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Introduction

Heart failure with preserved ejection fraction (HFpEF) is a clinical syndrome with multiple causes, and little evidence for effective therapies [START_REF] Ponikowski | ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure: The Task Force for the diagnosis and treatment of acute and chronic heart failure of the European Society of Cardiology (ESC)Developed with the special contribution of the Heart Failure Association (HFA) of the ESC[END_REF]. The increasing prevalence of HFpEF and its poor prognosis both make it important to understand the factors contributing to the heterogeneity of the syndrome and its underlying mechanisms [START_REF] Tsao | Temporal Trends in the Incidence of and Mortality Associated With Heart Failure With Preserved and Reduced Ejection Fraction[END_REF].

Several studies have sought to identify distinct HFpEF phenotypes based on clinical, echocardiographic and hemodynamic characteristics [START_REF] Kao | Characterization of subgroups of heart failure patients with preserved ejection fraction with possible implications for prognosis and treatment response[END_REF]Sanchez-Martinez et al., 2018;[START_REF] Shah | Phenomapping for novel classification of heart failure with preserved ejection fraction[END_REF][START_REF] Tabassian | Diagnosis of Heart Failure With Preserved Ejection Fraction: Machine Learning of Spatiotemporal Variations in Left Ventricular Deformation[END_REF]. Additionally, biomarkers have also been studied in an attempt to identify HFpEF subgroups with different characteristics and prognosis [START_REF] Hage | Inflammatory Biomarkers Predict Heart Failure Severity and Prognosis in Patients With Heart Failure With Preserved Ejection Fraction: A Holistic Proteomic Approach[END_REF][START_REF] Sanders-Van Wijk | Circulating biomarkers of distinct pathophysiological pathways in heart failure with preserved vs. reduced left ventricular ejection fraction[END_REF][START_REF] Santhanakrishnan | Growth differentiation factor 15, ST2, high-sensitivity troponin T, and N-terminal pro brain natriuretic peptide in heart failure with preserved vs. reduced ejection fraction[END_REF][START_REF] Tromp | Biomarker Profiles in Heart Failure Patients With Preserved and Reduced Ejection Fraction[END_REF][START_REF] Tromp | Identifying Pathophysiological Mechanisms in Heart Failure With Reduced Versus Preserved Ejection Fraction[END_REF]. In these studies, only a limited number of biomarkers were assessed (up to a maximum of 92 biomarkers). Whether a wider biomarker panel may provide further information on the pathophysiology of HFpEF is yet to be determined.

In this study, we performed unsupervised machine-learning algorithms using 415 proteomic biomarkers to identify HFpEF potential mechanistic phenotypes in a prospective observational cohort of HFpEF patients (The Metabolic Road to Diastolic Heart Failure study (MEDIA-DHF); NCT02446327).

Methods

Study population

Between 2012 and 2014, 626 patients were enrolled in MEDIA-DHF ((NCT02446327) which was a multicenter, multinational, observational study in 10 centers (listed in Supplemental table 1). After standardized echocardiography (Supplemental data) and/or local natriuretic peptide measurements, eligible patients were included when they had a diagnosis of left ventricular diastolic dysfunction following 2007 ESC consensus recommendations [START_REF] Paulus | How to diagnose diastolic heart failure: a consensus statement on the diagnosis of heart failure with normal left ventricular ejection fraction by the Heart Failure and Echocardiography Associations of the European Society of Cardiology[END_REF]. Patients included in MEDIA-DHF presented as: 1) acute decompensated HF patients, or 2) patients recently discharged after admission for an acute HF episode (<60 days), or 3) ambulatory chronic disease patients. At inclusion in the study, data on demographics, clinical parameters, laboratory values (including biomarker measurements), electrocardiography and echocardiography were obtained. Follow-up took place at 3, 6 and 12 months after inclusion in the study.

For this substudy, only patients with available biomarkers were included (N=392; see also the flowchart in Supplemental figure 1). There were no biomarker measurements in acute decompensated HF patients. The study protocol complied with the Declaration of Helsinki and was approved by the respective Ethics Committees of the participating institutions. All patients provided written informed consent. (ClinicalTrials.gov Identifier: NCT02446327)

Biomarker measurements

Plasma samples taken at inclusion in the study were analyzed for protein biomarkers (including natriuretic peptides) using 5 different Olink Proseek Multiplex panels: cardiovascular disease (CVD) II, CVD III, Inflammation, Cardiometabolic and Organ damage (Olink Proteomics, Uppsala, Sweden). The characteristics of the biomarkers within the different Olink panels are described in Supplemental table 2 (and www.olink.com). For this assay, a proximity extension assay (PEA) technology is used where 92 oligonucleotidelabelled antibody probe pairs per panel may bind to their respective targets in 1 µL plasma sample [START_REF] Lundberg | Homogeneous antibody-based proximity extension assays provide sensitive and specific detection of low-abundant proteins in human blood[END_REF]. When bound, they give rise to new DNA amplicons with each ID barcoding their respective antigens. Quantification of the amplicons is subsequently performed using a Fluidigm BioMark HD real-time PCR platform. The PCR platform provides log2-normalized protein expression (NPX) data and an increase of 1 NPX means a doubling in concentration of the specific biomarker. Forty-five proteins that were below the lower limit of detection (LOD) in more than 50% of the patients, were excluded from further analyses (N=45 biomarkers excluded). For the proteins below the LOD in less than 50% of patients, the LOD value was imputed. A total of 415 protein biomarkers were studied.

