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Abstract
Age and inflammation are powerful drivers of cardiovascular disease. With the growing recognition that traditional cardio-
vascular risk factors are not fully accurate predictors of cardiovascular disease, recent studies have revealed the prevalence 
of positive selection of somatic cell mutations in hematopoietic stem cells in the elderly population, which can cause clonal 
hematopoiesis. Interestingly, clonal hematopoiesis is not only associated with cancer and death, but also closely related 
to the risk of increased cardiovascular disease due to mutations in TET2, DNMT3A, ASXL1, and JAK2. However, the 
mechanism of the interaction of clonal hematopoiesis and cardiovascular disease is only partially understood. In mice, 
somatic mutations have led to significantly increased expression of inflammatory genes in innate immune cells, which may 
explain the relationship between mutations and cardiovascular disease. Here, we further discuss the association between 
inflammatory signaling, clonal hematopoiesis, and cardiovascular disease,and using two hypotheses to propose a feedback 
loop between inflammatory signaling and clonal hematopoiesis for getting insight into the pathogenesis of cardiovascular 
diseases in depth. Therapies targeting mutant clones or increased inflammatory mediators may be useful for ameliorating 
the risk of cardiovascular disease.
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Abbreviations
TET2  Ten-eleven Translocation 2
DNMT3A  DNA methyltransferase 3a
ASCL1  Additional sex combs-like 1
JAK2  Janus kinase 2
CHIP  Clonal hematopoiesis of indeterminate 

potential
VAF  Variant allele frequency
CAD  Cardiac artery disease
CVD  Cardiovascular disease
CH   Clonal hematopoiesis
HF  Heart failure
TLR  Toll-like receptor4
HSPC  Hematopoietic stem-progenitor cell
HSCs  Hematopoietic stem cells
NETs  Neutrophil extracellular traps
MPN  Myeloproliferative tumors

AML  Acute Myeloid Leukaemia
BMT  Bone Marrow Transplantation

Introduction

Age‑related somatic mutations and clonal 
hematopoiesis

Mutations accumulate steadily over time in almost all types 
of tissue as a result of unavoidable random mutations that 
mainly arise during DNA replication. Mutations are associ-
ated with cancer, but the large variation in cancer incidence 
among these different tissues harboring mutations [1–3]. 
And most somatic mutations are harmless, only a few muta-
tions affect a gene or regulatory element,contributing to a 
phenotypic consequence[4]. A fraction of these mutations 
can confer the cells a competitive advantage, resulting in 
the clone expansion of the hematopoietic stem and progeni-
tor cells(HSPCs) or clonal hematopoiesis, that is expanded 
somatic cell clone derived from a single mutant progeni-
tor cell[1, 5]. An individual with clonal hematopoiesis has 
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a significantly increased risk of developing hematologic 
malignancy [6, 7]. Clonal hematopoiesis with variant allele 
frequency (VAF) > 2% carries the risk of developing malig-
nant blood tumors but does not meet the blood malignancy 
diagnostic criteria, namely clonal hematopoiesis of Indeter-
minate potential(CHIP), which applies to those with mutant 
clones that exceed 2% of their peripheral leukocyte count[8]. 
The proposed VAF of 2% is arbitrary and may need to be 
adjusted as further information accumulates. The threshold 
of mutation detection, to some extent, depends on the ana-
lytical technique used[9]. Maybe the clinically relevant VAF 
needs to be determined for every gene, mutation and disease. 
Most CHIP carriers have only one gene mutation, but cells 
of blood cancer patients may be detected multiple muta-
tions. Interestingly, a recent study has reported that clonal 
hematopoiesis also occurs with age even in the absence of 
candidate driver mutations. Meanwhile, other teams have 
found that smaller clones at the VAF < 2% are common in 
populations older than 50 years of age [10, 11]. However, it 
is unknown whether smaller clones,are associated with the 
risk of malignancy and other diseases.Additionally, Geno-
vese et al. used undifferentiated exon sequencing analysis 
to detect unknown driver mutations in clonal hematopoie-
sis, and the results showed that unknown driver mutations 
accounted for 40% of the detected clone events [7]. It should 
be noted that clonal hematopoiesis in the absence of known 
driver mutations also can exist, which may be caused by 
genetic drift in normal aging HSPCs, mutations in uniden-
tified driver genes, or a heritable epigenetic trait [12–14].

Detectable somatic mutations are rare in populations 
under the age of 40, but their frequency increases with age. 
Among persons 70 to 79 years of age, 80 to 89 years of age, 
and 90 to 108 years of age, these clonal mutations were 
detected in 9.5% (219 of 2300 persons), 11.7% (37 of 317), 
and 18.4% (19 of 103), respectively [6]. At the same time, 
the study also showed that the increased risk of hematologic 
malignancies was closely related to the presence of somatic 
cell mutations, among which three genes were most fre-
quently mutated, namely DNMT3A, TET2, and ASXL1[6, 
15]. There are several causes for age-related mutations, the 
most common one of which occurs during the CpG dinu-
cleotide methylation phase, in which 5-methylcytosine is 
deaminated to thymine [16], and this spontaneous process 
is linear with time and is considered as a sign of aging [17]. 
The second type of mutations is small insertions and dele-
tions due to errors caused by non-homologous DNA ter-
minal double strand breaks, which can cause frame shift if 
the break occurs in the protein-coding region [18]. Stud-
ies have shown that double strand breaks are more likely 
to occur as cells age [19]. A third cause of mutations is 
replication errors caused by DNA polymerase, typically base 
substitutions and small insertion deletions. But the prob-
ability of DNA replication errors in eukaryotic cells is very 

low, unless DNA mismatch repair is impaired [20, 21]. The 
number of cell replication cycles increases with age, so does 
the number of polymerase errors [22]. The fourth type of 
age-related mutations is large structural variations such as 
insertion, deletion, heterozygote deletion or thousand-base 
rearrangement that rarely occur [23].

