used the standardized Medical Dictionary for Regulatory Activities (MedDRA)
terminology. Exploratory VigiBase inquiries revealed that the other guideline-recommended
combination of pembrolizumab and axitinib, which was approved by the FDA in April 2019,
did not occur with high enough frequency in the database (6 reports) to allow for valid analy-
sis, so this combination was excluded. Every report had general administrative information
(reporting date and country), patient demographic data (age, sex), drug-specific information
(indication, dosage regimen, duration of therapy) and reported reactions (MedDRA classifica-
tion terms, onset date, end date, seriousness, and final outcome). cADRs were sub-categorized
in carditis (inflammatory cardiomyopathies, pericarditis, and myocarditis), heart failure (HF),
arrhythmia, myocardial infarction (MI), new valvular dysfunction, and others.

Statistical analysis

As there is no comparison group of patients who take ICI monotherapy or combination ICI
therapy and do not experience the analyzed cADR in VigiBase, we used disproportionality
analysis to study if cADRs were differentially reported with these regimens compared with
cADRs reported in the entire database. In this case/non-case study, a significant association
between the specific drug and the ADR is found if the proportion of a cADR is greater in
patients exposed to the drug (case) than in patients exposed to any other drug in the database
(non-case).

Disproportionality can be either shown using a reporting odds ratio (ROR) or an empirical
Bayes estimator (EBE). The ROR is the pharmacovigilance equivalent of the Odds Ratio (OR),
which is used in case/non-case studies as a measure of association. When the lower bound of
the 95% confidence interval for the ROR is greater than 1, it indicates a disproportionality sig-
nal for the cADR of interest that is statistically greater than expected compared to all other
non-cases [30-32]. A disadvantage of the ROR compared to an EBE is its large confidence
interval due to significant sampling variability with low event counts.

The EBE, also a proxy of relative risk, considers a Poisson distribution for each cell count
with an unknown true mean, fits prior and posterior distributions for the ratios and calculates
posterior values, and can provide better estimates when event counts are low. We calculated
the 5™ percentile value of the EBE for cADR as a screening cutoff for significance, then calcu-
lated a ROR for significant cases to define the reported risk in a more easily interpretable for-
mat [33].

Means and standard deviations (SD) were calculated, testing hypotheses with t-tests and chi
squares for continuous and categorical variables. Analyses were performed using R (v3.6.1,
RStudio).

Results

We identified 2 631 cADRs from all VigiBase regions, spanning the years 2008-2019. Most of
the reports originating from the Americas (48.3%) and Europe (36.5%) and most were
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reported outside of a clinical trial (59.1%). Of these, 2 278 reports were associated with ICI
monotherapy and 353 with combination therapy. Almost all cADRs were classified as severe
(88.3% in combination therapy and 84.1% in monotherapy, p = 0.059), which is defined in
VigiBase as life-threatening, leading to disability, requiring hospitalization, or causing death.
Fatal outcomes for overall cADR occurred in 18.9% and 16.4% of ICI monotherapy and com-
bination therapy reports respectively (p = 0.23). Full details of the clinicodemographics associ-
ated with cADR for monotherapy and combination therapy are available in Tables 1 and 2.

cADRs were reported 353 times for combination therapy and 2 278 times for monotherapy,
which was in line with expected counts based on all-other-cause rates in VigiBase. The most
common cADRs were arrhythmia (851/2631) then carditis (737/2631), MI (463/2631) and HF
(338/2631). There were 630 episodes of carditis reported in ICI montherapy, which was 390%
more than the expected count of 128.6 (ROR 4.96, 95% CI 4.59-5.37). However, 107 episodes
of carditis were reported in ICI combination therapy, 577% more than the expected count of
15.8 (ROR 6.85, 95% CI 5.66-8.28). There was no significant difference in the proportion of
episodes of carditis being classified as severe between combination therapy and monotherapy,
which was reported in 86% and 81.8% of patients respectively (p = 0.37). Combination therapy
was fatal for 23.4% of the reported carditis events, compared to a 15.8% fatality rate for mono-
therapy (p = 0.058). The full results for all studied reactions in ICI monotherapy and combina-
tion therapy are shown in Table 3.

Time to onset of carditis was earlier for combination therapy than for monotherapy. While
20% of all the carditis events in patients treated with combination therapy occurred in the first
month and 60% within 90 days, only 5% of the carditis events occurred for monotherapy in
the first month and 50% within 90 days. Cumulative incidence curves of time to carditis onset
are displayed in Fig 1, with 13.4% of combination therapy patients and 14.4% of monotherapy
patients experiencing reactions greater than 1 year after initiation of therapy (p = 0.76).

Discussion

Analyzing the world’s largest pharmacovigilance database, we found higher reported risks for
developing carditis (inflammatory cardiomyopathies, pericarditis, and myocarditis) in patients
treated with ICI combination therapy compared to monotherapy. These events were severe in
most cases (86% and 81.8% for combination therapy and monotherapy respectively), and more
often fatal for combination therapy versus monotherapy (23.4% vs. 15.8% respectively). The
majority of events occurred in the first 90 days of combination ICI therapy (60%) which contrasts
to a majority occurring after greater than 180 days of administration for ICI monotherapy.