Cluster analysis

Pearson correlations were assessed between 415 biomarkers. When two biomarkers were highly correlated (>0.8), the biomarker with the largest mean absolute correlation was excluded. Hence, 66 biomarkers were excluded from further analyses. The optimal number of clusters was determined using the NbClust package in R (distance=euclidean, min.nc=2, max.nc=15, method=kmeans, index=alllong). Next, k-means cluster analysis (nstart=1000) was performed with data of 349 biomarkers to partition the patients into separate clusters. There were no missing values for these biomarkers. Cluster stability was verified using Clusterboot (B=100, clustermethod=kmeansCBI). Jaccard similarities values were highly stable (cluster 1=0.91; cluster 2=0.93). The cluster analysis resulted in two different patient clusters (clusters 1 and 2).

Network analyses

The FHF-GKB (Fight Heart Failure -Graph Knowledge Box) resource, representing most available public knowledge about human protein-disease, protein-protein and protein-pathway relationships is a customized upgraded version of the EdgeBox provided by the EdgeLeap company (available from: https://www.edgeleap.com/edgebox/). FHF-GKB data is extracted from public data sources resulting in 20,386 protein nodes imported from Uniprot("UniProt: the universal protein knowledgebase," 2017), including all biomarkers involved in this study, 28,176 disease nodes from Disease Ontology [START_REF] Kibbe | Disease Ontology 2015 update: an expanded and updated database of human diseases for linking biomedical knowledge through disease data[END_REF] and DisGenet [START_REF] Pinero | DisGeNET: a comprehensive platform integrating information on human disease-associated genes and variants[END_REF] and 2,222 pathway nodes from Reactome (v65) [START_REF] Fabregat | The Reactome Pathway Knowledgebase[END_REF]. Protein -protein relationships were retrieved from STRING (v10.5) [START_REF] Szklarczyk | STRING v10: protein-protein interaction networks, integrated over the tree of life[END_REF], Reactome or WikiPathways [START_REF] Slenter | WikiPathways: a multifaceted pathway database bridging metabolomics to other omics research[END_REF], Mentha [START_REF] Calderone | mentha: a resource for browsing integrated protein-interaction networks[END_REF], or BioGrid [START_REF] Chatr-Aryamontri | The BioGRID interaction database: 2017 update[END_REF] and proteinpathway relationships from Reactome.

Cardiovascular outcome

The pre-specified endpoint of MEDIA-DHF was a composite of CV death and/or CV hospitalizations (NCT02446327). Clinical outcomes were ascertained by telephone interview and recorded in the electronic case report form (including date and place). For hospitalizations, the letter of discharge was provided, while the death certificate was provided in instances of mortality. The primary outcome of this specific substudy was cardiovascular hospitalizations or cardiovascular death at 12 months. Endpoints were adjudicated by a committee blinded to the biomarker data.

Statistical analyses

Baseline clinical, demographic and echocardiographic characteristics across clusters were compared using chi-square, t-test or Mann-Whitney tests, as appropriate.

To identify clinical variables associated with cluster membership defined by the protein biomarkers, a logistic regression analysis was performed. All variables considered are listed in Supplemental table 3. Missing predictor values with <20% of missing values were imputed using linear regression analysis (see Table 1 for the percentage of missing data for each variable). We imputed missing data 10 times, performed the analysis over all the 10 imputations and averaged results using Rubin's rules [START_REF] Rubin | Multiple Imputation for Nonresponse in Surveys[END_REF]. Log-linearity of continuous variables was assessed visually by inspecting the shape of the distribution of the beta-estimates vs. the median by quintiles with regard to the outcome of interest (cluster 2). If deemed appropriate based on log-linearity, continuous variables were categorized. Variables with significant p-values (<0.05) in univariate analyses were considered in the multivariate model. Age and sex were "forced" in the model. The discrimination of the final multivariate model was assessed by calculating the area under the curve (AUC). Similar beta-estimates of variables in the multivariate model derived from the multiple imputation datasets were obtained when the pooled mean eGFR and E/E' were imputed in the original datasets (in N=23 and N=26 patients respectively; data not shown). Further analyses were therefore performed in the original dataset.

Thereafter, we studied which specific biomarkers were significantly associated with cluster 2 membership on top of the clinical multivariate model accounting for multiple comparisons using a Bonferroni adjusted p-value of <0.00014. To identify independent biomarkers, we subsequently excluded those correlated to each other (>0.3). Also here, from two correlated biomarkers, the biomarker with the largest mean absolute correlation was excluded.

The FHF-GKB complex network was queried in order to explore pathways and proteins that could connect together biomarker (BM) nodes of interest. Queries were expressed according to query patterns defining a path structure between two nodes such as BM-BM and BM-pathway-BM, where the BM nodes are taken from a list of interest. The resulting graphs were merged in a figure illustrating all possible paths not longer than two edges, connecting BMs through pathways.

The association between cluster membership and the composite endpoint of CV death and/or CV hospitalizations (primary endpoint of MEDIA-DHF) within 1 year after inclusion in the study was studied using Kaplan-Meier estimates and Cox proportional hazards models.

To derive clinical variables for adjustment, we constructed a clinical risk model (considering all aforementioned clinical variables) and used the variables that were significantly associated with the primary outcome in multivariate Cox regression as adjustment variables. Natriuretic peptides were included in the cluster analysis and therefore not included in the prognostic model. All significant clinical variables (p<0.05) in univariate analysis were considered for the multivariate risk model. Age (per 10 years increase) and sex were "forced" in the model.

Statistical analyses were performed using SPSS 24 (IBM inc., Armonk, New York) and R (The R Foundation for Statistical Computing, Vienna, Austria).

