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Summary eBioMedicine

Background Haematopoietic clones caused by somatic mutations with >2% variant allele frequency (VAF) increase 2023;92: 104621

with age and are linked to risk of haematological malignancies and cardiovascular disease. Recent observations PUPlished Online xxx

suggest that smaller clones (VAF<2%) are also associated with adverse outcomes. Our aims were to determine the https://doi org/10.
. . . . e e e . . . 1016/j.ebiom.2023.

prevalence of clonal haematopoiesis driven by clones of variable sizes in individuals with obesity treated by usual care | 4621

or bariatric surgery (a treatment that improves metabolic status), and to examine the expansion of clones in relation to

age and metabolic dysregulation over up to 20 years.

Methods Clonal haematopoiesis-driver mutations (CHDMs) were identified in blood samples from participants of the
Swedish Obese Subjects intervention study. Using an ultrasensitive assay, we analysed single-timepoint samples
from 1050 individuals treated by usual care and 841 individuals who had undergone bariatric surgery, and
multiple-timepoint samples taken over 20 years from a subset (n = 40) of the individuals treated by usual care.

Findings In this explorative study, prevalence of CHDMs was similar in the single-timepoint usual care and bariatric
surgery groups (20.6% and 22.5%, respectively, P = 0.330), with VAF ranging from 0.01% to 31.15%. Clone sizes
increased with age in individuals with obesity, but not in those who underwent bariatric surgery. In the multiple-
timepoint analysis, VAF increased by on average 7% (range —4% to 24%) per year and rate of clone growth was
negatively associated with HDL-cholesterol (R = —0.68, 1.74 E~%%).

Interpretation Low HDL-C was associated with growth of haematopoietic clones in individuals with obesity treated by
usual care.
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Research in context

Evidence before this study

Haematopoietic clones caused by somatic mutations with
increase with age and are linked to risk of haematological
malignancies and cardiovascular disease. Prevalence of clonal
haematopoiesis is higher in individuals with obesity. Obesity is
associated with metabolic dysregulation, which can be
reduced by bariatric surgery.

Added value of this study

We examined clone size in individuals with obesity treated by
usual care or bariatric surgery and evaluated clone growth
over time.

Introduction
Clonal haematopoiesis-driver mutations (CHDMs) are
somatic mutations that occur in haematopoietic stem
cells (HSC) in the bone marrow and lead to clones
detectable in peripheral blood cells."”>? CHDMs have
been described in several genes, with DNMT3A, TET2,
ASXL1, and JAK2 amongst the most frequently
mutated."” Genomic instability, including the accumu-
lation of somatic mutations, is a hallmark of aging® and
the prevalence of CHDMs increases with age.” Some
studies suggest that clonal haematopoiesis may also be
influenced by environmental stressors such as inflam-
mation,' and that cellular stressors may promote the
expansion of mutant clones.®

Individuals with clonal haematopoiesis have
increased risk of haematological cancers, but many
CHDM carriers present without haematological dis-
eases.”” When the variant allele frequency (VAF) of
CHDMs in peripheral blood is >2% in the absence of
haematological malignancy, the state is called clonal
haematopoiesis of indeterminate potential (CHIP).°
More recently, the presence of clonal haematopoiesis
has been associated with increased all-cause mortality
and risk of several non-haematological diseases,
including myocardial infarction, heart failure and type 2
diabetes**”* and mechanistic studies in mice suggest
that the relationship is causal*'® In individuals with
clonal haematopoiesis, clone size appears to correlate to
risk of disease® with higher risk of both cardiovascular
events and haematological malignancies in those with

We showed that clone size increases with age in individuals
with obesity given usual care but not after bariatric surgery.
Furthermore, clone growth was associated with low HDL-C in
multiple-timepoint samples over 20 years.

Implications of all the available evidence

These results suggest that treatments improving metabolism
may reduce age-related clone growth and thereby
cardiovascular risk.

clones with VAF >10% compared to those with smaller
clones.* However, a recent study identified a lower VAF
threshold that is associated with worse outcome in pa-
tients with heart failure."

