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Clonal hematopoiesis is associated
with cardiovascular events in patients
with stable coronary artery disease

Mihaela I. Dregoesc,1,9 Helin Tercan,2,9 Adrian B. Țigu,3 Siroon Bekkering,2 Leo AB. Joosten,2,4 Mihai G. Netea,2,5

Rosanne C. van Deuren,6 Alexander Hoischen,2,6,7 Niels P. Riksen,2,8,10,* and Adrian C. Iancu1,8,*
SUMMARY

Clonal hematopoiesis (CH) is a risk factor for atherosclerotic cardiovascular disease, but the impact of
smaller clones and the effect on inflammatory parameters is largely unknown. Using ultrasensitive sin-
gle-molecule molecular inversion probe sequencing, we evaluated the association between CH and a first
major adverse cardiovascular event (MACE) in patients with angiographically documented stable coro-
nary artery disease (CAD) and no history of acute ischemic events. CH was associated with an increased
rate of MACE at four years follow-up. The size of the clone predicted MACE at an optimal cut-off value
of 1.07% variant allele frequency (VAF). Mutation carriers had no change in monocytes subsets or cyto-
kine production capacity but had higher levels of circulating tissue factor, matrilysin, and proteinase-acti-
vated receptor-1. Our study identified CH driver mutations with a VAF as small as 1.07% as a residual car-
diovascular risk factor and identified potential biomarkers and therapeutic targets for patientswith stable
CAD.

INTRODUCTION

Innate immune cells are critical for the development and destabilization of atherosclerotic plaques. Recently, clonal hematopoiesis (CH) was

identified as risk factor for atherosclerotic coronary artery disease (CAD). CH is defined as the process in which somatic mutations in hemato-

poietic stem cells in the bone marrow lead to expansion of leukocyte clones.1

The most frequent clonal hematopoiesis driver mutations (CHDM) involve mutations in the genes DNMT3A (DNA methyltransferase 3a),

TET2 (tet methylcytosine dioxygenase 2), ASXL1 (ASXL transcriptional regulator 1), and JAK2 (Janus kinase 2).2 These mutations provide a

selective proliferation or survival advantage to the hematopoietic stem cells in which they occur, which then differentiate and contribute

disproportionately to the population of mature blood cells.3–5 While the presence of these mutations is associated with a 10-fold increased

risk of hematological malignancies, they also confer a higher risk for cardiovascular disease (CVD).4,5 Individuals carrying such mutations at a

variant allele frequency (VAF) of at least 2%, and in the absence of hematologic disease, are considered as having clonal hematopoiesis of

indeterminate potential (CHIP).1,6

Several population-based studies have shown that CHIP is associated with a higher incidence of CVD, including CAD and stroke.2,7 Recent

large biobank studies using exome sequencing to characterize CHIP status showed that most CHIP gene mutations were found in DNMT3A,

and they confirmed the association with incident CVD,8 includingmyocardial infarction, stroke, and peripheral arterial disease.9 Kessler et al.,

however, did not find an association with DNMT3A mutations and CVD in a population based cohort.8 One very recent large biobank study

showed that CHIP was an independent predictor of recurrent adverse events and all-cause mortality in patients with established atheroscle-

rotic CVD.10 In smaller prospective studies using targeted sequencing of approximately 50 whole genes recurrently mutated in CH, the pres-

ence of CHDMs was also associated with prognosis in patients with established CVD. The presence of somaticDNMT3A and TET2mutations
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was associated with an increased incidence of death and major adverse cardiovascular events (MACE) in acute myocardial infarction survi-

vors.11 Moreover, CHIP presence was associated with worse short-term outcomes in patients presenting with cardiogenic shock complicating

acute myocardial infarction.12 In patients who suffered an ischemic stroke, the presence of CHDMs with a VAF>1% was associated with an

increased risk of recurrent stroke, myocardial infarction, and all-cause death.13 However, whether CHDMs predict a first cardiovascular event

in patients with stable CAD is unknown.

While most studies on CH and CVD are restricted to CHDMs with a VAF >2%,2,11 or even 10%,8 there is few evidence for an adverse car-

diovascular effect of smaller clone sizes. In patients after stroke, CHDM with a VAF>1% are associated with recurrent MACE.13 Also, for pa-

tients with chronic ischemic heart failure, clone sizes with a VAF <2% are associated with worse outcomes at follow-up.14

In this study, we aimed to investigate whether the presence of CHDMs predict a first MACE in patients with angiographically proven stable

CAD. To this end, we used an ultrasensitive singlemoleculemolecular inversion probe-based technique, that only captures a subset of known

CHDM loci, but with an ultra-high sensitivity which detects very low VAFs.15

Unique to our study is that we also assessed innate immune cell phenotype using flow cytometry and cytokine production capacity in all

subjects, in addition to targeted proteomics of plasma to explore potential underlying mechanisms of how CHDMs predispose to CVD.
RESULTS

The cohort included 218 patients with a mean age of 64.9 years and a mean body mass index of 29.3 kg/m2. Men represented 68.3% of the

population. Arterial hypertension was diagnosed in 90.8% of patients, while diabetes mellitus was present in 35.8% of them. The mean base-

line left ventricular ejection fraction was 53.2%. Statin therapy was administered in 92.2% of the cohort. Paroxysmal or persistent atrial fibril-

lation was present in 12.8% of the patients. The baseline characteristics of the population are presented in Table 1.
Clonal hematopoiesis driver mutations

CHDMs were present in 33% of the cohort (72 patients), and 13.3% of the cohort (29 patients) met the criteria for CHIP. The prevalence of

CHDM was higher in women then in men (41.6% vs. 26.7%, p = 0.02). We identified CHDMs in 13 individual genes (Figure 1; Table S1).

Themost frequentmutations were inDNMT3A (56.9%), TET2 (11.1%), and JAK2 (6.9%) (Figure 1A).DNMT3Awas themost frequentlymutated

gene in patients older than 55 years, in both males and females (Figures 1B and 1C).
The association between CHDM and major adverse cardiovascular events

Themedian follow-up timewas 4 (3.7–4.1) years. AMACEwas recorded in 12.4% of the cohort (27 patients). During follow-up, 3.2% of patients

developed an acute myocardial infarction and 3.7% developed an acute ischemic stroke. A history of atrial fibrillation was present in only one

of the patients who developed ischemic stroke. Cardiovascular mortality reached 7.3%, while the rate of non-cardiovascular death was 3.7%.