Results

Cluster characteristics

The optimal number of clusters within this biomarker substudy of MEDIA-DHF was 2 (Supplemental figure 2). The distribution of demographic, clinical and echocardiographic variables according to the specific clusters is summarized in Table 1. Compared to cluster 1, patients in cluster 2 were older, more often had a recent episode of decompensated HF (<60 days), a previous HF hospitalization, atrial fibrillation, diabetes mellitus, peripheral arterial disease, NYHA class III/IV, complaints of fatigue on exertion, anemia, lower diastolic blood pressure, lower cholesterol measures (total cholesterol, LDL and HDL), worse renal function, higher E/e', lower TAPSE and higher E/A. In addition, they were more often prescribed betablockers, loop or thiazide diuretics, oral anticoagulants, and insulin.

Clinical determinants of cluster 2 membership

Crude and adjusted odds ratios for the association between clinical variables and cluster 2 membership are listed in Table 2. There were four variables independently associated with cluster 2 membership: prescription of loop diuretics or betablockers, diabetes mellitus, and lower eGFR (="clinical model").

Association between biomarkers and cluster 2 membership

For all individual biomarkers, associations with cluster 2 membership were assessed on top of the clinical model. A total of 17 biomarkers were identified (Table 3). These were:

angiopoietin-1 receptor (TIE2), ectonucleoside triphosphate diphosphohydrolase 2 (ENTPD2), eotaxin (CCL11), tumor necrosis factor ligand superfamily member 13B (TNFSF13B), platelet-derived growth factor C (PDGFC), L-selectin (SELL), proprotein convertase subtilisin/kexin type 9 (PCSK9), tumor necrosis factor (Ligand) superfamily, member 12 (TWEAK), nitric oxide synthase (NOS3), granulysin (GNLY), E-selectin (SELE), serpin A9 (SERPINA9), azurocidin (AZU1), proto-oncogene tyrosine-protein kinase Src (SRC), adhesion G-protein coupled receptor G1 (ADGRG1), fibroblast growth factor 21 (FGF21) and growth hormone (GH). Addition of these 17 biomarkers to the clinical model significantly improved the multivariate model for the prediction of cluster 2 membership (AUC from 0.81 to 0.96). Distribution of the biomarkers according to the respective clusters is listed in Supplemental table 4.

Network analyses

Of the 17 cluster-associated protein biomarkers, 15 were linked with each other by known direct interactions or pathway-interactions linked to the immune system, signal transduction/cell interactions and metabolism (Figure 1).

Clinical risk model for cardiovascular outcome

Crude and adjusted hazard ratios for clinical variables associated with CV death and/or CV hospitalization are listed in Supplemental table 5. These variables were a history of CAD, pulmonary rales, age and sex.

Cluster outcomes

The composite endpoint of CV death and/or CV hospitalization occurred more often in cluster 2 compared to cluster 1 (resp. 20% (33/163) versus 12% (27/229), Log rank test: p=0.024;

Figure 2). After adjustment for the clinical risk model, patients within cluster 2 had a significantly higher rate of CV death and/or CV hospitalizations than those in cluster 1 (adjusted hazard ratio 1.93, 95% CI 1.12-3.32, p=0.017). Adjusting on additional clinical variables in the model (such as previous HF hospitalization, diabetes mellitus, renal function, systolic blood pressure and different HF medication) did not change the significant association between cluster assignment and outcome (Supplemental table 6).

Discussion

The performance of unsupervised machine learning using data on >400 biomarkers in a large cohort of 392 HFpEF, otherwise well-characterized patients, led to the identification of 2 distinct HFpEF clusters. In addition to differences in clinical features and cardiovascular prognosis between clusters, we found 17 biomarkers to be significantly associated with cluster membership. This may indicate differences in pathophysiological mechanisms.

Differences between clusters: clinical features

Clinical variables that were significantly associated with cluster 2 membership were the prescription of loop diuretics or betablockers, diabetes mellitus, and lower eGFR. These have previously been associated with poor prognosis in HFpEF patients [START_REF] Damman | Renal impairment, worsening renal function, and outcome in patients with heart failure: an updated meta-analysis[END_REF][START_REF] Tribouilloy | Prognosis of heart failure with preserved ejection fraction: a 5 year prospective population-based study[END_REF] and may indicate the presence of a cardiorenal syndrome as recently proposed [START_REF] Zannad | Cardiorenal Syndrome Revisited[END_REF].

Differences between clusters: biomarkers and mechanistic significance

In this study, plasma levels of 17 biomarkers were significantly more elevated in cluster 2 compared to cluster 1. Network analysis revealed that these biomarkers may be grouped in 3 different mechanistic pathways: the immune system, signal transduction/cell interactions and metabolism. An overview of the biomarkers and their mechanistic significance is given in Table 4.

