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BACKGROUND: Obesity is accompanied by dysregulated inflammation, which can contribute to vasculometabolic complica-
tions including metabolic syndrome and atherosclerosis. Recently, clonal hematopoiesis of indeterminate potential (CHIP) has
emerged as a risk factor for cardiovascular diseases. We aimed to determine how CHIP is related to immune cell function,
systemic inflammation, and vasculometabolic complications in obese individuals.

METHODS AND RESULTS: Two hundred ninety-seven individuals with overweight and obesity, between the ages of 54 and
81years, were recruited in a cross-sectional study. Clonal hematopoiesis driver mutations (CHDMs) were identified with an
ultrasensitive targeted assay. Assessment of carotid artery atherosclerosis was performed with ultrasound. Detailed immu-
nological parameters, including cytokine production capacity of peripheral blood mononuclear cells, and targeted plasma
proteomics analysis, were studied. Adipose tissue inflammation was determined in subcutaneous fat biopsies. Individuals
with CHIP had higher concentrations of circulating IL (interleukin)-6. Total number of leukocytes and neutrophils were higher in
individuals with CHIP. In contrast, ex vivo cytokine production capacity of peripheral blood mononuclear cells was significantly
lower in individuals with CHIP. Sex-stratified analysis showed that men with CHDMs had significantly higher leukocyte and
neutrophil counts, and ex vivo cytokine production capacity was lower in women with CHDMs. Surprisingly, the presence of
atherosclerotic plaques was significantly lower in individuals with CHDMs. There was no relation between CHIP and metabolic
syndrome.

CONCLUSIONS: In individuals with overweight or obesity, CHDMs are not associated with vasculometabolic complications, but
rather with a lower presence of carotid plaques. CHDMs associate with increased circulating inflammatory markers and leu-
kocyte numbers, but a lower peripheral blood mononuclear cell cytokine production capacity.
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creased globally in the past decades. This poses rosis, the leading cause of cardiovascular diseases
a great risk for cardiometabolic diseases and a  (CVD), via metabolic dysregulation and chronic low-
significant burden on the health care system.! Obesity grade inflammation. Furthermore, obesity can induce

The prevalence of overweight and obesity has in- is associated with the development of atheroscle-
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RESEARCH PERSPECTIVE

What New Question Does This Study

Raise?

e |n a cohort of subjects with overweight or obe-
sity, using an ultrasensitive targeted assay, we
detected clonal hematopoiesis driver mutations
(CHDMs) in 28% of subjects and clonal hemat-
opoiesis of indeterminate potential in 11%.

e The presence of CHDMs was associated with
higher circulating leukocytes, neutrophils, and
interleukin-6, but with a lower ex vivo peripheral
blood mononuclear cell cytokine production
capacity.

e CHDM presence was not associated with met-
abolic syndrome or insulin resistance and was
associated with a lower presence of carotid ath-
erosclerotic plagues.

What Questions Should Be

Addressed Next?

e To investigate how CHDM presence affects
monocyte versus macrophage cytokine pro-
duction, both in the unstimulated and stimu-
lated conditions.

e Toinvestigate in detail how CHDMSs differentially
affect the initiation, progression, and destabili-
zation of atherosclerotic plaques, in particular in
the presence of obesity.

Nonstandard Abbreviations and Acronyms

CHDM
CHIP

clonal hematopoiesis driver mutation

clonal hematopoiesis of indeterminate
potential

DNMT3A DNA methyltransferase 3a
TET2 tet methylcytosine dioxygenase 2
VAF variant allele frequency

activation of innate immune cells, such as monocytes,
which are critical in the development of atheroscle-
rotic CVD.? In patients with established atherosclerotic
CVD, isolated circulating monocytes are character-
ized by a hyperresponsive phenotype.®=° In the arterial
wall, monocyte-derived macrophages play a key role
in the pathophysiology of atherosclerosis.® Similarly,
monocyte-derived macrophages in the adipose tissue
are important regulators of inflammation and insulin
resistance.”®

Innate immune cell function is influenced by many
factors, and a recently described mechanism is clonal
hematopoiesis. Somatic mutations are common in
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highly proliferative tissues, including the hematopoi-
etic stem and progenitor cells in the bone marrow. If,
by chance, 1 of these mutations confers a selective
survival or fithess advantage, it leads to the clonal ex-
pansion of that cell.? Recent advances in sequencing
technologies demonstrated that clonal hematopoiesis
is common among the aging population.”® Clonal he-
matopoiesis driver mutations (CHDMs) are linked with
an increased risk for hematological malignancies,'?
but multiple epidemiological studies also show that
presence of CHDMs is associated with an increased
risk of atherosclerotic CVD."™

Common somatically mutated genes include
DNMT3A (DNA methyltransferase 3a), TET2 (tet meth-
ylcytosine dioxygenase 2), ASXL1 (ASXL transcrip-
tional regulator 1), JAK2 (Janus kinase 2), and TP53
(tumor protein p53).° Clonal hematopoiesis of inde-
terminate potential (CHIP) is defined as the presence
of CHDMs with a variant allele frequency (VAF) >2%
without clinical diagnosis of a hematological malig-
nancy.'" This cutoff is predominantly determined by the
limitations of standard sequencing methods, including
whole-exome sequencing, frequently used to identify
CHDMs. Recently, the 2% cutoff has been challenged,
underscoring the potential clinical relevance of driver
mutations with lower VAFs."

