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ABSTRACT
Clonal hematopoiesis (CH) has been the focus of many research efforts in the last years and has emerged as a risk modifier for 
cardiovascular disease morbidity and mortality. While substantial evidence has accumulated regarding its impact on arterial 
system diseases, the connection with venous thrombosis has only recently been explored. Both clinical and preclinical evidence 
suggest that the magnitude and mechanism underlying the association of CH with cardiovascular events vary depending on the 
specific mutated gene involved, indicating a causal link between CH and thrombosis development, not only in the arterial sys-
tem, particularly in the context of atherosclerosis, but also in venous thrombosis. Although this growing body of knowledge has 
driven translational research and provided insights for improving clinical management, several questions remain unanswered. 
This review aims to summarize the available evidence on the link between CH and thrombosis, while highlighting the gaps that 
need to be addressed in future research.

1   |   Introduction

Clonal hematopoiesis (CH) occurs when hematopoietic stem cells 
acquire a somatic mutation providing them with a proliferative 
advantage or survival benefit, resulting in the clonal expansion 
of these mutated cells [1]. While the presence of CH is rare in in-
dividuals younger than 40 years, the prevalence increases with 
age and clonal expansion becomes nearly universal in those older 
than 70 years, even in the absence of driver gene mutations [2–6]. 
A more precise definition was implemented in the last years to 
clearly differentiate between clonal hematopoiesis of indetermi-
nate potential (CHIP) and hematologic malignancies that arise 
from hematopoietic clones. CHIP is defined as the presence of a so-
matic mutation with a variant allele frequency (VAF) of at least 2%. 
Furthermore, the presence of blasts and dysplasia in the bone mar-
row as well as differential diagnoses have to be excluded [1]. The 
most commonly mutated genes are DNMT3A, TET2, and ASXL1, 
while other common ones include JAK2, TP53, PPM1D, and SF3B1 
(Table 1) [2, 7]. The prevalence of CHIP is also increasing with age 
and about 10% of people aged 70 years or older are affected [2, 3].

Not surprisingly, CH is associated with the risk of hematolog-
ical cancer, but the progression rate per year is rather low [8]. 
A strong association between CH and all-cause mortality led to 
in-depth research efforts to explain this observation. Overall, 
data aggregated in the last years suggest that CH is associated 
with various diseases, including (but not being limited to) cor-
onary heart disease, stroke, peripheral artery disease, diabe-
tes, acute and chronic kidney injury, liver disease, some types 
of solid cancer, and rheumatologic diseases [2, 7, 9–16]. Given 
the strong association between CH and cardiovascular diseases, 
this relationship was further explored in preclinical studies to 
determine whether a causal link exists, which could in turn lead 
to the identification of new therapeutic targets and the develop-
ment of novel treatment approaches.

Cardiovascular diseases, particularly thromboembolic events, 
have a high incidence and rank among the leading health issues 
and are increasingly problematic in developing countries [17]. 
Not only are classic arterial thromboembolic events (ATE), such 
as myocardial infarction or stroke a leading cause of mortality 
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and morbidity, but also venous thromboembolism (VTE), in-
cluding deep vein thrombosis and pulmonary embolism (PE), 
has a relevant burden of disease and impact on the healthcare 
system [18]. Approximately 40% of VTE events are considered 
unprovoked due to an unknown underlying cause, highlighting 
the need to identify new risk factors to better understand the 
etiology and develop further preventive strategies.

This review aims to give an overview and summarize data on 
the association of CH with thrombosis on a clinical, preclinical, 
as well as translational level. Furthermore, the different mech-
anisms proposed to causally link CH and thrombosis will be 
discussed.

2   |   Clinical Evidence

2.1   |   Coronary Artery Disease

One of the earliest observations was that CH is associated with 
a higher risk of coronary artery disease, a connection that has 
been demonstrated across various cohorts [2, 7, 19–21]. In the 
first landmark study by Jaiswal et al. [2] individuals selected re-
gardless of their history of hematologic disease were screened 
for CHIP. The authors observed that individuals with CH had 
a 2-fold higher risk for being diagnosed with coronary artery 
disease compared to those without CH [2]. Similarly, following 
studies reported hazard ratios (HR) of around 2 for incident cor-
onary artery disease and 4-times higher odds of having an early-
onset myocardial infarction in younger people (age < 50 years) 
with CH [7]. Additionally, a more recent study described a 
link between DNA damage repair gene (i.e., TP53 and PPM1D) 
driven CH and coronary artery disease as well [10]. This is im-
portant knowledge, as the magnitude of risk seems to depend on 
the underlying gene mutated. While mutated DNMT3A, TET2, 
or ASXL1 led to an about 1.7–2-fold increased risk, the presence 

of a JAK2 mutation amplified the risk of coronary artery dis-
ease 12-fold in another recent study [7]. This difference was also 
observed when a composite outcome of myocardial infarction, 
coronary artery disease, or revascularization, stroke, or death 
was assessed. While DNMT3A and TET2 were associated with 
a mild risk (1.06–1.11 fold), ASXL1, TP53, and PPM1D conferred 
a moderate (about 1.4 fold) and JAK2 conferred a high risk (2.8-
fold) [22].

Consequently, in a following study by Jaiswal et al. [7] a poten-
tial underlying cause was observed. Namely, it was reported 
that individuals with CH were 3-fold more likely to have a high 
coronary artery calcification score [7]. Furthermore, in patients 
with known atherosclerotic cardiovascular diseases, CH is asso-
ciated with increased risk for recurrent atherosclerotic cardio-
vascular disease events in the coronary, cerebral, or peripheral 
arterial system [23]. Also, patients with myocardial infarction 
and DNMT3A or TET2-driven CH were reported to have an 
increased risk for major adverse cardiovascular events [24]. 
However, in total contrast to these two studies, a recent study in-
cluding patients from 5 randomized controlled trials (majority of 
participants had known atherosclerotic cardiovascular diseases) 
found no clear association between CH and risk of the compos-
ite outcome (cardiovascular death, myocardial infarction, isch-
emic stroke or coronary revascularization). In this analysis, CH 
was associated with first but not with recurrent myocardial in-
farction [25].

2.2   |   Stroke

Another cardiovascular event with a high incidence is stroke. 
The landmark paper from Jaiswal et  al. [2] reported that the 
presence of CH is associated with an increased risk (2.6-fold) 
of ischemic stroke. In another large study, including eight pro-
spective cohorts or biobanks, CH was associated with a 1.14-fold 

TABLE 1    |    Summary of most-commonly mutated CHIP-associated genes.

