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Clonal hematopoiesis (CH), the clonal expansion of hematopoietic stem cells, is caused by somatic mutations in genes typically
associated with hematologic malignancies. Clonal hematopoiesis of indeterminate potential (CHIP) is defined by mutations
commonly associated with hematologic malignancy, typically at a variant allele frequency >2% in the absence of diagnostic
evidence of a hematologic neoplasm. CHIP has emerged as a significant risk factor for cardiovascular disease (CVD), but
the molecular mechanisms underlying the cardiovascular disease susceptibility to CHIP remain poorly understood. This review
presents evidence from human, murine, and stem cell models linking clonal hematopoiesis of indeterminate potential (CHIP) with
the development of cardiovascular disease. A structured narrative review was conducted using PubMed to identify relevant studies
on CH, CHIP, and cardiovascular disease. Current findings consistently demonstrate that CHIP is associated with increased risk
of coronary artery disease, heart failure, stroke, as well as overall cardiovascular mortality. Frequently mutated genes such as
TET2, DNMT3A, ASXL, and JAK 2 contribute to clonal expansion and altered hematopoietic function. Mechanistic studies
indicate that CHIP may promote cardiovascular disease through increased inflammatory signaling, including activation of the
NLRP inflammasome and higher cytokine production such as IL-1f and IL-6. Murine models further demonstrate that loss
of TET2 accelerates atherosclerosis, supporting a relationship between CHIP and cardiovascular pathology. Overall, CHIP

represents a tangible link between aging-associated mutations and cardiovascular disease driven by chronic inflammation.

Introduction

Over time, all normal tissues acquire somatic mutations.
These mutations vary, including single-nucleotide variant
(SNVs), insertions and deletions (indels), and structural vari-
ants (SVs)!. Most of these mutations are silent without func-
tional consequences affecting the genome. However, certain
specific mutations can lead to significant impacts on cellu-
lar behavior, causing cell death or promotion of cell growth
advantages. When a mutation confers fitness advantage of
a cell that results in proliferation that overtakes other pop-
ulation of cells, it is called clonal expansionz. For exam-
ple, many tissues, such as the colon and liver, accumulate
somatic mutations that promotes proliferation associated with
aging>. However, proliferative activities within these organs
differ from clonal expansion within the hematopoietic system,
as this expansion process may not be confined by structural
environment of solid organs.

As illustrated in Figure 1, Clonal Hematopoiesis (CH)
refers to the clonal expansion of hematopoietic stem and pro-
genitor cells (HsPCs) carrying acquired somatic mutations
during aging®. These mutations occur in genes frequently im-
plicated in hematologic malignancies. While CH becomes in-
creasingly prevalent with age, only a small group of individu-

1 The Webb Schools of California, USA

als develop overt blood cancers. Clonal Hematopoiesis of In-
determinate Potential (CHIP) is a category of CH broadly cat-
egorized as the clonal expansion of HsPCs with somatic muta-
tions associated with hematologic malignancies in the absence
of hematologic disease phenotypes*>. In addition, CHIP is
characterized by a variant allele frequency >2%. However,
under certain clinical conditions, studies have shown that fre-
quencies less that 2% could also be clinically significant*.
There are many unique risk factors that are associated with
CHIP. Aging is the most common one, with CHIP affecting
close to 10% of individuals over sixty years of age®. Addi-
tional risk factors include general fitness level and certain di-
etary habits, which may predispose to increased possibility of
CHIP’. Interestingly, some of these risk factors have been at-
tributed to specific gene mutations, such as the association be-
tween ASXL and smoking®. Although CHIP was understood
as an initial state preceding the development of myeloid can-
cers, emerging studies indicated its potential role extending
beyond cancer risk. Large population studies have established
CHIP as a strong risk factor for cardiovascular disease (CVD).
CHIP carriers present increased risk for coronary artery dis-
ease (CAD), atherosclerosis, heart failure, strokes, and other
cardiovascular complications such as sudden death?.
However, the biological mechanisms underlying the asso-
ciation of CHIP with CVD have become an intense area of
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research. Among the most common mutated genes associated
with CHIP are TET2, DNMT3A, ASXL1, and JAK 2°. These
are genes known to play key roles in hemopoietic stem cell
self-renewal and differentiation. As such, mutations within
these genes can confer advantages that promote clonal expan-
sion. In addition, CHIP mutations can also modify the behav-
ior of immune cells 1. Studies have also shown that the altered
immune responses due to CHIP can contribute significantly to
accelerated atherosclerosis with chronic inflammation'!.

Many distinct experimental models have established link-
age between CH and CVD. Broad population studies have
demonstrated strong associations between CHIP and adverse
cardiovascular outcomes'?. Murine models have tested this
association by providing mechanistic insights into how CHIP
mutations such as TET2 deletion can promote atheroscle-
rotic plaque buildup and accelerate atherosclerosis progres-
sion'!. Despite the established connections of CHIP as a
CVD risk factor, many important questions remain. Particu-
larly, avenues of further research regarding specific molecular
pathways involved and the relative contributions of specific
CHIP mutations remain unexplored, including how TET2,
DNMT3A, ASXL, and JAK 2 mutations promote inflam-
masome activation and pro-inflammatory cytokine signaling.
Therefore, a comprehensive review across murine and human
based systems is required to clarify the mechanisms surround-
ing the connection of CHIP with CVD that remain incom-
pletely understood.

