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Abstract

:

Simple Summary


Immune checkpoint inhibitors are revolutionizing cancer treatment, but lead to the occurrence of immune related adverse events including ICI-associated myocarditis (ICIM). To date, transcriptional alterations of this rare phenomenon with a high mortality rate are not characterized. 19 ICIM patients at the University Hospitals Heidelberg and Kiel showed diverse clinical presentations. Comparative transcriptomics was able to distinguish ICIM patients from patients with dilated cardiomyopathy or virus-induced myocarditis in the upregulation of 3784 genes. The RNA-based analyses and immunohistology revealed a potential role of an inflammasome-regulating protein, GBP5, as a potential pathomechanism in cardiomyocytes. These alterations may help to diagnose ICIM and potentially enable to identify patients at risk in an early stage.




Abstract


Immune checkpoint inhibitors (ICIs) are revolutionizing cancer treatment. Nevertheless, their increasing use leads to an increase of immune-related adverse events (irAEs). Among them, ICI-associated myocarditis (ICIM) is a rare irAE with a high mortality rate. We aimed to characterize the transcriptional changes of ICIM myocardial biopsies and their possible implications. Patients suspected for ICIM were assessed in the cardio-oncology units of University Hospitals Heidelberg and Kiel. Via RNA sequencing of myocardial biopsies, we compared transcriptional changes of ICIM (n = 9) with samples from dilated cardiomyopathy (DCM, n = 11), virus-induced myocarditis (VIM, n = 5), and with samples of patients receiving ICIs without any evidence of myocarditis (n = 4). Patients with ICIM (n = 19) showed an inconsistent clinical presentation, e.g., asymptomatic elevation of cardiac biomarkers (hs-cTnT, NT-proBNP, CK), a drop in left ventricular ejection fraction, or late gadolinium enhancement in cMRI. We found 3784 upregulated genes in ICIM (FDR < 0.05). In the overrepresented pathway ‘response to interferon-gamma’, we found guanylate binding protein 5 and 6 (compared with VIM: GBP5 (log2 fc 3.21), GBP6 (log2 fc 5.37)) to be significantly increased in ICIM on RNA- and protein-level. We conclude that interferon-gamma and inflammasome-regulating proteins, such as GBP5, may be of unrecognized significance in the pathophysiology of ICIM.
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1. Introduction


Immune checkpoint inhibitors (ICIs) are effective cancer therapeutics [1]. These monoclonal antibodies, which are directed against members of the T cell immune pathway (PD-1, PD-L1 or CTLA-4), have shown promising therapeutical outcomes, with approval for more than 17 cancer entities in 2019 and more than 2250 active clinical trials in 2018 [2,3].



However, apart from their great success, their multifaceted immune-related adverse events (irAEs) are challenging [4]. In contrast to most of the other autoimmune side effects (e.g., cutaneous or endocrinological events), myocarditis is a rare side effect with a high mortality rate that necessitates prompt diagnosis and thorough medical treatment [5]. Signs and symptoms of ICI-associated myocarditis (ICIM) are reported to be heterogenous and vary from asymptomatic courses to striking signs of heart failure (HF) or acute coronary syndrome (ACS) [6,7,8,9,10,11,12,13].



Animal models have been used to study the effects of the ICI-associated immune reaction on the heart [14]. Genetic deletion of PD-1 in the BALB/c mouse line resulted in dilated cardiomyopathy (DCM) with accumulation of immunoglobulins on the cardiomyocytes’ surface [15]. In these mice, the authors were not able to find cardiac leukocyte infiltration but found autoantibodies that were directed against troponin I (TnI). However, mice with the genetic MRL background showed an immense CD4+ and CD8+ T cell infiltration of the myocardium [16]. PD-L1 deficiency revealed a similar phenotype in these mice [17]. Mice deficient in CTLA-4 died after five weeks and showed a generalized infiltration by lymphocytes of multiple organs, including the heart [18]. The phenotype heavily relied on the genetic background of the mice. In a non-autoimmune model, prior cardiac damage by irradiation led to cardiac adverse effects and leucocyte infiltration in response to pharmacological PD-1 inhibition [19]. In another study, a combination of coxsackievirus B3 infection and PD-1/PD-L1 inhibitors induced acute myocarditis [20]. Another two studies in which C57/Bl6 mice were treated with PD-1 inhibitors [21] or CTLA-4 inhibitors [22] describe a deterioration in left ventricular function in response to the blockage of the immune checkpoints.



Based on these preclinical data, we suppose that ICIM is mainly associated with at least two distinct pathological alterations: [1] autoantibodies against cardiac proteins, especially against TnI and [2] a direct infiltration of the myocardium by cytotoxic T cells. In patients receiving a combination of nivolumab and ipilimumab, identical T cell clones invaded tumors and the heart, suggesting that cardiomyocytes and the neoplastic cells share epitopes [5]. Comparing the degree of lymphocyte infiltration revealed two groups of ICIM, which correlated with the outcome in an observational study of ten ICIM cases [23]. In relation to cellular rejection after heart transplantation, the authors found comparable grades of lymphocytic infiltration. A specific test to detect ICIM as well as the specific underlying mechanisms remained elusive [24].



In order to better understand the pathology and involved transcriptional changes of ICIM, we investigated the transcriptome of ICIM patients and compared it with biopsies from virus-induced myocarditis (VIM) and DCM patients, as well as with biopsies from ICI patients without evidence of myocarditis. Transcriptional changes were characterized by dysregulation of members of the interferon-gamma-dependent pathway, guanylate binding protein 5 and 6 (GBP5 and GBP6). We propose an involvement of the inflammasome in the pathophysiology of ICIM, which plays a minor role in other cardiac pathologies, such as DCM or VIM.




2. Methods


2.1. Patients


All presented cases were appointed to University Hospitals Heidelberg or Kiel, Germany. The patients were initially treated with different checkpoint inhibitors due to their malignant disease and presented at the cardio-oncology units with a suspected cardiac adverse event.



Upon further cardiological assessment, subjects were enrolled in a cross-sectional study. The study protocol was approved by the ethics committees of the Medical Faculty of the University Heidelberg (S-286/2017, 390/2011) and the University Kiel (A174/09), respectively.




2.2. Definitions and Follow-Up


As internal surveillance standard, creatine kinase and/or hs-cTnT levels were assessed before any ICI administration in the oncological departments. Elevations of hs-cTnT were indicative of a potential ICIM and patients were thoroughly assessed.