A few experimental preclinical studies suggest that
CHDMs are involved in the metabolic and cardiovascu-
lar complications of obesity. For example, experimental
studies in mice showed that TET2-driven clonal hema-
topoiesis is causal to age- and obesity-related insulin
resistance. This is mediated by the activation of innate
immune cells, in particular plaque macrophages, via
NLRP3-inflammasome driven IL (interleukin)-18 pro-
duction.’®'® Furthermore, single-cell RNA sequencing
of unstimulated human monocytes from patients with
heart failure revealed higher expression of inflammatory
genes in individuals harboring DNMT3A mutations. In
the general population, the presence of CHDM is as-
sociated with higher waist-to-hip ratio."” There are also
indications for reverse causality, with atherosclerosis-
associated inflammation accelerating clonal hema-
topoiesis in experimental mouse models.’® Using the
exact same sequencing technique and gene panel as in
our study, Andersson-Assarsson et al recently reported
an increase in time in obese individuals, but not in those
who underwent bariatric surgery.'®

Here, we propose that clonal hematopoiesis is an
important driver of inflammation in patients with obesity,
predominantly associated with older age, and of the
subsequent development of metabolic syndrome and
atherosclerosis. We hypothesize that this is mediated
by hyperinflammatory responsiveness of monocyte-
derived macrophages with CHDMs in the arterial wall
and in the adipose tissue, which is also reflected by
hyperresponsiveness in circulating monocytes. To this
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end, we identified a panel of candidate CHDMSs with an
ultrasensitive assay in a cohort of 297 human subjects
with overweight and obesity. We associated CHDMSs to
parameters of metabolic and atherosclerotic complica-
tions, to parameters of systemic inflammation, as well
as to the innate immune cell phenotype and function
and adipose tissue inflammation. Because the regula-
tion of inflammation in relation to metabolic syndrome
is highly sex specific, we performed all analyses strat-
ified by sex.?0 Lastly, we performed a DNMT3A (DNA
methyltransferase 3a)-specific analysis, because this
gene harbored the most CHDMs in our cohort, and it
was shown to play a causal role in driving atheroscle-
rosis in murine models.?!

METHODS

Study Subjects and Clinical
Measurements
This cross-sectional single center cohort study was
part of the Human Functional Genomics Project, a
large scale project including various cohorts designed
to understand the effects of human genetic variation
and diversity of gut microbiome on the immune system
during health and disease. The 300 Obesity cohort is
1 of the cohorts belonging to the Human Functional
Genomics Project, specifically aimed at understanding
the role of inflammation in individuals with obesity. A
cohort of 302 individuals (the 300 Obesity cohort) with
a body mass index >27 kg/m?, between the ages of 54
and 82years, consisting mostly of Western European
ancestry, was recruited in the Radboud University
Medical Center from 2014 to 2016. The research pro-
tocol was approved by the Radboud University Ethical
Committee (nr. 46846.091.13), and all subjects gave
written informed consent. The study protocol was
performed in accordance with the 1975 Declaration of
Helsinki.

For an extensive description of the cohort and mea-
surements, please see ter Horst et al.?°

Lipid-lowering medication was stopped 4weeks
before measurements. Blood samples were drawn be-
tween 8:30 am and 12:00 pm in the morning after an
overnight fast. The blood samples were collected into
EDTA vacutainers, and the following laboratory pro-
cedures took place immediately after collection. Total
blood cell counts were performed in fresh EDTA blood
samples using a Sysmex Hematoanalyzer XE5000.
Plasma samples were stored at —80 °C until further
measurement. Blood glucose, triglycerides, total cho-
lesterol, high-density lipoprotein cholesterol, and low-
density lipoprotein cholesterol were determined by
standard laboratory protocols. Systolic and diastolic
blood pressure were measured after 30 minutes of su-
pine rest.
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Metabolic syndrome was defined according to the
National Cholesterol Education Program ATP Il cri-
teria.?? Participants having at least 3 of the following
characteristics were determined to have metabolic
syndrome:

1. Abdominal obesity: waist circumference
>102cm in men or >88cm in women.

2. Triglycerides: serum triglycerides >150mg/dL
(1.7mmol/L) or treatment with lipid-lowering
drugs.

3. High-density lipoprotein cholesterol:  serum
high-density lipoprotein cholesterol <40mg/dL
(1 mmol/L) in men or <560mg/dL (1.3mmol/L) in
women.

4. Blood pressure: >130/85mmHg or treatment for
hypertension.

5. Fastingplasmaglucose: >100mg/dL (5.6 mmol/L)
or treatment for elevated blood glucose.

Insulin resistance was determined according to the
Homeostasis Model Assessment model.?®

Cardiovascular Measurements

Carotid artery measurements were performed by ul-
trasound, as described previously.?* Carotid intima-
media thickness (IMT) was determined in the proximal
1-cm straight portion of the carotid artery at 90°, 120°,
and 180° angles for 6 heart beats. The presence and
thickness of plagues were assessed in the common
carotid, internal carotid, or external carotid artery or at
the carotid bulbus. A focal thickening of the carotid wall
of at least 1.5x IMT or an IMT >1.5mm was termed
as plague presence. Pulse wave velocity and augmen-
tation index adjusted for heart rate were measured
to assess arterial stiffness by SphygmoCor (ATCOR
Medical) under standard operating protocol.

Adipose Tissue Analysis

Detailed methodology on adipose tissue measure-
ments was previously described.?° Briefly, subcutane-
ous abdominal adipose tissue samples were obtained
by needle biopsies under local anesthesia (biopsy nee-
dle 14gauge, 100 Sterican, B/Braun, Ref: 4665473).
The biopsies were performed 6- to 10-cm lateral to the
umbilicus in the right lower quadrant.