A challenge of administering ICI therapy is the occurrence of immune-related adverse
events (irAEs), which can require cessation of the treatment in up to 40% of patients [18, 34].
Particularly pertinent to our study is myocarditis, a rare but severe irAE with an incidence of
0.04-1.14% but a mortality rate of 25-50% [35, 36]. The idea of ICI combination therapy is to
overcome resistance and broaden the clinical utility of ICI by enhancing major discriminatory
functions of the immune system altered by malignancies: antigenicity, adjuvanticity, and
homeostatic feedback inhibition [37]. Combination therapy with ipilimumab and nivolumab
shows promising results in patients with many solid tumors as well as lymphoma, but as seen
in our study and prior work, it can be associated with an even further increased risk of irAEs
as compared to monotherapy. Johnson et al. interrogated a safety database with over 20 000
patients undergoing nivolumab +/- ipilimumab therapy, and found that patients who received
combination therapy experienced significantly more frequent and severe myocarditis com-
pared to nivolumab monotherapy (0.3% vs. 0.06%), although their event rate was low with 5
vs. 1 fatal events [24].
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Table 1. Characteristics of cardiac ADRs associated with immune checkpoint inhibitor therapy in Vigibase (last accessed 11/23/2019)**.

Adverse Drug Reaction Monotherapy (n = 2278) Combination Therapy (n = 353) p-value Total (n =2631)
Region reporting <0.001
Americas 1012 (44.4) 259 (73.4) 1271 (48.3)
Europe 877 (38.5) 83 (23.5) 960 (36.5)
Australia 368 (16.2) 11 (3.1) 379 (14.4)
Asia 12 (0.5) 0(0.0) 12 (0.5)
Africa 3(0.1) 0(0.0) 3(0.1)
Eastern Mediterranean 6 (0.3) 0 (0.0) 6(0.2)
Reported outside clinical trial 1420 (62.3) 134 (38.0) <0.001 1554 (59.1)
Reported by non-healthcare worker 283 (12.5) 65 (18.5) 0.003 348 (13.3)
Age at onset (years) 0.01
75 or older 420 (18.4) 50 (14.2) 470 (17.9)
65-74 623 (27.3) 105 (29.7) 728 (27.7)
45-64 526 (23.1) 86 (24.4) 612 (23.3)
<45 84 (3.7) 20 (5.6) 104 (4.0)
unknown 625 (27.4) 92 (26.1) 0.20 717 (27.3)
Male sex 1 431 (66.6) 194 (61.4) 0.40 1625 (65.9)
Suspected drugs
Only drug of interest 1786 (78.4) 288 (81.6) 2074 (78.8)
1 other drug 282 (12.4) 37 (10.5) 319 (12.1)
2+ other drugs 210 (9.2) 28(7.9) 0.37 238 (9.0)
Time to ADR (days): mean (SD) 83.4 (133.2) 100.1 (167) 0.059 84.4 (135.3)
Severe ADR" 1841 (84.1) 308 (88.3) 0.23 2149 (84.7)
Death as outcome 430 (18.9) 58 (16.4) 488 (18.5)

+ Values are reported as n (%) unless otherwise indicated; Hypotheses testing with t-tests for continuous and chi squares for categorical variables
* Percentage ratios may vary by category owing to missing data (i.e., 1 event may account for a different column percent in Region Reporting vs Time to ADR)
A Defined in VigiBase as life-threatening, leading to persistent or significant disability, birth defect, congenital anomaly, or to any other medically important condition,

requiring hospitalization or causing death

https://doi.org/10.1371/journal.pone.0272022.t001

It is unclear by what mechanism ICI-related myocarditis occurs. Of note, prior studies have
shown that PD-1 and PD-L1 are constitutively expressed in mouse and human cardiomyocytes
[38] and that CTLA-4 and PD-1 deletions are associated with autoimmune myocarditis in
mice [39-41]. Theories to explain ICI-related myocarditis have largely centered around a

Table 2. Number of cardiac events associated with immune checkpoint inhibitor monotherapy or combination therapy by indication (total n = 2 631, reporting n

(%)).

Drug Indication Monotherapy Combination Therapy Total

Lung cancer 967 (47.1) 38 (11.1) 1005 (41.9)

Skin cancer 356 (17.3) 171 (50) 527 (21.9)
Kidney cancer 179 (8.7) 27 (7.9) 206 (8.6)
Genitourinary cancer 129 (6.3) 11 (3.3) 140 (5.9)
Hematological cancer 66 (3.2) 12 (3.5) 78 (3.3)
Head and Neck 57 (2.8) 2 (0.6) 59 (2.5)
Gastrointestinal cancer 50 (2.4) 18 (5.2) 68 (3.0)
Breast 25(1.2) 0(0.0) 25 (1.0)

Other 226 (11) 63 (18.5) 289 (12.1)

https://doi.org/10.1371/journal.pone.0272022.t1002
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Table 3. Number of reports, expected count, empirical Bayes estimator (EBE), and reporting odds ratio (ROR) for cardiac adverse drug reactions in patients receiv-
ing immune checkpoint inhibitor monotherapy or combination therapy.