Relationship between CHIP and risk 
of cardiovascular disease in humans

CHIP is very common in the elderly population, with 
approximately 10% of individuals older than 70 harboring 
at least one mutation in their white blood cells [6]. CH is 
also common in younger individuals, and the method and its 
sensitivity used for VAF strongly impact the prevalence of 
CH in the reported age groups. A study using error-corrected 
sequencing, which allows for detecting clonal events at as 
low as 0.03% VAF, found that mutations in selected candi-
date driver genes occurred in 95% of individuals aged 50–70 
years, an age group for which previous studies assessed that 
only 5% of individuals had detectable clonal hematopoiesis 
[11]. Compared with non-CHIP carriers, CHIP carriers had 
a roughly tenfold increased risk of developing hematological 
malignancies, but most did not develop malignant tumors 
such as leukemia [6, 8].

More recently, some findings have focused on the rela-
tionship between clonal hematopoiesis with or without a 
candidate driver gene and increased all-cause mortality. 
Studies have found that individuals carrying CHIP have a 
40 to 50 percent increased all-cause mortality [6, 7].And the 
correlation was particularly strong in people over 70 years 
of age [6]. Though the incidence of malignant tumor in indi-
viduals with CHIP is significantly increased, the incidence 
of malignant tumor is low in human overall, so cancer is not 
the main cause for increased all-cause mortality [6, 7]. But 
why do most of the groups that contribute to the increase 
in all-cause mortality exhibit CHIP? Subsequent analysis 
provided evidence that even after adjusting for known risk 
factors, CHIP carriers (14%) were twice as likely to have 
CAD and ischemic stroke as non-CHIP carriers (7%) over 10 
years. This indicates that CHIP may contribute to a higher 
risk of cardiovascular disease and stroke, which may be 
the main roots of increased all-cause mortality[6]. Several 
studies have confirmed this conclusion again [24, 25]. Heart 
failure with ischemic heart disease is connected with aging. 
Studies of patients with myocardial infarction and stable 
heart failure found that the presence of DNMT3A and TET2 
mutations in bone marrow cells was associated with a risk 
ratio of 3.25 for all-cause mortality, most of which was due 
to heart failure complications. Overall survival of patients 
with DNMT3A or TET2 mutations with a VAF greater than 
0.005 to 0.01; a VAF of at least 0.01 to 0.02; a VAF of at 
least 0.02;and non-CHIP patients reveals dose–response of 
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clone size and clinical outcome.[26]. Additionally, the tran-
scriptome profiles of peripheral blood mononuclear cells in 
N = 6 HF patients with DNMT3A CH-driver mutation and 
N = 4 HF patients without DNMT3A mutation were ana-
lyzed by single-cell RNA sequencing.This study found that 
circulating monocytes and T cells of patients with HF har-
boring clonal hematopoiesis-driver mutations in DNMT3A 
exhibit a highly inflamed transcriptome, which may result 
in the aggravation of chronic HF.[27].

Another study found that individuals with mutations in 
TET2, DNMT3A and ASXL1 genes had a twofold increased 
risk of CAD, while those with jak2-activated mutations had 
a tenfold increased risk of CAD [25]. From what has been 
discussed above, CHIP carriers may have higher risk of car-
diovascular events. CHIP is independent of traditional car-
diovascular risk factors including hyperlipidemia, diabetes, 
hypertension, stroke, etc. Therefore, CHIP will increase the 
risk of cardiovascular disease in humans when traditional 
risk factors are well controlled or do not exist [28].Moreo-
ver, individuals with CHIP had a higher risk of coronary 
heart disease (HR 2.0) and ischemic stroke (HR 2.6) in the 
multivariate analysis [25]. The risks associated with CHIP 
are the same or higher than those associated with traditional 
risk factors such as high cholesterol, smoking and high blood 
pressure. Meanwhile, the correlation between somatic muta-
tions and microvascular as well as macrovascular complica-
tions in type 2 diabetes (HR 5.1) further supports the rela-
tionship between clonal hematopoiesis and atherosclerotic 
disease [29]. It is necessary to understand the correlation 
between CHIP and cardiovascular disease, and further 
research is needed to find out how to reduce the negative 
effect of CHIP on the development of disease.