Other studies with smaller samples and fewer biomarkers found several biomarkers associated with outcome in HFpEF. In a sub study of Karolinska Rennes (KaRen), growth/differentiation factor-15 (GDF-15) was the strongest predictor for poor outcome [START_REF] Hage | Inflammatory Biomarkers Predict Heart Failure Severity and Prognosis in Patients With Heart Failure With Preserved Ejection Fraction: A Holistic Proteomic Approach[END_REF], while Tromp et al. investigated 33 biomarkers in a cohort of HF patients and demonstrated that the remodeling marker osteopontin and the angiogenesis marker neuropilin predicted outcome [START_REF] Tromp | Biomarker Profiles in Heart Failure Patients With Preserved and Reduced Ejection Fraction[END_REF]. Another study compared profiles of 92 biomarkers between HFrEF, HFmrEF and HFpEF patients and found that central proteins in HFpEF were integrin subunit beta-2 and catenin beta-1 [START_REF] Tromp | Identifying Pathophysiological Mechanisms in Heart Failure With Reduced Versus Preserved Ejection Fraction[END_REF]. A substudy of the Trial of Intensified versus standard Medical therapy in Elderly patients with Congestive Heart Failure (TIME-CHF) compared 15 biomarker from different pathways between HFrEF and HFpEF patients and found that markers of inflammation (hsCRP and cystatin C), fibrosis (ST2) and anemia (hemoglobin) were more prominent in HFpEF than in HFrEF(Sanders-van [START_REF] Sanders-Van Wijk | Circulating biomarkers of distinct pathophysiological pathways in heart failure with preserved vs. reduced left ventricular ejection fraction[END_REF]. Interestingly, our results are novel since no overlap was present between the biomarkers that we found in our study and the biomarkers in other HFpEF studies [START_REF] Hage | Inflammatory Biomarkers Predict Heart Failure Severity and Prognosis in Patients With Heart Failure With Preserved Ejection Fraction: A Holistic Proteomic Approach[END_REF][START_REF] Santhanakrishnan | Growth differentiation factor 15, ST2, high-sensitivity troponin T, and N-terminal pro brain natriuretic peptide in heart failure with preserved vs. reduced ejection fraction[END_REF][START_REF] Tromp | Biomarker Profiles in Heart Failure Patients With Preserved and Reduced Ejection Fraction[END_REF][START_REF] Tromp | Identifying Pathophysiological Mechanisms in Heart Failure With Reduced Versus Preserved Ejection Fraction[END_REF]. However, a common pathway of the biomarkers that were associated with poor prognosis in HFpEF patients in previous studies [START_REF] Hage | Inflammatory Biomarkers Predict Heart Failure Severity and Prognosis in Patients With Heart Failure With Preserved Ejection Fraction: A Holistic Proteomic Approach[END_REF][START_REF] Tromp | Biomarker Profiles in Heart Failure Patients With Preserved and Reduced Ejection Fraction[END_REF] and our study seems to be the immune system. Our findings need to be confirmed by other studies investigating similar biomarkers.

Difference between clusters: cardiovascular outcome

In line with previous reports [START_REF] Chioncel | Epidemiology and one-year outcomes in patients with chronic heart failure and preserved, mid-range and reduced ejection fraction: an analysis of the ESC Heart Failure Long-Term Registry[END_REF][START_REF] Hwang | Implications of coronary artery disease in heart failure with preserved ejection fraction[END_REF][START_REF] Vedin | Significance of Ischemic Heart Disease in Patients With Heart Failure and Preserved, Midrange, and Reduced Ejection Fraction: A Nationwide Cohort Study[END_REF], we found that CAD and pulmonary rales were associated with poor outcome. Age and sex were kept in the models by their known prognostic value [START_REF] Chioncel | Epidemiology and one-year outcomes in patients with chronic heart failure and preserved, mid-range and reduced ejection fraction: an analysis of the ESC Heart Failure Long-Term Registry[END_REF]. After adjustment for these clinical variables, patients in cluster 2 had a worse cardiovascular outcome compared to the patients in cluster 1.

Clinical implications

This study may have clinical and research implications. More insight into the mechanisms related to poor outcome in HFpEF is obtained by the finding that the majority of the biomarkers associated with cluster 2 (the cluster with a higher risk for poor CV outcome) seem to be involved in processes related to the immune system, signal transduction cascades, cell interactions and metabolism. Our findings encourage additional studies investigating the underlying mechanisms and their clinical relevance. The biomarkers (and pathways) identified in this study may help select high-risk HFpEF patients which could be helpful for the inclusion or exclusion of patients in future trials. Moreover, our findings may be the basis of investigating therapies specifically targeting these pathways and the potential use of corresponding markers potentially identifying patients with distinct mechanistic bioprofiles most likely to respond to the selected mechanistically targeted therapies. Such strategies could remediate the poor track record of past HFpEF large outcome trials [START_REF] Rossignol | Heart failure drug treatment[END_REF].

Strengths and limitations

A strength of our study is that MEDIA-DHF was a large prospective European cohort in which data on >400 biomarkers from different disease domains were collected allowing for an unbiased approach to identify underlying pathophysiological pathways in HFpEF.

The most important limitation of this study is that we could not perform external validation of our prediction model due to the absence of other HFpEF cohorts with similar biomarkers, echocardiographic and follow up data. It is clear that other studies need to confirm our findings. Furthermore, at the time of enrollment, HFpEF was diagnosed following 2007 ESC diagnostic recommendations. Since the 2007 criteria, other criteria have been proposed and it has recently been shown that large variations in prevalence of diastolic dysfunction may be expected according to which criterion is used [START_REF] Huttin | Impact of Changes in Consensus Diagnostic Recommendations on the Echocardiographic Prevalence of Diastolic Dysfunction[END_REF].

However, when applying the H 2 FPEF score by Reddy and colleagues [START_REF] Reddy | A Simple, Evidence-Based Approach to Help Guide Diagnosis of Heart Failure With Preserved Ejection Fraction[END_REF] to the MEDIA-DHF cohort, only 2% of patients had a low probability of HFpEF whereas 58% and 40% of patients had an intermediate or high probability respectively. Third, the biomarker assay does not provide standard concentration units, making comparisons with clinically applied cut-offs difficult. Fourth, although the biomarker assay in this study covers a wide variety of disease domains, the possibility exists that other, now unmeasured, biomarkers may (also) play a role in the pathophysiology of HFpEF. Fifth, although it is biologically plausible that increased activation of processes related to, for example, the immune system may be associated with a poorer outcome in HFpEF, it should be noted that reference values (from a healthy population) for most of the candidate biomarkers in this study are lacking. Sixth, although HFpEF is known to be a heterogeneous disease, the NbClust package identified only 2 clusters based on the available biomarker data. Including more (clinical) data may identify a larger number of clusters.