Count Expected Count Empirical Bayes Estimator Reporting Odds Ratio (95% CI)
Any cardiac event
Monotherapy 2278 3350 0.66 NA
Combination Therapy 353 410 0.79 NA
Heart Failure
Monotherapy 313 333.2 0.85 NA
Combination Therapy 25 40.8 0.43 NA
Myocardial Infarction
Monotherapy 415 753.6 0.51 NA
Combination Therapy 48 92.3 0.40 NA
Carditis
Monotherapy 630 128.6 4.57 4.96 (4.59-5.37)
Combination Therapy 107 15.8 5.70 6.85 (5.66-8.28)
Arrhythmia
Monotherapy 701 1105.0 0.60 NA
Combination Therapy 150 135.4 0.96 NA
Valvular Dysfunction
Monotherapy 9 109.9 0.05 NA
Combination Therapy 2 13.5 0.05 NA
Other
Monotherapy 210 912 0.20 NA
Combination Therapy 21 111.7 0.13 NA

EBE reports the lower (5th percentile) bounds of the posterior distribution of odds. ADRs with concordant significant findings for EBE and ROR in bold. NA = not
applicable.

https://doi.org/10.1371/journal.pone.0272022.t003

common or homologous antigen between the cardiomyocyte and tumor being targeted by T
cells, although there have been case studies without expected lymphocytic infiltration in the
setting of nivolumab-induced myocarditis [25].

Comorbidities

It remains unexplored whether increased comorbidity of an organ system raises its risk of
related irAEs. Although autoimmune disorders have been associated with increased risk of
irAEs in general [42, 43], it is unclear whether patients with pre-existing cardiac conditions are
at increased risk of cardiac irAEs. In a prior report on two fatal cases where fulminant myocar-
ditis and myositis occurred after the first dose of combination therapy, both patients had a his-
tory of hypertension, but no other cardiac risk factors [24]. Previous studies proved that about
50% of the patients presenting with myocarditis due to ICI therapy, develop concurrent irAEs,
such as myositis and myasthenia gravis [44, 45]. Our research confirms the increased cardiac
risk profile of both ICI combination therapy and monotherapy, but as with so much of immu-
nooncology many questions remain.

Onset

Carditis events can occur after only one or two doses of ICI, and have been observed to have
an early median onset time of 27 days [46], although as seen in our data the onset can occur
significantly later than that with irAEs observed over a year after initiation in some cases. We
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Fig 1. Cumulative incidence of time to carditis onset from initiation of immune checkpoint inhibitor
monotherapy (turquoise) or combination therapy (pink).

https://doi.org/10.1371/journal.pone.0272022.9001

observed that the toxicity of combination ICI therapy occurs primarily within the first 90 days
aligns. In combination with the fact that combination therapy with the CTLA-4 inhibitor ipili-
mumab is typically provided for four doses at the initiation of ICI therapy, this suggests that
the additional cardiac toxicity of combination likely diminishes over time. However, more
granular study would be required to tease out this subtlety.

Severity

Our study as well as prior literature have shown that cADRs are associated with high fatality
rates. However, cADRs span a wide spectrum of symptoms, ranging from abnormal cardiac
biomarker testing without symptoms to severe decompensation [47]. This combined with the
lack of standardized guidelines by which to perform cardiac monitoring, likely mean that the
reporting of cardiotoxic events is biased towards severe events. Diagnostic testing should aim
not only to confirm the diagnosis of carditis, but also rule out other more common cardiac
causes of the clinical manifestations described above, such as acute coronary syndrome. Never-
theless, the severity of these cases shows that while uncommon, further research on diagnostic
and monitoring strategies for these complications is likely warranted to ensure early treatment.
Thus far, treatment has largely involved cessation of the ICI and glucocorticoids, although var-
ious other modalities such as intravenous immunoglobulin, infliximab, and abatacept have
been trialed [36].

Limitations

There are several limitations that need to be considered for this analysis. First, due to the vari-
ety of reporting sources within VigiBase, we are limited in our ability to verify the correctness

of clinical, laboratory or radiological findings that lead to a specific diagnosis or the complete-
ness of drug dose and concomitant drugs, age, comorbidities, and time to onset. Furthermore,
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the assessment of combination therapy may be limited by reporting, especially for reports by
patients themselves who might not be aware of taking two different immune checkpoint inhib-
itors. As with all pharmacovigilance research, the likelihood that the reported event is due to
the drug in question can differ between the reports. While some countries report only ADRs
with a possible causal relationship between drug and event, others collect any adverse event,
even if not considered drug related. However, more permissive reporting weakens any associa-
tions observed, has a significant effect on all-other-cause rates, and would bias away from our
conclusions [48]. It is likely that there are more ADRs than reported to the national centers for
inclusion to VigiBase, which should not bias results in the absence of unbalanced reporting,
but can limit power. In addition, the exact denominator of patients taking pembrolizumab, ipi-
limumab, nivolumab, atezolizumab, durvalumab or a combination therapy of ipilimumab and
nivolumab is unknown. This is a limitation inherent to all pharmacovigilance research, requir-
ing the use of disproportionality analysis and signal detection techniques [49, 50]. Lastly, we
did not stratify by dose of ICI administered, so we were unable to assess dose effects or relative
contributions of higher/lower doses by disease state.