The risk of cardiometabolic diseases increases with
age,”” an association that may be strengthened by
obesity. Obesity and aging share many molecular and
cellular changes and studies have shown that obesity
reduces life expectancy by 5-20 years.”"'® Recent work
suggests that CHDM prevalence in otherwise healthy
older women is higher in those with obesity compared
to those with normal body weight,”” supporting the idea
that obesity accelerates the age-related increase in clonal
haematopoiesis. The mechanisms that link increased
prevalence of CHDMs to obesity are unknown, but
inflammation and metabolic abnormalities (e.g., dysli-
pidaemia and glucose dysregulation) that are associated
with obesity could play a role. Furthermore, the drivers
of clonal outgrowth over time are largely unknown, and
novel, potentially environmental, triggers may be
involved. Although most clones appear to be stable over
time in healthy individuals," growth of individual clones
has not been investigated in individuals with obesity.

It is largely unknown how clonal haematopoiesis is
affected by factors other than age and if the somatic
mutations can be influenced by interventions. Here we
used an ultrasensitive assay to analyse clonal haemato-
poiesis in blood samples from well-characterized in-
dividuals with obesity treated by usual care or bariatric
surgery in the Swedish Obese Subjects (SOS) study. The
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aims of this explorative study were to analyse haema-
topoietic clones of variable sizes, and to examine the
expansion of clones over time in relation to age and
metabolic dysregulation in individuals with obesity.

Methods

Subjects and samples

In this study, we used blood samples and data on clin-
ical characteristics from the Swedish Obese Subjects
(SOS) study. The SOS study was designed to compare
long-term effects of usual care and bariatric surgery in
patients with obesity, recruited between 1987 and 2001,
as previously described.” Inclusion criteria were age
between 37 and 60 years and body-mass index (BMI) of
>34 for men and >38 for women. Exclusion criteria
were identical in the usual care and surgery groups and
designed to exclude patients not suitable for surgery.
Individuals in the usual care group were given con-
ventional non-surgical obesity care, and individuals in
the surgery group underwent bariatric surgery, with
follow-up visits at 480 primary health care centres (usual
care group) or at 25 surgery clinics (surgery group) at
baseline (0), 0.5, 1, 2, 3, 4, 6, 8, 10, 15, and 20 years in
both groups.

In the present study, clonal haematopoiesis was
studied at a single timepoint during follow-up from
1050 individuals treated by conventional non-surgical
obesity care (single-timepoint usual care group) and
841 individuals who had undergone bariatric surgery
(single-timepoint bariatric surgery group) at least one
year prior to blood sampling. DNA was extracted using
the AGOWA mag kit (LGC Group, Teddington, Mid-
dlesex, UK). In addition, DNA was extracted from blood
samples obtained from up to 5 timepoints over 20 years
in 40 individuals (multiple-timepoint usual care group)
using the DNeasy 96 Blood & Tissue kit (Qiagen, Hil-
den, Germany). These individuals were a subgroup of
the single-timepoint usual care group in whom CHDMs
had been detected and where repeated blood samples
and information on metabolic parameters were avail-
able. In the resulting multiple-timepoint usual care
group, 180 blood samples taken at baseline and at the 2-,
10-, 15-, and/or 20-year examinations (n = 40, 38, 40, 38,
and 24, respectively) were available for DNA extraction.

CHDM detection

CHDMs were analysed by an ultrasensitive assay using
single-molecule molecular inversion probe (smMIP)
sequencing, as previously described” (Supplemental
Figure S1). Briefly, smMIP sequencing of the entire
DNMT3A gene as well as previously established CH-
related hotspots in 23 additional genes was performed
with two PCR and sequencing replicates for each DNA
sample followed by two independent data-processing
strategies and a targeted quality control to ensure
high-quality. The average coverage for each of two
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technical replicates per sample was 2840x and 3891x for
the single- and multiple-timepoint groups, respectively
(see Supplemental Methods and Supplemental Table S1
for further details).

CHDM definitions and classifications

In the single-timepoint groups, CHDMs were classi-
fied as small (VAF <2%) and large (>2%) clones, as 2%
is the cut-off commonly used to define CHIP.® In the
multiple-timepoint usual care group, CHDMs were
classified based on their evolvement during follow-up.
CHDMs present in at least three timepoints in an in-
dividual were classified as traceable trajectories,
whereas CHDMs only observed at one or two time-
points were classified as events. Traceable trajectories
were then further subclassified based on clone dy-
namics: 1) growing trajectories—where the absolute
VAF of CHDMs at the final timepoint was at least 0.5%
higher than at the first timepoint, 2) shrinking trajec-
tories—where the VAF of CHDMs at the final time-
point was at least 0.5% lower than at the first
timepoint, and 3) static trajectories—where the VAF of
CHDMs at the final and first timepoints differed by
less than 0.5%. As our trajectory definition requires
CHDMs to be present at three or more timepoints, we
annotated events with a VAF >2% at the final time-
point as ‘late-appearing clones’, as the abrupt appear-
ance of a CHDM with such a high VAF likely suggests
a fast-growing clone and therefore has the potential to
be a growing trajectory.