The diagnosis was validated according to the criteria of ICIM as previously described [11,25]. The certainty of the diagnosis (definite, probable) is summarized in Table 1. The gold standard for the diagnosis of ICIM is cardiac biopsy revealing leukocytic infiltration, including CD3+ and CD8+ cells. If biopsy was not performed or if the result was negative, cMRI was performed and biomarkers were assessed to either confirm or to reject the diagnosis of ICIM. The occurrence of further autoimmune side effects, including, e.g., myositis or myasthenia gravis, as well as ECG abnormalities and negative angiography results, supported the diagnosis of ICIM in some cases. Patients in the non-myocarditis group received ICIs and were suspected of being in an early phase of ICIM. The following assessment did not reveal neither a definite nor a probable diagnosis of ICI-associated myocarditis. Thus, we classified them as negative ICIM.



As a follow-up, patients were examined in the cardio-oncology outpatient clinic two to four weeks after being discharged from the hospital.



VIM patients were diagnosed according to the ESC consensus paper [26]. Immune cell infiltration was confirmed by CD68 and CD3 positive cells. DCM patients were assessed by cardiac catherization and echocardiography. Further characteristics of VIM and DCM are shown in Table 2.




2.3. Clinical Data Acquisition


Patient-specific data were extracted from the electronic medical reports, including ECG, laboratory results, echocardiographic measurements, and cMRI results. The initial laboratory tests were assessed on the day of admission when ICIM was suspected. Peak values were measured either on the subsequent stay in hospital or on follow-up examinations. Cardiac biopsies were assessed in case there was a suspicion of ICIM, and biopsies were stored in formaldehyde for histological assessments and at −80 °C before RNA isolation. In four patients, the evidence of ICIM could not be confirmed. We considered them as non-ICIM patients.



Standard cMRI was performed supine in a 1.5-T Ingenia (1.5-T) or 3-T Ingenia CX (3-T) whole body scanner (Philips Healthcare, Best, The Netherlands). Myocardial edema was assessed using a T2-weighted black blood spectral presaturation with inversion sequence (SPIR) (T2-BB) as well as a T2-weighted multiecho Gradient-Spin-Echo sequence (GraSE) (T2-mapping) in a basal, midventricular, and apical SAX during breath-hold in end-expiration with the following parameters: TR 1 RR interval, number of echo images = 18, flip angle = 90°.



Late gadolinium enhancement (LGE) images were acquired with 10 min of Gadobutrol (Gadovist, Schering, Berlin, Germany) 0.14 mmol/kg body weight (1.5-T) or 0.1 mmol/kg body weight (3-T) employing a T1-weighted inversion recovery-prepared fast gradient echo sequence with an optimized inversion time in cine long axis 2-, 3-, and 4-chamber views as well as SAX cine images.




2.4. Histologies


Representative images of histology are shown as hematoxylin and eosin (HE), CD3, or CD8 staining. In order to stain GBP5 and GBP6, sections of the biopsies were deparaffinized by passing them through a series of xylene and ethanol dilutions. The slides were blocked by TSA blocking reagents (PerkinElmer) and were incubated overnight with GBP5 (Atlas HPA028656), GBP6 (Atlas HPA027744), and α-Actinin (Sigma A2172) antibodies. For nuclei staining, the sections were incubated with DAPI for 15 min.



Images of GBP5- and GBP6-immunostainings for quantification were obtained using Zeiss Axio Observer at 63× magnification at a constant exposure time. Exemplary images were obtained by a Leica SP8 microscope at 630× magnification under constant image saturation settings. Ten images per slide were taken. Quantification of signal intensity and co-localization was calculated by an automated workflow in CellProfiler (Version 4.0.7, Broad Institute, Boston, USA) [27]. Exemplary confocal images are shown for α-Actinin, GBP5/6, and a merged channel.




2.5. RNA Isolation and Sequencing


RNA was extracted from myocardial biopsies using Qiagen All-Prep DNA/RNA Kit (Qiagen, Venlo, The Netherlands), and libraries were prepared using Illumina TruSeq Stranded Total RNA Kit (Illumina, San Diego, CA, USA) according to the manufactures’ manuals. Sequencing was performed as paired-end sequencing, with a read length of 150 bps on the Illumina NovaSeq 6000 platform.




2.6. Bioinformatical Analysis


Raw data files were aligned to the human genome (hg38) using RNA STAR (Version 2.7.3, Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, USA). Reads (reads per kilobase million (RPKM)) were extracted from the mapped files using the bioconductor package Rsubread (Version 3.1, The Walter and Eliza Hall Institute of Medical Research, Victoria, Australia). Differential gene expression was calculated using DESeq2 algorithms (European Molecular Biology Laboratory, Heidelberg, Germany) with a false discovery rate (FDR) < 0.05 (R package version 2.12). The PCA comparison was performed within the DESeq2 package. Gene enrichment analysis was conducted via DOSE (version 3.8.2) and enrichplot (version 3.1) packages. Gene Ontology and KEGG Pathways were adjusted for multiple testing using the Benjamini–Hochberg method.



De novo transcription factor enrichment analysis was performed by HOMER (version 4.11). As background sequences, we used the promoter regions (transcriptional start site −500 bps) of non-regulated transcripts (FDR > 0.25). For visualizations, we used the following R packages: corrplot (version 0.84), ggplot2 (version 3.2.1), and heatmap3 (version 3.0.2).



We determined the degree of immune cell infiltration and the abundance of stromal cells by use of the R package Microenvironment Cell Populations-counter (MCP-counter), as previously published [28].



RNAseq data of ICI patients are available in the EBI ArrayExpress Database, accession number E-MTAB-8867. The raw data files of DCM and VIM patients are available in the Gene Expression Omnibus Database (GEO-NCBI, accession number: GSE120567) as previously published [29].




2.7. Statistical Analysis


Pie charts were illustrated using GraphPad Prism (Version 8.0, GraphPad Software, San Diego, CA, USA). To compare two groups with continuous data, we used the Mann–Whitney U test. A confidence interval of 95% was considered significant. For dichotomic values, the binomial distribution model was used; p-values < 0.05 were considered significant. In column diagrams, the individual values are shown in addition to the mean and standard error of the mean (SEM) as error bars.



CMRI T2 maps were generated using CVI cmr42 software (Version 5.6.6, Circle Cardiovascular Imaging Inc., Calgary, AB, Canada). Endocardial and epicardial borders were defined manually in T2-mapping images using an offset of 10% to avoid partial-volume effects in the subendocardial and subepicardial layers. An exponential decay curve was fitted to the intensity decline of each pixel within the images obtained from the multiecho sequence. Noise of all images was assumed to be constant and linearized so that the regression coefficient (R2) was used to exclude accidental values (goodness-of-fit parameter). If R2 was below the value of 0.99, the corresponding T2 value was not considered for further analysis. The remaining T2 constants were color-coded and T2 values were calculated according to 16 AHA-segments (segment 17 was not included). A regional edema was defined with a cut-off over 60 ms.