Conclusions

Using validated pharmacovigilance techniques, we identified significantly increased reported
odds of inflammatory cardiomyopathies, pericarditis, and myocarditis for all evaluated ICI,
with the highest odds for combination therapy with ipilimumab and nivolumab. These
increased risks should be incorporated when considering monotherapy or combination ther-
apy regimens in the care of cancer patients. Clinicians should consider these findings and
emphasize prompt diagnosis and management of these cADRs, counseling patients about side
effects of the ICI therapy and the importance of disclosing early symptoms to the provider.

Supporting information

S1 Questionnaire.
(DOCX)

Acknowledgments

The manuscript does not represent the opinion of the Uppsala Monitoring Centre or the
World Health Organization. VigiBase reports originate from a variety of sources, thus the
probability that an adverse drug reaction is drug related is not the same in all cases.

Author Contributions

Conceptualization: Eugene B. Cone, Lorine Haeuser, Maya Marchese, Quoc-Dien Trinh.
Data curation: Eugene B. Cone, Lorine Haeuser, Maya Marchese, Junaid Nabi.

Formal analysis: Maya Marchese.

Methodology: Eugene B. Cone, Lorine Haeuser, Maya Marchese, Junaid Nabi, Rana R.
McKay, Quoc-Dien Trinh.
Supervision: Quoc-Dien Trinh.

Writing - original draft: Eugene B. Cone, Lorine Haeuser, Stephen W. Reese, Maya Mar-
chese, David-Dan Nguyen, Junaid Nabi, Wesley H. Chou, Joachim Noldus, Rana R.
McKay, Kerry Laing Kilbridge, Quoc-Dien Trinh.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272022 November 1, 2022 8/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0272022.s001
https://doi.org/10.1371/journal.pone.0272022

PLOS ONE

Cardiac toxicity in immune checkpoint inhibitor therapy

Writing - review & editing: Eugene B. Cone, Lorine Haeuser, Stephen W. Reese, Maya Mar-

chese, David-Dan Nguyen, Junaid Nabi, Wesley H. Chou, Joachim Noldus, Rana R.
McKay, Kerry Laing Kilbridge, Quoc-Dien Trinh.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

International Agency for Research on Cancer, “Latest global cancer data: Cancer burden rises to 18.1
million new cases and 9.6 million cancer deaths in 2018,” 2018.

Darvin P., Toor S. M., Sasidharan Nair V., and Elkord E., “lmmune checkpoint inhibitors: recent prog-
ress and potential biomarkers,” Exp. Mol. Med., vol. 50, no. 12, pp. 1-11, 2018, https://doi.org/10.1038/
$12276-018-0191-1 PMID: 30546008

La-Beck N. M., Jean G. W., Huynh C., Alzghari S. K., and Lowe D. B., “lmmune Checkpoint Inhibitors:
New Insights and Current Place in Cancer Therapy,” Pharmacotherapy, vol. 35, no. 10, pp. 963-976,
Oct. 2015, https://doi.org/10.1002/phar.1643 PMID: 26497482

McDermott D., Haanen J., Chen T.-T., Lorigan P., O’'Day S., and M.-20 Investigators, “Efficacy and
safety of ipilimumab in metastatic melanoma patients surviving more than 2 years following treatment in
a phase I trial (MDX010-20),” Ann. Oncol. Off. J. Eur. Soc. Med. Oncol., vol. 24,no. 10, pp. 2694—
2698, Oct. 2013, https://doi.org/10.1093/annonc/mdi291 PMID: 23942774

Gandhi L. et al., “Pembrolizumab plus Chemotherapy in Metastatic Non-Small-Cell Lung Cancer,” N.
Engl. J. Med., vol. 378, no. 22, pp. 2078-2092, May 2018, https://doi.org/10.1056/NEJMoa1801005
PMID: 29658856

Motzer R. J. et al., “Nivolumab plus Ipilimumab versus Sunitinib in Advanced Renal-Cell Carcinoma,” N.
Engl. J. Med., vol. 378, no. 14, pp. 1277-1290, Apr. 2018, https://doi.org/10.1056/NEJMoa1712126
PMID: 29562145

