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Clonal hematopoiesis (CH) becomes more prevalent with aging and may influence inflammatory diseases by alter-
ing immune function. While CH of indeterminate potential (CHIP) promotes inflammation in nonmalignant condi-
tions, its relationship with rheumatoid arthritis (RA) remains unknown. We analyzed CHIP mutations in RA using
two population-level cohorts and patients with newly diagnosed RA. CHIP was associated with prevalent RA in
10,089 FINRISK study participants with whole-exome sequencing (OR, 2.06; P = 0.029) and in the FinnGen cohort
(n=520,210; OR, 1.49; P < 0.001) using single-nucleotide polymorphism array-based CHIP annotation. In FinnGen,
CHIP was also associated with inferior overall survival in participants with RA (P = 0.013). In newly diagnosed RA
(n = 573), DNMT3A-mutated seropositive patients had increased inflammatory markers and disease activity com-
pared with patients without CHIP. In contrast, TET2 mutations were enriched in seronegative RA (P = 0.009). Our
findings provide further evidence for the context-dependent association between CHIP and inflammation, with

potential therapeutic implications.

INTRODUCTION

The role of aging-related clonal hematopoiesis (CH) in inflammatory
diseases remains to be fully characterized (1, 2). CH of indeterminate
potential (CHIP) is defined by the presence of hematopoietic stem cell
(HSC) clones carrying somatic mutations in genes recurrently mutated
in myeloid neoplasms (3). CHIP predisposes to hematologic malig-
nancies (3), but the increased risk of death among CHIP carriers (4) is
mainly caused by nonmalignant inflammatory phenotypes, such as

"Hematology Research Unit Helsinki, University of Helsinki and Helsinki University
Hospital Comprehensive Cancer Center, Helsinki, Finland. Translational Immunol-
ogy Research program, University of Helsinki, Helsinki, Finland. 3iCAN Digital Preci-
sion Cancer Medicine Flagship, Helsinki, Finland. “Department of Public Health and
Clinical Medicine/Rheumatology, Umea University, Umed, Sweden. SInstitute for
Molecular Medicine Finland, University of Helsinki, Helsinki, Finland. ®Analytic and
Translational Genetics Unit, Massachusetts General Hospital, Boston, MA, USA.
’Center for Genomic Medicine, Massachusetts General Hospital, Boston, MA, USA.
8Program in Medical and Population Genetics, Broad Institute of MIT and Harvard,
Cambridge, MA, USA. ®Stanley Center for Psychiatric Research, Broad Institute of
MIT and Harvard, Cambridge, MA, USA. "®Department of Clinical Chemistry and
Hematology, HUS Diagnostic Center, Helsinki University Hospital and University of
Helsinki, Helsinki, Finland. "'Inflammation Center, Department of Rheumatology,
Helsinki University Hospital and University of Helsinki, Helsinki, Finland. 2Centre
for Rheumatology and Clinical Immunology, Division of Medicine, Turku University
Hospital and University of Turku, Turku, Finland. *Centre for Rheumatic Diseases,
Tampere University Hospital, Tampere, Finland. "*Faculty of Medicine and Health
Technology, Tampere University, Tampere, Finland. "*P&ijat-Hame Central Hospi-
tal, Lahti, Finland. "®Clinicum, Faculty of Medicine, University of Helsinki, Helsinki,
Finland. '"Kuopio University Hospital, Kuopio, Finland. "®Turku Bioscience Centre,
University of Turku and Abo Akademi University, Turku, Finland. "INFLAMES Re-
search Flagship Center, University of Turku, Turku, Finland. Institute of Biotechnol-
ogy, HiLIFE Helsinki Institute of Life Science, University of Helsinki, Helsinki, Finland.
2 nstitute of Biomedicine, University of Turku, Turku, Finland. 22FIMLAB Laboratories,
Tampere, Finland. 2Stanley Center, Broad Institute of Harvard and MIT, Cambridge,
MA, USA. 24Department of Genetics, Harvard Medical School, Boston, MA, USA.
*Corresponding author. Email: mikko.myllymaki@helsinki.fi

tFinnGen authors and affiliations are listed in the Supplementary Materials.
$These authors contributed equally to this work.

Hiitola et al., Sci. Adv. 11, eadt9846 (2025) 30 April 2025

cardiovascular diseases (CVDs) (5). CHIP can promote inflammation
via multiple mechanisms, such as via hyperactivation of the NLR fam-
ily pyrin domain-containing 3 inflammasome and subsequent cyto-
kine release from monocytes/macrophages (6). Consequently, CHIP
has been implicated in the pathogenesis of inflammatory diseases
such as gout (7), chronic liver disease (8), acute kidney injury (9),
giant cell arteritis (10), and CVD (4, 11). On the other hand, chronic
inflammation can boost the expansion of CHIP clones in the bone
marrow (12, 13). Anti-inflammatory therapies have shown prelimi-
nary efficacy in CVD prevention in high-risk patients with CHIP (14),
suggesting that identifying CHIP carriers may result in personalized
therapeutic opportunities in inflammation-driven disease contexts. In
addition to CHIP, other CH subtypes include mosaic chromosomal
alterations (mCAs) (15, 16) and CH characterized by somatic variants
in lymphoid driver genes (17, 18). Both mCAs (19) and lymphoid
driver variants (17) increase the risk of hematological cancers, but
their impact on other disease phenotypes remains to be explored.
Rheumatoid arthritis (RA), one of the most common autoim-
mune disease primarily affecting joints (20), significantly co-occurs
with chronic myeloid malignancies (21, 22). Seropositive RA is de-
fined by the presence of anti-cyclic citrullinated peptide antibodies
(ACPA) and/or rheumatoid factor (RF), whereas seronegative RA is
a more heterogeneous inflammatory disease entity involving pa-
tients with clinical RA manifestations in the absence of ACPA and
RF (23). Clonal expansions of the immune cells have been reported
in RA. For example, patients with Felty syndrome, a disease entity
characterized by neutropenia, splenomegaly, and seropositive RA,
have a high prevalence of STAT3 mutations in peripheral blood (24).
CHIP has also been associated with autoimmune diseases in 200
patients who underwent hip arthroplasty for osteoarthritis (25) and
with RA in a study of 1794 participants aged 80 or older (26). How-
ever, these preliminary observations have yet to be validated in
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population-level cohorts, and studies on the prevalence of CHIP in
clinically annotated patients with RA have, so far, been limited to a
small patient cohort of 59 patients with RA (27). Understanding the
association between CHIP and RA may provide additional insights
into the pathophysiology, prevention, and clinical management of
autoimmune diseases.

