Environment International 212 (2026) 110300

Contents lists available at ScienceDirect

Environment International

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/envint

Full length article , '.) ;

Check for

An exploratory study of environmental and nutritional determinants of iz
early-stage clonal hematopoiesis in the elderly

Albin Osterroos ™ ®, Samira Salihovic "®, Lucy Mathot °, Panagiotis Baliakas <@,
P. Monica Lind ¢, Lars Lind "®, Séren Lehmann

@ Department of Medical Sciences, Haematology, Uppsala University, Uppsala, Sweden

Y School of Medical Sciences, Faculty of Medicine and Health, Orebro University, Orebro, Sweden

¢ Department of Immunology, Genetics and Pathology, Uppsala University, Uppsala, Sweden

d Clinical Genomics Uppsala, Science for Life Laboratory, Uppsala University, Uppsala, Sweden

€ Department of Medical Sciences, Occupational and Environmental Medicine, Uppsala University, Uppsala, Sweden
f Department of Medical Sciences, Cardiovascular Epidemiology, Uppsala University, Uppsala, Sweden

ARTICLE INFO ABSTRACT

Keywords:

Exposome

Clonal hematopoiesis of indeterminate
potential (CHIP)

Per- and polyfluoroalkyl substances (PFAS)
Persistent organic pollutants (POPs)
Metals

Lifestyle

Clonal hematopoiesis of indeterminate potential (CHIP), defined by somatic mutations in hematopoietic cells
without overt malignancy, is linked to increased risks of hematologic malignancies, cardiovascular disease, and
mortality. However, the contribution of environmental exposures and lifestyle factors remains poorly
understood.

Our exploratory study characterized early-stage CHIP using a variant allele frequency cut-off > 0.1% in 888
well-phenotyped 70-year-olds leveraging ultra-deep targeted sequencing (mean coverage 8331X). Associations
with dietary patterns, specific nutrient intakes, persistent organic pollutants (POPs), per- and polyfluoroalkyl
substances (PFAS), heavy metals, and germline variants were evaluated.

The prevalence of early-stage CHIP was 41.0%. Elevated blood cadmium levels were associated with an
increased prevalence of non-DTA-CHIP (mutations occurring outside of DNMT3A, TET2, and ASXL1, odds ratio
(OR) 2.13, 95% confidence interval (CI) 1.32-3.45), especially TP53-CHIP (OR 3.34, 95% CI 1.65-6.72). PCB-
189 levels were positively linked to DNMT3A-CHIP (OR 1.42, 95% CI 1.13-1.79). Healthy dietary patterns
were associated with decreased odds of TET2-CHIP (OR 0.88, 95% CI 0.78-0.98) whereas increased odds for
TET2-CHIP were observed for higher intakes of vitamin B2 (OR 2.07, 95% CI 1.17-3.69). Higher intakes of
vitamins B2 and B6 as well as smoking were associated with an increased prevalence of non-DTA CHIP (OR 2.35,
95% CI 1.03-5.33, OR 2.05, 95% CI 1.03-4.05, and OR 3.17, 95% CI 1.43-6.64, respectively).

Our exploratory study suggests that the exposome may influence clonal selection in the bone marrow, but
future studies are required to validate these factors and determine their clinical significance.

contributing to the development of CHIP remains poorly understood
(Schleicher et al., 2024).

1. Introduction

Clonal hematopoiesis of indeterminate potential (CHIP) refers to the
presence of detectable somatic mutations in blood cells without a cur-
rent hematological malignancy, but with several significant clinical
implications (Weeks and Ebert, 2023). CHIP confers an elevated risk of
hematologic malignancies, but also numerous non-hematological con-
ditions, including cardiovascular diseases (CVD) (Jaiswal, 2017; Mar-
ston, 2024; Weeks, 2023). The prevalence of CHIP increases with age,
but the potential impact of environmental and lifestyle factors
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Smoking has consistently been linked to CHIP development (Dawoud
et al., 2020; Ramanathan, 2023). Similarly, conditions such as obesity,
cancer chemotherapy, and chronic inflammation have repeatedly been
associated with CHIP (Weeks and Ebert, 2023; Pasupuleti, 2023; Nead,
2024). Genome-wide association studies (GWAS) have identified over
30 genetic loci associated with CHIP, underscoring the role of inherited
genetic variation in its development (Kessler, 2022; Kar, 2022).
Research on lifestyle factors, including dietary patterns and physical
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activity, has yielded inconsistent findings (Bhattacharya, 2021; Haring,
2021). Despite evidence that environmental carcinogens increase CHIP
burden in some individuals (Esai Selvan, M. et al. Distinct characteristics
of lymphoid and myeloid clonal hematopoiesis in World Trade Center
first responders. Preprint at Doi: 10., 2024), population-based studies
linking environmental exposures to CHIP development are still lacking.
No prior studies have examined the potential impact of specific envi-
ronmental contaminants, such as persistent organic pollutants (POPs),
per- and polyfluoroalkyl substances (PFAS), and heavy metals, on CHIP
risk.

The standard clinical definition of CHIP currently utilizes a variant
allele frequency (VAF) threshold of > 2%, a limit largely dictated by the
sequencing depth and sequencing error rates in previous studies (Weeks
and Ebert, 2023; Khoury et al., 2022; Jaiswal, 2014). Improvements in
the sensitivity of next-generation deep sequencing (NGS) now allow for
the identification of low-abundance clones (Beeler and Bolton, 2023).
Recognizing that established CHIP clones represent the culmination of a
long-term selective process, we designed this study as a high-resolution
exploratory screen to capture the earliest stages of clonal initiation. By
utilizing ultra-deep targeted sequencing with a mean coverage of 8331X,
we intentionally lowered the detection floor to a 0.1% VAF threshold.
This design choice provides a unique window into early-stage CHIP
dynamics, where the fitness advantage of primordial clones may be most
sensitive to subtle selective pressures from the exposome. An essential
prerequisite for CHIP progression is the presence of a clone capable of
expansion (Van Zeventer, 2023; Young et al., 2016; Fabre, 2022).
Characterizing these early-stage clones is critical to identifying modifi-
able environmental drivers at their earliest points of impact, before they
reach conventional clinical detection limits.