Adipocyte size, presence of macrophages, and
crown-like structures were determined by fluorescent
microscopy (Zeiss Axiphot) using hematoxylin and
eosin in combination with CD68 staining. From 4 mi-
croscopic fields of view, adipocyte cell diameters were
measured and indicated as area and Feret minimal
diameter (the minimal diameter of each cell). Adipose
tissue sections were stained with a CD68-monoclonal
antibody (Serotec; Oxford) to identify macrophages.
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The percentage of macrophages was determined as
the total number of macrophages divided by the total
number of adipocytes from 15 random microscopic
fields of view. A crown-like structure was defined as an
adipocyte surrounded by at least 3 macrophages.?>2°

Additionally, total RNA was isolated from adipose
tissue samples by Trizol (Invitrogen) extraction, fol-
lowed by cDNA library preparation (iScript cDNA syn-
thesis kit; Bio-Rad). mRNA expression levels were
determined by real-time polymerase chain reaction
and normalized to housekeeping gene (RPL37A [ribo-
somal protein L37a]) expression. Primer sequences
can be found in Table SH.

Identification of CHDMs

CHDMs were identified in the whole blood by an ultra-
sensitive assay, as previously described.'®?” In short,
300 single-molecule molecular inversion probes were
designed against a selection of well-known hot spots
of a panel of 24 clonal hematopoiesis driver genes
(Table S2). The DNMT3A gene, which contains the
most driver mutations, was entirely covered.”® We
used the single-molecule molecular inversion probe
panel designed in 2017,%° which was also used in re-
cent studies®?’ (Table S3). For each sample, 2 tech-
nical polymerase chain reaction replicates were run;
thereafter, 2 independent data processing strategies
and a quality control step were performed. Variant al-
lele frequencies were calculated using samtools mpi-
leup®® (Table S4).

All identified CHDMs were validated in publicly
available data sets. For individuals with >1 CHDM, the
CHDM with the highest VAF was included in the anal-
ysis. We divided all identified CHDMs into: low VAF for
CHDMs with a VAF <2% and high VAF for CHDMs with
a VAF >2% in accordance with the current CHIP cutoff.

From the 302 individuals of the cohort, whole blood
samples of 3 individuals could not be obtained, and
the samples from 2 individuals did not pass the quality
control for sequencing. Therefore, 5 individuals were
completely excluded from this study, corresponding to
297 individuals for the final analysis.

Peripheral Blood Mononuclear Cell
Isolation and Ex Vivo Stimulation

Peripheral blood mononuclear cells (PBMCs) were iso-
lated with differential density centrifugation over Ficoll-
Paque (GE Healthcare). PBMCs were then washed 3
times by centrifugation with phosphate saline buffer.
Isolated PBMCs were resuspended in Dutch modi-
fied Roswell Park Memorial Institute 1640 medium
(Invitrogen) supplemented with 50 ug/mL gentamicin
(Centrafarm), 2mmol/L GlutaMAX, and 1 mmol/L pyru-
vate (Life Technologies). There were 0.5x108 cells per
well stimulated for 24 hours in 96-well round-bottom
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plates (Greiner) at 37 °C and 5% CO,. Stimuli used in-
clude Roswell Park Memorial Institute medium as the
negative control, lipopolysaccharide (Sigma-Aldrich,
Escherichia coli serotype 055:B5, further purified
as described®)) at low (1ng/mL) and high concen-
trations (100ng/mL), and Pam3Cys (1 ug/mL) (EMC
Microcollections, L2000). Supernatants were collected
after 24hours and stored at —20 °C until measure-
ments were performed.

Lipopolysaccharide and Pam3Cys are agonists of
TLR4 (toll-like receptor 4) and TLR2 (toll-like receptor
2), respectively. These TLRs are relevant receptors in
the context of atherosclerosis and adipose tissue in-
flammation, because several damage-associated mo-
lecular patterns and pathogen-associated molecular
patterns in these microenvironments stimulate these
receptors.® In addition, these TLR agonists are cho-
sen based on our previous work, in which we showed
that lipopolysaccharide and Pam3Cys stimulation of
PBMCs can accurately identify monocytes with a hy-
perinflammatory (trained) phenotype.®33* We capture
the response of monocytes by measuring monocyte-
specific cytokines that can be released upon 24-hour
stimulation when adaptive immune response cannot
be initiated yet.

Cytokine Measurements

Cytokine concentrations upon stimulation of PBMCs
and in plasma were measured with commercially avail-
able ELISA kits according to instructions supplied
by the manufacturer. For detailed information on the
ELISA kits used, please refer to Table S5.

Proteomic Profiling

The concentrations of 177 inflammatory proteins from
the Olink Cardiovascular Il and Inflammatory panels
were measured using the previously described prox-
imity extension assays technology (Olink Bioscience
AB, Uppsala, Sweden).®® Quality control was ensured
using internal extension control and interplate control.
The data are presented in Normalized Protein eXpres-
sion values, an arbitrary unit on log2 scale.

Statistical Analysis

Distribution of data was assessed with the Shapiro-Wilk
test. Normally distributed data are shown as mean+SD.
If the data did not follow a normal distribution, they are
shown as median and interquartile range. Each group
(all CHDM, high VAF, and low VAF) was independently
compared with the subjects without CHDM (no-CHDM
group) with the Student t test or Mann-Whitney U test
when appropriate. Spearman correlation was used to
determine the association between VAF and various
clinical and immunological parameters. The same sta-
tistical methodology was applied for the sex-specific
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analyses. P<0.05 is considered statistically significant
and is indicated with an asterisk in tables. All statisti-
cal analyses were performed in R version 4.1.1 (R Core
Team). Part of the data is publicly available on the web-
site of Human Functional Genomics Project (blbmri.nl),
and the rest is available upon reasonable request to
the Human Functional Genomics Project committee.