Abbreviation Gene name Location Function Function of encoded protein

ASXL1 Additional sex combs-like 1 Chromosome 20 Epigenetic regulator Involved in chromatin 
remodeling, regulates the 

expression of many HOX genes

DNMT3A DNA methyltransferase 3a Chromosome 2 Epigenetic regulator Facilitates DNA methylation

JAK2 Janus kinase 2 Chromosome 9 Tyrosine kinase Non-receptor tyrosine kinase 
involved in cellular growth 
and proliferation, regulates 

growth inhibition and 
stress induced apoptosis

PPM1D Protein phosphatase 
magnesium dependent 1

Chromosome 17 DNA damage repair Acts as a negative regulator 
of the p53 pathway

SF3B1 Splicing factor 3b Chromosome 2 Splicing Facilitates the splicing 
recognition of exons

TET2 TET methylcytosine 
dioxygenase 2

Chromosome 4 Epigenetic regulator Involved in DNA methylation 
by oxidizing methylcystosine

TP53 Tumor protein p53 Chromosome 17 DNA damage repair, 
cell cycle arrest

Regulates cell division 
and cell death
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increase in stroke risk [9]. In particular, CH was associated with 
small vessel ischemic stroke. When stratifying the analysis ac-
cording to the underlying gene mutated, only TET2-driven CH 
was linked to an increased risk of ischemic stroke [9]. CH seems 
to be more prevalent in younger persons with stroke (age below 
60 years), as reported by Mayerhofer et al. [26]. The stroke pa-
tients included in that study were aged between 18 and 60 years 
and exhibited a CH prevalence that was 3-fold higher when 
compared to the general population [26]. In contrast, the authors 
observed CH more often in individuals with large-artery stroke 
[26]. A higher frequency of CH in patients with stroke and large-
artery atherosclerosis was also found in another study [27]. That 
study also reported a high prevalence of CH in patients with a 
first stroke and a higher risk for the composite endpoint of in-
terest, which compromised stroke, myocardial infarction, and 
death. This association was most pronounced with TET2 and 
PPM1D-driven CH [27]. The association between CH and stroke 
was confirmed in a recent meta-analysis including 88 studies 
reporting a HR of 1.16 [28].

2.3   |   Peripheral Artery Disease

The role of CH was also investigated in other atherosclerotic dis-
eases such as peripheral artery disease. A recent study indicates 
that CH is associated with “pan-arteriosclerosis”, with a risk in-
crease of 31% [10]. This is in agreement with previous studies 
reporting a high presence of atherosclerotic disease in stroke 
patients with CH [26].

A large biobank-based study recently reported that CH in-
creased the risk of incident peripheral artery disease about 1.7-
fold [10]. In this study, especially mutations in TP53 and PPM1D 
were linked to peripheral artery disease [10]. Important to note 
is that while patients with hematological malignancy were ex-
cluded, information on the history or presence of solid tumors 
was not reported in that study. CH and mutations in tumor tis-
sue may confound results, as patients with cancer have an in-
creased baseline risk of arterial thromboembolic events such as 
myocardial infarction, stroke, and acute peripheral artery embo-
lism [29]. In another recent study, the presence of CH was linked 
to de novo femoral atherosclerosis [30]. Lastly, a contemporary 
study described an association between CH and cardiovascular 
mortality in patients with asymptomatic carotid atherosclero-
sis [31].

2.4   |   Venous Thromboembolism

Only recently, the association between VTE and CH was in-
vestigated in more detail. Two small studies screened for CH 
in patients with unprovoked VTE or PE. In both cohorts, a rel-
atively high prevalence of CH was reported (9%–10%) [32, 33]. 
The authors suggested that this prevalence is higher than would 
have been expected in the general population with a similar 
age distribution, but no matched controls were included in both 
studies. Similarly, in patients with non-cirrhotic or idiopathic 
splanchnic vein thrombosis, a high frequency of CH mutations 
was detected [34, 35]. In contrast, one study, including patients 
older than 50 years with unprovoked proximal or provoked dis-
tal VTE, found a similar CH prevalence as in healthy controls; 

however, no further details about the included patients were re-
ported [36]. Only one study so far has specifically assessed the 
role of CH in the risk of cancer-associated VTE and did not find 
an association with increased risk [37]. In contrast, a biobank 
analysis revealed an association between CHIP and pulmonary 
embolism (PE) in both the subgroup of patients with cancer and 
in those without [38].

More data is available for a specific mutation, namely JAK2. 
Individuals without overt myeloproliferative neoplasm (MPN) 
and JAK2 mutation were shown to have increased odds of being 
diagnosed with VTE [39]. Furthermore, it was discovered that 
25% of individuals with JAK2 mutation in the absence of MPN 
had a history of VTE [40]. A very recent paper confirmed the 
association between mutated JAK2 without overt MPN and VTE 
in a large biobank-based study and found a 6-fold increased VTE 
risk [41]. In contrast, when the authors assessed the associa-
tion between VTE and CH, irrespective of affected gene, only 
a weak link with incident VTE, with a risk increase of 17%, was 
observed [41]. Similar findings were also reported from a bio-
bank analysis focusing on the risk of PE. While patients with 
JAK2 had a significantly higher risk, TET2 was associated with 
a lower risk increase, and other mutations showed no associa-
tion with PE risk [38].

The studies described in this section are summarized in Table 2.

3   |   Experimental Evidence

The clinical observations have subsequently prompted investiga-
tions to uncover a potential causal relationship. In the following 
section, the role of each of the most common CH-defining genes 
linked with cardiovascular disease and thrombosis is discussed.

3.1   |   TET2

CH-associated TET2 mutations most commonly have a loss-
of-function as a consequence. Thus, frequently TET2 knock-
out models were used to assess the consequences of TET2 CH. 
Subsequently, it was reported that TET2 knockout in hematopoi-
etic stem cells led to an increase in atherosclerotic plaque size in 
atherosclerosis-prone mice [7]. As normally humans with CH do 
not have a complete loss of function of TET2 in all hematopoi-
etic stem cells, a more comparable approach was to transplant 
mice with only a small proportion of deficient cells. Again, it 
was demonstrated that those with partly deficient stem cells had 
increased atherosclerotic lesions [42]. Both models exhibited an 
increase in pro-inflammatory cytokines in the plaque lesions, 
especially interleukin (IL)-1ß, which were proposed to origi-
nate from TET2 deficient macrophages [7, 42]. Consequently, it 
was tested whether having only a fraction of macrophages with 
TET2 knockout would lead to a similar phenotype. Supporting 
the hypothesis of macrophages being a key player, that this was 
sufficient to reconstitute the previously observed phenotype 
with bigger atherosclerotic plaques [42]. The enhanced secretion 
of inflammatory cytokines from macrophages with TET2 muta-
tion was also confirmed in other studies [43] and in a macaque 
model of TET2 CH [44]. Overall, the most commonly reported 
cytokine to be elevated was interleukin (IL) 1-ß [42].