V Balar A. et al., “First-line pembrolizumab in cisplatin-ineligible patients with locally advanced and unre-
sectable or metastatic urothelial cancer (KEYNOTE-052): a multicentre, single-arm, phase 2 study,”
Lancet. Oncol., vol. 18, no. 11, pp. 1483-1492, Nov. 2017, https://doi.org/10.1016/S1470-2045(17)
30616-2 PMID: 28967485

von Tresckow B. et al., “Patient-reported outcomes in KEYNOTE-087, a phase 2 study of pembrolizu-
mab in patients with classical Hodgkin lymphoma,” Leuk. Lymphoma, vol. 60, no. 11, pp. 2705-2711,
Nov. 2019, https://doi.org/10.1080/10428194.2019.1602262 PMID: 31012356

Armand P. et al., “Pembrolizumab in Relapsed or Refractory Primary Mediastinal Large B-Cell Lym-
phoma,” J. Clin. Oncol., vol. 37, no. 34, pp. 3291-3299, Dec. 2019, https://doi.org/10.1200/JCO.19.
01389 PMID: 31609651

Schmid P. et al., “Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer,” N.
Engl. J. Med., vol. 379, no. 22, pp. 2108-2121, Nov. 2018, https://doi.org/10.1056/NEJMoa1809615
PMID: 30345906

Burtness B. et al., “Pembrolizumab alone or with chemotherapy versus cetuximab with chemotherapy
for recurrent or metastatic squamous cell carcinoma of the head and neck (KEYNOTE-048): a rando-
mised, open-label, phase 3 study,” Lancet (London, England), vol. 394, no. 10212, pp. 1915—-1928,
Nov. 2019, https://doi.org/10.1016/S0140-6736(19)32591-7 PMID: 31679945

Fuchs C. S. et al., “Safety and Efficacy of Pembrolizumab Monotherapy in Patients With Previously
Treated Advanced Gastric and Gastroesophageal Junction Cancer: Phase 2 Clinical KEYNOTE-059
Trial,” JAMA Oncol., vol. 4, no. 5, pp. €180013—-e180013, May 2018, https://doi.org/10.1001/
jamaoncol.2018.0013 PMID: 29543932

Overman M. J. et al., “Nivolumab in patients with metastatic DNA mismatch repair-deficient or microsat-
ellite instability-high colorectal cancer (CheckMate 142): an open-label, multicentre, phase 2 study,”
Lancet. Oncol., vol. 18, no. 9, pp. 1182-1191, Sep. 2017, https://doi.org/10.1016/S1470-2045(17)
30422-9 PMID: 28734759

Zhu A. X. et al., “Pembrolizumab in patients with advanced hepatocellular carcinoma previously treated
with sorafenib (KEYNOTE-224): a non-randomised, open-label phase 2 trial,” Lancet. Oncol., vol. 19,
no. 7, pp. 940-952, Jul. 2018, https://doi.org/10.1016/S1470-2045(18)30351-6 PMID: 29875066

Coit D. G., Thompson J. A., Albertini M. A., Barker C., and Boland G., “Cutaneous Melanoma,” NCCN
Guidel. Version 1.2020.

Motzer R. J., Jonasch E., Agarwal N., Alva A., and Bhayani S., “Kidney Cancer,” NCCN Guidel. Version
2.2020.

Ettinger D. S., Wood D. E., Aisner D. L., Akerley W., and Bauman J. R., “Non-Small Cell Lung Cancer,”
NCCN Guidel. Version 3.2020.

PLOS ONE | https://doi.org/10.1371/journal.pone.0272022 November 1, 2022 9/11


https://doi.org/10.1038/s12276-018-0191-1
https://doi.org/10.1038/s12276-018-0191-1
http://www.ncbi.nlm.nih.gov/pubmed/30546008
https://doi.org/10.1002/phar.1643
http://www.ncbi.nlm.nih.gov/pubmed/26497482
https://doi.org/10.1093/annonc/mdt291
http://www.ncbi.nlm.nih.gov/pubmed/23942774
https://doi.org/10.1056/NEJMoa1801005
http://www.ncbi.nlm.nih.gov/pubmed/29658856
https://doi.org/10.1056/NEJMoa1712126
http://www.ncbi.nlm.nih.gov/pubmed/29562145
https://doi.org/10.1016/S1470-2045%2817%2930616-2
https://doi.org/10.1016/S1470-2045%2817%2930616-2
http://www.ncbi.nlm.nih.gov/pubmed/28967485
https://doi.org/10.1080/10428194.2019.1602262
http://www.ncbi.nlm.nih.gov/pubmed/31012356
https://doi.org/10.1200/JCO.19.01389
https://doi.org/10.1200/JCO.19.01389
http://www.ncbi.nlm.nih.gov/pubmed/31609651
https://doi.org/10.1056/NEJMoa1809615
http://www.ncbi.nlm.nih.gov/pubmed/30345906
https://doi.org/10.1016/S0140-6736%2819%2932591-7
http://www.ncbi.nlm.nih.gov/pubmed/31679945
https://doi.org/10.1001/jamaoncol.2018.0013
https://doi.org/10.1001/jamaoncol.2018.0013
http://www.ncbi.nlm.nih.gov/pubmed/29543932
https://doi.org/10.1016/S1470-2045%2817%2930422-9
https://doi.org/10.1016/S1470-2045%2817%2930422-9
http://www.ncbi.nlm.nih.gov/pubmed/28734759
https://doi.org/10.1016/S1470-2045%2818%2930351-6
http://www.ncbi.nlm.nih.gov/pubmed/29875066
https://doi.org/10.1371/journal.pone.0272022