During follow-up, 8.1% of patients underwent myocardial revascularization by either PCI or coronary artery bypass graft in the setting of an

acute coronary syndrome, while 9.5% of them underwent elective, planned myocardial revascularization procedures.

In univariate Cox proportional-hazards regression analysis, the presence of CHIPwas strongly associatedwithMACE (HR 3.19; 95%CI 1.27–

8.01; p = 0.01). ROC curves analysis showed that in patients with CHDM, the VAF predicted MACE at an optimal cut-off value > 1.07% (AUC

0.701; 95%CI 0.575–0.807; p = 0.007) (Figure 2A). Also, the presence of a CHDMwith VAF>1.07was associatedwith an increased risk forMACE

at follow up (HR 3.40; 95%CI 1.49–7.78; p = 0.003).

A gene-specific analysis showed that the presence of DNMT3Amutations was associated with a higher rate of MACE as compared to the

group without CHDMs, but the result did not reach statistical significance (HR 1.79; 95%CI 0.68–4.72; p = 0.23). The presence of non-DNMT3A

mutations was associated with a higher rate of ischemic events and cardiovascular mortality at follow-up (HR 2.46; 95%CI 0.93–6.49; p = 0.06).

The survival curves are presented in the Supplementary material file (Figure S1).

There was also a significant association of smaller size clones (VAF between 1.07% and 2%) with ischemic events and cardiovascular mor-

tality (HR 3.86; 95%CI 1.09–13.57; p = 0.03). The survival curves are presented in Figure 2B.

Multivariable Cox proportional-hazards models showed that both CHIP and CHDM with VAF>1.07 were associated with MACE indepen-

dent of conventional cardiovascular risk factors (age, sex, body mass index, smoking, systolic blood pressure, diabetes mellitus, LDL-choles-

terol, and BNP value) (Table S4).
Association of CHDM with baseline characteristics and cardiovascular risk factors

In our study cohort, there was no significant association between age and the presence of CHDM (p = 0.19), nor between age and VAF (p =

0.33). However, carriers of CHDMs with a VAF>1.07% were older as compared to patients without CHDMs (67.4 G 7.6 vs. 64.4 G 8.9 years,

p = 0.05).

We further explored whether the presence of CHDM or CHIP was associated with other demographic characteristics or with classical car-

diovascular risk factors (Table 2). Female sex (p = 0.02) and systolic blood pressure (p = 0.02) were associated with the presence of CHDM. In

multivariable logistic regression analysis, the association of both parameters with CHDM was independent of age (p = 0.03 for each param-

eter). Elevated systolic blood pressure was also associated with CHIP (Table 2).

CHDM carriers had a higher clinical SYNTAX Score as compared to patients without mutations (p = 0.02).
2 iScience 27, 109472, April 19, 2024



Table 1. Baseline patient characteristics in the study cohort

PARAMETER n = 218

Clinical data

Age (years), mean G SD 64.9 G 8.7

Males, n (%) 149 (68.3)

Females, n (%) 69 (31.6)

Ethnicity: Eastern European, n (%) 218 (100)

BMI (kg/m2), mean G SD 29.3 G 3.5

Waist (cm), mean G SD 101.9 G 11.6

Smokers, n (%) 19 (8.7)

Heart rate (beats/min), median (Q1-Q3) 68 (60–75)

Hypertension, n (%) 198 (90.8)

SBP (mmHg), mean G SD 137.9 G 22.4

DBP (mmHg), mean G SD 79.7 G 10.9

Diabetes, n (%) 78 (35.7)

Laboratory data

Glycemia (mg/dL), median (Q1-Q3) 109.1 (97.5–131.3)

Total cholesterol (mg/dL), mean G SD 167.6 G 46.6

LDL-cholesterol (mg/dL), mean G SD 91.4 G 33.8

HDL-cholesterol (mg/dL), mean G SD 42.9 G 12.7

Triglycerides (mg/dL), median (Q1-Q3) 151.2 (106.4–181.9)

Creatinine (mg/dL), median (Q1-Q3) 0.9 (0.8–1.1)

eGFR (ml/min/1.73m2), median (Q1-Q3) 82.4 (68.1–100.7)

Echocardiographic data

LVEF (%), mean G SD 53.2 G 9.1

Concomitant medication

Aspirin, n (%) 181 (83)

P2Y12 inhibitor, n (%) 134 (61.4)

Anticoagulant (AVK/NOAC), n (%) 28 (12.8)

Betablocker, n (%) 181 (83)

ACE inhibitor/ARB, n (%) 168 (77)

Calcium channel blocker, n (%) 64 (29.3)

Nitrate, n (%) 72 (33)

Statin, n (%) 201 (92.2)

Fibrate, n (%) 14 (6.4)

Atherosclerosis severity

SYNTAX Score I, median (Q1-Q3) 11 (7–21)

SYNTAX Score II – PCI, median (Q1-Q3) 29.5 (22.2–35.7)

SYNTAX Score II – CABG, median (Q1-Q3) 26.7 (20.3–33.4)

Revascularization

Complete, n (%) 67 (31.3)

ACE = angiotensin converting enzyme; ARB = angiotensin receptor blocker; AVK = antivitamin K; BMI = body mass index; CABG = coronary artery bypass graft;

DBP = diastolic blood pressure; eGFR = estimated glomerular filtration rate; HDL-cholesterol = high-density lipoprotein cholesterol; LDL-cholesterol = low den-

sity lipoprotein cholesterol; LVEF = left ventricular ejection fraction; n = number; NOAC = novel oral anticoagulant; PCI = percutaneous coronary intervention;

Q1 = 1st quartile; Q3 = 3rd quartile; SBP – systolic blood pressure.
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Exploring how CHDMs affect MACE: Association with leukocytes, and monocyte subsets and function

To explore potential mechanism of how the presence of CHDMs increases the risk for cardiovascular events, we assessed their correlationwith

circulating leukocyte numbers, and circulating monocyte subsets and function (cytokine production capacity).
iScience 27, 109472, April 19, 2024 3



Figure 1. CHDMs in the study cohort

(A) The distribution of mutations in the cohort; (B) Number of individuals with CHDMs per age category; (C) Number of individuals with CHDMs per sex category.