1052 American Journal of Hematology, 2025

T
A

B
L

E
 2

    
|    

S
um

m
ar

y 
of

 st
ud

ie
s r

ep
or

tin
g 

th
e a

ss
oc

ia
tio

n 
be

tw
ee

n 
cl

on
al

 h
em

at
op

oi
es

is
 a

nd
 th

ro
m

bo
tic

 o
ut

co
m

es
 in

 th
e c

lin
ic

al
 se

tt
in

g.
 (a

) S
tu

di
es

 re
po

rt
in

g 
th

e a
ss

oc
ia

tio
n 

be
tw

ee
n 

cl
on

al
 h

em
at

op
oi

es
is

 
an

d 
co

ro
na

ry
 a

rt
er

y 
di

se
as

e.
 (b

) S
tu

di
es

 re
po

rt
in

g 
th

e 
as

so
ci

at
io

n 
be

tw
ee

n 
cl

on
al

 h
em

at
op

oi
es

is
 a

nd
 st

ro
ke

. (
c)

 S
tu

di
es

 re
po

rt
in

g 
th

e 
as

so
ci

at
io

n 
be

tw
ee

n 
cl

on
al

 h
em

at
op

oi
es

is
 a

nd
 p

er
ip

he
ra

l a
rt

er
y 

di
se

as
e.

 
(d

) S
tu

di
es

 re
po

rt
in

g 
th

e 
as

so
ci

at
io

n 
be

tw
ee

n 
cl

on
al

 h
em

at
op

oi
es

is
 a

nd
 v

en
ou

s t
hr

om
bo

em
bo

lis
m

.

St
ud

y
D

es
ig

n 
an

d 
st

ud
y 

po
pu

la
ti

on
N

um
be

r 
of

 
pa

ti
en

ts
O

bs
er

va
ti

on
 

pe
ri

od
O

ut
co

m
es

 o
f i

nt
er

es
t

R
es

ul
ts

(a
)

Ja
is

w
al

 e
t a

l. 
20

14
 [2

]
22

 p
op

ul
at

io
n-

ba
se

d 
co

ho
rt

s
In

di
vi

du
al

s w
er

e 
se

le
ct

ed
 w

ith
ou

t 
re

ga
rd

 to
 h

em
at

ol
og

ic
 c

ha
ra

ct
er

is
tic

s

17
 18

2
M

ed
ia

n 
fo

llo
w

-u
p 

pe
ri

od
: 9

5 m
on

th
s

H
em

at
ol

og
ic

 d
is

ea
se

s,
 

su
rv

iv
al

, a
nd

 
ca

rd
io

va
sc

ul
ar

 e
ve

nt
s

H
R

 fo
r a

ll-
ca

us
e 

m
or

ta
lit

y:
 

1.
4 

(9
5%

 C
I: 

1.
1–

1.
8)

H
R

 fo
r i

nc
id

en
t c

or
on

ar
y 

he
ar

t 
di

se
as

e:
 2

.0
 (9

5%
 C

I: 
1.

2–
3.

4)

Ja
is

w
al

 e
t a

l. 
20

17
 [7

]
2 

pr
os

pe
ct

iv
e 

co
ho

rt
s f

or
 c

or
on

ar
y 

he
ar

t d
is

ea
se

, 2
 re

tr
os

pe
ct

iv
e 

ca
se

–c
on

tr
ol

 st
ud

ie
s f

or
 e

ar
ly

-
on

se
t m

yo
ca

rd
ia

l i
nf

ar
ct

io
n

Pa
tie

nt
s w

ith
 a

nd
 w

ith
ou

t m
yo

ca
rd

ia
l 

in
fa

rc
tio

n 
or

 c
or

on
ar

y 
re

va
sc

ul
ar

iz
at

io
n 

pr
oc

ed
ur

es
 a

fte
r D

N
A

 c
ol

le
ct

io
n

4 
79

4 
ca

se
s a

nd
 

3 
53

7 
co

nt
ro

ls
M

ed
ia

n 
fo

llo
w

-u
p 

tim
e:

 
2.

6–
17

.7
 ye

ar
s

C
or

on
ar

y 
he

ar
t d

is
ea

se
H

R
 fo

r i
nc

id
en

t c
or

on
ar

y 
he

ar
t 

di
se

as
e:

 1
.9

 (9
5%

 C
I: 

1.
4–

2.
7)

O
R

 fo
r e

ar
ly

-o
ns

et
 m

yo
ca

rd
ia

l 
in

fa
rc

tio
n:

 4
.0

 (9
5%

 C
I: 

2.
4–

6.
7)

C
or

on
ar

y 
ar

te
ry

 c
al

ci
fic

at
io

n 
3.

3-
fo

ld
 in

cr
ea

se
d

Bi
ck

 e
t a

l. 
20

20
 [2

0]
El

ec
tr

on
ic

 h
ea

lth
 re

co
rd

-b
as

ed
 b

io
ba

nk
U

nr
el

at
ed

 p
ar

tic
ip

an
ts

 w
ith

 E
ur

op
ea

n 
an

ce
st

ry
 in

cl
ud

ed
 in

 th
e 

U
K

 B
io

ba
nk

35
 41

6
M

ed
ia

n 
fo

llo
w

-u
p:

 
6.

9 y
ea

rs

C
V

D
 e

ve
nt

s: 
m

yo
ca

rd
ia

l 
in

fa
rc

tio
n,

 c
or

on
ar

y 
re

va
sc

ul
ar

iz
at

io
n,

 
st

ro
ke

, o
r d

ea
th

H
R

 fo
r i

nc
id

en
t C

V
D

 e
ve

nt
s: 

1.
27

 (9
5%

 C
I: 

1.
04

–1
.5

6)

R
os

si
 e

t a
l. 

20
21

 [1
9]

Pr
os

pe
ct

iv
e 

st
ud

y
In

di
vi

du
al

s o
f I

ta
lia

n 
an

ce
st

ry
 ≥

 80
 ye

ar
s o

ld

1 
05

9
Fo

llo
w

-u
p 

to
 

15
 ye

ar
s

M
ye

lo
id

 n
eo

pl
as

m
, 

su
rv

iv
al

, c
yt

op
en

ia
, a

nd
 

co
ro

na
ry

 h
ea

rt
 d

is
ea

se

H
R

 fo
r c

or
on

ar
y 

he
ar

t d
is

ea
se

: 
1.

61
 (9

5%
 C

I: 
1.

28
–3

.2
1)

W
an

g 
et

 a
l. 

20
22

 [2
4]

Po
st

 h
oc

 a
na

ly
si

s o
f a

 
pr

os
pe

ct
iv

e 
co

ho
rt

 st
ud

y
Pa

tie
nt

s w
ith

 S
T-

el
ev

at
io

n 
m

yo
ca

rd
ia

l i
nf

ar
ct

io
n

48
5

M
ed

ia
n 

fo
llo

w
-u

p:
 3

 ye
ar

s
M

A
C

E:
 d

ea
th

, 
m

yo
ca

rd
ia

l 
in

fa
rc

tio
n,

 st
ro

ke
, o

r 
ho

sp
ita

liz
at

io
n 

du
e 

to
 h

ea
rt

 fa
ilu

re

H
R

 fo
r m

aj
or

 a
dv

er
se

 c
ar

di
ac

 
ev

en
ts

 w
ith

 D
N

M
T3

A
/T

ET
2 

C
H

: 1
.8

3 
(9

5%
 C

I: 
1.