A causal relationship between CHIP and CVD in mice

The aforementioned human studies suggest that CHIP is 
associated with cardiovascular risk, but do not fully explain 
the causal relationship. Biologically aging populations are 
prone to mutated stem cell clone and vascular disease; we 
think it is possible that CHIP and cardiovascular disease are 
both the result of aging. Individual differences in growth 
environment, such as smoking and drug treatment may inter-
fere with the validation of causal relationship. In addition, 
there are also several factors that influence cell clone expan-
sion such as chronic inflammation or other stress associ-
ated with cardiovascular disease such as diabetes and obe-
sity that can cause somatic mutations and clone of mutant 
cells[30–32]. Therefore, animal models are powerful tools 
to explore the causal relationship between CHIP and cardio-
vascular disease [25, 33–36]. In recent years, studies have 
mainly focused on the loss of function in TET2/DNMT3A/
JAK2 of mouse model to prove the relationship between 
CHIP and cardiovascular disease, but the diversity of related 

driver genes in the established mouse model is insufficient. 
And different mutations may be associated with different 
diseases, which need to be further explored and differenti-
ated in the future. Now, a large part of mouse models are 
knockout gene models, which may still have some limita-
tions to be considered compared with mice carrying mutant 
gene. The following section reviews the adverse effects of 
CHIP carrying deficient or mutated genes TET2, DNMT3A, 
and JAK2 in mouse models on the development of cardio-
vascular diseases such as atherosclerosis, ischemic heart 
failure, and thrombosis to better understanding the causal 
relationship between them.

Role of CHIP‑related mutations in atherosclerosis

TET2 (Ten-eleven Translocation 2) is one of the most com-
mon somatic mutant genes, which promotes clone expansion 
of mutant blood cells and is associated with cardiovascular 
disease [25]. In 2017, bone marrow was transplanted into 
LDLr-/- mice with atherosclerotic predisposition, 10% of 
which were TET2 mutated HSPCs. Bone marrow remod-
eling induced by TET2 mutations resulted in clonal expan-
sion and atherosclerotic plaque enlargement with plaque 
increases of 50%-70% compared with the control group, 
as well as increased expression of NLRP3 inflammasome 
and its downstream IL-1β. Treatment with NLRP3 inhibi-
tor was found that there were anti-atherosclerosis effects on 
TET2 mutant mice, which suggests that TET2 mutations 
may accelerate atherogenesis by promoting the expres-
sion of NLRP3/IL-1β inflammatory mediators [33]. At the 
same time, recent studies have shown that IL-1β inhibitors 
improve cardiovascular outcomes as a therapeutic target for 
atherosclerosis [37]. Although the presence of CHIP was 
associated with the incidence of CVD, the total number 
of peripheral white blood cells did not change (except for 
the JAK2 mutation driving CHIP) [33]. On the contrary, a 
recent study showed that in CHIP patients with CHF, TET2 
mutations are associated with a net increase of HSPCs in 
humans with leukocytosis in the BM[38], which is supported 
by mouse models with conditional TET2 deficiency[39, 40].

DNMT3A belongs to a family of cytosine methylases, 
which is a candidate driver gene associated with clonal 
hematopoiesis in the elderly with the highest mutation fre-
quency[6, 7, 14, 41].DNMT3A deficiency is considered in 
playing a role in regulating proatherogenic inflammatory 
pathways. For example, it has been reported that DNMT3A 
loss of function can aggravate proinflammatory activation 
of mast cells[42], increase IFN (interferon)-γ production by 
T cells[43–45], and suppress immunosuppressive function 
in myeloid-derived suppressor cells[46]. However, given the 
complex immunomodulatory properties of DNMT3A in a 
variety of immune cell types [42–45, 47], more experimental 
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studies are needed to better understand how DNMT3A influ-
ences the pathogenesis of cardiovascular disease.

JAK2 is another common mutated gene in CHIP [6]. In 
one study, atherogenic effect of JAK2 mutations on mice 
was validated. The study demonstrated that the uptake of 
VLDL and LDL by macrophages was increased, which may 
be caused by the increase of LDL phagocytosis by bone 
marrow cell expansion [48]. However, neutrophil infiltration 
increased at the early stage of progression, and atheroscle-
rotic plaque size increased 1.6 times compared to the control 
group. At the same time,inflammatory factors released by 
macrophages and hemophagocytosis increased and large 
numbers of erythrocytes and macrophages were present 
in the necrotic core of progressive plaque, indicating that 
enhanced hemophagocytosis may accelerate plaque instabil-
ity [49]. In mice, red blood cells with JAK2 mutations are 
more likely to be eaten by macrophages [50],which suggests 
that JAK2 mutations may increase hemophagocytosis and 
accelerate artery plaque instability.

CHIP‑related mutations are associated with heart 
failure

TET2 is an epigenetic regulatory enzyme that regulates 
HSPC self-renewal [39, 40, 51, 52]. Recurrent somatic 
TET2 mutations are gene mutations first reported in normal 
elderly individuals with clonal hematopoiesis [53]. Studies 
have shown that blood cells with TET2 mutations are associ-
ated with cardiovascular disease and early onset myocardial 
infarction [25]. Two groups of stress-induced heart failure 
mouse models were constructed. In the treatment group, 
TET2-deficient bone marrow was transplanted or TET2 
gene was specifically knocked out in mouse bone marrow 
to simulate clone expansion. The results showed that TET2-
deficient hematopoietic cells were associated with more pro-
nounced myocardial remodeling and impaired cardiac func-
tion in mice, characterized by higher left ventricular systolic 
and diastolic volumes, lower ejection fraction, and larger 
fibrotic regions with worsened heart failure and increased 
IL-1β signaling. NLRP3 inflammasome, a multiprotein com-
plex, is seen as the upstream of IL-1β, which effectively acti-
vates IL-1β. However, when NLRP3 inflammasome inhibi-
tor MCC950 was treated in the two groups, heart failure 
symptoms of TET2 deficient mice were alleviated, and the 
difference between the two groups was significantly reduced 
[35]. It is natural to think of the classic case of success-
ful reduction of CVD targeting IL-1β in humans in 2017 
[54]. Studies have shown that TET2 deficiency in HSPCs is 
associated with the risk of heart failure, possibly exacerbat-
ing heart failure through NLRP3 inflammasome and IL-1β 
pathway, which have similar inflammatory pathways to 
promote atherosclerosis as the previously mentioned TET2 
deficiency, suggesting that NLRP3/IL-1β inflammatory 