Seventh, due to the observational nature of our study with only few CV events we did not study whether differences in treatment effects (for ACEi/ARBs, BBs, etc.) can be expected for the different clusters. Also, the low number of adverse events and small sample size preclude to obtain robust estimates. Last, our cohort consists of chronic and recently discharged HFpEF patients and results can therefore not be extrapolated to different (sicker) HFpEF populations.

Conclusion

Unsupervised learning algorithms applied to >400 biomarkers in a large cohort of 392 HFpEF patients led to the identification of 2 distinct HFpEF cluster phenotypes. In addition to differences in clinical features between clusters, we found 17 uncorrelated biomarkers with higher expression in cluster 2 compared to cluster 1. These biomarkers are involved in pathways linked to the immune system, signal transduction cascades, cell interactions and metabolism, that may contribute to different HFpEF phenotypes.

Clinical significance

 More insight is obtained in the mechanisms related to poor outcome in HFpEF patients since it was demonstrated that biomarkers associated with the high-risk cluster were related to the immune system, signal transduction cascades, cell interactions and metabolism  Biomarkers (and pathways) identified in this study may help select high-risk HFpEF patients which could be helpful for the inclusion/exclusion of patients in future trials.  Our findings may be the basis of investigating therapies specifically targeting these pathways and the potential use of corresponding markers potentially identifying patients with distinct mechanistic bioprofiles most likely to respond to the selected mechanistically targeted therapies.

Disclosures

This study was supported by a grant from the European Union (FP7 Anemia is defined following the definition of the World Health Organization (<12 g/dL in females and <13 g/dL in males) Acts as an inflammatory mediator inducing endothelial leakage [START_REF] Gautam | Heparinbinding protein (HBP/CAP37): a missing link in neutrophil-evoked alteration of vascular permeability[END_REF][START_REF] Linder | Roles of heparin-binding protein in bacterial infections[END_REF] Early indicator of organ dysfunction after infection [START_REF] Linder | Elevated plasma levels of heparin-binding protein in intensive care unit patients with severe sepsis and septic shock[END_REF] and cardiac arrest [START_REF] Dankiewicz | Heparin-binding protein: an early indicator of critical illness and predictor of outcome in cardiac arrest[END_REF]. Serial measurements predicted poor outcome in chronic HF [START_REF] Brankovic | Utility of temporal profiles of new cardio-renal and pulmonary candidate biomarkers in chronic heart failure[END_REF] 

CCL11

Eosinophil chemoattractant Plays a role in the pathogenesis of several allergic conditions (e.g. asthma) [START_REF] Williams | Eotaxin-1 (CCL11)[END_REF] Increased in eosinophilic myocarditis [START_REF] Diny | Macrophages and cardiac fibroblasts are the main producers of eotaxins and regulate eosinophil trafficking to the heart[END_REF], abdominal aortic aneurysms [START_REF] Jones | Two C-C Family Chemokines, Eotaxin and RANTES, Are Novel Independent Plasma Biomarkers for Abdominal Aortic Aneurysm[END_REF] and CAD [START_REF] Economou | Chemokines in patients with ischaemic heart disease and the effect of coronary angioplasty[END_REF].

NOS3

Enzyme that synthesizes nitric oxide, primarily in the vascular endothelium Inhibition promotes hypertension and causes cardiac ischemia in rats [START_REF] Moreno | Chronic nitric oxide inhibition as a model of hypertensive heart muscle disease[END_REF] Increased expression in ventricular myocardium of endstage dilated, ischemic and postmyocarditis CMP [START_REF] Stein | Increased expression of constitutive nitric oxide synthase III, but not inducible nitric oxide synthase II, in human heart failure[END_REF] 

SERPINA9

Maturation and maintenance of b-cells [START_REF] Frazer | Identification of centerin: a novel human germinal center B cell-restricted serpin[END_REF] SNPs in the SERPINA9 gene have been associated with incident CAD and ischemic stroke [START_REF] Morrison | Single nucleotide polymorphisms associated with coronary heart disease predict incident ischemic stroke in the atherosclerosis risk in communities study[END_REF]. No studies in HF.

SELL

Cell surface adhesion protein which mediates the adherence of lymphocytes to endothelial cells [START_REF] Ivetic | A head-to-tail view of L-selectin and its impact on neutrophil behaviour[END_REF] Inhibition in a feline model of reperfusionischemia prevented neutrophil accumulation and endothelial dysfunction, and reduced myocardial necrosis [START_REF] Ma | Monoclonal antibody to L-selectin attenuates neutrophil accumulation and protects ischemic reperfused cat myocardium[END_REF] Yet to be established.