15
–2

.9
1)

H
R

 fo
r a

ll-
ca

us
e 

m
or

ta
lit

y 
w

ith
 D

N
M

T3
A

/T
ET

2 
C

H
: 

1.
97

 (9
5%

 C
I: 

1.
10

–3
.5

1)

Ze
ka

va
t e

t a
l. 

20
23

 [1
0]

2 
el

ec
tr

on
ic

 h
ea

lth
 re

co
rd

-
ba

se
d 

bi
ob

an
ks

U
nr

el
at

ed
 in

di
vi

du
al

s w
ith

ou
t 

hi
st

or
y 

of
 h

em
at

ol
og

ic
 m

al
ig

na
nc

y

50
 12

2
M

ed
ia

n 
fo

llo
w

-u
p:

 3
 

an
d 

10
 ye

ar
s,

 
re

sp
ec

tiv
el

y

Pe
ri

ph
er

al
 a

rt
er

y 
di

se
as

e 
an

d 
at

he
ro

sc
le

ro
si

s

H
R

 fo
r c

or
on

ar
y 

ar
te

ry
 

di
se

as
e 

w
ith

 g
en

er
al

 C
H

: 
1.

40
 (9

5%
 C

I: 
1.

20
–1

.6
3)

H
R

 fo
r c

or
on

ar
y 

ar
te

ry
 

di
se

as
e 

w
ith

 T
P5

3/
PP

M
1D

 
C

H
: 2

.5
1 

(9
5%

 C
I:1

.5
2–

4.
13

)

(C
on

tin
ue

s)



1053

St
ud

y
D

es
ig

n 
an

d 
st

ud
y 

po
pu

la
ti

on
N

um
be

r 
of

 
pa

ti
en

ts
O

bs
er

va
ti

on
 

pe
ri

od
O

ut
co

m
es

 o
f i

nt
er

es
t

R
es

ul
ts

G
um

us
er

 e
t a

l. 
20

23
 [2

3]
El

ec
tr

on
ic

 h
ea

lth
 re

co
rd

-b
as

ed
 b

io
ba

nk
In

di
vi

du
al

s a
ge

d 
40

–7
0 y

ea
rs

 w
ith

 
at

he
ro

sc
le

ro
tic

 c
ar

di
ov

as
cu

la
r d

is
ea

se
s 

en
ro

lle
d 

in
 th

e 
U

K
 B

io
ba

nk

13
 12

9
M

ed
ia

n 
fo

llo
w

-u
p:

 
10

.8
 ye

ar
s

C
V

D
 e

ve
nt

s: 
co

ro
na

ry
 

ar
te

ry
 d

is
ea

se
 e

ve
nt

s,
 

ac
ut

e 
is

ch
em

ic
 

ce
re

br
ov

as
cu

la
r 

ev
en

ts
, p

er
ip

he
ra

l 
ar

te
ry

 d
is

ea
se

 
di

ag
no

se
s a

nd
 e

ve
nt

s
A

ll-
ca

us
e 

m
or

ta
lit

y

H
R

 fo
r c

om
po

si
te

 o
f C

V
D

 
ev

en
ts

 a
nd

 a
ll-

ca
us

e 
m

or
ta

lit
y:

 
1.

23
 (9

5%
 C

I: 
1.

10
–1

.3
8)

H
R

 fo
r C

V
D

 e
ve

nt
s: 

1.
24

 
(9

5%
 C

I: 
1.

08
–1

.4
3)

H
R

 fo
r a

ll-
ca

us
e 

m
or

ta
lit

y:
 

1.
28

 (9
5%

 C
I:1

.0
9–

1.
51

)

Yu
 e

t a
l. 

20
23

 [2
2]

El
ec

tr
on

ic
 h

ea
lth

 re
co

rd
-b

as
ed

 b
io

ba
nk

U
nr

el
at

ed
 in

di
vi

du
al

s w
ith

ou
t h

is
to

ry
 o

f 
he

m
at

ol
og

ic
 c

an
ce

r a
nd

 c
ar

di
ov

as
cu

la
r 

di
se

as
es

 e
nr

ol
le

d 
in

 th
e 

U
K

 B
io

ba
nk

42
4 6

51
M

ed
ia

n 
fo

llo
w

-u
p:

 
11

 ye
ar

s

C
V

D
 e

ve
nt

: 
m

yo
ca

rd
ia

l i
nf

ar
ct

io
n,

 
co

ro
na

ry
 a

rt
er

y 
re

va
sc

ul
ar

iz
at

io
n,

 
st

ro
ke

, o
r d

ea
th

H
R

 fo
r C

V
D

 e
ve

nt
: 1

.1
8 

(9
5%

 C
I: 

1.
14

–1
.2

2)

Li
u 

et
 a

l. 
20

24
 [2

1]
M

et
a-

an
al

ys
is

 o
f 3

 e
le

ct
ro

ni
c 

he
al

th
 re

co
rd

-b
as

ed
 b

io
ba

nk
s

54
1 9

95
N

ot
 re

po
rt

ed
C

or
on

ar
y 

ar
te

ry
 

di
se

as
e 

ev
en

ts
H

R
 fo

r c
or

on
ar

y 
ar

te
ry

 d
is

ea
se

 
w

ith
 n

on
-J

A
K

2 
C

H
: 1

.0
9

H
R

 fo
r c

or
on

ar
y 

ar
te

ry
 

di
se

as
e 

w
ith

 JA
K

2 
C

H
: 

2.
38

 (9
5%

 C
I: 

1.
63

–3
.4

8)

M
ar

st
on

 e
t a

l. 
20

24
 [2

5]
5 

ra
nd

om
iz

ed
 T

IM
I t

ri
al

s
C

lin
ic

al
 tr

ia
l p

ar
tic

ip
an

ts
 7

4%
 o

f 
in

cl
ud

ed
 p

at
ie

nt
s w

ith
 k

no
w

n 
at

he
ro

sc
le

ro
tic

 c
ar

di
ov

as
cu

la
r d

is
ea

se
s

63
 70

0
M

ed
ia

n 
fo

llo
w

-u
p:

 
2.

5 y
ea

rs

M
aj

or
 C

V
 e

ve
nt

s: 
C

V
 

de
at

h,
 m

yo
ca

rd
ia

l 
in

fa
rc

tio
n,

 is
ch

em
ic

 
st

ro
ke

 o
r c

or
on

ar
y 

re
va

sc
ul

ar
iz

at
io

n

N
o 

as
so

ci
at

io
n 

w
ith

 
co

m
po

si
te

 o
ut

co
m

e
H

R
 fo

r f
ir

st
 M

I: 
1.

31
 

(9
5%

 C
I: 

1.
05

–1
.6

4)
N

o 
as

so
ci

at
io

n 
w

ith
 re

cu
rr

en
t 

M
I o

r f
ir

st
/r

ec
ur

re
nt

 st
ro

ke
 o

r 
co

ro
na

ry
 re

va
sc

ul
ar

iz
at

io
n

Si
ng

h 
et

 a
l. 