pathway may be the significant pathway for TET2 mutations 
to increase cardiovascular events. Meanwhile, DNMT3A can 
also regulate the differentiation of hematopoietic stem cells 
(HSCs).DNMT3A loss of function in HSCs skews divisions 
toward self-renewal at the cost of differentiation. In addition, 
DNMT3A mutations were detected in the blood of aging 
individuals, suggesting that the mutant cells were more com-
petitive than normal hematopoietic stem cells over time[55, 
56]. In 2019, a study showed that patients with somatic 
mutations in hematopoietic cells, specifically mutations in 
the most common CHIP driver genes TET2 and DNMT3A, 
had worse long-term clinical outcomes and were associ-
ated with the development of ischemic chronic heart failure 
(CHF) and with poor outcomes such as death or death after 
rehospitalization compared with non-CHIP carriers[26].

CHIP‑related mutations were associated 
with thrombosis and myocardial injury

Clonal hematopoietic disorders of hematopoietic system can 
occur in myeloproliferative tumors (MPNs), in which most 
MPNs have JAK2 V617F somatic mutations. The neutrophils 
with JAK2 V617F mutation in MPN patients increased Neutro-
phil extracellular traps (NET) formation, which was reduced 
when treated with JAK2 inhibitor Ruxolitinib. But the 
mechanism by which JAK2 regulates NET remains unclear. 
Subsequent in vivo studies on MPN mouse models showed 
that the JAK2 V617F mutation of neutrophils not only 
increased NET, but also correlated with the pre-thrombotic 
state. NET formation as a component of innate immunity 
has been thought to be related to thrombosis mechanisms 
[57]. Compared with JAK2 WT mice, JAK2 V617F mutant 
mice showed increased thrombosis and enhanced NET, 
while JAK2 inhibitor Ruxolitinib reduced thrombosis [24]. 
Recent studies have found that mutations in the JAK2 V617F 
gene occurred in normal somatic cells [6, 7]. The researchers 
found that CHIP individuals with JAK2 V617F positive but 
without MPN or other hematologic malignancies were prone 
to thrombosis due to NET increase. Inhibition of JAK-STAT 
signaling with the clinically available JAK2 inhibitor rux-
olitinib abolished NET formation and decreased thrombosis 
in a murine model of deep vein stenosis. It was shown that 
CHIP individuals with JAK2 V617F mutation were associ-
ated with a higher risk of major thrombotic events, such as 
venous thrombosis and pulmonary embolism, and were more 
likely to develop thrombotic events than those with other 
somatic mutations harbored CHIP [24]. This may be because 
JAK2 V617F mutations lead to enhanced hemophagocytosis, 
promoting plaque instability and accelerating atherothrom-
bosis [50]. At the same time, the JAK2 pathway also plays 
an important role in immune diseases due to regulate inflam-
mation mediators, blood coagulation and thrombosis to a 
large extent [58]. In another study, loss of function of TET2 
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by lentiviral vector /CRISPR method caused hematopoietic 
cell expansion similar to previous studies. In comparison 
with Tet2, inactivation of Dnmt3a did not lead to detect-
able expansion of the mutant hematopoietic cells during the 
time course of these experiments[34].This finding is similar 
to previous reports showing that Dnmt3a-deficient HSPCs 
expand only in aged animals or after sequential BMT[59, 
60], raising concerns about the selection of mouse models 
to study clonal hematopoiesis associated with mutations in 
DNMT3A. Further experiments provided evidence that both 
inactivated TET2 and DNMT3A mutations in hematopoietic 
cells could cause CVD. And DNMT3A and TET2 mutations 
alike have similar abilities to increase AngII-induced cardiac 
hypertrophy, impaired cardiac function, and fibrosis of the 
heart and kidney. In LPS-treated macrophage lines, TET2 
mutation promoted the release of inflammatory cytokines 
IL-1, IL-6, Ccl5, while DNMT3A mutation resulted in 
increased expression of Cxcl1, Cxcl2, IL-6 and Ccl5 [34].
Whether the myocardial injury induced by inactivated TET2 
and DNMT3A is related to release of inflammation media-
tors remains to be further studied.

Inflammatory pathways involved 
in the mechanism by which CHIP increases 
cardiovascular risk

As mentioned above, inflammatory signaling is one of the 
key mechanisms by which CHIP with somatic mutations 
such as TET2/DNMT3A increases risk of cardiovascular 
events. Likely, TET2/DNMT3A mutations increase pro-
inflammatory cytokine release, driving a feedback loop that 
leads to clonal expansions of mutant dominant cells, which 
then again amplifies deregulated and unbalanced release 
of pro-inflammatory cytokines [61]. Whether other CHIP-
related mutations also increase cardiovascular risk through 
inflammatory mechanisms is not clear. Here, the correlation 
between inflammatory signals and CHIP with mainly TET2/
DNMT3A mutations is discussed below.