Methods

A structured narrative review was performed to evalu-
ate the relationship between clonal hematopoiesis of in-
determinate potential (CHIP) and cardiovascular disease
(CVD). Relevant articles were identified through searches
of PubMed and Google Scholar. Search terms included
“clonal hematopoiesis,” “CHIP,” “cardiovascular disease,’
“atherosclerosis,” ‘“heart failure,” “TET2,” “DNMT3A,’
“ASXL,” “JAK 2,” “inflammasome,” “NLRP,” “IL-1f,” “IL-
6”. Additional studies were identified through reference
lists of relevant publications. Studies were included if they
investigated CHIP-associated mutations, particularly TET2,
DNMT3A, ASXL, or JAK 2, or if they mentioned cardiovas-
cular outcomes, inflammatory pathways, or mechanisms con-
nected to cardiovascular disease. Both primary research arti-
cles and high-impact reviews were considered. Greater em-
phasis was placed on large human studies and specific mecha-
nistic investigations that directly demonstrated pathways asso-
ciating CHIP-associated mutations to cardiovascular disease

Results

Common CHIP Mutations

TET2

TET2 is an epigenetic regulator that is highly expressed
in hematopoietic stem and progenitor cell (HSPC) popula-
tions, where it regulates chromatin accessibility and gene
expression by removing DNA methylation marks at pro-
moters and enhancers. In addition, normal TET2 function
initiates DNA demethylation through catalyzing the oxida-
tion of 5-methylcytosine (SmC) to 5-hydroxymethylcytosine
(5hmC)?. By increasing gene accessibility, this process al-
lows hematopoietic stem and progenitor cells to activate dif-
ferentiation programs, regulate self-renewal, and commit to
appropriate lineages>>. On the flip side, mutations in TET2
reduce ShmC levels, disrupting normal epigenetic regula-
tion within HSCs'3. In clonal hematopoiesis, TET2 muta-
tions are known to confer a competitive advantage by en-
hancing HSC self-renewal, allowing TET2-deficient HSCs
to dominate wild-type cells. Specifically, Moran-Crusio et
al. (2011) found that Tet2-deficient HSCs exhibited height-
ened renewal capacity in vitro, with specific enrichment of
hematopoietic stem cell populations in vivo that outcompeted
wild-type HSCs'3. Even heterozygous Tet2 loss was suffi-
cient to promote mutated stem cell self-renewal and aberrant
hematopoiesis. These findings thus established that TET2
functions as a negative regulator of HSC self-renewal and that
its loss promotes clonal expansion, providing a mechanism
underlying the expansion of TET2-mutant clones in clonal
hematopoiesis.

DNMT3A

DNMT3A (DNA methyltransferase 3A) is a key epigenetic
regulator that catalyzes de novo DNA methylation. This pro-
cess refers to the establishment of methylation patterns by
transferring a methyl group from S-adenosyl-L-methionine
(SAM) to the 5-carbon position of cytosine residues, pri-
marily within CpG dinucleotides, forming 5-methylcytosine
(5mC)?°. Like TET2, DNMT3A plays an important role in
regulating gene expression, especially in hematopoietic stem
cells, where it modulates HSPC proliferation and differen-
tiation. DNMT3A maintains lineage commitment by shap-
ing DNA methylation patterns that constrain hematopoietic
transcriptional programs”®.A recent single-cell multi-omics
analysis performed by Nam et al. (2022) demonstrated that
DNMT3A R882 mutation conferred clonal expansion ad-
vantage by reshaping the transcriptional landscape of early
hematopoietic populations'*. DNMT3A mutant cells ex-
hibit locus-specific hypomethylation, particularly in regula-
tory regions controlling self-renewal and lineage commit-
ment. Importantly, these mutations impact the earliest stage
of hematopoietic differentiation via the selective hypomethy-
lation of PRC2 target loci'#. Polycomb Repressive Complex
2 is a gene-silencing complex that helps maintain silencing of
developmental and lineage genes until the appropriate stage of

2 | NHSJS Reports

© The National High School Journal of Science 2026



Hematopoesis

HSC Renewal

Clonal

(Aging) HSC  mutated HSC
(TET2, DMNT3A, Infrca“d
ASXL1, JAK 2) HSC renewal

@
= 0-0-§

Differentiation

Myeloid

Cytokine
“__, production,
chronic
inflammation
Myeloid skewing

Figure. 1 Overview of the normal hematopoiesis and clonal hematopoiesis of indeterminate potential (CHIP). Originally produced schematic
illustrating normal hematopoietic stem cell (HSC) self-renewal and differentiation compared with CHIP, in which mutations in TET2, DNMT3A,

ASXL, or JAK 2 promote clonal expansion, myeloid-biased differentiation, and chronic inflammatory cytokine production

cell differentiation?’. Thus, mutated DNMT3A clones disrupt
normal epigenetic repression of these genes, leading to aber-
rant transcription and clonal persistence within the hematopoi-
etic compartment.

ASXL

ASXL (Additional Sex Combs-Like), is another epigenetic
regulator, though it controls gene transcription through chro-
matin interaction and histone modification as a chromatin-
remodeling protein. Specifically, ASXL functions to re-
cruit chromatin-modifying complexes to target locus within
the genome, such as the PRC2 and the Polycomb Re-
pressive Deubiquitinase (PR-DUB) complexes?®. Through
PRC2, ASXL promotes methylation of histone H3 at ly-
sine 27 (H3K27me3), a histone mark that compacts chro-
matin and represses developmental genes. In addition, ASXL
forms a PR-DUB complex to remove monoubiquitin, a reg-
ulatory protein modification, from histone H2A lysine 119
(H2AK119ub), thereby preventing excessive silencing of tar-
get genes?’. By maintaining these interactions, ASXL pre-
serves normal hematopoiesis and prevents aberrant activation
or repression of the hematopoietic differentiation program.
In clonal hematopoiesis, the most common ASXL mutations
produce a truncated protein that alters its epigenetic regula-
tory activity. These gain-of-function ASXL mutations disrupt
histone modification patterns and gene regulation, impairing
the normal development of hematopoietic populations. Al-
though ASXL mutations disrupt normal hematopoiesis, addi-
tional mutations are often required for progression to overt
malignancies®, suggesting these mutations may establish a

4,10,13

precursor state with increased susceptibility to acquiring addi-
tional mutations associated with hematologic malignancies.