20
24

 [2
8]

Sy
st

em
at

ic
 re

vi
ew

 a
nd

 m
et

a-


an
al

ys
is

 (8
8 

st
ud

ie
s)

46
0 0

45
N

ot
 re

po
rt

ed
C

lin
ic

al
 o

ut
co

m
es

: 
an

y 
di

se
as

e 
en

tit
y 

an
d 

m
or

ta
lit

y

H
R

 fo
r c

or
on

ar
y 

ar
te

ry
 d

is
ea

se
: 

1.
76

 (9
5%

 C
I: 

1.
27

–2
.4

4)

(b
)

Ja
is

w
al

 e
t a

l. 
20

14
 [2

]
22

 p
op

ul
at

io
n-

ba
se

d 
co

ho
rt

s
In

di
vi

du
al

s w
er

e 
se

le
ct

ed
 w

ith
ou

t 
re

ga
rd

 to
 h

em
at

ol
og

ic
 c

ha
ra

ct
er

is
tic

s

17
 18

2
M

ed
ia

n 
fo

llo
w

-u
p 

pe
ri

od
: 9

5 m
on

th
s

H
em

at
ol

og
ic

 d
is

ea
se

s,
 

su
rv

iv
al

, a
nd

 
ca

rd
io

va
sc

ul
ar

 e
ve

nt
s

H
R

 fo
r i

sc
he

m
ic

 st
ro

ke
: 

2.
6 

(9
5%

 C
I: 

1.
4–

4.
8) (C

on
tin

ue
s)

T
A

B
L

E
 2

    
|    


(C

on
tin

ue
d)



1054 American Journal of Hematology, 2025

St
ud

y
D

es
ig

n 
an

d 
st

ud
y 

po
pu

la
ti

on
N

um
be

r 
of

 
pa

ti
en

ts
O

bs
er

va
ti

on
 

pe
ri

od
O

ut
co

m
es

 o
f i

nt
er

es
t

R
es

ul
ts

Bh
at

ta
ch

ar
ya

 e
t a

l. 
20

22
 [9

]
6 

pr
os

pe
ct

iv
e 

co
ho

rt
 st

ud
ie

s a
nd

 2
 

el
ec

tr
on

ic
 h

ea
lth

 re
co

rd
-b

as
ed

 b
io

ba
nk

s
Pa

tie
nt

s w
ith

ou
t h

is
to

ry
 o

f s
tr

ok
e,

 
he

m
at

ol
og

ic
 m

al
ig

na
nc

y 
an

d/
or

 
ot

he
r n

on
-n

eo
pl

as
tic

 c
lo

na
l d

is
ea

se

7 
42

6 
ca

se
s a

nd
 

78
 75

2 
co

nt
ro

ls
M

ed
ia

n 
fo

llo
w

-u
p:

 
3.

0–
20

.4
 ye

ar
s

A
ny

 st
ro

ke
, 

is
ch

em
ic

 st
ro

ke
, a

nd
 

he
m

or
rh

ag
ic

 st
ro

ke

H
R

 fo
r s

tr
ok

e:
 1

.1
4 

(9
5%

 
C

I: 
1.

03
–1

.2
7)

H
R

 fo
r h

em
or

rh
ag

ic
 st

ro
ke

: 
1.

24
 (9

5%
 C

I: 
1.

01
–1

.5
1)

H
R

 fo
r s

m
al

l v
es

se
l s

tr
ok

e:
 1

.5
5

M
ay

er
ho

fe
r e

t a
l. 

20
23

 [2
6]

Pr
os

pe
ct

iv
e 

co
ho

rt
Pa

tie
nt

s b
et

w
ee

n 
18

 a
nd

 
60

 ye
ar

s w
ith

 st
ro

ke
 o

r T
IA

24
8 

pa
tie

nt
s

10
3 2

82
 a

ge
-

m
at

ch
ed

 c
on

tr
ol

s

N
ot

 a
pp

lic
ab

le
C

H
 fr

eq
ue

nc
y

51
 p

at
ie

nt
s C

H
 (2

1%
), 

3-
fo

ld
 

hi
gh

er
 th

an
 fr

eq
ue

nc
y 

in
 a

ge
-

m
at

ch
ed

 h
ea

lth
y 

co
nt

ro
ls

H
ig

he
st

 fr
ac

tio
n 

of
 C

H
 in

 p
at

ie
nt

s 
w

ith
 la

rg
e-

ar
te

ry
 st

ro
ke

A
re

nd
s e

t a
l. 

20
23

 [2
7]

Pr
os

pe
ct

iv
e 

ob
se

rv
at

io
na

l c
oh

or
t

Pa
tie

nt
s w

ith
 fi

rs
t-e

ve
r s

tr
ok

e
58

1
Fo

llo
w

-u
p 

of
 3

 ye
ar

s
R

ec
ur

re
nt

 st
ro

ke
, 

m
yo

ca
rd

ia
l i

nf
ar

ct
io

n,
 

an
d 

al
l-c

au
se

 m
or

ta
lit

y

H
R

 fo
r c

om
po

si
te

 e
nd

 p
oi

nt
: 

1.
55

 (9
5%

 C
I: 

1.
04

–2
.3

1)

Si
ng

h 
et

 a
l. 

20
24

 [2
8]

Sy
st

em
at

ic
 re

vi
ew

 a
nd

 m
et

a-


an
al

ys
is

 (8
8 

st
ud

ie
s)

24
7 4

61
N

ot
 re

po
rt

ed
C

lin
ic

al
 o

ut
co

m
es

: 
an

y 
di

se
as

e 
en

tit
y 

an
d 

m
or

ta
lit

y

H
R

 fo
r s

tr
ok

e:
 1

.1
6 

(9
5%

 C
I:1

.0
5–

1.
28

)

(c
)

Ze
ka

va
t e

t a
l. 

20
23

 [1
0]

2 
el

ec
tr

on
ic

 h
ea

lth
 re

co
rd

-
ba

se
d 

bi
ob

an
ks

U
nr

el
at

ed
 in

di
vi

du
al

s w
ith

ou
t 

hi
st

or
y 

of
 h

em
at

ol
og

ic
 m

al
ig

na
nc

y

50
 12

2
M

ed
ia

n 
fo

llo
w

-u
p:

 3
 

an
d 

10
 ye

ar
s,

 
re

sp
ec

tiv
el

y

Pe
ri

ph
er

al
 a

rt
er

y 
di

se
as

e 
an

d 
at

he
ro

sc
le

ro
si

s

H
R

 fo
r p

er
ip

he
ra

l a
rt

er
y 

di
se

as
e 

w
ith

 C
H

: 1
.6

6 
(9

5%
 C

I: 
1.

31
–2

.1
1)

H
R

 fo
r p

an
-a

rt
er

ia
l a

th
er

os
cl

er
os

is
 

w
ith

 C
H

: 1
.3

1 
(9

5%
 C

I:1
.1

4–
1.

