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Ageing is a major risk factor for the development of cardiovascular disease (CVD) and cancer. Whilst the cumulative effect of exposure to conventional cardiovascular risk factors
is important, recent evidence highlights clonal haematopoiesis of indeterminant potential
(CHIP) as a further key risk factor. CHIP reflects the accumulation of somatic, potentially
pro-leukaemic gene mutations within haematopoietic stem cells over time. The most common mutations associated with CHIP and CVD occur in genes that also play central roles in
the regulation of inflammation. While CHIP carriers have a low risk of haematological malignant transformation (<1% per year), their relative risk of mortality is increased by 40% and
this reflects an excess of cardiovascular events. Evidence linking CHIP, inflammation and
atherosclerotic disease has recently become better defined. However, there is a paucity of
information about the role of CHIP in the development and progression of heart failure, particularly heart failure with preserved ejection fraction (HFpEF). While systemic inflammation
plays a role in the pathophysiology of both heart failure with reduced and preserved ejection
fraction (EF), it may be of greater relevance in the pathophysiology of HFpEF, which is also
strongly associated with ageing. This review describes CHIP and its pathogenetic links with
ageing, inflammation and CVD, while providing insight into its putative role in HFpEF.
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Cardiovascular disease (CVD) and cancer are the two leading causes of deaths worldwide and ageing is a
major risk factor for the development of both of these major disease processes [1,2]. To a large extent, these
age-associated risks reflect the cumulative effects of exposure to ‘conventional’ shared risk factors such as
smoking and obesity. However, clonal haematopoiesis of indeterminate potential (CHIP) may provide
a further important link, particularly in the pathogenesis of CVD [3]. CHIP, also known as age-related
clonal haematopoiesis (ARCH), reflects the accumulation of potentially pre-leukaemic, somatic mutations in haematopoietic stem cells (HSCs) over time [3,4]. However, whilst the risk of malignant transformation of CHIP is low, its presence confers a substantially greater risk of CVD (Figure 1) [3,5–9].
In this review, we will provide a primer on CHIP and its pathogenetic links with ageing, inflammation and CVD. In particular, we provide a framework to inform further investigation of the role of CHIP
as a risk factor and pathogenetic mediator in patients with heart failure, especially in heart failure with
preserved ejection fraction (HFpEF).

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
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Figure 1. Development of clonal haematopoiesis, associated risk factors and its role in heart failure (murine and humans)

Abbreviations: HSC, haematopoietic stem cells; EF, ejection fraction; FS, fractional shortening; HFH, heart failure hospitalisation;
HFrEF, heart failure with reduced ejection fraction; KO, knockout; LAD, left anterior descending artery; NT-proBNP, B-type natriuretic
peptide; TAC, transverse aortic constriction.
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Figure 2. Potential mechanistic links between CHIP and HFpEF

Abbreviations: CKD, chronic kidney disease; HFpEF, heart failure with preserved ejection fraction; IL-6, interleukin-6; IL-18, interleukin 18; IL-1β, interleukin-1β.

992

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).

Downloaded from http://portlandpress.com/clinsci/article-pdf/135/7/991/908289/cs-2020-0306c.pdf by guest on 02 December 2022

!! 



Clinical Science (2021) 135 991–1007
https://doi.org/10.1042/CS20200306

Table 1 Most frequent somatic mutations in CHIP
Gene

Name

Description

TET2

Ten-eleven-translocation-2

A methylcytosine dioxygenase that catalyses the conversion of
5-methylcytosine into 5-hydroxymethylcytosine. An epigenetic
regulator that can activate or repress transcription.

DNA methyltransferase 3A

A de novo DNA methyltransferase.

Jak2

Janus kinase 2

Receptor tyrosine kinase involved in haematopoietic cytokine
signalling and myelopoiesis.

ASXL1

Additional sex comb-like 1

Polycomb chromatin-binding protein that is involved in the
transcriptional regulation of Hox genes.

PPMD1

Protein phosphatase, magnesium/manganesedependent 1D

Protein phosphatase involved in dephosphorylation and
inactivation of proteins in the DNA damage response pathway.

SF3B1

Splicing factor 3B, subunit 1

A component of the U2 small nuclear riboprotein that binds to the
3 branch site in pre-mRNA splicing and processing.

SRSF2

Serine/Arginine-rich splicing factor 2

Required for 5 and 3 spliceosome assembly, splice-site selection,
U1 and U2 snRNP interactions with pre-mRNA, and alternative
splicing.

TP53

Transformation-related protein 53

Tumour suppressor transcription factor that responds to cellular
stress and DNA damage.
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DNMT3A

Adapted from [11]. Abbreviations: DNA, deoxyribonucleic acid; mRNA, messenger ribonucleic acid; snRNP, small nuclear ribonucleioprotein.

CHIP: a primer
Deﬁnition and overview of CHIP
Current diagnostic criteria for clonal haematopoiesis of indeterminate potential (CHIP) include: (1) the absence of
overt haematological malignancy; (2) a normal peripheral blood count and (3) mutant cells bearing relevant driver
mutations in ≥2% of peripheral white blood cells (variant allele frequency [VAF] ≥ 2%) [10]. By the age of 70 years,
10–20% of the otherwise healthy population have a peripheral blood leucocyte clone with a VAF of at least 2% and
meet the criteria for CHIP [5,9,11–13]. Conversely, CHIP is found in fewer than 1% of patients under the age of 50
years [3,9,13].
CHIP can be detected via DNA sequencing of peripheral blood, saliva and tumour samples and, while
deep-sequencing methods may detect a VAF of less than 2%, the clinical consequences of these smaller clonal populations are unknown [14–16]. The majority of these age-associated mutations are cytosine (C) to thymine (T) transitions, consistent with the signature of mutations seen across many different types of cancer [3,9]. The most frequently
encountered somatic mutations are within the driver genes ten-eleven-translocation-2 (TET2), DNA methyltransferase 3 [DNMT3]), Janus kinase 2 (Jak2) and additional sex comb-like 1 (ASXL1). CHIP-associated mutations are
also found, albeit less frequently, in other driver genes outlined in (Table 1) [17].