CHDM = clonal hematopoiesis driver mutations.
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There was no difference in leukocytes number and differentiation between patients with or without CHDM, except for a slightly higher

number of eosinophils in patients with CHDM (p = 0.01). In addition, there was no difference in monocyte subsets (classical, intermediate,

non-classical), and no significant difference in CD11b expression (Table S5).

We also investigated cytokine production capacity by ex vivo stimulation of PBMCs with LPS, Pam3Cys and heat-killed C. albicans. Fig-

ure S2 shows that 24 h cytokine production was not significantly different between patients with or without CHDM or CHIP. Also, for the

72 h production of IL-17, IL-22, and IFN-gamma, there was no difference between the patients with and without a CHDM.
Exploring how CHDMs affect MACE: Association with circulating proteins

To explore whether circulating proteins are associatedwith the presence ofCHDMs andwithMACE, we used targeted proteomics and assessed

relative cardiovascular and inflammatory protein levels between patients with and without CDHM. Table 3 shows proteins that were higher in

patients with CHDMs: plasma renin (REN) (p= 0.002), leptin (LEP) (p = 0.003), tissue factor (TF) (p= 0.01), interleukin-18 (IL-18) (p= 0.01), matrilysin

(matrix metalloproteinase-7, MMP-7) (p = 0.02), tyrosine-protein kinase Mer (MERTK) (p = 0.02), monocyte chemotactic protein 2 (MCP-2) (p =

0.02), thrombomodulin I (p = 0.03), and AMBP (p = 0.03). In patients with CHIP, only three proteins were significantly higher: IL-18 (p = 0.009), IL-

12B (p = 0.03), and proteinase-activated receptor 1 (PAR-1) (p = 0.04). Of these proteins, TF (p = 0.006), MMP-7 (p = 0.007), and PAR-1 (p = 0.01)

were also associated with MACE. Analysis of publicly available scRNA-seq data confirmed increased expression of the tissue factor gene (F3) in

unstimulated classical monocytes from subjects withDNTM3Amutations compared to non-CHDMcontrols (relative fold 1.14%, p-adj = 1.45E-5).
DISCUSSION

The results of our study add several insights to the growing body of evidence that clonal hematopoiesis contributes to atherosclerotic CVD.

First, we showed that an inexpensive smMIP-based sequencing technique for CHDMs can be used for the prediction of a first MACE in pa-

tients with symptomatic stable CAD and angiographically documented coronary atherosclerosis. Although this technique only covers a se-

lection of known CHDM hotspots (including the entire DNMT3A gene), it can reliably detect CHDMs up to a VAF of >0.1%. Using this
4 iScience 27, 109472, April 19, 2024



Figure 2. The association between CHDM and MACE

(A) ROC curve for the association between VAF and MACE at 4 years follow-up. VAF>1.07% predicts MACE with a Sensitivity of 83.3% (AUC 0.701; 95%CI 0.575–

0.807; p = 0.007).

(B) MACE-free survival according to the presence of CHDMs and the size of the clone. All comparisons are made to the group without CHDM. Patients who

suffered a non-cardiovascular death were excluded from the analysis. AUC = area under the curve; CHDM = clonal hematopoiesis driver mutations; MACE =

major adverse cardiovascular events; ROC = receiver operating characteristic; VAF = variant allele frequency.
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approach, we showed that the presence of CHDMs with a VAF >1.07% is associated with ischemic events and cardiovascular mortality. Sec-

ondly, we explored potential mechanisms that link CHDMs with CVD by assessing their association with monocyte phenotype and circulating

inflammatory proteins, which is unique compared to previous studies. There was no difference inmonocyte subsets in patients with or without

CHDMs, nor was there a significant difference in the cytokine production capacity of PBMCs. The concentrations of several circulating pro-

teins were significantly associated with CHDMs and CHIP, with TF, MMP-7 (matrilysin), and PAR-1 also being predictive of MACE.

While previous studies have linked CHIP to lower survival in patients with acute myocardial infarction, or ischemic heart failure,11,16 or with

recurrent adverse events and all-cause mortality in patients with established atherosclerotic CVD,10 this study is the first to demonstrate that

CHDMs are associated with a first ischemic event and cardiovascular mortality in patients with stable CAD. All patients received secondary

preventive treatment with antithrombotic therapy and statins (92.2%). Hence, our study shows that CH contributes to the residual cardiovas-

cular risk in these patients.

A VAF higher than 2% has been commonly used as cut-off to define CHIP,6,11,16–18 and in this study we showed that CHIP was significantly

associated with MACE independent of demographic and clinical factors. The cut-off of 2% was earlier chosen mainly based on limited sensi-

tivity of whole genome sequencing techniques to detect smaller clone sizes. Only few studies showed that CHDMs with lower VAF can also

have cardiovascular consequences. Arends et al. showed in patients after ischemic stroke, that the presence of CHDMs with a VAFR1% was

associated with a higher risk for future cardiovascular events.13 A recent report established an optimized cut-off value forDNMT3A and TET2

mutations for prediction of all-cause death in patients with heart failure of 1.15% and 0.73%, respectively.14 Also in our study, further ROC

analysis revealed that CHDMs predict the occurrence of acute ischemic events and cardiovascular death when the VAF is >1.07%. Because

of the relatively small sample size and of the subsequent low number of events per patient group, this result should be considered as hypoth-

esis generating and should be further validated in larger cohorts.

The conventional strategy of CHDM identification is though whole-exome sequencing, which is expensive and can yield incidental find-

ings. To circumvent this, we used an inexpensive smMIP-basedmethod for targeted enrichment of CHDM hotspots that can identify CHDMs

reliably up to a VAF of 0.1%. Using 300 probes, we covered CHIP/CH-related hotspots in 24 genes, including the entire DNMT3A gene since

this is the gene with the most CHDMs. In the other genes, we only cover a minority of all CHDMs that have been discovered up to date.

Despite this limited coverage, our approach strongly predicts the occurrence of ischemic events and cardiovascular mortality in our patient

cohort.