JAK 2

JAK 2 (Janus kinase 2) encodes a tyrosine kinase
that transmits signals from cytokine receptors regulating
hematopoiesis®'. Upon cytokine binding, JAK 2 phosphory-
lates members of the Signal Transducer and Activator of Tran-
scription (STAT) family, primarily STAT3 and STATS, which
consequently initiates the transcription of genes involved in
hematopoietic stem and progenitor cell proliferation, survival,
and differentiation?2. Under normal conditions, JAK 2 acti-
vation is tightly regulated by cytokine availability reflecting
hematopoietic demand and negative regulators such as Sup-
pressor of Cytokine Signaling (SOCS) proteins to maintain
hematopoietic homeostasis32. The most common JAK 2 mu-
tation in clonal hematopoiesis, V617F, causes a single amino
acid alteration, phenylalanine for valine, within the inactive
pseudokinase (JH2) domain>!. This substitution abolishes the
JH2 domain’s autoinhibitory function and results in constitu-
tive kinase activity that occurs independently of cytokine sig-
naling. Unlike normal JAK 2 signaling, which requires cy-
tokine binding, JAK 2 V617F can remain active in the ab-
sence of cytokine promotion. Persistent activation of JAK 2
leads to continuous phosphorylation of STAT3 and STATS,
and this JAK-STAT pathway activation promotes the transcrip-
tion of genes involved in cell-cycle progression and inhibi-
tion of apoptosis. Consequently, JAK 2-mutant hematopoietic
stem cells acquire survival advantages, with clonal expansion
patterns biased toward myeloid lineages3!. Although JAK
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Table 1 Summary of studies examining the relationship between CHIP mutations, and cardiovascular outcomes, inflammation, and primary
outcomes. Studies include human cohorts, murine models, hiPSC systems, and clinical trials evaluating how CHIP-associated mutations
affect inflammatory pathways and cardiovascular events. Study strength was qualitatively assessed prioritizing causal evidence over associated

outcomes 27-9-11-24
# Author Cohort/Model Cardiovascular Inflammatory Primary Outcome Study
Outcome Mechanism Strength

1 Bhattacharya (2021) 7 Human cohort Atherosclerosis NA Diet — CHIP risk Medium

2 Dawoud (2020)8 Human cohort Cardiovascular disease =~ NA Smoking — ASXL1 CHIP Low

3 Buscarlet (2017)° Human cohort NA NA CHIP mutation patterns Low

4 Moran—l(;rusio Mouse model NA NA TET2 loss — HSC self-renewal Medium

(2011)
5 Nam (2022) 4 Human cell model NA NA DNMT3A R882 — clonal expansion =~ Medium
6 Huerga Encabo Human stem cell NA NA TET2 loss — neutrophil dysfunction =~ Medium
(2023) 15 model

7 Wolach (2018) ¢ Human cohort Thrombosis NET formation JAK2 mutation — thrombosis Medium

8 Fuster (2017)'! Mouse model Atherosclerosis NLRP3/IL-1 TET2 loss — atherosclerosis High

9 Yalcinkaya (2023) 7 Mouse model Atherosclerosis NLRP3 activation TET2 loss — NLRP3 activation High

10 Bick (2020)'8 Human genetic study  Cardiovascular disease  IL-6 signaling IL6R variant — lower CHIP CVD High
risk

11 Jaiswal (2017) 12 Human cohort Atherosclerosis NA CHIP — CVD risk Medium

12 Jaiswal (2014)2 Human cohort Cardiovascular disease =~ NA CHIP — mortality risk Medium

13 Yu (2021) 19 Human cohort Heart failure NA CHIP — heart failure risk Medium

14 Bhattacharya (2021)%°  Human cohort Stroke NA CHIP — stroke risk Medium

15 Lee (2023)2! Human cohort Stroke NA CHIP — stroke outcomes Medium

16  Ridker (2017)%? Clinical trial Cardiovascular events ~ IL-1f inhibition IL-1f blockade — lower CVD High
events

17 Svensson (2022) 2 Clinical trial ( Cardiovascular events IL-1J response TET2 CHIP — canakinumab Medium

analysis) response

18 Coll (2015)%* Mouse model Atherosclerosis NLRP3 inhibition NLRP3 inhibition — lower High

inflammation

2-mutant clones may remain phenotypically silent for years,
continued expansion increases the susceptibility of acquiring

additional mutations to drive malignant transformation 8.

Inflammatory Consequences of CHIP Mutations

Monocytes are innate immune cells that serve as precur-
sors of macrophages and certain dendritic cells. In clonal
hematopoiesis, common driver genes mutations alter mono-
cytic function leading to enhanced inflammatory stimulation
via secretion of pro-inflammatory cytokines, IL-18, IL-6, and
TNF-o 9. While this does confer fitness advantages to mu-
tant monocyte populations, it induces a bias toward an inflam-
matory phenotype, contributing to chronic inflammation with
resultant vascular dysfunction.

Macrophages are phagocytic cells that maintain tissue
homeostasis by clearing pathogens, apoptotic cells, and gen-
eral debris3. Macrophages differentiate from monocytes and
play essential roles in immune response and inflammatory reg-
ulation. In clonal hematopoiesis, mutant macrophages exhibit
an exaggerated inflammatory phenotype, producing more pro-
inflammatory cytokines and chemokines in response to oxida-
tive stress and various inflammatory stimuli'!. Specifically,
in CHIP, these alterations of macrophage functions have been
observed to accelerate atherosclerotic progression, providing

a mechanistic link between CHIP and CVD !

