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Abstract

Clonal hematopoiesis of indeterminate potential (CHIP) is defined by the expansion of
hematopoietic stem cells harboring leukemogenic mutations in the absence of overt ma-
lignancy. Strongly associated with advancing age, CHIP is detected by next-generation
sequencing of peripheral blood in more than 20% of individuals over 80, most commonly
through mutations in DNMT3A, TET2, ASXL1, and PPM1D. While CHIP confers over
a four-fold increased risk of hematologic malignancy, it has recently emerged as a key
determinant of cardiometabolic health. Epidemiological data indicated a 40% higher cardio-
vascular disease (CVD) risk events and a 34% increase in all-cause mortality among CHIP
carriers, with specific mutations and larger clone sizes conferring greater cardiovascular
burden. Preclinical studies have shown that macrophages deficient in TET2 or DNMT3A
drive interleukin (IL)-1f /IL-6 inflammasome activation, thereby promoting atherosclerosis
and metabolic dysfunction, whereas the JAK2V617F mutation accelerates thrombosis. CHIP
integrates into a broader network of dysregulation encompassing adiposity and inflammag-
ing, which underlies its association with diverse comorbidities, including type 2 diabetes
(T2D), chronic kidney disease (CKD), and chronic obstructive pulmonary disease (COPD).
Multi-omics approaches have identified epigenetic and proteomic signatures correlated
with CHIP expansion, providing potential biomarkers for risk stratification. Despite grow-
ing evidence of its systemic impact, CHIP screening remains limited to research settings.
Emerging therapeutic strategies, including inflammasome inhibition, STING modulation,
and epigenetic restoration, highlight its potential as a modifiable risk factor. This narra-
tive review synthesizes current epidemiological, mechanistic, and translational insights,
framing CHIP as an emerging causal factor in cardiometabolic disease and as a promising
target for precision medicine in aging populations.
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1. Introduction

Hematopoiesis is the process by which blood cells such as red blood cells (RBC), white
blood cells (WBC), and platelets are produced from hematopoietic stem cells (HSCs) in the
bone marrow [1]. HSCs can self-renew or differentiate into multipotent progenitors (MPPs),
which further specialize into myeloid and lymphoid lineages [2]. Myeloid progenitors
(CMPs) give rise to cells including granulocytes, monocytes, megakaryocytes, and erythro-
cytes, while lymphoid progenitors produce T and B lymphocytes, natural killer (NK) cells,
and dendritic cells (DCs) [3]. Throughout this differentiation, somatic mutations inevitably
occur, including base substitutions, small insertions or deletions, and larger structural
changes, all of which tend to accumulate with age. With advancing age, numerous somatic
mutations accumulate in HSCs, some of which can confer a growth advantage leading to
clonal expansion, a phenomenon known as clonal hematopoiesis (CH) [4,5].

Clonal hematopoiesis of indeterminate potential (CHIP) is defined by the expansion
of a hematopoietic stem cell carrying a leukemogenic mutation in individuals without
evidence of hematologic malignancy, dysplasia, or cytopenia [6,7]. CHIP is detected in
about 5-10% of adults aged 6069 years and in >20% of those aged >80 years [8-10].
Many CHIP carriers remain asymptomatic, similar to those with monoclonal gammopathy
of undetermined significance (MGUS) [11]. However, individuals with CHIP face up
to a 13-fold higher risk of developing hematologic malignancies, with acute myeloid
leukemia (AML) being the most prominent. Furthermore, CHIP is correlated with a
1.4-fold increase in all-cause mortality, despite the relatively modest annual progression
rate to overt blood cancer of only 0.5-1% [12-15]. Evidence also links CHIP to a higher
risk of therapy-related myeloid neoplasms (MN), particularly following chemotherapy
or radiation exposure, with tumor protein p53 (TP53) mutations playing a central role
in predisposing to therapy-related leukemia and myelodysplastic syndromes (MDS). In
hematopoietic stem cell transplant recipients, CHIP is further linked to adverse clinical
outcomes and increased mortality [16-18].

Approximately 80% of CHIP cases are driven by recurrent somatic mutations across
distinct functional gene categories. The most frequently mutated genes are those involved
in epigenetic regulation, including DNA (cytosine-5)-methyltransferase 3 alpha (DNMT3A),
ten-eleven translocation 2 (TET?2), and additional sex combs-like 1 (ASXL1). Mutations are also
common in DNA damage response genes, such as protein phosphatase, Mg>* / Mn**-dependent
1D (PPM1D) and TP53. Other affected categories include signaling regulators, exemplified
by Janus kinase 2 (JAK2), and mRNA spliceosome components, such as splicing factor 3B
subunit 1 (SF3B1) and serine/arginine-rich splicing factor 2 (SRSF2) [19]. Traditionally, CHIP
has been defined by the presence of a driver mutation with a variant allele frequency
(VAF) of at least 2%, a threshold typically confirmed using deep sequencing. Nevertheless,
advances in high-throughput sequencing technologies now enable the reliable detection of
clones at much lower VAFs. The clinical significance of these very small clones remains
uncertain, as their contribution to disease risk is influenced by biological heterogeneity,
mutation context, and clone-specific effect size, e.g., whether mutations disrupt DNA
methylation programs (DNMT3A, TET2), alter chromatin regulation (ASXLI), impair
DNA damage responses (I'P53, PPM1D) or affect mRNA splicing (SF3B1, SRSF2) [20].
Figure 1 presents key definitions, providing a visual reference for the terminology discussed
throughout the text.
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Key Definitions

o Clonal Hematopoiesis (CH): Presence of acquired (somatic) genetic alterations in blood-forming
cells that confer clonal expansion (covering gene mutations and/or mosaic chromosomal
alterations) without, by itself, establishing cytopenias or a hematologic malignancy.

e Myeloid CH (or clonal myelopoiesis or CH of myeloid origin): Subset of CH affecting myeloid
lineages (erythrocytes, most leukocytes, and thrombocytes), defined by myeloid-type driver
mutations typical of myeloid neoplasms (e.g. DNMT3A, TET2, ASXL1, JAK2, TP53, SRSF2, SF3B1,
U2AFT), used to distinguish from non-myeloid clones or purely lymphoid alterations.

o Clonal Hematopoiesis of Indeterminate Potential (CHIP): Detection of =1 myeloid driver somatic
mutation in blood at VAF =22%, in individuals without persistent, otherwise unexplained
cytopenias, and without diagnostic criteria for a hematologic neoplasm. It is associated with a
modest but real risk of hematologic progression, and increased cardiometabolic risk.

o Clonal Cytopenia of Undetermined Significance (CCUS): Persistent, otherwise unexplained
cytopenia(s) plus =1 myeloid driver mutation, but no morphologic/cytogenetic criteria for
Myelodysplastic Syndrome (MDS) or another myeloid neoplasm. It carries a substantially higher
risk of progression than CHIP, and warrants closed hematologic follow-up.

Figure 1. Key definitions of clonal hematopoiesis and related entities. The traditional diagnostic
cut-off for CHIP is a VAF > 2%, although emerging evidence indicates that smaller clones may
also confer clinical relevance. Abbreviations: ASXL1: additional sex combs like 1; DNMT3A: DNA
(cytosine-5)-methyltransferase 3 alpha; JAK2: janus kinase 2; SF3B1: splicing factor 3b subunit 1;
SRSF2: serine/arginine-rich splicing factor 2; TET2: tet methylcytosine dioxygenase 2; TP53: tumor
protein p53; U2AF1: U2 small nuclear RNA auxiliary factor 1; VAF: variant allele frequency. Created
in BioRender. Kounatidis, D. (2025) https://BioRender.com/tou4j28 (accessed on 30 September 2025).

In addition to its well-established role in hematologic malignancies, a growing body
of evidence implicates CHIP in diverse CVD phenotypes, including coronary artery disease
(CAD), heart failure (HF), and ischemic stroke [13]. This link is influenced both by the
age-associated expansion of mutant HSC clones and by their capacity to drive systemic pro-
inflammatory signaling. Mechanistically, mutant clones drive increased production of pro-
inflammatory cytokines such as interleukin (IL)-1f3, IL-6, and tumor necrosis factor-« (TNF-
), with activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome
serving as a central pathway [11]. In an exploratory analysis of the Canakinumab Anti-
inflammatory Thrombosis Outcomes Study (CANTOS), IL-1f3 inhibition with canakinumab
reduced recurrent cardiovascular events, even in individuals without CHIP, supporting
the hypothesis that IL-1f3 signaling is a key mediator of atherothrombosis and likely
contributes to CHIP-associated CVD risk [21,22]. Lifestyle interventions, such as adherence
to a healthy diet, may further mitigate CVD risk in CHIP carriers by diminishing systemic
inflammation [23].

Experimental and epidemiological studies indicate that the cardiovascular impact
of CHIP is mutation-specific, with TET2 and JAK2 mutations showing the most potent
associations with adverse outcomes [24]. Consistent with its role in hematologic malignan-
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cies, VAFs above 2% are generally regarded as clinically meaningful, since larger clones
are associated with stronger inflammatory responses, and higher risk of adverse cardiac
events. Nevertheless, emerging data suggest that even smaller clones may confer mea-
surable risk [25,26]. Longitudinal analyses further demonstrated that high-VAF clones
frequently expand over time, sometimes by more than 50%, a dynamic that correlates with
increased incidence of CVD events and progressive disease burden. Lastly, CHIP has been
associated with accelerated epigenetic aging, with affected individuals exhibiting biological
age markers that exceed their chronological age. This observation suggests that CHIP
contributes not only to specific disease phenotypes but also to a broader age-related decline,
with implications for morbidity and mortality across multiple organ systems [27].

Beyond cardiovascular outcomes, CHIP has been associated with metabolic disorders,
including type 2 diabetes (T2D) and metabolic dysfunction-associated steatohepatitis
(MASH), conditions in which chronic low-grade inflammation, insulin resistance (IR), and
obesity exhibit key roles. Mechanistically, CHIP-related mutations skew HSC differentiation
toward myeloid lineages and promote macrophage activation, thereby amplifying adipose
tissue and hepatic inflammation and contributing to metabolic dysfunction [28,29]. Chronic
low-grade inflammation, IR, and obesity are central to this process, and obesity itself
exacerbates CHIP expansion and its inflammatory consequences [30]. CHIP has also been
linked to chronic inflammatory diseases, such as chronic obstructive pulmonary disease
(COPD), as well as infections with significant CVD burden, like coronavirus disease 2019
(COVID-19) and human immunodeficiency virus (HIV), where altered innate and adaptive
immune responses may further reinforce systemic cytokine dysregulation [31].

While numerous reviews have addressed the role of CHIP in CVD, relatively few have
examined its broader systemic impact across metabolic, inflammatory, and age-related
conditions. Of note, the reciprocal relationship between CHIP and obesity, where inflam-
mation promotes clonal expansion and, in turn, CHIP exacerbates metabolic dysfunction,
remains underrecognized. This review seeks to elucidate the mechanistic links between
CHIP and cardiometabolic disease, with an emphasis on inflammatory pathways. Fur-
thermore, it aims to pinpoint therapeutic opportunities for mitigating CHIP-associated
cardiovascular and cardiometabolic risks. Recognizing CHIP as a causal, systemic driver of
cardiometabolic disease may transform risk prediction, biomarker discovery, and precision
therapies in aging medicine. Given growing evidence of a bidirectional interplay between
adiposity, inflammation, and clonal expansion, the relationship between CHIP and obesity
represents a particularly novel and underexplored dimension of cardiometabolic risk.

2. Literature Search

For this narrative review, a comprehensive literature search was performed using the
PubMed database, which was selected because it provides broad coverage of hematologic,
cardiologic, and metabolic subjects as well as indexed clinical trials. The search strategy
included the keywords “clonal hematopoiesis of indeterminate potential (CHIP)” and “car-
diometabolic disorders,” limited to publications from the past 25 years, yielding 689 articles
published between 2000 and December 2025. We restricted our search to peer-reviewed
articles published in English.

We primarily included human observational (cohort, case-control, registry and
Biobank-based) and interventional studies, as well as key meta-analyses and system-
atic reviews. Experimental work in animal models and in vitro systems was included
when it provided mechanistic insight into CHIP-associated inflammation, atherosclero-
sis, metabolic dysfunction or organ-specific injury. Conference abstracts were considered
only when they reported CHIP-cardiometabolic associations not yet available in full-text
form. We excluded non-peer-reviewed material and articles not directly addressing CHIP
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or mutation-driven clonal hematopoiesis in the context of cardiovascular, metabolic, or
inflammatory outcomes. The reference lists of selected studies were carefully examined to
identify additional relevant publications, thereby complementing the PubMed search and
improving completeness. Given the extensive volume of retrieved literature, not all perti-
nent studies could be discussed in detail within the scope of this review, while emphasis
was placed on representative, recent and methodologically robust work.

Because this review was narrative rather than systematic, study selection was based on
relevance and scientific contribution rather than exhaustive retrieval. This approach may
introduce selection bias, although it enables integration of mechanistic, translational and epi-
demiologic evidence that may not conform to standardized systematic review frameworks.

3. CHIP: From Blood Cancer Risk to Cardiometabolic Disease

Although CHIP was initially identified as a precursor state for MN, accumulating
evidence shows that its clinical impact extends well beyond hematologic malignancy. While
progression risk varies by mutation type, clone size and mutational burden, the broader
significance of CHIP lies in its systemic inflammatory footprint, which contributes to
cardiometabolic disease, metabolic dysfunction and age-related multimorbidity [14,20].

The risk of malignant progression is heterogeneous. The clonal hematopoiesis risk
score (CHRS) stratifies individuals into 10-year MN risk groups ranging from ~0.7% to
>50%, depending on mutation category, mutation burden, and VAF, with validation across
large biobanks [32]. Isolated DNMT3A mutations generally confer lower malignant poten-
tial, whereas prospective CCUS studies have shown that mutation number is the strongest
predictor of progression [33].

Therapy-related MN (t-MN) frequently arise from pre-existing CH clones, particularly
TP53, detectable years before transformation, reframing t-MN as clonal selection rather
than direct mutagenesis [34]. In hematopoietic stem cell transplantation, both residual
recipient CH and donor-derived CH affect outcomes after autologous and allogeneic HSCT,
supporting routine CH evaluation [35]. Clinically, hematology referral is recommended
when CHIP coexists with cytopenias, rising VAF, >2 mutations, high-risk genotypes, or
prior cytotoxic exposure, with follow-up using serial CBCs and periodic NGS. These
recommendations are consistent with emerging expert consensus statements and multi-
center position papers that advocate risk-adapted monitoring in individuals with CCUS,
high-VAF clones, or TP53/spliceosomal mutations, even though formal international
guidelines are not yet established [33].

CHIP is also seen in non-malignant hematologic disorders such as acquired aplastic
anemia, where ~50% of patients harbor CH-related mutations. Among these, BCOR/BCORL1
variants tend to remain stable and predict favorable responses to immunosuppressive therapy,
whereas mutations in DNMT3A and ASXL1 are associated with clonal expansion, progression
to MDS/AML, and reduced survival [36].

These immune-related patterns are clinically relevant because aplastic anemia illus-
trates how CHIP-associated mutations reshape hematopoiesis and immune surveillance,
themes that recur in the systemic effects of CHIP across cardiometabolic disorders through
chronic inflammation and altered immune function [37].

In recent years, the relevance of CHIP to human health has extended beyond ma-
lignancy to include CVD and associated metabolic comorbidities. Findings suggest that
metabolic dysfunction may modulate clonal behavior, as hyperglycemia, oxidative stress
and chronic low-grade inflammation may increase DNA damage and hematopoietic stress,
thereby promoting selective expansion of mutant HSC clones. This mechanism provides a
biological rationale for the observed epidemiologic overlap between CHIP, diabetes and
cardiometabolic disease [38].
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Further important insights into the relationship between CHIP and various as-
pects of human health come from a recent meta-analysis of 88 studies involving nearly
500,000 individuals [39]. This analysis showed that CHIP carriers had a markedly increased
risk of hematologic cancers (HR 4.28; 95% CI, 2.29-7.98). Notably, the investigation high-
lighted CHIP as a risk factor for CVD, revealing associations with composite cardiovascular
events (HR 1.40; 95% CI, 1.19-1.65), CAD (HR 1.76; 95% CI, 1.27-2.44), stroke (HR 1.16;
95% CI, 1.05-1.28), and HF (HR 1.27; 95% CI, 1.15-1.41). Although CHIP was linked to
increased all-cause mortality (HR 1.34; 95% CI, 1.19-1.50), no significant association was
observed with cardiovascular mortality (HR 1.09; 95% CI, 0.97-1.22), while larger clone size
was associated with higher risk (HR 1.31; 95% CI, 1.12-1.54). Importantly, isolated DNMT3A
mutations did not significantly affect the risk of myeloid malignancies or all-cause mortal-
ity. Heterogeneity across studies appeared to stem from differences in CHIP definitions,
detection methods, and population characteristics. Overall, these findings indicate that
CHIP is linked to a spectrum of clinical outcomes, with clone size, gene-specific mutations,
and patient-level factors shaping disease risk [39]. Within this context, the relationship
between CHIP and cardiometabolic disease emerges as particularly relevant and will be
explored in the following sections. A concise overview of key in vivo, in vitro and human
studies relevant to CHIP and its association with cardiometabolic disease, together with
commonly used diagnostic approaches, is summarized in Table 1.

Table 1. Some important in vitro, animal and human studies on CHIP and its association with
cardiometabolic disease.

Level/Method Model or Technique Main Findings Relevance References
Demonstrates causal
TET?-deficient Accelerated atherosclerosis; inflammatory mechanisms
In vivo (mouse) s IL-1p /1L-6 via NLRP3; linking CHIP with [40,41]
hematopoietic cell models &
worsened IR atherosclerosis and metabolic
dysfunction (IR and T2D)
TET2 or DNMT3A-deficient .
. . . Demonstrates causal link
Murine bone marrow HSPCs increase cardiac .
. . . . between CHIP mutations and
In vivo (mouse) transplantation hypertrophy, renal fibrosis and cardiac dvsfunction: [42]
(TET2/DNMT3A) inflammation after angiotensin II - A4y 4
infusion challenge. gene-specific effects noted.
Loss of DNM.T3A enhances Shows that loss of either gene
macrophage inflammatory . .
RV activates a shared innate
activity in vitro and generates immune pathwav, offering a
. DNMT3A loss-of-function in vivo a macrophage e p Yo 5
In vivo (mouse) . . : . mechanistic explanation for the [43]
models population with resident-like .
. elevated atherosclerotic risk seen
features and a pro-inflammatory . -
. . . in carriers of these common
cytokine signature, resembling CHIP mutations
the effects of TET2 deficiency. ’
JAK2V617F Increased NET formation; Explains thrombotic
In vivo (mouse) mveloid expression arterial and venous thrombosis; complications of JAK2-mutant [44]
Y P endothelial injury CHIP
More severe liver inflammation - . .
. . . CHIP is linked to increased liver
- and fibrosis, mediated by NLRP3 . .
TET2-deficient . e inflammation and accelerated
. L . inflammasome activation and . . .
In vivo (mouse) hematopoietic cells in non- chronic liver disease progression [29]

alcoholic steatohepatitis

increased inflammatory cytokine
expression in Tet2-deficient
macrophages.

through dysregulated
inflammatory signaling.

https://doi.org/10.3390/ijms27010233


https://doi.org/10.3390/ijms27010233

Int. J. Mol. Sci. 2026, 27, 233 7 of 42
Table 1. Cont.
Level/Method Model or Technique Main Findings Relevance References
—  TET2-deficient murine
macrophages have
increased expression of
IL-1p and IL-6 following
inflammatory stimulation, . .
TET?- or and human TET2-mutant Provide in vitro ev1denc'e'that
DNMT3A-deficient macrophages from TET2- or DI;IlMTS?I—deﬁment
In vitro macrophages (murine, patients with MN also Hrr}atcrhop. agefi, ave éti [45,46]
human monocyte- display elevated IL-6. C}el -m rlnSl(;lln amr'na C(l)ll.)y
derived macrophages) —  DNMT3A-deficient phenotype characterized by
human macrophages elevated cytokine production
exhibit a type I interferon
response and increased
inflammatory gene
expression
.. . CHIP enhances
In vitro Ji{i_cll;ﬁcelsei;nzzgfo Increased IL-1f3; reversed by NLRP3-dependent inflammatory [47]
I\IjISL%cr s tra)ls NLRP3 inhibition activation triggered by MSU
y crystals in patients with gout
NGS of peripheral blood. NGS of 173 1nd1v.1duals over 75
years of age without prior Gold standard for CHIP
The panel covered 54 A . .. .
. . . . hematologic disease revealed diagnosis; informs risk
Diagnostic (NGS) genes, including . o domi ficati [48]
CHIP-associated genes; CH in 30.6%, predominantly stratification and
i . involving DNMT3A, TET2, and clinical associations.
quantified clone size. ASXL1 mutations
—  ARIC prospective
cohort study of 3871
adults aged 67-90
years without
hematologic 24.2% had CH. Based on CHRS,
malignancy across 59.9% were low risk, 33.9%
four U.S. centers, intermediate risk, and 6.2% high
with samples risk. Over 7.1 years of follow-up,
collected in mortality occurred in 19.4%
2011_2013 and without .CH and 27.1% with CH. The CHRS, a practical tool based
sequencing and Mortality increased markedly ti linical variables t
. analysis completed across CHRS groups: 22.8% (low onroutine cinucat variables to
Prospective : . . o [ - . estimate MN risk in
: . in 2022-2023. risk), 29.2% (intermediate risk),
study/Diagnostic _ o o1 s CHIP/CCUS, was strongly [49]
CHRS scores, and 56.9% (high risk). Compared . o
(CHRS tool) . X : . associated with higher all-cause,
derived from 8 with no CH, only high-risk CH h tolowi d cardi 1
demographic, was significantly associated with ematologic ant lc.ir tovascuiar
hematologic (blood  all-cause mortality (sHR 2.52). In mortaiity-
count parameters), the high-risk group, risks of
and molecular death from hematologic
variables, classified malignancy (sHR 25.58) and
individuals with cardiovascular causes (sHR 2.91)
CH into low- (<9.5), were substantially elevated.
intermediate- (>9.5
to <12.5), and
high-risk (>12.5)
categories
DNA-methylation array C.HIP carmers harboring
multiple mutations showed the
and whole-genome reatest increase in age
sequencing data from 4 gl ration. Individ lg ith Support a link between CHIP,
Observational cohorts comprising 5522 acceleration. viduass w accelerated biological aging and
CHIP and age acceleration [27]
cohort study individuals to study the the pro-inflammatory state

association between CHIP,
epigenetic clocks and
health outcomes

presented a higher risk of
mortality and CHD compared to
individuals with only CHIP or
age acceleration.

characteristic of inflammaging.
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Table 1. Cont.