PLOS ONE

Cardiac toxicity in immune checkpoint inhibitor therapy

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

Postow M. A. et al., “Nivolumab and Ipilimumab versus Ipilimumab in Untreated Melanoma,” N. Engl. J.
Med., vol. 372, no. 21, pp. 2006—2017, May 2015, https://doi.org/10.1056/NEJMoa1414428 PMID:
25891304

Varricchi G. et al., “Cardiotoxicity of immune checkpoint inhibitors,” ESMO Open, vol. 2, no. 4, pp. 1—
12,2017, https://doi.org/10.1136/esmoopen-2017-000247 PMID: 29104763

Voskens C. J. et al., “The Price of Tumor Control: An Analysis of Rare Side Effects of Anti-CTLA-4 Ther-
apy in Metastatic Melanoma from the Ipilimumab Network,” PLoS One, vol. 8, no. 1, p. €53745, Jan.
2013, https://doi.org/10.1371/journal.pone.0053745 PMID: 23341990

Roth M. E., Muluneh B., Jensen B. C., Madamanchi C., and Lee C. B., “Left ventricular dysfunction after
treatment with ipilimumab for metastatic melanoma,” Am. J. Ther., vol. 23, no. 6, pp. €1925-e1928,
Nov. 20186, https://doi.org/10.1097/MJT.0000000000000430 PMID: 26885708

Geisler B. P., Raad R. A., Esaian D., Sharon E., and Schwartz D. R., “Apical ballooning and cardiomy-
opathy in a melanoma patient treated with ipilimumab: A case of takotsubo-like syndrome,” J. Immun-
other. Cancer, vol. 3,no. 1, p. 4, Feb. 2015, https://doi.org/10.1186/s40425-015-0048-2 PMID:
25705383

Yun S., Vincelette N. D., Mansour |., Hariri D., and Motamed S., “Late onset ipilimumab-induced pericar-
ditis and pericardial effusion: a rare but life threatening complication.,” Case Rep. Oncol. Med., vol.
2015, p. 794842, 2015, https://doi.org/10.1155/2015/794842 PMID: 25918658

Johnson D. B. et al., “Fulminant Myocarditis with Combination Immune Checkpoint Blockade,” N. Engl.
J. Med., vol. 375, no. 18, pp. 1749-1755, Nov. 2016, https://doi.org/10.1056/NEJMoa1609214 PMID:
27806233

Huertas R. M., Serrano C. S., Perna C., Gémez A. F., and Gordoa T. A., “Cardiac toxicity of immune-
checkpoint inhibitors: A clinical case of nivolumab-induced myocarditis and review of the evidence and
new challenges,” Cancer Manag. Res., vol. 11, pp. 4541-4548, 2019, https://doi.org/10.2147/CMAR.
5185202 PMID: 31191015

Zamami Y. et al., “Factors Associated With Immune Checkpoint Inhibitor-Related Myocarditis.,” JAMA
Oncol., vol. 5,no. 11, pp. 1635-1637, Nov. 2019, https://doi.org/10.1001/jamaoncol.2019.3113 PMID:
31436802

Salem J.-E. et al., “Spectrum of cardiovascular toxicities of immune checkpoint inhibitors: A pharmacov-
igilance study.,” Lancet. Oncol., vol. 19, no. 12, pp. 1579-1589, 2018, https://doi.org/10.1016/S1470-
2045(18)30608-9.Spectrum

Lindquist M., “VigiBase, the WHO Global ICSR Database System: Basic Facts,” Drug Inf. J., vol. 42,
no. 5, pp. 409-419, 2008.

“https://www.who-umec.org/vigibase/vigibase”.

Bate A. and Evans S. J. W, “Quantitative signal detection using spontaneous ADR reporting,” Pharma-
coepidemiol. Drug Saf., vol. 18, no. 6, pp. 427—436, Apr. 2009, https://doi.org/10.1002/pds.1742 PMID:
19358225

van Puijenbroek E. P., Diemont W. L., and van Grootheest K., “Application of Quantitative Signal Detec-
tion in the Dutch Spontaneous Reporting System for Adverse Drug Reactions,” Drug Saf., vol. 26, no.
5, pp. 293-301, 2003, https://doi.org/10.2165/00002018-200326050-00001 PMID: 12650632

van Puijenbroek E. P., Bate A., Leufkens H. G. M., Lindquist M., Orre R., and Egberts A. C. G., “A com-
parison of measures of disproportionality for signal detection in spontaneous reporting systems for
adverse drug reactions,” Pharmacoepidemiol. Drug Saf., vol. 11, no. 1, pp. 3—10, Jan. 2002, https://doi.
org/10.1002/pds.668 PMID: 11998548