Statistical analyses

In the single-timepoint usual care and bariatric surgery
groups, age differences were assessed using Wilcoxon-
rank sum tests. Logistic regression models were used
to determine the impact of age on CHDM prevalence,
and a linear regression model was used for the effect of
age on CHDM size (with log transformed VAF), for
individuals with multiple clones, the clone with the
largest VAF was used in this analysis.

The multiple-timepoint usual care group enabled us
to determine the effect of age on clone growth, as
dependent measurements allowed for tracing of a single
clone over time. To this end, we first selected a single
CHDM trajectory per individual. We hypothesized that
trajectories with higher VAFs are more important than
trajectories with lower VAFs, since literature indicates
that clone size correlates to the risk of disease.® The
trajectory with the highest VAF at any timepoint was
identified in each individual as the dominant trajectory
(Supplemental Figure S2). Individuals in whom the
dominant trajectory was shrinking were excluded from
the subsequent analyses because shrinkage has been
suggested to be caused by negative selection due to
other (undetected) driver mutations.”” Age was used as a
measure of time in mixed linear model analyses with
random intercept and random slope to determine the
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effect of age on growth (VAF) at each timepoint (for
details see supplement). Each individual has repeated
measures on both VAF and age. The parameter estimate
for age from the mixed model is therefore an estimate of
the rate of growth; how the VAF changes over time. The
model was built with clone size (VAF) as the dependent
variable and age as explanatory variable. The random
coefficient mixed model allows each individual to have a
unique trajectory (how clone size changes with time/
aging), and this can be estimated from the model. The
estimated regression coefficient is then the rate of
growth, unique for each individual. To assess potential
factors that could underlie differences in effect size of
age on rate of growth, we evaluated the role of clinical
characteristics including insulin resistance (HOMA-
IR)* and HDL-C,** variables related to leukocytosis
and cardiovascular disease and, based on the outcome of
this assessment, triglycerides* and non-HDL choles-
terol””* were also assessed. Finally, the resulting rates of
growth (estimated regression coefficients) were corre-
lated to clinical parameters averaged over the first three
follow-up timepoints, by means of Spearman correlation
coefficients, and subsequently the mixed linear model
was expanded with significant averaged clinical
parameters.

All statistical analyses were performed in R version
3.6.1 (R Core Team, URL https://www.R-project.org/),
P-values <0.05 were considered statistically significant
unless otherwise specified. For the correlations of clone
growth with metabolic parameters, we performed
Bonferroni-corrections for multiple-testing.

Ethics

Seven regional ethics review boards (Gothenburg,
Umed, Uppsala, Karolinska Institute (Stockholm), Ore-
bro, Linképing and Lund) approved the study protocol
and written or oral informed content was obtained.
Ethical approval reference numbers: 604-01 and T508-
17. All clinical investigations were conducted accord-
ing to the principles expressed in the Declaration of
Helsinki.

Role of funder
The funders had no role in the design and conduct of
the study; collection, management, analysis, and inter-
pretation of the data; preparation, review, or approval of
the manuscript; and decision to submit the manuscript
for publication.

Results

Subjects and samples

High-quality sequencing data was obtained from single-
timepoint blood samples from the usual care (n = 1050)
and bariatric surgery (n = 841) groups and from 180
multiple-timepoint blood samples from a subset of the
usual care group (n = 40).

Clinical characteristics of the single- and multiple
timepoint groups at the time of DNA sampling are
shown in Table 1. The age of individuals in the single-
timepoint usual care group ranged from 37.3 to 70.2
years (mean 52.4 years) and women were over-
represented (70.1% vs 29.9% men, Fig. 1a). The age and
sex distribution of the individuals in the single-
timepoint Dbariatric surgery group was similar
(38.9-69.8 years, mean 53.6 years; 69.8% women vs
30.2% men, Fig. 1a). The individuals in the single-
timepoint bariatric surgery group had lower BMI and
had less severe metabolic disturbances compared to the
individuals in the single-timepoint usual care group,
including lower insulin concentrations, lower homeo-
static model assessment for insulin resistance (HOMA-
IR) and higher HDL-C concentrations (Table 1).