Level/Method

Model or Technique

Main Findings

Relevance

References

Large-scale plasma
proteomics analysis
(largest-to-date
characterization of
the plasma
proteome in CHIP)

Blood-based DNA
sequencing and proteomic
analysis using
high-throughput
proteomic platforms

Distinct proteomic signatures,

including elevated levels of

TIMP1, GNMT, AMH, MZF1
associated with the presence and

Support the use of these
plasma proteins as
potential biomarkers for
tracking clonal expansion
and mutation-specific
biological activity in CHIP.
CHIP is a systemic
inflammatory driver that
reshapes the circulating
proteome toward

IL-13 /NLRP3/IL-6-
mediated pathways

(SomaScan and Olink) type of CHIP mutation. These 1 h lerosi [50]
from 61,833 participants protein levels varied by central to atherosclerosis
(3881 with CHIP) from mutation, sex, and race, and ar.ld cardlometaboh.c.
TOPMed and UK Biobank were enriched for pathways disease. Gene-specific

to identify proteins
associated with CHIP and
specific driver mutations.

related to immune response and

inflammation.

proteomic signatures
(especially for TET2,
ASXL1, JAK2) explain
varying cardiovascular

risks among CHIP carriers.
CHIP shares a large
inflammatory proteome
with CAD and causally
modifies inflammatory
mediators.

Abbreviations: AMH: Anti-Miillerian Hormone; ARIC: Atherosclerosis Risk in Communities; ASXL1: Additional
sex combs-like 1; CH: Clonal Hematopoiesis; CHD: Chronic Heart Disease; CHRS: Clonal Hematopoiesis Risk
Score; DNMT3A: DNA (cytosine-5)-methyltransferase 3 alpha; GNMT: Glycine N-methyltransferase; IL-1(:
Interleukin-1 beta; IL-6: Interleukin-6; IR: Insulin Resistance; JAK2: Janus kinase 2; MSU: Monosodium urate;
MZF1: Myeloid zinc finger 1; NGS: Next-generation sequencing; NLRP3: NOD-like receptor family pyrin domain-
containing 3; sHR: sub-distribution hazard ratio; T2D: type 2 diabetes mellitus; TET2: Ten-eleven translocation 2;
TIMP1: Tissue inhibitor of metalloproteinases-1.

4. CHIP and Cardiovascular Diseases

A growing body of evidence has underscored the strong association between CHIP
and CVDs. This relationship appears to be bidirectional, as traditional cardiovascular
risk factors increase the mutational burden in CHIP, while CHIP itself contributes to
the incidence and prognosis of various forms of CVD [51,52]. The presence of CHIP in
peripheral blood cells has been linked to a two-fold increased risk of Atherosclerotic CVD
(ASCVD) in humans, as well as to accelerated atherosclerosis in murine models [53]. Recent
studies have also highlighted the potential use of scoring systems to estimate all-cause
and cardiovascular mortality in older adults with CH [49]. Both the type of mutation
and the size of the clone appear to be critical determinants of cardiovascular risk, with
inflammation and thrombosis identified as the main mechanisms driving atherosclerosis
and CVD [52].

The following sections will review current evidence on the association between CHIP
and major cardiovascular outcomes and will discuss the biological mechanisms that may
underlie this relationship.

4.1. The Association of CHIP with Specific Cardiovascular Phenotypes
4.1.1. CHIP and Coronary Artery Disease

In recent years, CHIP has emerged as a novel, non-traditional risk factor that influences
not only the development and progression of CAD but also long-term clinical outcomes.
In a recent study of 1142 patients undergoing coronary angiography, 18.4% were found
to carry a CHIP mutation, which was associated with an increased risk of obstructive left
main and left anterior descending coronary artery stenosis, particularly in individuals
harboring TET2 mutations [54]. Complementary data further showed that CHIP carriers
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had a 39% higher risk of mortality over a three-year follow-up (p < 0.001). Mutations in
several genes, including TET2, ASXL1, DNMT3A, JAK2, PPM1D, SF3B1, SRSF2, and U2AF1,
were each independently associated with an increased likelihood of death. Among these,
TET2 mutations were particularly notable, as they promoted a pro-atherogenic macrophage
phenotype through upregulation of the low-density lipoprotein receptor (LDLR) and
enhancement of inflammatory signaling. Therefore, epigenetic dysregulation is a key driver
of adverse cardiovascular outcomes in CAD patients [55].

Collectively, these findings support the concept that CHIP-associated inflammation
promotes atherosclerotic lesion complexity through macrophage-driven LDLR upregula-
tion, enhanced cytokine signaling and altered lipid handling. Gene-specific effects, partic-
ularly involving TET2 and DNMT3A, reinforce the notion that epigenetic dysregulation
shapes vascular inflammation and plaque vulnerability.

Evidence also suggests that CHIP may affect long-term outcomes in patients under-
going coronary artery bypass grafting (CABG). A recent study demonstrated that CHIP
mutations are relatively common in this population and confer a higher risk of mortality.
Over a median follow-up of six years, CHIP defined by a VAF > 2% was not significantly as-
sociated with major adverse cardiac and cerebrovascular events, non-fatal ischemic stroke,
or myocardial infarction (MI). However, it was independently associated with increased
risks of both all-cause mortality (aHR 1.73, 95% CI 1.08-2.78) and cardiovascular mortality
(aHR 2.58, 95% CI 1.47-4.55), after multivariable adjustment for age, sex, BMI, comorbidities
(including diabetes, hypertension and dyslipidemia) and surgical risk factors. In contrast,
smaller CHIP clones (VAF 0.1-2%) were not significantly associated with adverse long-term
outcomes [56].

4.1.2. CHIP and Heart Failure

Recent large-scale prospective studies have identified CHIP as an emerging risk factor
for heart failure (HF). Specifically, sequence variations in ASXL1, TET2, and JAK2 have been
linked to a 25% increase in the risk of incident HF, with the impact of CHIP on HF incidence
following an age-dependent pattern [57,58]. Moreover, patients carrying DNMT3A or TET2
mutations experienced substantially worse long-term outcomes, including higher rates
of mortality and HF-related hospitalization, with greater mutational burden correlating
with progressively adverse prognosis [59]. Beyond incidence, CHIP has been implicated in
cardiovascular mortality across both ischemic and non-ischemic HF with reduced ejection
fraction (HFrEF). In a pivotal study by Pascual-Figal et al., DNMT3A or TET2 mutations
were independently associated with accelerated HF progression. Even after adjustment for
conventional risk factors, carriers demonstrated significantly increased hazards for death
(aHR 2.79; 95% (I, 1.31-5.92; p = 0.008), death or HF hospitalization (aHR 3.84; 95% ClI,
1.84-8.04; p < 0.001), and HF-related death or hospitalization (aHR 4.41; 95% CI, 2.15-9.03;
p <0.001) [60].

CHIP may also play a role in HF with preserved ejection fraction (HFpEF). Specifi-
cally, TET2-related CHIP has been independently associated with a 2.4-fold increased risk
of HFpEF, particularly in individuals exhibiting systemic inflammation, as indicated by
C-reactive protein (CRP) levels > 2 mg/L. Of note, no significant association was observed
with incident HFrEF in this study [61]. Additionally, in individuals with dilated cardiomy-
opathy (DCM), the presence of CHIP has been correlated with higher risks of cardiac death
(HR: 2.33; VAF cutoff 0.36%; 95% CI: 1.24—4.40) and all-cause mortality (HR: 1.72; VAF cutoff
0.06%; 95% CI: 1.10-2.69), independently of age, sex, left ventricular ejection fraction, and
New York Heart Association (NYHA) functional class [62]. Mechanistically, mutations in
epigenetic regulators such as DNMT3A and TET2 enhance maladaptive cardiac remodeling
by promoting macrophage-derived cytokine secretion, augmenting endothelial-fibroblast
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crosstalk and amplifying pro-fibrotic signaling pathways. These alterations align with
experimental models in which mutant myeloid cells exacerbate myocardial inflammation,
fibrosis and impaired ventricular recovery [63].

4.1.3. CHIP and Stroke

Emerging evidence suggests that CHIP is associated with an increased risk of stroke,
independent of traditional vascular determinants such as age and sex. Some data indicate
that this association may be stronger for hemorrhagic than for ischemic stroke. Among
ischemic stroke subtypes, TET2 mutations appear to play a particularly important role;
however, findings remain inconsistent regarding which subtype is most strongly linked to
CHIP. For example, one study reported a stronger association with small-vessel ischemic
stroke [64] whereas other data point towards a connection with cardioembolic stroke, sup-
ported by evidence linking CHIP to larger infarcts. In contrast, intracranial arterial stenosis
has shown only marginal associations [65]. Beyond incidence, CHIP also carries prognostic
significance. It has been independently associated with greater initial stroke severity, a
higher risk of hemorrhagic transformation, and poorer 90-day functional outcomes [66].
Moreover, CHIP has been linked to long-term stroke recurrence, particularly in patients
with a high atherosclerotic burden [67]. Incorporating CHIP into predictive models along-
side established risk factors may improve ischemic stroke risk stratification, with larger
clones conferring disproportionately higher hazards [68]. Notably, findings from Sun et al.
demonstrated that in patients with diabetes, CHIP was significantly associated with CAD
and HF, but not with stroke [69].

Taken together, although epidemiologic data consistently link CHIP to a spectrum
of vascular outcomes, the precise mechanistic pathways remain incompletely under-
stood, with ongoing uncertainty regarding mutation-specific effects, vascular bed het-
erogeneity and the extent to which inflammation versus thrombosis predominates in
different phenotypes.

4.1.4. CHIP and Peripheral Artery Disease

Data on the association between CHIP and peripheral artery disease (PAD) remain
extremely limited. A single pilot study involving 31 individuals with PAD undergoing
open surgical procedures revealed that somatic CH mutations were identified in 45% of
participants, with TET2 (55%) and DNMT3A (40%) representing the most frequently af-
fected genes. Notably, approximately 90% of mutations detectable in peripheral blood were
also present within atherosclerotic plaques, and some of these variants were additionally
identified in perivascular adipose tissue and subcutaneous tissue [70].

4.1.5. CHIP and Other Cardiovascular-Related Outcomes

Evidence suggests that CHIP may constitute a novel risk factor for new-onset cardiac
arrhythmias. Using data from 410,702 individuals in the UK Biobank, Schuermans et al.
demonstrated that both any CHIP and large CHIP clones were associated with modest, yet
statistically significant, increases in the risk of supraventricular arrhythmias, bradyarrhyth-
mias, and ventricular arrhythmias. These associations were independent of underlying
CAD and HF and were heterogeneous across arrhythmia subtypes, with the strongest
effect observed for cardiac arrest. Gene-specific analyses indicated elevated arrhythmia
risk for most CHIP driver genes except DNMT3A, while large CHIP was also linked to
a 1.31-fold higher likelihood of being in the top quintile of myocardial fibrosis assessed
by cardiac magnetic resonance imaging (p = 0.009) [26]. Mendelian randomization data
further supported that genetic predisposition to CHIP increases the risk of atrial fibrillation
(AF) [25]. Interestingly, CHIP may also predispose to inflammatory cardiac conditions,
particularly myocarditis and pericarditis, in middle-aged populations. In a population-
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based cohort of 335,426 individuals, both overall CHIP and larger clone sizes were linked to
elevated risks of these outcomes, with multivariable-adjusted hazard ratios of 1.75 (p = 0.01)
and 2.07 (p = 0.003), respectively. The associations were most pronounced for DNMT3A-
and TET2-related CHIP, and the strength of the relationship with myocarditis and peri-
carditis exceeded that observed for other cardiovascular conditions such as CAD or HF.
Furthermore, CHIP carriers exhibited a 1.27-fold increased risk of developing non-cardiac
immune-mediated inflammatory diseases (p < 0.001) [71]. Table 2 presents clinical evidence
linking CHIP to diverse CVD phenotypes.

Table 2. Clinical associations of CHIP across different cardiovascular disease phenotypes.

Author, Year

CVD Phenotype

Study Design Results Conclusions

Heimlich et al.,
2024,
[54]

CAD

Observational cohort study
involving 1142 patients
undergoing
coronary angiography

CHIP mutations were
identified in 18.4% of
individuals undergoing
coronary angiography

CHIP was linked to a greater
likelihood of significant left
main artery (OR 2.44, 95% CI
1.40-4.27; p = 0.0018) and LAD
artery (OR 1.59, 95% CI
1.12-2.24; p = 0.0092)
obstructive coronary disease
TET2 variant demonstrated
the strongest association with
left main coronary stenosis,
exceeding the impact of other
CHIP-related mutations

CHIP is associated with a
distinct coronary phenotype,
marked by increased risk of

obstructive left main and

LAD arteries stenosis,
particularly in TET2
mutation carriers

Yuetal.,
2021,
[57]

HF

Prospective cohort study of
56,597 individuals without
prior HF or
hematologic malignancy

6% of participants had CHIP,
and 8.3% exhibited HF over up
to 20 years of follow-up

CHIP carriers had a 25%
higher risk of developing HF
(HR 1.25; 95% CI 1.13-1.38)
ASXL1, TET2, and JAK2
variants were linked to
increased HF risk, while
DNMT3A was not

VAF > 10% conferred a greater
HEF risk (HR 1.29; 95% CI
1.15-1.44)

ASXL1 variants were
associated with lower left
ventricular ejection fraction

CHIP, especially mutations
in ASXL1, TET2, and JAK2,
is an emerging risk factor
for HF

Sikking et al.,
2024,
[62]

DCM

Observational cohort study
including 520 patients
with DCM

CH driver mutations were
found in 109 (21%) of patients
(41% with VAF > 2%, 31 with
VAF < 0.5%)

CH presence predicted higher
risk of cardiac death (HR 2.33;
95% CI 1.24-4.40; VAF cutoff
0.36%) and all-cause mortality
(HR 1.72; 95% CI 1.10-2.69;
VAF cutoff 0.06%),
independent of clinical
covariates, including age,
gender, LVEF, and NYHA
functional classification

CH serves as an
independent predictor of
cardiac and all-cause
mortality in DCM,
regardless of clone size
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Table 2. Cont.

Author, Year CVD Phenotype Study Design

Results

Conclusions

Prospective multi-cohort
analysis including 78,752
participants from 8 cohorts
and Biobanks

Bhattacharya et al.,
2022, Stroke
[64]

CHIP carriers had a higher risk
of total stroke (HR 1.14; 95%
CI1.03-1.27; p = 0.01) after
adjusting for demographic
factors, including age, gender,
and race

Hemorrhagic stroke risk was
significantly increased (HR
1.24; 95% CI 1.01-1.51;

p = 0.04), with additional links
to small vessel ischemic stroke
TET?2 variants showed the
strongest correlation with both
total and ischemic stroke,
while TET2 and DNMT3A
were each linked to higher risk
of hemorrhagic stroke

CHIP is linked to a higher
risk of stroke, especially
hemorrhagic and small

vessel ischemic subtypes

Pilot observational study
including 31 patients with
PAD undergoing open
surgical procedures

Biittner et al.,
2023, PAD
[70]

CH mutations were found in
14 of 31 patients (45%), with
5 patients carrying

multiple mutations

The most frequent mutations
were TET2 (55%) and
DNMT3A (40%)

88% of blood-detectable
mutations were also present in
atherosclerotic plaques

12 patients had CH mutations
in perivascular fat or
subcutaneous tissue

CH may contribute to PAD

development, as mutations

are found in both blood and
affected vascular tissues

Observational cohort study
Schuermans et al., including 410,702 UK
2024, Arrythmias Biobank participants
[26] without preexisting
arrhythmias

3.4% had any CHIP and 2.2%
had large CHIP

Associations varied across
arrhythmia subtypes and were
strongest for cardiac arrest
Any and large CHIP were
correlated with statistically
significant higher risks of
supraventricular arrhythmias
(HR 1.11 and 1.13),
bradyarrhythmias (HR 1.09
and 1.13), and ventricular
arrhythmias (HR 1.16 and
1.22), independent of CAD
and HF

Elevated arrhythmia risk for
all CHIP driver genes apart
from DNMT3A

Large CHIP was linked to
1.31-fold higher odds of being
in the top quintile of
myocardial fibrosis measured
by CMR (95% CI 1.07-1.59;

p = 0.009)

CHIP may serve as a novel
risk factor for incident
arrhythmias, suggesting that
targeting CHIP or its
pathways could offer
opportunities for prevention
and treatment
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Table 2. Cont.

Author, Year CVD Phenotype Study Design Results Conclusions

Schuermans et al.,
2025,
[71]

Myocarditis/
Pericarditis

v 3.3% had any CHIP, and 2.2%
had large CHIP

v 0.11% developed myocarditis
or pericarditis

v Participants with any CHIP
had a 1.75-fold higher risk of
developing myocarditis or
pericarditis (95% CI, 1.14-2.68;
p = 0.01), while those with
large CHIP had a 2.07-fold

higher risk (95% CI, 1.28-3.33; CHIP is a significant risk

p = 0.003) factor for myocarditis and
Observational v DNMT3A mutations were icarditi 'yoca ddle-aged
population-based cohort associated with an increased p i;l C?; ! 11 S th mi t'e a%;: ¢
study using data from risk of pericarditis (HR 2.22; m ltVI u’?. S sggﬁlejs m% a
335,426 participants adults 95% CI, 1.17-4.21; p = 0.01), 4 arge f‘g ﬂi’r s
from the UK Biobank and TET2 mutations were ownstream pathways
linked to a higher risk of could offer preventive and
myocarditis (FIR 3.65; 95% CI, therapeutic potential

1.16-11.49; p = 0.03)

v' CHIP showed stronger
associations with myocarditis
and pericarditis than with
other CVDs

v' Any CHIP was also linked to a
1.27-fold increased risk (95%
CI1.16-1.39; p < 0.001) of
non-cardiac immune-mediated
inflammatory diseases

Abbreviations: 95% CI: 95% confidence interval; ASXL1: additional Sex Combs-Like 1; CAD: coronary artery
disease; CHIP: clonal hematopoiesis of indeterminate potential; CMR: cardiac magnetic resonance; CVD: cardio-
vascular disease; DCM: dilated cardiomyopathy; DNMT3A: DNA (cytosine-5)-methyltransferase 3A; HF: heart
failure; HR: hazard ratio; LAD: left anterior descending; JAK2: Janus kinase 2; LVEF: left ventricular ejection
fraction; NYHA: New York Heart Association; OR: odds ratio; PAD: Peripheral arterial disease; TET2: ten-eleven
translocation 2; VAF: variant allele frequency.

4.2. CHIP-Atherosclerosis Crosstalk and Inflammaging

Sequencing studies have established a robust clinical link between mutation driven
CH and atherosclerosis. Inflammaging refers to the chronic, low-grade, sterile inflam-
matory state that develops with aging and contributes to multiple age-related diseases,
including atherosclerosis, HF, metabolic dysfunction and immune dysregulation [72].
Earlier investigations indicated that somatic mutations in HSCs can influence vascular
properties, while more recent models suggest that atherosclerosis itself may promote
clonal expansion. These findings point to a bidirectional relationship, although the
mechanistic basis remains incompletely understood [73].

4.2.1. The Impact of CHIP on Atherosclerosis Development

The contribution of CHIP to atherosclerosis varies by driver mutation and re-
flects distinct molecular programs. TET2 loss enhances NF-kB-dependent IL-1§ tran-
scription in macrophages, amplifying NLRP3 inflammasome activity and promoting
vascular inflammation, whereas JAK2V617F activates STAT-mediated cytokine signal-
ing, increases neutrophil extracellular trap (NET) formation, and augments thrombo-
inflammatory responses. In contrast, DNMT3A-mutant clones generally exhibit lower
pro-inflammatory potential, although context-dependent effects have been observed.
Inflammation becomes more pronounced as clonal size increases, since higher VAF
are linked to elevated circulating pro-inflammatory cytokines. Larger clones therefore
seem to associate with stronger systemic inflammatory responses and with a greater
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risk of cardiovascular-related outcomes, like myocardial infarction (MI), stroke, and
cardiovascular death [13,14].

NLRP3 has emerged as a key inflammatory regulator in this process. In experimental
models, loss of TET2 in hematopoietic cells accelerates atherosclerosis in LDLR deficient
mice through NLRP3 mediated IL-1p and IL-6 signaling. The phenotype shows a gene
dosage dependent effect and can be attenuated by NLRP3 inhibition [40,53]. These
findings have direct therapeutic implications. Targeting IL-1f3 with agents such as
canakinumab attenuates NLRP3-driven inflammation, while small-molecule NLRP3
inhibitors (e.g., DFV890) show the ability to blunt mutant myeloid cell activation in
early-phase studies. Collectively, these data support NLRP3 and downstream IL-1 family
signaling as actionable pathways in CHIP-associated atherosclerosis [74,75].

Beyond its role in atherosclerosis, macrophage-mediated NLRP3 activation has been
implicated in the worsening of HF, promoting myocardial fibrosis and impairing cardiac
function, even in the absence of overt CAD [76]. Additionally, recent research sup-
ports that DNMT3A mutant monocytes may display upregulation of inflammatory and
phagocytic pathways, while CD4 positive T cells and natural killer (NK) cells carrying
mutations show increased activation and effector signatures. In this context, enhanced
paracrine communication between mutant and wild type cells provides an additional
mechanism by which CH can accelerate the progression of HF [77]. Murine models
expressing JAK2V617F demonstrate a distinct prothrombotic phenotype. NET forma-
tion is enhanced, leading to venous thrombosis, while myeloid restricted expression
of JAK2V617F promotes arterial thrombosis through platelet activation and hematocrit
elevation. The resulting NET mediated intimal injury contributes to superficial erosion,
a mechanism responsible for approximately 25% of ACS [44,78,79]. The vascular con-
sequences of CH may extend to the coronary microcirculation. Patients with coronary
microvascular dysfunction, which reflects impaired function of the small intramyocar-
dial vessels, are more likely to carry CHIP associated mutations. In this setting, nearly
one third of major adverse cardiovascular events (MACE) appear to be mediated by
CH [80].

Beyond the heart, CHIP may accelerate cerebrovascular aging by promoting inflam-
mation and oxidative stress that impair endothelial integrity, reduce cerebral blood flow,
and disrupt the blood-brain barrier. These changes are implicated in cerebral small
vessel disease and may contribute to vascular cognitive impairment and age-related
cognitive decline [81]. CH has also been associated with PAD, with studies in LDLR
deficient chimeric mice showing that TP53 mutant hematopoietic cells promote plaque
growth and macrophage expansion [82]. Interestingly, carriers of CHIP may exhibit
accelerated epigenetic aging, often presenting with a biological age exceeding chrono-
logical age. This phenomenon may contribute to vascular dysfunction and help explain
the elevated incidence of atherosclerosis and cardiovascular events observed in these
individuals [27].

4.2.2. Inflammation-Driven Clonal Expansion

The chronic inflammatory environment present in atherosclerosis, marked by ele-
vated cytokines such as IL-1$3, IL-6, TNF-«, and interferon-gamma (IFN-y), promotes
oxidative stress and DNA damage in HSCs, particularly given their high turnover rates
required to sustain lifelong hematopoiesis [83]. These cytokines not only drive genomic
instability but also impair DNA repair mechanisms, thereby facilitating the accumulation
of somatic mutations in HSCs and progenitor cells. Dysregulation of the DNA damage
response, together with persistent inflammatory signaling, disrupts HSC maintenance
and self-renewal, enabling the emergence and clonal expansion of mutated hematopoi-
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etic populations. Experimental evidence shows that inflammation-driven stress favors
the expansion of DNMT3A- and TET2-mutant clones, especially under conditions of
chronic infection or exposure to cytokines such as IFN-y [46,84]. These mutant clones,
in turn, produce increased levels of pro-inflammatory cytokines, amplifying systemic
inflammation and contributing to atherosclerotic plaque progression and instability,
thereby establishing a self-perpetuating vicious cycle [46].