Helping support this linkage, experimental models have
demonstrated that CHIP-mutant macrophage dysfunction can
promote adverse cardiovascular development. In the primary
study conducted by Fuster et al. (2017), it was demonstrated
that TET2 loss does not alter fundamental macrophage func-
tions, including proliferation and apoptosis, implicating dis-
ease progression as driven by altered immune signaling'!. In-
stead, Fuster et al. performed transcriptomic analysis. This
analysis revealed that following inflammatory stimulation
with LPS and IFN-7, Tet2-deficient macrophages had exten-
sive transcriptional remodeling, with 475 genes significantly
altered compared with wild-type. These expressed genes saw
an upregulation for cytokine, chemokine, and inflammatory
signaling pathways, with a majority of pro-inflammatory me-
diators increased in the absence of TET2. In parallel, TET2-
deficient macrophages exhibited elevated production of in-
flammatory cytokines, including increased IL-6 secretion. In
the conditions set by Fuster et al. mimicking the atheroscle-
rotic plaque environment, TET2-deficient macrophages also
showed increased IL-1f expression, an inflammatory cytokine
also elevated in plaque-associated macrophages in vivo. From
this primary study, Fuster et al. indicates that TET2 func-
tions as a regulator of macrophage inflammatory responses,
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Table 2 Proposed mechanisms underlying CHIP-associated cardiovascular disease. Summary highlighting the normal functions of CHIP-
associated genes (TET2, DNMT3A, ASXL1, and JAK?2) and the consequences of their mutations, with their specific proposed contributions to

cardiovascular disease !1:12:14.25.26.28.29.31.32

# Gene Normal Function CHIP Mutation

Cardiovascular Consequence

1 TET2 DNA Demethylation 2>

2 DMNT3A  De novo DNA methylation 2

3 ASXLI1 Histone Modification 28

4 JAK2 JAK-STAT pathway

signaling 32

Loss of demethylation; NLRP
inflammasome activation
Locus-specific hypomethylation '

11

Disrupted chromatin regulation 2’

Excess kinase activation 3!

IL-18 mediated inflammation and accelerated
artherosclerosis !

Preferential expansion of myeloid lineages &
pro-inflammatory signature '

Impaired myeloid differentiation and increased
cardiovascular risk %%

Persistent inflammatory signaling 3!

and its loss promotes a persistent hyperactivated phenotype
within these macrophages that contributes to cardiovascular
disease.

Neutrophils are the most abundant circulating immune pop-
ulation within the bloodstream. These cells are recruited
first to target infection or injury sites®*. During clonal
hematopoiesis, neutrophils are known to have increased re-
cruitment at sites of inflammation 3. In addition, these neu-
trophils display an inflammatory phenotype with additional;
transcriptional changes.

Further primary studies have better elucidated mutation-
specific changes in neutrophil function during clonal
hematopoiesis. Specifically, Huerga Encabo et al. (2023)
modeled human TET2 clonal hematopoiesis by performing
CRISPR-Cas9 editing for TET2 loss-of-function mutations
into HsPC populations and transplanting these cells into im-
munodeficient mice 1. Interestingly, these authors found that
TET?2 loss altered hematopoietic differentiation, resulting in
abnormal maturation and expansion of these mutated neu-
trophil populations. In addition, transcriptional and functional
analyses revealed that these mutated neutrophils also demon-
strate altered gene expression programs associated with neu-
trophil activation and inflammatory signaling. Despite in-
creased inflammatory activity, these neutrophils still display
impaired innate function, including reduced phagocytosis and
reduced clearance of structurally altered NETs. In addition,
the primary study performed by Wolach et al. examined neu-
trophils derived from carriers of JAK2 V617F-mutant myelo-
proliferative neoplasms and complementary murine throm-
botic models'®. In vivo and in vitro, they demonstrated that
JAK2-mutant neutrophils exhibited increased neutrophil ex-
tracellular trap (NET) formation promoting a pro-thrombotic
phenotype. Together, these primary findings establish that
mutation-specific differences in neutrophil function may rep-
resent mechanisms linking clonal hematopoiesis to inflamma-
tory and cardiovascular complications.

Inflammasomes are multiprotein signaling complexes that
detect pathogen and danger-associated patterns, initiating im-
mune responses through the activation of inflammatory signal-

ing pathways>>. When activated, the inflammasome promotes
the secretion of pro-inflammatory cytokines Interleukin-1 beta
and Interleukin-18 through the formation of the protease
Caspase-1. In addition, protease Caspase-1 induces pyroptotic
cell death, a type of cell death that leads to the release of proin-
flammatory molecules into the surrounding tissue. In clonal
hematopoiesis, recurrent somatic mutations modify immune
cell function, resulting in persistent inflammasome activation
that further contributes to the inflammatory phenotype '°.
Experimental evidence has demonstrated that CHIP driver
mutations promote inflammatory signaling through mecha-
nisms mediated by inflammasome activation. NLRP inflam-
masome is the most extensively studied pertaining to CHIP '°.
Activation of NLRP results in the formation of the inflamma-
some complex with the adaptor protein ASC and the effec-
tor Caspase-1. TET?2 deficiency is strongly associated with
NLRP activation, resulting in increased IL-1 production by
macrophages with accelerated atherosclerotic plaque develop-
ment!!. In addition, TET2 loss can promote the deubiquiti-
nation of NLRP, removing the inhibitory ubiquitin modifica-
tions leading to activation !”. This process facilitates NLRP in-
flammasome assembly, resulting in increased Caspase-1 acti-
vation and consequent production of IL-1. While DNMT3A,
ASXL, and JAK 2 mutations also induce inflammatory phe-
notypes, they function through distinct signaling pathways in-
volving cytokine production and immune activation.
Specifically, the primary study conducted by Fuster et al
(2017). demonstrates that TET2 deficiency enhances NLRP
inflammasome-mediated IL-18 processing in macrophage
populations !'. Although TET?2 loss also has been observed
to contribute to IL-1f3 production through altered macrophage
gene regulation, additional experiments performed by Fuster
et al. prove that TET2 deficiency also promotes the process-
ing and secretion of IL-1f via NLRP inflammasome activ-
ity. Following LPS/IFN-7y priming and inflammasome activa-
tion via ATP treatment, TET2-deficient macrophages exhib-
ited increased levels of both inactive pro-IL-15 and cleaved
IL-18, with the greater increase observed in the IL-1f cleaved
form, implicating an increase in inflammasome-dependent
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processing. Consistent with these results, TET2-deficient
macrophages demonstrated IL-18 levels three times higher
compared with wild-type controls. Importantly, treatment
with MCC950, a key NLRP inhibitor, completely negated
the increase in IL-13 secretion, demonstrating that TET2 loss
promotes specific IL-1 production through NLRP inflamma-
some activation.

