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Clonal Hematopoiesis of Indeterminate Potential (CHIP) is associated with an increased risk of cardiovascular diseases (CVD) and is a precursor stage to the BCR-ABL negative chronic myeloproliferative neoplasms (MPNs). These diseases are acquired stem cell neoplasms, arising due to mutations in the hematopoietic stem cell. The most prevalent is the JAK2V617F (JAK2) mutation, which potently generates reactive oxygen species (ROS), and accordingly contributes greatly to the chronic inflammatory state and the increased risk of thrombosis in MPNs. The MPNs are largely underdiagnosed blood cancers with a long pre-diagnostic phase of several years, when the elevated blood cell counts are considered reactive to smoking, blood clots, infections or chronic inflammatory diseases. Since the JAK2 mutation as CHIP-JAK2 associates with an increased risk of CVD and an increased risk of hematological and non-hematological cancers there is an urgent need to explore and validate the JAK2 mutation as a novel risk factor for CVD and to establish CHIP-clinics, which in an interdisciplinary collaboration between experts from several disciplines, and ensure timely diagnosis of the undiagnosed MPN patient and associated comorbidities. We envisage studies of the JAK2 mutation in large CVD cohorts to deliver the “Proof of Concept” for the JAK2 mutation to be implemented as a novel, highly important risk factor for CVD. These novel preventive strategies are considered to have the potential of reducing morbidity and mortality in a large population of citizens and patients, carrying the thrombosis- and CVD-promoting JAK2 mutation.
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Highlights

	CHIP-JAK2V617F (JAK2) is associated with a chronic inflammatory state and an increased risk of cardiovascular diseases (CVD), including ischemic heart disease and stroke.

	The JAK2 mutation is envisaged as a novel risk factor for CVD and the CHIP-clinic as a novel interdisciplinary powerhouse for preventive medicine and much earlier diagnosis of MPNs and associated comorbidities.






1 Introduction

In 2014, seminal studies identified the presence of clonal hematopoiesis in normal individuals (1, 2). Clonal Hematopoiesis of Indeterminate Potential (CHIP) is defined by the presence of somatic mutations with an allele burden of more than 2%, but without the presence of a hematological abnormality or malignancy. This age-related entity is associated with an increased risk of cardiovascular diseases (CVD) (3, 4), hematological and non-hematological cancer and all-cause mortality (1), which is mainly driven by CVD. Taking into account that several of the CHIP mutations – JAK2V617F (JAK2), TET2, DNMT3A and ASXL1 – are “inflammatory” mutations, giving rise to a chronic inflammatory and thrombogenic state and the JAK2 mutation being associated with a 12-fold increase in coronary disease, there is an urgent need to explore and validate the JAK2 mutation as a novel risk factor for CVD in patients at high risk of having this mutation, such as patients with CVD. Screening of patients with CVD for the JAK2 mutation is foreseen to unravel a large number of JAK2-positive individuals at a much earlier stage in their development towards the Philadelphia-chromosome negative myeloproliferative neoplasms, essential thrombocythemia, polycythemia vera or myelofibrosis (MPNs) or already having overt but undiagnosed MPNs. Thus, Danish studies have for the first time demonstrated that MPNs are massively underdiagnosed chronic blood cancers (5). At least 10.000 citizens in Denmark have undiagnosed MPNs, and accordingly are at a constant risk of life-invalidating and potentially life-threatening thrombotic events (6, 7). By our current CHIP-project at the Department of Hematology, Zealand University Hospital, Roskilde, Denmark and Department of Hematology, Somogy County Moritz Kaposi General Hospital, Kaposvar, Hungary, and studies of the prevalence of the JAK2V617F mutation in the large German and Danish CVD cohorts (Figure 1) we envisage to deliver the “Proof of Concept” for the JAK2 mutation to be associated with incident events of CVD and as such to implement this mutation as a novel, highly important risk factor and predictive biomarker for CVD. Additionally, applying genomic, cytokine- and thrombophilia studies on our CHIP-cohort of 613 JAK2-positive citizens in the Danish General Suburban Population Study (GESUS) and in CVD patients (Figure 1), we aim to uncover novel mechanisms underlying the development of JAK2-associated CVD and the interplay between CVD and clonal expansion (8) from the earliest time point possible – the CHIP stage. By describing the association between the dynamics of clonal expansion and the evolution and development of CVD in the CHIP-stage and taking into account that CVD per se stimulates hematopoiesis and the production of inflammatory leukocytes (8), we have a unique platform for studying and deciphering mutations in blood cells as the common link between chronic inflammation, CVD and cancer development. Thereby, we hope to open the window for future preventive studies in the CHIP-stage with early stem-cell targeting therapy (pegylated interferon-alpha2 (IFN)) to eradicate the JAK2 mutated clone in addition to studies of the impact of old (statins and colchicine) and novel treatment strategies, e.g. IL1R-inhibitor or IL6-inhibitor, to target chronic inflammation, which is an important driver of both CVD and the malignant clone (9–21). Such novel strategies with preventive and personalized medicine are highly relevant and timely, considering their potential in reducing morbidity and mortality in a large population of citizens and patients, carrying the thrombosis- and CVD-promoting JAK2 mutation. In this paper, we wish to describe the rationales and perspectives of establishing CHIP-clinics at all departments of hematology worldwide, taking into account that such a CHIP-clinic is envisaged to be a powerhouse for much earlier diagnosis and treatment of the MPNs at an early stage, when they have not yet for years been suffering all the complications and inflammation-mediated comorbidities of unrecognized and undiagnosed MPN.