Given the lack of established data on exposome determinants of
early-stage CHIP, we adopted an exploratory design to investigate re-
lationships between CHIP clones with VAF > 0.1% and several lifestyle
factors, including exercise, diet, and exposure to metals, PFAS, and POPs
as well as the influence of germline variants in a population-based
sample of 70-year-old individuals (Prospective Investigation of
Uppsala Seniors (PIVUS) study, n = 888) with the aim to identify factors
that could be of importance for CHIP development.

2. Materials and methods
2.1. Subjects and samples

This study was based on peripheral blood samples and clinical data in
the Prospective Investigation of Uppsala Seniors (PIVUS) cohort with
data collected 2001-2004. Details on the examinations have been pre-
viously described (Lind et al., 2005; Lind, 2019). Briefly, the population-
based PIVUS cohort initially included data on 1016 subjects at age 70
years with particular focus on the cardiovascular system. Invitations
were sent by letter in a randomized order to all subjects aged 70 years
living in the community of Uppsala, Sweden. Re-investigations of the
majority of participating subjects were performed for follow up at 75
and 80 years of age.

Data on causes of death and hospitalizations were retrieved from the
Swedish Cause of Death Register and the Swedish Hospital Discharge
Register, respectively. The three major cardiovascular diseases were
defined as: myocardial infarction (International Classification of Dis-
eases [ICD]-8 code 410, ICD- 9 code 410, or ICD-10 code 120), ischemic
stroke (ICD-8 codes 431, 433-436, ICD-9 code 431, 433-436, ICD-10
code 163-166), and heart failure (ICD-8 codes 427.00, 427.10, 428.99,
ICD-9, 428 and ICD-10 code I50 and I11.0). Both fatal and non-fatal
cases were included in the three diagnoses.

We successfully extracted high-quality DNA and performed
sequencing on 888 individuals (87.4%) from the original cohort at 70
years of age, and for 197 of these individuals (22.2%), sequencing was
also performed at 80 years of age.

The study was approved by the Ethics Committee of Uppsala
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University and all study participants gave their informed consent to
participate. All clinical investigations were conducted according to the
Declaration of Helsinki.

2.2. Sequencing, variant calling and CHIP definitions

Blood-derived DNA was sequenced using a targeted error-corrected,
tailored NGS panel for 10 of the most commonly mutated CHIP genes
(DNMT3A, TET2, ASXL1, JAK2, IDH2, RUNX1, TP53, SRSF2, SF3Bl,
U2AF1). Ultra-deep sequencing (mean depth 8331X) with stringent
filtering was performed to detect VAF as low as 0.1% to focus on the
early development of CHIP with details in Supplementary Methods. In
brief, technical artifacts were mitigated through a bioinformatic
consensus approach utilizing Picard-based deduplication and Sentieon's
site-specific error modeling for base quality score recalibration. High-
confidence somatic variants were defined by a minimum of 3 support-
ing alternate reads, a genotype quality > 20 and a mapping quality > 40.
Variants were annotated and manually reviewed to ensure high-
confidence detection of CHIP-related mutations. Variant classification
to determine pathogenicity was performed manually according to local
guidelines (Horak, 2022; Malcikova, 2024). Only mutations classified as
pathogenic or likely pathogenic, excluding variants of uncertain signif-
icance (VUS), were reported along with their respective frequencies in
Supplementary Table 1 and were used for downstream analyses.

2.3. Dietary patterns and physical activity

Dietary intake per nutrient was estimated as habitual daily intake (g/
day) via the collection of a 7-day dietary registration form filled in by the
participants at the age of 70 years as previously described (Sjogren,
2010). We derived modified Healthy Diet Index (mHDI) scores from the
dietary forms for individuals with complete registrations (n = 741,
83.4% of the cohort). The mHDI was constructed in a cohort-specific
manner and adapted to the recommendations of the Swedish National
Food Agency (Barbieri and Lindvall, 2003), while also incorporating the
dietary guidelines for the prevention of chronic diseases defined by the
World Health Organization (WHO) (The World Health Organization,
2003). Details are found in the Supplementary Methods and Supple-
mentary Table 2.

In addition, physical activity was assessed via two validated ques-
tions regarding the weekly frequency of 30-minute sessions of light ac-
tivity and hard exercise. Participants were stratified into four mutually
exclusive groups representing a gradient of intensity and frequency: (1)
Low Activity: light activity < 2 times/week and 0 sessions of hard ex-
ercise; (2) Moderate Light: light activity > 2 times/week and O sessions
of hard exercise; (3) Moderate Intense: hard exercise 1-2 times/week;
and (4) High Intense: hard exercise > 2 times/week. Details are found in
the Supplementary Methods.

2.4. Analysis of metals

Blood levels of 11 trace and/or heavy metals (Al, Cd, Co, Cu, Cr, Hg
Mn, Mo, Ni, Pb, and Zn) were determined using inductively coupled
plasma-sector field mass spectrometry (ICP-SFMS), after microwave
assisted digestion with nitric acid as previously described (Lind et al.,
2012; Rodushkin et al., 2000). Details are found in Supplementary
Methods.

2.5. Analysis of persistent organic pollutants (POPs)

The concentrations of 18 persistent organic pollutants (POPs) in
collected plasma samples were quantified using isotope dilution after
analysis on a high-resolution gas chromatograph (Agilent Technologies)
coupled to a high-resolution magnetic sector mass spectrometer (GC-
HRMS) as previously described (Salihovic, 2012). Details are found in
the Supplementary Methods.
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Lipid-adjusted normally distributed values of included POPs were
obtained via natural logarithm (In) transformation of the distribution of
POPs (wet-weight data). To ensure consistent associations across all
POPs, the unit of each POP was set to its standard deviation (SD).