In the context of atherosclerosis, cholesterol crystal stim-
ulation, an inflammasome activator within atherosclero-
sis, produced increased IL-18 levels from TET2-deficient
macrophages!!.  These findings were validated in 10%
Tet2 KO mice, where atherosclerotic plaques macrophage
displayed increased caspase-1 activity, indicating enhanced
NLRP inflammasome activation said atherosclerotic regions.
Similar to the paragraph above, NLRP inhibition with
MCC950 eliminated accelerated plaque development ob-
served in the 10% Tet2 KO without affecting clonal ex-
pansion itself. Together, these findings show that NLRP-
mediated IL-1f signaling is an established downstream effect
of TET2-mutatant clonal hematopoiesis and drives accelerated
atherosclerosis associated with CH.

However, further downstream effects of IL-18 may involve
IL-6 signaling, a cytokine pathway that has also been impli-
cated in CHIP-associated cardiovascular disease. Specifically,
the importance of the IL-13-IL-6 axis has been better eluci-
dated by a primary population study performed by Bick et al
(2020) '8, Bick et al. examined whether inherited loss of IL-6
signaling in CHIP carriers modifies cardiovascular risk using
the IL6R p.Asp358Ala variant as a model for reduced IL-6
signaling. Utilizing an Cox proportional-hazards regression
model, Bick et al. found that among carriers with larger clonal
burdens, each additional IL6R p.Asp358Ala allele was asso-
ciated with a 54% decrease in cardiovascular risk (HR 0.46,
95% CI1 0.29-0.73; P < 0.001), with no significant effect ob-
served in individuals without CHIP (HR 0.95, 95% CI 0.89—
1.01; P = 0.08). This significant relationship between CHIP
status and the IL6R variant provides evidence that reduced IL-
6 signaling leads to a similar reduction of cardiovascular risk
conferred by CHIP, providing evidence that the IL-18-IL-6
signaling pathway plays a causal role in CHIP-associated car-
diovascular disease rather than simply a marker of systemic
inflammation.

Coronary Artery Disease and Atherosclerosis

Atherosclerosis is an age-related chronic disease character-
ized by the accumulation of lipid-laden plaques within ar-
teries, leading to narrowing of blood vessels that restricted
flow. Progressive plaque development can result in its rupture,
thrombosis, and myocardial infarction, making atherosclerosis
the primary contributor to coronary artery disease (CAD)3®.
While common risk factors, including hypertension, diabetes,

smoking, and aging, are known key drivers of atherosclerosis,
clonal hematopoiesis is emerging as an independent contribu-
tor to disease pathogenesis>°.

While large population-based studies demonstrated that in-
dividuals with CHIP carry a greater risk of developing CAD
and adverse cardiovascular events than non-carriers, the find-
ings from these studies also revealed at clonal hematopoiesis
poses independent risk for cardiovascular disease burden. This
is supported by various experimental models demonstrating
that mutant hematopoietic clones accelerate atherosclerotic
plaque formation. Studies’ findings also revealed that clonal
hematopoiesis poses an independent risk for cardiovascular
disease 2. Interestingly, the degree of atherosclerotic risk es-
calation correlates with clonal size, with higher variant al-
lele frequencies associated with coronary artery calcification,
a marker of plaque burden '2. Furthermore, risk differs among
CHIP driver mutations.

Mutation-specific analyses suggested further differences
in CHIP-associated incidence of coronary artery disease'?.
In a combined analysis by Jaiswal et al. (2017) of Cox
proportional-hazards models incorporating Biolmage, MDC,
JHS, FUSION, and FHS cohorts, DNMT3A mutations were
associated with increased risk of incidence (HR, 1.7; 95% CI,
1.1-2.6; P=0.01), whereas TET2 mutations showed a simi-
lar estimate but did not have statistical significance (HR, 1.9;
95% CI, 1.0-3.7; P=0.06). ASXL mutations were associated
with an increase in CAD risk as well (HR, 2.0; 95% CI, 1.0-
3.9; P=0.05). JAK 2 V617F showed a much larger association
(HR, 12.0; 95% CI, 3.8-38.4; P<0.001), although the confi-
dence interval demonstrates magnitude uncertainty. Overall,
these findings indicate mutation-specific associations of CAD
risk.

Heart Failure

Heart failure (HF) is a chronic, progressive dysfunction of the
heart rendering it unable to pump blood to meet the body’s
demands or can do so only by increasing filling pressures?’.
Heart failure is classified into subtypes, including heart fail-
ure with preserved ejection fraction (HFpEF) or with reduced
ejection fraction (HFrEF). While sharing certain clinical phe-
notypes, these two subtypes differ in their distinct pathophys-
iology.

As observed in clinical studies, clonal hematopoiesis has
emerged as a risk factor for the development and progression
of heart failure '°. In a combined analysis of five cohorts by Yu
et al. (2021), including ARIC, CHS, JHS, UK Biobank, and
WHI cohorts, carriers with general CHIP mutations were as-
sociated with a 25% higher risk of incident heart failure (HR,
1.25; 95% CI, 1.13-1.38). Mutation-specific analysis showed
increased hazard for TET2 (HR, 1.59; 95% CI, 1.18-2.14),
JAK 2 (HR, 2.50; 95% CI, 1.35-4.64), and ASXL (HR, 1.58;
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95% CI, 1.20-2.08), with DNMT3A not being significantly
associated with HF. In an analysis of the 5,214 participants
from the Women’s Health Initiative, CHIP was associated with
HFpEF (HR, 1.42; 95% CI, 1.06-1.91; P=0.020), but not
HFrEF (HR, 1.02; 95% CI, 0.67—-1.55; P=0.925). In addition,
TET2 was associated with HFpEF (HR, 2.50; 95% CI, 1.54—
4.06; P<0.001), with no significant associations observed for
DNMT3A or ASXL. For HFrEF, none of the individual drivers
had statistical significance, although ASXL showed increased
hazard (HR, 2.01; 95% CI, 0.70-5.79; P=0.194) although tem-
pered by substantial uncertainty.