Salem J. E. et al., “Cardiovascular Toxicities Associated With Ibrutinib,” J. Am. Coll. Cardiol., vol. 74,
no. 13, pp. 1667—1678, 2019, https://doi.org/10.1016/j.jacc.2019.07.056 PMID: 31558250

Larkin J. et al., “Combined Nivolumab and Ipilimumab or Monotherapy in Previously Untreated Mela-
noma Corresponding authors,” N Engl J Med, vol. 373, no. 1, pp. 23—-34, 2015, https://doi.org/10.1056/
NEJMoa1504030 PMID: 26027431

Salem J.-E. et al., “Spectrum of cardiovascular toxicities of immune checkpoint inhibitors: A pharmacov-
igilance study,” Lancet. Oncol., vol. 19, no. 12, p. 1579, 2018, https://doi.org/10.1016/S1470-2045(18)
30608-9.Spectrum

Palaskas N., Lopez-Mattei J., Durand J. B., lliescu C., and Deswal A., “lmmune Checkpoint Inhibitor
Myocarditis: Pathophysiological Characteristics, Diagnosis, and Treatment.,” J. Am. Heart Assoc., vol.
9, no. 2, p. e013757, Jan. 2020, https://doi.org/10.1161/JAHA.119.013757 PMID: 31960755

Patel S. A. and Minn A. J., “Combination Cancer Therapy with Inmune Checkpoint Blockade: Mecha-
nisms and Strategies.,” Immunity, vol. 48, no. 3, pp. 417—-433, Mar. 2018, https://doi.org/10.1016/j.
immuni.2018.03.007 PMID: 29562193

PLOS ONE | https://doi.org/10.1371/journal.pone.0272022 November 1, 2022 10/11


https://doi.org/10.1056/NEJMoa1414428
http://www.ncbi.nlm.nih.gov/pubmed/25891304
https://doi.org/10.1136/esmoopen-2017-000247
http://www.ncbi.nlm.nih.gov/pubmed/29104763
https://doi.org/10.1371/journal.pone.0053745
http://www.ncbi.nlm.nih.gov/pubmed/23341990
https://doi.org/10.1097/MJT.0000000000000430
http://www.ncbi.nlm.nih.gov/pubmed/26885708
https://doi.org/10.1186/s40425-015-0048-2
http://www.ncbi.nlm.nih.gov/pubmed/25705383
https://doi.org/10.1155/2015/794842
http://www.ncbi.nlm.nih.gov/pubmed/25918658
https://doi.org/10.1056/NEJMoa1609214
http://www.ncbi.nlm.nih.gov/pubmed/27806233
https://doi.org/10.2147/CMAR.S185202
https://doi.org/10.2147/CMAR.S185202
http://www.ncbi.nlm.nih.gov/pubmed/31191015
https://doi.org/10.1001/jamaoncol.2019.3113
http://www.ncbi.nlm.nih.gov/pubmed/31436802
https://doi.org/10.1016/S1470-2045%2818%2930608-9.Spectrum
https://doi.org/10.1016/S1470-2045%2818%2930608-9.Spectrum
https://www.who-umc.org/vigibase/vigibase
https://doi.org/10.1002/pds.1742
http://www.ncbi.nlm.nih.gov/pubmed/19358225
https://doi.org/10.2165/00002018-200326050-00001
http://www.ncbi.nlm.nih.gov/pubmed/12650632
https://doi.org/10.1002/pds.668
https://doi.org/10.1002/pds.668
http://www.ncbi.nlm.nih.gov/pubmed/11998548
https://doi.org/10.1016/j.jacc.2019.07.056
http://www.ncbi.nlm.nih.gov/pubmed/31558250
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1056/NEJMoa1504030
http://www.ncbi.nlm.nih.gov/pubmed/26027431
https://doi.org/10.1016/S1470-2045%2818%2930608-9.Spectrum
https://doi.org/10.1016/S1470-2045%2818%2930608-9.Spectrum
https://doi.org/10.1161/JAHA.119.013757
http://www.ncbi.nlm.nih.gov/pubmed/31960755
https://doi.org/10.1016/j.immuni.2018.03.007
https://doi.org/10.1016/j.immuni.2018.03.007
http://www.ncbi.nlm.nih.gov/pubmed/29562193
https://doi.org/10.1371/journal.pone.0272022

PLOS ONE

Cardiac toxicity in immune checkpoint inhibitor therapy

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.
49.

50.