For the 20-year multiple-timepoint usual care group
with data from 40 individuals, DNA was available for
analysis from five timepoints (baseline/0-, 2-, 10-, 15-, 20
years) for more than half of the individuals (n = 21),
from four timepoints for 18 individuals, and from three
timepoints for one individual. Baseline characteristics
are shown in Supplemental Table S2. Women were
again overrepresented (75.0% vs 25.0% men) (Fig. 1b).
BMI, serum HDL-C, and plasma glucose levels
remained relatively stable over 20 years (Fig. 1b).

CHDM prevalence in the single-timepoint groups
In the single-timepoint usual care group, 216 of 1050
(20.6%) individuals carried one or more CHDMs, rep-
resenting 135 wunique mutations (Supplemental
Table S3a). A single CHDM was detected in 172 in-
dividuals, and 44 individuals carried more than one
CHDM. In the single-timepoint bariatric surgery group,
189 of 841 (22.5%) carried one or more CHDMs rep-
resenting 124 wunique mutations (Supplemental
Table S3b). A single mutation was detected in 165 in-
dividuals, while 24 individuals carried more than one
CHDM. In both single-timepoint groups, the majority
of mutations identified have been previously described
or are novel loss-of-function (LoF) mutations in genes
with previously described LoF mutations (DNMT3A,
ASXL1, TET2) (82.8% and 80.8% of the mutations in the
usual care and bariatric surgery groups, respectively,
Supplemental Table S4). Prevalence of CHDMs
increased with age, and CHDM carriers were signifi-
cantly older than non-carriers in both groups (54.6 vs
50.9 years, P = 2.43 E° and 54.7 vs 52.6 years,
P = 0.57 E%, for carriers vs non-carriers in the usual
care and bariatric surgery groups, respectively).

CHDM clone size in the single-timepoint groups

Average clone size was similar in the two single-
timepoint groups (mean VAF 2.72% [0.01-30.15] vs
2.44% [0.01-22.39], P = 0.474, in the usual care and
bariatric surgery groups, respectively). In the single-
timepoint usual care group, age was significantly
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Single-timepoint usual care Single-timepoint bariatric surgery pP?
CHDM carriers, n (%) 216 (20.6) 189 (22.5) 0.338
Number of CHDMs, n (% of CHDM carriers) 0.202
1 172 (79.6) 165 (87.3)
2 34 (157) 18 (9.5)
3 732 5(26)
4 3(14) 1(05)
CHIP, n (% of CHDMs) 71 (32.9) 66 (34.9) 0.663
Male sex, n (%) 59 (27.3) 59 (31.2) 0.452
Age, yrs. (mean (SD)) 55.0 (6.98) 55.2 (6.66) 0.710
BMI, kg/m” (mean (SD)) 40.4 (5.26) 34.4 (5.28) <0.001
Waist to hip-ratio (mean (SD)) 0.98 (0.08) 0.95 (0.08) 0.001
Plasma glucose, mmol/L (mean (SD)) 5.94 (2.38) 5.27 (171) 0.002
Type 2 diabetes®, n (%) 9 (22.8) 8 (14.8) 0.056
Insulin, mU/L (mean (SD)) 17.3 (12.4) 11.9 (8.21) <0.001
HOMA-index, mU/L*mmol/L (mean (SD)) 4.73 (4.13) 3.08 (3.51) <0.001
Total cholesterol, mmol/L (mean (SD)) 5.48 (1.05) 5.55 (1.05) 0.513
HDL-cholesterol, mmol/L (mean (SD)) 1.38 (0.33) 1.61 (0.45) <0.001
LDL-cholesterol, mmol/L (mean (SD)) 3.21 (0.86) 3.25 (0.98) 0.703
Triglycerides, mmol/L (mean (SD)) 1.95 (1.37) 1.53 (0.78) <0.001
High-sensitive CRP, mg/L (mean (SD)) 7.89 (8.18) 4.52 (7.12) <0.001
Systolic blood pressure, mmHg (mean (SD)) 142 (18.7) 140 (18.0) 0.427
Diastolic blood pressure, mmHg (mean (SD)) 82.9 (9.76) 85.3 (10.5) 0.019
Hypertension®, n (%) 150 (73.2) 134 (70.9) 0.697
Daily smoker, n (%) 4 (25.0) 49 (25.9) 0.921
*T-test for continuous variables, Chi’-test for categorical variables. "Based on blood glucose and/or use of anti-diabetes medication. ‘Based on Friedewalds equation: LDL-
cholesterol = Total cholesterol-(Triglycerides/2.2)-HDL-cholesterol. 9Based on systolic blood pressure >140 or diastolic blood pressure >90 or self-reported use of blood
pressure lowering medication.
Table 1: Characteristics at time of DNA in the single-timepoint usual care and bariatric surgery groups.