Stroke

While many adverse cardiovascular effects were observed
among CHIP carriers, stroke and related vascular events, have
been implicated as leading causes of CHIP-related mortality
and morbidity 2.

Stroke is classified into ischemic or hemorrhagic cate-
gories 3. Ischemic stroke results from obstruction of cerebral
blood flow, most commonly by a thrombus or atherosclerotic
plaque. On the other hand, spontaneous hemorrhagic stroke
is a primary event caused by rupture of a cerebral blood ves-
sel. Finally, hemorrhagic transformation is a complication of
ischemic stroke in which bleeding develops within ischemic
brain tissue .

In a broad analysis conducted by Bhattacharya et al. (2022)
of distinct cohorts and biobanks (WHI, MESA, JHS, FHS,
CHS, ARIC, UKBB, and MGBB among 78,752 participants),
CHIP was associated with an increased incidence for all stroke
events (HR, 1.14; 95% CI, 1.03-1.27; P<0.01)20. The asso-
ciation was present across all individual cohorts with vary-
ing hazard ratios and uncertainty, including WHI (HR, 1.17;
95% CI, 0.98-1.41; P=0.09), MESA (HR, 1.70; 95% CI,
0.99-2.91; P=0.05), and JHS (HR, 1.46; 95% CI, 0.79-2.69;
P=0.23). In addition, this analysis also demonstrates the effect
of clonal burden in respect to stroke incidence as well. Utiliz-
ing the WHI cohort containing many CHIP carriers with his-
tories of stroke alongside normalized covariates such as age,
sex diabetes and smoking, carriers with VAFs of > 10% (HR,
1.15) demonstrates a comparable difference to VAFs of > 2%
(HR, 1.23). However, the statistical significance of each varies
significantly as well (P=0.03 vs. P=0.15), so it’s important to
interpret these findings within the context of its specific co-
hort.

For ischemic stroke, (WHI, MESA, JHS, FHS, CHS, ARIC,
UKBB, and MGBB; 78,752 participants), CHIP was mini-
mally connected with ischemic stroke incidence (HR, 1.11;
95% CI, 0.98-1.25; P=0.10)2°. Across individual cohorts,
ratios varied, including FHS (HR, 0.55; 95% CI, 0.21-1.41;
P=0.21), CHS (HR, 1.07; 95% CI, 0.84-1.37; P=0.21), and
MESA (HR, 1.58; 95% CI, 0.84-2.95; P=0.16).

In the same analysis of across said cohorts and biobanks,
CHIP was associated with an increased incidence of hem-
orrhagic stroke (HR, 1.24; 95% CI, 1.01-1.51; P=0.04)%.
Across individual cohorts, ratios differed, including ARIC
(HR, 0.63; 95% CI, 0.20-2.00; P=0.44), WHI (HR, 1.37; 95%
CI, 1.06-1.77; P=0.18), and JHS (HR, 2.42; 95% CI, 0.28-
20.77; P=0.42).

Finally, in a study conducted by Lee et al. (2023), con-
taining 380 CHIP carriers with acute ischemic stroke and 446
age-matched controls, CHIP was concretely associated with
hemorrhagic transformation following ischemic stroke (aOR,
5.63; 95% CI, 3.24-9.77; P<0.001)2!. Specifically, hemor-
rhagic transformation occurred in 65 of 110 CHIP-positive
patients in comparison of incidence within 56 of 270 CHIP-
negative patients.

In the same study performed by Bhattacharya et al. (2022),
mutation-specific incidence was also analyzed'®. Analysis
within the WHI cohort demonstrated broad differences in inci-
dent risk among common CHIP mutations for stroke. Among
the four most CHIP mutations mentioned previously in this
narrative review, (DNMT3A, TET2, ASXL, and JAK 2), only
TET?2 was significantly associated with general stroke inci-
dence (HR, 1.85; 95% CI, 1.22-2.81; P=0.004). When is-
chemic and hemorrhagic subtypes were evaluated distinctly,
TET2 mutated carriers still held significant association with
ischemic stroke (HR, 1.93; 95% CI, 1.21-3.08; P=0.006). In
addition, comparable incidence hazard ratios were observed
for hemorrhagic stroke in carriers of TET2 (HR, 1.50; 95%
CI, 0.87-2.59; P=0.15) and DNMT3A (HR, 1.44; 95% CI,
1.03-2.03; P=0.03).

Therapeutic Targets of CHIP

Given the inflammatory phenotype associated with CHIP,
therapeutic strategies toward reducing inflammatory signal-
ing may lower cardiovascular risk in this chronically in-
flamed state. This approach is applicable for CHIP muta-
tions in which pro-inflammatory cytokine production is the
major mediator of CVD risk, such as in TET2-mutant CHIP
as this mutation is linked to enhanced IL-1f signaling, prema-
ture macrophage activation, and accelerated atherosclerosis '!.
This strategy supports parallel therapeutic targeting rather than
treating CHIP as a precursor state to hematologic malignan-
cies.