We also calculated the total toxic equivalence (TEQ) value for each
individual for the dioxin-like PCBs according to Van den Berg et al. (Van
Den Berg, 1998) with details in the Supplementary Methods.

2.6. Analysis of per- and polyfluoroalkyl substances (PFAS)

The levels of eight per- and polyfluoroalkyl substances (PFAS) were
determined as previously described regarding sample preparation and
analysis (Salihovic, 2013). Details are found in Supplementary Methods.

Briefly, PFAS levels were analyzed by ultra-performance liquid
chromatography (UPLC)-MS/MS. Eight PFAS were incorporated given
that > 75% of the study population exhibited measurable levels over the
lower limit of detection; perfluoroheptanoic acid (PFHpA), per-
fluorohexane sulfonic acid (PFHxS), perfluorooctanoic acid (PFOA),
linear isomer of perfluorooctanesulfonic acid (L-PFOS), perfluorooctane
sulfonamide (PFOSA), perfluorononanoic acid (PFNA), per-
fluorodecanoic acid (PFDA), and perfluoroundecanoic acid (PFUnDA).
Normally distributed values of included PFAS were obtained via natural
logarithm (In) transformation of the distribution of each analyte.

2.7. Genome-wide association analysis

Genome-wide association testing was conducted using PLINK
(Purcell, 2007) with an additive model with details in Supplementary
Methods. Details on genome-wide data for this cohort has been previ-
ously described (Ng, 2015). In brief, sex-adjusted logistic regression
analysis was performed where overall CHIP with VAF > 0.1% was set as
a binary outcome. In total, 10 230 211 SNPs were included. We deter-
mined that the cohort had an insufficient number of cases to conduct
GWAS analyses for mutation-specific CHIP. The genome-wide signifi-
cance threshold was set at P < 5 x 10°® to correct for multiple testing.
Suggestive associations were defined as P < 1 x 10>,

2.8. Statistical analyses

Logistic regression models were used to estimate associations be-
tween the presence of CHIP and phenotypic or outcome variables. Ad-
justments were made for potential confounders including sex, smoking
status, and body mass index (BMI). For lifestyle analyses, socioeconomic
status (SES) was controlled for using educational level as a proxy. This
variable was categorized into three hierarchical groups based on years of
formal schooling: (1) low (less than 9 years), (2) intermediate (9 years),
and (3) high (more than 9 years). For analyses involving nutrient intake,
additional adjustments were made for total energy intake. Covariates
were selected based on prior knowledge of hematopoietic fitness and
environmental epidemiology. Sex, BMI, and smoking were treated as
primary confounders, as they influence both environmental exposure
patterns and the prevalence of CHIP. In contrast, total serum lipids were
treated as a required technical covariate for lipophilic pollutants (POPs)
to account for storage in lipid compartments. We intentionally excluded
specific dietary sources (e.g., fish or red meat intake) from pollutant
models to avoid over-adjustment bias, as these variables represent the
proximal sources (vectors) of exposure rather than independent con-
founders. Similarly, markers of systemic inflammation were not
included in primary models to avoid controlling for potential biological
mediators of the environment-CHIP relationship.

Analyses were further stratified by gene mutation based on the
presence of sole mutations in DNMT3A, TET2, ASXL1 or any of the
remaining included genes (named non-DNMT3A/TET2/ASXL1-CHIP, i.
e. non-DTA-CHIP).

To assess potential non-linear relationships between continuous
exposure variables and the binary outcome of CHIP presence,
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generalized additive models (GAMs) were employed. These models
incorporated smooth terms for the exposure variables, modeled using
penalized splines, while adjusting for covariates such as sex, smoking
status, and BMI as linear predictors. Details can be found in the Sup-
plementary Methods.

To ensure comparability across diverse exposure classes, all contin-
uous variables were Z-score standardized (mean = 0, standard deviation
(SD) = 1) prior to statistical modeling. Consequently, all reported odds
ratios (ORs) represent the relative change in CHIP prevalence per one SD
increase in exposure. To assess the robustness of our findings, sensitivity
analyses were performed by further adjusting for kidney function
(estimated glomerular filtration rate, GFR) and cumulative smoking
history (pack-years). To minimize bias in the analysis of rare variants or
low-frequency mutations (defined as outcomes with < 10 cases), we
employed Firth’s penalized likelihood ratio regression. To contextualize
our findings, we performed a secondary analysis using the conventional
threshold of > 2% VAF.

To identify predictors of CHIP presence, we employed multivariable
penalized logistic regression using the Least Absolute Shrinkage and
Selection Operator (LASSO). Separate models were constructed for
overall CHIP, DNMT3A-CHIP, and TET2-CHIP. To account for estab-
lished confounders, age, sex, BMI, smoking status, and total daily energy
intake were included in all model iterations by setting their penalty
factors to zero. The optimal regularization parameter (lambda) was
determined via 10-fold cross-validation, optimizing for the Area Under
the Receiver Operating Characteristic Curve (AUC).

To ensure the reliability of our findings and prevent overfitting, we
performed bootstrap stability selection (n = 1000). For each bootstrap
iteration, the LASSO model was refit to determine the selection fre-
quency of each discovery variable. Only variables demonstrating high
stability (defined as a selection frequency > 70%) were included in the
final multivariable logistic regression models. These final models were
used to derive standardized ORs and 95% confidence intervals (CIs) to
quantify the association between predictors and CHIP subtypes.

To evaluate factors influencing clonal dynamics over time, we per-
formed a longitudinal analysis in participants with paired sequencing
data at age 70 and 80 (n = 197). Clonal expansion was defined as the
absolute change in VAF (delta-VAF) over the 10-year interval. We
employed linear regression models adjusted for baseline VAF, sex, BMI,
smoking status and daily energy intake. Statistical associations are re-
ported as standardized beta coefficients, representing the change in
delta-VAF per one SD increase in baseline exposure.