Advanced atherosclerosis not only arises from increased inflammation but also
actively promotes HSC proliferation and mutation accumulation through higher
hematopoietic demand. In this context, elevated bone marrow activity facilitates the
emergence of CHIP-associated clones, particularly those carrying TET2 and DNMT3A
mutations, which further intensify inflammatory responses and accelerate disease pro-
gression [37]. Importantly, systemic inflammation, as reflected by elevated levels of
C-reactive protein (CRP), shows a strong correlation with CHIP, underscoring the central
role of inflammation in both the development and clinical consequences of CH [85].

In summary, atherosclerosis and CHIP form a self-perpetuating cycle in which
inflammation drives HSC proliferation and mutation accumulation, while mutant clones,
particularly those with TET2 and DNMT3A alterations, boost pro-inflammatory signaling
and accelerate vascular dysregulation. High HSC turnover and impaired DNA repair
increase susceptibility to genomic instability, and external factors like chronic infections
can further promote clonal expansion via cytokine pathways [46,86]. This interplay
underscores the central role of the inflammatory microenvironment and highlights the
potential of targeted strategies to modulate inflammation, preserve HSC integrity, and
limit clonal evolution, ultimately reducing CHIP-associated cardiovascular risk.

Despite important mechanistic evidence from murine and cellular studies demon-
strating that mutant myeloid clones amplify IL-13, IL-6, and TNF-« signaling, human
data rely almost exclusively on single time point sequencing. Longitudinal human
studies incorporating repeated CHIP assessments, VAF trajectories, and inflammatory
biomarker profiling are urgently needed to clarify whether cytokine activation accel-
erates clonal expansion, whether expanding clones initiate systemic inflammation, or
whether these processes evolve synergistically over time. Such temporal analyses would
greatly strengthen causal inference regarding CHIP-associated cardiometabolic disease.
Figure 2 illustrates the core inflammaging pathways linking CHIP, cytokine activation,
and vascular/metabolic dysfunction, while Figure 3 depicts the major mutations and key
pathophysiological events driving atherosclerosis and CVD in CHIP carriers.
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Figure 2. The core inflammaging pathways linking CHIP, cytokine activation and vascular/metabolic
dysfunction. Inflammatory signals stimulate these clones to grow further, creating a cycle of in-
creased inflammation. This process drives CHIP progression and increases the risk of related dis-
eases. Abbreviations: DNMT3A: DNA (cytosine-5)-methyltransferase 3A; IL-13: interleukin-14;
IL-6: interleukin-6; TET2: ten-eleven translocation 2; TNF-o:: tumor necrosis factor-alpha; Created in
BioRender. Anastasiou, I. (2025) https://BioRender.com/c00mfbd (accessed on 3 October 2025).
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Figure 3. Major mutations and pathophysiological events driving and CVD in CHIP. These mutations
increase the risk of cardiovascular entities like aortic stenosis, thrombosis, HF and atherosclerosis.
Abbreviations: DNMT3A: DNA (cytosine-5)-methyltransferase 3A; JAK2: Janus kinase 2; TET2: ten-
eleven translocation 2. Created in BioRender. Anastasiou, I. (2025) https://BioRender.com/92m4rc4
(accessed on 3 October 2025).

5. CHIP and Metabolic Disorders
5.1. CHIP and Type 2 Diabetes

Recent research suggests that CHIP is more than a bystander in T2D, potentially
representing a novel, independent risk factor for T2D and its microvascular complications,
with potential implications for both prevention and management strategies [87]. Recently,
Tobias et al. demonstrated that CHIP mutations in genes already implicated in CAD are
also associated with T2D, pointing to shared aging-related mechanisms. Overall, CHIP
carriers exhibited a 23% higher risk of developing T2D compared to non-carriers, with
TET2 and ASXL1 mutations accounting for much of this effect [88].

Experimental studies have begun to elucidate the underlying mechanisms, show-
ing that TET?2 deficiency enhances IR, a process linked to elevated IL-1f levels in white
adipose tissue. Notably, this deleterious effect can be attenuated by inhibiting NLRP3
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inflammasome-dependent IL-13 production [41]. Although direct metabolic defects in
TET2-deficient macrophages have not been fully delineated, emerging evidence shows
that TET2 deficiency promotes mitochondrial stress and aberrant innate immune signaling,
including the activation of the cGAS-STING and NLRP3 pathways, which secondarily
reshapes macrophage metabolic programs. These inflammation-driven metabolic shifts
may impair adipose-tissue homeostasis and contribute to IR [46,89,90].

Beyond disease onset, CHIP may also influence the progression of diabetic microvascu-
lar complications (DMCs). In a cohort of over 20,000 T2D patients initially free of DMCs or
hematologic malignancies, the presence of CHIP predicted a 23% higher risk of developing
DMCs over 13 years. The risk was especially pronounced for diabetic retinopathy (34%) and
kidney disease (26%), whereas diabetic peripheral neuropathy (DPN) showed no overall
association. Gene-specific analyses indicated that certain driver genes, including DNMT3A,
TET2, neurofibromin 1 (NF1), and spliceosome genes, were linked to the development of
DMCs [91]. Additional findings revealed that CHIP prevalence was higher among patients
without DPN compared to those with DPN (19.9% vs. 8.8%; p = 0.013). Specifically, carriers
of DNMT3A mutations were less likely to exhibit neuropathic abnormalities, whereas TET2
mutations were associated with impaired electrochemical skin conductance in the feet [92].

The impact of CHIP on T2D may be particularly pronounced in individuals with
elevated concentrations of highly atherogenic low-density lipoprotein cholesterol (LDL-C).
This suggests a gene—environment interaction in which pro-inflammatory myeloid clones
amplify lipid-driven vascular injury, thereby accelerating the transition from metabolic
dysfunction to overt cardiometabolic disease. Dyslipidemia is therefore an important
modifier of CHIP-associated metabolic and inflammatory risk [93]. The clinical relevance
of this interaction is illustrated in a prospective cohort of 1396 subjects with acute coronary
syndrome (ACS) undergoing primary percutaneous coronary intervention (PCI). Among
individuals with elevated atherogenic index of plasma (AIP), CHIP carriers experienced
sharply increased all-cause mortality, with TET2 mutations conferring an HR of 5.20 (95%
CI: 1.75-15.41; p = 0.003), and TET2/ASXL1 co-mutations an HR of 5.50 (95% CI: 2.02-13.15;
p = 0.001). Therefore, CHIP may modify cardiovascular prognosis in the presence of
dyslipidemia [94].

Taken together, these findings suggest that integrating CHIP genotyping with lipidomic
profiles and inflammatory biomarkers may refine T2D risk stratification and identify individ-
uals who could benefit from targeted anti-inflammatory or metabolic interventions.

5.2. CHIP and Chronic Liver Disease

Chronic liver disease (CLD) has become a major global health burden, ranking among
the leading causes of mortality worldwide. Although it can arise from diverse etiologies,
its clinical course typically converges on a common pathological sequence, marked by
sustained inflammation, progressive liver injury, and the eventual development of fibrosis.
Among its contributors, metabolic dysfunction-associated steatotic liver disease (MASLD),
previously known as nonalcoholic fatty liver disease (NAFLD), accounts for more than half
of all CLD cases. The hallmark of MASLD is the excessive accumulation of lipids within
hepatocytes, a process closely intertwined with obesity, T2D, and IR [95,96].

Evidence linking CHIP to CLD has recently gained momentum. Recent genomic
analyses across 214,563 individuals from four large cohorts (Framingham Heart Study,
Atherosclerosis Risk in Communities Study, UK Biobank, and Mass General Brigham
Biobank), demonstrated that CHIP was associated with a twofold higher risk of both preva-
lent and incident CLD (p < 0.001), as well as imaging-detected hepatic inflammation and
fibrosis. CHIP appeared to accelerate liver injury primarily through dysregulated inflam-
matory responses. This effect was mediated by the activation of the NLRP3 inflammasome
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and the increased secretion of downstream pro-inflammatory cytokines by TET2-deficient
macrophages [29]. Experimental data from the study show that mice transplanted with
TET2-deficient hematopoietic cells develop more severe liver inflammation and fibrosis,
mechanistically linked to NLRP3 activation and elevated cytokine expression. These in-
flammatory signals enhance hepatic immune activation and promote hepatic stellate cell
activation and extracellular matrix deposition, thereby accelerating fibrosis progression
in MASLD and steatohepatitis [29]. CHIP has also been independently associated with
MASLD-related hepatocellular carcinoma (HCC), with mutations in non-DNMT3A drivers,
notably TET2 and TP53, showing the strongest associations [97]. Collectively, these obser-
vations highlight CHIP not only as a contributor to CLD progression but also as a potential
biomarker for refining MASLD risk stratification, especially in patients with advanced
fibrosis or increased cancer susceptibility. From a clinical standpoint, integrating CHIP
screening with non-invasive fibrosis scores and metabolic risk markers may improve iden-
tification of MASLD patients at higher risk for progression, thereby informing surveillance
strategies and early therapeutic intervention.

5.3. Could Obesity Exacerbate CHIP and Vice Versa?

Obesity is a major driver of chronic disease and represents a significant global public
health challenge, with a broad impact on overall health and longevity. Beyond its well-
established role in metabolic and cardiovascular disorders, including hypertension and
T2D, obesity is strongly linked to at least 13 types of cancer, encompassing both solid
tumors and hematologic malignancies, including preleukemic conditions such as MDS.
Moreover, excess adiposity can exacerbate autoimmune and neurodegenerative diseases as
well as outcomes in severe infections, such as COVID-19 [98-106].

While CHIP has emerged as a recognized risk factor for hematologic malignancies
and CVD, only a small handful of studies have directly investigated its relationship with
obesity [5]. Recent investigations have shed light on the intricate links between obesity,
inflammation, CH, and their collective impact on CVD and cancer development. For exam-
ple, Pasupuleti et al. demonstrated that metabolic and genetic factors act synergistically,
with obesity-induced inflammation cooperating with CHIP-associated mutations, such as
TET?2, to accelerate both the onset of leukemogenesis and atherosclerotic CVD [30]. These
findings suggest that obesity may not only exacerbate CHIP-related outcomes but also
promote clonal expansion via inflammatory and metabolic stress.

Dietary factors are increasingly recognized as critical modulators of metabolic health.
Zemel et al. reported that dietary calcium influences adiposity regulation and obesity risk,
highlighting the role of nutrient intake in shaping both inflammatory pathways and fat de-
position. Concurrently, individuals with obesity exhibit elevated levels of pro-inflammatory
cytokines, including IL-6, as well as adipokines with pro-inflammatory activity, such as re-
sistin, which contribute to IR and sustain a chronic inflammatory milieu that predisposes to
chronic disease [107,108]. Pharmacological interventions may also intersect with these path-
ways. Among them, nifedipine has been investigated for its effects on cellular metabolism,
demonstrating modulation of chondrocyte and stem cell metabolic activity [109]. Addi-
tionally, the drug has been shown to facilitate proliferation and migration of breast cancer
cells, suggesting potential crosstalk between cardiovascular therapeutics and oncogenic
pathways, while raising concerns about unintended consequences in individuals with
both CHIP and obesity [110]. Lifestyle factors further modulate disease risk. For instance,
smoking has been linked to ASXLI mutations associated with CHIP, whereas adherence to
healthy lifestyle behaviors can mitigate some of these risks [111,112].

Epigenetic mechanisms play a central role in the development of obesity and metabolic
dysregulation. Alterations such as DNMT3A dysfunction contribute to IR in adipose tissue
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and abnormal adipogenesis, reshaping gene expression patterns to favor excessive fat
storage and increased inflammation [113,114]. However, the impact of obesity extends
beyond metabolic disorders. It increases cancer risk by creating a pro-tumorigenic mi-
croenvironment fueled by chronic inflammation and altered immune responses, including
the activity of tumor-associated macrophages [115,116]. Obesity-related inflammation
not only promotes carcinogenesis but may also promote metastasis. These inflammatory
and immune pathways also intersect with other conditions, including atrial fibrillation,
atherosclerosis, and thrombosis, which share common mechanistic underpinnings centered
on inflammatory mediators [117].

Overall, these findings suggest that moderating obesity-driven inflammatory path-
ways, particularly IL-6 signaling and NLRP3 inflammasome activation, may reduce clonal
expansion and mitigate the metabolic sequelae associated with CHIP. Such strategies
could offer novel opportunities for preventing or attenuating CHIP-related cardiometabolic
disease in individuals with obesity. This concept is illustrated in Figure 4, which de-
picts the bidirectional interplay between obesity and CHIP, where systemic inflammation
and metabolic stress foster the expansion of mutant hematopoietic clones, while CHIP-
associated inflammatory activity further exacerbates obesity-related metabolic dysfunction,
establishing a self-reinforcing vicious cycle.
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Figure 4. Hypothetical model illustrating the bidirectional relationship between obesity and CHIP.
Obesity promotes CHIP clonal expansion through systemic inflammation and metabolic stress,
while CHIP exacerbates obesity-related complications via enhanced inflammatory responses and
metabolic dysfunction, creating a self-reinforcing cycle. Abbreviations: CHIP: clonal hematopoiesis of
indeterminate potential; DNA (cytosine-5)-methyltransferase 3A; Created in BioRender. Anastasiou,
1. (2025) https:/ /BioRender.com/c00mfbd (accessed on 3 October 2025).
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6. CHIP and Other Cardiovascular-Related Disorders
6.1. CHIP and Chronic Kidney Disease

Although direct clinical investigations are limited, population-based studies suggest
that CHIP may exacerbate renal injury, implicating hematopoietic somatic mutations in
the development and progression of chronic kidney disease (CKD). A meta-analysis of
12,004 individuals without pre-existing renal disease demonstrated an age-dependent rise
in CHIP prevalence, reaching 12.2% among participants over 70 years, and revealed that
CHIP carriers had a significantly greater risk of kidney function decline, defined as a >30%
reduction in estimated glomerular filtration rate (eGFR), with a 17% increased risk (95%
CI, 1-36%) after adjustment for age, sex, baseline eGFR, urine albumin-to-creatinine ratio
(UACR), and diabetes [118]. Findings from the UK Biobank reinforced these observations,
showing that CHIP, particularly of myeloid lineage, was associated with an increased
risk of CKD, with Mendelian randomization suggesting a possible causal relationship
(p = 0.03). Importantly, variants other than DNMT3A were linked to more rapid CKD
progression [119]. Supporting experimental evidence comes from a TET2-CH mouse model,
in which a subpressor dose of angiotensin II leads to expansion of TET2-deficient myeloid
clones, enhanced renal C-C motif ligand 5 (CCL5) chemokine expression and macrophage
infiltration into the kidney. This is accompanied by renal NLRP3 inflammasome activation,
elevated IL-1$ and IL-18 levels, sodium retention and increased activation of the thiazide-
and loop-sensitive transporters NCC and NKCC2; all of these changes are reversed by phar-
macologic NLRP3 inhibition [120]. These findings provide a mechanistic link between CH,
renal immune-inflammatory activation, altered tubular sodium handling and hypertension,
which may in turn accelerate CKD progression [120]. Given that hypertension represents
one of the most common causes of CKD, this pathway may have significant clinical impli-
cations and highlights the potential of immune-modulating interventions in individuals
with TET2-CH [120,121]. On the other hand, in patients with T2D, CHIP did not correlate
with accelerated renal functional decline [122]. Lastly, recent evidence also indicates that
CHIP may predispose to acute kidney injury (AKI). Specifically, CHIP appears to impair
renal recovery following AKI through maladaptive macrophage-mediated inflammatory
responses. The association was strongest among patients with dialysis-requiring AKI and
in carriers of non-DNMT3A variants, including mutations in TET2 and JAK2 [123].

6.2. CHIP and Gout

Gout, driven by monosodium urate (MSU) crystal deposition, has recently been linked
to CHIP through shared inflammatory pathways. Acute flares of gout are marked by IL-1f3
release, and CHIP has similarly been associated with enhanced IL-1f3 signaling. This central
concept provided the framework for the study by Agrawal et al., which leveraged large-
scale Biobank datasets and currently represents the foremost evidence implicating CHIP in
gout. This study demonstrated that individuals with CHIP exhibited both higher prevalence
and increased incidence of gout compared with non-carriers, with the association being
particularly pronounced among those harboring larger hematopoietic clones. Experimental
evidence corroborated these observations. Hematopoietic cells deficient in TET2 exhibited
exaggerated IL-1p responses upon exposure to MSU crystals, an effect that was attenuated
by pharmacologic inhibition of the NLRP3 inflammasome. Collectively, these data indicate
that CHIP, especially TET2-driven, potentiates crystal-induced inflammation, thereby
increasing susceptibility to gout and potentially exacerbating its clinical severity [47,124].

6.3. CHIP and Chronic Obstructive Pulmonary Disease

COPD is a progressive respiratory disorder defined by irreversible airflow limitation
that arises primarily from prolonged exposure to noxious particles or gases, most notably
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tobacco smoke. Ongoing inflammatory activity in both the airways and parenchyma
underpins its pathogenesis, ultimately resulting in structural alterations and lasting tissue
harm. The prevalence and severity of COPD increase with advancing age, reflecting both
cumulative exposure to deleterious environmental factors and the physiologic decline in
pulmonary reserve [125,126].

Although current data remain scarce, recent research points toward a potential role
of CHIP-associated epigenetic alterations in modulating COPD trajectories. In a cohort
of 125 individuals with COPD evaluated by deep-targeted amplicon sequencing, somatic
CHIP mutations were identified in approximately 20% of cases [127]. Notably, mutations in
DNMT3A were the most frequent and were associated with hypomethylation of Phospholi-
pase D Family Member 5 (PLD5) [128]. In DNMT3A-CHIP COPD, PLD5 hypomethylation
correlates with increased glycerophosphocholine, elevated IL-6/TNF-« and impaired lung
function [128]. Given that phospholipase-D activity generates phosphatidic acid and
lysophosphatidic acid, which are lipids that drive inflammatory mediator production,
PLD5 hypomethylation offers a plausible mechanism for the increased inflammatory state
observed in these patients [128].

CHIP is more frequently observed in current COPD smokers, particularly those with
a high smoking burden and more severe symptoms, both of which show significant as-
sociations with CHIP positivity. Furthermore, CHIP has been proposed as a potential
prognostic marker in COPD, as evidence indicates that its presence is strongly linked to
a higher risk of mild and overall acute exacerbations. Interestingly, mutations involving
ASXL1 were linked to a comparatively lower risk of total exacerbation events (adjusted OR
0.19). Conversely, its prognostic value may be limited in predicting progressive functional
impairment functional deterioration [129]. These observations align with broader CHIP-
associated inflammatory mechanisms described in cardiovascular and metabolic tissues. In
the lung, mutant myeloid clones may similarly potentiate NLRP3 inflammasome activation
in alveolar macrophages, promoting IL-13-driven airway inflammation, impairing mucocil-
iary clearance and increasing susceptibility to exacerbations [127,130]. This mechanistic
overlap underscores the role of CHIP as a systemic amplifier of sterile inflammation across
organ systems.

6.4. CHIP and Infectious Diseases

Recent evidence highlights a potential role of CHIP in shaping susceptibility and
outcomes of infectious diseases with high cardiovascular burden, including COVID-19 and
HIV. In a study of 90 hospitalized patients with COVID-19, mutations in CHIP-associated
driver genes were present in 37.8% of cases, a prevalence more than double the 17% ex-
pected for individuals of similar age. Although CHIP carriers were more likely to require
hospitalization, the presence of CHIP did not independently predict prognosis once ad-
mitted. Distinct immune alterations were noted across age groups. Individuals aged
45-65 with CHIP experienced sustained lymphopenia, whereas those over 65 demonstrated
persistent neutrophilia. While a direct causal relationship between CHIP and elevated
cardiac biomarkers could not be firmly established, the data point toward a possible link,
supporting the hypothesis that CHIP may worsen COVID-19 severity through immune dys-
regulation and could serve as a marker for personalized risk assessment [131]. Concurrently,
research in people living with HIV (PLWH) indicates nearly a twofold higher prevalence
of CHIP compared with matched controls (p = 0.005), with ASXL1 emerging as the most
frequent mutation. Given its known association with hematologic malignancies and CVD,
CHIP may help explain the disproportionate cardiovascular burden in PLWH [132].

Table 3 summarizes clinical evidence linking CHIP to cardiometabolic and cardiovascular-
related disorders, including infectious diseases with a high cardiovascular burden.
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Table 3. Clinical correlations of CHIP with cardiometabolic and cardiovascular-related conditions.

Author, Year Disorder Study Design Results Conclusions
CHIP carriers had a 23% higher
risk of developing T2D compared
;\151:/h g;’ T_&ijlzsc)a rriers (HR 1.23; CHIP is linked to a higher
Prospective cohort analysis TEY(:Z o . risk of T2D, with mutations
. . . . mutations were linked to . . .
Tobias et al., including 17,637 participants . . om0 in genes also associated with
¢ K increased T2D risk (HR 1.48; 95% X
2023, T2D from six cohorts, without . CHD and mortality,
. CI 1.05-2.08), while ASXL1 o
[88] prior T2D, CVD, - 150 sh del d indicating a shared
lienanc mutations also showed elevate agine-related
or mahghancy risk (HR 1.76; 95% CI 1.03-2.99) 0 gl 5 o
DNMT3A mutations were not pathological pathway
significantly associated (HR 1.15;
95% C10.93-1.43)
CHIP was identified in 116
participants (13.1%), most
commonly in DNMT3A, TET2,
TP53, and ASXL1, and was
significantly associated with age
(p <0.0001) and advanced liver
fibrosis (p = 0.001)
Elevated AST levels predicted
non-DNMT3A CHIP, particularly
i > 00
Case—control study iolr 4C11(r)1r:iei ‘év(;th Z%F()g) 10% (OR CHIP shows an independent
Marchetti et al including 208 patients with After ad'u.stirllp for .sex diabetes assocjation with
v MASLD-related MASLD-related HCC and ) ng ! ! ! MASLD-related HCC,
2024, : and polygenic risk, CHIP was . .
[97] HCC 673 controls (414 with and associated with cirrhosis (OR 2.00; driven mainly by
259 without " non-DNMT3A and

advanced fibrosis)

95% CI 1.30-3.15; p = 0.02) and
with HCC, even after further
adjustment for cirrhosis (OR 1.81;
95% CI 1.11-2.00; p = 0.002)
Non-DNMT3A CHIP and TET2
mutations remained
independently associated with
HCC after full adjustment for age
and clinical / genetic covariates
(OR 2.45; 95% CI 1.35-4.53 and OR
4.8;95% CI1.60-17.0; p = 0.02)

TET2 mutations

Pasupuleti et al.,

2021,
[133]

Observational cohort study
using the UK Biobank,
including 47,466 unrelated
participants who were free
of T2D at baseline

Obesity

CHIP was present in 5.8% of
participants, most frequently in
DNMT3A (3.7%) and TET2 (1.0%);
large clones (VAF > 10%) were
found in 2.4%

CHIP carriers had higher
waist-to-hip ratios (WHR), with
prevalence increasing across
WHR quintiles

In obese mouse models, CHIP
mutations drove rapid myeloid
expansion, severe MPN/AML,
and CVD

CHIP-induced pathology was
linked to pro-inflammatory
cytokines (IL-1p, IL-6, TNF-«) and
increased intracellular Ca®* in
HSC/Ps

Drug combination (metformin,
nifedipine, MCC950, anakinra)
lowered organ weights, blood
glucose, and reduced
atherosclerotic lesions, providing
cardiovascular protection

Obesity is strongly linked to
CHIP in humans, and
targeting CHIP-mutant cells
with a combination of
metformin, nifedipine,
MCC950, or anakinra may
offer a safe, cost-effective
strategy to mitigate
CHIP-related
cardiovascular complications
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Table 3. Cont.