The strength of our study is that we assessed in detail circulating immune cell phenotype and function as well as circulating inflammatory

proteins in all 218 patients, which enabled us to explore potential mechanisms that link CHDM presence with MACE. Current insights are

mainly derived from experimental animal studies focusing on CH-related mutations in specific genes. Mice with 10% TET2-deficient bone

marrow cells develop accelerated atherosclerosis because TET2-deficient macrophages exhibit an increase in NLRP3 inflammasome-medi-

ated interleukin-1b secretion.19 In amacrophage cell line complete inactivation of TET2 promoted gene expression of IL-1b and IL-6, whereas

DNMT3A inactivation increased the expression of IL6, Cxcl1 and 2.20 There are only few data in humans that explored thesemechanisms. First,

Abplanalp et al. used single cell RNA sequencing of PBMCs in six patients with heart failure harboringDNMT3ACHDMs and showed that the

circulating monocytes and T cells of these patients demonstrated a significantly higher expression of inflammatory genes, while the authors

did not investigate cytokine production.21 Interestingly, the inflammatory transcriptional changes associated with DNMT3A mutations
iScience 27, 109472, April 19, 2024 5



Table 2. The association between baseline parameters, MACE, and the presence of CHDMs

PARAMETER

No CHDM

(n = 146)

CHDM

(n = 72) p value

VAF<2%

(n = 43) p value

VAFR2%

(n = 29) p value

Clinical data

Age (years) 64.4 G 8.9 66.1 G 8.3 0.19 65.8 G 8.9 0.35 66.3 G 7.2 0.28

Female sex (%) 26.7 41.6 0.02 41.8 0.07 41.3 0.11

BMI (kg/m2) 29.1 G 3.6 29.8 G 3.2 0.15 30.1 G 3.5 0.11 29.4 G 2.8 0.50

Waist (cm) 101.7 G 12.1 102.4 G 10.7 0.66 102.6 G 11.4 0.67 102.2 G 9.7 0.81

Smokers (%) 10.3 5.5 0.24 4.6 0.25 6.9 0.57

Heart rate (beats/min),

median (Q1 – Q3)

68 (60–75) 69 (60–74.2) 0.66 70 (60–75) 0.74 68 (61–70) 0.73

SBP (mmHg) 135.5 G 19.3 142.6 G 27.1 0.02 140.1 G 28.7 0.22 146.1 G 24.7 0.01

DBP (mmHg) 79.8 G 11.2 79.7 G 10.3 0.97 79.4 G 10.6 0.85 80.2 G 10.2 0.86

Hypertension, % 90.4 91.6 0.76 93.0 0.60 89.6 0.90

Diabetes, % 36.3 34.7 0.82 23.2 0.11 51.7 0.12

Laboratory data

Total cholesterol (mg/dL) 165.2 G 41.1 172.4 G 56.0 0.56 173.4 G 54.0 0.37 170.9 G 59.8 0.52

LDL-cholesterol (mg/dL) 89.7 G 28.7 94.9 G 42.3 0.43 98.7 G 46.5 0.16 89.2 G 35.4 0.94

HDL-cholesterol (mg/dL) 43.2 G 13.6 42.4 G 10.6 0.68 43.1 G 11.4 0.67 41.4 G 9.5 0.51

Triglycerides (mg/dL),

median (Q1 – Q3)

147.4

(105.4–172.2)

162.2

(107.6–204.7)

0.31 155.8

(110.8–200.7)

0.64 170.8

(101.4–233.4)

0.23

Glycemia (mg/dL) 122 G 41.9 122.6 G 41.0 0.68 118.1 G 36.4 0.72 129.4 G 46.8 0.39

Creatinine (mg/dL),

median (Q1 – Q3)

0.9 (0.8–1.1) 0.90 (0.76–1.10) 0.98 0.9 (0.7–1.1) 0.85 0.8 (0.7–1.1) 0.92

eGFR (ml/min/1.73m2),

median (Q1 – Q3)

84.4

(69.5–100.5)

79.9

(62.0–102.6)

0.46 79.5

(61.9–97.6)

0.32 80.4

(59.0–106.7)

0.96

Echocardiography

LVEF (%) 53.1 53.2 0.80 53.4 0.84 52.9 0.87

Medication, %

Aspirin 80.8 87.5 0.25 88.3 0.25 86.2 0.49

P2Y12 inhibitor 57.5 69.4 0.10 67.4 0.24 72.4 0.13

Betablocker 82.8 83.3 0.93 79.0 0.57 89.6 0.36

ACE inhibitor/ARB 76.7 77.7 0.86 81.4 0.51 72.4 0.62

Statin 91.8 93.1 0.75 90.7 0.83 96.5 0.41

Atherosclerosis severity

Three-vessel disease, % 28.7 33.8 0.44 34.8 0.43 32.1 0.71

SYNTAX Score I,

median (Q1 – Q3)

11.5 (7–22) 11 (7–17) 0.84 12 (7–17) 0.87 9.5 (7.2–19.5) 0.88

SYNTAX Score II – PCI,

median (Q1 – Q3)

27.9 (21.1–33.6) 32.3 (25.3–37.3) 0.02 33.3 (28.0–37.3) 0.01 30.5 (23.1–41.1) 0.32

Complete

revascularization, %

30.7 32.3 0.81 30.2 0.94 35.7 0.60

MACE, n (%) 14 (9.6) 13 (18.1) 0.07 6 (13.9) 0.41 7 (24.1) 0.02

Values are presented as mean G SD, unless otherwise stated.

ACE = angiotensin converting enzyme; ARB = angiotensin receptor blocker; BMI = body mass index; CHDM = clonal hematopoiesis driver mutations; DBP = diastolic

bloodpressure; eGFR=estimatedglomerular filtration rate;HDL-cholesterol=high-density lipoprotein cholesterol; LDL-cholesterol= lowdensity lipoprotein cholesterol;

MACE =major adverse cardiovascular events; n = number; PCI = percutaneous coronary intervention; Q1 = 1st quartile; Q3 = 3rd quartile; SBP = systolic blood pressure.
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Table 3. The association between proteomic biomarkers and the presence of clonal hematopoiesis driver mutations

PARAMETER No CHDM (n = 146) CHDM (n = 72) p value VAF<2% (n = 43) p value VAFR2% (n = 29) p value