associated with clone size (log-transformed VAF) with
an effect estimate of 0.059 (P = 2.58 E~%°), meaning that
the average clone size in this group is 6% larger for each
year of aging. However, in the single-timepoint bariatric
surgery group, no significant association between age
and clone size was detected (P = 0.184) (Fig. 2).

Evolution of CHDMs over up to 20 years
A multiple-timepoint usual care group was created by
selecting 40 individuals from the single-timepoint usual
care group in whom we had identified at least one
CHDM and for whom DNA was available at three or
more timepoints over 20 years. Among these 40 in-
dividuals, we identified 115 CHDMs that were present
at one or more timepoints and represented 53 unique
mutations (Supplemental Table S5). Similar to the
single-timepoint results, the majority of the unique
mutations (73.6%) have been reported in the literature
or represent LoF mutations (Supplemental Table S4).
Of the 115 identified CHDMs, 38 were only observed
once or twice and defined as events, 16 of which dis-
appeared at later timepoints, however, none of which
reached CHIP level (VAF >2%) and the majority rep-
resented very small clones (9/16 with a VAF >0.1%). 77
were defined as traceable trajectories, with 22 in-
dividuals carrying more than one trajectory. Among the
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77 traceable trajectories, we identified 30 growing, 42
static, and 5 shrinking trajectories (Supplemental
Figure S3). None of the shrinking trajectories dis-
appeared. Of the 42 static trajectories, the vast majority
remained detectable while five did not fulfil the criteria
for detection at the latest timepoint. In addition, three
individuals had late-appearing clones—CHDMs that
appeared at the last measured timepoint as a large clone
(VAF >2%).

Among the 30 growing trajectories, 24 started as a
small clone (VAF <2%) and nine of those had become
large clones (VAF >2%, CHIP) at the last timepoint of
detection. For the remaining six growing trajectories,
the clone was already above the CHIP level at the first
timepoint of detection. For the 42 static trajectories, all
clones had VAF below CHIP level with the exception of
one timepoint in one individual. Of the five shrinking
CHDM trajectories, three started as large clones, two of
which shrunk below CHIP level (Supplemental
Figure S3).

Clone growth over 20 years

The multiple-timepoint usual care group enabled us to
go beyond clone size and examine a potential associa-
tion between age and actual clone growth. As some in-
dividuals carried multiple trajectories over the course of
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Fig. 1: Characteristics of the single- and multiple-timepoint groups. (a) Sex, age, and BMI distribution in the single-timepoint groups
(1050 + 841 individuals). (b) Sex distribution and distribution of clinical variables at the indicated follow-up timepoints in the multiple-

timepoint usual care group (40 individuals).

20 years, we identified the dominant” trajectory per
individual by selecting trajectories with the largest VAF
at any timepoint and excluding individuals with
shrinking trajectories (n = 5) (Supplemental Figure S2).
Because we expected variation in growth patterns, we
used a mixed linear model including random intercept
and random slope to determine the association between
age and clonal growth. This model uses age as a mea-
sure of time and, since each individual has repeated
measures of both VAF and age, the parameter estimate
for age from the mixed model is an estimate of the rate
of growth (how VAF changes over time). The average
proportionate increase of VAF was 7% per year, ranging
from -4% to 24% (Fig. 3a, three static clones had
slightly lower VAF at the final timepoint compared to
the first timepoint, explaining why the range includes
values below zero), confirming the expected differences
in rate of growth per trajectory. These differences in
clone growth between individuals were also observed for
identical mutations. For example, trajectories of
DNMT3A  [p.(Arg882Cys)], identified in four

individuals, and DNMT3A [p.(Arg882His)], identified in
two individuals, increased with different rates (Fig. 3D).