Author, Year Disorder Study Design

Results

Conclusions

Nested case—control study
within 1419 PROVALID
participants to investigate
whether CHIP influences
incidence or progression
of DKD

Denicolo et al.,
2022, CKD
[122]

CHIP prevalence was estimated at
28.9% (95% CI 22.9-34.9%)

Unlike established risk factors
(albuminuria, HbAlc, HF,
smoking) and elevated
microinflammation, CHIP was not
associated with incident or
progressive DKD (HR 1.06; 95% CI
0.57-1.96)

In T2D, common risk factors
and elevated
microinflammation, but not
CHIP, were linked to kidney
function decline

Observational cohort study
using data from 177,824
participants in the MGB

Biobank and UK Biobank to

investigate the association
between CHIP and gout

Agrawal et al,,
2022, Gout
[47]

In both cohorts, gout frequency
was higher among CHIP carriers
In MGBB, CHIP with VAF > 2%
was associated with OR 1.69 (95%
CI1.09-2.61; p = 0.0189)

In UKB, CHIP with VAF > 10%
had OR 1.25 (95% CI 1.05-1.50;

p =0.0133)

Individuals with CHIP and

VAF > 10% had a higher risk of
incident gout in UKB (HR 1.28;
95% CI1.06-1.55; p = 0.0107)

In TET2 knockout mouse models,
hematopoietic cells produced
excess IL-1f3 and developed paw
edema upon MSU crystal
administration

TET2-deficient macrophages
secreted higher IL-1$ in vitro,
which was reduced by genetic or
pharmacologic NLRP3
inflammasome inhibition

TET2-mutant CHIP is linked
to a higher risk of gout and
acts as an enhancer of
NLRP3-mediated
inflammation in response to
MSU crystals

Prospective observational
Leeetal., cohort study including
2025, COPD 125 patients with COPD
[129] enrolled between 2013
and 2023

CHIP prevalence was 25.6%
Higher smoking intensity and
COPD Assessment Test (CAT)
scores were linked to an increased
likelihood of CHIP positivity,
particularly in current smokers
CHIP in specific genes was
associated with a higher risk of
mild and total acute exacerbations
ASXL1 mutations were linked to a
lower risk of total acute
exacerbations (adjusted OR 0.19;
95% CI 0.04-0.95)

CHIP status was not significantly
associated with longitudinal lung
function changes

In COPD patients, CHIP
positivity was linked to a
higher risk of acute
exacerbations but did not
affect long-term lung
function decline

Schenz et al., Observational cohort study
2022, COVID-19 of 90 hospitalized
[131] COVID-19 patients

CHIP prevalence was 37.8%,
higher than expected based on
median age (17%)

CHIP was associated with a higher
risk of hospitalization for
COVID-19, but did not affect
outcomes independently of age
among hospitalized patients

In younger patients (45-65 years),
CHIP was linked to

persistent lymphopenia

In older patients (>65 years),
CHIP-positive individuals
developed long-term neutrophilia
The independent effect of CHIP on
cardiac biomarker elevation could
not be determined

CHIP is associated with an
increased risk of severe
COVID-19 requiring
hospitalization and with
altered cellular immune
responses to SARS-CoV-2,
suggesting that CHIP status
could serve as a biomarker
for risk stratification and
early treatment guidance
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Table 3. Cont.

Author, Year Disorder Study Design Results Conclusions
V' HIV infection was associated with
Case—control study a twofold higher prevalence of
Bick et al., comparing 600 PLWH from . CHIP may play a role in the
. CHIP compared with controls . -
2022, HIV the Swiss HIV Cohort Study (SHCS 7% vs. ARIC 3%; p = 0.005) elevated cardiovascular risk
[132] (SHCS) with 8111 controls o P =" observed in PLWH

v ASXL1 was the most frequently

from the ARIC study mutated CHIP gene in PLWH

Abbreviations: ASXL1: additional sex combs like 1; CHIP: clonal hematopoiesis of indeterminate potential;
CKD: chronic kidney disease; COPD: chronic obstructive pulmonary disease; COVID-19: coronavirus disease
2019; DKD: diabetic kidney disease; HIV: human immunodeficiency virus; IL-1f3: interleukin-1 beta; MASLD:
metabolic dysfunction-associated steatotic liver disease; PLWH: people living with HIV; T2D: type 2 diabetes;
TET2: ten-eleven translocation 2.

7. Screening and Diagnostic Perspectives
7.1. Molecular and Epigenetic Characterization of CHIP

In the TOPMed cohort of 4370 individuals with CHIP, mutational patterns were accom-
panied by distinct epigenetic and proteomic signatures that fell into several mechanistic
themes. First, epigenetic remodeling was reflected by strong associations between CHIP
and biological aging markers, such as accelerated PhenoAge, GrimAge, and HannumAge,
particularly in carriers of DNMT3A and TET2 mutations. Second, metabolic signaling
pathways emerged prominently, with proteomic analyses identifying regulators of mito-
chondrial function, intermediary metabolism and energy homeostasis, including tissue
Inhibitor of Metalloproteinases-1 (TIMP1), Glycine N-Methyltransferase (GNMT) and
Anti-Miillerian Hormone (AMH), which correlated with clonal expansion rates. Third,
coagulation and vascular remodeling features were evident, particularly among TET2-
mutant carriers, who displayed signatures linked to endothelial activation, platelet func-
tion, and epithelial-mesenchymal transition (EMT). Collectively, these thematic clusters
support the concept that CHIP shapes systemic biology through coordinated epigenetic,
metabolic and vascular signaling programs, providing a foundation for future biomarker
development [134].

7.2. Clinical Implementation and Screening Programs

Despite these molecular insights, integration of CHIP screening into routine practice
remains limited, with evidence largely retrospective. However, observational studies
have advanced the understanding of CHIP’s natural history, progression, and associations
with hematologic and non-hematologic disease. These insights have prompted structured
testing protocols at specialized centers. For example, the Mayo Clinic has established a
research-based CHIP detection program (NCT#02958462), applying a targeted NGS panel
of ~200 genes to peripheral blood while systematically excluding germline variants via
parallel tissue analysis. Such programs exemplify how molecular research is shaping
structured screening strategies, bridging biomarker discovery and clinical use.

7.3. Hematologic Screening: Cytopenias and Myeloid Neoplasms

Retrospective studies demonstrate that mutation testing in peripheral blood granu-
locytes improves diagnosis in unexplained cytopenias and enhances overall diagnostic
accuracy for MNs. Approximately 45-60% of individuals with unexplained cytopenias,
classified as CCUS, harbor CH mutations. High-risk features, including VAF > 10%, multi-
ple mutations, splicing factor gene mutations, or concurrent mutations in DNMT3A, TET2,
or ASXL1, confer a positive predictive value of 0.8-1.0 for progression to MN [135]. Larger
clones reflect greater proliferative fitness and sustained inflammatory signaling, while
multiple mutations often indicate cooperative biological effects that impair differentiation,
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increase DNA damage tolerance and promote clonal dominance. These features collec-
tively strengthen the predictive accuracy of mutation-based risk models. TP53 and SF3B1
mutations are particularly enriched in patients with anemia [136]. Elevated red blood cell
distribution width (RDW) and leukocytosis are additional hematologic markers linked to
increased CH likelihood. While prospective evidence for early intervention is lacking, iden-
tification of these mutations informs prognosis and follow-up strategies, making routine
screening increasingly advocated in this setting [137,138].

CH-associated variants are also frequently identified incidentally during genomic
testing for solid tumors such as lung or breast cancer [139]. Confirmatory testing in
peripheral blood is essential due to overlap between CH-associated mutations and solid
tumor drivers (TP53, KRAS, EZH?2) [140,141]. Circulating tumor DNA (ctDNA) assays
used for residual disease monitoring can yield false positives attributable to CH in ~10%
of cases, necessitating careful interpretation [142]. Recognition of CH in this context is
critical, as it can affect treatment decisions, risk assessment prior to adjuvant therapy, and
differentiation of true disease progression from CH-related alterations.

7.4. Hematopoietic Stem Cell Transplantation and Cellular Therapy

Screening before autologous hematopoietic stem cell transplantation (auto-HCT) is
advised, particularly in individuals >50 years or with prior chemoradiation exposure, as
CH is associated with inferior overall and progression-free survival [143-145]. In multiple
myeloma, lenalidomide, but not pomalidomide, promotes expansion of TP53-mutant
clones, potentially influencing therapy [146]. Preliminary evidence in CAR-T therapy
suggests pre-existing CH may reduce response, increase risk of high-grade cytokine release
syndrome (CRS), and elevate incidence of therapy-related t-MN [147,148]. Research-based
CH screening is recommended in this context, especially for older patients and those with
prior cytotoxic therapy. Screening for TP53 and PPM1D mutations is also suggested prior
to peptide receptor radionuclide therapy (PRRT), adjuvant chemotherapy, or Poly(ADP-
ribose)polymerase (PARP) inhibitor therapy, given their strong association with t-MN [149].
Detection of CH is not an absolute contraindication but requires a nuanced risk-benefit
analysis, including consideration of alternative therapies.

7.5. Genetic Predisposition and Inherited Syndromes

Selective screening is recommended in patients with inherited bone marrow failure
syndromes (IBMFS) or germline predisposition syndromes, especially when planning
complex interventions like allogeneic HCT. Detection of CH informs treatment planning,
risk stratification, and surveillance. Germline mosaic variants may confound interpretation,
highlighting the importance of careful genetic counseling to distinguish somatic from
inherited alterations. Early detection enables tailored management, reduces complications,
and improves clinical outcomes [150].

7.6. Cardiovascular Screening

Evidence indicates that CH plays a causal role in atherosclerosis, with a hazard ratio
of ~2.0, comparable to traditional risk factors such as hypertension (HR ~2.3) and T2D
(HR ~3.1) [53]. The increased risk is independent of other conventional risk factors and
is supported by both epidemiological and experimental data, including murine models
showing that CHIP mutations causally accelerate atherosclerosis [53,151]. In individuals
with atherosclerotic vascular disease, particularly those without conventional risk factors,
systematic CH screening, including cytokine profiling, could refine risk stratification and
guide management.
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8. Therapeutic Perspectives in the Context of Inflammaging
8.1. Interventional Evidence and Clinical Trials

Interventional evidence at the CHIP-cardiometabolic interface remains nascent and
largely focused on inflammaging pathways, with the most mature targets involving the
IL-13/IL-6-NLRP3 axis. Among existing studies, only one trial (NCT0609766) prospec-
tively enriches for CHIP in CAD (DNMT3A/TET2, VAF > 2%) and evaluates oral NLRP3
inhibition and IL-1 family blockade, yielding short-term biomarker readouts (IL-6, IL-18,
hsCRP) rather than hard clinical endpoints. Although the first CHIP-enriched interven-
tional study, the NCT06097663 trial is hypothesis-generating and underpowered for clinical
endpoints. Its short duration and reliance on biomarker readouts highlight the necessity for
adequately powered, VAF-stratified, mutation-specific randomized trials capable of evalu-
ating hard cardiovascular outcomes. However, most CHIP-focused interventional studies
to date, including NCT06097663, are designed primarily to assess safety, feasibility and
biomarker modulation rather than clinical event reduction, and are not powered to detect
differences in major adverse cardiovascular outcomes [152]. Interestingly, an exploratory
analysis of the CANTOS trial reinforced earlier evidence linking CHIP to an increased risk
of cardiovascular events and suggested that patients harboring TET2 mutations may derive
greater benefit from canakinumab therapy than those without CHIP. Specifically, among
individuals with TET2-driven CHIP, treatment with canakinumab was associated with a HR
for MACE:s of 0.38 (95% CI, 0.15-0.96) compared with placebo, representing a numerically
larger treatment effect than that observed in the overall trial population. In contrast, no
similar benefit was observed in carriers of DNMT3A mutations or in participants without
CHIP [21].

Very recently, another exploratory analysis of the LoDoCo2 (Low-Dose Colchicine 2)
trial investigated whether assignment to colchicine, compared with placebo, influenced
CH expansion in individuals with chronic CAD. It also evaluated the relationship be-
tween colchicine use and longitudinal changes in inflammatory biomarkers according
to CH status. Participants assigned to placebo demonstrated a 14.9% annual increase
in CH clone size (Btime = 0.14; 95%, 95% CI: 0.08 to 0.21), whereas those treated with
colchicine exhibited a smaller, non-significant increase of 6.3% per year (Btime = 0.06; 95%
CI: —0.01 to 0.14). Nevertheless, the overall difference between treatment groups did not
reach statistical significance (p for interaction = 0.13). Moreover, compared with placebo,
colchicine use was associated with reduced clonal growth in TET2-driven CH (Bme On
colchicine: 0.09 [95% CI: —0.04 to 0.22] vs. Btime placebo: 0.27 [95% CI: 0.16 to 0.37]; p for
interaction = 0.04). Notably, among individuals with non-DNMT3A-driven CH, IL-6 levels
increased to a lesser extent in those receiving colchicine vs. placebo over 1 year (30.0% vs.
98.1% increase, respectively; p for interaction = 0.01). Collectively, these findings support
that low-dose colchicine may limit clonal expansion and inflammatory activity in specific
CH subtypes, particularly those driven by TET2 mutations [153].

IL-6-targeted trials (e.g., ziltivekimab) have demonstrated robust inflammatory
biomarker reductions in high-risk cardiometabolic populations but lack CHIP enrichment
and definitive clinical outcome data [154,155] (NCT06118281). Repurposed agents aligned
with the inflammaging paradigm, such as statins (atorvastatin and rosuvastatin), met-
formin, and colchicine, have mechanistic plausibility via lipid, mitochondrial, and inflam-
masome modulation, with supportive signals from hematologic or cardiovascular studies;
however, CHIP-stratified interventional evidence remains limited or indirect [87,156,157]
(NCT05483010) Ongoing work in CCUS/MDS (e.g., statins) informs feasibility more than
cardiometabolic outcomes. Notably absent are genotype-specific cardiovascular trials
for JAK2 (thrombo-inflammation) or systematic strategies keyed to clone size (VAF) and
multi-mutation risk.
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Table 4 highlights a field transitioning from association studies to precision interven-
tions, though current trials are small, heterogeneous, and largely biomarker-centric. The
next step is genotype- and VAF-enriched, outcome-powered studies that validate surrogate
markers and test mechanism-matched therapies within the broader framework of inflam-
maging. Taken together, the consistent therapeutic signals observed across IL-1f3 blockade,
IL-6 inhibition, and emerging inflammasome-targeted agents support a causal inflammatory
loop linking CHIP-driven myeloid activation to atherogenesis and cardiometabolic injury.

Table 4. Interventional trials investigating CHIP in cardiometabolic disorders.

Target and Population
Trial/Intervention M gh . (CHIP Design/Phase Primary Endpoints Status Key Notes
echanism Enrichment)
NCT06097663: Change in
DFV890 (oral Inflammasome Coronary heart Randomized, inflam: r;glator Completed First prospective,
NLRP3 inhibitor) or disease + CHIP placebo-controlled; Y P CHIP-enriched
X i~ and upstream IL-1 . markers (IL-6, IL-18,  (record updated . A
MASB825 (bispecific family blockade (DNMT3A or Phase 2a; ~28 hsCRP) over 10 December 2024) cardiometabolic trial; informs
IL-13 /IL-18 mADb) y TET2; VAF > 2%) participants 12 weeks biomarker-driven strategies.
vs. placebo
CANTOS: pricr M1 and Randomized, reduced secutrent CV events
Canakinumab (50, -1 p double-blind, MACE (nonfatal MI, - L
-13 elevated hsCRP i . effect independent of lipid
150, 300 mg SC neutralization (>2 mg/L); CHIP placebo-controlled; nonfatal stroke, Completed lowering: increased risk of
q3mo) vs. placebo u =cmg/n); Phase 3; CV death) rng; I . <
[158] not 10,061 participants fatal infection; no effect on
specifically enriched " P P all-cause mortality.
Patients with Randomized, A large-scale CHIP-enriched
CANTOS: prior M, elevated placebo-controlled; analysis in a cardiovascular
Canakinumab vs. IL-13 hsCRP (>0.2 Phase 3; subset MACE Completed outcomes trial; exploratory
placebo neutralization mg/dL), subset analysis of ~338 P data suggest TET2 variant
[21] with CHIP (TET2 CHIP- carriers may benefit more
or DNMT3A) positive participants from IL-1f3 inhibition.
RESCUE/ Ziltivekimab Not Randomized, Robust ?’Cllomtarkeﬁ li?werlmg;
CKD with ot double-blind, Phase Biomarker reduction provides transiationat
( CHIP-enriched; tionale for IL-6 blockad
inflammation) and IL-6 axi hgn;l_c ed; 2 biomarker study (hsCRP, thrombosis racﬁ?;_e o.rt. . d9c.§ elm
HERMES inhibition inflammation (RESCUE), markers) - CV Ongoing with inflammatory
(HFpEF/HFmrEF)- cardiometabolic HERMES outcomes outcomes cardiometabolic dise)e,\se
Ziltivekimab lation: in HFpEF/HFmrEF; (HERMES) thoueh CHIP- ifi ’
(anti-IL-6 ligand) popuiations monthly dosing Ol:ig spectic
ata pending.
ARTEMIS Not L
(NCT06118281): TL-6 axis CHIP-enriched;  Randomized; details Recruiting  Platform to explore CHIP as a
. P . CV events post-MI (posted prespecified subgroup if
post-MI trial inhibition acute per registry -
e 1 25 June 2025) sequencing performed.
of ziltivekimab coronary cohort
Hematologic/clinical
CCUS/lower-risk outcomes
Pleotropic anti- MDS (site-listed); CV Not a pure CHIP-CVD trial,
NCT05483010: . . L
. . inflammatory and (hematologic . . effects exploratory but relevant repurposing;
statins (atorvastatin lipi . Interventional; . . . .
L ipid-lowering; precursors to Change in Recruiting examines whether statins
and rosuvastatin) in bl loid di . Phase 2 infl dify clonal biol d
CCUS/MDS possible myeloid disease; inflammatory modify clonal biology an
NLRP3 dampening many carry CHIP- biomarkers and VAF downstream risks.
like drivers) of
somatic mutations
Mechanistic signal Mr;teot(;}g?)ﬁiiél Human trials in CHIP not yet
for metformin otential clonal registered; strong preclinical
(preclinical / early- f]igtness reduction - - - - and translational rationale
translational) in pointing to future
[156,159] DNMT3A mutants interventional studies.
Signal for colchicine .
(cardiologic Broad anti- . RCTs in CAD (COL- Prevented accelerated
X . . (CV outcomes COT/LoDoCo2 . e
outcomes; inflammatory; in CAD: CHIP trials); preclinical MACE reduction Completed atherosclerosis in TET2-CH
preclinical CHIP inflammasome not enriche d) TI::"FZ-CH (clinical CAD trials) (CAD RCTs) mice; CHIP-stratified human
model) suppression h 1 . del data awaited.
[87,153] atherosclerosis mode
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Table 4. Cont.

Target and Population
Trial/Intervention Mechanism (CHIP Design/Phase Primary Endpoints Status Key Notes
Enrichment)
Anti-
inflammatory, Patients with
LoDoCo2 substudy: NLRP3/IL-6 chronic CAD; CH Randomized, CH Colchicine attenuated TET2
Low-dose colchicine athwa assessed via lacebo-controlled; -H growth and clone expansion and reduced
. P Y P ’ inflammatory P
(0.5 mg daily) vs. modulation; targeted exploratory biomarkers (hsCRP Completed IL-6 increase; suggests
placebo potential sequencing (TET2, substudy; median 1L-6) ’ potential for CH-modulated
[153] suppression of DNMT3A, others);  follow-up 25 months cardiovascular risk reduction.
CH 854 participants

clonal expansion

Abbreviations: CAD: Coronary artery disease; CCUS: Clonal cytopenia of undetermined significance; CHIP: Clonal
hematopoiesis of indeterminate potential; CKD: Chronic kidney disease; COLCOT: Colchicine Cardiovascular
Outcomes Trial; CV: Cardiovascular; DNMT3A: DNA (cytosine-5)-methyltransferase 3A; HFmrEF: Heart failure
with mildly reduced ejection fraction;, HFpEF: Heart failure with preserved ejection fraction; hsCRP: High-
sensitivity C-reactive protein; IL-1f3: Interleukin-1 beta; IL-18: Interleukin-18; IL-6: Interleukin-6; LoDoCo2:
Low-Dose Colchicine 2 trial; MACE: Major adverse cardiovascular events; mAb: Monoclonal antibody; MDS:
Myelodysplastic syndromes; MI: Myocardial infarction; NLRP3: NLR family pyrin domain-containing 3; RCT(s):
Randomized controlled trial(s); SC: Subcutaneous; TET2: tet methylcytosine dioxygenase 2; VAF: Variant allele
frequency. —: leading to.

8.2. Inflammation and Immune Mechanisms

No standardized criteria exist to identify individuals who would most benefit from
CHIP-targeted therapies. Nonetheless, preclinical studies provide promising directions. In
mouse models, TET2 deficiency in bone marrow accelerates atherosclerosis. Macrophages
lacking TET2 produce excess IL-13 via NLRP3 inflammasome activation, promoting vascu-
lar inflammation and plaque formation. Pharmacologic inhibition of NLRP3 in these
mice reduced plaque size and endothelial adhesion molecule expression, supporting
inflammasome-targeted therapies as potential protective strategies against CHIP-driven
atherosclerosis [40]. While murine TET2- and JAK2-mutant models provide sufficient causal
evidence, e.g., TET2 deficiency increases aortic plaque area by ~40-60% in LDLR—/— mice
and JAK2V617F expression increases thrombosis susceptibility [40,160] human studies
remain associative [11,161]. The absence of interventional data linking clone suppression to
clinical risk reduction underscores a translational gap that future genotype-enriched trials
must address.

Cavalli and Dinarello have emphasized the therapeutic potential of IL-1 blockade for
inflammatory diseases, noting that agents such as anakinra and canakinumab reduce in-
flammation and improve clinical outcomes [162]. Building on this, Svensson et al. explored
canakinumab in TET2-driven CH carriers in an exploratory analysis of CANTOS. Individ-
uals with TET2 mutations showed greater reduction in cardiovascular events following
IL-1p blockade, supporting the concept that CHIP-associated, TET2-driven inflammation
can be mitigated to lower cardiovascular risk [21].