Regions with LGE were verified in at least one other orthogonal plane and in the same plane being obtained as a second image after changing the direction of readout.





3. Results


3.1. ICIM Patients Have a Variable Clinical Phenotype


In total, 19 patients with suspected cardiac irAEs were examined at the cardio-oncology units of the University Hospitals Heidelberg and Kiel. The details of the patients’ characteristics are summarized in Table 1.



In most cases, the reason for being treated with checkpoint inhibitors was either melanoma or non-small-cell lung cancer (NSCLC). Most patients were treated with PD-1 inhibitors (68.4%; nivolumab and pembrolizumab). Combination therapies of PD-1 and CTLA-4 inhibitors were administered in 21.1% of cases (Figure 1A).



ICIM was suspected in cases of either cardiac biomarker elevation (hs-cTnT and/or NT-proBNP), symptoms of ACS and HF, or a combination of both. Median time to onset of cardiac irAEs was 81 days (95% CI: 35.5; 234) from the beginning of ICI therapy. The vast majority of patients showed ECG abnormalities, which were obtained at admission to the hospital (84.2%). Mainly, we observed new onset of ST depressions or T-wave inversions. In a few patients, Holter ECG revealed relevant blocks, e.g., sinoatrial blocks.



In echocardiography, the LVEF was initially preserved in 47.4% of patients, and 31.6% of patients were diagnosed with at least a moderately reduced LVEF at presentation (LVEF < 45%).



Regarding their symptoms, we observed a variation ranging from asymptomatic patients (6/19) to Takotsubo cardiomyopathy, sinoatrial block, acute cardiac decompensation, severe myocarditis without major clinical manifestations, or steroid refractory myocarditis with associated global myositis and myasthenia-like syndrome. Of the 19 patients, 18 showed initially elevated levels of hs-cTnT (15 pg/mL to 1261 pg/mL) and therefore were admitted to an expanded cardiological assessment including myocardial biopsies (11/19) and/or cMRI (12/19). NT-proBNP was elevated in 84.2% of patients, whereas creatine kinase (CK) (63%) and TnI (31.6%) were less frequently elevated. All patients showed signs of cardiac irAEs. Myocardial biopsies verified the diagnosis of ICIM in 8/19 cases. The remaining patients were diagnosed by means of a combinatorial approach of late gadolinium enhancement and/or edema in cMRI, a drop in left ventricular function (LVEF), elevated cardiac biomarkers, ECG abnormalities, and further autoimmune events in non-cardiac organs and tissues. According to the recently suggested criteria of ICIM, 16 patients were classified as definite and 3 patients were classified as probable (Table 1). An exemplary histological staining is shown in Figure 1B. Figure 1C shows an exemplary T2-weighted image of apical subendocardial edema.



Statistically, we did not find any significant difference in the relevant parameters (e.g., clinical outcome or phenotype) between high vs. low cardiac troponin (above/below the median), symptomatic and asymptomatic patients, patients with preserved and reduced LV-function, or patients having myocardial biopsies with or without detection of infiltrating immune cells. Therefore, we were not able to set up cohorts based on the clinical phenotype.




3.2. Transcriptional Analysis Reveals a Distinct Expression Pattern in ICI-Associated Myocarditis (ICIM) Compared with Dilated Cardiomyopathy (DCM) and Virus-Induced Myocarditis (VIM)


Due to the inconsistent clinical picture of ICIM, we decided to characterize its cardiac gene expression in more detail. Myocardial biopsies of 15 patients were collected shortly after being suspected of a cardiac irAE. Transcriptional analysis was performed from nine patients with confirmed diagnosis of ICIM. Biopsies from four patients with a rejected diagnosis were sequenced (Figure 1D).



We compared the expression with data from DCM and VIM and found a strong opposing clustering for ICIM (Figure S1A,B). This clustering was primarily defined by a large number of different transcripts when compared with either DCM or VIM (Figure S2A,B). The same stringent statistical parameters only identified a limited number of differentially regulated genes in DCM vs. VIM (Figure S2C). The clinical characteristics of VIM and DCM patients are summarized in Table 2.



Differential gene expression analysis found 3784 unique transcripts that were significantly upregulated in ICIM in at least one of two comparisons, either compared with DCM or with VIM. In DCM we found 1652 and in VIM we found 1181 significantly upregulated genes in both comparisons (Figure S2A). However, DCM and VIM shared 1631 upregulated genes (Figure S3A).



De novo transcription factor analysis of upregulated genes in ICIM revealed an enrichment of several motifs including ETS (p = 10−16, FOSL1 (p = 10−14), YY1 (p = 10−12), SMAD2/3 (p = 10−12), and IRF2 (p = 10−12) (Figure S3B).



By overlapping both sets of differentially expressed genes between ICIM and DCM as well as ICIM and VIM, we identified a subset of 1125 genes that were upregulated in both comparisons. Particularly, a set of genes including CCDC175 (log2 fc vs. VIM: 5.43; vs. DCM: 4.72), CXCL9 (log2 fc vs. VIM: 4.37; vs. DCM: 5.59), CXCL11 (log2 fc vs. VIM: 3.24; vs. DCM: 4.4), GBP5 (log2 fc vs. VIM: 3.21; vs. DCM: 4.76), and GBP6 (log2 fc vs. VIM: 5.37; vs. DCM: 3.40) showed pronounced upregulation in ICIM vs. DCM and ICIM vs. VIM (Figure 2A,B).




3.3. Transcriptional Analysis Reveals a Potential Role of Interferon-Gamma in the Pathomechanism of ICIM


We compared the most differentially regulated genes between ICIM and DCM/VIM as well as between ICIM and patients receiving ICIs and negative results regarding the occurrence of myocarditis (Figure 2B). Here, the ICIM-specific gene program was absent. We were not able to observe a similar expression pattern in the ICI-group in genes that were upregulated neither in DCM nor in VIM. The clinical characteristics of the ICI-treated patients with rejected myocarditis diagnosis are shown in Table S1.



ICIM-specific genes are involved in pathways that are mainly associated with biological processes of ‘cell division’, ‘chromosome segregation’, and ‘RNA splicing’. There is another pathway, namely ‘response to interferon-gamma’, that has no overlapping genes with any other pathways. This pathway includes GBP5 and GBP6 (Figure 2C). These two proteins belong to the most differentially upregulated ones between ICIM and the compared groups (Figure 2B).



Immunostainings for GBP5 and GBP6 revealed a high accumulation of the two proteins in cardiomyocytes of ICIM patients with a striped pattern. In the DCM patients’ biopsies, we found a low degree of GBP6 and GBP5 expression without a striped pattern. In VIM patients, a moderate degree of GBP5 and a low degree of GBP6 expression was found in the cardiomyocytes’ area. Both GBP5 and GBP6 co-localized with cardiomyocytes stained with α-Actinin, mainly in ICIM biopsies (Figure 2D).