Triggers and risk factors for CHIP
Little is known about the triggers to clone initiation and expansion. The natural process of ageing results in an increased likelihood of retaining somatic mutations [18,19]. At the molecular level, DNA damage, telomere shortening
and autophagy appear to be central mechanisms underlying age-related functional impairment and decline in the
durability of HSCs [20,21]. Chronic low-grade inflammation occurs with ageing (recently described as inflammageing) and may also be partly responsible [22]. Indeed, exposure of mice to the pro-inflammatory mediator, tumour
necrosis factor-α (TNF-α), promotes the expansion of TET2 mutant clones and exposure to inflammatory stress in
myeloid cells results in the rapid increase in frequency and absolute number of TET2-mutated myeloid cells [23,24].
Exogenous stressors that directly provoke inflammation, DNA damage, telomere shortening and production of reactive oxygen species may lead to the premature exhaustion of HSCs and an increased likelihood of retaining somatic
mutations at a younger age [25]. Consistent with this hypothesis, prior chemotherapy and radiotherapy are associated with an increased susceptibility to the retention of these somatic mutations in humans [26,27]. To date, little
attention has been paid to the environmental factors that may influence the development of CHIP but smoking, diet
and diabetes have been associated with risk for clonal expansion in humans [3,13,28] (Table 2). While there has been
speculation about a potentially heritable risk of CHIP, this was not confirmed in studies of mono- and di-zygotic
twins [29,30].
© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Table 2 Risk factors for CHIP
Degree of risk

References

Age

↑

[3,9,13]

Male sex

↑

[3]

Non-modiﬁable risk factors

Race
Hispanic ancestry

↓

[3]

Asian ancestry

↓

[34]

Smoking

↑

[13]

Diabetes

↑

[3]

Unhealthy diet

↑

[28]

Radiation exposure

↑

[26]

Platinum agents (cisplatin, carboplatin and oxaliplatin)

↑

[26,157]

Topoisomerase inhibitors (e.g. etoposide)

↑

Modiﬁable risk factors

CHIP and risk for haematological malignancy and CVD
CHIP belongs to a spectrum of haematological pre-malignant states and is associated with the development of various
haematological malignancies including leukaemia, lymphoma and myeloma [3,26]. However, most carriers will not
develop malignancy and the progression rate is approximately 0.5–1% per year [31]. Malignant transformation or
progression generally requires the acquisition of multiple mutations and directly correlates with the mean VAF [3,10].
It is notable that patients found to have CHIP at the time of autologous stem cell transplantation are at an increased risk
for the subsequent development of therapy-related myeloid neoplasm (myelodysplastic syndrome and acute myeloid
leukaemia) [32].
Despite the low risk of progression to haematologically important diagnoses, all-comers with CHIP have a 40%
higher mortality than those without CHIP, and this striking excess is a reflection of cardiovascular events [3]. The
presence of CHIP confers a substantially increased risk for CVD independent of traditional risk factors including
diabetes and hypercholesterolaemia [3,5].

CHIP and inﬂammation
The effects of specific CHIP-associated mutations are yet to be fully described, but a core feature appears to be
the establishment of a pro-inflammatory state. Compared with those without CHIP, people with evidence of clonal
haematopoiesis have higher circulating concentrations of pro-inflammatory markers including interleukin-6 (IL-6),
TNF-α and monocyte chemoattractant protein 1 (MCP-1) [33,34]. Driver gene-specific analysis of a large cohort of
individuals with CHIP highlighted the association of TET2 mutations with increased IL-1β, whereas Jak2 and SF3B1
mutations were associated with higher circulating IL-18 [34]. Other, potentially less sensitive markers of inflammation such as white blood count (WBC), neutrophil count, C-reactive protein (CRP) and erythrocyte sedimentation
rate (ESR) are not normally elevated in people with CHIP [33,34]. It has been proposed that the role of inflammation
in CHIP is bidirectional, whereby inflammation initially predisposes to the development of CHIP, with consequent
unregulated pro-inflammatory cytokine release via a feedback loop [35]. Of the mutations associated with CHIP,
TET2, DNMT3A, Jak2V617F and ASXL1 are the most frequent. To date, it is unknown whether specific mutations in
the TET2, DNMT3A and ASXL1 genes have different clinical consequences. Several different mutations have been
reported to occur in each gene and the pathophysiologic effects of these have not yet been individually characterised
[3,10].

TET2
Mutation of TET2 was the first somatic genetic abnormality to be reported in blood cells from individuals with clonal
haematopoiesis without overt haematological malignancy [36]. TET2 is a member of a family of enzymes located on
chromosome 4q23 and is an epigenetic regulator of DNA methylation. It catalyses the oxidation of 5-methylcytosine
(5mC) to 5-hydroxymethylcystosine (5hmC) as the first step in cytosine demethylation [37]. This activity is critical for maintaining the normal development of HSCs. TET2 mutations are loss-of-function mutations associated
with a decrease in 5hmC availability and consequently this has been proposed as a potential diagnostic and prognostic biomarker in haematological malignancy [38]. Whether it holds the same potential utility in the prediction
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of CHIP/TET2 mutation-associated CVD remains to be tested. TET2 also plays an important role in the regulation of the immune system, and evidence suggests that TET2-mediated clonal haematopoiesis contributes to the
pathophysiology and progression of CVD through its induction of a pro-inflammatory state. TET2 controls the
secretion of pro-inflammatory cytokines through modulation of histone acetylation [39,40]. Lipopolysaccharide
(LPS) and interferon-γ (IFN-γ) stimulation of macrophages from TET2 deficient mice induces the hyperactivation of pro-inflammatory cytokines and chemokines including IL-1β and IL-6 [39]. Furthermore, loss of TET2 in
myeloid-derived cells results in a higher expression of IL-6 in mice [40]. In an unselected cohort of patients without
CVD, the presence of TET2 mutation was associated with over two-fold higher circulating concentrations of IL-8
than in those without this mutation [5].

DNMT3A
Downloaded from http://portlandpress.com/clinsci/article-pdf/135/7/991/908289/cs-2020-0306c.pdf by guest on 02 December 2022

DNMT3A modulates gene transcription via the catalysis of DNA methylation and is the most frequently mutated
gene in people with CHIP. DNMT3A mutations are thought to be loss-of-function mutations although there are
reports that some mutations may lead to gain-of-function, conferring increased HSC self-renewal and subsequent
clonal expansion [41,42]. DNMT3A also has multiple roles in the regulation of inflammation. In particular, it controls
cytokine expression through the regulation of the scaffold protein IQ motif containing GTPase Activating Protein 2
(IQGAP2) in mast cells [43]. In patients with osteoarthritis, IL-6 gene activity is associated with the expression of
DNMT3A and significantly lower levels of IL-6 secretion are found in those with DNMT3A overexpression [44].
Furthermore, in patients with severe aortic stenosis, the presence of DNMT3A mutations has been associated with
significantly elevated T helper 17 cell (TH17): regulatory T cells (Tregs) ratio, representing pro-inflammatory T-cell
polarisation [8].