In this study, we comprehensively analyzed whether CH subtypes
are associated with RA in the population level using whole-exome
sequencing (WES) data in the FINRISK study (28) and single-
nucleotide polymorphism (SNP) array data in the FinnGen cohort
(29). We also evaluated CHIP mutations using next-generation se-
quencing (NGS) in a cohort of 573 untreated and 59 previously
published (27) patients with RA as well as 163 healthy controls to
elucidate the prevalence of CHIP in distinct RA phenotypes (table
S1). Collectively, our approaches highlight the spectrum of CH as-
sociated with RA in a context-dependent manner.

RESULTS

CH in the FINRISK cohort

To evaluate the association between CH and RA, we reanalyzed
WES (30) and SNP array data to detect CHIP and mCAs, respec-
tively, in the FINRISK cohort of 10,129 participants that are highly
representative of the Finnish population (30). The median age of
FINRISK participants with WES available was 49 years (range, 25 to
74), and 53% of the participants were male (fig. S1A). The median
registry follow-up time in the FINRISK participants was 15.8 years
after DNA sampling (range, 0 to 25.9 years).

Among the 10,089 FINRISK participants with WES data (Materials
and Methods), the median exome target coverage was 48X (fig. S1C).
We identified a total of 411 variants in CHIP genes in 381 FINRISK
participants (tables S2 and S3 and fig. S2). Among those with CHIP,
most participants (352 of 381, 92%) had one CHIP variant (fig. S2G).
Consistent with prior reports (31, 32), the most recurrently mutated
genes included DNMT3A, TET2, and ASXLI (Fig. 1A). The ratio of
DNMT3A variants to TET2 variants was lower in our cohort com-
pared with that in UK Biobank (UKBB) (31) (1.15 versus 2.37, re-
spectively), largely driven by differences in target coverages (fig. S2H).
Therefore, the differences in the relative prevalence of DNMT3A and
TET2 variants were likely caused by different exome capture kits used
in the studies (30, 31). Most of the mutations were missense (fig.
S2A), and the most common nucleotide substitution was cytosine to
thymine (C>T) (fig. S2B). The association between CHIP variants
and sex was also consistent with the UKBB data (fig. S2E) (31). The
distribution of variant allele frequencies (VAFs) by mutated genes
and variant consequences is outlined in fig. S2 (C and D). Only two
variants had VAF of below 2%, consistent with 2% being the thresh-
old for CHIP detection in WES data (3). Notably, we observed no
somatic hotspot variants in UBAI, a gene underlying VEXAS syn-
drome characterized by autoimmune phenotypes (33, 34) as expected
based on recently reported population prevalence of UBA1 mutations
in the United States (35).

We also evaluated the spectrum of lymphoid driver variants
(17, 36) in the FINRISK cohort (Materials and Methods, table S4,
and Fig. 1B). We identified 354 variants in 346 participants in
lymphoid driver genes (table S3 and fig. S3). The most recurrently
mutated lymphoid driver genes included KMT2D, KMT2A, and
ADGRV1; however, only a total of 27 variants were observed in
these genes (Fig. 1B). Most mutations were nonsense (fig. S3A),
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and the most prevalent nucleotide substitution was C>A (fig.
S3B). The distribution of VAFs by mutated lymphoid driver genes
and variant consequences is presented in fig. S3 (C and D). Most
of the participants with lymphoid driver variants had only one
variant (fig. S3E). The median VAFs were lower for putative lym-
phoid driver versus myeloid CHIP variants (6.8% versus 9.1%, P <
0.001; fig. S3F), consistent with lymphoid driver variants likely
occurring in lymphoid progenitor/differentiated cells versus CHIP
variants occurring at stem/progenitor cell level.

We also called mCAs in 8414 FINRISK participants with available
SNP array genotyping data (Materials and Methods) and found 406
autosomal mCAs in 343 participants (table S5 and fig. S4). We identi-
fied loss of sex chromosomes as the most common mCAs and copy
neutral loss of heterozygosity (CN-LOH) in chromosomes 1, 2, 9,
and 14 as the most prevalent autosomal mCAs (fig. S4). CHIP sig-
nificantly co-occurred with lymphoid drivers [odds ratio (OR) = 1.69,
P =0.03] as well as with autosomal mCAs (OR, 2.02; P = 0.001)
in multivariable models. Lymphoid drivers did not significantly co-
occur with autosomal mCAs (OR, 1.36; P = 0.26) (Fig. 1C).

CH and clinical parameters in FINRISK

The prevalence of CHIP was strongly age related, whereas the preva-
lence of lymphoid drivers showed no evident age association (Fig. 1D).
CHIP prevalence reached 7.8% [95% confidence interval (CI), 6.6 to
9.1%] in participants aged 60 to 69, consistent with the previously
reported prevalence in population cohorts (31).

We systematically evaluated the association between CH and
laboratory variables measured as part of FINRISK (fig. S5A).
Participants with CHIP or autosomal mCAs had higher C-reactive
protein (CRP) levels in univariable models (fig. S5C), and the as-
sociation between CHIP and CRP remained statistically significant
in a multivariable model (Fig. 1E). These results are in line with
previous findings (37), suggesting that CHIP may be linked to in-
flammatory processes.

As expected, myeloid and lymphoid driver variants were associ-
ated with prevalent and incident hematologic malignancies (fig. S6, A
and B). Furthermore, CHIP mutations were positively associated
with heavy (more than 20 pack-years) smoking history that was
mostly driven by mutations in ASXL1, as previously reported (38, 39).
Autosomal mCAs were also associated with heavy smoking history
(fig. S5B).