MERTK 6.6 (6.3–6.8) 6.7 (6.4–6.9) 0.04 6.8 (6.5–7.0) 0.008 6.6 (6.3–6.8) 0.86

REN 6.9 (6.2–7.5) 7.2 (6.9–7.8) 0.005 7.3 (6.9–7.8) 0.003 7.1 (6.5–7.9) 0.21

AMBP 7.9 (7.8–8.0) 8.0 (7.8–8.1) 0.02 8.0 (7.8–8.1) 0.11 8.0 (7.8–8.2) 0.06

TF 6.1 (5.8–6.3) 6.2 (6.0–6.3) 0.02 6.1 (6.0–6.3) 0.06 6.2 (5.9–6.4) 0.10

LEP 6.7 (6.0–7.2) 7.0 (6.2–7.8) 0.004 7.0 (6.5–7.7) 0.01 7.0 (6.0–8.1) 0.07

TM 9.8 (9.6–10.1) 9.9 (9.7–10.1) 0.02 9.9 (9.7–10.2) 0.07 9.9 (9.7–10.1) 0.11

IL-18 8.9 (8.6–9.3) 9.1 (8.8–9.5) 0.01 9.1 (8.7–9.4) 0.19 9.2 (9.0–9.5) 0.007

IL-12B 6.0 (5.5–6.4) 6.2 (5.6–6.5) 0.16 5.9 (5.6–6.3) 0.85 6.3 (5.8–7.0) 0.02

PAR-1 8.8 (8.6–9.2) 9.0 (8.8–9.4) 0.03 9.0 (8.7–9.3) 0.28 9.1 (8.8–9.6) 0.02

Values are presented as median and interquartile range (Q1 – Q3).

All comparisons are made to the group without CHDM.

AMBP = protein AMBP; IL = interleukin; CHDM= clonal hematopoiesis driver mutations; LEP = leptin; MERTK = tyrosine-protein kinaseMer; PAR-1 = proteinase-

activated receptor 1; Q1 = 1st quartile; Q3 = 3rd quartile; REN = renin; TF = tissue factor; TM = thrombomodulin; VAF – variant allele frequency.
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occurred in a much larger population of cells than the population harboring the specific mutation. A potential explanation for this finding is

that cells with CHDM indirectly modulate the function of non-CHDM-containing immune cells, either in bonemarrow or in circulation. In addi-

tion, in individuals from the UK Biobank, genetically reduced IL-6 signaling abrogated the increased cardiovascular risk associated with CHIP,

suggesting that increased IL-6 signalingmediates this increased risk.22 While this finding was recently validated by the same group of authors

in a larger sample of patients,23 another study using the same whole exome sequencing data from the UK Biobank did not confirm the role of

IL-6 inhibition in reducing the risk of CVD among CHIP carriers.8 These discrepancies were attributed to the different filtering strategies

applied for CHIP in the two studies,23 the discordant results underlining the challenges of using whole exome sequencing data to identify

true CH from artifacts in large population biobanks.23 Importantly, in addition to experimental studies showing direct effects of experimental

CH on atherosclerosis, there are also indications for reversed causality.24 Heyde et al. usedmathematical modeling and experimental studies

in mice to illustrate that the presence of atherosclerosis itself accelerates CH by increased proliferation rates of bone marrow progenitor

cells.24 Exacerbated expansion of progenitor cells with somatic CHDM also occurs in the context of obesity-induced inflammation in

mice.25 Similarly, a large prospective cohort study in obese individuals showed that clone sizes increased with age in individuals with obesity,

but not in those who underwent bariatric surgery.26 This suggests that CH and atherosclerosis can reinforce each other in a vicious cycle.27

We and others have shown that isolated PBMCs,28,29 and their bone marrow progenitors30 from patients with established CAD are char-

acterized by an increased cytokine production capacity. We hypothesized that in our cohort, PBMCs from patients with CHDM or with CHIP

are characterized by a higher cytokine production capacity. Although point estimates of all pro-inflammatory cytokines were higher in patients

with CHIP, mainly for IL-6 and IL-1b, this did not reach statistical significance. This suggests that in our cohort the adverse cardiovascular effect

of CHDMs is not due to increased overall PBMC cytokine production. These findings do not exclude, however, that there is heterogeneity in

cytokine production capacity of specific immune cell types (such as themonocytes), with a higher capacity in those cells containing theCHDM,

which is not reflected in a higher overall PBMC cytokine production. In addition, our results do not exclude increased cytokine production

capacity of monocytes with a TET2mutation since we only identified few TET2 CHDMs. Future studies using single cell sequencing and stim-

ulation assays of purified cell populations are necessary to explore this in more detail.

In addition, we showed that the concentrations of several circulating proteins were higher in patients with CHDM, three of these (TF,

MMP-7, and PAR-1) being predictive of MACE. TF is a potent initiator of the coagulation cascade and is present in blood following plaque

rupture.31 During the early stages of atherosclerosis, cytokines induce the expression of TF in monocytes, while at later stages, TF is also de-

tected inmacrophages, endothelial cells, smoothmuscle cells, as well as in the necrotic core of plaques.32,33 TF is also found in the circulating

monocytes of patients with acute myocardial infarction,33 and it was associated with an adverse prognosis in patients with unstable angina.34

Analysis of previously published scRNA-seq data from patients withDNMT3ACHDMs and control subjects revealed increased TF expression

in classical monocytes,21 suggesting that increased monocyte TF production could contribute to the higher circulating TF concentration in

these patients. PAR family of proteins are expressed on platelets and contribute to inflammatory signaling by activation and cleavage through

thrombin,35 leading to increased circulating PAR-1 levels. Previous studies showed an increased expression of PAR-1 in the hearts of patients

with ischemic and idiopathic dilated cardiomyopathy,36 while animal studies have shown that its deficiency was associated with a reduced

mRNA expression of proinflammatory and profibrotic markers.37 PAR-1 is also expressed on monocytes and its expression increases after

LPS stimulation.38 In ApoE�/� mice, drugs targeting PAR-1 signaling attenuate atherosclerosis formation.39 Therefore, a possible explana-

tion for the development of acute ischemic events in patients with CHDM could be related to the occurrence of vulnerable plaques, or to

rapidly progressive atherosclerosis on the background of chronic systemic inflammation. Finally, MMP-7 concentration was higher in patients

with CHDMandwas associatedwith an increased risk of ischemic events and cardiovascularmortality. Breakdownof the extracellularmatrix of

atherosclerotic plaques is considered an important event that triggers plaque destabilization, and circulating MMP-7 concentrations have

been associated with cardiovascular event rate in patients with carotid stenosis.40 In carotid plaques, MMP-7 was localized to macrophages,
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and in primarymonocytes in vitroMMP-7 expression could be increased by stimulation with TNF, in the presence of hypoxia and oxLDL.41 The

higher concentration of circulating TF, PAR-1, and MMP-7 in patients with CHDM and stable CAD highlights the potential role of these pro-

teins as biomarkers or possible therapeutic targets. Future studies are warranted to confirm these findings and show causality. Another inter-

esting observation is the higher systolic blood pressure in patients with CHDM, that was also previously reported.14 The higher plasma renin

concentration in these patients suggests involvement of the renin-angiotensin-aldosterone system, but additional studies are warranted to

further explore the mechanisms and origin of TF, PAR-1, MMP-7, and renin upregulation in the context of CHDMs.