Figure 1 | Workflow for analyses of biosamples from different large study cohorts and their integration in the CHIP-Clinic as the Powerhouse and Catalyst of Preventive Medicine.The figure contains elements from Medical Servier Art.






2 The rationales for a CHIP-clinic



2.1 The link between chronic inflammation, cardiovascular diseases, cancer and “inflammatory” mutations in the soil of clonal hematopoiesis of indeterminate potential

Somatic mutations in blood cells give rise to a chronic inflammatory state. These “inflammatory” mutations include among others the JAK2, which is prevalent in 70% of patients with MPNs (see below)) (Figure 2) (7). The JAK2 mutation per se is a generator of reactive oxygen radicals (ROS) (22–24) and thereby an inflammatory state, impacting not only the bone marrow but also the vascular system in general, taking into account that the blood cells with this mutation are constantly circulating in an activated state and thereby negatively impacting the microcirculation in several organs, implying an increased risk of blood clots in e.g. the heart, brain, and lungs (Figure 2). By ROS production the JAK2 mutation gives rise to DNA-damage and accordingly genomic instability via increased degradation of p53 (22–24). Importantly, through ROS production and secretion of lipocalin-2 the JAK2 mutated cells also evoke paracrine DNA damage to neighboring normal cells (25). The JAK2 mutation is present in the background population as CHIP (5), and as such associated with ischemic heart disease (26), a 12-fold increased risk of coronary artery disease (3, 6), and an increased risk of other cancers (26), which has also been reported in MPNs, both prior (27) and after the diagnosis of MPNs (28) with a particularly increased risk of esophagus, liver, lung, urogenital (kidney) and skin cancers, both malignant melanoma and non-melanoma (28). The JAK2 mutation is a thrombogenic factor per se and elicits ischemic heart lesions in murine models (“MPN-Cardiomyopathy” )? (29, 30), accelerates heart failure (29) and induces Neutrophil Extracellular Trap Formation (NETosis), which is closely linked to thrombosis (6, 30). Considering the vast amount of evidence for a link between CHIP and vascular diseases and other cancers (1, 3, 4, 26, 31, 32), and CHIP even predicting adverse outcomes of CVD (32) the time is ripe to investigate, if the JAK2 mutation per se as CHIP and when being assessed by a highly sensitive droplet digital PCR (ddPCR) is a unique new cardiovascular risk factor to be evaluated in large CVD-cohorts and in well-designed prospective studies of the frequencies of this mutation in “High-Risk-MPN-Profile” patients, such as patients with CVD, and accordingly also the frequencies of undiagnosed MPNs. The findings of JAK2 as a promotor of NETosis (30), the major role of NETosis in atherosclerosis and atherothrombosis development (33) and NETosis facilitating cancer invasiveness (34, 35) are highly intriguing in the context of the increased risk of cancers in patients with CHIP (26) and MPNs (27, 28). These associations may be causally linked to the JAK2 mutation, inducing a huge chronic inflammatory load and thereby predisposing not only to CVD (6, 7, 29, 30) but also to increasing genomic instability (22–25) and development of other cancers (26–28). Importantly, arterial thrombosis in MPNs may be an “early warning” of another cancer (36). In this context, this research innovatively links chronic inflammation, vascular diseases and cancer based upon MPNs as “Inflammatory and Vascular Diseases” (12, 37), “A Human Inflammation Model” and “A Human Inflammation Model for Cancer Development” (10, 11) as alluded to below. Most lately, the JAK2 mutation has also been demonstrated to be prevalent in patients with chronic kidney disease (CKD) (38) and we and others have previously shown MPNs to be associated with progressive impairment of kidney function (39) - indeed very similar to the development of progressive CKD in patients with dysregulated type II DM. The above findings make the JAK2 mutation even more intriguing to explore in regard to the association between pre-MPN in the CHIP-stage, overt but undiagnosed MPNs and the inflammatory co- and multimorbidity burden among patients at high-risk of housing this mutation, herein patients with CVD. Interestingly, recent studies have shown heart failure to be associated with cancer development (40) and a close link to exist between the myeloid cell lineage and CVD development (41). Indeed, increased stem cell proliferation in atherosclerosis accelerates clonal hematopoiesis (42). The link between CVD (hypertension, atherosclerosis and myocardial infarction) and the hematopoietic system in terms of overproduction of inflammatory myeloid cells has most recently been shown to be consequent to bone marrow endothelial dysfunction with leakage of myeloid cells, angiogenesis and vascular fibrosis in the bone marrow (8). Accordingly, the association between CVD and hematopoiesis is likely a self-perpetuating vicious circle, in which CVD stimulates hematopoiesis and increases circulating levels of inflammatory leukocytes by remodeling the vascular bone marrow niche (8) and increased hematopoietic stem cell proliferation in CVD accelerates clonal hematopoiesis which further fuels the fire by the production of oxidative stress (43) and inflammatory cytokines, thereby accelerating atherosclerosis, atherothrombosis and clonal expansion and evolution towards MPNs and other cancers (Figure 2).