All statistical analyses were performed using the computing envi-
ronment R version 4.0.2 (R Core Team., 2021) with used packages as
described in Supplementary Methods.

3. Results
3.1. Cohort Description, CHIP Prevalence, and clinical outcomes

Cohort characteristics are presented in Table 1 for the 888 included
individuals of which 439 (49%) were women. The cohort included 94
(11%) current smokers, 106 (12%) with type 2 diabetes, and 273 (31%)
individuals on antihypertensive drugs. The PIVUS cohort has previously
been shown to be representative of the age-matched Swedish general
population (Lind et al., 2005).

The overall prevalence of CHIP in this cohort was 41.0% (n = 364) at
the VAF > 0.1% threshold and 15.2% (n = 135) at the VAF > 2%
threshold. When stratified by clone size to assess the distribution of
clonal burden, 25.8% (n = 229) of the cohort harbored clones with VAF
0.1-2%, 11.6% (n = 103) had moderate-sized clones (2% to < 10%
VAF), and 3.6% (n = 32) possessed large clones with a VAF > 10%. As
expected, the most frequently mutated genes were DNMT3A, TET2, and
ASXL1 (Fig. 1). There were in total 407 unique mutations
(Supplementary Table 1) with an average clone size at VAF 1.1%. A
single mutation was detected in 282 (31.8%) individuals, and 82 (9.2%)
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Table 1
Cohort characteristics, n = 888.

Variable n (%) or median (IQR)

Women 439 (49%)

Smoking status

Never 410 (48%)
Previous 352 (41%)
Current 94 (11%)

> 9 years of education 226 (26%)
Weight (kg) 76 (68-86)

BMI (kg/m?) 26.7 (24.1-29.7)
Waist circumference (cm) 91 (84-99)

Waist-hip ratio
Use of antihypertensive drugs
Type 2 diabetes

0.91 (0.86-0.95)
273 (31%)
106 (12%)

Physical activity level

Sedentary (< 30 min light activity per week)
Lightly active (> 30 min light activity per week)
Active (30-60 min of hard exercise per week)
Very active (> 60 min hard exercise per week)

96 (11%)
499 (58%)
201 (23%)
62 (7%)

Footnotes: No available data on smoking status for 32 individuals, educational
level for 7 individuals, waist circumference and waist-hip ratio for 8 individuals,
use of antihypertensives for 9 individuals and physical activity level for 30 in-
dividuals.

Abbreviations: IQR; Inter-quartile range, BMIL; Body mass index.

individuals carried more than one CHIP mutation.

During a median follow-up of 15.0 years, 222 incident cases of car-
diovascular disease (CVD) occurred (10666 person-years at risk). There
was no association between CHIP and death from CVD when analyzing
all individuals with VAF > 0.1% (OR 1.6, 95% CI 0.8-3.2)
(Supplementary Table 3). Nonetheless, higher ORs for CVD death were
observed for individuals with TET2-CHIP (OR 2.3, 95% CI 0.99-4.9) and
ASXL1-CHIP (OR 3.0, 95% CI 0.94-8.2) with the VAF threshold > 0.1%
in multivariable analysis (Supplementary Fig. 1A).

In line with previous research, we observed an increased risk of CVD
death in individuals harboring CHIP clones with VAF > 2% with no
differences in conventional cardiovascular risk factors overall
(Supplementary Table 3). Importantly, mutations in ASXL1 and TETZ2,
but not DNMT3A, were significantly associated with CVD mortality in a
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multivariable analysis where ASXL1-CHIP conferred the highest risk of
CVD death (OR 5.3, 95% CI 1.5-15.8) using the VAF 2% cut-off
(Supplementary Fig. 1B).

3.2. Lifestyle and diet

We first explored whether lifestyle variables were associated with
the development of CHIP. We explored the impact of diet quality on the
development of CHIP by obtaining modified Healthy Diet Index (mHDI)
scores for each individual (Supplementary Table 2). Higher points
indicate adherence to a healthier diet as defined by WHO (Sjogren,
2010) and the Swedish National Food Agency (Malcikova, 2024). The
mean mHDI score for the whole cohort was 2.8 without differences
comparing CHIP to non-CHIP carriers (average mHDI score 2.7 vs 2.9).

No significant associations were found between overall CHIP prev-
alence and lifestyle factors such as weight, BMI, smoking status, alcohol
intake, dietary patterns, physical activity (PA) or educational level in
univariable logistic regression analyses (Supplementary Table 4). In
multivariable lifestyle analysis on 709 individuals with available data,
stratification by mutation showed an association between current
smoking and the development of non-DTA-CHIP (OR 3.17, 95% CI
1.43-6.64) (Table 2). We also observed an association between healthier
diet patterns and lower risks for TET2-CHIP (OR 0.88, 95% CI
0.78-0.98) after adjusting for gender, BMI, educational level, current
smoking, alcohol intake, and PA. We did not observe an association
between mHDI scores and TET2-CHIP in a multivariable lifestyle anal-
ysis when we applied the conventional threshold of 2% VAF (OR 0.94,
95% CI 0.77-1.14) (Supplementary Table 5). Current smoking was
associated with an increased risk of ASXL1-CHIP (OR 3.93, 95% CI
1.19-11.3) at the VAF > 2% cut-off.

TET2-CHIP was less common in individuals with healthier diets with
a steady decrease in prevalence as mHDI scores increased (Fig. 2A). Its
average prevalence declined from 24.0% in the lowest mHDI group (-1
to 0) to 16.3% in the intermediate group (1 to 5) and 9.4% in the highest
group (6 to 7). Similar trends were observed for overall CHIP and non-
DTA-CHIP, with prevalence decreasing from 48.1% to 41.0% and 42.2%
and from 8.7% to 7.1% and 4.7%, respectively, across the same mHDI
groups.