3.4. CD8-Dependent Expression Patterns May Reveal ICIM Subtypes


According to the hypothesis that infiltration by CD8+ immune cells is the characteristic event in the pathophysiology of ICIM, we decided to group ICIM patients according to their median CD8 expression levels as well. Thereby, we found a set of 843 differentially regulated genes (FDR < 0.05) in ICIM patients (Figure S2D). These genes partly overlapped with the genes that were uniquely upregulated in ICIM (73/843). There were 678 genes that were upregulated in ICIM patients with high CD8 expression, compared with 165 genes in patients with low CD8 expression (Figure S4B). Pathway enrichment analysis of the upregulated CD8-dependent cluster showed three major pathways (neutrophil mediated immunity, p = 2.32 × 10−34; response to interferon-gamma, p = 1.45× 10−26; and leukocyte migration, p = 5.20× 10−28) that included the genes that we primarily identified as most regulated between ICIM and DCM or VIM (CXCL9, log2 fc: 5.89; CXCL11, log2 fc: 5.25; GBP5, log2 fc: 4.60) (Figure S4C). In contrast, genes that were downregulated together with a low CD8 expression (n = 165) were mainly related to ATP-production and mitochondrial respiration (Figure S4D).



Seeing high CD8 expression in the sequencing of the whole myocardial biopsies, we performed a bioinformatical approach to determine the degree of immune cell infiltration. We did not see large differences in the number of CD8+ cells between ICIM and control samples. The relative number of immune cells was relatively low compared with the predominance of fibroblasts and endothelial cells (Figure S5).



The identified expression subtypes of ICIM did not correlate significantly with either a distinct clinical course, biomarker elevation (hs-cTnT or NT-proBNP), or impairment of left ventricular function (Figure S4B) in our cohort. However, we identified a tendency to high transcriptional levels of CD8, GBP5, GBP6, CXCL9, and CXCL11 with positive results of the CD3/CD8 immunostaining (Figure S6).





4. Discussion


4.1. Limitation by Clinical Variability of ICIM


The reported clinical cases show diverse cardiac manifestations of irAEs induced by immune checkpoint inhibitors. Even though these adverse effects are reported to be rare, they can be fatal [8,30]. This is why special attention must be paid to the diagnosis and therapy of ICIM. Given that the use of ICIs is rapidly increasing, we expect to face a substantial number of affected patients in the future [1].



Since there is no specific pathological test for ICIM yet, the diagnosis is still challenging and requires extensive cardiac imaging, cardiac biopsies, and subsequent interdisciplinary medical care.



In our cohort, clinical symptoms varied from pronounced HF and ACS-typical symptoms to completely asymptomatic presentations. Cardiac biomarkers such as hs-cTnT and NT-proBNP can be merely slightly elevated. On the other hand, we observed biomarker elevations, even in asymptomatic patients. These observations were in accordance with published data from case series and data from registries [8,10]. The detection of CD3/CD8 cells in cardiac biopsies is accepted as the gold standard for the diagnosis of ICIM [11]. Since cardiac biopsies are susceptible to sampling errors, there is still risk of underdiagnosis [26,31].




4.2. Strength of Transcriptional Profiling


We performed transcriptomic analysis to comprehensively describe gene expressions that potentially allow identification of unique factors in ICIM. To contrast, we chose cardiac diseases of comparable etiology (immune response in VIM) or symptoms (dyspnea, reduced ejection fraction in DCM). Additionally, we compared the identified pattern with patients who received ICIs, but the cardiological assessment did not reveal any evidence of ICIM.



Clustering of DCM, VIM, and ICIM revealed similarities between DCM and VIM in contrast to their correlation to ICIM. The stronger correlation in the PCA analysis and correlation heatmap between DCM and VIM may be explained by the initial severe reduction of the LVEF in the VIM patients.



Inhibition of the checkpoint pathway led to a distinct immune response compared with VIM, which was initially described in preclinical models of genetic PD-1 deletion [15]. The dominance of the infiltration by CD8+ cells vs. antibody-mediated effects on cardiac epitopes depended on genetic background in preclinical studies [16,17,18] and was not completely understood mechanistically.



In line with the hypothesis of the pathomechanisms of ICIM that are derived from preclinical models, we observed CD8 to be highly elevated in ICIM biopsies. We suppose that CD8 expression levels depended on the infiltration of immune cells. Nevertheless, the overall number of infiltrating cells, estimated via a bioinformatical approach, did not differ substantially between the different samples in ICIM, DCM, and VIM.



Among them, we found ICIM specimens with low and high CD8 levels. Those samples differed significantly in a whole set of genes. The difference of the CD8-dependent gene program can be explained by either different genetic predisposition or by a potential ‘second hit’ that drives antibody-mediated immune response in patients with low CD8. Low CD8 expression was associated with dysregulation of mitochondrial respiration, pointing towards a regulation of metabolic pathways.



Interestingly, the patients revealing high or low CD8 levels did not differ in CD3/CD8 positive or negative results with regard to histological sections. This observation may either be due to a sampling error, or it may be associated with a completely different molecular change that cannot be assessed by immunostaining. It remains unclear whether these different expression patterns are the cause or the consequence of the infiltration by CD8+ cells. Therefore, it will be necessary to establish more elaborated preclinical models or single cell-based analyses to answer the question of cellular interactions.



Apart from the CD8-dependent gene regulation, we observed a cluster of genes involved in the ‘response to interferon-gamma’ that is upregulated in ICIM.



Inflammatory genes that showed the highest fold changes between both DCM and VIM to ICIM are grouped in this interferon (IFN) gamma pathway (GBP5, GBP6).



IFN-gamma release is known to be a compensatory effect to mitigate the immune response of cytotoxic T cells by upregulation of PD-L1 in mice. Consequently, deletion of IFN-gamma led to a worsening of myocarditis [32]. The altered gene program that we observed in ICIM patients might be an adaption effect of excessive immune response in the myocardium. The involved TF programs displayed IFN-gamma-induced factors, e.g., IRF2 [33,34] and ETS [35,36]. The transcriptional response of cardiomyocytes to IFN-gamma may be a CD8-related or an additional mechanism by which ICIs mediate cardiac adverse events.




4.3. Potential Role of the Cardiac Inflammasome


The upregulation of IFN-gamma pathways, and particularly of GBP5, may indicate a possible link to the inflammasome pathway [37]. This class of GBP proteins is responsible for NLRP3 inflammasome assembly, which might be involved in the inflammatory response in ICIM patients. The link between PD-L1 and CD8-dependent activation of the inflammasome pathway has already been discussed to be the response of cancer cells upon ICI-treatment [38]. In immunostainings, we found an upregulation of GBP5 and GBP6 in cardiomyocytes of ICIM patients. Thus, we suggest a potential cardiomyocyte-specific regulation of the inflammasome in ICIM, which plays a minor role in DCM or VIM. Based on the transcriptional analysis, this process seems to be at least partly CD8-dependent and links leukocyte infiltration to an immune-response of the cardiomyocytes.