Figure 2 | Suggested timeline of clonal hematopoiesis (CH). CH arises due to ongoing age-related somatic mutagenesis, which is likely attributed to a progressive decline of DNA repair mechanisms with ageing. Although factors affecting clonal expansion are currently unknown, the genetic background most likely has a significant role, both in promoting and inhibiting expansion. Secondary mutations are presumed to advance clonal expansion, and immune surveillance to keep mutant clones at bay. Modifying factors affecting CH likely include environmental factors and lifestyle factors (e.g., overweight, smoking), the common denominator being chronic inflammation, which both might elicit CH but also be generated by enhanced production by mutant cells of inflammatory cytokines such as IL-1beta and IL-6. Together with enhanced production of myeloid cells, either reactive to inflammation, infection or non-haematological or haematological cancer (e.g., MPNs) atherosclerosis is accelerated and consequently the risk of myocardial infarction and ischemic stroke increases. CH increases with ageing (inflammaging) and impaired immune surveillance (immuneaging). The figure contains elements from Medical Servier Art.






2.2 The myeloproliferative neoplasms, chronic inflammation and association with co- and multimorbidities

The MPNs include essential thrombocythemia (ET), polycythemia vera (PV) and myelofibrosis (MF) (44). A long prediagnostic phase often precedes these chronic blood cancers with 10-20 years, in which patients experience repeated thrombotic episodes (45) and are prone to suffer several inflammation-mediated comorbidities, including CVD (e.g. ischemic heart disease, coronary calcifications, abdominal aortic aneurysms and pulmonary hypertension) (6, 7, 10–12, 26, 37, 39, 46–49) and second cancers (26–28). In 2012, Hasselbalch published a perspective paper entitled “Perspectives on chronic inflammation in essential thrombocythemia, polycythemia vera, and myelofibrosis: is chronic inflammation a trigger and driver of clonal evolution and development of accelerated atherosclerosis and second cancer” (10). A few years later, it was suggested that MPNs might actually be “A Human Inflammation Model” and “A Human Inflammation Model for Cancer Development” (11). Today, the concept of chronic inflammation as the driving force for clonal evolution in MPNs is widely accepted (50) (Figure 2). In this context, it is crucial to improve our understanding of the huge co- and multimorbidity burden associated with MPNs and how it relates to the “inflammatory” mutations - JAK2, TET2, DNMT3A and ASXL1 - in the MPN-mutational landscape at the earliest time point possible. This time point is the very early stage of MPNs, pre-MPNs as CHIP, which is prevalent in the elderly population due to “inflammaging” and “immunoaging” (51) being tightly associated with “inflammatory” mutations, CVD and cancer in the background population. As such they are likely prevalent in “High-Risk MPN-Profile” patients as well – the topic of this paper, in which we focus upon the prevalence of the JAK2 mutation among patients with CVD and its implementation as a novel risk factor for CVD development and accordingly as a novel tool in risk stratification, assessment of prognosis and overall survival in patients with CVD.