Signal transduction & cell-interactions

TIE2

Receptor that is activated after binding of angiopoietin-1 and exerts mainly anti-inflammatory properties by promoting vascular integrity (Smith, Van Upregulated in the myocardium of HFPEF patients [START_REF] Franssen | Myocardial Microvascular Inflammatory Endothelial Activation in Heart Failure With Preserved Ejection Fraction[END_REF] Predicted mortality in diabetic HF patients [START_REF] Czucz | Serum soluble E-selectin and NT-proBNP levels additively predict mortality in diabetic patients with chronic heart failure[END_REF] PDGFC Activates several pathways promoting cell survival and angiogenesis [START_REF] Medamana | Platelet-Derived Growth Factor in Heart Failure[END_REF] Critical regulator of post-MI repair processes (including collagen deposition in the infarct) [START_REF] Zymek | 2 Overview of biomarkers measured at baseline in MEDIA-DHF Organ damage panel 5'-AMP-activated protein kinase subunit beta-1 (PRKAB1) Q9Y478 Kidney Injury Molecule (KIM1) Q96D42 Adhesion G-protein coupled receptor G1 (ADGRG1) Q9Y653 Leukotriene A-4 hydrolase (LTA4H) P09960 Aldehyde dehydrogenase, dimeric NADP-preferring (ALDH3A1) P30838 Linker for activation of T-cells family member 2 (LAT2) Q9GZY6 Anterior gradient protein 2 homolog (AGR2) O95994 Lutropin subunit beta (LHB) P01229 Apoptosis-inducing factor 1, mitochondrial (AIFM1) O95831 Macrophage erythroblast attacher (MAEA) Q7L5Y9 B-cell scaffold protein with ankyrin repeats (BANK1) Q8NDB2 Macrophage-capping protein (CAPG) P40121 BH3-interacting domain death agonist (BID) P55957 Melanoma-associated antigen D1 (MAGED1) Q9Y5V3 BMP and activin membrane-bound inhibitor homolog (BAMBI) Q13145 Methionine aminopeptidase 1 (METAP1) P53582 Calcitonin (CALCA) P01258 Mevalonate kinase (MVK) Q03426 Calreticulin (CALR) P27797 Mitogen-activated protein kinase kinase kinase kinase 5 (MAP4K5) Q9Y4K4 Carbonic anhydrase 12 (CA12) O43570 Mothers against decapentaplegic homolog 1 (SMAD1) Q15797 Carbonic anhydrase 14 (CA14) Q9ULX7 NAD-dependent protein deacylase sirtuin-5, mitochondrial (SIRT5) Q9NXA8 Casein kinase I isoform delta (CSNK1D) P48730 NEDD8 ultimate buster 1 (NUB1) Q9Y5A7 Claspin (CLSPN) Q9HAW4 Neutrophil cytosol factor 2 (NCF2) P19878 CMP-N-acetylneuraminate-beta-galactosamide-alpha-2,3-Nibrin (NBN) O60934 sialyltransferase 1 (ST3GAL1) Nitric oxide synthase, endothelial (NOS3) P29474 Q[END_REF] and PDGFC infusion enhanced postischemic revascularization of the heart in a murine model [START_REF] Li | Revascularization of ischemic tissues by PDGF-CC via effects on endothelial cells and their progenitors[END_REF]).

Yet to be established.

ADGRG1

Plays a role in the early interaction between neurons and the pial basement membrane and hence in cerebral cortical development [START_REF] Hamann | International Union of Basic and Clinical Pharmacology. XCIV. Adhesion G protein-coupled receptors[END_REF] but also in other developmental processes such as muscle cell differentiation, male fertility, immune regulation and tumorigenesis(K. Y. [START_REF] Huang | The Activation and Signaling Mechanisms of GPR56/ADGRG1 in Melanoma Cell[END_REF].

One of its ligands is collagen type III which plays a role in myocardial fibrosis [START_REF] Luo | G protein-coupled receptor 56 and collagen III, a receptorligand pair, regulates cortical development and lamination[END_REF] Yet to be established.

FGF21

Family of signaling proteins that regulate reproduction, development and metabolism (glucose and lipid) by activating the FGF receptor family of membrane spanning receptor tyrosine kinases [START_REF] Ornitz | The Fibroblast Growth Factor signaling pathway[END_REF].

Anti-inflammatory, antidiabetic and hypolipidemic effects in animal studies [START_REF] Woo | Fibroblast growth factor 21 as an emerging metabolic regulator: clinical perspectives[END_REF] Elevated in metabolic disorders and CAD [START_REF] Woo | Fibroblast growth factor 21 as an emerging metabolic regulator: clinical perspectives[END_REF]. High levels predict CV outcome in stable CAD [START_REF] Ong | High plasma FGF21 levels predicts major cardiovascular events in patients treated with atorvastatin (from the Treating to New Targets [TNT] Study)[END_REF] Hypothesis for differential effects in animal and clinical studies: potential FGF21 resistance in human disease [START_REF] Ong | High plasma FGF21 levels predicts major cardiovascular events in patients treated with atorvastatin (from the Treating to New Targets [TNT] Study)[END_REF].

Metabolism

PCSK9

Binds the LDL receptor at the surface of hepatocytes which prevents LDL receptor recycling and hence reduces LDLcholesterol clearance [START_REF] Shimada | PCSK9 (Proprotein convertase subtilisin/kexin type 9) inhibitors: past, present, and the future[END_REF] Elevated levels were associated with poor outcomes in MI and HFrEF [START_REF] Almontashiri | Plasma PCSK9 levels are elevated with acute myocardial infarction in two independent retrospective angiographic studies[END_REF][START_REF] Bayes-Genis | The PCSK9-LDL Receptor Axis and Outcomes in Heart Failure: BIOSTAT-CHF Subanalysis[END_REF]. Inhibition improved outcomes of patients with atherosclerosis and elevated LDL [START_REF] Sabatine | Evolocumab and Clinical Outcomes in Patients with Cardiovascular Disease[END_REF] GH Stimulates growth, reproduction and regeneration but also plays a role in maintaining the structure and function of the heart and regulating the vascular tone [START_REF] Salzano | Growth Hormone Therapy in Heart Failure[END_REF] GH deficiency is common in HFrEF and associated with larger left ventricular volumes, higher filling pressures and higher mortality risk vs. HF patients with normal GH levels [START_REF] Arcopinto | Growth Hormone Deficiency Is Associated with Worse Cardiac Function, Physical Performance, and Outcome in Chronic Heart Failure: Insights from the T.O.S.CA. GHD Study[END_REF]. A GH deficiency is also observed in HFpEF patients, but to a lesser extent [START_REF] Salzano | Multiple hormone deficiency syndrome in heart failure with preserved ejection fraction[END_REF]. Our findings suggest an association in the other direction.