CHIP mutations in genes like TET2 and DNMT3A impair epigenetic regulation, in-
creasing inflammation. DNA damage, including mitochondrial DNA release, activates the
STING pathway, triggering type I IFN responses and chronic inflammation. Dysregulated
DNA damage responses and STING activation in CHIP exacerbate disease progression and
elevate hematologic malignancy risk, suggesting that targeting DNA damage response or
STING signaling may offer novel therapeutic avenues [46]. Neutrophils also play a dual
role in CVD, contributing to both inflammation and resolution. NETs promote thrombosis
and plaque destabilization in cardiovascular disorders. Elevated NET formation correlates
with higher thrombotic risk. Neutrophil-mediated cytokine secretion and interactions
with other immune cells amplify vascular inflammation [163,164]. The JAK-STAT pathway
mediates cytokine-driven neutrophil activation, representing a therapeutic target for CVD
associated with systemic inflammation. Inhibition of JAK-STAT signaling may reduce
NETosis, thrombosis, and vascular injury [165].
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8.3. Epigenetics, Metabolism, and Clonal Expansion

Vitamin C (ascorbate) is critical for hematopoietic stem cell function and epigenetic
regulation, enhancing TET enzyme activity and DNA demethylation. Restoration of TET2
function via vitamin C inhibits leukemia progression and maintains normal stem cell
differentiation [166,167]. Although vitamin C trials exist (NCT03418038; NCT03682029),
these focus on hematologic endpoints in CCUS/low-risk MDS/CMML, but not in car-
diometabolic outcomes [168]. On the other hand, preclinical and human data suggest that
a pro-inflammatory bone marrow microenvironment can favor the expansion of CHIP
clones. Experimental models show that mutant TET2, DNMT3A, and JAK2 clones can gain
a proliferative advantage that may be attenuated by interventions targeting mitochondrial
metabolism (e.g., metformin) or IL-1/NLRP3 signaling, supporting mechanism-based drug
repurposing strategies that still require formal clinical testing [169].

9. Challenges and Controversies

Despite significant progress in linking CHIP to cardiometabolic risk, several chal-
lenges and controversies continue to hinder its translation into clinical practice. A major
limitation is the lack of consistency in how CHIP is defined and assessed across studies.
Differences in operational definitions, sequencing depth, minimum VAF thresholds (often
2%, though clinically meaningful risk generally emerges at 5-10%), and the inclusion
or exclusion of mosaic chromosomal alterations all shape prevalence estimates and risk
associations. Heterogeneity in study populations adds another layer of variability, compli-
cating attempts to draw broad conclusions [123]. Current prognostic models (e.g., CHRS,
CCRS, MN-Predict) were developed to predict progression of CCUS and have not been
validated for cardiovascular outcomes, limiting their relevance for cardiometabolic risk
stratification [6,49,123].

The pathogenic and clinical significance of CHIP is highly mutation- and clone-specific.
As previously discussed, TET2 mutations are linked to increased inflammatory signaling,
whereas JAK drives thrombosis through mechanisms including NET formation and en-
dothelial activation. However, DNMT3A mutations in isolation frequently yield inconsis-
tent associations with mortality or malignant transformation. This heterogeneity raises
questions about whether all CHIP warrants intervention or whether clinical management
should be restricted to high-risk subtypes [13,170]. The contribution of inflammation
in CHIP-associated disease is well supported by experimental evidence; yet it remains
uncertain whether pharmacological suppression in CHIP carriers leads to measurable im-
provements in hard clinical outcomes. Epidemiological studies indicate that CHIP is linked
to the occurrence of first but not recurrent coronary events, suggesting that its prognostic
value may be context dependent [10]. This has direct clinical consequences, since treating
asymptomatic older adults with low-burden clones could turn a latent biological finding
into a disease label, increasing anxiety and exposing patients to drug toxicities without
proven therapeutic benefits [10].

Designing interventional trials in CHIP is inherently difficult, given the low annual
progression rates (approximately 0.5-1% for hematologic malignancy and variable for CVD)
and the long latency before clinical endpoints become apparent [15,171]. Proposed surro-
gate markers, including VAF, inflammatory cytokines and epigenetic clocks are appealing
but remain unvalidated as predictors of clinically meaningful outcomes. Uncertainty also
extends to trial eligibility, since it is unclear whether interventions should be limited to in-
dividuals with high VAF, specific driver mutations or concomitant cardiometabolic disease.
Since most CHIP carriers are otherwise healthy older adults identified incidentally, expos-
ing them to long-term pharmacologic therapy raises significant ethical concerns [15,172].
Attitudes among potential participants are heterogeneous; some may value proactive risk
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reduction, whereas others object to being categorized as “pre-diseased.” Safeguarding
informed consent, preventing therapeutic misconception, and minimizing iatrogenic harm
are therefore critical. Practical considerations also shape trial design. Oral agents with es-
tablished safety profiles and secondary indications, such as statins, metformin, or colchicine
are more likely to be acceptable, while intravenous therapies or expensive biologics such as
canakinumab introduce substantial feasibility and cost-effectiveness barriers [173]. More-
over, screening strategies for CHIP remain contentious. Universal testing would identify a
substantial number of carriers, but in the absence of established management pathways
this approach risks generating a large diagnostic gray zone. Conversely, highly selective
screening restricted to individuals with unexplained cytopenias, elevated inflammatory
burden or premature CVD may overlook carriers who might derive benefit from earlier
intervention. The trade-offs between sensitivity, specificity, cost, and downstream clinical
utility are not yet resolved. These uncertainties highlight the importance of clinical trials
that are staged, ethically defensible, and grounded in biological rationale. A central debate
persists over whether CHIP should be regarded primarily as a biomarker of risk or as a
direct therapeutic target. Until surrogate endpoints are validated and risk-adapted strate-
gies are developed, enthusiasm for CHIP-directed interventions must be tempered by the
potential for overdiagnosis, overtreatment and inequitable access [11]. Lastly, an important
methodological limitation of the existing literature is that nearly all human studies assess
CHIP at a single time point. This cross-sectional design restricts the ability to infer temporal
relationships between clonal expansion, inflammatory activation, and the onset or progres-
sion of cardiometabolic disease. Because CHIP prevalence and clone size increase with
aging, longitudinal studies with repeated sequencing will be essential to clarify whether
mutation expansion precedes CVD, arises as a consequence of chronic inflammatory states
or evolves in parallel with other aging-related processes. Such temporal analyses may
also reveal whether CHIP serves as a broader amplifier of age-related atherosclerosis and
inflammaging, extending its significance beyond discrete cardiovascular phenotypes [28].

10. Conclusions

CHIP has evolved from a hematologic curiosity to a clinically meaningful driver of car-
diometabolic risk, with meta-analyses linking it to higher all-cause mortality and increased
coronary, HF, and stroke events, particularly with larger clone sizes. Pro-inflammatory
pathways, including IL-1(3 /IL-6 signaling, NLRP3 inflammasome activation, and JAK2-
mediated thrombo-inflammation, explain its role in atherosclerosis, metabolic dysfunction,
and thrombotic risk, highlighting druggable targets for prevention. However, clinical risk
depends on mutation type, clone size, co-mutations, and host factors, and current high-risk
models require adaptation for cardiovascular endpoints. Biomarkers such as epigenetic
clocks and proteomic signatures may complement sequencing for risk prediction and
monitoring. Pragmatic screening strategies remain limited, with current implementation
focused on research panels and retrospective data, emphasizing careful case selection and
safeguards against false positives. While potential therapeutic targets exist, translating
findings into effective interventions is challenging, especially given CHIP’s interactions
with obesity, diabetes, and cancer. Ethical, patient-centered trial designs with validated
endpoints are critical to avoid over-medicalization and ensure safety, feasibility, and gen-
eralizability. Figure 5 depicts the continuum of CHIP development across the lifespan,
illustrating how somatic mutations in hematopoietic cells progress from no mutation in
youth to low mutation frequency in middle age, and then to larger clone sizes in old
age. This progression is associated with an increasing cardiometabolic risk and disease,
highlighting the importance of monitoring clonal expansion over time.
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No somatic mutation

Middle age old

Low mutation frequency

Cardiometabolic risk
2x

Figure 5. The CHIP continuum, showing how age-related somatic mutations progress from absence in

youth to low mutation burden in middle age, and eventually to large clone sizes in older age. Larger

clones are linked to elevated cardiometabolic risk and disease, highlighting the importance of longi-

tudinal monitoring of clonal dynamics. Abbreviations: NGS: Next-generation sequencing; Created in
BioRender. Anastasiou, I. (2025) https://BioRender.com/8mrc51p (accessed on 3 October 2025).

11. Clinical Practice Points for Clinicians and Trialists

Treat CHIP as a measurable cardiovascular risk factor, especially in carriers with
high-VAF or high-risk genotypes, integrating inflammation markers to refine risk and
follow-up.

Prioritize enriched screening where clinical utility is highest (e.g., CCUS, unexplained
cytopenias, incidentally discovered clonal variants during oncology testing), with
confirmatory workflows to avoid ctDNA-related misclassification.

Consider mechanism-matched prevention: IL-1f /IL-6/NLRP3-directed strategies for
inflammatory clones; antithrombotic/thrombo-inflammatory approaches in JAK2; and
metabolic/epigenetic modulators for cardiometabolic phenotypes.

Build consent and monitoring around the asymptomatic nature of most carri-
ers and select high-risk participants to balance benefit and risk, ensuring also
inclusive enrollment.

Align with the CCUS workflow where appropriate (e.g., staged intervention in higher-
risk states), while recognizing progression risks differ between CHIP and CCUS.

Future Research Agenda

Risk stratification for CVD endpoints: Adapt and validate CHIP/CCUS risk scores for
cardiovascular outcomes; prospectively test mutation- and VAF-based thresholds that
trigger preventive therapy.

Biomarker validation: Qualify surrogates that track risk and treatment response (VAF
kinetics, hsCRP/IL-6, inflammasome readouts, epigenetic age acceleration, proteomic
panels) against hard clinical outcomes.

Precision interventional trials: Conduct CHIP-enriched randomized studies (e.g.,
TET2/DNMT3A for IL-13 /IL-6 /NLRP3 strategies; JAK2 for thrombotic endpoints),
with pre-specified genetic strata and clinically meaningful cardiovascular outcomes.
Pragmatic and ethical design: Use oral/low-burden agents when possible; embed
patient-reported outcomes and equity plans; ensure transparent communication that
early-phase trials test surrogates and may not directly benefit participants.
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e Implementation: Define when and where to screen (cardiologic, endocrine, oncology
clinics), how to triage incidental findings, and how to handle ctDNA-CH discordance
in multidisciplinary pathways.

o Interfaces with obesity and associated metabolic disorders: Prospectively test
whether targeting inflammation/energy metabolism (e.g., NLRP3/IL-6 pathways,
statins/metformin/colchicine) disrupts the obesity—~CHIP feedback loop and improves
cardiometabolic outcomes.
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AA: aplastic Anemia; ACS: acute coronary syndrome; AF: atrial fibrillation; AIP: atherogenic
index of plasma; AKI: acute kidney injury; AML: acute myeloid leukemia; AMH: anti-miillerian
hormone; ASXL1: additional sex combs like 1; BCOR/BCORL1: BCL6 corepressor/BCL6 corepressor-
like 1; BMI: body mass index; CABG: coronary artery bypass grafting; CAD: coronary artery disease;
CAR-T: chimeric antigen receptor T-cell; CBC: complete blood count; CCRS: clonal cytopenia risk
score; CCUS: clonal cytopenia of undetermined significance; COVID-19: coronavirus disease 2019;
CKD: chronic kidney disease; CH: clonal hematopoiesis; CHIP: clonal hematopoiesis of indeter-
minate potential; CMML: chronic myelomonocytic leukemia; CMP: common myeloid progenitor;
CMR: cardiac magnetic resonance; COPD: chronic obstructive pulmonary disease; CRP: C-reactive
protein; CRS: cytokine release syndrome; ctDNA: circulating tumor DNA; CVD: cardiovascular
disease; DC: dendritic cell; DCM: dilated cardiomyopathy; DKD: diabetic kidney disease; DNMT3A:
DNA (cytosine-5)-methyltransferase 3A; eGFR: estimated glomerular filtration rate; EMT: epithelial—-
mesenchymal transition; GNMT: glycine N-methyltransferase; GWAS: genome-wide association
study; HCC: hepatocellular carcinoma; HbAlc: hemoglobin Alc; HCT: hematopoietic cell trans-
plantation; HF: heart failure; HFpEF: Heart failure with preserved ejection fraction; HFrEF: Heart
failure with reduced ejection fraction; HIV: human immunodeficiency virus; HSC: hematopoietic
stem cell; HSPC: hematopoietic stem and progenitor cell; HSCT: hematopoietic stem cell transplanta-
tion; HR: hazard ratio; hsCRP: high-sensitivity C-reactive protein; IBMFS: inherited bone marrow
failure syndromes; IEAA: Intrinsic Epigenetic Age Acceleration; IFN-y: interferon-gamma; IL-13:
Interleukin-1 beta; IL-6: Interleukin-6; IL-18: Interleukin-18; JAK-STAT: Janus kinase—signal trans-
ducer and activator of transcription; JAK2: Janus kinase 2; LAD: left anterior descending; LDL:
low-density lipoprotein; LDLR: Low-density lipoprotein receptor; LVEF: left ventricular ejection
fraction; mAb: monoclonal antibody; MDS: myelodysplastic syndrome; MACE: major adverse car-
diovascular events; MASLD: metabolic dysfunction-associated steatotic liver disease; MGB: Mass
General Brigham; MGUS: monoclonal gammopathy of undetermined significance; MI: Myocardial
infarction; MN: Myeloid neoplasms; MPPs: Multipotent progenitors; MRI: Magnetic resonance imag-
ing; MSU: Monosodium urate; mTOR: Mechanistic target of rapamycin; Myelodysplastic syndromes;
MZF1: Myeloid zinc finger 1; NETs: Neutrophil extracellular traps; NGS: Next-generation sequencing;
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NK: Natural killer; NLRP3: NOD-like receptor family pyrin domain-containing 3; NYHA: New York
Heart Association; OR: odds ratio; PAD: peripheral arterial disease; PARP: Poly(ADP-ribose) poly-
merase; PCIL: Percutaneous coronary intervention; PLWH: People living with HIV; PPM1D: Protein
phosphatase, Mg?* /Mn?* dependent 1D; PRRT: Peptide receptor radionuclide therapy; g3-month:
every three months; RBC: Red blood cells; RCT(s): Randomized controlled trial(s); RDW: Red cell
distribution width; SC: Subcutaneous; SF3B1: Splicing factor 3B subunit 1; SRSF2: Serine/arginine-
rich splicing factor 2; STEMI: ST-elevation myocardial infarction; STING: Stimulator of interferon
genes; SULT4A1: Sulfotransferase family 4A member 1; T2D: Type 2 diabetes; TET2: Ten-eleven
translocation 2; TIMP1: Tissue inhibitor of metalloproteinases-1; TNF-o:: Tumor necrosis factor alpha;
TNFR-2: Tumor necrosis factor receptor 2; TOPMed: Trans-Omics for Precision Medicine; TP53:
Tumor protein p53; U2AF1: U2 small nuclear RNA auxiliary factor 1; VAF: Variant allele frequency;
WHI: Women'’s Health Initiative; WBC: white blood cells; WHR: Waist-to-hip ratio.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Jagannathan-Bogdan, M.; Zon, L.I. Hematopoiesis. Development 2013, 140, 2463-2467. [CrossRef]

Weiskopf, K.; Schnorr, PJ.; Pang, WW.; Chao, M.P,; Chhabra, A.; Seita, J.; Feng, M.; Weissman, I.L. Myeloid Cell Origins,
Differentiation, and Clinical Implications. Microbiol. Spectr. 2016, 4, 5. [CrossRef] [PubMed]

Kondo, M. Lymphoid and myeloid lineage commitment in multipotent hematopoietic progenitors. Immunol. Rev. 2010, 238,
37-46. [CrossRef]

Osorio, EG.; Rosendahl Huber, A.; Oka, R.; Verheul, M,; Patel, S.H.; Hasaart, K.; de la Fonteijne, L.; Varela, I.; Camargo, ED.; van
Boxtel, R. Somatic Mutations Reveal Lineage Relationships and Age-Related Mutagenesis in Human Hematopoiesis. Cell Rep.
2018, 25, 2308-2316.e4. [CrossRef]

Komic, L.; Kumric, M.; Urlic, H.; Rizikalo, A.; Grahovac, M.; Kelam, J.; Tomicic, M.; Rusic, D.; Ticinovic Kurir, T.; Bozic, ]. Obesity
and Clonal Hematopoiesis of Indeterminate Potential: Allies in Cardiovascular Diseases and Malignancies. Life 2023, 13, 1365.
[CrossRef]

Saadatagah, S.; Ballantyne, C.M. Clonal hematopoiesis of indeterminate potential and cardiovascular disease. Transl. Res. J. Lab.
Clin. Med. 2023, 255, 152-158. [CrossRef]

Liu, J.; Zhang, N.; Teng, G.; Tse, G.; Bai, J.; Lip, G.Y.H.; Liu, T. Clonal hematopoiesis of indeterminate potential and atrial
fibrillation. Heart Rhythm. 2025. [CrossRef]

Walsh, K.; Raghavachari, N.; Kerr, C.; Bick, A.G.; Cummings, S.R.; Druley, T.; Dunbar, C.E.; Genovese, G.; Goodell, M.A;
Jaiswal, S.; et al. Clonal Hematopoiesis Analyses in Clinical, Epidemiologic, and Genetic Aging Studies to Unravel Underlying
Mechanisms of Age-Related Dysfunction in Humans. Front. Aging 2022, 3, 841796. [CrossRef] [PubMed]

Raddatz, M.A.; Pershad, Y.; Parker, A.C.; Bick, A.G. Clonal Hematopoiesis of Indeterminate Potential and Cardiovascular Health.
Cardiol. Clin. 2025, 43, 13-23. [CrossRef] [PubMed]

Marston, N.A.; Pirruccello, J.P.; Melloni, G.E.M.; Kamanu, F.; Bonaca, M.P,; Giugliano, R.P,; Scirica, B.M.; Wiviott, S.D.; Bhatt, D.L.;
Steg, P.G.; et al. Clonal hematopoiesis, cardiovascular events and treatment benefit in 63,700 individuals from five TIMI
randomized trials. Nat. Med. 2024, 30, 2641-2647. [CrossRef]

Libby, P; Sidlow, R.; Lin, A.E.; Gupta, D.; Jones, L.W.; Moslehi, J.; Zeiher, A.; Jaiswal, S.; Schulz, C.; Blankstein, R.; et al. Clonal
Hematopoiesis: Crossroads of Aging, Cardiovascular Disease, and Cancer: JACC Review Topic of the Week. J. Am. Coll. Cardiol.
2019, 74, 567-577. [CrossRef]

Genovese, G.; Kdhler, A.K.; Handsaker, R.E.; Lindberg, J.; Rose, S.A.; Bakhoum, S.F.; Chambert, K.; Mick, E.; Neale, B.M.;
Fromer, M; et al. Clonal hematopoiesis and blood-cancer risk inferred from blood DNA sequence. N. Engl. . Med. 2014, 371,
2477-2487. [CrossRef]

Oren, O.; Small, A.M.; Libby, P. Clonal hematopoiesis and atherosclerosis. J. Clin. Investig. 2024, 134, e180066. [CrossRef]
[PubMed]

Senguttuvan, N.B.; Subramanian, V.; Tr, M.; Sankaranarayanan, K.; Venkatesan, V.; Sadagopan, T. Clonal hematopoiesis of
indeterminate potential and cardiovascular diseases: A review. Indian Heart ]. 2025, 77, 51-57. [CrossRef]

Kohnke, T.; Majeti, R. Clonal Hematopoiesis: From Mechanisms to Clinical Intervention. Cancer Discov. 2021, 11, 2987-2997.
[CrossRef]

Nead, K.T.; Kim, T.; Joo, L.; McDowell, T.L.; Wong, ].W.; Chan, I.C.C.; Brock, E.; Zhao, J.; Xu, T,; Tang, C.; et al. Impact of cancer
therapy on clonal hematopoiesis mutations and subsequent clinical outcomes. Blood Adv. 2024, 8, 5215-5224. [CrossRef]

Gelli, E.; Martinuzzi, C.; Soncini, D.; Conticello, C.; Ladisa, F.; Giorgetti, G.; Truffelli, D.; Traverso, I.; Lai, F; Guolo, F; et al. Clonal
hematopoiesis impacts frailty in newly diagnosed multiple myeloma patients: A retrospective multicenter analysis. Sci. Rep.
2024, 14, 29394. [CrossRef]

https://doi.org/10.3390/ijms27010233


https://doi.org/10.1242/dev.083147
https://doi.org/10.1128/microbiolspec.MCHD-0031-2016
https://www.ncbi.nlm.nih.gov/pubmed/27763252
https://doi.org/10.1111/j.1600-065X.2010.00963.x
https://doi.org/10.1016/j.celrep.2018.11.014
https://doi.org/10.3390/life13061365
https://doi.org/10.1016/j.trsl.2022.08.013
https://doi.org/10.1016/j.hrthm.2025.05.011
https://doi.org/10.3389/fragi.2022.841796
https://www.ncbi.nlm.nih.gov/pubmed/35821803
https://doi.org/10.1016/j.ccl.2024.08.004
https://www.ncbi.nlm.nih.gov/pubmed/39551555
https://doi.org/10.1038/s41591-024-03188-z
https://doi.org/10.1016/j.jacc.2019.06.007
https://doi.org/10.1056/NEJMoa1409405
https://doi.org/10.1172/JCI180066
https://www.ncbi.nlm.nih.gov/pubmed/39352379
https://doi.org/10.1016/j.ihj.2025.01.006
https://doi.org/10.1158/2159-8290.CD-21-0901
https://doi.org/10.1182/bloodadvances.2024012929
https://doi.org/10.1038/s41598-024-79748-7
https://doi.org/10.3390/ijms27010233

Int. J. Mol. Sci. 2026, 27, 233 35 of 42

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Tan, H.S.V,; Jiang, H.; Wang, S.S.Y. Biomarkers in clonal haematopoiesis of indeterminate potential (CHIP) linking cardiovascular
diseases, myeloid neoplasms and inflammation. Ann. Hematol. 2025, 104, 1355-1366. [CrossRef]

Stein, A.; Metzeler, K.; Kubasch, A.S.; Rommel, K.P,; Desch, S.; Buettner, P.; Rosolowski, M.; Cross, M.; Platzbecker, U.; Thiele, H.
Clonal hematopoiesis and cardiovascular disease: Deciphering interconnections. Basic Res. Cardiol. 2022, 117, 55. [CrossRef]
[PubMed]

Goldman, E.A ; Spellman, P.T.; Agarwal, A. Defining clonal hematopoiesis of indeterminate potential: Evolutionary dynamics
and detection under aging and inflammation. Cold Spring Harb. Mol. Case Stud. 2023, 9, a006251. [CrossRef] [PubMed]
Svensson, E.C.; Madar, A.; Campbell, C.D.; He, Y.; Sultan, M.; Healey, M.L.; Xu, H.; D’Aco, K.; Fernandez, A.; Wache-Mainier, C.;
et al. TET2-Driven Clonal Hematopoiesis and Response to Canakinumab: An Exploratory Analysis of the CANTOS Randomized
Clinical Trial. JAMA Cardiol. 2022, 7, 521-528. [CrossRef]