Enrichment of CHIP in FINRISK participants with RA

After excluding participants with prevalent hematologic malignan-
cies, 1.2% (121 0of 10,021) FINRISK participants had prevalent RA at
DNA sampling. The presence of CHIP mutations was significantly
associated with prevalent RA (OR, 2.06; P = 0.029; 95% CI, 1.08 to
3.94) in a multivariable model (Fig. 1F). This association was spe-
cific to participants with maximum VAF of CHIP variants less than
10% (OR, 3.00; P = 0.004; 95% CI, 1.41 to 6.35) and was driven by
non-DNMT3A CHIP mutations (Fig. 1F). The lack of association
between CHIP variants higher than 10% and RA was likely due to
the low number of participants in this subset; only three participants
with larger (more than 10% VAF) CHIP had prevalent RA in the
cohort. The association was validated in questionnaire-based anno-
tation of prevalent RA (fig. S7A). In contrast, the presence of lym-
phoid driver variants or mCA subtypes, including myeloid and
lymphoid mCAs (17) were not associated with prevalent RA (Fig. 1F
and fig. S7). Nine patients with CHIP developed incident RA during
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Fig. 1. Spectrum of CH and association with RA in the FINRISK study. (A) Distribution of CHIP variants by gene and variant type in the FINRISK study. (B) Number of
variants by variant type in putative lymphoid driver genes in FINRISK. Genes with at least four variants shown in the figure. The full list of variants can be found in table S3.
(€) Co-occurrence of CH subtypes. P values were calculated using Fisher’s exact test. (D) Prevalence of CH subtypes in FINRISK participants by age in decades. (E) Multivari-
able models for associations between CH subtypes and CRP. (F) Multivariable models for associations between CH subtypes and prevalent RA diagnosis. (E) and (F) are
adjusted for age, sex, smoking history (never/ever), and 10 principal components of genetic ancestry. Participants with prevalent hematological cancers were excluded
from the analyses of (C) to (F). See figs. S2 and S3 for additional characteristics of CHIP and lymphoid driver variants, respectively.

follow-up [Hazard ratio (HR), 1.62; 95% CI, 0.82 to 3.21; P = 0.16]
(fig. S7B). We observed no difference in overall survival (OS) by
CHIP status independent of RA (HR, 1.20; P = 0.08; fig. S6C)
or in those with prevalent RA (HR, 0.55; P = 0.44). Together,
CHIP is more common in participants with prevalent RA in the
FINRISK cohort.
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Deriving CHIP status in SNP arrays

DNA SNP arrays have been used to derive CHIP carriers based on
outlier status in intensity plots at loci covered by the array (8). To
systematically evaluate the concordance between array-derived
CHIP status and CHIP detection with NGS, we analyzed JAK2
V617F and DNMT3A R882H, the two most recurrent CHIP hotspot
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Among participants with CHIP in FINRISK WES data, SNP array-
derived relative B allele frequencies showed a strong correlation
with WES-derived VAFs in both CHIP hotspots analyzed (Fig. 2B).
On the basis of these analyses in the FINRISK cohort, we estimate
that a high proportion (80 to 90% with VAF > 10%) of CHIP hotspot
variants covered in the SNP array can be detected by manual curation
of SNP intensity plots in a clone size-dependent manner.

loci (31), in SNP intensity and WES data in the FINRISK cohort.
Eight of the 11 (74%) CHIP carriers in JAK2 V617F and 12 of the
29 (41%) CHIP carriers in DNMT3A R882H based on WES were
also independently captured by detecting outliers in the SNP inten-
sity plots (Fig. 2A and table S6). Variants at JAK2 V617F and DNMT3A
R882H with a VAF of 10% or more were detected with 77 and 90%
likelihood in the SNP array data, respectively (Fig. 2A and table S6).

A SNP intensity plots in FINRISK

0 5000 10,000 15,000 20,000 25,000
X allele intensity

B Variant allele frequency and B allele frequency in FINRISK

10,000 .
8000 ° Genotype in WES Genotype in WES
. = No DNMT3A R882H « No JAK2 V617F
o DNMT3A R882H VAF < 10% > 8000 © JAK2 V617F VAF < 10%
= 6000 © DNMT3A R882H VAF 2 10% ° © JAK2 V617F VAF 2 10%
4 . c
& ° . $ 6000 ..
€ . £
© 4000 . % 4000
g . %
© . . .
> 2000 > 2000 L
) S ") o
<N . -
0 0 | = . .

0

5000 10,000 15,000 20,000

X allele intensity

, .

504 s 05 .,
[9) , - e
g e S04 0
> 03 £ 5 . .« 7
g A =] 3
£ L g03 ’
202 Lg = e
Qo o’ L2 .
© 7 ° e .
m © ¢ 7

0.1 .: .// .. o 01 ’,

I/, , .
0 { &t oL
0 0.1 0.2 0.3 0.4 0 01 02 03 04 05 0.6

Variant allele frequency
C Array-derived CHIP distribution in FinnGen

1600

= a4 o
o N B
o O O
o o o

800
600
400
200

Number of variants

K385fs R404*

0 PI5R
ah 2 9 A A A 2
VU (e o 8! B S ol

E Variant prevalences in FinnGen and TOPMed
0.0020

Variant allele frequency
D CHIP prevalence by age in FinnGen

2

N
[

Prevalence (%)

o
3

0O 10 20 30 40 50 60 70 80 90
Age

g 0.0015 Il FinnGen
c

< 00010 Bl TOPMed
>

2 0.0005

0.0000

. . l o I WzuwWws
TreP35b233bQERLL00IZHEEYSE
© © < ®» O = - N = ~ o ©F 0 ©o =
SO CLEHERNRNEYIP2N 0 Lo N LAIIVEeRISA
ncnc'I'an:n:—ﬁmﬂ-3mz>§:g'¥0Emhx:¢E$N
g $2583c6