We were able to identify upstream regulators of the genes involved. These regulators are transcription factors that are known from pathological cardiac hypertrophy, e.g., YY1 [39], and fibrosis, e.g., SMAD binding motifs [40,41]. We propose a cardiac-specific regulation of a pathological gene program, which is mediated by the inflammasome and IFN-gamma in response to the inhibition of PD-1 or PD-L1 in ICIM patients.





5. Conclusions


ICIs have revolutionized the treatment of cancer. Immune-related adverse events such as ICIM appear to become a greater challenge due to their high mortality rates, especially when treating cancer in earlier stages. To date, there is a lack of diagnostic and therapeutic tools.



Our study reports transcriptional profiling of ICIM and reveals the involvement of CD8 and the IFN-gamma pathway. CD8 and CD8-dependent genes showed characteristic changes compared with DCM and VIM. IFN-gamma-dependent genes and activation of the cardiac inflammasome are unique parts of this gene program and may be additional targets for specific treatments. Pre-existing changes in the activity of the endogenous checkpoint pathways or inflammasome pathway might help to identify patients at risk.




6. Study Limitations


Since ICIM is a rare phenomenon, study populations are restricted to relatively small numbers and to retrospective analyses, case series, or registries. The inconsistent clinical presentation of our cohort and the reported cases can lead to underdiagnosis. Moreover, myocardial biopsies, the current gold standard for the diagnosis of ICIM, are susceptible to sampling errors.



Transcriptional profiling using RNA sequencing does not represent the actual protein expression in the heart, which can differ from transcript expression. We performed sequencing of whole myocardial biopsies, leaving the specific alterations of different cell types aside.



In particular, we cannot completely rule out that parts of the identified CD8-dependent pattern are mainly derived from infiltrating lymphocytes. The degree of lymphocytic infiltration may vary either according to the disease activity or to the sampling location in the ventricle.



In addition, the sequenced biopsy and the biopsy used for histological assessment may not have been taken from the same location within the ventricle. This partially explains differences between the results of immunostaining and the expression pattern, even though all analysis were performed from samples of the same individual and at the same timepoint.



From a technical point of view, we cannot rule out batch effects caused by different subgroups, even though all samples were treated according to the same protocol in the same sequencing unit and all quality controls were passed.








Supplementary Materials


The following are available online at https://www.mdpi.com/article/10.3390/cancers13102498/s1, Figure S1: Clustering and Principal Component Analysis of ICIM, DCM and VIM, Figure S2: MA plots of the DESeq2 analysis, Figure S3: Overlap of upregulated genes in ICIM, DCM and VIM – TF analysis of ICIM-upregulated genes, Figure S4: CD8-dependent gene program in ICIM, Figure S5: Bioinformatical estimation of immune and stromal cell infiltration, Figure S6: RNA expression levels in immunostaining negative and positive biopsies, Table S1: Characteristics of patients who received ICIs without evidence of myocarditis.





Author Contributions


Conceptualization, D.F., M.B.H., O.J.M. and L.H.L.; methodology, D.F., L.H.L., J.S., J.R., E.H., B.M., M.V., N.F., H.A.K.; software, D.F. and M.B.H.; validation, D.F., F.L., Z.K. and L.M.H.; formal analysis, D.F., M.B.H. and L.H.L.; investigation, D.F., M.B.H., J.S., J.R., E.H., L.M.H., B.M., M.V., O.J.M., N.F., H.A.K., F.L., Z.K. and L.H.L.; resources, O.J.M., N.F., H.A.K. and L.H.L.; data curation, D.F., M.B.H., L.M.H. and L.H.L.; writing—original draft preparation, D.F. and L.H.L.; writing—review and editing, D.F., M.B.H., L.M.H. and L.H.L.; visualization, D.F. and M.B.H.; supervision, L.H.L.; project administration, L.H.L.; funding acquisition, N.F., H.A.K. and L.H.L. All authors have read and agreed to the published version of the manuscript.




Funding


M.H. is a recipient of the rotation grant and the postdoc start-up grant of the German Centre for Cardiovascular Research (DZHK). L.H.L. is supported by the Deutsche Forschungsgemeinschaft (DFG; LE 3570/2-1; 3570/3-1) and the Bundesministerium für Forschung (BMBF; 01KC2006B).




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki. The study protocol was approved by the ethics committee of the Medical Faculty of the University Heidelberg (S-286/2017, 390/2011) and the University Kiel (A174/09).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


RNAseq data of ICI patients are available in the EBI ArrayExpress Database, accession number E-MTAB-8867. The raw data files of DCM and VIM patients are available in the Gene Expression Omnibus Database (GEO-NCBI, accession number: GSE120567) as previously published [29].




Acknowledgments


We thank the group of Christoph Dieterich at the University Hospital Heidelberg for bioinformatic support. We thank Jennifer Schahn, Claudia Stroh, and Rouven Nietsch for excellent technical assistance and Nadine Beierle and Ines Ludwig for support with clinical data collection and patient care.




Conflicts of Interest


L.H.L. has served on the advisory board for Daiichi Sankyio, Senaca, and Servier as an external expert for Astra Zeneca and received speakers’ honoraria from Novartis and MSD. The other authors declare no conflicts of interest.




Abbreviations




	ACS
	acute coronary syndrome



	CK
	creatine kinase



	cMRI
	cardiac magnetic resonance imaging



	DCM
	dilated cardiomyopathy



	ECG
	electrocardiography



	Hs-cTnT
	high sensitivity cardiac troponin T



	HF
	heart failure



	ICI
	immune checkpoint inhibitor



	ICIM
	ICI-associated myocarditis



	IFN-gamma

irAEs
	Interferon-gamma

Immune-related adverse events



	NT-proBNP
	N-terminal B-natriuretic propeptide



	VIM
	virus-induced myocarditis







References


	



Darvin, P.; Toor, S.M.; Nair, V.S.; Elkord, E. Immune checkpoint inhibitors: Recent progress and potential biomarkers. Exp. Mol. Med. 2018, 50, 1–11. [Google Scholar] [CrossRef] [PubMed]

	



Tang, J.; Yu, J.X.; Hubbard-Lucey, V.M.; Neftelinov, S.T.; Hodge, J.P.; Lin, Y. The clinical trial landscape for PD1/PDL1 immune checkpoint inhibitors. Nat. Rev. Drug Discov. 2018, 17, 854–855. [Google Scholar] [CrossRef]