Clone growth in relation to metabolic status

To examine if different rates of growth over time (as
expressed by the effect of aging) associate with meta-
bolic status, the individual trajectory effect estimates
from the mixed linear model were correlated to cardio-
vascular risk factors averaged over the first three follow-
up timepoints in univariate analyses (Fig. 3c). Rate of
growth correlated positively with insulin (Spearman
R =0.42, P = 0.018) and insulin resistance measured by
HOMA-IR (Spearman R = 0.40, P = 0.025), and nega-
tively with HDL-C (Spearman R = —0.68, P = 0.74 E~%°)
(Fig. 3d-f), and after Bonferroni-correction for multiple-
testing the negative correlation between rate of growth
and HDL-C remained significant (P = 0.74 E%). In
addition, we performed a sensitivity analysis including
the five individuals with shrinking clones and the sig-
nificant correlation with HDL-C persisted (Spearman
R =-0.43, P = 0.008). Given that low HDL is associated
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Fig. 2: CHDM size in relation to age in the single-timepoint usual
care and bariatric surgery groups. Comparison of the correlation
between age and clone size (VAF) in individuals with obesity given
usual care (shown in blue) and individuals with obesity that under-
went bariatric surgery at least one year prior to DNA sampling
(shown in orange).

with elevated triglyceride-rich lipoproteins,* and that
non-HDL cholesterol represents a robust index of the
total concentration of potentially atherogenic parti-
cles,”?* we performed secondary explorative evaluation
of triglycerides and non-HDL cholesterol. However, rate
of growth did not significantly associate with triglyceride
levels (Spearman correlation: R = 0.22; P = 0.22), nor
with non-HDL cholesterol (Spearman correlation:
R = -0.011; P = 0.954).

Discussion

Clonal haematopoiesis is associated with increased risk
of cardiovascular events, and both the presence of so-
matic mutations and clone size are important indicators
of this risk.® In this study, we examined clonal haema-
topoiesis in individuals with obesity and showed that
clone growth is positively associated with metabolic
dysfunction. In our single-timepoint groups, we first
observed a significant association between clone size
and age in individuals with obesity treated with usual
care but not in those who had undergone bariatric
surgery, a treatment that markedly improves metabolic
status.?® Tracing of CHDMs over time in our multiple-
timepoint usual care group subsequently revealed as-
sociations between clone growth and low HDL-C, sup-
porting our hypothesis that dysfunctional metabolism
affects clone growth.

Obesity is a complex phenotype, often associated
with a wide range of metabolic abnormalities and dis-
eases as well as accelerated aging and shortened life-
span. Accumulating evidence shows that there must be
factors beyond traditional risk factors that contribute to

www.thelancet.com Vol 92 June, 2023

the link between obesity and cardiovascular disease."” It
is therefore tempting to speculate that clonal haemato-
poiesis could contribute to increased cardiovascular
disease and decreased life expectancy in people with
obesity. We have previously shown that bariatric surgery
reduces the incidence of cardiovascular disease®* and
increases life expectancy’ in individuals with obesity.
Our current study suggests that bariatric surgery could,
at least partly, mediate these beneficial effects by
improving metabolism and thereby mitigating the age-
related increase in average clone size.

The importance of clonal haematopoiesis has mainly
been studied for mutations above the CHIP level of 2%
because of 1) methodological difficulties in detecting
small clones and 2) the assumption that clones must
reach a critical size to be clinically meaningful. CHIP
mutations are associated with a wide range of diseases,
including haematological malignancies and cardiovas-
cular disease.* The health consequences of smaller
clones are largely unknown, but a recent study in pa-
tients with chronic ischemic heart failure indicated that
CHDMs with VAF significantly lower than the CHIP
level are associated with lower survival." The ultrasen-
sitive assay used in our study allowed detection of small
clones, and almost 70% of CHDMs in the single-
timepoint groups were below the CHIP level defini-
tion. Irrespective of clone size, most CHDMs detected
overlapped with those that have been described in the
literature, however our targeted assay had a limited
capability to identify novel mutations.

In the multiple-timepoint usual care group, nine out
of 30 growing trajectories were initially small clones but
grew over the sampling period to beyond the CHIP
level. The longitudinal data thus showed that clones can
be detected many years before they reach the CHIP
level. This is in line with recent observations that clones
responsible for clonal haematopoiesis in older in-
dividuals can be detected as small clones at earlier
timepoints.’"*?