Bick, A.G.; Pirruccello, J.P.; Griffin, GK.; Gupta, N.; Gabriel, S.; Saleheen, D.; Libby, P.; Kathiresan, S.; Natarajan, P. Genetic
Interleukin 6 Signaling Deficiency Attenuates Cardiovascular Risk in Clonal Hematopoiesis. Circulation 2020, 141, 124-131.
[CrossRef]

Bhattacharya, R.; Zekavat, S.M.; Uddin, M.M.; Pirruccello, J.; Niroula, A.; Gibson, C.; Griffin, G.K,; Libby, P; Ebert, B.L.; Bick, A;
et al. Association of Diet Quality With Prevalence of Clonal Hematopoiesis and Adverse Cardiovascular Events. JAMA Cardiol.
2021, 6, 1069-1077. [CrossRef]

Schuermans, A.; Honigberg, M.C. Clonal haematopoiesis in cardiovascular disease: Prognostic role and novel therapeutic target.
Nat. Rev. Cardiol. 2025, 22, 845-856. [CrossRef]

Kar, S.P; Quiros, PM.; Gu, M.; Jiang, T.; Mitchell, J.; Langdon, R.; Iyer, V.; Barcena, C.; Vijayabaskar, M.S.; Fabre, M.A_; et al.
Genome-wide analyses of 200,453 individuals yield new insights into the causes and consequences of clonal hematopoiesis. Nat.
Genet. 2022, 54, 1155-1166. [CrossRef] [PubMed]

Schuermans, A.; Vlasschaert, C.; Nauffal, V.; Cho, S.M.].; Uddin, M.M.; Nakao, T.; Niroula, A.; Klarqvist, M.D.R.; Weeks, L.D.; Lin,
AE; et al. Clonal haematopoiesis of indeterminate potential predicts incident cardiac arrhythmias. Eur. Heart ]. 2024, 45, 791-805.
[CrossRef]

Nachun, D.; Lu, A.T.; Bick, A.G.; Natarajan, P.; Weinstock, J.; Szeto, M.D.; Kathiresan, S.; Abecasis, G.; Taylor, K.D.; Guo, X,; et al.
Clonal hematopoiesis associated with epigenetic aging and clinical outcomes. Aging Cell 2021, 20, e13366. [CrossRef] [PubMed]
Wimalarathne, N.S.; Lan, N.S.R.; George, J.; Sharma, A.; Adams, L.A.; Dwivedi, G. Clonal hematopoiesis of indeterminate
potential: A unifying mechanism linking metainflammation and cardiometabolic diseases. Am. J. Physiol. Heart Circ. Physiol. 2025,
329, H1575-H1593. [CrossRef] [PubMed]

Wong, WJ.; Emdin, C.; Bick, A.G.; Zekavat, S.M.; Niroula, A.; Pirruccello, J.P; Dichtel, L.; Griffin, G.; Uddin, M.M.; Gibson, C.J.;
et al. Clonal haematopoiesis and risk of chronic liver disease. Nature 2023, 616, 747-754. Correction in Nature 2023, 619, E47.
https://doi.org/10.1038 /s41586-023-06375-z. [CrossRef]

Pasupuleti, S.K.; Ramdas, B.; Burns, S.S.; Palam, L.R.; Kanumuri, R.; Kumar, R.; Pandhiri, T.R.; Dave, U.P; Yellapu, N.K.; Zhou, X,;
et al. Obesity-induced inflammation exacerbates clonal hematopoiesis. J. Clin. Investig. 2023, 133, €163968. [CrossRef]

Ahmad, H.; Jahn, N; Jaiswal, S. Clonal Hematopoiesis and Its Impact on Human Health. Annu. Rev. Med. 2023, 74, 249-260.
[CrossRef] [PubMed]

Weeks, L.D.; Niroula, A.; Neuberg, D.; Wong, W.; Lindsley, R.C.; Luskin, M.; Berliner, N.; Stone, R.M.; DeAngelo, D.J.; Soiffer, R.;
et al. Prediction of risk for myeloid malignancy in clonal hematopoiesis. NEJM Evid. 2023, 2, 5. [CrossRef]

Kirschner, K.; Kusne, Y.; Cargo, C.; Patnaik, M.M. Clonal haematopoiesis to clonal cytopenias: Unravelling disease evolution over
time. Lancet Haematol. 2025, 12, e650-e661. [CrossRef]

Fabiani, E.; Cristiano, A.; Hajrullaj, H.; Falconi, G.; Leone, G.; Voso, M.T. Therapy-Related Myeloid Neoplasms: Predisposition
and Clonal Evolution. Mediterr. ]. Hematol. Infect. Dis. 2023, 15, e2023064. [CrossRef]

Cargo, C.; Bernard, E.; Beinortas, T.; Bolton, K.L.; Glover, P.; Warren, H.; Payne, D.; Ali, R.; Khan, A.; Short, M.; et al. Predicting
cytopenias, progression, and survival in patients with clonal cytopenia of undetermined significance: A prospective cohort study.
Lancet Haematol. 2024, 11, e51-e61. [CrossRef]

Ogawa, S. Clonal hematopoiesis in acquired aplastic anemia. Blood 2016, 128, 337-347. [CrossRef]

Asada, S.; Kitamura, T. Clonal hematopoiesis and associated diseases: A review of recent findings. Cancer Sci. 2021, 112, 3962-3971.
[CrossRef]

Park, E.; Evans, M.A.; Walsh, K. Regulators of clonal hematopoiesis and physiological consequences of this condition. ]. Cardiovasc.
Aging 2024, 4, 3. [CrossRef] [PubMed]

Singh, J.; Li, N.; Ashrafi, E.; Thao, L.T.P.; Curtis, D.J.; Wood, E.M.; McQuilten, Z.K. Clonal hematopoiesis of indeterminate
potential as a prognostic factor: A systematic review and meta-analysis. Blood Adv. 2024, 8, 3771-3784. [CrossRef]

Fuster, ].].; MacLauchlan, S.; Zuriaga, M.A.; Polackal, M.N.; Ostriker, A.C.; Chakraborty, R.; Wu, C.L.; Sano, S.; Muralidharan, S.;
Rius, C.; et al. Clonal hematopoiesis associated with TET2 deficiency accelerates atherosclerosis development in mice. Science
2017, 355, 842-847. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27010233


https://doi.org/10.1007/s00277-025-06244-x
https://doi.org/10.1007/s00395-022-00969-w
https://www.ncbi.nlm.nih.gov/pubmed/36355225
https://doi.org/10.1101/mcs.a006251
https://www.ncbi.nlm.nih.gov/pubmed/36889927
https://doi.org/10.1001/jamacardio.2022.0386
https://doi.org/10.1161/CIRCULATIONAHA.119.044362
https://doi.org/10.1001/jamacardio.2021.1678
https://doi.org/10.1038/s41569-025-01148-9
https://doi.org/10.1038/s41588-022-01121-z
https://www.ncbi.nlm.nih.gov/pubmed/35835912
https://doi.org/10.1093/eurheartj/ehad670
https://doi.org/10.1111/acel.13366
https://www.ncbi.nlm.nih.gov/pubmed/34050697
https://doi.org/10.1152/ajpheart.00577.2025
https://www.ncbi.nlm.nih.gov/pubmed/41101780
https://doi.org/10.1038/s41586-023-06375-z
https://doi.org/10.1038/s41586-023-05857-4
https://doi.org/10.1172/JCI163968
https://doi.org/10.1146/annurev-med-042921-112347
https://www.ncbi.nlm.nih.gov/pubmed/36450282
https://doi.org/10.1056/EVIDoa2200310
https://doi.org/10.1016/S2352-3026(25)00137-1
https://doi.org/10.4084/MJHID.2023.064
https://doi.org/10.1016/S2352-3026(23)00340-X
https://doi.org/10.1182/blood-2016-01-636381
https://doi.org/10.1111/cas.15094
https://doi.org/10.20517/jca.2023.39
https://www.ncbi.nlm.nih.gov/pubmed/39119355
https://doi.org/10.1182/bloodadvances.2024013228
https://doi.org/10.1126/science.aag1381
https://www.ncbi.nlm.nih.gov/pubmed/28104796
https://doi.org/10.3390/ijms27010233

Int. J. Mol. Sci. 2026, 27, 233 36 of 42

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Fuster, J.J.; Zuriaga, M.A.; Zorita, V.; MacLauchlan, S.; Polackal, M.N.; Viana-Huete, V.; Ferrer-Pérez, A.; Matesanz, N.;
Herrero-Cervera, A.; Sano, S.; et al. TET2-Loss-of-Function-Driven Clonal Hematopoiesis Exacerbates Experimental Insulin
Resistance in Aging and Obesity. Cell Rep. 2020, 33, 108326. [CrossRef]

Sano, S.; Oshima, K.; Wang, Y.; Katanasaka, Y.; Sano, M.; Walsh, K. CRISPR-Mediated Gene Editing to Assess the Roles of Tet2
and Dnmt3a in Clonal Hematopoiesis and Cardiovascular Disease. Circ. Res. 2018, 123, 335-341. [CrossRef] [PubMed]

Rauch, PJ.; Gopakumar, J.; Silver, AJ; Nachun, D.; Ahmad, H.; McConkey, M.; Nakao, T.; Bosse, M.; Rentz, T,
Vivanco Gonzalez, N.; et al. Loss-of-function mutations in Dnmt3a and Tet2 lead to accelerated atherosclerosis and concor-
dant macrophage phenotypes. Nat. Cardiovasc. Res. 2023, 2, 805-818. [CrossRef]

Wolach, O,; Sellar, R.S.; Martinod, K.; Cherpokova, D.; McConkey, M.; Chappell, R.J.; Silver, A.].; Adams, D.; Castellano, C.A;
Schneider, R.K,; et al. Increased neutrophil extracellular trap formation promotes thrombosis in myeloproliferative neoplasms.
Sci. Transl. Med. 2018, 10, eaan8292. [CrossRef] [PubMed]

Cull, A.H.; Snetsinger, B.; Buckstein, R.; Wells, R.A.; Rauh, M.]. Tet2 restrains inflammatory gene expression in macrophages. Exp.
Hematol. 2017, 55, 56-70.e13. [CrossRef]

Cobo, I.; Tanaka, T.N.; Chandra Mangalhara, K.; Lana, A.; Yeang, C.; Han, C.; Schlachetzki, J.; Challcombe, ].; Fixsen, B.R,;
Sakai, M.; et al. DNA methyltransferase 3 alpha and TET methylcytosine dioxygenase 2 restrain mitochondrial DNA-mediated
interferon signaling in macrophages. Immunity 2022, 55, 1386-1401.e1310. [CrossRef]

Agrawal, M.; Niroula, A.; Cunin, P.; McConkey, M.; Shkolnik, V.; Kim, P.G.; Wong, W.J.; Weeks, L.D.; Lin, A.E.; Miller, P.G.; et al.
TET2-mutant clonal hematopoiesis and risk of gout. Blood 2022, 140, 1094-1103. [CrossRef]

Moyen, T.B.; Tomaz, V.; Cortes, L.G.F; Rosa, S.; Santos, EP.S.; Hamerschlak, N.; Puga, R.D.; Reis, R.D.S.; Petroni, R.C,;
Silveira, C.N.; et al. Prospective characterization of clonal hematopoiesis and its clinical associations in elderly patients. Sci. Rep.
2025, 15, 40824. [CrossRef]

Saadatagah, S.; Uddin, M.M.; Weeks, L.D.; Niroula, A.; Ru, M.; Takahashi, K.; Gondek, L.; Yu, B.; Bick, A.G.; Ebert, B.L,;
et al. Clonal Hematopoiesis Risk Score and All-Cause and Cardiovascular Mortality in Older Adults. JAMA Netw. Open 2024,
7,€2351927. [CrossRef]

Yu, Z.; Vromman, A.; Nguyen, N.Q.H.; Schuermans, A.; Li, L.; Rentz, T.; Nakao, T.; Vellarikkal, S.K.; Uddin, M.M.; Niroula, A.;
et al. Human plasma proteomic profile of clonal hematopoiesis. Nat. Commun. 2025, in press. [CrossRef]

Gajagowni, S.; Hopkins, S.; Qadeer, Y.; Virani, S.S.; Verdonschot, J.A.J.; Coombs, C.C.; Amos, C.I.; Nead, K.T,; Jaiswal, S.;
Krittanawong, C. Clonal hematopoiesis of indeterminate potential and cardiovascular disease: Pathogenesis, clinical presentation,
and future directions. Prog. Cardiovasc. Dis. 2024, 86, 79-85. [CrossRef] [PubMed]

Gumuser, E.D.; Schuermans, A.; Cho, SM.].; Sporn, Z.A.; Uddin, M.M.; Paruchuri, K.; Nakao, T.; Yu, Z.; Haidermota, S.;
Hornsby, W.; et al. Clonal Hematopoiesis of Indeterminate Potential Predicts Adverse Outcomes in Patients with Atherosclerotic
Cardiovascular Disease. J. Am. Coll. Cardiol. 2023, 81, 1996-2009. [CrossRef]

Jaiswal, S.; Natarajan, P.; Silver, A.J.; Gibson, C.J.; Bick, A.G.; Shvartz, E.; McConkey, M.; Gupta, N.; Gabriel, S.; Ardissino, D.; et al.
Clonal Hematopoiesis and Risk of Atherosclerotic Cardiovascular Disease. N. Engl. J. Med. 2017, 377, 111-121. [CrossRef]
Heimlich, J.B.; Raddatz, M.A.; Wells, J.; Vlasschaert, C.; Olson, S.; Threadcraft, M.; Foster, K.; Boateng, E.; Umbarger, K.; Su, Y.R,;
et al. Invasive Assessment of Coronary Artery Disease in Clonal Hematopoiesis of Indeterminate Potential. Circ. Genom. Precis.
Med. 2024, 17, €004415. [CrossRef]

Bi, F; Gao, C.; Guo, H. Epigenetic regulation of cardiovascular diseases induced by behavioral and environmental risk factors:
Mechanistic, diagnostic, and therapeutic insights. FASEB Bioadv. 2024, 6, 477-502. [CrossRef]

Zeng, Z.; Li, F; Gai, S.; Chen, R;; Wang, P.; Wang, J.; Yang, Y.; Chen, ].; Zhang, X.; Wang, X.; et al. The effect of clonal hematopoiesis
on long-term outcomes in patients undergoing coronary artery bypass grafting. BMC Med. 2025, 23, 322. [CrossRef]

Yu, B.; Roberts, M.B.; Raffield, L.M.; Zekavat, S.M.; Nguyen, N.Q.H.; Biggs, M.L.; Brown, M.R; Griffin, G.; Desai, P.; Correa,
A.; et al. Supplemental Association of Clonal Hematopoiesis with Incident Heart Failure. |. Am. Coll. Cardiol. 2021, 78, 42-52.
Correction in J. Am. Coll. Cardiol. 2021, 78, 772. https:/ /doi.org/10.1016/j.jacc.2021.06.032. [CrossRef] [PubMed]

Shi, C.; Aboumsallem, J.P,; Suthahar, N.; de Graaf, A.O.; Jansen, J.H.; van Zeventer, I.A.; Bracun, V.; de Wit, S.; Screever, E.M.;
van den Berg, PFE; et al. Clonal haematopoiesis of indeterminate potential: Associations with heart failure incidence, clinical
parameters and biomarkers. Eur. . Heart Fail. 2023, 25, 4-13. [CrossRef] [PubMed]

Dorsheimer, L.; Assmus, B.; Rasper, T.; Ortmann, C.A.; Ecke, A.; Abou-El-Ardat, K.; Schmid, T.; Briine, B.; Wagner, S.; Serve, H.;
et al. Association of Mutations Contributing to Clonal Hematopoiesis With Prognosis in Chronic Ischemic Heart Failure. JAMA
Cardiol. 2019, 4, 25-33. [CrossRef]

Pascual-Figal, D.A.; Bayes-Genis, A.; Diez-Diez, M.; Herndndez-Vicente, A Véazquez-Andrés, D.; de la Barrera, J.; Vazquez, E.;
Quintas, A.; Zuriaga, M.A.; Asensio-Lépez, M.C.; et al. Clonal Hematopoiesis and Risk of Progression of Heart Failure With
Reduced Left Ventricular Ejection Fraction. J. Am. Coll. Cardiol. 2021, 77, 1747-1759. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27010233


https://doi.org/10.1016/j.celrep.2020.108326
https://doi.org/10.1161/CIRCRESAHA.118.313225
https://www.ncbi.nlm.nih.gov/pubmed/29728415
https://doi.org/10.1038/s44161-023-00326-7
https://doi.org/10.1126/scitranslmed.aan8292
https://www.ncbi.nlm.nih.gov/pubmed/29643232
https://doi.org/10.1016/j.exphem.2017.08.001
https://doi.org/10.1016/j.immuni.2022.06.022
https://doi.org/10.1182/blood.2022015384
https://doi.org/10.1038/s41598-025-24475-w
https://doi.org/10.1001/jamanetworkopen.2023.51927
https://doi.org/10.1038/s41467-025-66755-z
https://doi.org/10.1016/j.pcad.2024.09.001
https://www.ncbi.nlm.nih.gov/pubmed/39278303
https://doi.org/10.1016/j.jacc.2023.03.401
https://doi.org/10.1056/NEJMoa1701719
https://doi.org/10.1161/CIRCGEN.123.004415
https://doi.org/10.1096/fba.2024-00080
https://doi.org/10.1186/s12916-025-04140-9
https://doi.org/10.1016/j.jacc.2021.06.032
https://doi.org/10.1016/j.jacc.2021.04.085
https://www.ncbi.nlm.nih.gov/pubmed/34210413
https://doi.org/10.1002/ejhf.2715
https://www.ncbi.nlm.nih.gov/pubmed/36221810
https://doi.org/10.1001/jamacardio.2018.3965
https://doi.org/10.1016/j.jacc.2021.02.028
https://www.ncbi.nlm.nih.gov/pubmed/33832602
https://doi.org/10.3390/ijms27010233

Int. J. Mol. Sci. 2026, 27, 233 37 of 42

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Schuermans, A.; Honigberg, M.C.; Raffield, L.M.; Yu, B.; Roberts, M.B.; Kooperberg, C.; Desai, P.; Carson, A.P.; Shah, AM,;
Ballantyne, C.M.; et al. Clonal Hematopoiesis and Incident Heart Failure With Preserved Ejection Fraction. JAMA Netw. Open
2024, 7, €2353244. [CrossRef]

Sikking, M.A.; Stroeks, S.; Henkens, M.; Raafs, A.G.; Cossins, B.; van Deuren, R.C.; Steehouwer, M.; Riksen, N.P,; van den
Wijngaard, A.; Brunner, H.G,; et al. Clonal Hematopoiesis Has Prognostic Value in Dilated Cardiomyopathy Independent of Age
and Clone Size. JACC Heart Fail. 2024, 12, 905-914. [CrossRef] [PubMed]

Tao, H.; Xu, W.; Qu, W.; Gao, H.; Zhang, J.; Cheng, X; Liu, N.; Chen, J.; Xu, G.L.; Li, X,; et al. Loss of ten-eleven translocation
2 induces cardiac hypertrophy and fibrosis through modulating ERK signaling pathway. Hum. Mol. Genet. 2021, 30, 865-879.
[CrossRef]

Bhattacharya, R.; Zekavat, S.M.; Haessler, J.; Fornage, M.; Raffield, L.; Uddin, M.M.; Bick, A.G.; Niroula, A.; Yu, B.; Gibson, C,;
et al. Clonal Hematopoiesis Is Associated With Higher Risk of Stroke. Stroke 2022, 53, 788-797. Correction in Stroke 2022, 53, e440.
https:/ /doi.org/10.1161/STR.0000000000000413. [CrossRef]

Li, Y,; Zhang, D.; Han, F; Zhou, L.; Nji, ].; Yao, M.; Jin, Z.; Zhang, S.; Cui, L.; Yang, X.; et al. Clonal Hematopoiesis of Indeterminate
Potential Associated with Covert Cerebral Changes. Ann. Neurol. 2025, 98, 826-836. [CrossRef]

Lee, EJ.; An, HY,; Lim, ].; Park, K.I.; Choi, S.Y.; Jeong, H.Y.; Kang, D.W.; Yang, W.; Kim, ].M.; Ko, S.B.; et al. Clonal Hematopoiesis
and Acute Ischemic Stroke Outcomes. Ann. Neurol. 2023, 94, 836-847. [CrossRef] [PubMed]

Weng, ].; Qiu, X,; Jiang, Y.; Gu, H.Q.; Meng, X.; Zhao, X.; Wang, Y.; Li, Z. Impact of Clonal Hematopoiesis of Indeterminate
Potential on the Long-Term Risk of Recurrent Stroke in Patients with a High Atherosclerotic Burden. . Atheroscler. Thromb. 2025,
32,525-534. [CrossRef]

Kinzhebay, A.; Salybekov, A.A. The Role of Somatic Mutations in Ischemic Stroke: CHIP’s Impact on Vascular Health. Neurol. Int.
2025, 17, 19. [CrossRef]

Sun, Y; Yu, Y; Cai, L.; Yu, B.; Xiao, W.; Tan, X.; Wang, Y.; Lu, Y,; Wang, N. Clonal hematopoiesis of indeterminate potential, health
indicators, and risk of cardiovascular diseases among patients with diabetes: A prospective cohort study. Cardiovasc. Diabetol.
2025, 24, 72. [CrossRef]

Biittner, P; Bottner, J.; Krohn, K.; Baber, R.; Platzbecker, U.; Cross, M.; Desch, S.; Thiele, H.; Steiner, S.; Scheinert, D.; et al. Clonal
Hematopoiesis Mutations Are Present in Atherosclerotic Lesions in Peripheral Artery Disease. Int. ]. Mol. Sci. 2023, 24, 3962.
[CrossRef]

Schuermans, A.; Flynn, S.; Niroula, A.; Uddin, M.M,; Sinnaeve, P.; Budts, W.; Conrad, N.; Ebert, B.L.; Libby, P.; Lin, A.E.; et al.
Clonal Hematopoiesis and Risk of New-Onset Myocarditis and Pericarditis. JAMA Cardiol. 2025, 10, 1147. [CrossRef] [PubMed]
Franceschi, C.; Garagnani, P.; Parini, P; Giuliani, C.; Santoro, A. Inflammaging: A new immune-metabolic viewpoint for
age-related diseases. Nat. Rev. Endocrinol. 2018, 14, 576-590. [CrossRef]

Sénchez-Cabo, F,; Fuster, ].]. Clonal haematopoiesis and atherosclerosis: A chicken or egg question? Nat. Rev. Cardiol. 2021, 18,
463-464. [CrossRef]

Gatlik, E.; Mehes, B.; Voltz, E.; Sommer, U.; Tritto, E.; Lestini, G.; Liu, X,; Pal, P; Velinova, M.; Denney, W.S.; et al. First-in-human
safety, tolerability, and pharmacokinetic results of DFV890, an oral low-molecular-weight NLRP3 inhibitor. Clin. Transl. Sci. 2024,
17, e13789. [CrossRef] [PubMed]