	



Hargadon, K.M.; Johnson, C.E.; Williams, C.J. Immune checkpoint blockade therapy for cancer: An overview of FDA-approved immune checkpoint inhibitors. Int. Immunopharmacol. 2018, 62, 29–39. [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]

	



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]

	



Berg, D.D.; Vaduganathan, M.; Davids, M.S.; Alyea, E.P.; Torre, M.; Padera, R.F.; Nohria, A. Immune-related fulminant myocarditis in a patient receiving ipilimumab therapy for relapsed chronic myelomonocytic leukaemia. Eur. J. Hear. Fail. 2017, 19, 682–685. [Google Scholar] [CrossRef]

	



Heinzerling, L.; Ott, P.A.; Hodi, F.S.; Husain, A.N.; Tajmir-Riahi, A.; Tawbi, H.; Pauschinger, M.; Gajewski, T.F.; Lipson, E.J.; Luke, J.J. Cardiotoxicity associated with CTLA4 and PD1 blocking immunotherapy. J. Immunother. Cancer 2016, 4, 50. [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.; A Sosman, J.; Lebrun-Vignes, B.; Johnson, D.B. Increased reporting of fatal immune checkpoint inhibitor-associated myocarditis. Lancet 2018, 391, 933. [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] [PubMed]

	



Salem, J.-E.; Allenbach, Y.; Vozy, A.; Brechot, N.; Johnson, D.B.; Moslehi, J.J.; Kerneis, M. Abatacept for Severe Immune Checkpoint Inhibitor–Associated Myocarditis. N. Engl. J. Med. 2019, 380, 2377–2379. [Google Scholar] [CrossRef] [PubMed]

	



Pradhan, R.; Nautiyal, A.; Singh, S. Diagnosis of immune checkpoint inhibitor-associated myocarditis: A systematic review. Int. J. Cardiol. 2019, 296, 113–121. [Google Scholar] [CrossRef]

	



Xu, S.; Sharma, U.C.; Tuttle, C.; Pokharel, S. Immune Checkpoint Inhibitors: Cardiotoxicity in Pre-clinical Models and Clinical Studies. Front. Cardiovasc. Med. 2021, 8, 619650. [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]

	



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] [PubMed]

	



Lucas, J.A.; Menke, J.; Rabacal, W.A.; Schoen, F.J.; Sharpe, A.H.; Kelley, V.R. Programmed Death Ligand 1 Regulates a Critical Checkpoint for Autoimmune Myocarditis and Pneumonitis in MRL Mice. J. Immunol. 2008, 181, 2513–2521. [Google Scholar] [CrossRef]

	



Waterhouse, P.; Penninger, J.M.; Timms, E.; Wakeham, A.; Shahinian, A.; Lee, K.P.; Thompson, C.B.; Griesser, H.; Mak, T.W. Lymphoproliferative Disorders with Early Lethality in Mice Deficient in Ctla-4. Science 1995, 270, 985–988. [Google Scholar] [CrossRef]

	



Du, S.; Zhou, L.; Alexander, G.S.; Park, K.; Yang, L.; Wang, N.; Zaorsky, N.G.; Ma, X.; Wang, Y.; Dicker, A.P.; et al. PD-1 Modulates Radiation-Induced Cardiac Toxicity through Cytotoxic T Lymphocytes. J. Thorac. Oncol. 2018, 13, 510–520. [Google Scholar] [CrossRef]

	



Seko, Y.; Yagita, H.; Okumura, K.; Azuma, M.; Nagai, R. Roles of programmed death-1 (PD-1)/PD-1 ligands pathway in the development of murine acute myocarditis caused by coxsackievirus B3. Cardiovasc. Res. 2007, 75, 158–167. [Google Scholar] [CrossRef]

	



Xia, W.; Zou, C.; Chen, H.; Xie, C.; Hou, M. Immune checkpoint inhibitor induces cardiac injury through polarizing macrophages via modulating microRNA-34a/Kruppel-like factor 4 signaling. Cell Death Dis. 2020, 11, 1–15. [Google Scholar] [CrossRef] [PubMed]

	



Quagliariello, V.; Passariello, M.; Rea, D.; Barbieri, A.; Iovine, M.; Bonelli, A.; Caronna, A.; Botti, G.; De Lorenzo, C.; Maurea, N. Evidences of CTLA-4 and PD-1 Blocking Agents-Induced Cardiotoxicity in Cellular and Preclinical Models. J. Pers. Med. 2020, 10, 179. [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. 2019, 33, 99–108. [Google Scholar] [CrossRef] [PubMed]

	



Müller, O.J.; Spehlmann, M.E.; Frey, N. Cardio-toxicity of checkpoint inhibitors. J. Thorac. Dis. 2018, 10, S4400–S4404. [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]

	



Caforio, A.L.P.; Pankuweit, S.; Arbustini, E.; Basso, C.; Gimeno-Blanes, J.; Felix, S.B.; Fu, M.; Heliö, T.; Heymans, S.; Jahns, R.; et al. Current state of knowledge on aetiology, diagnosis, management, and therapy of myocarditis: A position statement of the European Society of Cardiology Working Group on Myocardial and Pericardial Diseases. Eur. Hear. J. 2013, 34, 2636–2648. [Google Scholar] [CrossRef]

	



Kamentsky, L.; Jones, T.R.; Fraser, A.; Bray, M.A.; Logan, D.J.; Madden, K.L. Improved structure, function and compatibility for CellProfiler: Modular high-throughput image analysis software. Bioinformatics 2011, 27, 1179–1180. [Google Scholar] [CrossRef]

	



Becht, E.; Giraldo, N.A.; Lacroix, L.; Buttard, B.; Elarouci, N.; Petitprez, F.; Selves, J.; Laurent-Puig, P.; Sautès-Fridman, C.; Fridman, W.H.; et al. Estimating the population abundance of tissue-infiltrating immune and stromal cell populations using gene expression. Genome Biol. 2016, 17, 1–20. [Google Scholar] [CrossRef]

	



Meyer, I.S.; Goetzke, C.C.; Kespohl, M.; Sauter, M.; Heuser, A.; Eckstein, V.; Vornlocher, H.-P.; Anderson, D.G.; Haas, J.; Meder, B.; et al. Silencing the CSF-1 Axis Using Nanoparticle Encapsulated siRNA Mitigates Viral and Autoimmune Myocarditis. Front. Immunol. 2018, 9. [Google Scholar] [CrossRef]

	



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

	