Inflammation as a consequence of clonal 
hematopoiesis

Recent studies showed that mutations in TET2 and 
DNMT3A damaged inflammation regression and type 
I interferon production respectively [47, 62]. TET2 is 
a demethylase, but studies have shown that under LPS 
stimulation, TET2 regulates histone deacetylation by 
recruiting Hdac2 to reduce expression of cytokines IL-6 
in inflammatory signaling pathways, which is independ-
ent of DNA methylation and hydroxymethylation [62]. 

TLR-activated NF-KB and MAPK pathways can induce 
pro-inflammatory cytokine expression, but this pathway is 
not affected in TET2-deficient bone marrow dendritic cells 
(BMDC) and peripheral macrophages. Compared with the 
control group under the same LPS-induced condition, the 
expression of IL-6 in TET2-deficient cells was higher; and 
the spontaneous TLR-signal termination pathway, which 
was thought to prevent excessive pro-inflammatory sig-
nals and inflammatory autoimmune disease, highlighting 
the important role of negative TLR regulatory signals in 
the stage of inflammation regression, was insufficient to 
weaken the expression of IL-6 in TET2-deficient cells, 
which also indirectly reflected the role of TET2 in inhibit-
ing the expression of IL-6 by promoting the regression of 
inflammatory responses and maintaining homeostasis[62]. 
IL6R P. Asp358Ala is a common variant of IL6 receptor 
gene that can disrupt IL-6 signaling pathway. Previous 
studies have found that IL6R P. Asp358Ala reduces the 
risk of CVD in the general population [63, 64].A recent 
study using LPS to treat TET2-/- macrophages found that 
the expression of IL-1β and IL-6 increased with the exten-
sion of treatment time. At the same time, activation of 
Arginase 1(Arg1) expression which occurs normally dur-
ing the TLR4 signaling phase of inflammation regression 
increased by 7 times in the late LPS processing. These 
results suggest that TET2 deficiency may impair inflam-
matory regression and innate immune response [65]. In 
2020, Wesley T Abplanalp and his colleagues using single-
cell RNA-sequencing revealed that circulating monocytes 
and T-cells of HF patients harboring CH-driver mutations 
in DNMT3A exhibited a highly inflamed transcriptome 
in humans[66]. It has been demonstrated for the first time 
that DNMT3A mutation induces activation of inflam-
matory signals of different immune cells in humans. But 
DNMT3A mutations give rise to a less pronounced bias 
towards myeloid cells [67, 68]. Data from animal mod-
els seems consistent with evidence from clinical trials 
showing that subjects with TET2 mutations have more 
inflammatory non-classical monocytes, while those with 
DNMT3A mutations have an increased Th17/Tregs ratio 
[69]. Jak2VF mutations in myeloid progenitors result in 
monocytes and neutrophils with increased inflammatory 
features, causing myocardial inflammation and accelerat-
ing HF after ischemic injury [36]. Overall, these findings 
suggest that TET2 and JAK2 mutations could increase 
inflammation response, which is mediated by innate immu-
nity; otherwise, DNTM3A mutations affect myeloid and/
or lymphoid cells.

At present, it is believed that some somatic genes with 
mutations can damage inflammatory regression process or 
activate immune response, resulting in the relative abnor-
mal enhancement of inflammatory signals and accelerating 
the development of cardiovascular diseases.
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Inflammation as the cause of clonal hematopoiesis

A recent study examined the viability of TET2-KO HSPCs 
in the presence of inflammatory pressure. Lipopolysac-
charide (LPS) is a ligand that activates toll-like receptor 
4 and NF-KB signaling pathways to induce inflamma-
tory signals in mice [70]. In LPS-treated TET2-KO mice, 
neutrophils, eosinophils, and basophils were significantly 
increased, but lymphocyte, platelet, and erythrocyte counts 
were approximately the same as those in wild-type mice. 
Surprisingly, TET2-KO hematopoietic cells had the advan-
tage of inflammatory resistance. When treated with LPS, 
clonal capacity of bone marrow cells in the control group 
was impaired and the number of bone marrow cells was sig-
nificantly reduced. However, mature bone marrow cells and 
HSPCs in TET2-KO mice were significantly increased and 
TET2-KO hematopoietic cells produced more inflammatory 
cytokines including IL-6. Subsequently, it was found that 
after LPS treatment, the expression of pro-apoptotic genes 
Casp1 (Encoding caspase-1) and Bcl2l11 (Encoding Bim) 
decreased, while the expression of the genes promoting cell 
survival such as Bcl2 and Morrbid increased. It is possi-
ble that TET2-KO cells enhance their growth advantage 
under inflammatory stimulation by resisting apoptosis [71]. 
Morrbid is a long-stranded non-coding RNA that regulates 
the survival of bone marrow cells, including neutrophils, but 
its role in HSPCs carrying driver gene mutations is unknown 
[72]. In TET2-KO bone marrow cells and HSPCs, IL-6 can 
induce high activation of the SHp2-STAT3 signaling axis, 
ultimately leading to increased expression of newly discov-
ered anti-apoptotic long-chain non-coding RNA, namely 
Morrbid. In TET2 mutated mice, inhibition of Shp2 or 
STAT3 expression with inflammatory suppressive drugs or 
Morrbid knockdown restored inflammatory stress-induced 
HSPCs and mature bone marrow cell abnormalities such 
as clonal hematopoiesis [71]. Therefore, under the effect of 
inflammatory pressure, the number of HSPCs of TET2-KO 
mice was increased due to resist apoptosis, and cell survival 
was promoted through the IL-6/Shp2/Stat3/Morrbid path-
way, and finally clonal hematopoiesis was formed. A similar 
finding has been described that expansion of the stem/pro-
genitor cell pool was found in CHIP patients carrying a Tet2 
mutation, maybe further promoted by inflammatory condi-
tions[38]. A new study in 2020 showed that larger CHIP 
clone carriers with VAF > 10% increased cardiovascular 
risk, accounting for the majority of the overall CHIP carrier 
with increased risk. This study suggested that inhibition of 
the IL-6 signaling pathway at the VAF > 10% CHIP popula-
tion was the most effective in reducing the risk of cardiovas-
cular disease compared with small CHIP clone carriers and 
non-CHIP carriers [73], but the specific mechanism needs 
to be clarified in the future. In another study, despite TNF-α 
inhibiting HSPCs activation, TET2-/-BM showed apoptotic 