S SOPR9Ig

[ZRZIASR

DNMT3A TET2

Fig. 2. Detection of array-derived CHIP in FinnGen. (A) SNP intensity plots of CHIP hotspot variants DNMT3A R882H and JAK2 V617F in FINRISK. Blue dots represent
participants with the variant detected in WES with VAF < 10%, red dots represent VAF > 10%, and gray dots represent no detected variant in WES. (B) Correlation of SNP
array—derived B allele frequencies and WES-derived VAFs at DNMT3A R882H and JAK2 V617F in FINRISK. P values calculated using Wald test. (C) Distribution of array-
derived CHIP hotspot variants in FinnGen. Loci are ordered on the basis of the number of variant carriers in each amino acid. (D) Array-derived CHIP prevalence by age in
FinnGen, excluding prevalent hematologic malignancies. (E) Comparison of detected hotspot variant prevalence between FinnGen and TOPMed, excluding prevalent
hematologic malignancies.
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The FinnGen cohort consists of SNP array data and registry-level
clinical information for more than 500,000 Finnish participants, cov-
ering almost 10% of the Finnish population (29). The relatively old
participant age (median, 55 years) and the high proportion of hospital-
based recruitment facilitate enrichment of prevalent disease end-
points in FinnGen (29). A total of 41 CHIP hotspot loci with at least
10 variants in the UKBB (31) were covered by the FinnGen SNP array
(table S7). We manually inspected intensity plots in all these sites and
used heuristics, including variant prevalence relative to UKBB data
(31) and associations with age and hematologic malignancies, to iden-
tify 28 high-confidence CHIP loci (Materials and Methods, table S7,
Fig. 2C, and fig. S8). As expected, JAK2 V617F had the highest CHIP
hotspot prevalence, followed by DNMT3A R882H/C and R771*
(Fig. 2C). The prevalence of FinnGen participants with array-derived
CHIP reached 2.0% by age of 90 years (Fig. 2D and fig. S9A). CHIP
carrier status was associated with prevalent and incident hematologic
malignancies (fig. S9, B and C), but not with higher CRP levels (fig.
S9, E to G). Nine hundred fifty-one of a total of 3882 (24.5%) variants,
including 679 of the 1112 (61%) variants in the JAK2 V617F hotspot,
were found in participants with prevalent hematologic malignancies
(fig. S9D). As an additional control, we confirmed similar prevalence
of variants in our high-confidence loci with previously published
whole-genome sequencing (WGS) data that robustly detected CHIP
variants with >10% VAF from the Trans-Omics for Precision Medi-
cine (TOPMed) cohort (Fig. 2E) (32). The median age of participants
was 55 years in both FinnGen and TOPMed cohorts. In TOPMed
(32), 758 of all 4180 CHIP variants (18.1%) were in the hotspot loci
covered by the FinnGen array that passed our filtering criteria. There-
fore, we estimate that 15 to 20% of all CHIP variants detected in WGS
can also be detected in the FinnGen SNP array. Together, detecting
CHIP hotspot variants in FinnGen SNP array data is feasible but is
unable to capture non-hotspot variants and has limited sensitivity for
smaller clones and for certain hotspot variants.

Increased prevalence of CHIP in FinnGen
participants with RA
A total of 12,636 (2.5%) FinnGen participants had a history of RA
diagnosis before DNA sampling (fig. S10A). Consistent with results
in the FINRISK cohort, CHIP carrier status was associated with prev-
alent RA in a multivariable model in FinnGen (OR, 1.49; P < 0.001;
95% CI, 1.19 to 1.85) (Fig. 3A and fig. S10, B to D). We observed no
positive association between prevalent RA and autosomal mCAs, in-
cluding myeloid or lymphoid mCAs (Fig 3A and fig. S11). With 3655
incident RA cases, we found no difference in the cumulative inci-
dence of RA by CH status in the FinnGen cohort (fig. S12).
Array-derived CHIP status was associated with both prevalent
seropositive (N of prevalent seropositive cases, 5391; OR, 1.41; 95%
CI; 1.08 to 1.83; P = 0.011) and seronegative (N of prevalent sero-
negative cases, 1066; OR, 1.93; 95% CI, 1.15 to 3.22; P = 0.012) RA
(Fig. 3B). CHIP carrier status in DNMT3A was specifically associ-
ated with seropositive RA (OR, 1.81;95% CI, 1.31 to 2.49; P < 0.001),
whereas non-DNMT3A, non-JAK2 CHIP was associated with sero-
negative RA (OR, 3.60; 95% CI, 1.78 to 7.27; P < 0.001) in multivari-
able models (Fig. 3B).

Shorter survival in FinnGen participants with CHIP

and prevalent RA

Among FinnGen participants with prevalent RA, CHIP variants con-
ferred inferior OS when evaluated from the time of DNA sampling in
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a multivariable model (HR, 1.92; 95% CI, 1.15 to 3.20; P = 0.011; Fig.
3C). Array-derived CHIP was not associated with OS in FinnGen
participants without RA (HR, 0.99; 95% CI, 0.88 to 1.11; P = 0.812;
Fig. 3D), suggesting that CHIP may decrease survival specifically in
patients with RA. The 5-year OS from DNA sampling for patients
with RA was 83% in CHIP carriers versus 92% in those without
CHIP (Fig. 3E). A total of 15 participants with prevalent RA and
CHIP died during follow-up; eight (53%) were due to cardiovascular
cause [International Classification of Diseases (ICD) codes 100-199].
However, the CVD-specific mortality was not statistically significantly
increased in CHIP carriers among participants with prevalent RA
(HR, 1.77; P=0.11).

CHIP in newly diagnosed RA

To further evaluate the clinical impact of CHIP on RA phenotypes
and outcomes, we collected DNA samples from four distinct RA
patient cohorts of newly diagnosed, previously untreated, patients
with RA without hematologic malignancies (table S8). A total of
573 patients with RA and 163 healthy controls underwent targeted
NGS using a sequencing panel consisting of 65 genes recurrently
mutated in myeloid malignancies (table S9). We also included a pre-
viously published cohort of 59 patients with RA with CHIP infor-
mation in our analyses (27). The median age of patients with RA
was 63 years.

We identified total of 204 CHIP variants in 134 patients with RA;
99 of those patients only had one variant (fig. S13, A and B, and table
$10). The overall prevalence of CHIP variants in patients with newly
diagnosed RA was 22% (126 of 573; Fig. 4A and fig. S13D). As
expected (5), the most commonly mutated genes were DNMT3A,
TET2, and ASXLI (Fig. 4B). We found the highest median VAFs in
ASXL1, SRSF2, SF3B1, and GNAS (Fig. 4C). We observed no differ-
ences in CHIP prevalence between patients with RA and healthy
controls (fig. S13C).