ENTPD2

Transmembrane protein expressed in the vasculature, mainly by microvascular pericytes, adventitial cells in muscularised vessels, and by distinct cell populations in the subendocardial space [START_REF] Sevigny | Differential catalytic properties and vascular topography of murine nucleoside triphosphate diphosphohydrolase 1 (NTPDase1) and NTPDase2 have implications for thromboregulation[END_REF] Promotes platelet microthrombus formation following vascular injury [START_REF] Sevigny | Differential catalytic properties and vascular topography of murine nucleoside triphosphate diphosphohydrolase 1 (NTPDase1) and NTPDase2 have implications for thromboregulation[END_REF] and the attenuation of profibrotic nucleotide signaling in cardiac fibroblasts [START_REF] Lu | Hydrolysis of extracellular ATP by ectonucleoside triphosphate diphosphohydrolase (ENTPD) establishes the set point for fibrotic activity of cardiac fibroblasts[END_REF] The role of ENTPD2 in human HF has yet to be established. Overall, echocardiographic data were complete in >75% of patients, except for A (and E/A ratio) (which were available in 70% and 61% of the population, respectively).

Supplemental table 4 Average measure of biomarkers according to respective clusters

Cluster Legend: TIE2, angiopoietin-1 receptor; ENTPD2, ectonucleoside triphosphate diphosphohydrolase 2; CCL11, eotaxin; TNFSF13B, tumor necrosis factor ligand superfamily member 13B; PDGFC, platelet-derived growth factor C; SELL, Lselectin; PCSK9, proprotein convertase subtilisin/kexin type 9; TWEAK, tumor necrosis factor (Ligand) superfamily, member 12; NOS3, nitric oxide synthase; GNLY, granulysin; SELE, E-selectine; SERPINA9, serpin A9; AZU1, azurocidin; SRC, Proto-oncogene tyrosine-protein kinase Src; ADGRG1, adhesion G-protein coupled receptor G1; FGF_21_1, fibroblast growth factor 21; GH, growth hormone.

Biomarker results depict log2-normalized protein expression (NPX) data and an increase of 1 NPX confers therefore a doubling in concentration of the specific biomarker. For every biomarker the mean and standard deviation are listed.

Figure legend .

 legend Figure 1Network analyses for the visualization of pathways and proteininteractions between uncorrelated biomarkers with higher expressing in cluster 2 vs. cluster 1

  Figure 2Event-free survival of patients according to cluster membership

  

  

Table 1 Baseline characteristics of patients according to clusters

 1 

		Cluster 1	Cluster 2	p-value Percentage
		(N=229)	(N=163)		missing
	Female sex, n (%)	152 (66%)	98 (60%)	0.2	0%
	Age, years, median (IQR)	73 (66-79)	76 (69-82)	<0.001	0%
	Recently decompensated chronic	27 (12%)	33 (20%)	0.022	0%
	HF, n (%)				
	Smoking status, n (%)				1%
	Never	127 (56%)	78 (48%)		
	Former	79 (35%)	71 (44%)	0.16	
	Current	22 (10%)	12 (8%)		
	Alcohol consumption, n (%)				1%
	Non-consumer	144 (63%)	101 (64%)		
	1-2 drinks/day	76 (33%)	48 (30%)	0.4	
	>2 drinks/day	8 (4%)	10 (6%)		
	BMI, kg/m 2 , mean±SD	30.5±5.7	30.7±6.8	0.76	1%
	Waist circumference, cm,	103.7±13.0	106.4±15.3	0.094	21%
	mean±SD				
	SBP, mmHg, mean±SD	138±21	136±26	0.32	2%
	DBP, mmHg, mean±SD	76±11	72±12	0.002	2%
	Pulmonary rales, n (%)	50 (22%)	39 (25%)	0.51	1%
	NYHA class III/IV, n (%)	32 (14%)	41 (25%)	0.005	0%
	Peripheral edema, n (%)	96 (42 %)	82 (50%)	0.1	1%
	Jugular venous distension, n (%)	10 (5%)	14 (9%)	0.088	3%
	Hepatomegaly, n (%)	8 (4%)	5 (3%)	0.78	7%
	Fatigue on exertion, n (%)	170 (76%)	135 (84%)	0.036	2%
	Heart rate, bmp, mean±SD	69±15	71±14	0.21	3%
	Previous HF hospitalization, n	65 (29%)	72 (45%)	0.001	2%
	(%)				
	Atrial fibrillation, n (%)	53 (24%)	64 (40%)	<0.001	3%
	Hypertension, n (%)	195 (86%)	147 (91%)	0.12	1%
	Diabetes mellitus, n (%)	79 (35%)	75 (46%)	0.021	0%
	Coronary artery disease, n (%)	68 (31%)	60 (38%)	0.14	3%
	Stroke or TIA, n (%)	28 (12%)	16 (10%)	0.47	1%
	Peripheral artery disease, n (%)	13 (6%)	21 (13%)	0.013	2%
	COPD, n (%)	38 (17%)	33 (21%)	0.34	2%
	Laboratory measurements,				
	mean±SD				
	Total cholesterol, mg/dL	181±39	168±48	0.015	17%
	LDLc, mg/dL	103.2±33.78	94.1±41.4	0.042	20%
	HDLc, mg/dL	56.8±22.1	48.7±14.0	<0.001	19%
	Hb, g/dL	13.3±1.5	12.6±1.8	<0.001	12%
	Anemia, n (%)	72 (35%)	71 (50%)	0.005	12%
	eGFR, mL/min/1.73m2	76.3±20.4	52.6±21.4	<0.001	6%
	Medication prescription rates, n				
	(%)				
	ACEi or ARB	192 (84%)	127 (78%)	0.15	0%
	Betablockers	154 (67%)	132 (81%)	0.003	0%