RESULTS

The study population included 297 individuals with
a median age of 67years (interquartile 1 and 3,
63-71years) and body mass index of 30kg/m? (28—
32kg/m?). Men represented 55% of the cohort. Fifty-
four percent of the cohort met the National Cholesterol
Education Program Adult Treatment Panel Il criteria
of metabolic syndrome, and approximately half of the
participants had carotid atherosclerotic plaques as
measured by ultrasound. Hypertension was diagnosed
in 60% of the study population, whereas diabetes was
present in 12%. Median total cholesterol concentration
was 6.3mmol/L and triglyceride concentration was
1.61 mmol/L. Twenty-seven percent of the cohort used
lipid-lowering drugs. Detailed baseline characteristics
of the study population are presented in Table 1.

CHDM Prevalence and Characteristics
One hundred ten candidate CHDMs were identified in
85 individuals; 62 individuals (21% of the cohort) car-
ried a single CHDM, and 23 individuals (8%) had >1
CHDM (Figure [A]). The VAF of all CHDMs ranged from
0.01% to 34.5%, with a mean of 3.3% and median of
1.1%.

In 33 individuals, we identified CHIP (ie, CHDM with
a VAF >2%), and 52 individuals had CHDMs with VAF
<2%. We identified CHDMs in 11 individual genes.
Mutations in DNMT3A (73%) and TET2 (7%) genes
were the most common in the entire cohort (Figure [A]).
Additionally, DNMT3A mutations were the most com-
mon across all age groups (Figure [B]).

Relationship Between CHDM and Clinical
Characteristics

We did not observe statistically significant differences
in baseline characteristics between subjects with and
without CHDMSs, apart from the finding that individu-
als with CHDMs with VAF <2% presented with higher
heart rate (Table 2). Although there was no significant
association between sex and presence of CHDMSs, we
observed a trend toward more women in the all-CHDM
group (P=0.054). Sex-specific analysis revealed that
men with CHIP were significantly older than those with-
out CHDMs, and men with CHDMs with VAF <2% had
a significantly higher heart rate (Table S6). In women,
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Table 1. Baseline Characteristics of the Study Cohort
(n=297)
Median (IQR1-IQR3)
Parameter or %
Clinical data
Sex, men, % 55%
Age, y 67 (63-71)
BMI, kg/m? 30 (28-32)
Waist-to-hip ratio 1(0.9-1)
Systolic blood pressure, mmHg 130 (119-139)
Diastolic blood pressure, mmHg 80 (74-86)
Heart rate, bpm 61 (65-67)
Hypertension, % 60%
Plaque presence, % 53%
Diabetes, % 12%
Metabolic syndrome, NCEP ATP I 54%
criteria, %
Pack-years 16.1 (8.5-31)
Laboratory data
Creatinine, umol/L 80 (67-91)
Glucose, mmol/L 5.4 (5-6)
Urate, mmol/L 0.4 (0.3-0.4)
Total cholesterol, mmol/L 6.3 (56.6-7)
Triglycerides, mmol/L 1.6 (1.3-2.1)
HDL cholesterol, mmol/L 1.3 (1.1-1.5)
Non-HDL cholesterol, mmol/L 4.9 (4.2-5.7)
LDL cholesterol, mmol/L 4.1 (8.5-4.7)
Concomitant medication
Antihypertensive drugs, % 45%
Antidiabetic drugs, % 9%
Lipid lowering drugs, % 27%

Data are shown as median (IQR1-IQR3) and percentage where
appropriate. BMI indicates body mass index; HDL, high-density lipoprotein;
IQR, interquartile range; LDL, low-density lipoprotein cholesterol; and NCEP
ATP Ill, National Cholesterol Education Program Adult Treatment Panel Ill.

there were no differences in baseline characteristics in
any of the groups (Table S7). We did not observe a
correlation between presence or size of the clones and
any of the other baseline parameters. When restrict-
ing the analyses only to CDHMs in DNMT3A, we ob-
served significantly more women among the carriers of
CHDM s in this gene (data not shown).

Association of CHDM With Parameters of
Metabolic Dysregulation

We investigated the association between presence of
CHDMs and presence of metabolic syndrome and its
individual components, and parameters related to in-
sulin resistance and diabetes type 2. We did not ob-
serve a higher prevalence of metabolic syndrome, its
individual components, or diabetes in individuals with
clonal hematopoiesis (Table 3).
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Figure. Characterization of candidate CHDMs identified in
our study.

A, Pie chart indicating number of individuals without CHDMs,
with a single mutation, double mutations, and triple mutations.
Top rings indicate genes affected from the mutations. For >1
mutation, carrying individuals second and third mutations are
displayed as multiple rings on top of each other. B, Percentage
of individuals with CHDMs per age category and gene affected.
Age range of the entire cohort is depicted, and n refers to total
number of individuals in that age category. CHDM indicates
clonal hematopoiesis driver mutation.

Association Between Adipose Tissue
Inflammation and Presence of CHDMs
Adipose tissue is an important site for generation of
various cytokines and adipokines and is strongly as-
sociated with the development of cardiometabolic
complications of obesity. Therefore, we characterized
adipose tissue biopsies by immunohistochemistry and
quantitative polymerase chain reaction and explored
whether adipose tissue inflammation is more severe in
individuals with CHDMs.

Although we did not identify a higher number of
CD68* macrophages by immunohistochemistry, we
observed significantly higher expression of CD68,
adiponectin, and tumor necrosis factor in individuals
with CHDMs with VAF <2% measured with quantitative
polymerase chain reaction (Table S8).