2.3 The CHIP-clinic

As alluded to above, screening of CVD patients for the JAK2-mutation will unravel some patients to have undiagnosed MPNs and the remaining will be categorized as CHIP. Based upon preliminary follow-up data from the Danish GESUS-cohort, an increasing number of CHIP citizens/patients will suffer CVD and/or transform into overt MPNs (5), which without early diagnosis and treatment will have a high risk of major thrombosis and worsening of CVD burden. Therefore, we wish to develop and implement the first CHIP-clinics in Denmark and Hungary, the aim being to prohibit inflammation-mediated multimorbidity due to undiagnosed CVD and MPNs. The CHIP-clinics will be boarded by experts in hematology, cardiology, neurology and molecular biology and accordingly have several objectives. First, they will be knowledge hubs where experts share interdisciplinary expertise for the optimal care, guidance, and treatment of citizens who harbor somatic mutations in blood cells. In the future, such clinics are envisaged to improve the prevention of common diseases, such as CVD, through timely and interdisciplinary treatment of patients. Secondly, they will be knowledge hubs for research in the pathogenic factors that are determinants for CVD and MPN development from the earliest time point possible.

In Denmark, we take advantage that this first CHIP clinic will be built upon an already existing platform “Clinical Academic Group (CAG) within Greater Copenhagen Health Science Partners (GCHSPs)” (CAG ZIRI)”, which was established in 2021 as part of the Danish MPN-Consortium. CAG-ZIRI has pioneered the concept of chronic inflammation as the driving force for the development and progression of MPN cancers and associated comorbidities, such as CVD. During the last 3 years experts in hematology, cardiology, neurology, and molecular biology at Zealand University Hospital (ZUH), Roskilde, Denmark have had monthly meetings on ongoing projects between the departments as part of Ph.d-projects focusing on the impact of the JAK2 mutation in patients with CVD (screening study of 550 stroke patients) showing a prevalence of 11.3% (52) and a study on the CVD burden in MPN-patients, showing valve calcifications and coronary artery sclerosis to be prevalent amongst MPN-patients (48, 49). In this collaboration, the experience and expertise in the MPN-Consortium at ZUH and CAG-ZIRI will greatly support the implementation of a CHIP-clinic and - based upon the experience obtained - its implementation at other departments in Denmark and abroad in the coming years. This novel interdisciplinary workflow will provide timely care of citizens/patients, in whom a JAK2 mutation or other somatic mutations have been found, thereby providing novel standards – a paradigm shift – for future patient care with timely follow-up of citizens/patients with these CVD-and cancer promoting mutations. Within the interdisciplinary collaboration in the CHIP-Clinic we envisage to raise evidence for the JAK2V617F mutation as a novel risk factor for CVD and a predictive biomarker of prognosis and overall survival using several large patient and population cohorts (Figure 1).