49
)

H
R

 fo
r p

er
ip

he
ra

l a
rt

er
y 

di
se

as
e 

fo
r T

P5
3 

or
 P

PM
1D

 
C

H
: 2

.7
2 

(9
5%

 C
I: 

1.
28

–5
.7

6)

Jä
ge

r e
t a

l. 
20

24
 [3

1]
Pr

os
pe

ct
iv

e 
co

ho
rt

Pa
tie

nt
s w

ith
 a

sy
m

pt
om

at
ic

 
ca

ro
tid

 a
th

er
os

cl
er

os
is

96
8

M
ed

ia
n 

fo
llo

w
-u

p:
 

11
.8

 ye
ar

s

C
ar

di
ov

as
cu

la
r o

r 
al

l-c
au

se
 d

ea
th

H
R

 fo
r c

ar
di

ov
as

cu
la

r d
ea

th
: 

1.
50

 (9
5%

 C
I: 

1.
12

–2
.0

0)
H

R
 fo

r a
ll-

ca
us

e 
m

or
ta

lit
y:

 
1.

42
 (9

5%
 C

I: 
1.

11
–1

.8
1)

D
ie

z-
D

ie
z 

et
 a

l. 
20

24
 [3

0]
O

ng
oi

ng
 o

bs
er

va
tio

na
l 

pr
os

pe
ct

iv
e 

co
ho

rt
 st

ud
y

H
ea

lth
y 

m
id

dl
e-

ag
ed

 in
di

vi
du

al
s 

fo
llo

w
ed

 fo
r p

ro
gr

es
si

on
 o

f e
ar

ly
 

su
bc

lin
ic

al
 a

th
er

os
cl

er
os

is

3 
69

2
Fo

llo
w

-u
p 

vi
si

t 
af

te
r 6

 ye
ar

s
A

th
er

os
cl

er
os

is
O

R
 fo

r d
e-

no
vo

 fe
m

or
al

 
at

he
ro

sc
le

ro
si

s: 
1.

56
 

(9
5%

 C
I: 

1.
13

–2
.1

3)

(d
)

(C
on

tin
ue

s)

T
A

B
L

E
 2

    
|    


(C

on
tin

ue
d)



1055

St
ud

y
D

es
ig

n 
an

d 
st

ud
y 

po
pu

la
ti

on
N

um
be

r 
of

 
pa

ti
en

ts
O

bs
er

va
ti

on
 

pe
ri

od
O

ut
co

m
es

 o
f i

nt
er

es
t

R
es

ul
ts

W
ol

ac
h 

et
 a

l. 
20

18
 [4

0]
C

as
e–

co
nt

ro
l c

oh
or

t
Sc

hi
zo

ph
re

ni
c 

pa
tie

nt
s a

nd
 c

on
tr

ol
s 

w
ith

 o
r w

ith
ou

t h
is

to
ry

 o
f V

TE
 w

ith
ou

t 
di

ag
no

si
s o

f m
ye

lo
id

 b
lo

od
 d

is
or

de
r

10
 89

3
N

ot
 a

pp
lic

ab
le

C
H

 fr
eq

ue
nc

y
25

%
 o

f p
at

ie
nt

s w
ith

 
JA

K
2 

C
H

 h
ad

 V
TE

Fi
da

lg
o-

Fe
rn

an
de

z 
et

 a
l. 

20
20

 [A
bs

tr
ac

t] 
[3

2]
R

eg
is

tr
y

Pa
tie

nt
s <

 70
 ye

ar
s w

ith
 

un
pr

ov
ok

ed
 V

TE

66
N

ot
 a

pp
lic

ab
le

C
H

 fr
eq

ue
nc

y
H

ig
h 

C
H

 fr
eq

ue
nc

y 
of

 9
%

C
or

du
a 

et
 a

l. 
20

21
 [3

9]
C

ro
ss

 se
ct

io
na

l p
op

ul
at

io
n-

ba
se

d 
st

ud
y

In
di

vi
du

al
s w

ith
 w

ri
tte

n 
in

fo
rm

ed
 c

on
se

nt

19
 95

8
N

ot
 a

pp
lic

ab
le

JA
K

2 
m

ut
at

io
n 

fr
eq

ue
nc

y
O

R
 fo

r p
re

va
le

nt
 V

TE
 w

ith
 

JA
K

2 
C

H
: 2

.8
 (9

5%
 C

I: 
1.

1–
7.

0)

D
un

ba
r e

t a
l. 

20
21

 [3
7]

El
ec

tr
on

ic
 h

ea
lth

 re
co

rd
-b

as
ed

 
bi

ob
an

k 
(M

SK
-I

M
PA

C
T)

Pa
tie

nt
s w

ith
 so

lid
 tu

m
or

s

11
 69

5
Fo

llo
w

-u
p 

af
te

r 1
 ye

ar
C

an
ce

r-
as

so
ci

at
ed

 
th

ro
m

bo
si

s
N

o 
as

so
ci

at
io

n 
w

ith
 c

an
ce

r-


as
so

ci
at

ed
 th

ro
m

bo
si

s

M
ag

az
 e

t a
l. 

20
21

 [3
4]

Pr
os

pe
ct

iv
e 

st
ud

y
Pa

tie
nt

s w
ith

 n
on

-c
ir

rh
ot

ic
 

sp
la

nc
hn

ic
 v

ei
n 

th
ro

m
bo

si
s

74
N

ot
 a

pp
lic

ab
le

C
H

 fr
eq

ue
nc

y
28

 o
f 7

4 
pa

te
nt

s (
37

.8
%

) h
ig

h-


m
ol

ec
ul

ar
-r

is
k 

va
ri

an
t p

re
se

nt

So
ud

et
 e

t a
l. 

20
21

 [3
3]

R
et

ro
sp

ec
tiv

e 
pi

lo
t s

tu
dy

Pa
tie

nt
s b

et
w

ee
n 

18
 a

nd
 6

5 y
ea

rs
 

w
ith

 u
np

ro
vo

ke
d 

PE

61
N

ot
 a

pp
lic

ab
le

C
H

 fr
eq

ue
nc

y
H

ig
h 

C
H

 fr
eq

ue
nc

y 
of

 1
0%

C
ar

ra
 e

t a
l. 

20
23

 [3
5]

Pr
os

pe
ct

iv
e 

st
ud

y
Pa

tie
nt

s w
ith

 id
io

pa
th

ic
 

sp
la

nc
hn

ic
 v

ei
n 

th
ro

m
bo

si
s

15
N

ot
 a

pp
lic

ab
le

C
H

 fr
eq

ue
nc

y
In

 7
 o

f 1
5 

(4
6.