Relationship Between CHDM and
Parameters of Atherosclerosis

To explore whether the presence of CHDM corre-
lates with the presence of atherosclerosis in subjects
with obesity, we investigated IMT and carotid plaque
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presence and characteristics in relation to CHDM. We
found that the presence of carotid plaques was lower
in individuals with any CHDM and CHDMs with VAF
<2% compared with individuals without CHDMs. The
same results were obtained for only the CHDMSs in
the DNMT3A gene (data not shown). Individuals with
CHIP mutations had a significantly higher augmenta-
tion index, suggestive of an increased systemic arterial
stiffness (Table 4).

Leukocyte Number and Function and
Presence of CHDMs

The absolute number of leukocytes and thrombo-
cytes was measured in whole blood. We identified a
significantly higher number of total leukocytes, and
specifically neutrophils, in individuals with CHDMSs and
in CHIP carriers. DNMT3A CHDM carriers also had
significantly higher number of total leukocytes (data
not shown). There were no differences in monocyte
or lymphocyte counts (Table 5). Sex-specific analy-
sis revealed men with CHIP had significantly higher
neutrophil-to-lymphocyte ratio (Table S9). In contrast,
there was no difference in any leukocyte count in
women (Table S10).

Ex vivo cytokine production capacity of PBMCs can
be used as a measure of inflammatory responsive-
ness, and this has been shown to be higher in patients
with established coronary heart disease.®® Therefore,
we characterized proinflammatory cytokine production
capacity of PBMCs upon stimulation with Pam3Cys
and lipopolysaccharide at different concentrations.
Interestingly, we observed significantly lower produc-
tion of IL-18 upon Pam3Cys stimulation in individuals
with all CHDMs and CHDMs with VAF <2. Likewise,
stimulation with lipopolysaccharide (both concentra-
tions) led to significantly lower production of IL-6 in
individuals with CHDMs, and CHIP carriers had sig-
nificantly lower IL-6 upon stimulation with high concen-
tration of lipopolysaccharide. Lastly, stimulation with
Pam3Cys resulted in significantly less IL-6 production
in all groups compared with individuals without any
CHDMs (Table 6). Interestingly, the lower production of
these cytokines in individuals with CHDMs was solely
seen in women and not in men (Tables S11 and S12).
When restricting the analyses to CHDMs in DNMT3A,
we observed similarly lower ex vivo cytokine produc-
tion capacity seen in the entire cohort (data not shown).

Relationship Between CHDMs and
Circulating Cytokines and Adipokines

To determine the association between systemic inflam-
mation and presence of CHDMs, we measured a selec-
tion of circulating cytokines and adipokines in plasma.
We observed significantly higher concentrations of
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Table 2. Baseline Characteristics According to CHDM Status

Clonal Hematopoiesis and Obesity

Correlation with
Characteristic No CHDM (n=212) All CHDM (n=85) High VAF (n=33) Low VAF (n=52) VAF
Age, y 66 (63-70) 68 (63-72) 67 (63-74) 68 (63-71) 0.1
Sex, men, % 58 46 45 46
Weight, kg 88 (82-97) 89 (81-99) 89 (80-98) 87 (82-99) -0.1
Height, cm 172 (165-178) 171 (164-176) 172 (164-176) 171 (164-177) -041
BMI, kg/m? 30 (28-32) 30 (28-32) 30 (28-32) 30 (28-32) 0
Creatinine, umol/L 81 (67-92) 77 (68-89) 76 (70-88) 78 (67-89) -0.2
Glucose, mmol/L 5.4 (5-6) 5.4 (5-6) 5 (5-6) 5.4 (5-6) 0.004
Total cholesterol, mmol/L 6 (6-7) 6 (5-7) 6 (5-7) 6 (6-7) -01
Triglycerides, mmol/L 1.6 (1.3-2.2) 1.5 (1.3-2) 1.5 (1.3-2) 1.5(1.3-2) -0.023
Heart rate, bpm 61 (55-67) 64 (58-71) 62 (59-67) 66 (57-73) * -0.2
Antihypertensives, % 47 40 52 33
Lipid lowering drugs, % 28 25 18 29
Antidiabetic drugs, % 9 7 6 8

All data are given as median (interquartile ranges 1-3) unless indicated otherwise. BMI indicates body mass index; CHDM, clonal hematopoiesis driver

mutation; and VAF, variant allele frequency.

*Indicates P<0.05 compared with the no-CHDM group. Correlation is indicated with Spearman correlation coefficient.

circulating IL-6 in individuals with CHIP. We identified
a trend toward higher circulating IL-18 concentration
in individuals with CHDMs with VAF <2%, although
this did not reach statistical significance (P=0.053).
We did not observe statistically significant differences
in high-sensitivity C-reactive protein concentrations.
Additionally, individuals with CHDMs with VAF <2%
had significantly higher concentrations of resistin in cir-
culation (Table 7). We did not observe associations for
any other circulating marker. There was no sex-specific
association between circulating markers and the pres-
ence of CHDMs (Tables S13 and S14).

To further investigate the association between cir-
culating proteins and CHDM status, we performed
a targeted proteomics approach with Olink panels
Cardiovascular Il and Inflammation. Table S15 shows
the list of proteins that were significantly different in

individuals with CHDMs. However, significance was
lost after correction for multiple testing. Figure S
shows volcano plots indicating all proteins that were
significantly higher or lower in the participants with
CHDMs.

DISCUSSION

In this cross-sectional study of older individuals with
overweight or obesity, we investigated the presence
of clonal hematopoiesis driver mutations in relation to
a wide range of clinical and immunological parame-
ters. We hypothesized that the presence of CHDMs
predisposes to the development of metabolic syn-
drome and atherosclerosis and that this is mediated
by immune cell activation and systemic inflammation.