Nishimura H. et al., “Autoimmune Dilated Cardiomyopathy in PD-1 Receptor-Deficient Mice,” Science
(80-.).,vol. 291, no. 5502, pp. 319-322, Jan. 2001, https://doi.org/10.1126/science.291.5502.319
PMID: 11209085

Okazaki T. et al., “Autoantibodies against cardiac troponin | are responsible for dilated cardiomyopathy
in PD-1-deficient mice,” Nat. Med., vol. 9, no. 12, pp. 1477-1483, Dec. 2003, https://doi.org/10.1038/
nm955 PMID: 14595408

Lucas J. A., Menke J., Rabacal W. A., Schoen F. J., Sharpe A. H., and Kelley V. R., “Programmed
Death Ligand 1 Regulates a Critical Checkpoint for Autoimmune Myocarditis and Pneumonitis in MRL
Mice,” J. Immunol., vol. 181, no. 4, pp. 2513-2521, 2008, https://doi.org/10.4049/jimmunol.181.4.2513
PMID: 18684942

Wang J. et al., “PD-1 deficiency results in the development of fatal myocarditis in MRL mice,” Int. Immu-
nol., 2010, https://doi.org/10.1093/intimm/dxq026 PMID: 20410257

Johnson D. B., Beckermann K. E., and Wang D. Y., “Immune Checkpoint Inhibitor Therapy in Patients
With Autoimmune Disease,” Oncology (Williston Park)., vol. 32, no. 4, pp. 190—-194, Apr. 2018, [Online].
Available: https://pubmed.ncbi.nim.nih.gov/29684232. PMID: 29684232

Danlos F.-X. et al., “Safety and efficacy of anti-programmed death 1 antibodies in patients with cancer
and pre-existing autoimmune or inflammatory disease,” Eur. J. Cancer, vol. 91, pp. 21-29, Mar. 2018,
https://doi.org/10.1016/j.ejca.2017.12.008 PMID: 29331748

Suzuki S. et al., “Nivolumab-related myasthenia gravis with myositis and myocarditis in Japan.,” Neurol-
ogy, vol. 89, no. 11, pp. 1127-1134, Sep. 2017, https://doi.org/10.1212/WNL.0000000000004359
PMID: 28821685

Fukasawa Y. et al., “Nivolumab-Induced Myocarditis Concomitant with Myasthenia Gravis.,” Case
reports in oncology, vol. 10, no. 3. pp. 809-812, 2017, https://doi.org/10.1159/000479958 PMID:
29070994

Moslehi J. J., Salem J., Sosman J. A., Lebrun-vignes B., and Johnson D. B., “Increased reporting of
fatal immune checkpoint inhibitor-associated myocarditis,” Lancet, vol. 391, no. 10124, p. 933, 2017,
https://doi.org/10.1016/S0140-6736(18)30533-6 PMID: 29536852

Brahmer J. R. 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, https://doi.org/10.1200/JC0O.2017.77.6385 PMID: 29442540

UMC, “Guideline for using VigiBase data in studies,” 2018.

De Bruin M. L., Pettersson M., Meyboom R. H. B., Hoes A. W., and Leufkens H. G. M., “Anti-HERG
activity and the risk of drug-induced arrhythmias and sudden death,” Eur. Heart J., vol. 26, no. 6, pp.
590-597, Mar. 2005, https://doi.org/10.1093/eurheartj/ehi092 PMID: 15637086

Rothman K. J., Lanes S., and Sacks S. T., “The reporting odds ratio and its advantages over the propor-
tional reporting ratio,” Pharmacoepidemiol. Drug Saf., vol. 13, no. 8, pp. 519-523, Aug. 2004, https://
doi.org/10.1002/pds.1001 PMID: 15317031

PLOS ONE | https://doi.org/10.1371/journal.pone.0272022 November 1, 2022 11/11


https://doi.org/10.1126/science.291.5502.319
http://www.ncbi.nlm.nih.gov/pubmed/11209085
https://doi.org/10.1038/nm955
https://doi.org/10.1038/nm955
http://www.ncbi.nlm.nih.gov/pubmed/14595408
https://doi.org/10.4049/jimmunol.181.4.2513
http://www.ncbi.nlm.nih.gov/pubmed/18684942
https://doi.org/10.1093/intimm/dxq026
http://www.ncbi.nlm.nih.gov/pubmed/20410257
https://pubmed.ncbi.nlm.nih.gov/29684232
http://www.ncbi.nlm.nih.gov/pubmed/29684232
https://doi.org/10.1016/j.ejca.2017.12.008
http://www.ncbi.nlm.nih.gov/pubmed/29331748
https://doi.org/10.1212/WNL.0000000000004359
http://www.ncbi.nlm.nih.gov/pubmed/28821685
https://doi.org/10.1159/000479958
http://www.ncbi.nlm.nih.gov/pubmed/29070994
https://doi.org/10.1016/S0140-6736%2818%2930533-6
http://www.ncbi.nlm.nih.gov/pubmed/29536852
https://doi.org/10.1200/JCO.2017.77.6385
http://www.ncbi.nlm.nih.gov/pubmed/29442540
https://doi.org/10.1093/eurheartj/ehi092
http://www.ncbi.nlm.nih.gov/pubmed/15637086
https://doi.org/10.1002/pds.1001
https://doi.org/10.1002/pds.1001
http://www.ncbi.nlm.nih.gov/pubmed/15317031
https://doi.org/10.1371/journal.pone.0272022