Jak2V617F
Of CHIP-associated genetic abnormalities, Jak2V617F gain-of-function mutation has been linked most clearly to inflammatory processes. In humans, it serves as a signal transmitter downstream of major cytokine receptors resulting
in activation of granulocytes, T cells, enhanced inflammation in macrophages and activation of neutrophil extracellular traps [45]. V617F somatic mutation of the Jak2 gene reflects substitution of phenylalanine for valine at position
617. Jak2V617F mutations are commonly associated with myeloproliferative neoplasms including essential thrombocythaemia (ET) and polycythaemia vera (PV) [46]. These conditions are associated with an increased risk of stroke,
myocardial infarction and deep vein thrombosis, primarily as a result of increased blood viscosity and a pro-coagulant
state. However, Jak2V617F mutations are increasingly recognised in individuals with normal peripheral blood counts,
and remain associated with increased cardiovascular mortality [13,47–49].

ASXL1
ASXL1 encodes an epigenetic regulator which binds to chromatin. It is one of the most frequently mutated genes
in myeloid neoplasms and its presence is associated with poor prognosis [50–52]. The majority of mutations are
frameshift or nonsense mutations and frequently coexist with TET2, IDH1 and IDH2 mutations [52–55]. However,
whether these truncations of the protein lead to loss- or gain-of-function remains controversial [56–58]. Mutation
of ASXL1 is common in patients with atherosclerosis and chronic ischaemic heart failure but the mechanisms contributing to this increased CV risk are not defined [5,7].

CHIP and vascular disease
Atherosclerosis is an inflammatory disease, predominantly of the macro-vasculature. Almost 60% of elderly patients
with atherosclerosis have either no conventional risk factors (e.g. hypertension or hypercholesterolaemia) or have only
one risk factor, thus implying the presence of otherwise unidentified predisposing conditions [59]. CHIP has been
identified as a potential factor closely linked to the initiation and progression of atherosclerosis [5]. Microvascular
disease involves a complex interplay between upstream atherosclerosis, inflammation and endothelial dysfunction. Of
the CHIP-related mutations, the role of TET2 has been most clearly defined in relation to vascular disease and normal
TET2 function has been implicated in several important regulatory processes in both the macro- and microcirculation
[60–64]. These include suppression of vascular smooth muscle cell (VSMC) phenotypic transformation, protective
effects upon endothelial cells as well as anti-inflammatory and anti-atherogenic effects [60–64].
© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Table 3 CHIP mutations and associated cardiovascular risk
Cohort

Mutation

Age

Cardiovascular risk

HR

Ref

US population based

Any CHIP mutation

Median 58 years

Incident coronary artery
disease

2.0 (1.2–3.5)

[3]

Ischaemic stroke

2.6 (1.3–4.8)

PROMIS

Any CHIP mutation

<50 years

Early onset myocardial
4.0 (2.4–6.7)
infarction (before the age of
50)

U.K. Biobank

Any CHIP mutation

Mean 61 years

Myocardial infarction,
1.27 (1.04–1.56)
coronary artery
revascularisation, stroke or
death

[6]

Chronic ischaemic HFrEF

TET2 or DNMT3A

Median 69 years

Heart failure hospitalisation 2.1 (1.1–4.0)
or all-cause death

[7]

Severe aortic stenosis
undergoing transcatheter
aortic valve replacement

TET2 or DNMT3A

Median 83 years

Risk of death following
transcatheter aortic valve
replacement

[8]

ATVB

[5]

5.4 (2.3–13.0)

Abbreviations: ATVB, Atherosclerosis, Thrombosis, and Vascular Biology Italian Study Group; HFrEF, heart failure with reduced ejection fraction; HR,
hazard ratio; PROMIS, Pakistan Risk of Myocardial Infarction Study.