In our study, guideline-based secondary prevention measures were implemented. Two-thirds of the participants had a history of elective

myocardial revascularization, and more than 90% of them were on statin therapy. This comes to emphasize the role of immune cells in the

residual risk in patients with stable CAD. Validation of these results in larger, prospective studies is needed to establish their value for the

clinical practice.

In conclusion, we showed that smMIP-based detection of a limited set of CHDMs in patients with symptomatic stable CAD is a strong

biomarker associated with an increased rate of a first ischemic event and cardiovascular mortality at follow-up. This could not be explained

by overall differences in monocyte subsets or activation or overall PBMC cytokine production capacity. Mutation carriers had increased circu-

lating concentrations of TF, MMP-7, and PAR-1 through a mechanism that needs further exploration. We provide evidence on the role of CH

as a residual cardiovascular risk factor and identify potential biomarkers and therapeutic targets for patients with stable CAD.
Limitations of the study

Themain limitation of our study is the relatively small sample size, which led to a limited statistical power when stratifying the cohort according

to the size of the clones Similarly, the analysis restricted to the CHDMs in DNMT3A should be considered exploratory because of the smaller

sample size. However, the selection of a well-defined, homogeneous cohort of patients with symptomatic stableCAD, angiographically docu-

mented coronary atherosclerosis, and without a history of acute cardiovascular events allowed us to obtain consistent results. In addition, the

identification of CHDMs with a highly sensitive method allowed for the detection of relatively small clone sizes, and a higher sensitivity to

detect known CHDMs/CHIP mutations compared to standard approaches including exome sequencing. A disadvantage of our targeted

sequencing approach was that we only detected a part of the CHDMs in genes other thanDNMT3A.When we initially designed our smMIPs,

we specifically targeted loci containing the majority of CHDMs known at that time.15 A comparison however of these loci with all currently

reported CHDMs in the UK Biobank shows that this approach identifies less than 50% of all CHDMs in non-DNMT3A genes such as TET2

and ASXL1. Therefore, our data preclude any strong conclusions with regard to specific non-DNMT3A CHDMs, and our conclusions are

only robust forDNMT3A CHDMs, which are the most abundant CHDMs and which have recently been unequivocally demonstrated to cause

atherosclerosis in experimentalmodels.42 Nonetheless, to eliminate false positives, we performed an independent identification of our candi-

date CHDMs in other publicly available datasets. This ensured the validity of candidate CHDMs identified in this study. Future studies using

targeting smMIP sequencing should expand the loci to include at least the entire TET2 gene.

Our study included patients with established CAD. Since we did not include a control group of healthy individuals, we cannot estimate

whether the CHDMs prevalence in our group is higher. Comparisons with existing literature is troublesome because of differences in

sequencing strategies. We recently used the similar smMIP sequencing approach to detect CHDMs in an otherwise healthy group of individ-

uals with a BMI >27 kg/m2.43 The average age was 67 years. We detected a CHDM in 29% of all individuals, and CHIP in 11%. This is com-

parable to the frequencies detected in our current cohort. However, differences in BMI and geographical region (Romania vs. the

Netherlands) preclude any firm conclusions about this comparison.
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Fernández-Alonso, L., Grochowitz, L., Muñoz,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD14-phycoerythrin, clone REA599 Miltenyi Biotec, Bergisch

Gladbach, Germany

Cat#130-110-519; RRID: AB_2655052

CD16-fluorescein isothiocyanate, clone REA423 Miltenyi Biotec, Bergisch

Gladbach, Germany

Cat# 130-113-392;

RRID: AB_2726428

CD11b-allophycocyanin, clone REA713 Miltenyi Biotec, Bergisch

Gladbach, Germany

Cat#: 130-110-554; RRID: AB_2654667,

Biological samples

Peripheral blood through venous puncture,

mean age 64.9 year old males and females

Homo sapiens Medical ethics committee of ‘‘Iuliu Hatieganu’’

University of Medicine and Pharmacy,

approval number 385/2017

Cell wash solution (BD Phosflow�
Perm/Wash Buffer I)

BD, Franklin Lakes, USA Cat# 557885

Glutamine, 2 mmol/L in RPMI Gibco, Dublin, Ireland Cat# 25030081

Gentamicin, 10 mg/ml in RPMI Merck, Darmstadt, Germany Cat# 1405-41-0

Pyruvate, 1 mM/L in RPMI Gibco, Dublin, Ireland Cat# 11360070

Lipopolysaccharide from Escherichia

coli Serotype 055:B5, 1 ng/mL

Sigma-Aldrich, St. Louis, MO, USA Cat# L2880

Pam3CysK4 EMC Microcollections

Tubingen, Germany

Cat# L2000

Heat-killed Candida albicans conidia (UC820 strain) American Type Culture

Collection (ATCC), USA

Cat# MYA-3573

Ficoll-Paque GE Healthcare, Chicago, USA Cat# 17144003

Roswell Park Memorial Institute (RPMI) 1640 Lonza, Basel, Switzerland 12-115F

BE12-115F

Critical commercial assays

Human Duoset IL-6 ELISA R&D systems Cat# DY206; RRID:AB_2814717

Human Duoset TNF ELISA R&D systems Cat# DY210; RRID:AB_2848160

Human Duoset IL-1b ELISA R&D systems Cat# DY201; RRID:AB_2848158

Human Duoset IL-10 ELISA R&D systems Cat# DY217B; RRID:AB_2927688

Human Duoset IL-17 R&D systems Cat# DY317; RRID:AB_2928042

Human Duoset IL-22 R&D systems Cat# DY782; RRID:AB_2928043

IFN-g PeliKine Compact Sanquin, Amsterdam, the Netherlands Cat#: M1933; RRID:AB_2935684