Next, we evaluated RA patient characteristics by CHIP status.
The median age of patients with RA with CHIP was 69 years versus
62 years in patients with RA without CHIP (P < 0.001) (Table 1).
While we observed no differences in CRP or erythrocyte sedimenta-
tion rate (ESR) (Table 1), the level of functional ability was lower, as
indicated by higher health assessment questionnaire (HAQ) scores
in patients with RA with CHIP versus those with no CHIP (P =0.01)
(Table 1). The association with higher HAQ scores remained signifi-
cant when adjusting for age and sex (P = 0.009). The prevalence of
comorbidities was similar between CHIP carriers and patients with-
out CHIP (Table 1). Among 15 participants with coronary artery
computed tomography scan available as part of the Early RA CVD
study, we observed no difference by CHIP status in the coronary
artery score (P = 0.44) (fig. S14).

While the presence of any CHIP was not significantly associated
with RA disease activity, we hypothesized that specific gene muta-
tions may be associated with inflammation and enriched in patients
with seropositive and seronegative disease subtypes. Patients with
DNMT3A mutations had significantly higher ESR and disease-
activity scores specifically in patients with seropositive, but not with
seronegative, RA (Fig. 5, A and B), suggesting that DNMT3A may
contribute to increased inflammatory activity in patients with sero-
positive RA. The associations between DNMT3A and higher ESR
and DAS28 were independent of age and sex (fig. S15, A and B). In
contrast, TET2 mutations were significantly more common in pa-
tients with seronegative RA both in a univariable (Fig. 5C and fig.

50f14

GZ0Z ‘€T A2 o AlSIBAIUN BaWN Te B10°30Us 105 MMM//:SANY W) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A Prevalent RA

Prevalent RA (N = 7498)

P value
CHIP — <0.001
DNMT3A —_— 0.001
JAK2 —a— 0.557
Other —— 0.051
Any mCA L 0.005
Autosomal - 0.065

T

0 1 2

Odds ratio

C Overall survival in participants with
prevalent RA

P value

CHIP — 0.013
DNMT3A —— 0.051
JAK2 —a——— 0.868
Other B 0.014
Any mCA - 0.215
Autosomal - 0.304

| B B S a—

01 2 3 4

Hazard ratio

E Overall survival

B RA subtypes

Seropositive (N = 5391) P value
CHIP - 0.011

DNMT3A —-— <0.001

JAK2 —-— 0.625

Other —=— 0.975

Seronegative (N = 1066)

CHIP — 0.012

DNMT3A —a— 0.907

JAK2 —=————» 0.593

Other ——=—» <0.001

T T T T 1
012 345

Odds ratio
D Overall survival in participants without
prevalent RA

P value

CHIP - 0.812
DNMT3A - 0.486
JAK2 —_ 0.447
Other —=— 0.110
Any mCA " <0.001
Autosomal - 0.381

| B E—

0 1 2

Hazard ratio

100 1
& 801
'2‘ 1
% 60 - ftttmTs
Qo
9 1
Qo 1
T 401 .-
g —— No RA, CHIP neg P=79x 102
B o — — No RA, CHIP pos
— RA, CHIP neg _6
P=58x1
== RA, CHIP pos 58x10
0.
0 2 4 6 8 10

Years from DNA sampling

Fig. 3. Association between CHIP and RA in FinnGen. (A) Association between CHI

P and RA diagnosis before sampling. (B) Association between CHIP and RA subtype

diagnosis before sampling. (C) Cox proportional hazards (Cox-PH) model for OS in FinnGen participants with prevalent RA diagnosis. (D) Cox-PH model for OS in FinnGen
participants without prevalent RA diagnosis. [(A) to (D)] Adjusted for age, sex, smoking, and principal components for ancestry and excluded or censored for hemato-
logic malignancies. In addition, the multivariable model in (C) was adjusted for time from RA diagnosis to sampling. (E) Kaplan-Meier for OS in FinnGen participants.

[(C) to (E)] Outcomes calculated from time of DNA sample collection.

$15C) and in a multivariable model that adjusted for age, sex, and
smoking (Fig. 5D). A similar trend was observed across RA subco-
horts and when adjusting for ESR and CRP (fig. S15, D to F). We
observed no differences in seronegative patient characteristics by
TET2 CHIP status (table S11).

CHIP and outcomes in RA

The area under the curve for DAS28 during 24 months after RA diag-
nosis was similar between patients with RA with and without CHIP
(Table 1). Among 448 patients with RA with long-term clinical

Hiitola et al., Sci. Adv. 11, eadt9846 (2025) 30 April 2025

follow-up, the median OS was 14 years. Patients with CHIP had similar
OS compared with patients without CHIP (Fig. 6A). However, we
observed worse OS in patients with seropositive RA with CHIP com-
pared to seropositive patients without CHIP (Fig. 6B). No difference in
OS by CHIP status was observed in seronegative patients (Fig. 6C).
Furthermore, the cumulative incidence of cardiovascular events was
similar in patients with and without CHIP (Fig. 6D). No differences in
OS or incidence of cardiovascular events by CHIP status were seen in
multivariable models when adjusting for age, sex, and smoking history
(Fig. 6E).
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A CHIP prevalence by age in patients with RA
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Fig. 4. Spectrum of CHIP mutations in newly diagnosed RA. (A) CHIP prevalence by age in the RA patient cohort (n = 632). (B) Distribution of CHIP variants by gene and
variant type. (C) Tukey box plot of VAFs by mutated gene in the RA patient cohort. Cohort characteristics are listed in Table 1 and in table S8.

DISCUSSION
Our study adds to a growing body of evidence linking chronic inflam-
mation with clonal HSC expansion in a context-specific manner (6).
In our data, CHIP was associated with prevalent RA in two population-
level cohorts, consistent with smaller prior studies (25, 26). Under-
standing the interplay between age-related inflammatory diseases and
CH may result in personalized therapeutic opportunities, as in the
case of CANTOS trial, where carriers of TET2 mutations were more
likely to benefit from interleukin-1p (IL-1p) inhibition for secondary
CVD prevention (14). IL-1f inhibition also belongs to the armamen-
tarium of approved targeted therapies for RA (20), and IL-1p blockage
can suppress the expansion of Tet2-mutated HSCs in mice (12). While
we observed no differences in OS, CVD risk, or clinical remission
rates by CHIP status in patients with RA in multivariable models, the
relative efficacy of IL-1P inhibition in RA subtypes by CHIP status
could be tested in future clinical trials for personalized therapy.