CHIP and human atherosclerosis
Nested case–control analyses of prospective cohorts, that together enrolled 4726 participants with coronary artery
disease and 3529 controls, revealed that carriers of CHIP (DNMT3A, TET2 and ASXL1 mutations) have a risk of
coronary artery disease that is substantially greater than controls (Table 3). Indeed, patients with CHIP were twice
as likely to have a history of myocardial infarction or coronary revascularisation than people without CHIP [5].
CHIP-associated DNMT3A mutation was associated with a hazard ratio of 1.7 for coronary artery disease while
TET2 mutation conferred a hazard ratio of 1.9. Those with JakV617F mutation had the highest increased risk of coronary artery disease, which was 12-times greater than people with no mutation. In younger patients, the association
between CHIP and atherosclerotic risk was even stronger than in older individuals [5]. In the same study, people
with CHIP without a prior diagnosis of coronary artery disease were three times more likely to have a computed
tomography (CT) coronary artery calcification (CAC) score of at least 615 Agatston units [5], the empirical cutoff
for the identification of older patients at high risk of coronary events [65]. This coronary artery calcification score
correlated positively with percentage VAF implying a ‘dose effect’ of the accumulation of mutated cells. Patients with
large mutant clone populations (VAF > 10%) without a prior diagnosis of coronary artery disease were 12-times
more likely to have a CAC score over 615 Agatston units [5]. In a large genome-wide association study, the presence
of CHIP-associated Jak2 mutation was associated with increased risk of coronary artery disease despite lower levels
of triglycerides and low-density lipoprotein (LDL) cholesterol [66].
Endothelial dysfunction is the earliest feature in the development of atherosclerosis. Patients with coronary endothelial dysfunction (assessed via vasomotor responses to intra-coronary acetylcholine infusion) have significantly
higher prevalence of CHIP-associated mutations in comparison with people with normal coronary endothelial function (9.2 versus 1.5%, respectively) [67]. Furthermore, somatic mutations in ASXL1, DNMT3A and TET2 are associated with higher levels of IL-6 and IL-8 in this group [67].
The potential association between CHIP, inflammation and CVD was assessed in 35416 people included in the
U.K. Biobank (Table 3) [6]. Participants did not have a history of CVD at inclusion but those with DNMT3A or
TET2 mutation had a 27% higher risk of CVD over 6.9 years of follow-up when compared with those without these
CHIP mutations [6]. This risk was larger in those with larger clones denoted by VAF >10% (hazard ratio 1.59 [95%
CI: 1.21–2.09]) [6]. Furthermore, to examine the potential interaction with inflammation, the effect of carrying a
genetic proxy of IL-6 inhibition (IL6R p.Asp358Ala) and simultaneous CHIP was also assessed [6]. In people with
large CHIP clones (VAF > 10%), the presence of this genetic proxy was associated with a 54% lower risk of CVD
events and was without effect upon CVD event risk in individuals without CHIP [6]. In those aged over 50 years with
a history of prior myocardial infarction and CHIP, each additional IL6R p.Asp358Ala allele attenuated the risk of
CVD events [6]. Not only do these genetic data provide further mechanistic insight concerning interactions between
CHIP, inflammation and CVD, they also give weight to the hypothesis that therapeutic inhibition of IL-6 signalling
may prove to be beneficial in patients with large CHIP clones and CVD.
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TET2 – preclinical vascular models
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The first murine model to implicate the role of CHIP in atherosclerosis aimed to mimic human clonal haematopoiesis
by initially introducing a small number of mutant TET2 cells. This model used a competitive bone marrow transplantation strategy to generate atherosclerotic prone, LDL receptor deficient (Ldlr−/− ) chimeric mice with a small proportion of TET2-deficient HSC (10% TET2−/− bone marrow) [68]. Importantly, when compared with control mice,
there was no difference in body weight, plasma cholesterol levels, glucose and systemic insulin sensitivity. Following
nine weeks of a high fat/high cholesterol diet, TET-2 deficient mice (10% knockout [KO]-BMT) developed aortic root
plaques that were 60% larger than those of control animals. This increased atherogenesis in 10% KO-BMT mice was
paralleled by an increase in total macrophage content in the intima, and these TET2-deficient macrophages exhibited
markedly increased expression of pro-inflammatory cytokines. In particular, the transcription of aortic arch IL-1β in
macrophages was doubled and treatment with the nucleotide-binding domain leucine-rich repeat containing receptor
3 (NLRP3) inflammasome inhibitor, MCC950, reduced the atherosclerotic plaque burden. Furthermore, IL-1β secretion was completely abrogated in macrophages following treatment with MCC950, suggesting that TET2 deficiency
affects NLRP3-mediated IL-1β secretion. Subsequently, these findings have been replicated in other murine models of
TET2 deficiency, confirming the association of TET2 deficiency in accelerated atherosclerosis through induction of a
proinflammatory state [5]. There has been a suggestion from a small cohort of TET2 deficient atherosclerotic-prone
mice (n=30) that the response to IL-1β inhibition may be sex-dependent although this needs further exploration
[69].
VSMC-derived cells in mouse atherosclerotic plaques are generated by clonal expansion of cells within the vessel wall [70–72]. TET2 is highly expressed in human coronary artery SMCs and, in response to arterial injury, TET2
loss-of-function exacerbates intimal hyperplasia after injury [73]. It has previously been demonstrated that rapamycin
induces contractile protein expression in human VSMCs [74]. Rapamycin-induced VSMC differentiation is prevented
by TET2 coronary arterial SMC knockdown, whereas TET2 overexpression induces a contractile phenotype suggesting that TET2 acts a regulator of VSMC phenotypic transformation [73].
The endothelium exerts substantial vasoprotective effects. Abnormalities of autophagy homoeostasis, the natural
process regulating the removal of unnecessary or damaged cellular components, has been implicated in endothelial cell dysfunction and the development of atherosclerosis, microvascular dysfunction and heart failure. TET2 is
an important regulator of autophagy and, following low shear stress, endothelial cell autophagy is reduced via the
down-regulation of TET2 [63]. Furthermore, in the ApoE−/− murine model, autophagy is up-regulated by TET2
overexpression and decreased by TET2 silencing [63].

JakV617F – preclinical vascular models

The JakV617F mutation has also been examined in a mouse model of atherosclerosis. Irradiated Ldlr−/− mice were
transplanted with bone marrow from either wild type or Jak2VF617 mutant mice and subsequently fed a high fat/high
cholesterol diet. Despite lower plasma cholesterol levels, the aortic root atherosclerotic lesion size was 1.6-fold higher
in Jak2VF617F mice in comparison with WT [75]. Furthermore, Jak2VF617F macrophages had greater expression of
pro-inflammatory cytokines and chemokines including, IL-1β, IL-6, IL-18, TNF-α and MCP-1 following challenge
with LPS [75]. Even in the absence of LPS stimulation, Jak2V617F mice had higher plasma levels of IL-18 compared
with WT controls [75]. However, these Jak2V617F mice developed marked erythrocytosis, thrombocytosis and neutrophilia which is more consistent with a myeloproliferative neoplastic phenotype than CHIP and these confounding
effects limit further interpretation. A subsequent experiment examined endothelial function in the common carotid
artery of LDLr−/− mice transplanted with Jak2V617F bone marrow cells following constrictive cuff placement across
the artery [76]. The carotid arteries of these Jak2V617F mice displayed increased endothelial permeability, reduced
endothelial continuity, increased intimal neutrophil extracellular trap accumulation with a subsequent increase in
thrombus formation [76]. Treatment with ruxolitinib, a Jak1/2 inhibitor, reduced endothelial cell apoptosis and improved endothelial continuity in Jak2V617F mice [76].

Heart failure
While heart failure with reduced ejection fraction (HFrEF) is a consequence of impaired left ventricular systolic
function (left ventricular ejection fraction [LVEF] <40%), patients with heart failure and preserved ejection fraction
(HFpEF; LVEF >50%) reflect a less well understood group in whom ageing and inflammation may play a much larger
relative role [77]. Unlike HFrEF, no evidence-based therapies currently exist for the treatment of patients with HFpEF
which is more commonly associated with multi-morbidity, myocardial stiffening and macro- and micro-vascular
endothelial dysfunction [78–81].
© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Human HFrEF and CHIP
The prevalence of CHIP in patients with HF has been assessed in 200 patients with chronic ischaemic HFrEF enrolled
in clinical trials of autologous stem cell therapy. In this relatively young cohort (median age 65 years) with a mean
LVEF of 31%, CHIP was present in 18.5%. [7]. DNMT3A mutations were observed in 30% of patients and 18% of
patients had mutations in TET2. These CHIP mutations were independently associated with heart failure hospitalisation and death (HR 2.1; 95% CI 1.1–4.0) (Table 3) [7]. Notably, the majority of this mortality was attributable to
progressive heart failure with only one death occurring as a result of subsequent MI. There was a significant association between clinical outcome and %VAF, further implying a ‘dose effect’ of CHIP [7]. VAF cut-off values of ≥0.73%
and ≥1.15% for TET2 and DNMT3A mutations, respectively, were predictive of poorer prognosis [82]. Circulating
inflammatory cytokines were not measured in this group but, in a separate very small cohort of six patients with
heart failure, the presence of DNMT3A mutation was associated with higher transcription of IL-1β and IL-6 when
compared with patients with HF and no DNMT3A mutation [83].