Target 96 Inflammation and Cardiovascular II

panels Proximity Extension Assay

Olink Proteomics, Uppsala, Sweden NA

Deposited data

Gene regions sequenced, CHDM and

smMIP probe characteristics

This paper, GitHub Tables S1, S2, and S3

scRNAseq data Publicly available dataset from

Abplanalp et al.

https://www.ahajournals.org/doi/

suppl/10.1161/CIRCRESAHA.120.317104

Proteomics data PeptideAtlas accession no: PASS01721

Code (CHMIP-RsCh-PIPELINE) GitHub https://github.com/RosanneVanDeuren/

CHMIP-RsCh-PIPELINE

(Continued on next page)
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Software and algorithms

FlowJo software v10.8 BD, Franklin Lakes, USA https://www.flowjo.com/

solutions/flowjo/downloads

GraphPad Prism version 9.3.1 for Windows GraphPad Software, CA, USA https://www.graphpad.com/features

MedCalc v 20.019 MedCalc Software, Ostend, Belgium https://www.medcalc.org/

Other

Inturis Inturis, Philips Medical Systems,

Eindhoven, The Netherlands

https://www.philips.nl/healthcare/

middelen/support-documentation/

dicom-web-viewing

SYNTAX Score II calculator Cardialysis, Boston Scientific http://syntaxscore.org/calculator/

syntaxscore/frameset.htm

Roche cobas c501 chemistry analyser Roche Diagnostics, Basel, Switzerland Cat# 04745914001

Sysmex-XN 1000 haematology analyser Sysmex, Hamburg, Germany NA

EVE automatic cell counter VWR, West Chester, USA NA

BD FACS Canto II Flow cytometer BD, Franklin Lakes, NJ, USA NA

ll
OPEN ACCESS

iScience
Article
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Professor Niels P.

Riksen (niels.riksen@radboudumc.nl).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Data of gene regions sequenced, identified CHDMs and the probes used in this study is available in Tables S1, S2, and S3.
� The proteomics results have been publicly deposited at PeptideAtlas (see key resources table).
� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
� This manuscript used previously developed CHMIP-RsCh-PIPELINE pipeline to identify CHDMs. The code used in the pipeline is pub-

licly available on GitHub (https://github.com/RosanneVanDeuren/CHMIP-RsCh-PIPELINE/tree/main).

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

This was a prospective, observational, single-centre cohort study. Between May 2017 and September 2018, 1020 consecutive patients with

symptomatic stable CADwere screened for inclusion. The study includedmen andwomenof Eastern European descent. The inclusion criteria

were the detection of inducible myocardial ischemia at the treadmill or imaging stress testing and the presence of at least one coronary

atherosclerotic stenosis on angiography. Coronary stenosis evaluation was performed by quantitative coronary angiography (Inturis, Philips

Medical Systems, Eindhoven, The Netherlands) by two independent senior interventional cardiologists. All lesions with more than 90% diam-

eter stenosis were considered significant.44 An intermediate coronary lesion was defined as a luminal narrowing with a diameter stenosis

R30% but %90%.45

The exclusion criteria consisted of any documented history of acute cardiovascular events.

The research protocol was approved by the Institution’s Ethics Committee on research on humans (approval number 385/2017), and all

patients gave written informed consent. All the procedures followedwere in accordancewith institutional guidelines. The study protocol con-

forms to the ethical guidelines of the 1975 Declaration of Helsinki.

METHOD DETAILS

The classic cardiovascular risk factors were recorded in all patients.

To evaluate the extent of coronary atherosclerosis, SYNTAX Score I was calculated by a senior interventional cardiologist based on the

most recent coronary angiography. SYNTAX Score II was calculated by combining the anatomic and clinical prognosis variables (http://

syntaxscore.org/calculator/syntaxscore/frameset.htm).
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Blood sampling

Total cholesterol, high-density lipoprotein (HDL) cholesterol, and triglycerides were measured in fasting plasma using a Roche cobas c501

chemistry analyser. Low-density lipoprotein (LDL) cholesterol was calculated with the Friedewald formula. Total blood cell counts were deter-

mined with an automated Sysmex-XN 1000 haematology analyser (Sysmex, Hamburg, Germany).

Identification of candidate clonal hematopoiesis driver mutations (CHDMs)

CHDMs were identified in DNA obtained from whole blood by ultrasensitive single-molecule molecular inversion probe (smMIP)

sequencing.15,46,47 In brief, a total of 300 MIP probes were designed to cover the majority of well-known CHIP/CH-related hotspots in 24

genes, including ASXL1, TET2, and DNMT3A. The probes were designed in 2017, at the beginning of patient enrolment, based on the ex-

isting literature data at that time, and completely cover the DNMT3A gene (Supplementary material file – Tables S1, S2, and S3). For each

sample two technical Polymerase Chain Reaction (PCR) replicates were sequenced, after which two independent data processing strategies

were applied to identify CHDMs. Variants were further filtered by a targeted quality control workflow, in which final variant allele frequencies

were calculated using samtools mpileup.48 The average coverage for all individuals over the entire panel was 2,986x. Identified candidate

CHDMs were validated in publicly available data sets. In the case of patients with multiple CHDMs, the CHDM with the highest VAF was

included in the analysis.

Individuals with CHDMs were then divided into categories VAF<2% and VAFR2% based on the arbitrary clinical cut-off for CHIP in accor-

dance with the current literature.

Peripheral blood mononuclear cells isolation and stimulation

Non-fasting blood was collected in EDTA vacutainer tubes. Sample processing occurred within 2 hours. Plasma and serum were stored at

-80�C until further use.

Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Paque (GE Healthcare, Chicago, USA) density gradient centrifu-

gation for half an hour. PBMCs were washed by centrifugation with cold phosphate saline buffer and concentrated in Roswell Park Memorial

Institute-1640 (RPMI) cell culture medium (Lonza, Basel, Switzerland) supplemented with 2 mmol/L glutamine (Gibco, Dublin, Ireland),

1 mmol/L pyruvate (Gibco, Dublin, Ireland) and 50 ug/mL gentamicin (Merck, Darmstadt, Germany).