Legend: HF, heart failure; BMI, body mass index; DM, diabetes mellitus; CAD, coronary artery disease; PAD, peripheral artery disease; COPD, chronic obstructive pulmonary disease; OSAS, obstructive sleep apnea syndrome; TIA, transient ischemic attack; DBP, diastolic blood pressure; SBP, systolic blood pressure; NYHA, New York Heart Association; eGFR, estimated glomerular filtration rate, BNP, brain natriuretic peptide; NT-proBNP, N-terminal pro-brain natriuretic peptide; ASA, acetylsalicylic acid; ACEi, ACE-inhibitor; ARB, angiotensin receptor blocker, BB, betablocker; MRA, mineralocorticoid receptor antagonist; LVEF, left ventricular ejection fraction; E/e', the ratio of mitral inflow velocity and early mitral annulus velocity, PASP, pulmonary artery systolic pressure; TAPSE, Tricuspidal Annular Plane Systolic Excursion; E/A, ratio of the early (E) to late (A) ventricular filling velocities; IQR, interquartile range.

Table 2 Crude and adjusted odds ratios for the association between clinical variables and cluster membership Set of clinical variables associated with cluster 2 membership

 2 

	Univariate analyses	Multivariate analyses
	OR (95% CI)	p-value	OR (95% CI)	p-value

Table 3 Multiple testing-corrected and uncorrelated (Pearson correlation <0.3) biomarkers associated with cluster 2 membership on top of the clinical model Bivariate logistic regression analyses

 3 

		OR (95% CI)	p-value
	TIE2	19.83 (6.53-60.23)	<0.001
	ENTPD2	13.21 (4.12-42.36)	<0.001
	CCL11	6.44 (3.15-13.17)	<0.001
	TNFSF13B	5.39 (2.79-10.41)	<0.001
	PDGFC	5.09 (2.27-11.39)	<0.001
	SELL	4.47 (2.42-9.28)	<0.001
	PCSK9	4.04 (2.14-7.62)	<0.001
	TWEAK	4.00 (2.02-7.94)	<0.001
	NOS3	3.46 (2.14-5.62)	<0.001
	GNLY	3.45 (1.89-6.29)	<0.001
	SELE	2.43 (1.65-3.58)	<0.001
	SERPINA9	2.17 (1.49-3.16)	<0.001
	AZU1	1.87 (1.42-2.45)	<0.001
	SRC	1.63 (1.29-2.05)	<0.001
	ADGRG1	1.55 (1.26-1.91)	<0.001
	FGF-21	1.49 (1.23-1.79)	<0.001
	GH	1.34 (1.16-1.56)	<0.001
	Legend: TIE2, angiopoietin-1 receptor; ENTPD2, ectonucleoside triphosphate diphosphohydrolase 2; CCL11, eotaxin;
	TNFSF13B, tumor necrosis factor ligand superfamily member 13B; PDGFC, platelet-derived growth factor C; SELL, L-
	selectin; PCSK9, proprotein convertase subtilisin/kexin type 9; TWEAK, tumor necrosis factor (Ligand) superfamily,
	member 12; NOS3, nitric oxide synthase; GNLY, granulysin; SELE, E-selectine; SERPINA9, serpin A9; AZU1, azurocidin;
	SRC, Proto-oncogene tyrosine-protein kinase Src; ADGRG1, adhesion G-protein coupled receptor G1; FGF_21_1, fibroblast
	growth factor 21; GH, growth hormone.	

Table 4 Overview of the mechanistic significance of biomarkers that were more highly expressed in patients in cluster 2 than in cluster 1 Individual biomarker Mechanistic significance Previous relevant reports

 4 

	Basic reports	Clinical reports

Lang RM et al. Recommendations for cardiac chamber quantification by echocardiography in adults: an update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging. Eur Heart J Cardiovasc Imaging

2015; 16(3):233-70.
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Supplemental table 1

Participating centers MEDIA-DHF 

Supplemental table 5 Crude and adjusted hazards ratios for the baseline prediction of cardiovascular death and/or cardiovascular hospitalization at 1 year in MEDIA-DHF

The table depicts pooled estimates derived after multiple imputation in 10 datasets. Anemia is defined following the WHO criteria for anemia (Hb < 12 g/dl in women; Hb < 13 in males). 

Supplemental table 6 Association between cluster assignment and cardiovascular outcomes after adjustment for additional clinical variables

Supplemental figure 1 Flowchart of patients included in study

Supplemental figure 2 Optimal number of clusters determined using NbClust analysis

The optimal number of clusters determined by the NbClust package in R was 2. This package uses a total of 30 indices for determining the most optimal number of clusters from the results obtained by varying combinations of number of clusters, distance measures and clustering methods