Given the potential association between dietary intake and TET2-
CHIP development, we next explored the impact of specific nutrient
intakes including various fatty acids and vitamins on the development of

DNMT3A

TET2

l ASXL1
| | I RUNX1
I I JAK2

SF3B1
H |IDH2

U2AF1

Fig. 1. Early-stage CHIP prevalence in the PIVUS cohort. Oncoplot showing the prevalence of CHIP (VAF > 0.1%) and co-mutation patterns across analyzed samples

(n = 888).
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Table 2
Multivariable logistic regression analysis with regard to CHIP (VAF > 0.1%) and lifestyle (n = 709).
Characteristic Overall DNMT3A TET2 ASXL1 Non-DTA
OR 95% CI OR 95% CI OR 95% CI OR 95% CI OR 95% CI
Gender 1.11 0.82, 1.52 1.26 0.87,1.82 1.12 0.74, 1.69 0.66 0.34,1.27 0.62 0.34,1.12
BMI 1.00 0.97, 1.04 0.97 0.93, 1.02 1.02 0.97, 1.06 1.04 0.96, 1.11 1.00 0.93, 1.07
Current smoking 1.14 0.68, 1.92 0.70 0.34,1.33 0.87 0.40, 1.72 2.30 0.88, 5.35 3.17 1.43, 6.64
Alcohol (% of daily energy intake) 0.99 0.94, 1.04 1.00 0.94, 1.06 0.97 0.90, 1.04 0.87 0.74, 0.99 1.03 0.94,1.11
Educational level 1.04 0.86, 1.24 0.89 0.71, 1.10 1.16 0.91, 1.47 1.00 0.67, 1.46 1.15 0.82, 1.60
mHDI score 0.92 0.85, 1.01 1.05 0.94, 1.16 0.88 0.78, 0.98 0.98 0.81, 1.17 0.97 0.82,1.15
Physical activity level 1.11 0.91, 1.37 1.06 0.83,1.35 1.28 0.98, 1.66 1.20 0.79, 1.81 1.17 0.80, 1.69
Abbreviations: OR: Odds ratio, CI: Confidence interval, BMI: Body mass index, mHDI: Modified Healthy Diet Index.
CHIP prevalence per mHDI category
05
48.1
VitC
e o
04 ... Vit E
mHDI scores Folate
o . “1t00 Niacin
6 . 1t05 Retinol
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ss 5 7.4 B Foyunsaturated fats : : i
5.5
47 é E
z 2
0.0 )

Overall CHIP DNMT3A-CHIP

TET2-CHIP

ASXL1-CHIP

non-DTA-CHIP s -

Fig. 2. A-C: Dietary intake and early-stage CHIP presence. (A) Bar chart depicting the prevalence of CHIP stratified by modified Healthy Diet Index (mHDI) category
and CHIP type (total n = 741). The bars show the average CHIP proportion within each risk group. Higher mHDI scores indicate healthier diet. (B-C) Heatmaps
showing the associations between various fatty acids (B) and vitamins (C) and the development of CHIP, based on dietary registration data. Associations were
assessed using multivariable logistic regression, adjusted for gender, BMI, smoking status, and total energy intake. Colors represent point estimates as odds ratios
(OR) and hashes (#) indicate associations where the 95% confidence interval (CI) does not contain the null. The ORs and precise spread of all 95% CIs are provided in
Supplementary Table 6. Abbreviations: mHDI: modified Healthy Diet Index, Vit: Vitamin.

CHIP based on dietary registration forms using multivariable logistic
regression analysis where we adjusted for gender, BMI, smoking status
and total energy intake (Fig. 2B and C, Supplementary Table 6). A high
intake of omega-3 fatty acids (eicosapentaenoic acid (F20:5), docosa-
pentaenoic acid (F22:5) and docosahexaenoic acid (F22:6)) was asso-
ciated with a reduction in ASXL1-CHIP prevalence (3.4% vs 8.7%)
(Fig. 2B, Supplementary Table 6). This association was not observed
when we applied the VAF 2% cut-off (Supplementary Table 7).

For vitamins, in individuals with higher intake of riboflavin (vitamin
B2) we observed a higher likelihood of TET2-CHIP (OR 2.07, 95% CI
1.17-3.69) and non-DTA-CHIP (OR 2.35, 95% CI 1.03-5.33) (Fig. 2C,
Supplementary Table 6). The association between TET2-CHIP and
higher intake of riboflavin was also observed using the VAF 2% cut-off
(OR 2.76, 95% CI 1.07-7.13, Supplementary Table 7). Likewise, a
higher intake of pyridoxine (vitamin B6) was associated with early-stage
non-DTA-CHIP (OR 2.05, 95% CI 1.03-4.05). A higher intake of thia-
mine (vitamin B1) was in turn associated with a lower risk of having
early-stage CHIP overall (OR 0.45, 95% CI 0.21-0.96) (Fig. 2C, Sup-
plementary Table 6). In line with previous research (Gupta et al., 2025),
we observed an association between a higher intake of vitamin B12 and
overall CHIP using the VAF 2% cut-off (OR 1.07, 95% CI 1.01-1.12),
mainly driven by TET2-CHIP (OR 1.11, 95% CI 1.04-1.19)
(Supplementary Table 7).

3.3. Circulating levels of metals

We next explored whether circulating levels of various metals in
whole blood were associated with the development of CHIP (Fig. 3A).
Primary analyses were adjusted for potential confounders, including
gender, BMI, and smoking status. Overall, there were no significant as-
sociations between circulating metal levels and the general development
of CHIP, but elevated cadmium levels were associated with an increased
risk of non-DTA-CHIP (OR 2.13, 95% CI 1.32-3.45) and a lower risk of
TET2-CHIP (OR 0.63, 95% CI 0.43-0.91). (Fig. 3A, Supplementary
Table 6). This was especially driven by TP53-CHIP (n = 27, OR 3.34,
95% CI 1.65-6.72) We performed sensitivity analyses including creati-
nine clearance and smoking intensity (pack-years) as cadmium is asso-
ciated with both smoking and renal clearance (Waalkes, 2003; Akesson
etal., 2005). Our findings remained for non-DTA-CHIP (OR 2.23, 95% CI
1.34-3.70), TP53-CHIP (OR 4.01, 95% CI 1.95-8.25) and TET2-CHIP
(OR 0.62, 95% CI 0.42-0.91) (Supplementary Table 8). In addition,
higher cadmium levels were also associated with non-DTA-CHIP using
the conventional VAF 2% cut-off (OR 2.16, 95% CI 1.02-4.58)
(Supplementary Table 7).