Cells were counted using an EVE automatic cell counter (VWR, West Chester, USA). At least 20 million PBMCs were stored in freezing me-

dium at -80�C and used for flow cytometry analysis.

To evaluate the cytokine production capacity, 1x105 PBMCs per well were seeded in round-bottom 96-well plates (Eppendorf, Hamburg,

Germany), and incubated with supplemented RPMI cell culture medium. Subsequently, cells were stimulated for 24h with 1 ng/mL lipopoly-

saccharide (LPS) (from Escherichia coli serotype 055:B5 (Sigma-Aldrich, St. Louis, MO, USA)), or 10 mg/mL Pam3Cys (P3C) (L2000, EMCmicro-

collections, Tubingen, Germany).49 To measure adaptive immune response, PBMCs were stimulated for 7 days in RPMI, with 1x106/mL Heat-

killed (HK) Candida albicans conidia (UC820 strain) supplemented with 10% human pooled serum (Sigma Aldrich, Saint Louis, USA).

After the 24h and 7 days incubation period, supernatants were collected after plate centrifugation and stored at -80�C until cytokine mea-

surementswith commercial enzyme-linked immunosorbent assay kits (TNF, IL-6, IL-1b, IL-17 and IL-22 (Duoset, R&DSystems,MN,USA); IFN-g

(PeliKine Compact, Sanquin, Amsterdam, the Netherlands)), following the instructions of the manufacturer.

Flow cytometry

Stored PBMCs were first washed with phosphate saline buffer. Cells were then washed two times with cell wash solution (BD, Franklin Lakes,

USA) and centrifuged at 500xG at room temperature for 5 minutes. Over the remaining cell pellet, 10 mL of each CD14-phycoerythrin, CD16-

fluorescein isothiocyanate and CD11b-allophycocyanin anti-human/mouse antibodies (Miltenyi Biotec, Bergisch Gladbach, Germany) were

added and mixed with 250 mL of cell wash solution to avoid cell clumping. After a 30 minutes incubation at room temperature, one washing

step with cell wash solution was performed and the pellet was re-suspended in 500 mL of cell wash buffer. The samples were analysed using a

BD FACS Canto II Flow cytometer (BD, Franklin Lakes, NJ, USA). Monocytes were selected based on FSC/SSC and CD14/CD16 expression

and monocyte subsets were identified in the CD14/CD16 plot as percentage of gated according to current guidelines.50,51 Each subtype or

the total monocyte population were then analysed for the presence of CD11b marker (Percentage positive and Median Fluorescent Intensity

on positive cells). Data were analysed with FlowJo software v10.8 (Becton Dickinson). Single stains and unstained samples were used for

compensation.

Proteome analysis by proximity extension assays technology

All EDTA plasma samples were shipped to Olink Proteomics AB (Uppsala, Sweden) for analysis. Using proximity extension assays (PEA) tech-

nology,52 the levels of 177 inflammatory proteins from theOlink Cardiovascular II and Inflammatory panels weremeasured (Table S6).53 Oligo-

nucleotide-labelled antibody probe pairs bind to their targeted protein in each sample. When the two probes are brought in close proximity,

the oligonucleotides will hybridize in a pair-wisemanner.53 To adjust for intra- and inter-run variation, data is quality controlled and normalized

using an internal extension control and an inter-plate control (https://www.olink.com/resources-support/document-download-center/; ac-

cessed August 2020).53 The final data is presented in Normalized Protein eXpression (NPX) values, which is an arbitrary unit on a log2-scale.53

A high NPX value corresponds to a higher protein concentration.53
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Follow-up

Patient follow-up was performed after four years. The endpoint consisted of the first major adverse cardiovascular event (MACE) and was the

composite of cardiovascular death, acutemyocardial infarction, or acute ischemic stroke. Information regarding outcomeswas obtained from

interviews with the patients or their relatives, from patient charts and discharge documents, from the hospital’s electronic database, or from

primary care physician records. Data regarding vital status was available in all patients from the electronic records of the national insurance

company.
Analysis of publicly available scRNAseq data

Publicly available single cell RNAsequencing data frompatients with heart failure with or withoutDNMT3A drivermutationswere used.21 Data

from classical, intermediate, and non-classical monocytes were overlaid with findings from our own proteomics and prediction models to

confirm gene expression differences in patients with DNMT3A CHDMs.
QUANTIFICATION AND STATISTICAL ANALYSIS

Data distribution was assessed using Kolmogorov–Smirnov andD’Agostino tests. Quantitative continuous data were summarized asmeanG

standard deviation (SD) whenever data followed the normal distribution; otherwise,median, and interquartile range (Q1‒Q3, whereQ1 = first

quartile and Q3 = third quartile) were used. Groups were compared with Student t-test or Mann-Whitney U-test, as appropriate. Categorical

data were presented as counts and proportions and compared with Chi-square test, or Fisher’s exact test, as appropriate.

Univariable Cox proportional-hazards regression was used to evaluate the association between variables of interest and MACE. To eval-

uateMACE-free survival, patients who suffered a non-cardiovascular deathwere excluded from the analysis. The hazards ratio (HR), alongwith

95% confidence intervals (Cis) and p-values, were computed for each regression. For proteomic data, HR per 1 SD increase in each protein

levels were computed. Multivariable Cox proportional-hazards regression analysis was used to identify variables independently associated

with outcomes. The parameters that were statistically significant in the univariate analysis, namely sex and systolic blood pressure, together

with age, were included in the multivariable models.

Receiver-operating characteristic (ROC) curves were constructed to evaluate the accuracy of VAF in predictingMACE. The area under the

ROC curves (AUC) was determined as a scalar measure of performance. The Youden index was used to identify the ideal cut-off values from

the ROC curves.

Kaplan-Meier curves were constructed for survival analysis. The log rank test was applied for comparison of event-free survival analysis.

Adjustment for multiple comparisons was performed. A Benjamini-Hochberg adjusted significance level was used, at a controlled false

discovery rate (FDR) of 0.25 (p-value<0.042).

Statistical analysis was performed with GraphPad Prism version 9.3.1 for Windows (GraphPad Software, CA, USA) and MedCalc (v 20.019,

MedCalc Software, Ostend, Belgium). All reported p-values are two-sided.
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