resistance compared with WT in the presence of TNF-α for a 
long time. WT bone marrow cells showed that the number of 
clones decreased gradually with the increase of TNF-α dose, 
but the number of TET 2-/-BM clones remained at a constant 
level or even increased [30]. These studies indicated that the 
anti-apoptotic effect was enhanced and clonal hematopoiesis 
was promoted by the driver gene mutation in the inflam-
matory environment. This demonstrates that bone marrow 
microenvironment affects the cloning expansion of HSPCs, 
and improving the microenvironment can also be effective 
to reduce the risk of cardiovascular disease.

Impact of age‑related pro‑inflammatory 
environment on HSCs fate

We would like to further understand how inflammation 
influences clonal hematopoiesis formation and regulates 
HSCs fate, especially in the elderly population. Older indi-
viduals develop inflammatory aging, a condition character-
ized by elevated levels of blood inflammatory markers that 
carries high susceptibility to chronic morbidity, disability, 
frailty, and premature death, even in the absence of signifi-
cant stimulation [74, 75]. Some studies have shown that 
highly inflammatory environment not only promotes clonal 
hematopoiesis, but also controls the fate of HSCs, having 
a bias for inducing the proliferation of blood platelets or 
myeloid cells in HSCs differentiation, and increasing the 
risk of cardiovascular diseases by leukocytes migrating 
into the arterial intima and the expansion of neutrophils 
within the plaque leading to plaque rupture [76]. Chronic 
inflammation in old age, although resistant to pathogen 
invasion, has adverse effects on human health and is asso-
ciated with the development of multiple diseases due to 
impaired immune responses, including heart disease[77]. 
At the same time, older humans and aging animals such 
as mice exhibit significant changes in blood systems, with 
reduced HSCs activity lymphocyte generation, and a ten-
dency to myeloid cells production, and higher levels of 
inflammatory cytokines [78, 79], which may have close 
relationship with the risk of cardiovascular disease. HSCs 
maintain lifelong blood production and increase blood cell 
numbers in response to chronic and acute injury. Recent 
studies have shown that in young mice, only a small frac-
tion of HSCs was IL-27Ra+, which plays an essential role 
in myeloid recovery following microbial invasion. But in 
old age, HSCs of IL-27Ra+ are abundant, and the upreg-
ulated TNFα-ERk-ETS1 pathway increases IL-27Ra+ 
gene transcription,promoting the proliferation of myeloid 
cells, inflammatory phenotypes, and the reduction of the 
potential of HSCs [80]. Current research reveals that bone 
marrow microenvironments such as chronic inflammation 
state could influence the fate of HSCs [78]. Meanwhile, 
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the aging of bone marrow microenvironment is associated 
with the increased pro-inflammatory cytokines varieties, 
both in mice and humans[81].

Inflammatory signals may have different effects on 
HSCs differentiation. Several pieces of evidence suggest 
that inflammatory cytokines drive differentiation of mye-
loid/megakaryocytes. For instance, IFN γ induces myeloid 
differentiation through activating the transcription fac-
tors Batf2 and C/EBP β [82, 83]. Pietras et al. reported 
that interleukin-1 (IL-1), which functions as a key pro-
inflammatory ’emergency’ signal, directly accelerating 
cell division and myeloid differentiation of HSCs through 
NF-κB-dependent PU.1 activation [84]. IL-1α/β regulates 
thrombopoiesis in vitro [85, 86], possibly the reason of 
high platelet counts in aged mice [87]. Defective phago-
cytosis of macrophages during aging induces expansion of 
platelet-biased HSCs through Il-1β signaling [88], which 
may be one of the mechanisms of arterial plaque throm-
bosis. IFN-1 s and TNF promote megakaryocytopoie-
sis in a subset of HSC-like cells highly expressing the 
megakaryocyte marker CD41 through post-transcriptional 
program [89]. Chronic IL-1 stimulation can also induce 
similar expansion of  CD41hi cells, suggesting possibly a 
common mechanism for inducing platelet generation that 
drives inflammatory thrombogenesis[84, 89]. Noticeably, 
IFN-1 can induce HSCs differentiation only restricted 
in  CD41hi expressing cells, suggesting HSCs respond to 
different inflammatory signals in a heterogenous man-
ner [89]. In the future, it will be necessary to investigate 
whether other inflammatory factors also act specifically 
on CD41 expressing cells. The role of these mechanisms 
in complex diseases such as cardiovascular disease needs 
to be further studied.