7%
) C

H
 p

re
se

nt

G
ui

llo
tin

 e
t a

l. 
20

23
 [3

6]
C

as
e–

co
nt

ro
l s

tu
dy

In
di

vi
du

al
s >

 50
 ye

ar
s w

ith
 D

V
T 

an
d 

he
al

th
y 

in
di

vi
du

al
s

94
 c

as
es

46
 c

on
tr

ol
s

N
ot

 a
pp

lic
ab

le
C

H
 fr

eq
ue

nc
y

In
 7

 o
f 9

4 
(7

.5
%

) V
TE

 
ca

se
s C

H
 p

re
se

nt
In

 4
 o

f 4
6 

(8
.7

%
) c

on
tr

ol
s 

C
H

 p
re

se
nt

Zo
n 

et
 a

l. 
20

24
 [4

1]
El

ec
tr

on
ic

 h
ea

lth
 re

co
rd

-b
as

ed
 b

io
ba

nk
In

di
vi

du
al

s w
ith

ou
t p

re
va

le
nt

 d
ia

gn
os

is
 

of
 a

 h
em

at
ol

og
ic

 m
al

ig
na

nc
y 

pr
io

r t
o 

D
N

A
 sa

m
pl

in
g 

or
 w

ith
in

 6
 m

on
th

s 
af

te
r e

nr
ol

m
en

t i
n 

th
e 

U
K

 B
io

ba
nk

42
5 3

99
M

ed
ia

n 
fo

llo
w

-u
p:

 
11

.8
 ye

ar
s

In
ci

de
nt

 a
nd

 
pr

ev
al

en
t V

TE
H

R
 fo

r i
nc

id
en

t V
TE

 w
ith

 g
en

er
al

 
C

H
: 1

.1
7 

(9
5%

 C
I: 

1.
09

–1
.3

0)
H

R
 fo

r i
nc

id
en

t V
TE

 w
ith

 JA
K

2 
C

H
: 4

.2
0 

(9
5%

 C
I: 

2.
18

–8
.0

8)
O

R
 fo

r p
re

va
le

nt
 V

TE
 w

ith
 JA

K
2 

C
H

: 6
.5

8 
(9

5%
 C

I: 
2.

65
–1

6.
29

)

A
bb

re
vi

at
io

ns
: C

H
, c

lo
na

l h
em

at
op

oi
es

is
; C

I, 
co

nf
id

en
ce

 in
te

rv
al

; C
V,

 c
ar

di
ov

as
cu

la
r; 

C
V

D
, c

ar
di

ov
as

cu
la

r d
is

ea
se

; H
R

, h
az

ar
d 

ra
tio

; M
A

C
E

, m
aj

or
 a

dv
er

se
 c

ar
di

ac
 e

ve
nt

s; 
O

R
, o

dd
s r

at
io

; P
E

, p
ul

m
on

ar
y 

em
bo

lis
m

; V
TE

, v
en

ou
s 

th
ro

m
bo

em
bo

lis
m

.

T
A

B
L

E
 2

    
|    


(C

on
tin

ue
d)



1056 American Journal of Hematology, 2025

Potential treatment targets were investigated in preclinical 
models as well. The inhibition of the NLRP3 inflammasome, 
which plays a key role in IL-1ß secretion, was found to reverse 
the observed phenotype of increased atherosclerotic lesions 
[42]. Moreover, treating mice with partly TET2-deficient bone 
marrow with an IL-6 antibody also reversed the increased ath-
erosclerotic lesion size. Furthermore, this led to normalization 
of acute phase reactants, aortic monocyte and macrophage 
content, and increased the fibrous cap of lesions, indicating a 
greater stability [45]. Only recently, it was shown that colchi-
cine, which is known for its general anti-inflammatory proper-
ties, could significantly decrease not only IL-1ß levels in TET2 
CH mice but also the plaque size. In contrast, this clear im-
provement with colchicine treatment was not observed in wild 
type atherosclerosis-prone mice [46]. Lastly, P-selectin was also 
suggested to be involved in the pathomechanism of enhanced 
atherosclerotic plaques, as the expression on endothelial cells 
was higher in the aorta of mice with partly TET2-deficient bone 
marrow [42].

3.2   |   DNMT3A

Similar to TET2 CH models, models with atherosclerosis-
prone mice transplanted with a fraction of DNMT3A knockout 
hematopoietic stem cells were assessed. These mice exhib-
ited an increase in lesion size of about 50% compared to those 
transplanted with wild-type cells [47]. In a detailed analysis of 
the plaque macrophages, a high expression of several inflam-
matory mediators was present [47]. Similarly, experiments 
with isolated DNMT3A knockout cells reported that, once 
stimulated, these cells secreted higher levels of inflammatory 
cytokines, including IL-6 (but not IL-1ß) compared to wild-
type cells [43].

3.3   |   ASXL1

In contrast to mice with partly TET2 or DNMT3A-deficient 
bone marrow, atherosclerosis-prone mice with partly ASXL1 
knockout bone marrow had no increased lesions in the aortic 
root [22]. This might be explainable by the low mutation burden 
observed in those mice, which could indicate that a longer fol-
low-up might be needed to study the growth of lesions. In bone-
marrow-derived isolated ASXL1 mutated macrophages, an 
increase in AIM2 inflammasome activation and a subsequent 
increase in IL-1ß and IL-6 secretion were reported [22].

3.4   |   TP53

To assess the influence of TP53 on atherosclerosis, TP53-deficient 
hematopoietic stem cells were transplanted into atherosclerosis-
prone mice [10]. Consequently, these mice exhibited an increase 
in plaque size in the aortic root and a rise of plaque macrophages 
that were predominantly TP53-deficient. This finding indicates 
that there is a selective expansion advantage present in TP53-
deficient macrophages [10]. In contrast to other CH mouse 
models, mice transplanted with TP53 knockout hematopoietic 
stem cells did not present with an elevated expression of pro-
inflammatory cytokines in the atherosclerotic lesions [10].

3.5   |   JAK2

In mouse models with pan JAK2 mutation, complete or par-
tially JAK2 mutated hematopoietic stem cells, a quicker and 
more pronounced thrombosis development was observed, 
utilizing different arterial and venous thrombosis models 
[21, 40, 48]. Furthermore, an increased thrombus forma-
tion was seen in a mouse model with JAK2 mutation only in 
the endothelial cells [49]. Mice with partially JAK2 mutated 
bone marrow exhibited a larger (up to 2-fold) atheroscle-
rotic lesion size with bigger necrotic areas in the aortic root 
of atherosclerosis-prone mice [50, 51]. Furthermore, a simi-
lar mouse model revealed that partially JAK2-mutated bone 
marrow mice showed a higher incidence of thrombosis in a 
superficial erosion model [52].

Proposed mechanisms underlying this phenotype are multi-
factorial and include different components of the hemostatic, 
vascular, and immune system. In addition to an increased 
neutrophil-extracellular-trap (NET) formation [40, 52], en-
hanced binding of JAK2 cells on surface molecules (such as 
VCAM, ICAM) [53] is present, as the integrins are in a high-
affinity open position on granulocytes with JAK2 mutation [48]. 
Also, platelets and endothelial cells could play an important 
role. Platelets with JAK2 mutation exhibited enhanced integ-
rin activation and P-selectin exposure, and an increased activ-
ity level due to more COX1 and COX2 expression, and elevated 
ROS, NOX2, and TXA2 production [21]. Endothelial cells also 
expressed more P-selectin, and levels of soluble P-selectin (sP-
selectin) were increased in general in that mouse model [49]. 
They also presented with impaired endothelial barrier function 
and higher apoptotic content when challenged in a superficial 
erosion model [52]. Moreover, JAK2 mutated macrophages 
secreted higher levels of IL-6 and IL-1ß. Additionally, they 
migrated more often into atherosclerotic lesions where they ex-
hibited enhanced proliferation [50, 51].