HFpEF now accounts for more than 50% of patients with HF, the incidence of which rises substantially with age
[81,84]. The pathophysiology of HFpEF remains incompletely understood although structural and functional abnormalities are becoming better defined. Cardiac biopsies obtained from patients with HFpEF reveal structural alterations including cardiomyocyte hypertrophy [85,86] and interstitial fibrosis [85,87–89], while functional changes include impaired myocardial relaxation [90] and increased myocardial stiffness [85,87,88]. Cardiac biopsies also reveal
higher levels of myocardial inflammatory cells in patients with HFpEF [91]. Post mortem findings from patients with
HFpEF reveal more extensive coronary artery disease, a greater burden of myocardial fibrosis and reduced microvascular density compared with controls without heart failure [92]. Large vessel stiffening is also a feature of vascular
ageing and inflammation may, at least in part, contribute to the pathophysiology of HFpEF [93].
Inflammation appears to be more important in the pathophysiology of HFpEF than HFrEF [80]. Circulating
concentrations of inflammatory biomarkers including IL-1, CRP and growth differentiation factor 15 are high in
HFpEF [94–97] and more so in HFpEF than in HFrEF [98–100]. Network analysis of circulating biomarkers obtained from patients with HFrEF and HFpEF in the BIOlogy Study to TAilored Treatment in Chronic Heart Failure
(BIOSTAT-CHF) cohort revealed important differences between the two heart failure phenotypes. In patients with
HFrEF, pathways related to cellular growth and metabolism were specifically up-regulated [80] while inflammatory
pathways were specifically up-regulated in those with HFpEF [80]. In addition to the inflammatory hypothesis for the
aetiology of HFpEF, micro- and macro-vascular disease involving the cardiac, pulmonary and peripheral circulation
are highly prevalent in patients with HFpEF [101].
Non-cardiac comorbidities are common in HFpEF, particularly obesity, diabetes, chronic kidney disease and hypertension [79] and the systemic inflammatory state induced by these conditions has recently been shown to be
predictive of incident HFpEF but not HFrEF [102]. A novel paradigm to explain the underlying pathogenesis of HFpEF proposes that the systemic inflammatory state induced by these comorbidities induces coronary microvascular
endothelial dysfunction. The production of inflammation-induced reactive oxygen species limits the bioavailability
of nitric oxide with consequent impairment of cardiomyocyte protein kinase G activity, microvascular ischaemia,
fibrosis and left ventricular concentric remodelling [78,98].
Given the associations between HFpEF, vascular dysfunction, inflammation and ageing, we propose that CHIP
may be a particularly potent risk factor for the development, progression and potentiation of HFpEF. This hypothesis
is yet to be tested directly in humans.

Preclinical models – heart failure and CHIP
HSC-specific TET2 mutation is associated with the accelerated development of heart failure in murine models of
heart failure as a result of left ventricular pressure overload induced by transverse aortic constriction (TAC) and as a
consequence of chronic ischaemia induced by ligation of the left anterior descending (LAD) coronary artery [103].
While TAC has been employed as a murine model of HFpEF, after 2–3 weeks TAC results in a reduction in systolic
function and progression to HFrEF [104–106]. Following permanent ligation of the LAD, 10% TET2 KO mice had
significantly reduced ejection fraction (EF) and this was associated with increased transcription of pro-inflammatory
mediators including IL-1β, IL-18, Chemokine (C–X–C motif) ligand 2 (Cxcl2), Chemokine (C–C motif) ligand 2
(Ccl2) and 5 (Ccl5) [103]. Myeloid-specific TET2-deficient mice also had worse cardiac remodelling following LAD
ligation with lower LVEF and increased fibrotic area when compared with control mice. Ten percent TET2 KO mice
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subjected to TAC exhibit marked left ventricular hypertrophy with greater posterior wall thickness and cardiac fibrosis when compared with WT mice. These structural changes were also associated with higher concentrations of
circulating IL-1β when compared with control mice [103]. IL-1β cleavage is mediated by the NLRP3 inflammasome,
a complex intracellular protein which upon activation, cleaves procaspase-1 protein to functional caspase-1. The primary function of caspase-1 is the conversion of the inactive pro-inflammatory cytokines pro-IL-1β and pro-IL-18
into their active, potently pro-inflammatory states. Over time, TET2 KO mice subjected to TAC also developed systolic impairment. Importantly, administration of MCC950, an NLRP3 inflammasome inhibitor, was associated with
significant protection from adverse cardiac remodelling in both models [103].
Bone marrow-specific deletion of TET2 or DNMT3A is associated with cardiac hypertrophy, fibrosis and impaired
LV fractional shortening after infusion of angiotensin II in comparison with WT controls [107]. TET2 deletion promoted the expression of IL-1β and IL-6, whereas DNMT3 deletion significantly increased the expression of IL-6
with a trend towards increased IL-1β [107]. Importantly, DNMT3A has been demonstrated to have both direct and
indirect roles in maintaining overall cardiomyocyte homeostasis and function [108]. Specifically, DNMT3A−/− engineered human induced pluripotent stem cell-derived cardiomyocytes have up-regulation of pathways involved in
cardiac hypertrophy and cardiac proliferation pathways when compared with WT [108]. DNMT3A knock-out also
affected contraction kinetics, cell diameter was greater and intracellular lipid accumulation was greater in comparison
with the WT [108].
Myeloid-specific Jak2V617F mutation in mice is not associated with abnormalities of peripheral blood count, as
would be expected in human CHIP. These animals also do not appear to have abnormalities of cardiac structure or
function in the unstressed state [109]. However, following LAD ligation or TAC these mice have greater myocardial macrophage infiltration and concentrations of IL-6 and IL-1β are greater than WT. It has been proposed that
Jak2V617F activates the IFN-γ receptor 1 Jak2 signalling transduction pathway (IFNGR1-Jak2-STAT1) resulting in the
release of pro-inflammatory cytokines [109]. In the myeloid-specific Jak2V617F model, this mutation was associated
with a more substantial deterioration in cardiac function, larger infarct size and increased cardiac fibrosis following
TAC/LAD ligation [109]. Furthermore, the adoptive transfer of Jak2V617F bone marrow cells into mice exposed to
chronic hypoxia was associated with increased right ventricular systolic pressure and increased muscularisation of
pulmonary vessels when compared with control chronically hypoxic mice [110].
While these models have focused upon the investigation of the effects of an exogenous injury or stressor, a recent investigation has attempted to replicate the effects of CHIP in the otherwise ‘unstressed’ state. By transferring
TET2-mutant bone marrow cells into mice without prior myeloablative irradiation preconditioning, an attempt was
made to replicate the accumulation of somatically abnormal cells over time [111]. In this model, TET2-deficient cardiac macrophages had an overrepresentation of immune response effectors, with specific increases in IL-1β, Ccl17
and IL1-receptor antagonist gene [111]. Concentrations of brain natriuretic peptide (released in response to cardiac
pressure overload) were significantly higher in TET2 mutant mice and these animals had greater posterior wall dimension, left ventricular end systolic volume, heart weight and cardiac fibrosis in comparison to control. While LVEF
declined slightly, all mice had an LVEF of ≥40% providing evidence that CHIP may be important in the development
of HFpEF [111].