Hettwer, J.; Hinterdobler, J.; Miritsch, B.; Deutsch, M.A.; Li, X.; Mauersberger, C.; Moggio, A.; Braster, Q.; Gram, H.; Robertson,
A.AB.; et al. Interleukin-13 suppression dampens inflammatory leucocyte production and uptake in atherosclerosis. Cardiovasc.
Res. 2022, 118, 2778-2791. [CrossRef] [PubMed]

Sikking, M.A.; Stroeks, S.; Waring, O.].; Henkens, M.; Riksen, N.P.; Hoischen, A.; Heymans, S.R.B.; Verdonschot, J.A.]J. Clonal
Hematopoiesis of Indeterminate Potential From a Heart Failure Specialist’s Point of View. J. Am. Heart Assoc. 2023, 12, e030603.
[CrossRef] [PubMed]

Abplanalp, W.T.; Schuhmacher, B.; Cremer, S.; Merten, M.; Shumliakivska, M.; Macinkovic, I.; Zeiher, A.M.; John, D.; Dimmeler, S.
Cell-intrinsic effects of clonal hematopoiesis in heart failure. Nat. Cardiovasc. Res. 2023, 2, 819-834. [CrossRef]

Liu, W,; Pircher, J.; Schuermans, A.; Ul Ain, Q.; Zhang, Z.; Honigberg, M.C.; Yalcinkaya, M.; Nakao, T.; Pournamadri, A.; Xiao, T.;
et al. Jak2 V617F clonal hematopoiesis promotes arterial thrombosis via platelet activation and cross talk. Blood 2024, 143,
1539-1550. [CrossRef]

Molinaro, R.; Sellar, R.S.; Vromman, A.; Sausen, G.; Folco, E.; Sukhova, G.K.; McConke, M.E.; Corbo, C.; Ebert, B.L.; Libby, P. The
clonal hematopoiesis mutation Jak2(V617F) aggravates endothelial injury and thrombosis in arteries with erosion-like intimas.
Int. J. Cardiol. 2024, 409, 132184. [CrossRef]

Akhiyat, N.; Lasho, T.; Ganji, M.; Toya, T.; Shi, C.X; Chen, X,; Braggio, E.; Ahmad, A.; Corban, M.T; Stewart, K.; et al. Clonal
Hematopoiesis of Indeterminate Potential Is Associated with Coronary Microvascular Dysfunction In Early Nonobstructive
Coronary Artery Disease. Arterioscler. Thromb. Vasc. Biol. 2023, 43, 774-783. [CrossRef]

https://doi.org/10.3390/ijms27010233


https://doi.org/10.1001/jamanetworkopen.2023.53244
https://doi.org/10.1016/j.jchf.2023.06.037
https://www.ncbi.nlm.nih.gov/pubmed/37638520
https://doi.org/10.1093/hmg/ddab046
https://doi.org/10.1161/STR.0000000000000413
https://doi.org/10.1161/STROKEAHA.121.037388
https://doi.org/10.1002/ana.27304
https://doi.org/10.1002/ana.26754
https://www.ncbi.nlm.nih.gov/pubmed/37532684
https://doi.org/10.5551/jat.65056
https://doi.org/10.3390/neurolint17020019
https://doi.org/10.1186/s12933-025-02626-7
https://doi.org/10.3390/ijms24043962
https://doi.org/10.1001/jamacardio.2025.3369
https://www.ncbi.nlm.nih.gov/pubmed/40884495
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1038/s41569-021-00554-z
https://doi.org/10.1111/cts.13789
https://www.ncbi.nlm.nih.gov/pubmed/38761014
https://doi.org/10.1093/cvr/cvab337
https://www.ncbi.nlm.nih.gov/pubmed/34718444
https://doi.org/10.1161/JAHA.123.030603
https://www.ncbi.nlm.nih.gov/pubmed/37489738
https://doi.org/10.1038/s44161-023-00322-x
https://doi.org/10.1182/blood.2023022260
https://doi.org/10.1016/j.ijcard.2024.132184
https://doi.org/10.1161/ATVBAHA.122.318928
https://doi.org/10.3390/ijms27010233

Int. J. Mol. Sci. 2026, 27, 233 38 of 42

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Kallai, A.; Ungvari, A.; Csaban, D.; Orfi, Z.; Lehoczki, A.; Harasztdombi, J.; Yabluchanskiy, A.; Beny6, Z.; Szappanos, A; Tarantini,
S.; et al. Clonal hematopoiesis of indeterminate potential (CHIP) in cerebromicrovascular aging: Implications for vascular
contributions to cognitive impairment and dementia (VCID). GeroScience 2025, 47, 2739-2775. [CrossRef]

Zekavat, S.M.; Viana-Huete, V.; Matesanz, N.; Jorshery, S.D.; Zuriaga, M.A.; Uddin, M.M,; Trinder, M.; Paruchuri, K.; Zorita, V,;
Ferrer-Pérez, A.; et al. TP53-mediated clonal hematopoiesis confers increased risk for incident atherosclerotic disease. Nat.
Cardiovasc. Res. 2023, 2, 144-158. [CrossRef]

Li, X;; Li, C.; Zhang, W.; Wang, Y.; Qian, P.; Huang, H. Inflammation and aging: Signaling pathways and intervention therapies.
Signal Transduct. Target. Ther. 2023, 8, 239. [CrossRef]

Hormaechea-Agulla, D.; Matatall, K.A.; Le, D.T.; Kain, B.; Long, X.; Kus, P.; Jaksik, R.; Challen, G.A.; Kimmel, M.; King, K.Y.
Chronic infection drives Dnmt3a-loss-of-function clonal hematopoiesis via IFNYy signaling. Cell Stem Cell 2021, 28, 1428-1442.e1426.
[CrossRef]

Busque, L.; Sun, M.; Buscarlet, M.; Ayachi, S.; Feroz Zada, Y.; Provost, S.; Bourgoin, V.; Mollica, L.; Meisel, M.; Hinterleitner, R.;
et al. High-sensitivity C-reactive protein is associated with clonal hematopoiesis of indeterminate potential. Blood Adv. 2020, 4,
2430-2438. [CrossRef] [PubMed]

Papadavid, E.; Katsimbri, P.; Kapniari, I.; Koumaki, D.; Karamparpa, A.; Dalamaga, M.; Tzannis, K.; Boumpas, D.; Rigopoulos, D.
Prevalence of psoriatic arthritis and its correlates among patients with psoriasis in Greece: Results from a large retrospective
study. J. Eur. Acad. Dermatol. Venereol. JEADV 2016, 30, 1749-1752. [CrossRef] [PubMed]

Zuriaga, M.A.; Fuster, ].]. Clonal haematopoiesis of indeterminate potential: An emerging risk factor for type 2 diabetes and
related complications. Diabetologia 2025, 68, 920-929. [CrossRef]

Tobias, D.K.; Manning, A.K.; Wessel, J.; Raghavan, S.; Westerman, K.E.; Bick, A.G.; Dicorpo, D.; Whitsel, E.A.; Collins, J.; Correa,
A.; et al. Clonal Hematopoiesis of Indeterminate Potential (CHIP) and Incident Type 2 Diabetes Risk. Diabetes Care 2023, 46,
1978-1985. [CrossRef] [PubMed]

Fiedler, E.C.; Shaw, R.J. AMPK Regulates the Epigenome through Phosphorylation of TET2. Cell Metab. 2018, 28, 534-536.
[CrossRef]

Kundu, A.; Shelar, S.; Ghosh, A.P; Ballestas, M.; Kirkman, R.; Nam, H.; Brinkley, G.J.; Karki, S.; Mobley, J.A.; Bae, S.; et al.
14-3-3 proteins protect AMPK-phosphorylated ten-eleven translocation-2 (TET2) from PP2A-mediated dephosphorylation. J. Biol.
Chem. 2020, 295, 1754-1766. [CrossRef]

Wei, J.; Yu, Y.; Wu, H.; Li, Y,; Wang, N.; Tan, X. Clonal Hematopoiesis of Indeterminate Potential and Risk of Microvascular
Complications Among Individuals With Type 2 Diabetes: A Cohort Study. Diabetes 2025, 74, 585-595. [CrossRef]

Oh, T].; Song, H.; Koh, Y.; Choi, S.H. The Presence of Clonal Hematopoiesis Is Negatively Associated with Diabetic Peripheral
Neuropathy in Type 2 Diabetes. Endocrinol. Metab. 2022, 37, 243-248. [CrossRef]

Kim, M.J.; Song, H.; Koh, Y.; Lee, H.; Park, H.E.; Choi, S.H.; Yoon, J.W.; Choi, S.Y. Clonal hematopoiesis as a novel risk factor for
type 2 diabetes mellitus in patients with hypercholesterolemia. Front. Public Health 2023, 11, 1181879. [CrossRef]

Zhao, X.; Li, J.; Chen, R.; Li, N,; Xue, L.; Yan, S.; Liu, C.; Zhou, P,; Chen, Y.; Yan, H.; et al. The predictive value of atherogenic index
of plasma and clonal hematopoiesis of indeterminate potential among patients with STEMI-from a prospective cohort study.
Cardiovasc. Diabetol. 2025, 24, 333. [CrossRef] [PubMed]

De Siervi, S.; Cannito, S.; Turato, C. Chronic Liver Disease: Latest Research in Pathogenesis, Detection and Treatment. Int. J. Mol.
Sci. 2023, 24, 10633. [CrossRef] [PubMed]

Kounatidis, D.; Vallianou, N.G.; Geladari, E.; Panoilia, M.P,; Daskou, A ; Stratigou, T.; Karampela, L; Tsilingiris, D.; Dalamaga, M.
NAFLD in the 21st Century: Current Knowledge Regarding Its Pathogenesis, Diagnosis and Therapeutics. Biomedicines 2024,
12, 826. [CrossRef]

Marchetti, A.; Pelusi, S.; Marella, A.; Malvestiti, E; Ricchiuti, A.; Ronzoni, L.; Lionetti, M.; Moretti, V.; Bugianesi, E.; Miele, L.; et al.
Impact of clonal hematopoiesis of indeterminate potential on hepatocellular carcinoma in individuals with steatotic liver disease.
Hepatology 2024, 80, 816-827. [CrossRef] [PubMed]

Papavasileiou, G.; Tsilingiris, D.; Spyrou, N.; Vallianou, N.G.; Karampela, I.; Magkos, F.; Dalamaga, M. Obesity and main urologic
cancers: Current systematic evidence, novel biological mechanisms, perspectives and challenges. Semin. Cancer Biol. 2023, 91,
70-98. [CrossRef]

Pavlidou, A.; Dalamaga, M.; Kroupis, C.; Konstantoudakis, G.; Belimezi, M.; Athanasas, G.; Dimas, K. Survivin isoforms and
clinicopathological characteristics in colorectal adenocarcinomas using real-time qPCR. World |. Gastroenterol. 2011, 17, 1614-1621.
[CrossRef]

Dalamaga, M. Obesity, insulin resistance, adipocytokines and breast cancer: New biomarkers and attractive therapeutic targets.
World J. Exp. Med. 2013, 3, 34-42. [CrossRef]

Tsilingiris, D.; Vallianou, N.G.; Spyrou, N.; Kounatidis, D.; Christodoulatos, G.S.; Karampela, I.; Dalamaga, M. Obesity and
Leukemia: Biological Mechanisms, Perspectives, and Challenges. Curr. Obes. Rep. 2024, 13, 1-34. [CrossRef]

https://doi.org/10.3390/ijms27010233


https://doi.org/10.1007/s11357-025-01654-1
https://doi.org/10.1038/s44161-022-00206-6
https://doi.org/10.1038/s41392-023-01502-8
https://doi.org/10.1016/j.stem.2021.03.002
https://doi.org/10.1182/bloodadvances.2019000770
https://www.ncbi.nlm.nih.gov/pubmed/32492156
https://doi.org/10.1111/jdv.13700
https://www.ncbi.nlm.nih.gov/pubmed/27508394
https://doi.org/10.1007/s00125-025-06393-8
https://doi.org/10.2337/dc23-0805
https://www.ncbi.nlm.nih.gov/pubmed/37756531
https://doi.org/10.1016/j.cmet.2018.09.015
https://doi.org/10.1074/jbc.RA119.011089
https://doi.org/10.2337/db24-0841
https://doi.org/10.3803/EnM.2021.1337
https://doi.org/10.3389/fpubh.2023.1181879
https://doi.org/10.1186/s12933-025-02877-4
https://www.ncbi.nlm.nih.gov/pubmed/40804387
https://doi.org/10.3390/ijms241310633
https://www.ncbi.nlm.nih.gov/pubmed/37445809
https://doi.org/10.3390/biomedicines12040826
https://doi.org/10.1097/HEP.0000000000000839
https://www.ncbi.nlm.nih.gov/pubmed/38470216
https://doi.org/10.1016/j.semcancer.2023.03.002
https://doi.org/10.3748/wjg.v17.i12.1614
https://doi.org/10.5493/wjem.v3.i3.34
https://doi.org/10.1007/s13679-023-00542-z
https://doi.org/10.3390/ijms27010233

Int. J. Mol. Sci. 2026, 27, 233 39 of 42

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Dalamaga, M.; Christodoulatos, G.S. Adiponectin as a biomarker linking obesity and adiposopathy to hematologic malignancies.
Horm. Mol. Biol. Clin. Investig. 2015, 23, 5-20. [CrossRef] [PubMed]

Dalamaga, M.; Nikolaidou, A.; Karmaniolas, K.; Hsi, A.; Chamberland, ].; Dionyssiou-Asteriou, A.; Mantzoros, C.S. Circulating
adiponectin and leptin in relation to myelodysplastic syndrome: A case-control study. Oncology 2007, 73, 26-32. [CrossRef]
Dalamaga, M.; Karmaniolas, K.; Matekovits, A.; Migdalis, I.; Papadavid, E. Cutaneous manifestations in relation to immunologic
parameters in a cohort of primary myelodysplastic syndrome patients. J. Eur. Acad. Dermatol. Venereol. [EADV 2008, 22, 543-548.
[CrossRef] [PubMed]

Petridou, E.; Dalamaga, M.; Mentis, A.; Skalkidou, A.; Moustaki, M.; Karpathios, T.; Trichopoulos, D. Evidence on the infectious
etiology of childhood leukemia: The role of low herd immunity (Greece). Cancer Causes Control CCC 2001, 12, 645-652. [CrossRef]
[PubMed]

Dalamaga, M.; Karmaniolas, K.; Chamberland, J.; Nikolaidou, A.; Lekka, A.; Dionyssiou-Asteriou, A.; Mantzoros, C.S. Higher
fetuin-A, lower adiponectin and free leptin levels mediate effects of excess body weight on insulin resistance and risk for
myelodysplastic syndrome. Metab. Clin. Exp. 2013, 62, 1830-1839. [CrossRef]

Zemel, M.B. Regulation of adiposity and obesity risk by dietary calcium: Mechanisms and implications. J. Am. Coll. Nutr. 2002,
21, 146s-151s. [CrossRef]

Moschen, A.R.; Molnar, C.; Enrich, B.; Geiger, S.; Ebenbichler, C.F,; Tilg, H. Adipose and liver expression of interleukin (IL)-1
family members in morbid obesity and effects of weight loss. Mol. Med. 2011, 17, 840-845. [CrossRef] [PubMed]

Uzieliene, I.; Bernotiene, E.; Rakauskiene, G.; Denkovskij, J.; Bagdonas, E.; Mackiewicz, Z.; Porvaneckas, N.; Kvederas, G;
Mobasheri, A. The Antihypertensive Drug Nifedipine Modulates the Metabolism of Chondrocytes and Human Bone Marrow-
Derived Mesenchymal Stem Cells. Front. Endocrinol. 2019, 10, 756. [CrossRef]

Guo, D.Q.; Zhang, H.; Tan, S.J.; Gu, Y.C. Nifedipine promotes the proliferation and migration of breast cancer cells. PLoS ONE
2014, 9, €113649. [CrossRef]

Dawoud, A.A.Z.; Tapper, W.J.; Cross, N.C.P. Clonal myelopoiesis in the UK Biobank cohort: ASXL1 mutations are strongly
associated with smoking. Leukemia 2020, 34, 2660-2672. [CrossRef]

Haring, B.; Reiner, A.P; Liu, J.; Tobias, D.K.; Whitsel, E.; Berger, J.S.; Desai, P.; Wassertheil-Smoller, S.; LaMonte, M.J.;
Hayden, K M.; et al. Healthy Lifestyle and Clonal Hematopoiesis of Indeterminate Potential: Results From the Women’s
Health Initiative. J. Am. Heart Assoc. 2021, 10, e018789. [CrossRef]

You, D.; Nilsson, E.; Tenen, D.E.; Lyubetskaya, A.; Lo, ].C.; Jiang, R.; Deng, J.; Dawes, B.A.; Vaag, A.; Ling, C.; et al. Dnmt3a is an
epigenetic mediator of adipose insulin resistance. eLife 2017, 6, e30766. [CrossRef]

Tovy, A.; Reyes, ] M.; Zhang, L.; Huang, Y.H.; Rosas, C.; Daquinag, A.C.; Guzman, A.; Ramabadran, R.; Chen, CW.; Gu, T; et al.
Constitutive loss of DNMT3A causes morbid obesity through misregulation of adipogenesis. eLife 2022, 11, €72359. [CrossRef]
Harris, B.H.L.; Macaulay, V.M.; Harris, D.A.; Klenerman, P; Karpe, F; Lord, S.R.; Harris, A.L.; Buffa, EM. Obesity: A perfect
storm for carcinogenesis. Cancer Metastasis Rev. 2022, 41, 491-515. [CrossRef] [PubMed]

Mantovani, A.; Marchesi, F; Malesci, A.; Laghi, L.; Allavena, P. Tumour-associated macrophages as treatment targets in oncology.
Nat. Rev. Clin. Oncol. 2017, 14, 399—416. [CrossRef] [PubMed]

Ahn, HJ.; An, HY,; Ryu, G.; Lim, J.; Sun, C.; Song, H.; Choi, S.Y.; Lee, H.; Maurer, T.; Nachun, D.; et al. Clonal haematopoiesis of
indeterminate potential and atrial fibrillation: An east Asian cohort study. Eur. Heart ]. 2024, 45, 778-790. [CrossRef]
Kestenbaum, B.; Bick, A.G.; Vlasschaert, C.; Rauh, M.].; Lanktree, M.B.; Franceschini, N.; Shoemaker, M.B.; Harris, R.C., Jr.;
Psaty, B.M.; Kottgen, A.; et al. Clonal Hematopoiesis of Indeterminate Potential and Kidney Function Decline in the General
Population. Am. J. Kidney Dis. Off. ]. Natl. Kidney Found. 2023, 81, 329-335. [CrossRef]

Dawoud, A.A.Z,; Gilbert, R.D.; Tapper, W.J.; Cross, N.C.P. Clonal myelopoiesis promotes adverse outcomes in chronic kidney
disease. Leukemia 2022, 36, 507-515. [CrossRef] [PubMed]

Polizio, A.H.; Marino, L.; Min, K.D.; Yura, Y.; Rolauer, L.; Cochran, ].D.; Evans, M.A.; Park, E.; Doviak, H.; Miura-Yura, E.; et al.
Experimental TET2 Clonal Hematopoiesis Predisposes to Renal Hypertension Through an Inflammasome-Mediated Mechanism.
Circ. Res. 2024, 135, 933-950. [CrossRef]

Vlasschaert, C.; Pan, Y.; Chen, J.; Akwo, E.; Rao, V.; Hixson, J.E.; Chong, M.; Uddin, M.M.; Yu, Z.; Jiang, M.; et al. Clonal
Hematopoiesis of Indeterminate Potential and Progression of CKD. J. Am. Soc. Nephrol. JASN 2025, 36, 1764-1774. [CrossRef]
Denicolo, S.; Vogi, V.; Keller, E.; Thoni, S.; Eder, S.; Heerspink, H.J.L.; Rosivall, L.; Wiecek, A.; Mark, P.B.; Perco, P; et al. Clonal
Hematopoiesis of Indeterminate Potential and Diabetic Kidney Disease: A Nested Case-Control Study. Kidney Int. Rep. 2022, 7,
876-888. [CrossRef]

Vlasschaert, C.; Heimlich, ].B.; Rauh, M.].; Natarajan, P.; Bick, A.G. Interleukin-6 Receptor Polymorphism Attenuates Clonal
Hematopoiesis-Mediated Coronary Artery Disease Risk Among 451 180 Individuals in the UK Biobank. Circulation 2023, 147,
358-360. [CrossRef]

Zhao, J.; Wei, K,; Jiang, P.; Chang, C.; Xu, L.; Xu, L.; Shi, Y,; Guo, S.; Xue, Y.; He, D. Inflammatory Response to Regulated Cell
Death in Gout and Its Functional Implications. Front. Immunol. 2022, 13, 888306. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27010233


https://doi.org/10.1515/hmbci-2015-0016
https://www.ncbi.nlm.nih.gov/pubmed/26057219
https://doi.org/10.1159/000120995
https://doi.org/10.1111/j.1468-3083.2007.02520.x
https://www.ncbi.nlm.nih.gov/pubmed/18070024
https://doi.org/10.1023/A:1011255825887
https://www.ncbi.nlm.nih.gov/pubmed/11552712
https://doi.org/10.1016/j.metabol.2013.09.007
https://doi.org/10.1080/07315724.2002.10719212
https://doi.org/10.2119/molmed.2010.00108
https://www.ncbi.nlm.nih.gov/pubmed/21394384
https://doi.org/10.3389/fendo.2019.00756
https://doi.org/10.1371/journal.pone.0113649
https://doi.org/10.1038/s41375-020-0896-8
https://doi.org/10.1161/JAHA.120.018789
https://doi.org/10.7554/eLife.30766
https://doi.org/10.7554/eLife.72359
https://doi.org/10.1007/s10555-022-10046-2
https://www.ncbi.nlm.nih.gov/pubmed/36038791
https://doi.org/10.1038/nrclinonc.2016.217
https://www.ncbi.nlm.nih.gov/pubmed/28117416
https://doi.org/10.1093/eurheartj/ehad869
https://doi.org/10.1053/j.ajkd.2022.08.014
https://doi.org/10.1038/s41375-021-01382-3
https://www.ncbi.nlm.nih.gov/pubmed/34413458
https://doi.org/10.1161/CIRCRESAHA.124.324492
https://doi.org/10.1681/ASN.0000000680
https://doi.org/10.1016/j.ekir.2022.01.1064
https://doi.org/10.1161/CIRCULATIONAHA.122.062126
https://doi.org/10.3389/fimmu.2022.888306
https://www.ncbi.nlm.nih.gov/pubmed/35464445
https://doi.org/10.3390/ijms27010233

Int. J. Mol. Sci. 2026, 27, 233 40 of 42

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Calverley, PM.A.; Walker, P.P. Contemporary Concise Review 2022: Chronic obstructive pulmonary disease. Respirology 2023, 28,
428-436. [CrossRef]