A previous study in the UKBB identified a nominal association
between CHIP and incident RA that did not reach phenome-wide

Hiitola et al., Sci. Adv. 11, eadt9846 (2025) 30 April 2025

significance (31). In addition, a recent preprint article leveraged
WES and WGS data of more than 650,000 participants in three
large-scale biobank cohorts and showed that CHIP clones increase
the risk of incident RA (40). In our study, CHIP was not associated
with incident RA, potentially due to the limited cohort size in the
FINRISK cohort and to the relatively short follow-up time in the
FinnGen study (median follow-up since DNA sampling, 4 years).
Our analyses in the FinnGen study and in the RA patient cohort
identified previously unknown genotype-phenotype associations be-
tween CHIP and RA. DNMT3A-mutated CHIP was more common
in prevalent seropositive RA in the FinnGen study, and patients with
newly diagnosed seropositive RA with DNMT3A mutations had
higher DAS28 disease severity score as well as higher ESR. Consistent
with these results, a recent study by Wang and colleagues reported
more severe arthritis phenotype and higher infiltration of Dnmt3a-
mutated immune cells in the synovia of mice transplanted with HSCs
carrying the Dnmt3a hotspot mutation and exposed to a collagen
antibody-induced arthritis model (41). In contrast, non-DNMT3A
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Table 1. Patient characteristics of patients with newly diagnosed RA. Characteristics of patients with newly diagnosed RA by CHIP status in RA patient
cohort (table S8). BMI, body mass index (kilograms per square meter); RF, rheumatoid factor (yes/no); ACPA, anti-citrullinated peptide antibody (yes/no); CRP,
C-reactive protein (milligrams per liter); ESR, erythrocyte sedimentation rate (millimeters per hour); DAS, disease activity score (DAS28 score); HAQ, health
assessment questionnaire disability index; AUC, area under the curve; TIA, transient ischemic attack.

n patients with No CHIP (n = 447) CHIP (n = 126) P value
information available
Patient characteristics
e (range),‘,‘,‘,‘,‘,‘,‘,‘,‘,‘,‘..‘,‘,.,. s (18—86) s 69(38—89) S
Male sox. 1 (%) ) 162(36) s 47(37) P
R —— e 221(60) e (51) S
T e (172—448) e (170_372) S

RA characteristics
RF+, n (%)
ACPA+, n (%)
Seropositive, n (%)

Baseline CRP, median (range)

Baseline ESR, median (range)

Baseline DAS28, median (range)

HAQ, median (range)

DAS28 24-month AUC, median (ra
Comorbidities H

Diabetes, n (%)

Hypertension, n (%)

Chronic heart disease, n (%)
TIA/stroke, n (%)
Coronary artery disease, n (%)

variants were significantly more common in FinnGen participants
with prevalent seronegative RA. In patients with newly diagnosed
RA, TET2-mutated CHIP was significantly enriched in the seronega-
tive disease subtype. While seronegative RA is a heterogeneous dis-
ease entity (20), the disease subtypes were carefully annotated by the
treating rheumatologist in our RA patient cohorts. Production of IL-
1P from proinflammatory monocytes may act as a key mediator of
inflammation in RA (42), and innate immunity is thought to play a
more significant role in the pathogenesis of seronegative RA (43, 44).
Tet2-deficient macrophages have shown increased production of
proinflammatory cytokines, particularly IL-1p, in murine models of
gout (7) and CVD (11, 45), and TET2 mutations were associated with
higher IL-1p levels in the TOPMed study (32). Therefore, we postu-
late that CHIP, especially driven by TET2 mutations, may contribute
to disease pathophysiology of seronegative RA by increasing innate
immune cell activation. Intriguingly, a recent study identified pro-
inflammatory M1 macrophages with up-regulated IL1B gene ex-
pression in the synovia of patients with ACPA-negative versus
ACPA-positive RA (46); the potential contribution of CHIP clones to
this macrophage phenotype is an exciting area of future research. On
the other hand, systematic inflammation in seronegative RA may se-
lectively promote expansion of CHIP clones in the bone marrow and
underlie the association between seronegative RA and CHIP. However,
care must be taken when inferring causality from associations be-
tween two aging-related phenomena, such as RA and CHIP, as these
may be explained by confounding factors such as “biological age” and
not by causal relationships. Subsequent studies with longitudinal

Hiitola et al., Sci. Adv. 11, eadt9846 (2025) 30 April 2025

55)
T D S e
s e

83(3

)

143 (38) 0.27
0(0) 0.13
1(1) 0.25
4(4) 0.53

blood sampling pre- and post-RA diagnosis may help evaluate tem-
poral clonal dynamics during disease development and upon anti-
inflammatory therapy as well as the functional role of CHIP in
various RA subtypes and its potential therapeutic implications, in-
cluding effects on long-term outcomes.

Notably, CHIP was associated with RA and its phenotypes
across cohorts, despite the variability in CHIP detection methods
used in our study, including WES, SNP arrays, and targeted
NGS. The SNP array-based annotation of CHIP carriers in Finn-
Gen only captures a minor subset of CHIP variants located in the
recurrent hotspot loci and is unable to detect the full spectrum of
variants in CHIP genes. Our results from the FINRISK cohort
suggest that SNP arrays reliably detect CHIP variants with VAF
greater than 10%. Furthermore, when comparing WGS data from
the TOPMed study (32), we estimated that 18% of all CHIP vari-
ants detected in WGS can also be detected in the FinnGen SNP
array. Therefore, when available, WES and WGS remain superior
methods to capture the entire spectrum of CHIP in population-
level cohorts.