Interplay between CHIP, ageing, inﬂammation and HFpEF
As outlined, both CHIP and HFpEF are considered to be diseases of the ageing population and both are associated
with a systemic pro-inflammatory state (Figure 2). The incidence and prevalence of HFpEF increases sharply with
age [112–116], and the mean age of patients with HFpEF in recent cohorts is 72 years [113–115,117–138]. In the
context of findings describing the prevalence of CHIP in all-comers, it is reasonable to expect that CHIP is found in
at least 10–20% of patients with HFpEF. However, this may be a substantial underestimate. CHIP was found in 27%
of patients with chronic ischaemic HFrEF aged between 70 and 79 years [7] and in an elderly population (median
age 83 years) with severe aortic stenosis undergoing transcatheter aortic valve implantation (TAVI), the prevalence of
CHIP was 33% [8]. In this cohort of patients with severe aortic stenosis, the presence of TET2 or DNMT3A was also
associated with an elevated pro-inflammatory subset of circulating leucocytes and conferred a profound increased in
mortality even after successful correction of the aortic valve stenosis (HR 3.1 [95% CI: 1.17–8.08]) [8].
In tandem with ageing, the prevalence of comorbidity increases in patients with chronic heart failure [139]. Indeed,
nearly half of patients with HFpEF have five or more comorbidities [140]. Many of these comorbidities are associated with a pro-inflammatory state and, furthermore, circulating markers of inflammation are predictive of incident
HFpEF [102]. Diabetes occurs in approximately 40% of male patients with HFpEF and 30% of female patients with
HFpEF [140]. Diabetes is associated with a two-fold increased risk of developing CHIP and individuals with both
© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Figure 3. CHIP and future research

diabetes and CHIP have a higher burden of cardiovascular comorbidities than those with diabetes alone [6,141]. It
is unclear to what extent these pro-inflammatory comorbidities, considered to be central to the concept of inflammageing, are the cause or effect of CHIP, but it is likely that a positive feedback loop is established between them
[35].
Younger patients with HFpEF are more likely to be male and have a history of obesity and diabetes [142–144], both
of which are strongly associated with chronic low-grade inflammation [142–144]. The presence of CHIP may be of
even greater relevance in these younger patients as an indicator of increased epigenetic age. Indeed, the presence of
any CHIP mutation confers a 4-year increase in epigenetic age, while CHIP-related TET2 mutation confers a 6-year
increase [145]. Deviations from chronological age towards an increased epigenetic age are associated with increased
risk of earlier mortality and age related morbidities [146,147].
In 5214 postmenopausal women included in the Womens Health Initiative dataset, the presence of any of the top
three CHIP-associated mutations (TET2, DNMT3A and ASXL1) was associated with incident HFpEF but not HFrEF
[148]. Women with premature menopause have increased risk of heart failure, stroke, coronary and peripheral arterial
disease [149]. Furthermore, systemic markers of inflammation, including CRP, are higher in post-menopausal women
than they are in those who are pre-menopausal [150,151]. It is of note that, in women included in the U.K. Biobank and
Womens Health Initiative, the prevalence of CHIP was 60% higher in women with premature menopause compared
with those without and the presence of CHIP was independently associated with incident coronary artery disease
[152]. Whether or not the presence of CHIP and early-onset menopause increases the risk of developing HFpEF is
unknown.
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Historical trials of anti-inflammatory therapy for the treatment of CVD have mainly been disappointing. However,
Canakinumab Anti-Inflammatory Thrombosis Outcome Study (CANTOS) has reinvigorated this area and highlights
CHIP as a potential biomarker to inform personalised therapy. CANTOS examined the effects of canakinumab, a
monoclonal antibody directed against IL-1β, in patients with a history of prior myocardial infarction and elevated
CRP. Canakinumab reduced CRP and the incidence of atherosclerotic cardiovascular events was decreased by 15%
versus control [153]. Notably, canakinumab also reduced heart failure hospitalisation and heart failure-related mortality by 23% in patients who achieved a CRP level of <2 mg/l [154]. Given the association of CHIP with inflammation
and, in particular, the secretion of IL-1β (the immediate upstream precursor to IL-6), CHIP has been proposed as a
potential biomarker for personalised therapy with canakinumab and potentially other anti-inflammatory therapies.
Indeed, in an exploratory analysis of CANTOS, canakinumab reduced the relative risk of major adverse cardiovascular events by 64% in those with TET2 mutations and by 15% in the treatment overall [155]. Whether or not this
impressive effect will also be seen in patients with HF is unknown.
Inzomelid, a novel small-molecule inhibitor of the NLRP3 inflammasome, is currently under clinical investigation for its safety and tolerability in humans (NCT04015076). Whether any potential effect is amplified in patients
with CHIP may be a logical future step in its assessment. Recent intriguing data reveal that the sodium-glucose
co-transporter 2 (SGLT-2) inhibitor, dapagliflozin, reduces IL-1β via up-regulation of serum β-hydroxybutyrate
[156]. Again, the potential benefits of personalisation of SGLT2 inhibitor therapy on the basis of CHIP status is an
intriguing but untested hypothesis.