Strong clinical support for this strategy comes from IL-13
inhibition. In the trial performed by Ridker et al. (2017),
canakinumab, a monoclonal antibody that binds to IL-1f and
inhibits receptor interaction, significantly reduced recurring
cardiovascular events among patients with prior histories of
myocardial infarction and chronic inflammation, despite not
affecting lipid levels??. This is important because IL-1J is
one of the key cytokines implicated in further downstream cy-
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Figure. 2 Proposed mechanisms underlying CHIP-associated cardiovascular disease. Originally produced diagram showcasing age-associated
somatic mutations in hematopoietic stem cells (TET2, DNMT3A, ASXLI, JAK2) promote myeloid skewing and chronic inflammation, con-
tributing to atherosclerosis, stroke, and cardiomyopathies. Arrows indicate the progression from CHIP mutations to inflammatory phenotypes

and cardiovascular complications*10-11,19.20,

tokine activation and adverse cardiovascular outcomes such
as atherosclerosis. Further evidence from a sub study of the
CANTOS trial suggests that TET2-mutant CHIP may respond
more actively to IL-1f inhibition than other CHIP geno-
types?3. Specifically, patients with TET2 mutations experi-
enced a 62% reduction in major cardiovascular events (HR,
0.38; 95% CI, 0.15-0.96; P=0.04). However, no statistically
significant reduction in cardiovascular events was observed
among CHIP carriers in general (HR, 0.82; 95% CI, 0.50—
1.36; P=0.45).

However, canakinumab should not be taken as direct CHIP
therapy. It does not reduce the accumulation of mutant clones,
nor does it directly inhibit NLRP, a key inflammatory mech-
anism in driving CHIP-associated cardiovascular outcomes,
as it neutralizes IL-18. While IL-1f blockade may reduce
inflammation, other inflammasome-associated contributors,
such as IL-18 or pyroptosis, remain unaffected. As a result,
canakinumab may only be most useful as a modifier for car-
diovascular therapy.

Therapeutic targeting also might be possible through di-
rect NLRP3 inhibition. MCC950, a small-molecule inhibitor
specific to the NLRP3 inflammasome, was shown by Coll
et al (2015). to inhibit both canonical and noncanonical
NLRP3 activation while having little effect on other inflam-
masomes, including AIM2 and NLRC4 inflammasomes?*. In
macrophages derived from mice subjected to NLRP inflam-

matory conditions, MCC950 inhibited NLRP-dependent ASC
oligomerization, a critical step in inflammasome assembly.
As a result, reduced caspase-1 activation and IL-1 process-
ing was observed. MCC950 also reduced IL-18 production
in vivo and decreased the severity of inflammatory responses
within mouse models of NLRP-driven inflammation. Because
NLRP3 activation promotes the maturation of inflammatory
signaling proteins including IL-1f and IL-18, and contributes
to inflammatory pyroptotic cell death, targeting the inflamma-
some upstream of said proteins may improve suppression of
NLRP-driven inflammation. Therefore, NLRP inhibition via
MCC950 represents a possible strategy for therapeutic target-
ing that requires further validation in CHIP-specific models.

Limitations

In this structured narrative review, emphasis was placed on
peer-reviewed studies published in reputable journals, with
priority given to primary research and high-quality review ar-
ticles. Although this study utilized a defined search strategy
and inclusion and exclusion criteria, no formal quality as-
sessment or risk-of-bias assessment was performed. Conse-
quently, the included studies were synthesized based on data
quality without taking methodological quality into. The find-
ings should therefore be better interpreted as a summary of
current literature rather than a measure of strength of evi-
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dence. Future reviews examining inflammation linkage to car-
diovascular disease in relation to clonal hematopoiesis should
incorporate standardized quality assessment tools and meta-
analysis, which would provide a more comprehensive evalua-
tion of available evidence.

Regarding canakinumab-specific IL-1f inhibition, clinical
implications have limitations as well. The CANTOS trial was
not designed to evaluate CHIP-directed therapy, and only the
150 mg dose met the prespecified multiplicity-adjusted ef-
ficacy threshold with treatment also associated with an in-
creased risk of fatal infection®?. As such, these findings sug-
gest against routine use of canakinumab in CHIP carriers. In
addition, this CANTOS trial was mainly retrospective, and the
authors of the sub study relating this trial to CHIP carriers
strongly emphasize that further studies are required to confirm
inflammatory therapy specific to CHIP. Following the 2026
American Heart Association Scientific Statement, no specific
therapies have proven effective for cardiovascular prevention
or treatment in CHIP carriers®. Therefore, IL-1 B inhibition
should currently be considered as a promising but unvalidated
therapeutic strategy for CHIP-associated cardiovascular dis-
ease.

In addition, further limitations follow MCC950 application
in response to CHIP-associated cardiovascular disease. Al-
though Coll et al. demonstrated that MCC950 selectively in-
hibits NLRP3 activation and reduces NLRP3-driven inflam-
matory consequences in vivo, the precise molecular mecha-
nism of MCC950 inhibition was not fully elucidated®*. In
addition, MCC950 has not been directly tested within CHIP-
specific models and for CHIP-related cardiovascular out-
comes. Furthermore, CHIP mutations diversly contribute to
said cardiovascular outcomes, and additional complications
may involve pathways beyond NLRP3. Finally, the long-
term effects of NLRP3 inhibition on healthy immune function
warrant more investigation. Therefore, CHIP-specific stud-
ies are needed to determine if MCC950 can effectively reduce
inflammation-driven cardiovascular risk.

Finally, interpretation of human CHIP studies remains lim-
ited by the wide variations in cohort design and CHIP char-
acterization. Observational studies are especially susceptible
to residual confounding as CHIP prevalence increases with
age and overlaps with other risk factors. This thereby makes
it difficult to fully isolate the effects of CHIP from general
non-specific risk. Additionally, the clinical impact of CHIP
can also depend on the specific mutation and clone size, with
larger clones and certain mutations demonstrating stronger as-
sociation while low-VAF clones generating less comparable
significance. Differences in stud parameters, detection meth-
ods, and CHIP classification, specifically regarding the 2%
VAF threshold, further contribute to differences across stud-
ies and complicate one-to-one comparisons of cardiovascular
risk estimates.