Inflammatory signaling also has a negative impact on 
HSCs’ ability to self-renew. Chronic IL-1 exposure restricts 
HSCs lineage output, severely decaying HSCs self-renewal 
capacity. Importantly, these destructive effects are transient 
and fully reversible on IL-1 removal [84]. Takizawa et al. 
reported that in vivo lipopolysaccharide (LPS) application 
makes proliferation of dormant HSCs directly via TLR4 and 
that persistent LPS exposure damages HSCs self-renewal 
and competitive repopulation activity[90]. But how impaired 
HSCs self-renewal manifests in human diseases has been 
little studied. In vivo microenvironment of the elderly is in 
an inflammatory state for a long time, leading to changes 
in the differentiation direction and self-renewal function of 
HSCs, which may be one of the links between CHIP and car-
diovascular disease. But whether inflammation tends to have 
a more pronounced effect on mutated HSCs is unclear. It 
requires further research about whether non-mutated HSPCs 
are also affected in individuals with CHIP caused by TET2 
mutations through a paracrine, cell-extrinsic fashion such as 
an inflammatory milieu [38].

Prospects for targeting CHIP‑related 
mutations

A large number of studies have shown that inflammation 
plays an important role in the aggravation of cardiovascu-
lar disease caused by mutations such as TET2/DNMT3A. 
Based on the above, we have learned that using NLRP3 
inhibitors or targeting IL-1, IL-6 can effectively attenu-
ate heart damage caused by TET2 mutation. In addition, 
targeting related mutations may be another strategy for 
reversing or mitigating the development of cardiovascular 
disease.

Vitamin C to restore for TET2 Function

The key function of TET2 is to regulate HSPCs self-renewal 
and proliferation, and the absence of TET2 will cause abnor-
mal HSPCs self-renewal and bone marrow expansion [40, 
91]. However, there are few therapeutic options for tar-
geting TET2 activation. In a recent study, Cimmino et al. 
treated mice with reversible transgenic RNA to form a TET2 
recovery model, interestingly,which could restore the abnor-
mal self-renewal of HSPC. This study suggests that TET2 
reactivation may be a therapeutic target for patients with 
clonal hematopoiesis such as myelodysplastic syndrome 
and myeloid leukemia by promoting DNA demethylation. 
Meanwhile, recovery and activation of TET2 can reverse 
the abnormal self-renewal of HSPCs in vitro and in vivo 
[92].Vitamin C, a Fe2 + and α-Kg dependent dioxygenase 
cofactor, simulates TET2 recovery by promoting 5-hydroxy-
methylcytosine formation in HSPCs of TET2-deficient mice. 
It can inhibit the clone formation of leukemia cells and delay 
the development of leukemia [92]. Similarly, Cimmino and 
colleagues treated mouse HSPCs and human leukemia cells 
with vitamin C. They found that vitamin C simulated the 
activation of TET2 in HSPCs of TET2-deficient mice and 
increased 5-hydroxymethylpyrimethine (5HMC) forma-
tion [93], consistent with previous studies. The above stud-
ies support the use of vitamin C in the treatment of AML 
patients harboring TET2 mutations, but the need for suffi-
cient vitamin C to achieve normal TET2 levels is a challenge 
for clinical treatment of patients. In several recent studies, 
vitamin C (ascorbate) was used clinically in patients harbor-
ing TET2 mutations, where TET2 was activated and survival 
was increased in older patients with AML(Acute Myelocytic 
Leukemia), although TET2 deficiency induced clone was 
reproduced when the disease relapsed [94, 95]. There has 
been little research on targeting TET2 for cardiovascular 
diseases, but targeting TET2 for tumor prevention and treat-
ment is the first step in the clinical treatment of cardiovas-
cular diseases.
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JAK2 Inhibitors

In 2018, a study showed that JAK2 inhibitor Ruxolitinib 
can reduce thrombosis by decreased Neutrophil extracel-
lular traps (NET) formation which was induced by JAK2 
V617F mutation in MPN patients [24]. Xilan Yang et al. 
found that Ruxolitinib, an inhibitor of the Janus kinase 2 
(JAK2), substantially reduced area of atherosclerotic plaques 
in rabbits treated with high fat diet [96] Furthermore, it has 
been shown that the selective Jak2 inhibition with fedratinib 
reduces the formation of atherosclerotic plaque by suppress-
ing excessive myelopoiesis in Apoe-/-mice[97]. More inter-
estingly, Haojie Jiang and collaborators found that JAK2 
V617F mutations dramatically increased the binding of 
AGK (Acylglycerol kinase) to JAK2 and significantly facili-
tated JAK2/Stat3 signaling in megakaryocytes/platelets in 
response to thrombopoietin[98]. Collectively, these findings 
suggest that inhibition of JAK2 or targeting the interaction 
between AGK and JAK2 may alleviate thrombotic CVD in 
CHIP patients carrying JAK2 mutations.