To further explore the relationship between cadmium levels and
early-stage non-DTA-CHIP, we employed a generalized additive model
(GAM). We observed a linear association between blood cadmium levels
and non-DTA-CHIP (effective degrees of freedom (EDF) = 1.0, Xz =9.6).
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Fig. 3. A-F: Associations between environmental exposures and early-stage CHIP presence. The heatmaps show associations between the blood levels of (A) heavy
metals, (C) persistent organic pollutants and (D) polyfluoroalkyl substances and CHIP prevalence based on multivariable logistic regression analyses. Colors represent
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intervals (confidence bands) with details provided in Supplementary Table 9. Abbreviations: TEQ; toxic equivalence.

The predicted probability of non-DTA-CHIP increased from 3.2% (95%
CI: 1.7%-5.7%) at the 10th percentile of cadmium exposure to 25.4%
(95% CI: 11.4%-47.3%) at the 90th percentile (Fig. 3B, Supplementary
Table 9).

3.4. Exposure to POPs or PFAS

Next, we investigated whether the concentrations of 18 persistent
organic pollutants (POPs) and 8 per- and polyfluoroalkyl substances
(PFASs) had associations with CHIP development (Fig. 3C and D). In-
dividuals with higher levels of PCB-189 had an increased risk of overall

CHIP (OR 1.44, 95% CI 1.16-1.80), which was mainly due to an asso-
ciation with DNMT3A-CHIP (OR 1.42, 95% CI 1.13-1.79) (Fig. 3C,
Supplementary Table 6). The association between PCB-189 and
DNMT3A-CHIP demonstrated moderate non-linearity (EDF = 1.61, xz =
10.1). Predicted DNMT3A-CHIP probability rose from 28.7% (95% CI:
19.1%-40.8%) at low exposure levels to 71.2% (95% CI: 52.5%-84.7%)
at the high end of the observed range (Fig. 3E, Supplementary Table 9).
Also, higher levels of perfluorooctane sulfonamide (PFOSA) showed an
association with DNMT3A-CHIP (OR 1.31, 95% CI 1.01-1.70) (Fig. 3D).
The levels of PCB-189 and PFOSA showed no associations with CHIP
using the conventional 2% VAF cut-off (Supplementary Table 7).
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We also performed analyses based on the total toxic equivalence
(TEQ) value for the dioxin-like PCBs (Rodushkin et al., 2000). There was
no association between the total TEQ value and overall CHIP when
assessing potential non-linear relationships using GAM (EDF = 1.0, 3 =
2.1) (Fig. 3F, Supplementary Table 9).

-log10[unadj. P]
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3.5. Germline variants

We performed a genome-wide association analysis (GWAS) to iden-
tify potential genetic variants associated with CHIP, with the goal of
exploring whether specific loci may associate with early-stage CHIP
status. We conducted an unbiased genome-wide scan including all single
nucleotide polymorphisms (SNPs) in relation to overall CHIP (VAF >
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Fig. 4. A-B: Genome-wide association analysis with regard to early-stage CHIP status (n = 841). (A) Manhattan plot for genotype impact on CHIP status. Each point
represents a single nucleotide polymorphism (SNP), with its genomic position on the x-axis (by chromosome) and the strength of association (—log10 unadjusted p-
value) on the y-axis. The horizontal red line denotes the suggestive significance threshold P < 1 x 1075, the black line denotes the genome-wide significance threshold
P < 5x 10", (B) Bar chart showing the association between CHIP prevalence (%) and the genotype of rs17422118.
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0.1%).

There were 11 SNPs on chromosome 1 that reached suggestive sig-
nificance (P < 1x 10'5), of which the lead SNP was rs17422118 (P 1.7 x
10'6) (Fig. 4A, Supplementary Table 10). None of these 11 SNPs have
previously been associated with CHIP development at VAF 2%, nor
linked to any specific gene. The nearest downstream genes of
1517422118 are the pseudogenes RPS3AP10 and RNA5SP64.

We performed an internal replication analysis at VAF 2% (n = 132
cases) to explore the suggestive association at rs17422118. Despite
substantial reduction in statistical power, rs17422118 remained nomi-
nally significant (P = 0.0011) with a consistent direction of effect.

We explored statistics from published data from the UK Biobank
(Kar, 2022) with regard to CHIP (VAF > 2%) and rs17422118. Estimated
effect sizes for rs17422118 and overall CHIP, DNMT3A-CHIP and TET2-
CHIP were small (f~0.0006, ~0.00057 and p=0.00038, respectively)
with no statistical significance (P = 0.47, P = 0.36 and P = 0.32,
respectively).

We next assessed the association between the prevalence of CHIP and
the genotype of rs17422118 (homozygous reference (A/A), heterozy-
gous (G/A), and homozygous alternative (G/G)) (Fig. 4B). There was a

A Overall CHIP
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steady decrease in the prevalence of overall CHIP from 49.7% in in-
dividuals with the A/A genotype to 36.2% in heterozygous individuals
and to 25.6% in those with the G/G genotype.

3.6. Multivariable modeling for CHIP development

To gain deeper insights into the lifestyle, genetic and environmental
risk factors contributing to overall CHIP development, we employed a
penalized logistic regression framework (LASSO) coupled with boot-
strap stability selection for individuals with complete dietary and
environmental data (n = 596). All models were adjusted for gender,
smoking status, BMI, and daily energy intake (Fig. 5, Supplementary
Table 11).