3 Discussion and perspectives for JAK2 mutation screening of patients with CVD and future research directions

By molecular screening for mutations in blood cells from “high-risk MPN-profile” patients, herein patients with CVD, who often have been or are heavy smokers [smoking is a risk factor for MPN-development (53, 54)], we envisage to deliver the proof of concept for preventive, rational and personalized medicine by much earlier diagnosis and treatment of MPNs among patients with CVD. This change in clinical practice is most likely also highly “cost-effective”, since we have just recently published that the earlier IFN-treatment is instituted the shorter the time needed to achieve major molecular remissions with low-burden JAK2 (55). Since a JAK2 mutation burden above 50% in MPN-patients significantly associates with the development of coronary artery calcification (48, 49) and both CHIP, CVD and MPNs also associate with impaired kidney function (38, 39, 56–61), studies on the prevalence of the JAK2 mutation – both as CHIP-JAK2 and undiagnosed MPNs - amongst patients with CVD are urgently needed as underlined by the high prevalence in patients with ischemic stroke (52). Early screening for MPNs in high-risk MPN-profile patients is also dictated by common knowledge on cancer biology, implying increasing genomic instability, subclone formation, resistance to treatment and ultimately metastasis, if not being treated. In this perspective, the time is ripe for early screening to institute treatment with IFN at the earliest time point possible, since IFN is the only disease-modifying agent in terms of inducing MRD in a subset of MPN patients (62–68). Based upon the above associations between the JAK2 mutation and CVD development, early reduction of the JAK2 allelic burden is mandatory not only for prevention of thrombotic events but also likely for the development and progression of CVD, which share deregulation of several oxidative stress and atherosclerosis genes with the MPNs (69, 70) - genes which in MPNs are favorably influenced by treatment with IFN (71, 72). Accordingly, the ultimate outcome of early treatment with IFN may be the resolution of CVD manifestations and halting of CVD progression due to the normalization of elevated atherosclerosis promoting cell counts (e.g. leukocytes, monocytes, platelets) in concert with reduction of the atherosclerosis-and atherothrombosis promoting JAK2 mutation (6, 7, 26, 30, 48, 49), which also associates with increased NET formation (6, 30, 33). Importantly, in the Danish DALIAH-trial (73) treatment with IFN was associated with a reduction in NETosis activity (74), which may be beneficial, considering the role of NETosis in atherosclerosis and atherothrombosis development (30, 33) as alluded to above. Highly intriguing, most recent reports have shown IFN to induce resolution of angina pectoris (AP) in a CHIP-patient (75)) and in five MPN-patients with severe treatment refractory AP (76). The LURIC and the DANCAVAS studies (77, 78) have generated a large number of high-impact papers on several aspects of CVD, including genomics in the LURIC cohort (77). As such, both cohorts will allow us to perform a multitude of JAK2 association studies to already published biomarkers. In addition, we will have the possibility on baseline DNA-samples from all cohorts to perform additional molecular studies by panel NGS, including analyses for other inflammation-mediating mutations (e.g. TET2,DNMT3A,ASXL1) which are currently being performed on 300 citizens from the GESUS cohort. Taking into account that 80% of cardiac events and strokes are preventable, half through early detection and intervention, and this project is foreseen to unravel the JAK2-mutation in about 10-12% of the patients [prevalence of the JAK2-mutation in stroke patients 11,3% (52)] and thereby promoting the JAK2-mutation as a novel risk factor for CVD development the project will have the potential to reinforce the rationales for implementing this simple and inexpensive methodology as a new routine test to be performed in all patients admitted with CVD. Therefore, the JAK2-mutation is a candidate biomarker to be included in a multivariate precision tool, the “Know Your Risk” test, which is elaborated in the Danish PREPARE (Personalized Risk Estimation and Prevention of Cardiovascular Disease) Programme (https://www.sdu.dk/en/forskning/prepare). This innovative tool is being developed by machine learning to combine self-reported risks, advanced objective findings [including CT-scans (78)], registry data, genomic and proteomic biomarkers. The implementation of the JAK2-mutation as a new screening test in patients with CVD and potentially adding great value to the multivariate precision tool above will also introduce a paradigm shift by much earlier diagnosis and treatment of CVD-patients with undiagnosed MPNs, thereby prohibiting repeated hospitalizations of the undiagnosed MPN-patient due to JAK2-mediated thrombotic events and JAK2-mediated worsening of multi-organ atherosclerosis and organ failure (e.g. heart failure, chronic nephropathy, abdominal aneurysms, peripheral arterial insufficiency, dementia). In this context, the CHIP-clinic will be the optimal platform for an interdisciplinary collaboration for timely risk stratification, treatment and follow-up programs, based upon machine learning algorithms, which are being generated in the continuation study of DANCAVAS – the PREPARE program as alluded to above.
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