Discussion

The literature examined in this narrative review and the evi-
dence synthesized from it demonstrates that CHIP contributes
to cardiovascular disease through shared inflammatory mech-
anisms induced by specific mutations within hematopoietic
stem cells. Although TET2, DNMT3A, ASXL, and JAK
2 possess differing biological functions, they all promote
clonal expansion by disrupting hematopoietic stem cell self-
renewal and differentiation. The expansion of mutant clones
subsequently alters immune cell function, resulting in up-
regulation of inflammatory pathways and production of pro-
inflammatory cytokines. Collectively, the chronic inflamma-
tion state accelerates the development and progression of car-
diovascular diseases, including atherosclerosis, heart failure,
stroke, and cardiac arrhythmias. The evidence gathered in
this review indicate that (CHIP) as an independent contrib-
utor to cardiovascular disease through the promotion of a
chronic inflammatory state. Although CHIP driver mutations
differ in their molecular functions, they collectively promote
clonal expansion. As demonstrated in Figure 5, while not all
CHIP mutation-specific cardiovascular outcomes have been
demonstrated in casual models, universal inflammation ob-
served through mechanistic studies have highlighted inflam-
mation as a tentative link between distinct CHIP mutations
and cardiovascular outcomes.

Although CHIP mutations are often discussed together, this
review rejects uniformity of the strength of their association
cardiovascular outcomes. TET2 has the strongest connection
with NLRP inflammasome activation and cytokine produc-
tion, while ASXL and DNMT3A mutations contribute indi-
rectly to chronic inflammation through epigenetic regulation.
JAK 2 mutations are distinct from other mutations. Unlike
these other epigenetically associated mutations, JAK 2 V617F
causes direct activation of the JAK-STAT pathway to trigger
cytokine production. This may explain why JAK 2 mutations
are associated with stronger cardiovascular risk despite be-
ing less common. In addition, larger mutation clones appear
to carry heightened cardiovascular risk, supporting the notion
that expansion of mutant cells increases inflammatory burden
over time. This is especially relevant for cardiovascular events
such as coronary artery disease and heart failure, where higher
variant allele frequency has been linked to more severe cardio-
vascular pathology.

While chronic inflammation has emerged as the primary
link between CHIP and cardiovascular disease, current evi-
dence also suggests that monocytes, macrophages, and neu-
trophils may participate in this inflammatory milieu indepen-
dently of inflammasome activation. Their relative contribu-
tions to CVD disease are yet to be elucidated. It is conceiv-
able that our current understanding is limited concerning the
broader inflammatory landscape linking CHIP to cardiovascu-
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Table 3 Mutation-specific linkage of CHIP to cardiovascular disease. Table summarizing established and proposed mechanisms by which
TET2, DNMT3A, ASXL, and JAK 2 mutations affect clonal expansion, inflammatory signaling, thrombosis, and cardiovascular out-

10,11,13,14,16,17,29-31

comes
Gene Clonal Lineage Cytokine Signaling  Inflammasome Thrombosis Endothelial Cardiovascular Effects with
Selection Preference Dependence Effects Casual Evidence
TET2 1T HSC Myeloid ! Direct; 1 IL-6, Direct; T NLRP3 N/A Not directly  Direct; murine
self-renewal 13 IL-1B,IL-18 17 activation !” tested cardiovascular models &
mechanistic studies
DNMT3A 1 Clonal Myeloid 14 Indirect; altered N/A N/A Not directly None; human and HSPC
fitness 14 immune response ' tested mechanistic models
ASXLI1 1 Clonal Myeloid ? Indirect; altered N/A N/A Notdirectly ~ None; human/murine
fitness 2 immune response ' tested hematopoietic models
JAK2 1 Clonal Myeloid Direct/mechanistic;  N/A Direct; T NET Not directly ~ Indirect; murine thrombosis
expansion 3! associated 3! 1 JAK-STAT formation and tested models
signaling 3! thrombotic
risk 16

lar disease.

Despite evidence linking CHIP to cardiovascular disease,
several important questions remain. First, the relative contri-
butions of individual CHIP driver mutations to cardiovascu-
lar pathology remain unclear. While TET2-mediated activa-
tion of the NLRP inflammasome has been well-characterized,
mechanistic evidence for DNMT3A, ASXL, and JAK 2 mu-
tations are sparce. It remains unclear whether they promote
differing cardiovascular outcomes through mutation-specific
pathways. Additionally, specific inflammatory mechanisms
linking CHIP to cardiovascular disease remain incompletely
understood. While increased production of pro-inflammatory
cytokines appears to be universal across CHIP-associated mu-
tations, the relative contributions of individual cytokines, im-
mune cell populations, and signaling pathways to specific car-
diovascular outcomes warrants further exploration.

Future research may also focus on improving experimen-
tal models used to investigate CHIP-associated cardiovascular
disease. First, while human population studies provide strong
evidence supporting an association between CHIP and adverse
cardiovascular events, their observational nature limits direct
mechanistic exploration. On the other hand, murine mod-
els have been instrumental in identifying mechanistic path-
ways, these models cannot fully recapitulate cardiovascular
disease in patients. Finally, while induced pluripotent stem
cell models offer a promising system for studying mutation-
specific cellular phenotypes, their use for CHIP research re-
mains limited*?. Better integration of human studies, murine
models, and iPSC systems may facilitate further understand-
ing of CHIP biology to transform mechanistic discoveries into
therapeutic application in a clinical setting. Continued investi-
gation may also help determine to incorporate specific CHIP-
mutations and clonal burden evaluations with cardiovascular
risk assessment and management strategies.

Ultimately, CHIP represents more than an age-associated
hematopoietic phenomenon. Rather, it demonstrates how mu-

tations acquired throughout life can influence cardiovascular
health beyond the hematopoietic system. By linking clonal
expansion, immune dysregulation and chronic inflammation
with cardiovascular pathology, CHIP reveals how aging and
acquired genetic variation interact to shape cardiovascular dis-
ease risk. Continued investigation into CHIP may not only
further our understanding of cardiovascular disease, but also
may reveal new avenues for prevention, risk management, and
therapeutic targeting.
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