Higher levels of PCB-189 and cadmium were associated with a
higher risk of having early-stage overall CHIP (OR 1.47, 95% CI
1.11-1.94 and OR 1.65, 95% CI 1.15-2.36, respectively) (Fig. 5A).
Higher intake levels of vitamin D associated with lower risk of overall
CHIP (OR 0.86, 95% CI 0.77-0.96).

Subtype-specific models showed different patterns for DNMT3A-
CHIP and TET2-CHIP (Fig. 5B and C). We estimated that the cohort
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Fig. 5. A-C: Exploratory identification of factors associated with early-stage CHIP. Forest plots displaying odds ratios and 95% confidence intervals (CI) for variables
identified through a stability-selection pipeline for (A) overall CHIP, (B) DNMT3A-CHIP, and (C) TET2-CHIP for individuals with complete data (n = 596). The
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included too few cases on ASXL1-CHIP (n = 49) and non-DTA-CHIP (n =
65) to run valid multivariable analyses for these subtypes.

For early-stage DNMT3A-CHIP, we observed a higher prevalence in
individuals with higher levels of PCB-189 and perfluorononanoic acid
whereas we observed inverse associations for nickel, mercury, linolenic
acid (F18:3), and perfluorooctanoic acid. For early-stage TET2-CHIP, a
higher mHDI score (indicating a healthier diet) and higher levels of PCB-
209 and copper were associated with a lower risk of harboring TET2-
CHIP.

In this cohort, the genotype of rs17422118 showed an association
with a lower prevalence of early-stage overall CHIP, as well as DNMT3A-
CHIP and TET2-CHIP, in homozygous alternative individuals (G/G) (OR
0.66, 95% CI 0.50-0.86, OR 0.58, 95% CI 0.41-0.81, and OR 0.65, 95%
CI 0.45-0.94, respectively).

3.7. Longitudinal dynamics

To assess the clonal trajectories over a 10-year-period, we analyzed
paired samples from 197 individuals at the age of 70 and 80 years.
Among variants with VAF > 0.1% detected at age 70, the mean VAF
increased modestly from 1.5% to 2.2% by age 80 resulting in a relative
change of 51.1% (Fig. 6A). DNMT3A mutated clones were relatively
stable over time with a slight decrease in average VAF from 1.6% to
1.2% at 70 and 80 years, respectively (Fig. 6B, Supplementary Fig. 2).
Other clones, particularly those with TET2 mutations, showed a nu-
merical increase in mean VAF (from 1.5% to 4.1%).

We investigated whether baseline exposures at age 70 predicted the
velocity of clonal expansion (delta-VAF). A total of 38 participants with
pathogenic CHIP clones at baseline provided paired samples at age 80.
After adjusting for baseline VAF, sex, BMI, smoking status and daily
energy intake, we observed associations between clonal expansion and
higher exposure of saturated fats, the fatty acids butyric acid (F4:0),
myristic acid (F14:0) and palmitic acid (F16:0) as well as vitamin E (all
with standardized beta 0.05 and 95% CIs above 0) (Supplementary
Table 12).

4. Discussion
This exploratory study provides insights into the potential interplay

between lifestyle factors, environmental exposures, and the develop-
ment of CHIP in a cohort of 70-year-old individuals. We observed a
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prevalence of 41% for CHIP at VAF > 0.1% in our cohort and investi-
gated potential associations between specific lifestyle and environ-
mental factors and CHIP subtypes.

Our findings highlight that while lifestyle choices, such as diet and
exercise, did not show a direct association with overall CHIP prevalence,
certain dietary patterns were linked to specific CHIP mutations. A
healthier diet correlated with a lower prevalence of TET2-CHIP and a
higher intake of omega-3 fatty acids correlated with a lower risk of
having ASXL1-CHIP. To our knowledge, this is the first study to provide
a detailed analysis of how specific nutrients associate with the devel-
opment of distinct CHIP subtypes using ultra-deep sequencing identi-
fying clones with VAF > 0.1%.

Previous research has linked an unhealthy diet to a higher preva-
lence of CHIP, though without significant differences in the distribution
of CHIP mutations across dietary groups (Bhattacharya, 2021). Consis-
tent with our findings, mice with TET2-CHIP fed an obesogenic diet
exhibited clonal expansion patterns similar to those observed with aging
(Fuster, 2020). A diet rich in omega-3 fatty acids have previously been
shown to increase the abundance of hematopoietic stem cells and alter
the hematopoietic microenvironment (Xia, 2015). We also noted an
association with high intakes of vitamin B2 and vitamin B6 and non-
DTA-CHIP. Interestingly, previous mechanistic research has shown
acute myeloid leukemia cells to be highly dependent on these two vi-
tamins for proliferation (Chen, 2020; Bjelosevic, 2024) which suggests
that specific nutrients may provide a selective advantage to specific
mutated clones. Our results align with a recent study linking high serum
levels of vitamin B12 to CHIP prevalence (Gupta et al., 2025). Vitamins
B2, B6, and B12 serve as critical cofactors in the one-carbon metabolism
pathway, which governs DNA methylation and nucleotide synthesis
(Lyon et al., 2020). More research is needed to delineate how imbal-
ances in these metabolic paths may alter the epigenetic landscape and its
contribution to CHIP.

This is the first population-based study to explore to what extent
exposure to environmental pollutants associates with early-stage CHIP
status. Notably, PFAS have been shown to accumulate in the bone and
marrow (Koskela, 2017). Our findings underscore the role of environ-
mental contaminants in hematopoietic transformation and support the
hypothesis that specific environmental chemicals may induce mutagenic
effects that favor clonal expansions (Esai Selvan, M. et al. Distinct
characteristics of lymphoid and myeloid clonal hematopoiesis in World
Trade Center first responders. Preprint at Doi: 10., 2024). In contrast,
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current evidence does not support a role for ambient air pollutants in
CHIP (Leiser, 2023).