Although the random population-level sampling of the FINRISK
study and the hospital-based recruitment in FinnGen provided com-
plementary cohorts to evaluate the association between CH and RA,
the limited cohort size of FINRISK and the absence of NGS data in
FinnGen highlight the need for further analyses of the link between
CHIP and prevalent autoimmune disease in other populations and co-
horts. Smaller CHIP clones (under 10% VAF) were specifically associ-
ated with prevalent RA in the FINRISK cohort; however, only three

8of 14

GZ0Z ‘€T A2 o AlSIBAIUN BaWN Te B10°30Us 105 MMM//:SANY W) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

A Baseline disease activity score (DAS28)

Seropositive Seronegative
008 >0.999
g10q 0030 £101  >0.99
28 28
= =
g° g°
% 4 § 4
3 2 $2
s} 0 [a] o -
IQQ,\ Ibp\ T b‘Q\ I\q@ Iq/\ I({}’\
SR AT
L ,\3?‘\ ,\'bv \2\{2\ rb‘?‘\ ,{b
()2\ $\\ ) \§& \;@
& 9 N 9
& &

C TET2 and RA serostatus

Patients with
newly diagnosed RA

P =0.009

® 100

g 80

® 60 M Seropositive
(=8

g 40 M Seronegative
i<

5 20

Q

e

o

WT MUT
(N=523) (N=32)
TET2

B Baseline erythrocyte sedimentation rate (ESR)

Seropositive Seronegative
0.6776
>0.9999
1507 o.0140 80—
0.6870

N
o
o

o
o
o
o

o
o

Erythrocyte sedimentation rate (mm/hour
=)
o

Erythrocyte sedimentation rate (mm/hou

D TET2 and RA serostatus (multivariable model)

RA seropositivity P value

CHIP 0.311
DNMT3A CHIP 0.538
TET2CHIP  m— 0.024
Other CHIP 0.933
o 1 2 3
Odds ratio

Fig. 5. RA phenotypes at diagnosis associated with CHIP. (A) Disease activity scores by CHIP status in seropositive and seronegative RA. (B) ESRs by CHIP status and RA
serotype. [(A) and (B)] P values calculated using Kruskal-Wallis test. (C) Proportion of patients with seronegative RA by TET2 CHIP status. The P value was calculated using
Fisher’s exact test. (D) Multivariable model for CHIP subtypes and RA seropositivity adjusted for age, sex, and smoking.

participants with prevalent RA had CHIP clones with more than 10%
VAE While the lack of association between larger CHIP clones and
prevalent RA can be explained by the relatively small cohort size, we are
unable to exclude the possibility of noncausal association behind these
observations. Also, the FINRISK cohort was not powered to detected
differences between specific CHIP genes and RA subtypes. On the
other hand, our array-based CHIP analysis can only detect larger
clones and mutations in hotspot loci in the FinnGen cohort, which may
bias the spectrum of CHIP mutations observed in RA subtypes.

Together, our analyses using population-level and disease-
specific cohorts point to a context-dependent association between
CHIP and distinct RA subtypes. DNMT3A mutations were asso-
ciated with a more severe clinical phenotype of seropositive RA,
whereas TET2-mutated CHIP was enriched in the seronegative
RA. Further studies are needed to delineate the clinical and func-
tional relevance of CHIP detection in patients with RA.

MATERIALS AND METHODS

FINRISK cohort

The FINRISK study is a Finnish population-level cohort consisting of
random population-level sampling of individuals aged 25 to 74 (28).
We analyzed disease endpoints from Finnish national health regis-
tries, laboratory measurements, and questionnaire-based informa-
tion for the FINRISK participants recruited between 1992 and 2007.

Hiitola et al., Sci. Adv. 11, eadt9846 (2025) 30 April 2025

Somatic variant calling of CHIP and lymphoid driver

variants in FINRISK

We obtained WES data for 10,129 previously sequenced FINRISK
participants (30). We called CH variants from the WES data using
Ilumina DRAGEN v3.8 in tumor-only mode. We generated a pan-
el of normals using 40 FINRISK participants under 40 years of age,
and these samples were confirmed not to have any putative CHIP
variants. The panel of normals was then included in the Illumina
DRAGEN variant calling algorithm. DRAGEN commands are
listed in table S12. We used ANNOVAR (47) for variant annota-
tion. To detect CHIP variants, we used a candidate list consisting
of 82 genes (table S2). To filter benign and likely germline varia-
tion, we used a maximum population allele frequency threshold of
0.1% in WES of any population in gnomAD (48) (version 3.1.2),
excluding known CHIP hotspots JAK2 V617F and DNMT3A
R882. We also required variants to be labeled “PASS” by DRA-
GEN, have a somatic quality score of 3 or higher, have a Germ-
lineQuality score of less than 10, and have at least 10 reads aligning
to the variant loci, out of which at least 2 are variant reads. At least
one read on both strands supporting both alleles was required.
Furthermore, splicing variants occurring further than 2 base pairs
(bp) from the intron-exon boundary were excluded, as well as
frameshift variants seen in more than 0.05% of samples. For
frameshift variants occurring within 5 bp of each other, only the
variant with higher VAF was included for downstream analysis.
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Fig. 6. RA patient outcomes by CHIP status. (A) Kaplan-Meier curve for OS in patients with RA with and without CHIP. (B) Kaplan-Meier curve for OS in patients with
seropositive RA with and without CHIP. (C) Kaplan-Meier curve for OS in patients with seronegative RA with and without CHIP. (D) Cumulative incidence of cardiovascular
events in patients with RA. [(A) to (D)] P values calculated using Mantel-Cox test. (E) Cox-PH models for OS and cardiovascular events in patients with RA. Adjusted for age,

sex, and smoking.

No VAF thresholds were used to filter variants; however, only two
variants that passed through filters had VAF of less than 2% (table
S3), consistent with 2% VAF being the detection limit in WES data
(3). Last, we manually curated detected variants using Interactive
Genomics Viewer (IGV). For lymphoid driver variants, we gener-
ated a list of 320 candidate genes described in table S4, containing
the genes and candidate loci originally described by Niroula et al.
(17) as lymphoid CHIP (L-CHIP) appended with known acute
lymphoblastic leukemia (ALL) driver where variants were consid-
ered as putative drivers in a recent study by Brady et al. (36). Vari-
ants identified in these genes were filtered as above. In addition,

Hiitola et al., Sci. Adv. 11, eadt9846 (2025) 30 April 2025

for lymphoid driver variants, we required the VAFs to be between
2 and 35% and, for missense lymphoid driver variants, we required
the variant to be reported at least three times in COSMIC or at
least once in the context of L-CHIP (17) or ALL (36).