Lower blood glucose

CHIP carriers display a 30% increased risk of type 2 diabe-
tes[25], a risk factor for both CVD and cancer[99]. Increased 
glucose levels impede AMPK-mediated phosphorylation 
at serine 99, which results in the destabilization of TET2. 
Treatment with the anti-diabetic drug metformin protects 
AMPK-mediated phosphorylation of serine 99, thereby 
rescuing TET2 stability and 5hmC levels [100]. The above 
studies suggest that high-level glucose may accelerate the 
mutation of TET2, while tight control of glucose to maintain 
the stability of TET2 can have a protective effect on car-
diovascular system in patients carrying TET2-driven CHIP.

Conclusion and future directions

Cardiovascular disease is the leading cause of death world-
wide and is becoming more common with age. Despite 
strong epidemiological evidence linking cardiovascular 
disease to aging [101], how aging affects the development 
of cardiovascular disease is unclear. Clonal hematopoiesis is 
an inevitable result of normal aging in human beings. Clini-
cal studies have shown that clonal hematopoiesis is associ-
ated with increased mortality and cancer [6, 7, 14, 25, 26, 

102]. In particular, all-cause mortality and cardiovascular 
events increased in CHIP carriers, while TET2, DNMT3A 
and JAK2 were the most common mutated genes in hemat-
opoietic cells of CHIP individuals, leading to pathological 
changes in the mouse model of atherosclerosis or heart fail-
ure Fig. 1 [25, 33–36]. Nowadays, a few studies have shown 
that CHIP produced by unknown driver genes also increases 
cardiovascular risk and all-cause mortality [7, 13, 14, 73]. 
Other heart diseases related driver genes need to be explored 
in the future. Through these studies, we found that cardio-
vascular events caused by CHIP harboring JAK2 mutations 
were associated with increased neutrophils extracellular 
traps, different from increased pro-inflammatory regulatory 
factor expression by TET2 mutations. At the same time, 
there was no change in platelet count in TET2-deficient 
mice. This suggests that different mutations may act on spe-
cific diseases through different pathways, and further studies 
are needed to better target disease-specific mutations in the 
future.

Our understanding of the link between CHIP and CVD is 
incomplete. Yet based on previous studies on TET2 muta-
tions Table 1, we found that inflammation may be one of 
the main mechanisms of CHIP increasing CVD, especially 
cytokines such as IL-1β and IL-6. Inhibition of IL-6 factor 
could effectively reduce the risk of cardiovascular events 
for CHIP carriers with VAF greater than 10%, while having 
little effect on small clones. [73]. So here we have proposed 
two hypotheses about the mechanisms of inflammatory 
regulation. One hypothesis is that somatic gene mutations 
accumulate with age, and the gene itself has the effects of 
preventing excessive inflammation or maintaining organism 
homeostasis. However, mutations lead to excessive inflam-
matory signals response such as increased expression of 
IL-6, which can accelerate the development of cardiovascu-
lar diseases. Another hypothesis is that under bone marrow 
microenvironment with an inflammatory state, HSPCs with 
driver gene mutations have a phenotype resistant to apop-
tosis, while the clone number of cells without mutations is 
reduced. As the clone expansion of surviving HSPCs with 
mutations (such as TET2 mutations) is enhanced, HSPCs 
pool may be enlarged. Based on these two hypotheses, 
inflammation and mutations/CH may form a feedback loop 
in aging individuals, reinforcing each other to maintain a 
long-term inflammatory internal environment. Inflammatory 
environment also affects the differentiation and self-renewal 
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ability of HSCs. Chronic inflammation associated with aging 
damages the potential of HSCs and immune function, and 
adversely affects the hematopoietic system. It is not clear 
whether inflammatory signaling is also a crucial regulatory 
factor in the relationship between clonal hematopoiesis and 
aging, but the effect of chronic aging-inflammation on HSCs 
is highly likely associated with cardiovascular disease and 
immune respond. This is why the elderly have a high preva-
lence rate and are the most vulnerable from COVID-19.

Cardiovascular disease remains the leading cause of 
death worldwide, but a significant proportion of elderly 
cardiovascular patients do not have the traditional risk fac-
tors forCVD. Therefore, targeting inflammatory mediators 
or associated mutated genes may provide new strategies for 
treating cardiovascular diseases. At the same time with the 
better understanding of CHIP, therapeutic armamentarium 
to prevent its detrimental effects should also emerge.

Fig. 1  Possible pathways associated with clonal hematopoiesis 
increasing the risk of cardiovascular disease. Genetic mutations accu-
mulate with age. Among them, the common mutated genes are TET2, 
DNMT3A, JAK2, and a few mutations confer the cells competitive 
advantage and form clonal hematopoiesis. Recent studies have shown 
that individuals with clonal hematopoiesis have an increased risk of 
cardiovascular disease [6, 25]. Subsequent studies have found that 

TET2 and DNMT3A mutations increase the expression of inflamma-
some and cytokines IL-1β and IL-6, which can promote the devel-
opment of cardiovascular diseases such as atherosclerosis and heart 
failure[26, 33, 35], while JAK2 mutations can accelerate plaque insta-
bility by increasing hemophagocytosis and promote thrombosis by 
increasing the effect of NETs[24, 50]
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