Cooper, L.T.; Baughman, K.L.; Feldman, A.M.; Frustaci, A.; Jessup, M.; Kuhl, U.; Levine, G.N.; Narula, J.; Starling, R.C.; Towbin, J.; et al. The role of endomyocardial biopsy in the management of cardiovascular disease: A Scientific Statement from the American Heart Association, the American College of Cardiology, and the European Society of Cardiology Endorsed by the Heart Failure Society of America and the Heart Failure Association of the European Society of Cardiology. Eur. Hear. J. 2007, 28, 3076–3093. [Google Scholar] [CrossRef]

	



Grabie, N.; Gotsman, I.; Dacosta, R.; Pang, H.; Stavrakis, G.; Butte, M.J.; Keir, M.E.; Freeman, G.J.; Sharpe, A.H.; Lichtman, A.H. Endothelial Programmed Death-1 Ligand 1 (PD-L1) Regulates CD8 + T-Cell–Mediated Injury in the Heart. Circulation 2007, 116, 2062–2071. [Google Scholar] [CrossRef] [PubMed]

	



Elser, B.; Lohoff, M.; Kock, S.; Giaisi, M.; Kirchhoff, S.; Krammer, P.H.; Li-Weber, M. IFN-gamma represses IL-4 expression via IRF-1 and IRF-2. Immunity 2002, 17, 703–712. [Google Scholar] [CrossRef]

	



Blanco, J.C.; Contursi, C.; Salkowski, C.A.; DeWitt, D.L.; Ozato, K.; Vogel, S.N. Interferon regulatory factor (IRF)-1 and IRF-2 regulate interferon gamma-dependent cyclooxygenase 2 expression. J. Exp. Med. 2000, 191, 2131–2144. [Google Scholar] [CrossRef] [PubMed]

	



Nguyen, V.T.; Benveniste, E.N. Involvement of STAT-1 and ets family members in interferon-gamma induction of CD40 transcription in microglia/macrophages. J. Biol. Chem. 2000, 275, 23674–23684. [Google Scholar] [CrossRef]

	



Kuwata, T.; Gongora, C.; Kanno, Y.; Sakaguchi, K.; Tamura, T.; Kanno, T.; Basrur, V.; Martinez, R.; Appella, E.; Golub, T.; et al. Gamma Interferon Triggers Interaction between ICSBP (IRF-8) and TEL, Recruiting the Histone Deacetylase HDAC3 to the Interferon-Responsive Element. Mol. Cell. Biol. 2002, 22, 7439–7448. [Google Scholar] [CrossRef]

	



Shenoy, A.R.; Wellington, D.A.; Kumar, P.; Kassa, H.; Booth, C.J.; Cresswell, P.; MacMicking, J.D. GBP5 Promotes NLRP3 Inflammasome Assembly and Immunity in Mammals. Science 2012, 336, 481–485. [Google Scholar] [CrossRef] [PubMed]

	



Theivanthiran, B.; Evans, K.S.; DeVito, N.C.; Plebanek, M.P.; Sturdivant, M.; Wachsmuth, L.P.; Salama, A.K.; Kang, Y.; Hsu, D.; Balko, J.M.; et al. A tumor-intrinsic PD-L1/NLRP3 inflammasome signaling pathway drives resistance to anti–PD-1 immunotherapy. J. Clin. Investig. 2020, 130, 2570–2586. [Google Scholar] [CrossRef]

	



Stauffer, B.L.; Dockstader, K.; Russell, G.; Hijmans, J.; Walker, L.; Cecil, M.; Demos-Davies, K.; Medway, A.; McKinsey, T.A.; Sucharov, C.C. Transgenic over-expression of YY1 induces pathologic cardiac hypertrophy in a sex-specific manner. Biochem. Biophys. Res. Commun. 2015, 462, 131–137. [Google Scholar] [CrossRef]

	



Ma, F.; Li, Y.; Jia, L.; Han, Y.; Cheng, J.; Li, H.; Qi, Y.; Du, J. Macrophage-stimulated cardiac fibroblast production of IL-6 is essential for TGF beta/Smad activation and cardiac fibrosis induced by angiotensin II. PLoS ONE 2012, 7, e35144. [Google Scholar]

	



Khalil, H.; Kanisicak, O.; Prasad, V.; Correll, R.N.; Fu, X.; Schips, T.; Vagnozzi, R.J.; Liu, R.; Huynh, T.; Lee, S.-J.; et al. Fibroblast-specific TGF-beta-Smad2/3 signaling underlies cardiac fibrosis. J. Clin. Invest. 2017, 127, 3770–3783. [Google Scholar] [CrossRef] [PubMed]








[image: Cancers 13 02498 g001 550] 





Figure 1. (A) Pie chart of the oncological diagnosis and the administered immune checkpoint inhibitors (ICIs) as indicated (n = 19). (B) Exemplary histological sections of pathological assessment showing lymphocyte infiltration. Staining for hematoxylin and eosin (HE) and immunostaining for CD3 and CD8 receptors is shown. (C) ICIM-compatible inflammation as apical accentuated edema in cMRI (T2 black blood images). Short axis of the left ventricle, six sections, shown from basal to apical, hyperintense edema is marked with red arrows. (D) Flowchart showing the numbers of patients who were screened due to hs-cTnT elevations, who were diagnosed with ICIM, who underwent biopsy, and who were assessed by immunohistology and/or by RNA sequencing. Biopsies were performed once the suspicion of ICIM was raised. CD3/8: cluster of differentiation 3/8, HE: hematoxylin and eosin; ICI: immune checkpoint inhibitor; NSCLC: non-small-cell lung cancer; SCC: squamous cell carcinoma. 
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Figure 2. Differential gene expression in immune checkpoint inhibitor-associated myocarditis (ICIM, n = 9) in comparison with dilated cardiomyopathy (DCM, n = 11) and virus-induced myocarditis (VIM, n = 5) in cardiac biopsies (FDR < 0.05). (A) Concurrence of differential gene expression in ICIM related to DCM (vsDCM) and to VIM (vsVIM). The fold change (log2) of both comparisons is shown as a scatter plot. Transcripts of particularly elevated genes in both relations are highlighted as indicated. (B) Heatmap of differentially regulated genes in ICIM in comparison with DCM and VIM with a log2 fold change >1 or <−1. The gene expression is shown as z-values for ICIM (n = 9), ICI-treated patients without proof of ICIM (ICI, n = 4), DCM (n = 11), and VIM (n = 5). The cluster of genes that is upregulated the most in ICIM is marked with a red square as ‘ICIM-specific gene program’. The top 10 genes of this gene program are listed on the right side. In brackets, the log2 fold change of ICIM to ICI, DCM, and VIM is shown. (C) Network of enriched genes in ICIM with a log2 fold change > 1. The major Gene Ontology (GO) pathways and their corresponding genes are shown. Fold change (log2) of the genes (ICIM vs. VIM) is shown in red as indicated. (D) Guanylate binding protein 5 (GBP5) and guanylate binding protein 6 (GBP6) immunostaining of myocardial biopsies in ICIM (n = 5), DCM (n = 5), and VIM (n = 4) patients. Exemplary confocal images of GBP5- and GBP6-immunostaining (red) are shown for the three groups as indicated. Cardiomyocytes were stained with anti-Actinin (green). DAPI was used for staining of the nuclei. The total intensity of GBP5 and GBP6 and the corresponding overlap with Actinin were quantified. The intensity was normalized to the ICIM group. Columns show mean values with standard error of the mean (SEM) and individual values. p-values as indicated. ANOVA with Bonferroni correction for multiple testing was applied. DCM: dilated cardiomyopathy; ICI: immune checkpoint inhibitor; ICIM: ICI-associated myocarditis; VIM: virus-induced myocarditis. 
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Table 1. Table of ICIM patients’ characteristics, subgrouped according to the patients included in the RNAseq analysis. Hs-cTnT, NT-proBNP, and CK are specified as median values with interquartile range; the initial and maximum values are shown. BMI: body mass index, CK: creatine kinase, cMRI: cardiac magnetic resonance imaging, CRP: C-reactive protein, Hb: hemoglobin, HCC: hepatocellular carcinoma, Hs-cTnT: high sensitivity cardiac troponin T, NSCLC: non-small-cell lung cancer, NT-proBNP: N-terminal B-natriuretic propeptide, SCC: squamous-cell carcinoma, LV: left ventricle, LVEF: left ventricular ejection fraction, RV: right ventricle.
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	Characteristic
	Total
	RNA-Seq