Conclusion
While early attention has been paid to the potential role of CHIP in progression to haematological malignancy, it
has rapidly become clear that its association with CVD is much stronger. The mechanistic basis to its role in the
pathogenesis of atherosclerosis and vascular dysfunction is becoming clearer and further highlights the central role of
inflammation in these processes. Preliminary clinical data have highlighted the prevalence of CHIP and its association
with poorer outcome in patients with chronic ischaemic HFrEF, while animal models have provided further insight.
Given the important intersections among ageing, inflammation and vascular disease in the pathogenesis of HFpEF
we believe that CHIP reflects a ripe target for further assessment in this growing group of patients who currently
lack evidence-based therapy. Whether CHIP status will allow personalisation of therapy for these patients and others
remains an open avenue for future work, with the optimistic aim of harnessing the potential of anti-inflammatory
treatments for heart failure (Figure 3).
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123 van Veldhuisen, D.J., Cohen-Solal, A., Böhm, M., Anker, S.D., Babalis, D., Roughton, M. et al. (2009) Beta-blockade with nebivolol in elderly heart
failure patients with impaired and preserved left ventricular ejection fraction. Data From SENIORS (Study of Effects of Nebivolol Intervention on
Outcomes and Rehospitalization in Seniors With Heart Failure). J. Am. Coll. Cardiol. 53, 2150–2158, https://doi.org/10.1016/j.jacc.2009.02.046
124 Massie, B.M., Carson, P.E., McMurray, J.J., Komajda, M., McKelvie, R., Zile, M.R. et al. (2008) Irbesartan in patients with heart failure and preserved
ejection fraction. N. Engl. J. Med. 359, 2456–2467, https://doi.org/10.1056/NEJMoa0805450
125 Yip, G.W.K., Wang, M., Wang, T., Chan, S., Fung, J.W.H., Yeung, L. et al. (2008) The Hong Kong diastolic heart failure study: a randomised controlled
trial of diuretics, irbesartan and ramipril on quality of life, exercise capacity, left ventricular global and regional function in heart failure with a normal
ejection fraction. Heart 94, 573–580, https://doi.org/10.1136/hrt.2007.117978
126 Cleland, J.G.F., Tendera, M., Adamus, J., Freemantle, N., Polonski, L. and Taylor, J. (2006) The perindopril in elderly people with chronic heart failure
(PEP-CHF) study. Eur. Heart J. 27, 2338–2345, https://doi.org/10.1093/eurheartj/ehl250
127 Ahmed, A., Rich, M.W., Fleg, J.L., Zile, M.R., Young, J.B., Kitzman, D.W. et al. (2006) Effects of digoxin on morbidity and mortality in diastolic heart
failure: The Ancillary Digitalis Investigation Group Trial. Circulation 114, 397–403,
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3624763/pdf/nihms412728.pdf, https://doi.org/10.1161/CIRCULATIONAHA.106.628347
128 Bergström, A., Andersson, B., Edner, M., Nylander, E., Persson, H. and Dahlström, U. (2004) Effect of carvedilol on diastolic function in patients with
diastolic heart failure and preserved systolic function. Results of the Swedish Doppler-echocardiographic study (SWEDIC). Eur. J. Heart Fail. 6,
453–461, https://doi.org/10.1016/j.ejheart.2004.02.003
129 Yusuf, S., Pfeffer, M.A., Swedberg, K., Granger, C.B., Held, P., McMurray, J.J.V. et al. (2003) Effects of candesartan in patients with chronic heart failure
and preserved left-ventricular ejection fraction: The CHARM-preserved trial. Lancet 362, 777–781, https://doi.org/10.1016/S0140-6736(03)14285-7
130 Shah, S.J., Heitner, K.F., Sweitzer, N.K., Anand, I.S., Kim, Y.H., Harty, B. et al. (2013) Baseline characteristics of patients in the Treatment of Preserved
Cardiac Function Heart Failure with an Aldosterone Antagonist (TOPCAT) Trial. Circ. Heart Fail. 6, 184–192,
https://doi.org/10.1161/CIRCHEARTFAILURE.112.972794
131 Solomon, S.D., Rizkala, A.R., Lefkowitz, M.P., Shi, V.C., Gong, J., Anavekar, N. et al. (2018) Baseline characteristics of patients with heart failure and
preserved ejection fraction in the PARAGON-HF trial. Circ. Heart Fail. 11, 1–10, https://doi.org/10.1161/CIRCHEARTFAILURE.118.004962
132 Gerber, Y., Weston, S.A., Redﬁeld, M.M., Chamberlain, A.M., Manemann, S.M., Jiang, R. et al. (2015) A contemporary appraisal of the heart failure
epidemic in Olmsted County, Minnesota, 2000 to 2010. JAMA Intern. Med. 175, 996–1004, https://doi.org/10.1001/jamainternmed.2015.0924
133 Lee, D.S., Gona, P., Vasan, R.S., Larson, M.G., Benjamin, E.J., Wang, T.J. et al. (2009) Relation of disease pathogenesis and risk factors to heart failure
with preserved or reduced ejection fraction: insights from the framingham heart study of the national heart, lung, and blood institute. Circulation 119,
3070–3077, https://doi.org/10.1161/CIRCULATIONAHA.108.815944

Clinical Science (2021) 135 991–1007
https://doi.org/10.1042/CS20200306

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY).

Downloaded from http://portlandpress.com/clinsci/article-pdf/135/7/991/908289/cs-2020-0306c.pdf by guest on 02 December 2022