Consequently, it was investigated whether the observed phe-
notypical changes in JAK2 CH mouse models could be re-
versed as well. So far, the application of JAK–STAT inhibitors 
could decrease NET formation and thrombosis rates [40, 52]. 
Additionally, both an integrin receptor-blocking agent [48] and 
a P-selectin blocking agent [49] could reverse the accelerated 
thrombus formation. Lastly, an IL-1 receptor antagonist [51] re-
duced the necrotic core area in plaque lesions in another mouse 
study, which enhanced the stability of the plaques.

Figure 1 provides a summary of proposed mechanisms causally 
linking CH to thrombotic outcomes.

4   |   Clinical Implications

There is accumulating clinical evidence that CHIP might also be 
causally linked to thromboembolic events in humans, with most 
of it suggesting that CHIP-induced inflammation could be the 
driver. Individuals with CH were reported to have higher levels 
of high sensitivity (hs)-CRP compared to the general population 
without CH [23, 54]. Moreover, study participants with CH ex-
hibited elevated levels of IL-6 and IL-8 as well. More specifically, 
individuals with TET2 CH were reported to have higher levels 
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of IL-1ß, while those with JAK2-mutated CH were observed to 
have elevated IL-18 levels [7, 27, 55–57].

Furthermore, in a post hoc analysis of the CANTOS trial, par-
ticipants were screened for CH, and the effect of inhibition of in-
flammation on cardiovascular risk was assessed. The CANTOS 
trial was a randomized controlled trial that aimed to investigate 
canakinumab, an IL-1ß antibody, for secondary prevention in 
patients with prior myocardial infarction and elevated hs-CRP 
levels [58]. The highest dose of canakinumab reduced the risk of 
experiencing a major adverse cardiovascular event [58]. In the 
post hoc analysis, included patients were screened for CH, with 
mutations in the TET2 gene being the most commonly detected. 
This could indicate a selection bias in patients with prior myo-
cardial infarction and elevated hs-CRP levels, as normally CH-
associated mutations are more frequently found in the DNMT3A 
gene. Moreover, only patients with TET2 mutation had a lower 
cardiovascular risk when receiving canakinumab (in any dose) 
compared to those receiving placebo, while the risk reduction 
was not seen in those without CH or with non-TET2 CH [55]. 
However, canakinumab is not yet approved for clinical use. 
Another approach targeting inflammation that might offer a 
more straightforward path to clinical use is colchicine, a widely 
used drug with anti-inflammatory properties. It is important to 
mention that previous trials reported conflicting results about 
the effect of colchicine on cardiovascular risk reduction. While 
in patients with chronic coronary disease colchicine reduced the 
risk of cardiovascular events [59], it had no influence on future 
events in patients with recent myocardial infarction [60]. Post 
hoc analyses of trial populations assessing the influence of CH 
have not been conducted so far. Nevertheless, a biobank-based 
analysis found a reduction in myocardial infarction risk in pa-
tients with CH receiving colchicine, but only in those carrying 

TET2 mutations, and not in those with DNMT3A or ASXL1 mu-
tations [46]. A similar effect was observed in the presence of an 
IL-6 receptor coding mutation. This mutation was associated 
with reduced risk for cardiovascular disease in patients with 
CH; however, not in individuals without a CH mutation [20, 61].

5   |   Discussion

In summary, CH has been extensively studied in recent years 
and is now recognized as a risk factor for cardiovascular dis-
eases. The strongest evidence supporting a causal link between 
CH and thrombotic events is found in the arterial system, though 
interest in its role in the venous system is growing.

Data on arterial thromboembolic events and their association 
with CH was gathered in great number in both clinical and 
preclinical studies. While this association has been consis-
tently reported so far [2, 7, 9, 10, 28], the underlying mecha-
nisms seem to be multifactorial, with the majority of evidence 
pointing towards an aggravation of atherosclerosis due to 
enhanced inflammatory responses of mainly macrophages 
[7, 42, 43]. Furthermore, platelet and endothelial cell activation 
are also suggested to be involved; for example, TET2 knockout 
mice had increased P-selectin expression on endothelial cells 
and sP-selectin levels [42]. In in-vivo experimental studies, 
there were differences between mouse models with different 
mutated genes, which indicates that more granular research to 
investigate the impact of CH on cardiovascular risk is needed 
in the clinical setting as well. Post hoc clinical trial data, as 
well as evidence from large-scale biobank analyses, indicated 
that CH could help define patients that would benefit from 
new interventions, such as targeting the inflammatory system 

FIGURE 1    |    Summary of proposed mechanisms linking CH to cardiovascular and thrombotic outcomes. [Color figure can be viewed at wileyon-
linelibrary.com]

https://onlinelibrary.wiley.com
https://onlinelibrary.wiley.com
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with, for example, canakinumab [55]. Thus, first attempts to 
test specific strategies in patients with CH to reduce their car-
diovascular risk are currently underway and being conducted. 
This further points to the importance of considering specific 
CH-associated mutations in more granularity and distinct 
from one another. Furthermore, allele location may influence 
risk, particularly when mutations that alter or reduce enzyme 
function are present, compared to loss-of-function mutations. 
Still, open questions remain, for example, whether the knowl-
edge gained from mouse models can be extrapolated to hu-
mans and CH in general. Additionally, it remains incompletely 
understood whether CH interacts with other established risk 
factors, such as hypertension.

While clinical evidence for the association of CH with VTE is 
accumulating [32, 33, 41], less is known about underlying mech-
anisms. Most likely, the mechanisms of a thrombotic phenotype 
are multifactorial, as indicated for JAK2 CH, where in addition 
to macrophages and platelets also neutrophils and endothelial 
cells also play an important role [21, 40, 48]. However, the im-
pact of other CH mutations on venous thrombosis has not yet 
been investigated, and there remains a gap in knowledge re-
garding the connection and interplay between CH and throm-
bophilia or other established risk factors.

6   |   Conclusion

CH is an important modifying factor influencing the throm-
botic risk. While the influence on cardiovascular diseases af-
fecting the arterial system is well assessed, evidence indicating 
an association of CH with VTE is still limited. The proposed 
underlying pathomechanisms also suggest a causal link be-
tween CH and venous thrombosis. Future studies will bring 
more insight into specific mutations to stimulate further in-
vestigations of potential new preventive strategies. The most 
promising targets are currently the immune system and in-
flammation, but other strategies such as targeting components 
of the hemostatic system (e.g., P-selectin) might be promising 
as well.
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