A unique feature of our study was the collection of
up to five samples taken over 20 years from 40 well-
characterized individuals with obesity. Availability of
these samples allowed measurement of clonal evolution
over time and determination of actual clone growth in
relation to clinical characteristics. The average annual
growth rate of specific clones within individuals was 7%,
which is within the broad range of clone growth rates
(5-20% per year) reported for other cohorts of in-
dividuals with no history of haematological malig-
nancy,”** but higher than that reported in individuals
with atherosclerosis.”” However, there were large inter-
individual differences in the rate of clone growth, even
between individuals sharing the same CHDM, sug-
gesting that factors other than the mutation itself in-
fluence clone growth. In agreement with this concept, a
recent study used the term unknown-cause (growth)
effect to describe the fraction of clone growth that is
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mates and insulin. (e) Positive Spearman R correlation between individual trajectory effect estimates and HOMA-index. (f) Negative Spearman R

correlation between individual trajectory effect estimates and HDL-C.

explained by factors other than the driver mutation and
differs between individuals.”

A recent study showed that humans with athero-
sclerosis have increased HSC proliferation, which may

in turn promote clonal haematopoiesis by increasing the
risk of acquiring CHDMs and facilitating the expansion
of mutant clones.® Leukocytosis, an indicator of
increased HSC proliferation, is associated with both
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insulin resistance?’ and low levels of HDL-C.?>** These
studies are consistent with our longitudinal observa-
tions that increased rate of growth was associated with
low HDL-C and possibly with insulin resistance.

It is possible that the observed association between
metabolic dysfunction and clone growth is linked to
increased HSC proliferation by directly influencing
function and stability of CHIP-related proteins,
including TET2.*** A vicious cycle has been proposed,
whereby dysfunctional metabolism increases the risk of
developing pro-inflammatory CHIP that, once formed,
further increases the risk of worsening insulin resis-
tance and atherosclerosis.* Such a cycle is supported by
our results together with earlier studies showing that
loss of Tet 2 function in HSCs leads to increased
atherosclerosis®"® and insulin resistance.” Of relevance
in terms of obesity, adipose tissue-derived interleukin
(IL)-1p has been shown to stimulate proliferation of
bone marrow progenitor cells.” Inhibition of IL-1p re-
duces leukocytosis,* providing clinical support that this
pathway would be important to investigate in relation to
clone growth in humans.

The increased risk associated with CHIP for several
severe diseases and overall mortality raises the question
of how this risk could be mitigated. In individuals with
established CHIP, interventions may target the pro-
inflammatory activity.>* Mice with experimental CHIP
show increased pro-inflammatory drive of the NLRP3/
IL-1B/IL-6 axis and atherosclerosis,”* and humans
carrying a genetic deficiency in IL6 appear to have
reduced cardiovascular risk related to CHIP.” Thus,
intervention with IL-6 inhibitors could potentially
reduce the risk of cardiovascular disease in patients with
CHIP.

Our study is limited by the lack of individuals with
normal body weight for comparison. Our conclusions
are therefore related to the relationship between clonal
expansion and metabolic disturbances in individuals
with obesity, not the impact of obesity itself. Further-
more, we observed correlations, but our results do not
allow us to deduct causality between clone growth and
metabolic dysfunction. Strengths of this study are the
ability to detect small clones, the possibility to examine
the impact of an intervention that improves metabolism,
and the longitudinal measurements, which allowed us
to examine how CHDMs develop over up to 20 years
and to examine the association with clinical character-
istics. Due to the limited sample size of this explorative
study, we are underpowered to analyse the impact of
metabolic factors on shrinking clones and the associa-
tion between clone expansion and hard cardiovascular
endpoints. Larger longitudinal studies are needed to
address these questions and to confirm our observation
that low HDL-C, and possibly insulin resistance, are
associated with clone growth.

In conclusion, in this study there was a significant
age-related increase in clone size in individuals with
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obesity treated by usual care, but not in those with
improved metabolism after bariatric surgery. Further-
more, low HDL-C was associated with enhanced clone
growth. Together, these findings suggest that metabolic
dysregulation affects clonal haematopoiesis. Further
studies are needed to confirm this link and possible
effects on clonal haematopoiesis by interventions that
improve metabolic control.
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