Table 3. Parameters of Metabolic Dysregulation (Metabolic Syndrome and Diabetes) According to CHDM Status

Correlation
Parameter No CHDM (n=212) All CHDM (n=85) High VAF (n=33) Low VAF (n=52) with VAF
Diabetes, % 14 9 9 10
Metabolic syndrome, % 55 52 55 50
Liver fat, mg/cm?® 0.058 (0.024-0.12) 0.062 (0.029-0.16) 0.059 (0.034-0.14) 0.066 (0.017-0.17) -0.01
Waist circumference, cm 106 (100-110) 105 (100-112) 106 (100-110) 104 (100-113) -0.09
Hip circumference, cm 110 (106-114) 111 (107-114) 109 (106-114) 111 (109-114) -0.09
HDL cholesterol, mmol/L 1.27 (1.1-1.51) 1.32 (1.14-1.51) 1.32 (1.11-1.51) 1.33 (1.14-1.52) 0.02
LDL cholesterol, mmol/L 415 (3.57-4.72) 4.06 (3.29-4.64) 4.04 (3.18-4.58) 4.07 (3.36-4.81) -0.07
Systolic blood pressure, mmHg 129 (118-138) 130 (123-140) 129 (123-140) 131 (123-140) -0.05
Diastolic blood pressure, mmHg 80 (74-85) 80 (72-87) 76 (72-87) 80 (72-87) -0.08
HOMA-IR 7 (@4-11) 7 (4-16) 5 (4-12) 8 (4-16) -0.13

All data are given as median (interquartile ranges 1-3) unless indicated otherwise. CHDM indicates clonal hematopoiesis driver mutation; HDL, high-density
lipoprotein; HOMA-IR, Homeostatic Model Assessment of Insulin Resistance; LDL, low-density lipoprotein; and VAF, variant allele frequency.
*Indicates P<0.05 compared with the no-CHDM group. Correlation is indicated with Spearman correlation coefficient.
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Table 4.
Participants
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cIMT and Parameters of Carotid Plaques and Measures of Arterial Stiffness According to CHDM Status of the

Correlation
Parameter No CHDM (n=212) All CHDM (n=85) High VAF (n=33) Low VAF (n=52) with VAF
cIMT, um 791 (703-884) 753 (691-859) 815 (713-882) 745 (692-832) 0.11
Carotid plaque presence, % 59 38* 48 31*
No. of plaques 1(1-2) 1(1-2) 2(1-2) 1(1-2) 0.16
Maximum plague thickness, mm 2.2(1.8-2.8) 2.65(1.98-3.2) 2.75(2-3.2) 2.65 (1.87-2.97) 0.17
Maximum stenosis, % 0.29 (0.23-0.39) 0.3 (0.25-0.39) 0.37 (0.27-0.4) 0.29 (0.22-0.34) 0.25
PWV, m/s 9.2 (8.4-10.7) 9.4 (8.1-10.4) 9.9 (8.2-10.4) 9.3 (8.1-10.9) -0.03
Augmentation index, % 25.7 (20.5-30.3) 27.5(21.6-33.3) 29.9 (24.6-34.8)* 25.3 (19-32.1) 0.31
History of CVD, % 16 14 15 13

All data are given as median (interquartile ranges 1-3) unless indicated otherwise. CHDM indicates clonal hematopoiesis driver mutation; cIMT, carotid

intima-media thickness; CVD, cardiovascular disease; PWV, pulse wave velocity; and VAF, variant allele frequency.
*Indicates P<0.05 compared with the no-CHDM group. Correlation is indicated with Spearman correlation coefficient.

Approximately 28% of the individuals had a CHDM.
We showed that individuals with CHDMs had higher
numbers of leukocytes and neutrophils and a higher
circulating IL-6 concentration. In contrast, the ex vivo
cytokine production capacity of PBMCs from indi-
viduals with CHDMs appeared to be lower compared
with those without. On a clinical level, the presence of
CHDMs of CHIP was not associated with the presence
of metabolic syndrome or atherosclerosis. Rather, the
presence of carotid plagues was significantly lower in
individuals with CHDMs. Lastly, we identified that sev-
eral of the associations with CHDMs were sex specific.

Acquisition of somatic mutations is a hallmark of
aging, and obesity is known to accelerate the pace of
aging.%® Systemic inflammation and activation of the
immune system drives the development of metabolic
and atherosclerotic complications in obesity.” Thus,
clonal hematopoiesis may be pivotal in the association
between obesity and atherosclerotic cardiovascular
disease in aging individuals.

Several epidemiological studies identified the most
common clonal hematopoiesis driver mutations to

be in DNMT3A and TET2 genes.'®'® Although a VAF
>2% has been used traditionally to distinguish CHIP,
recent advances in sequencing methodologies with
superior sequencing depth have revealed that smaller
clone sizes can also be associated with cardiovascu-
lar disease.” Recent work by Assmus et al argued for
mutation-specific cutoff values, 1.15% for DNMT3A and
0.73% for TET2, to predict all-cause mortality in pa-
tients with heart failure.'* Given the relevance of clones
with smaller sizes, we included them in our analysis.