Parulekar, A.D.; Martinez, C.; Tsai, C.L.; Locantore, N.; Atik, M.; Yohannes, A.M.; Kao, C.C.; Al-Azzawi, H.; Mohsin, A.; Wise, R.A.;
et al. Examining the Effects of Age on Health Outcomes of Chronic Obstructive Pulmonary Disease: Results from the Genetic
Epidemiology of Chronic Obstructive Pulmonary Disease Study and Evaluation of Chronic Obstructive Pulmonary Disease
Longitudinally to Identify Predictive Surrogate Endpoints Cohorts. . Am. Med. Dir. Assoc. 2017, 18, 1063-1068. [CrossRef]
Miller, P.G.; Qiao, D.; Rojas-Quintero, J.; Honigberg, M.C.; Sperling, A.S.; Gibson, C.].; Bick, A.G.; Niroula, A.; McConkey, M.E.;
Sandoval, B.; et al. Association of clonal hematopoiesis with chronic obstructive pulmonary disease. Blood 2022, 139, 357-368.
Erratum in Blood 2022, 141, 682. https://doi.org/10.1182/blood.2022018840. [CrossRef]

Kuhnert, S.; Mansouri, S.; Rieger, M.A; Savai, R.; Avci, E.; Diaz-Pifia, G.; Padmasekar, M.; Looso, M.; Hadzic, S.; Acker, T.; et al.
Association of Clonal Hematopoiesis of Indeterminate Potential with Inflammatory Gene Expression in Patients with COPD.
Cells 2022, 11, 2121. [CrossRef] [PubMed]

Lee, ] K.; An, H.; Koh, Y.; Lee, C.H. Clonal haematopoiesis of indeterminate potential: A risk factor for future exacerbation in
patients with COPD. ER] Open Res. 2025, 11, 00292-2024. [CrossRef] [PubMed]

Belizaire, R.; Wong, W.].; Robinette, M.L.; Ebert, B.L. Clonal haematopoiesis and dysregulation of the immune system. Nat. Rev.
Immunol. 2023, 23, 595-610. [CrossRef]

Schenz, J.; Rump, K,; Siegler, B.H.; Hemmerling, I.; Rahmel, T.; Thon, ].N.; Nowak, H.; Fischer, D.; Hafner, A.; Tichy, L.; et al.
Increased prevalence of clonal hematopoiesis of indeterminate potential in hospitalized patients with COVID-19. Front. Immunol.
2022, 13, 968778. [CrossRef]

Bick, A.G.; Popadin, K.; Thorball, C.W.; Uddin, M.M.; Zanni, M.V.; Yu, B.; Cavassini, M.; Rauch, A.; Tarr, P.; Schmid, P; et al.
Increased prevalence of clonal hematopoiesis of indeterminate potential amongst people living with HIV. Sci. Rep. 2022, 12, 577.
Correction in Sci. Rep. 2022, 12, 11638. https://doi.org/10.1038 /s41598-022-16151-0. [CrossRef] [PubMed]

Pasupuleti, S.; Ramdas, B.; Burns, S.; Kumar, R.; Pandhiri, T.; Sandusky, G.; Yu, Z.; Honigberg, M.; Bick, A.; Griffin, G.; et al.
Obesity-Induced Inflammation Co-Operates with Clonal Hematopoiesis of Indeterminate Potential (CHIP) Mutants to Promote
Leukemia Development and Cardiovascular Disease. Blood 2021, 138, 1094. [CrossRef]

Mack, T.M.; Raddatz, M.A.; Pershad, Y.; Nachun, D.C.; Taylor, K.D.; Guo, X.; Shuldiner, A.R.; O’Connell, ].R.; Kenny, E.E,;
Loos, RJ.E; et al. Epigenetic and proteomic signatures associate with clonal hematopoiesis expansion rate. Nat. Aging 2024, 4,
1043-1052. [CrossRef]

Malcovati, L.; Galli, A.; Travaglino, E.; Ambaglio, I.; Rizzo, E.; Molteni, E.; Elena, C.; Ferretti, V.V,; Catricala, S.; Bono, E.; et al.
Clinical significance of somatic mutation in unexplained blood cytopenia. Blood 2017, 129, 3371-3378. [CrossRef]

van Zeventer, LA.; de Graaf, A.O.; Wouters, H.; van der Reijden, B.A.; van der Klauw, M.M.; de Witte, T.; Jonker, M.A.; Malcovati,
L.; Jansen, J.H.; Huls, G. Mutational spectrum and dynamics of clonal hematopoiesis in anemia of older individuals. Blood 2020,
135,1161-1170. [CrossRef]

Bick, A.G.; Weinstock, J.S.; Nandakumar, S.K.; Fulco, C.P; Bao, E.L.; Zekavat, S.M.; Szeto, M.D.; Liao, X.; Leventhal, M.].; Nasser,
J.; et al. Inherited causes of clonal haematopoiesis in 97,691 whole genomes. Nature 2020, 586, 763-768. Correction in Nature 2020,
591, E27. https:/ /doi.org/10.1038 /s41586-021-03280-1. [CrossRef]

Jaiswal, S.; Fontanillas, P; Flannick, J.; Manning, A.; Grauman, P.V,; Mar, B.G.; Lindsley, R.C.; Mermel, C.H.; Burtt, N.; Chavez, A.;
et al. Age-related clonal hematopoiesis associated with adverse outcomes. N. Engl. |. Med. 2014, 371, 2488-2498. [CrossRef]
Buttigieg, M.M.; Rauh, M.]. Clonal Hematopoiesis: Updates and Implications at the Solid Tumor-Immune Interface. JCO Precis.
Oncol. 2023, 7, €2300132. [CrossRef]

Riely, G.J.; Kris, M.G.; Rosenbaum, D.; Marks, J.; Li, A.; Chitale, D.A.; Nafa, K.; Riedel, E.R.; Hsu, M.; Pao, W.; et al. Frequency
and distinctive spectrum of KRAS mutations in never smokers with lung adenocarcinoma. Clin. Cancer Res. Off. ]. Am. Assoc.
Cancer Res. 2008, 14, 5731-5734. [CrossRef]

Leroy, B.; Anderson, M.; Soussi, T. TP53 mutations in human cancer: Database reassessment and prospects for the next decade.
Hum. Mutat. 2014, 35, 672-688. [CrossRef] [PubMed]

Jensen, K.; Konnick, E.Q.; Schweizer, M.T.; Sokolova, A.O.; Grivas, P.; Cheng, H.H.; Klemfuss, N.M.; Beightol, M.; Yu, E.Y;
Nelson, P.S.; et al. Association of Clonal Hematopoiesis in DNA Repair Genes with Prostate Cancer Plasma Cell-free DNA Testing
Interference. JAMA Oncol. 2021, 7, 107-110. [CrossRef] [PubMed]

Gibson, C.J.; Lindsley, R.C.; Tchekmedyian, V.; Mar, B.G.; Shi, J.; Jaiswal, S.; Bosworth, A.; Francisco, L.; He, J.; Bansal, A.; et al.
Clonal Hematopoiesis Associated with Adverse Outcomes After Autologous Stem-Cell Transplantation for Lymphoma. J. Clin.
Oncol. Off. ]. Am. Soc. Clin. Oncol. 2017, 35, 1598-1605. [CrossRef]

Pingali, S.R.; Saliba, R.M.; Anderlini, P.; Hosing, C.; Khouri, I.; Alousi, A.M.; Nieto, Y.; Qazilbash, M.H.; Champlin, R.; Popat, U.R.
Age over Fifty-Five Years at Diagnosis Increases Risk of Second Malignancies after Autologous Transplantation for Patients with
Hodgkin Lymphoma. Biol. Blood Marrow Transplant. 2017, 23, 1059-1063. [CrossRef]

https://doi.org/10.3390/ijms27010233


https://doi.org/10.1111/resp.14489
https://doi.org/10.1016/j.jamda.2017.09.028
https://doi.org/10.1182/blood.2022018840
https://doi.org/10.1182/blood.2021013531
https://doi.org/10.3390/cells11132121
https://www.ncbi.nlm.nih.gov/pubmed/35805204
https://doi.org/10.1183/23120541.00292-2024
https://www.ncbi.nlm.nih.gov/pubmed/40551798
https://doi.org/10.1038/s41577-023-00843-3
https://doi.org/10.3389/fimmu.2022.968778
https://doi.org/10.1038/s41598-022-16151-0
https://doi.org/10.1038/s41598-021-04308-2
https://www.ncbi.nlm.nih.gov/pubmed/35022435
https://doi.org/10.1182/blood-2021-153521
https://doi.org/10.1038/s43587-024-00647-7
https://doi.org/10.1182/blood-2017-01-763425
https://doi.org/10.1182/blood.2019004362
https://doi.org/10.1038/s41586-021-03280-1
https://doi.org/10.1038/s41586-020-2819-2
https://doi.org/10.1056/NEJMoa1408617
https://doi.org/10.1200/PO.23.00132
https://doi.org/10.1158/1078-0432.CCR-08-0646
https://doi.org/10.1002/humu.22552
https://www.ncbi.nlm.nih.gov/pubmed/24665023
https://doi.org/10.1001/jamaoncol.2020.5161
https://www.ncbi.nlm.nih.gov/pubmed/33151258
https://doi.org/10.1200/JCO.2016.71.6712
https://doi.org/10.1016/j.bbmt.2017.03.030
https://doi.org/10.3390/ijms27010233

Int. J. Mol. Sci. 2026, 27, 233 41 of 42

145.

146.

147.
148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Tahri, S.; Mouhieddine, T.H.; Redd, R.; Lampe, L.; Nilsson, K.I; El-Khoury, H.; Su, N.K.; Nassar, A.H.; Adib, E.; Bindra, G.; et al.
Clonal hematopoiesis is associated with increased risk of progression of asymptomatic Waldenstrom macroglobulinemia. Blood
Adv. 2022, 6, 2230-2235. [CrossRef]

Sperling, A.S.; Guerra, V.A.; Kennedy, J.A.; Yan, Y.; Hsu, ]J.I; Wang, F; Nguyen, A.T.; Miller, PG.; McConkey, M.E,;
Quevedo Barrios, V.A; et al. Lenalidomide promotes the development of TP53-mutated therapy-related myeloid neoplasms.
Blood 2022, 140, 1753-1763. [CrossRef]

Uslu, U.; June, C.H. CAR T-cell Therapy Meets Clonal Hematopoiesis. Blood Cancer Discov. 2022, 3, 382-384. [CrossRef] [PubMed]
Miller, P.G.; Sperling, A.S.; Brea, E.J.; Leick, M.B; Fell, G.G.; Jan, M.; Gohil, S.H.; Tai, Y.T.; Munshi, N.C.; Wu, C.J.; et al. Clonal
hematopoiesis in patients receiving chimeric antigen receptor T-cell therapy. Blood Adv. 2021, 5, 2982-2986. [CrossRef]

Singh, A.; Mencia-Trinchant, N.; Griffiths, E.A.; Altahan, A.; Swaminathan, M.; Gupta, M.; Gravina, M.; Tajammal, R.; Faber, M.G;
Yan, L.; et al. Mutant PPM1D- and TP53-Driven Hematopoiesis Populates the Hematopoietic Compartment in Response to
Peptide Receptor Radionuclide Therapy. JCO Precis. Oncol. 2022, 6, €2100309. [CrossRef] [PubMed]

Dietz, A.C.; Savage, S.A.; Vlachos, A.; Mehta, P.A.; Bresters, D.; Tolar, J.; Bonfim, C.; Dalle, ].H.; de la Fuente, J.; Skinner, R.;
et al. Late Effects Screening Guidelines after Hematopoietic Cell Transplantation for Inherited Bone Marrow Failure Syndromes:
Consensus Statement From the Second Pediatric Blood and Marrow Transplant Consortium International Conference on Late
Effects After Pediatric HCT. Biol. Blood Marrow Transplant. 2017, 23, 1422-1428. [CrossRef]

Sidlow, R.; Lin, A.E.; Gupta, D.; Bolton, K.L.; Steensma, D.P,; Levine, R.L.; Ebert, B.L.; Libby, P. The Clinical Challenge of Clonal
Hematopoiesis, a Newly Recognized Cardiovascular Risk Factor. JAMA Cardiol. 2020, 5, 958-961. [CrossRef]

Patel, S.A.; Weeks, L.D. Drafting a blueprint for designing successful clinical trials in clonal haematopoiesis. Br. J. Haematol. 2025,
206, 800-802. [CrossRef]

Mohammadnia, N.; Xue, L.; Vestjens, L. T.W.; Uddin, M.M.; Niroula, A.; de Kleijn, D.P.V,; Mosterd, A.; Fiolet, A.T.L.; Nakao, T.;
Eikelboom, J.W.; et al. Colchicine and Longitudinal Dynamics of Clonal Hematopoiesis: An Exploratory Substudy of the LoDoCo2
Trial. J. Am. Coll. Cardiol. 2025, 86, 1983-1996. [CrossRef]

Ridker, PM.; Devalaraja, M.; Baeres, EM.M.; Engelmann, M.D.M.; Hovingh, G.K.; Ivkovic, M,; Lo, L.; Kling, D.; Pergola, P;
Raj, D.; et al. IL-6 inhibition with ziltivekimab in patients at high atherosclerotic risk (RESCUE): A double-blind, randomised,
placebo-controlled, phase 2 trial. Lancet 2021, 397, 2060-2069. [CrossRef] [PubMed]

Petrie, M.; Borlaug, B.; Buchholtz, K.; Ducharme, A.; Hvelplund, A.; Ping, C.L.S.; Mendieta, G.; Hardt-Lindberg, S.0.; Voors, A.A;
Ridker, PM. HERMES: Effects Of Ziltivekimab Versus Placebo On Morbidity And Mortality In Patients with Heart Failure with
Mildly Reduced Or Preserved Ejection Fraction and Systemic Inflammation. J. Card. Fail. 2024, 30, 126. [CrossRef]

Hosseini, M.; Voisin, V.; Chegini, A.; Varesi, A.; Cathelin, S.; Ayyathan, D.M.; Liu, A.C.H,; Yang, Y.; Wang, V.; Maher, A.; et al.
Metformin reduces the competitive advantage of Dnmt3a(R878H) HSPCs. Nature 2025, 642, 421-430. [CrossRef] [PubMed]
Buckley, L.F.; Chebrolu, B.; Al Zaria, M.; Blankstein, R.; Libby, P.; Weber, B.N. Potential Impact of Colchicine on Atherosclerotic
Cardiovascular Disease in the United States. JACC Adv. 2025, 4, 101622. [CrossRef]

Ridker, PM.; Everett, B.M.; Thuren, T.; MacFadyen, ].G.; Chang, W.H.; Ballantyne, C.; Fonseca, F.; Nicolau, J.; Koenig, W.; Anker,
S.D.; et al. Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. N. Engl. ]. Med. 2017, 377, 1119-1131.
[CrossRef]

Gozdecka, M.; Dudek, M.; Wen, S.; Gu, M,; Stopforth, R.J.; Rak, J.; Damaskou, A.; Grice, G.L.; McLoughlin, M.A.; Bond, L.; et al.
Mitochondrial metabolism sustains DNMT3A-R882-mutant clonal haematopoiesis. Nature 2025, 642, 431—441. [CrossRef]
Edelmann, B.; Gupta, N.; Schnoeder, T.M.; Oelschlegel, A.M.; Shahzad, K.; Goldschmidt, J.; Philipsen, L.; Weinert, S.; Ghosh, A;
Saalfeld, EC.; et al. JAK2-V617F promotes venous thrombosis through $1/(2 integrin activation. . Clin. Investig. 2018, 128,
4359-4371. [CrossRef]

Lussana, E,; Caberlon, S.; Pagani, C.; Kamphuisen, P; Biiller, H.; Cattaneo, M. Association of V617F Jak2 mutation with the risk of
thrombosis among patients with essential thrombocythaemia or idiopathic myelofibrosis: A systematic review. Thromb. Res. 2009,
124,409-417. [CrossRef] [PubMed]

Cavalli, G.; Dinarello, C.A. Treating rheumatological diseases and co-morbidities with interleukin-1 blocking therapies. Rheuma-
tology 2015, 54, 2134-2144. [CrossRef]

Sreejit, G.; Johnson, J.; Jaggers, R M.; Dahdah, A.; Murphy, A.]J.; Hanssen, N.M.].; Nagareddy, P.R. Neutrophils in cardiovascular
disease: Warmongers, peacemakers, or both? Cardiovasc. Res. 2022, 118, 2596-2609. [CrossRef]

Silvestre-Roig, C.; Braster, Q.; Ortega-Gomez, A.; Soehnlein, O. Neutrophils as regulators of cardiovascular inflammation. Nat.
Rev. Cardiol. 2020, 17, 327-340. [CrossRef]

Baldini, C.; Moriconi, ER.; Galimberti, S.; Libby, P.; De Caterina, R. The JAK-STAT pathway: An emerging target for cardiovascular
disease in theumatoid arthritis and myeloproliferative neoplasms. Eur. Heart J. 2021, 42, 4389-4400. [CrossRef] [PubMed]
Cimmino, L.; Dolgalev, I.; Wang, Y.; Yoshimi, A.; Martin, G.H.; Wang, J.; Ng, V.; Xia, B.; Witkowski, M.T.; Mitchell-Flack, M.;
et al. Restoration of TET2 Function Blocks Aberrant Self-Renewal and Leukemia Progression. Cell 2017, 170, 1079-1095.e1020.
[CrossRef] [PubMed]

https://doi.org/10.3390/ijms27010233


https://doi.org/10.1182/bloodadvances.2021004926
https://doi.org/10.1182/blood.2021014956
https://doi.org/10.1158/2643-3230.BCD-22-0067
https://www.ncbi.nlm.nih.gov/pubmed/35896010
https://doi.org/10.1182/bloodadvances.2021004554
https://doi.org/10.1200/PO.21.00309
https://www.ncbi.nlm.nih.gov/pubmed/35025619
https://doi.org/10.1016/j.bbmt.2017.05.022
https://doi.org/10.1001/jamacardio.2020.1271
https://doi.org/10.1111/bjh.19948
https://doi.org/10.1016/j.jacc.2025.08.025
https://doi.org/10.1016/S0140-6736(21)00520-1
https://www.ncbi.nlm.nih.gov/pubmed/34015342
https://doi.org/10.1016/j.cardfail.2023.10.024
https://doi.org/10.1038/s41586-025-08871-w
https://www.ncbi.nlm.nih.gov/pubmed/40240595
https://doi.org/10.1016/j.jacadv.2025.101622
https://doi.org/10.1056/NEJMoa1707914
https://doi.org/10.1038/s41586-025-08980-6
https://doi.org/10.1172/JCI90312
https://doi.org/10.1016/j.thromres.2009.02.004
https://www.ncbi.nlm.nih.gov/pubmed/19299003
https://doi.org/10.1093/rheumatology/kev269
https://doi.org/10.1093/cvr/cvab302
https://doi.org/10.1038/s41569-019-0326-7
https://doi.org/10.1093/eurheartj/ehab447
https://www.ncbi.nlm.nih.gov/pubmed/34343257
https://doi.org/10.1016/j.cell.2017.07.032
https://www.ncbi.nlm.nih.gov/pubmed/28823558
https://doi.org/10.3390/ijms27010233

Int. J. Mol. Sci. 2026, 27, 233 42 of 42

167.

168.

169.

170.

171.

172.

173.

Agathocleous, M.; Meacham, C.E.; Burgess, R.J.; Piskounova, E.; Zhao, Z.; Crane, G.M.; Cowin, B.L.; Bruner, E.; Murphy, M.M,;
Chen, W.,; et al. Ascorbate regulates haematopoietic stem cell function and leukaemogenesis. Nature 2017, 549, 476—481. [CrossRef]
[PubMed]

Xie, Z.; Fernandez, J.; Lasho, T.; Finke, C.; Amundson, M.; McCullough, K.B.; LaPlant, B.R.; Mangaonkar, A.A.; Gangat, N;
Reichard, K.K; et al. High-dose IV ascorbic acid therapy for patients with CCUS with TET2 mutations. Blood 2024, 144, 2456-2461.
[CrossRef]

Mohammad, A.; Mascarenhas, J.; Marcellino, B.K.; Nathan, D.I. Target practice: Opportunities for therapeutic intervention in
CHIP and CCUS. Blood Rev. 2025, 74, 101323. [CrossRef]

Ezzat, D.; Uddin, M.M.; Xue, L.; Pershad, Y.; Zhang, S.; Collins, ].M.; Kitzman, J.O.; Jaiswal, S.; Desai, P.; Kooperberg, C.; et al.
Clonal Hematopoiesis and Cardiovascular Outcomes in Older Women. J. Am. Coll. Cardiol. 2025, 86, 1093-1106. [CrossRef]
Singh, I.; Singh, A. Clonal Hematopoiesis of Indeterminate Potential: Current Understanding and Future Directions. Curr. Oncol.
Rep. 2023, 25, 539-547. [CrossRef]

Steensma, D.P.; Bolton, K.L. What to tell your patient with clonal hematopoiesis and why: Insights from 2 specialized clinics.
Blood 2020, 136, 1623-1631. [CrossRef] [PubMed]

Nidorf, S.M.; Ben-Chetrit, E.; Ridker, PM. Low-dose colchicine for atherosclerosis: Long-term safety. Eur. Heart ]. 2024, 45,
1596-1601. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27010233


https://doi.org/10.1038/nature23876
https://www.ncbi.nlm.nih.gov/pubmed/28825709
https://doi.org/10.1182/blood.2024024962
https://doi.org/10.1016/j.blre.2025.101323
https://doi.org/10.1016/j.jacc.2025.07.058
https://doi.org/10.1007/s11912-023-01382-9
https://doi.org/10.1182/blood.2019004291
https://www.ncbi.nlm.nih.gov/pubmed/32736381
https://doi.org/10.1093/eurheartj/ehae208
https://www.ncbi.nlm.nih.gov/pubmed/38596868
https://doi.org/10.3390/ijms27010233

	Introduction 
	Literature Search 
	CHIP: From Blood Cancer Risk to Cardiometabolic Disease 
	CHIP and Cardiovascular Diseases 
	The Association of CHIP with Specific Cardiovascular Phenotypes 
	CHIP and Coronary Artery Disease 
	CHIP and Heart Failure 
	CHIP and Stroke 
	CHIP and Peripheral Artery Disease 
	CHIP and Other Cardiovascular-Related Outcomes 

	CHIP–Atherosclerosis Crosstalk and Inflammaging 
	The Impact of CHIP on Atherosclerosis Development 
	Inflammation-Driven Clonal Expansion 


	CHIP and Metabolic Disorders 
	CHIP and Type 2 Diabetes 
	CHIP and Chronic Liver Disease 
	Could Obesity Exacerbate CHIP and Vice Versa? 

	CHIP and Other Cardiovascular-Related Disorders 
	CHIP and Chronic Kidney Disease 
	CHIP and Gout 
	CHIP and Chronic Obstructive Pulmonary Disease 
	CHIP and Infectious Diseases 

	Screening and Diagnostic Perspectives 
	Molecular and Epigenetic Characterization of CHIP 
	Clinical Implementation and Screening Programs 
	Hematologic Screening: Cytopenias and Myeloid Neoplasms 
	Hematopoietic Stem Cell Transplantation and Cellular Therapy 
	Genetic Predisposition and Inherited Syndromes 
	Cardiovascular Screening 

	Therapeutic Perspectives in the Context of Inflammaging 
	Interventional Evidence and Clinical Trials 
	Inflammation and Immune Mechanisms 
	Epigenetics, Metabolism, and Clonal Expansion 

	Challenges and Controversies 
	Conclusions 
	Clinical Practice Points for Clinicians and Trialists 
	References