134 Bhatia, R.S., Tu, J.V., Lee, D.S., Austin, P.C., Fang, J., Haouzi, A. et al. (2006) Outcome of heart failure with preserved ejection fraction in a
population-based study. N. Engl. J. Med. 355, 260–269, https://doi.org/10.1056/NEJMoa051530
135 Philbin, E.F., Rocco, T.A., Lindenmuth, N.W., Ulrich, K. and Jenkins, P.L. (2000) Systolic versus diastolic heart failure in community practice: Clinical
features, outcomes, and the use of angiotensin-converting enzyme inhibitors. Am. J. Med. 109, 605–613,
https://doi.org/10.1016/S0002-9343(00)00601-X
136 Brouwers, F.P., De Boer, R.A., Van Der Harst, P., Voors, A.A., Gansevoort, R.T., Bakker, S.J. et al. (2013) Incidence and epidemiology of new onset heart
failure with preserved vs. reduced ejection fraction in a community-based cohort: 11-year follow-up of PREVEND. Eur. Heart J. 34, 1424–1431,
https://doi.org/10.1093/eurheartj/eht066
137 Gurwitz, J.H., Madid, D.J., Smith, D.H., Goldberg, R.J., McManus, D.D., Allen, L.A. et al. (2014) Contemporary prevalence and correlates of incident
heart failure with preserved ejection fraction. Clin. Med. 14, s22–s28, https://doi.org/10.7861/clinmedicine.14-6-s22
138 Gustafsson, F., Torp-Pedersen, C., Brendorp, B., Seibæk, M., Burchardt, H. and Køber, L. (2003) Long-term survival in patients hospitalized with
congestive heart failure: relation to preserved and reduced left ventricular systolic function. Eur. Heart J. 24, 863–870,
https://doi.org/10.1016/S0195-668X(02)00845-X
139 Triposkiadis, F., Giamouzis, G., Parissis, J., Starling, R.C., Boudoulas, H., Skoularigis, J. et al. (2016) Reframing the association and signiﬁcance of
co-morbidities in heart failure. Eur. J. Heart Fail. 18, 744–758, https://doi.org/10.1002/ejhf.600
140 Chamberlain, A.M., Sauver, J.L.S., Gerber, Y., Manemann, S.M., Boyd, C.M., Dunlay, S.M. et al. (2015) Multimorbidity in heart failure: a community
perspective. Am. J. Med. 128, 38–45, https://doi.org/10.1016/j.amjmed.2014.08.024
141 Bonnefond, A., Skrobek, B., Lobbens, S., Eury, E., Thuillier, D., Cauchi, S. et al. (2013) Association between large detectable clonal mosaicism and
type 2 diabetes with vascular complications. Nat. Genet. 45, 1040–1043, https://doi.org/10.1038/ng.2700
142 Tromp, J., MacDonald, M.R., Ting Tay, W., Teng, T.H.K., Hung, C.L., Narasimhan, C. et al. (2018) Heart failure with preserved ejection fraction in the
young. Circulation 138, 2763–2773, https://doi.org/10.1161/CIRCULATIONAHA.118.034720
143 Matsushita, K., Harada, K., Miyazaki, T., Miyamoto, T., Kohsaka, S., Iida, K. et al. (2019) Younger- vs older-old patients with heart failure with
preserved ejection fraction. J. Am. Geriatr. Soc. 67, 2123–2128, https://doi.org/10.1111/jgs.16050
144 Zacharias, M., Joffe, S., Konadu, E., Meyer, T., Kiernan, M., Lessard, D. et al. (2016) Clinical epidemiology of heart failure with preserved ejection
fraction (HFpEF) in comparatively young hospitalized patients. Int. J. Cardiol. 202, 918–921, https://doi.org/10.1016/j.ijcard.2015.09.114
145 Robertson, N., Deary, I., Kirschner, K., Marioni, R.E. and Chandra, T. (2019) Age-related clonal haemopoiesis is associated with increased epigenetic
age. Curr. Biol. 29, 86–87, https://doi.org/10.1016/j.cub.2019.07.011
146 Marioni, R.E., Shah, S., McRae, A.F., Ritchie, S.J., Muniz-Terrera, G., Harris, S.E. et al. (2015) The epigenetic clock is correlated with physical and
cognitive ﬁtness in the Lothian Birth Cohort 1936. Int. J. Epidemiol. 44, 1388–1396, https://doi.org/10.1093/ije/dyu277
147 Chen, B.H., Marioni, R.E., Colicino, E., Peters, M.J., Ward-Caviness, C.K., Tsai, P.C. et al. (2016) DNA methylation-based measures of biological age:
meta-analysis predicting time to death. Aging (Albany N.Y.) 8, 1844–1865, https://doi.org/10.18632/aging.101020
148 Eaton, C., Rafﬁeld, L.M., Bick, A., Roberts, M., Manson, J.E. and Reiner, A. (2020) Abstract 11: Prospective association of Tet2 mediated clonal
hematoopoiesis and heart failure and its subtypes in postmenopausal women. Circulation 141, https://doi.org/10.1161/circ.141.suppl˙1.11
149 Honigberg, M.C., Zekavat, S.M., Aragam, K., Finneran, P., Klarin, D., Bhatt, D.L. et al. (2019) Association of premature natural and surgical menopause
with incident cardiovascular disease. JAMA 322, 2411–2421, https://doi.org/10.1001/jama.2019.19191
150 Lee, C.G., Carr, M.C., Murdoch, S.J., Mitchell, E., Woods, N.F., Wener, M.H. et al. (2009) Adipokines, inﬂammation, and visceral adiposity across the
menopausal transition: a prospective study. J. Clin. Endocrinol. Metab. 94, 1104–1110, https://doi.org/10.1210/jc.2008-0701
151 Neilson, H.K., Conroy, S.M. and Friedenreich, C.M. (2014) The inﬂuence of energetic factors on biomarkers of postmenopausal breast cancer risk.
Curr. Nutr. Rep. 3, 22–34, https://doi.org/10.1007/s13668-013-0069-8
152 Honigberg, M. (2021) Premature Menopause, Clonal Hematopoiesis, and Coronary Artery disease in Post Menopausal Women. Circ 143, 410-423,
10.1161/CIRCULATIONAHA.120.051775.
153 Ridker, P.M., Everett, B.M., Thuren, T., MacFadyen, J.G., Chang, W.H., Ballantyne, C. et al. (2017) Antiinﬂammatory therapy with canakinumab for
atherosclerotic disease. N. Engl. J. Med. 377, 1119–1131, https://doi.org/10.1056/NEJMoa1707914
154 Everett, B.M., Cornel, J.H., Lainscak, M., Anker, S.D., Abbate, A., Thuren, T. et al. (2019) Anti-inﬂammatory therapy with canakinumab for the
prevention of hospitalization for heart failure. Circulation 139, 1289–1299, https://doi.org/10.1161/CIRCULATIONAHA.118.038010
155 Svensson, E., Madar, A., Campbell, C., He, Y., Sultan, M., Healey, M. et al. (2019) TET2-driven clonal hematopoiesis predicts enhanced response to
canakinumab in the CANTOS Trial: an exploratory analysis. Circ. Genet Genomics 138, Abstract 15111
156 Lee, Y.-H., Kim, S.R., Bae, J., Lee, B.-W., Kang, E.S., Ah, C.W. et al. (2018) SGLT2 inhibitors suppress NLRP3 inﬂammasome activity via changes in
ketones and insulin in type 2 diabetes and cardiovascular diseases. Diabetes 67, Supplement 1, https://doi.org/10.2337/db18-164-OR
157 Hsu, J.I., Dayaram, T., Tovy, A., De Braekeleer, E., Jeong, M., Wang, F. et al. (2018) PPM1D mutations drive clonal hematopoiesis in response to
cytotoxic chemotherapy. Cell Stem Cell 23, 700.e6–713.e6, https://doi.org/10.1016/j.stem.2018.10.004

1007