We observed a trend toward more women hav-
ing CHDMs in this population. This finding prompted
us to perform a sex-specific analysis. Men with CHIP
were significantly older than those without CHDMs.
However, women with or without CHIP were the same
age. Because women on average live longer than
men, the clone growth might be delayed. Additionally,
it has been shown that men generally have shorter
telomere lengths, a trait associated with clonal
hematopoiesis.?®2°

We hypothesized that in individuals with overweight
and obesity, CHDMs would predispose to metabolic

Table 5. Leukocyte Numbers and Differentiation, and Thrombocyte Numbers Separated According to CHDM Status of the

Participants

Correlation with

Variable No CHDM (n=212) All CHDM (n=85) High VAF (n=33) Low VAF (n=52) VAF

Leukocytes 10%/L 5.7 (5-6.6) 6.1 (5.3-7.4)" 6.2 (5.5-7.6)" 5.9 (5.3-7.4) 0.15

Neutrophils 10%/L 3.2 (2.6-3.7) 3.4 (2.7-4.4) 3.6 (2.9-4.5)* 3.2 (2.7-4.3) 0.13
Lymphocytes 10%/L 1.8 (1.5-2.2) 1.9 (1.6-2.3) 1.9 (1.6-2.2) 1.9 (1.6-2.3) 0.1

Monocytes 10%/L 0.5 (0.4-0.6) 0.5 (0.4-0.6) 0.5 (0.4-0.6) 0.5 (0.4-0.6) 0.1

Eosinophils 10%/L 0.16 (0.09-0.21) 0.15 (0.1-0.29) 0.13 (0.09-0.29) 0.16 (0.11-0.22) 0.002

Basophils 10%/L 0.03 (0.02-0.04) 0.03 (0.02-0.04) 0.03 (0.02-0.05) 0.03 (0.02-0.04) -0.03
Thrombocytes 10%/L 225 (194-262) 231 (196-266) 226 (203-281) 231 (196-264) 0.18

NLR 1.72 (1.31-2.18) 1.8 (1.41-2.25) 1.81 (1.5-2.42) 1.78 (1.32-2.08) 0.021

All data are given as median (interquartile ranges 1-3). CHDM indicates clonal hematopoiesis driver mutation; NLR, neutrophil-to-lymphocyte ratio; and VAF,

variant allele frequency.

*Indicates P<0.05 compared with the no-CHDM group. Correlation is indicated with Spearman correlation coefficient.
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Table 6. Ex Vivo Cytokine Production Capacity of Peripheral Blood Mononuclear Cells Separated According to CHDM

Status of the Participants

Variable

No CHDM (n=212)

All CHDM (n=85)

Lipopolysaccharide (1 ng/mL) IL-18 (pg/mL)

1075 (599-1936)

998 (564-1710)

Lipopolysaccharide (100 ng/mL) IL-18 (pg/mL)

2476 (1544-3713)

2210 (1245-3375)

Pam3Cys (1 pg/mL) IL-1B (pg/mL)

280 (111-640)

174 (77-474)

Lipopolysaccharide (1 ng/mL) IL-6 (pg/mL)

5750 (3278-8968)

4850 (2969-6547)°

Lipopolysaccharide (100 ng/mL) IL-6 (pg/mL)

8322 (5206-12536)

7167 (4279-10797)*

Pam3Cys (1 pg/mL) IL-6 (pg/mL)

3975 (1759-6545)

2010 (1021-4548) *

Correlation
High VAF (n=33) Low VAF (n=52) with VAF
1036 (564-2013) 905 (561-1399) 0.05
2703 (1280-3274) 1823 (1240-3396) 0.01
163 (53-569) 180 (82-424)* -0.004
4464 (2989-6547) | 5318 (2963-6449) | -0.06
6062 (3606-9402)* | 7410 (4611-11114) | -0.09
2010 (811-4548)* 2034 (1364-4627)* | -0.05

All data are given as median (interquartile ranges 1-3). CHDM indicates clonal hematopoiesis driver mutation; IL, interleukin; and VAF, variant allele frequency.

*Indicates P<0.05 compared with the no-CHDM group. Correlation is indicated with Spearman correlation coefficient.

syndrome and to atherosclerosis due to increased
monocytes responsiveness and increased systemic
inflammation. We observed higher leukocyte and neu-
trophil numbers in individuals with CHDMs, in partic-
ular when the VAF was >2% (ie, in the presence of
CHIP). In addition, the circulating IL.-6 concentration
was higher in individuals with CHIP, confirming previ-
ous findings.*® A previous genetic study showed that
the increased CVD risk associated with CHIP is abro-
gated in individuals with a genetically determined re-
duced IL-6 signaling,*' although this was not confirmed
in a larger study.?® In contrast to the higher circulat-
ing IL-6, we did not find a higher cytokine production
capacity in PBMCs of individuals with CHDMs; rather,
we observed a lower production capacity for IL.-6 and
IL-18 in women with CHDMs. This contrasts the ex-
perimental finding that TET2-deficient mouse macro-
phages had increased cytokine production capacity.'®
Furthermore, single-cell RNA sequencing of unstim-
ulated human monocytes from patients with heart
failure revealed increased expression of inflammatory
genes in individuals harboring DNMT3A mutations.®’
These discrepant findings might indicate a differen-
tial effect of CHDMs on the inflammatory phenotype

of monocytes versus macrophages or on baseline in-
flammatory gene expression versus protein production
upon stimulation. A comparable differential inflamma-
tory phenotype was observed between monocytes
and macrophages of patients with primary aldoste-
ronism, with a higher stimulated cytokine response in
macrophages but not in monocytes.?* One potential
explanation is that the circulating PBMCs might have
developed tolerance by the continuous exposure to
higher concentrations of cytokines, thus impairing the
ex vivo cytokine production capacity upon stimulation.
Interestingly, the lower cytokine production capacity
in the presence of CHDMs is exclusively observed in
women in the sex-stratified analysis.