	n
	19
	9



	Age (median, IQR)
	75 (60.5, 78.5)
	73.5 (61.25, 78.25)



	Gender (male)
	11 (57.8%)
	5 (55.6%)



	BMI (median, IQR)
	25.2 (24, 28.3)
	26.6 (25, 29.3)



	Arterial hypertension
	11 (57.9%)
	6 (66.7%)



	Diabetes
	2 (10.5%)
	2 (22.2%)



	Hb (median, IQR)
	13.1 (11.1, 13.5)
	12.7 (11, 13.5)



	Creatinine (median, IQR)
	0.9 (0.73, 1.1)
	0.78 (0.49, 1.1)



	CRP (median, IQR)
	13.8 (3.4, 34.8)
	13.8 (3.8, 30.3)



	Melanoma
	8 (42.1%)
	3 (33.3%)



	NSCLC
	4 (21.1%)
	3 (33.3%)



	HCC
	1 (5.3%)
	1 (11.1%)



	Kidney cell carcinoma
	3 (15.8%)
	1 (11.1%)



	SCC
	1 (5.3%)
	0 (0%)



	Thymoma
	1 (5.3%)
	1 (11.1%)



	Uterus carcinoma
	1 (5.3%)
	0 (0%)



	Nivolumab
	4 (21.1%)
	4 (44.4%)



	Nivolumab/Ipilimumab
	4 (21.1%)
	0 (0%)



	Pembrolizumab
	8 (42.1%)
	3 (33.3%)



	Cemiplimab
	1 (5.3%)
	0 (0%)



	Durvalumab
	2 (10.5%)
	2 (22.2%)



	LVEF > 50%
	9 (47.4%)
	5 (55.6%)



	LVEF 40–50%
	4 (21.1%)
	1 (11.1%)



	LVEF < 40%
	6 (31.6%)
	3 (33.3%)



	Abnormal ECG
	16 (84.2%)
	8 (88.9%)



	Initial Hs-cTnT (ng/l) (median, IQR)
	55 (24.5, 618)
	226 (24, 613)



	Initial NT-proBNP (ng/l) (median, IQR)
	1034 (723, 2900)
	955 (397, 1942)



	Initial CK (U/l) (median, IQR)
	323 (97.5, 924.5)
	630 (169, 2008)



	Max Hs-cTnT (ng/l) (median, IQR)
	278 (58, 1837.5)
	681 (57, 1771)



	Max NT-proBNP (ng/l) (median, IQR)
	3309 (1145–7214)
	2010 (1145, 5627)



	Max CK (U/l) (median, IQR)
	628 (192–1543)
	630 (169, 2008)



	Positive biopsy result
	8 (42.1%)
	6 (66.7%)



	LV-biopsies
	9 (47.4%)
	8 (88.9%)



	RV-biopsies
	2 (10.5%)
	1 (11.1%)



	Positive cMRI/PET-CT
	12 (63.2%)
	6 (66.7%)



	Definite ICIM diagnosis (1)
	16 (84.2%)
	7 (77.8%)



	Probable ICIM diagnosis (1)
	3 (15.8%)
	2 (22.2%)







(1) According to the criteria of ICIM, published by Bonaca et al.
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Table 2. Table of the DCM and VIM patients’ characteristics. Hs-cTnT and NT-proBNP are specified as median values with interquartile range; the initial and maximum values are shown. BMI: body mass index, cMRI: cardiac magnetic resonance imaging, CHD: coronary heart disease, CRP: C-reactive protein, DCM: dilated cardiomyopathy, Hb: hemoglobin, Hs-cTnT: high sensitivity cardiac troponin T, LGE: late gadolinium enhancement, LVEF: left ventricular ejection fraction, NT-proBNP: N-terminal B-natriuretic propeptide, VIM: virus-induced myocarditis.
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	Characteristic
	VIM
	DCM





	n
	5
	11



	Age (median, IQR)
	22 (22, 42)
	60 (52.5, 62)



	Gender (male)
	5 (100%)
	7 (63.6%)



	BMI (median, IQR)
	23.7 (22.5; 25)
	30.4 (21.9; 34.1)



	Arterial hypertension
	0%
	81.8%



	Diabetes
	0%
	100%



	Hb (median, IQR)
	15.5 (14.9, 15.8)
	13.1 (12.65, 13.65)



	Creatinine (median, IQR)
	0.71(0.65, 0.73)
	1.45 (1.05, 1.87)



	CRP (median, IQR)
	63.8 (37.1, 81)
	3.7 (2, 11.1)



	Hs-cTnT (ng/l) (median, IQR)
	2545 (1456, 2813)
	66.5 (24.5, 253.5)



	NT-proBNP (ng/l) (median, IQR)
	2201 (1, 2218)
	1293 (468, 9414)



	LVEF (initial) (1)
	
	



	preserved (>50%)
	0%
	0%



	reduced (<30%)
	100%
	100%



	LVEF (recent)
	
	



	preserved (>50%)
	100%
	0%



	reduced (<30%)
	0%
	100%



	Positive cMRI (edema, LGE)
	100%
	NA



	Angiography (Positive for CHD)
	0%
	0%



	Histology (positive for VIM/DCM)
	100%
	100%







(1): Timepoint of biopsy.
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