Elevated cadmium levels were notably associated with non-DTA
CHIP, especially TP53 mutated clones, at both explored VAF cut-offs
(>0.1% and > 2%). This is particularly relevant given the adverse
phenotype associated with TP53-CHIP and TP53 associated myeloid
malignancies (Usui, 2025; Daver, 2023). Interestingly, high cadmium
levels in patients with acute myeloid leukemia have been associated
with poorer survival (Ohanian et al., 2020). A potential mechanistic
explanation for this association is cadmium’s ability to inhibit DNA
mismatch repair (Jin et al., 2003). Animal studies have indicated that
cadmium exposure rewires hematopoietic stem cell metabolism to favor
myelopoiesis (Zhao et al., 2022; Zhang et al., 2016); potentially
providing a competitive advantage to specific clones. Moreover, there is
growing evidence that exposure to heavy metals like cadmium signifi-
cantly contributes to CVD globally (Lamas, 2023). Our study suggests
that CHIP might be a mechanism involved in the genotoxicity of cad-
mium and could mediate effects of cadmium on CVD. The biological
mechanisms underlying this relationship require additional
investigation.

We also observed that elevated levels of PCB-189 and per-
fluorooctane sulfonamide (PFOSA) were associated with an increased
risk of DNMT3A-CHIP. Notably, PCB-189 elevations have previously
been tied to higher all-cause mortality (Lind et al., 2019) and our data
raise the possibility that the development of CHIP may act as a medi-
ating link, but larger as well as mechanistic studies are warranted.

When we estimated the impact of germline predisposition and used
VAF 0.1% to define CHIP, we identified the genotype of the SNP
1517422118 harboring a potential protective effect with regard to early-
stage DNMT3A-CHIP and TET2-CHIP. rs17422118 has not been previ-
ously linked to any phenotype. The SNP is located in an intergeneic
region in the vicinity of and within a topology associated domain
together with the uridine-cytidine kinase 2 (UCK2) gene. UCK2 has been
linked to several cancers through overexpression and control of prolif-
eration and its expression has been proposed as a biomarker of early
stage of lung cancer (Wu et al., 2019). The association of this SNP to
CHIP as well as its mechanisms needs to be further explored and vali-
dated. However, and to our knowledge, no validation cohorts are
currently available at this low VAF threshold. It is important to
emphasize that the present study is underpowered for GWAS, and only
exceptionally strong signals would reach GWAS significance. However,
the allele-dependent trends shown in Fig. 4, along with our multifac-
torial assessments of CHIP development in Fig. 5, highlight the potential
impact of rs17422118 in this specific cohort.

Finally, we have in our study tried to apply multifactorial modeling
to highlight the potential impact of numerous variables for early-stage
overall CHIP, DNMT3A-CHIP and TET2-CHIP (Fig. 5). Environmental
exposures, lifestyle factors, and stochastic processes have all been shown
to influence hematopoiesis and hematopoietic stem cell turnover, but no
study has to our knowledge integrated all of these variables in the
context of early-stage CHIP in a population-based cohort. Future
research should aim to elucidate the mechanisms by which these factors
interact, particularly in the context of aging, to provide a more
comprehensive understanding of CHIP development.

We emphasize the exploratory nature of this study, which serves to
generate hypotheses for future mechanistic and interventional research.
Several limitations of this study warrant consideration. First, while our
cohort is well-characterized, the cross-sectional design prevents us from
making definitive causal claims. Our findings remain observational and
should be viewed as hypothesis-generating rather than proof of a causal
link. The findings from the longitudinal follow-up remain observational
and should be interpreted with caution with regard to a causal rela-
tionship between the highlighted factors and early-stage CHIP. In
addition, the generalizability of our study is limited by the demographic
and geographic specificity of the PIVUS cohort.

Second, the cohort (n = 888) is relatively modest compared to large-
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scale biobanks. However, this remains the largest study to date inves-
tigating the relationship between early-stage CHIP and a broad range of
environmental and lifestyle factors, including direct blood measure-
ments of pollutants. To minimize the risk of false-positive results, we
utilized a LASSO stability selection framework. While this conservative
approach prioritizes robust signals, we acknowledge that observed as-
sociations require further validation in larger independent cohorts.

Third, although we utilized validated, gold-standard dietary assess-
ment tools supported by dietitian training, the risk of measurement error
and systematic misreporting remains a limitation as nutritional data in
our study are based on self-reported dietary data. Systematic data on
vitamin supplement use was not collected whereby our findings
regarding vitamin intake should be interpreted as associations with di-
etary patterns rather than total vitamin levels. Dietary patterns and
physical activity were selected as representative behaviors due to their
influence on the bone marrow microenvironment (Vanhie et al., 2025).
We acknowledge that other lifestyle factors, including circadian rhythm
disruption and chronic stress, may also influence clonal dynamics (Jia
et al., 2025; Motiei et al., 2024). Future studies incorporating detailed
lifestyle tracking such as actigraphy and sleep monitoring will be
necessary to further untangle these relationships. Finally, while our
ultra-high depth of coverage (mean 8331X) ensures high internal val-
idity for low-VAF variants, the absence of orthogonal technical valida-
tion (e.g., digital PCR) is a recognized limitation.

For most of the factors identified herein, the precise mechanistic
pathways remain to be elucidated. Future research should aim to bridge
this gap by integrating longitudinal clinical observations with experi-
mental models to determine whether exposome management can
attenuate the initiation and subsequent expansion of CHIP clones. Our
results in this well-phenotyped cohort provide a foundational frame-
work for such studies. Notably, this study adds another point of concern
with regard to cadmium exposure. Cadmium is classified as a carcinogen
by the International Agency for Research on Cancer, particularly
affecting the skeletal, respiratory, and renal systems (Joseph, 2009). Our
findings suggest that the hematologic compartment may be another
critical site of cadmium-induced clonal selection.

In summary, our exploratory population-based study discloses
complex potential interactions between lifestyle, environmental con-
taminants and genetic factors in relation to early-stage CHIP. These
findings underscore the need for future integrative approaches that
combines epidemiological, genetic, and experimental research to refine
our understanding of the development and evolution of CHIP.
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