In contrast to our hypothesis, we did not observe
more atherosclerosis in individuals with CHDMSs, as
assessed with carotid ultrasound measuring to IMT
and atherosclerotic plaques. Surprisingly, the pres-
ence of carotid plaques was even significantly lower
in these individuals. Of note, the effect of CHDMs or
CHIP on nonsymptomatic atherosclerotic plaques has
never been studied before. Various studies showed
a strong association of CHIP with the occurrence of
cardiovascular events, which are mostly triggered by

Table 7. Circulating Cytokine and Adipokine Concentrations Separated According to CHDM Status of the Participants

Correlation with

Variable No CHDM (n=212) All CHDM (n=85) High VAF (n=33) Low VAF (n=52) VAF
IL-6, pg/mL 2.4 (1.7-3.4) 2.6 (1.7-4.1) 2.9 (1.9-4.4)* 2.4 (1.6-3.4) 0.18
IL-1B, pg/mL 0.06 (0.06-0.11) 0.06 (0.06-0.12) 0.06 (0.06-0.13) 0.07 (0.06-0.11) -0.048
IL-18, pg/mL 304 (227-490) 288 (216-484) 320 (221-455) 285 (210-505) 0.024
IL-18bp, ng/mL 17.2 (14.1-21) 16.1 (13.3-19.2) 16 (13-17.8) 16.2 (14.1-20) -0.14
hsCRP, pg/mL 1.9 (0.9-3.9) 2 (1.2-8.3) 1.9 (0.9-3.9) 2 (1.4-38.3) 0.083
AAT, mg/mL 0.9 (0.6-1.7) 0.9 (0.6-1.4) 0.9 (0.6-1.4) 0.9 (0.6-1.4) 0.019
Resistin, ng/mL 10.6 (8.2-13.5) 11.5 (9.2-15) 11.6 (8.7-13.1) 11.4 (9.5-16.2)* -0.095
Leptin, ng/mL 15.8 (9.7-29.5) 18.1 (11.1-35.5) 17.2 (9.3-25.5) 19.1 (11.6-36.6) -0.028
Adiponectin, pg/mL 4.3 (2.8-6) 4.3 (31-5.7) 4.3(3.4-5.2) 4.3 (31-6.4) 0.15

All data are given as median (interquartile ranges 1-3).

P=0.053.

J Am Heart Assoc. 2024;13:e031665. DOI: 10.1161/JAHA.123.031665

AAT indicates a-1 antitrypsin; CHDM, clonal hematopoiesis driver mutation; hsCRP, high sensitivity
C-reactive protein; IL, interleukin; IL-18bp, IL-18 binding protein; and VAF, variant allele frequency.
*Indicates P<0.05 compared with the no-CHDM group. Correlation is indicated with Spearman correlation coefficient.
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destabilization of atherosclerotic plaques and subse-
quent thrombus formation.'®'* Thus, our data suggest
that clonal hematopoiesis does not facilitate the initial
development of atherosclerotic plaques, but rather the
destabilization of these plaques. In line with this, ath-
erosclerotic plague development starts as early as in
the second or third decade of life, whereas clonal he-
matopoiesis is primarily seen in individuals >55years
of age.®"

Finally, there was no association between CHDMs
or CHIP and markers of metabolic complications of
obesity, including metabolic syndrome and its indi-
vidual components, liver fat, and insulin resistance.
Similarly, we did not observe increased adipose tissue
inflammation in individuals with CHDMs or CHIP.

DNMT3A mutations are unequivocally the most
common drivers of clonal hematopoiesis identified in
several cohorts including ours. Recently, mechanis-
tic studies in mice identified DNMT3A mutations to
be causally linked to atherosclerosis.?! Therefore, we
also performed all analyses restricted to the CHDMs
in DNMT3A. We recapitulated the majority of our find-
ings from the main cohort, with an even stronger lower
ex vivo cytokine production capacity, as well as lower
carotid plaque presence. There were significantly more
women among DNMTS3A carriers, as previously ob-
served.*? Absolute number of leukocytes was signifi-
cantly higher in DNMT3A carriers.

A limitation of our study is the limited sample size
of our cohort. This prevented us from studying the ef-
fects of individual genes harboring clonal hematopoie-
sis driver mutations. A second potential limitation is the
sequencing approach used in identification of CHDMs.
Although the use of single-molecule molecular inver-
sion probes allowed for ultrasensitive detection of small
clones, the probes were designed against the majority
of well-known clonal hematopoiesis hotspots, except
for DNMT3A, which was covered entirely. Thus, we
cannot exclude the possibility that unknown drivers may
be located outside the targets included in our assay.
Furthermore, our cohort mainly consists of individuals
with Western European origin. Therefore, our findings
might not be generalized to diverse ethnic backgrounds.

A significant advantage of our study is that we
performed extensive phenotyping of metabolic and
atherosclerotic clinical parameters, as well as inflam-
matory and immune parameters. To the best of our
knowledge, this study is the first to explore the as-
sociation between CHDMs and the presence of non-
symptomatic atherosclerotic plaques and immune cell
function in individuals with overweight or obesity. In
addition, the use of single-molecule molecular inver-
sion probes allowed us to identify CHDMs with a low
variant allele frequency.

In conclusion, we showed that in individuals with
overweight or obesity, the presence of CHDMs is

J Am Heart Assoc. 2024;13:e031665. DOI: 10.1161/JAHA.123.031665
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associated with higher circulating leukocyte and neu-
trophil numbers, and higher IL-6 concentration, yet
with an impaired cytokine production capacity of iso-
lated PBMCs in women. Because multiple factors are
analyzed in each section, we cannot entirely eliminate
potential false-positive findings. Therefore, our findings
need to be validated in independent cohorts, preferen-
tially with increased cohort size. Additionally, studies
combining the differential assessment of monocyte and
macrophage phenotypes, at both unstimulated and
stimulated states, are needed to understand our ob-
servation of lower PBMC-cytokine production capacity
in CHDM carriers. Furthermore, we found no associa-
tion between CHDMs and the presence of metabolic
syndrome or carotid atherosclerotic plaques, support-
ing the concept that clonal hematopoiesis does not af-
fect atherosclerosis formation per se, but might trigger
plague destabilization and the subsequent occurrence
of cardiovascular events.
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