FinnGen cohort

FinnGen is a research project (29) that has compiled genotype and
phenotype information from 520,210 Finnish individuals (FinnGen
Data Freeze 12). FinnGen samples are collected from six regional
hospital biobanks, a national level biobank, a private sector biobank,
and the Blood Service biobank. Most of FinnGen samples have been
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genotyped using FinnGen’s custom Thermo Fisher Scientific Axiom
array, containing 736,145 probes for 655,973 loci. In addition, a sub-
set of samples was genotyped using legacy chips from old studies. To
further enhance the genetic information available, further SNPs
were imputed using the SISu v.4.0 imputation panel. The genetic in-
formation available is combined with data collected from Finnish
national health registries, including diagnosis codes.

CHIP calling in FinnGen

CHIP hotspot variants were called in FinnGen by manually examin-
ing SNP intensity plots in coding areas of CHIP-associated genes.
We queried candidate CHIP loci by including all coordinates of the
FinnGen SNP array where at least 10 CHIP variants were identified
in the WES data of 200,453 UKBB participants (31). Loci were fur-
ther evaluated by calculating associations with age, hematologic ma-
lignancy, and the relative prevalence to detected variants in the
publicly available UKBB WES data (fig. S8) (31). For candidate SNP
loci in CHIP genes, filtering criteria were defined as follows: less
than 10-fold prevalence of variants relative to UKBB data, positive
univariate (P < 0.1) association with age, and positive univariate as-
sociation (P < 0.05) with a hematologic malignancy diagnosis code
at any point in the registry data (tables S7 and S13). We also ana-
lyzed myeloid, lymphoid, and other hematologic malignancy diag-
nosis codes separately. If the relative prevalence compared to that in
UKBB was less than twofold, then we required one of the associa-
tions with age or hematologic malignancy. The relative prevalence of
the variants was also compared with CHIP in the TOPMed WGS
data (32).

mCA detection in FINRISK and FinnGen

mCAs were called in FINRISK and FinnGen using the MoChA
pipeline (15) with SHAPEIT4 (49) haplotype phasing. Samples with
a call rate of less than 0.97 or BAF autocorrelation of more than 0.03
were excluded.

Endpoint definitions in FINRISK and FinnGen

Disease endpoints were defined by querying national health registries
for ICD codes according to the table S13. RA endpoints in FINRISK
and FinnGen cohorts were annotated as seronegative only if there
were no codes for seropositive RA in the registries, i.e., participants
with both codes found in the registry were defined as seropositive.

RA patient cohorts

We selected two distinct RA patient cohorts from the Biobank at the
Rheumatology Department in Umed, Sweden. Cohort 1 consisted of
150 patients with RA that were selected in a case-control manner for
CVD (50). Cohort 2 consisted of 300 patients with early RA, half of
which had seronegative (ACPA and RF negative) and half seroposi-
tive (ACPA and/or RF positive) RA subtypes (51). In addition, we
included samples from 18 and 60 patients with RA from Finnish
FIN-RACo (52) and NEO-RACo (53) clinical trials, respectively, as
well as from a prospective cohort of 45 patients with blood sample
collection at RA diagnosis (FosfoRA). Furthermore, we included 59
samples with CHIP information available, from a previously pub-
lished cohort study on CHIP and RA by Savola et al. (27). We also
sequenced 163 healthy controls collected from the Finnish Red
Cross Blood Service. Blood donation criteria excluded all patients
with hematological diseases and rheumatoid diseases in symptomatic
phase or treated with other than NSAID or hydroxychloroquine. All

Hiitola et al., Sci. Adv. 11, eadt9846 (2025) 30 April 2025

participants provided informed consent to participate in the study.
The median age of the patients with RA was 64 years (18 to 89), and
the median year of diagnosis was 2006 (1993 to 2021). Sixty-five
percent of patients with RA were female, and 434 of the 632 patients
with RA were annotated as seropositive. Characteristics of the indi-
vidual cohorts are listed in table S8.

Targeted NGS panel to detect CHIP

We identified CHIP variants in patients with RA and healthy con-
trols from the Finnish Red Cross Blood Service Biobank using pan-
el sequencing of 65 myeloid driver genes (table S9). Genomic DNA
(40 to 50 ng) was processed according to Twist Library Preparation
EF 2.0 with Enzymatic Fragmentation DOC-001239 REV 1.0 and
Twist Target Enrichment Protocol DOC-001085 REV 2.0 manual
(Twist Bioscience, San Francisco, CA, USA) with the following
modifications. IDT xGEN unique dual index with unique molecular
identifier adapters were used for ligation (Integrated DNA Technol-
ogies, Coralville, IA, USA). Library quantification and quality check
was performed using LabChip GX Touch HT High Sensitivity assay
(PerkinElmer, Waltham, MA, USA) and Qubit Broad Range DNA
Assay (Thermo Fisher Scientific, Waltham, MA, USA). Libraries
were pooled to 14- to 16-plex reactions. The exome enrichment was
performed using Twist custom panel probes (244 kb). The captured
library pools were quantified for sequencing using QuantStudio5
Collibri Library Quantification kit (Thermo Fisher Scientific,
Waltham, MA, USA) and LabChip GX Touch HT High Sensitivity
assay (PerkinElmer, Waltham, MA, USA).

Sequencing was performed with Illumina NovaSeq 6000 system
(Ilumina, San Diego, CA, USA) and v1.5 chemistry. The median
target sequencing coverage was 1700X across samples.

We used Illumina DRAGEN 3.8 in tumor-only mode for variant
calling and ANNOVAR for variant annotation. The DRAGEN com-
mands are listed in table S12.

Only variants labeled PASS by DRAGEN were included for subse-
quent filtering. We excluded variants with gnomAD maximum popu-
lation allele frequency of more than 0.1% or occurring in more than
1% of our samples. We also excluded variants with less than 100 total
reads or with less than two variant allele reads. We excluded variants
with a VAF of more than 40%. Furthermore, we required every vari-
ant to have at least one read in each direction supporting each allele.
Last, we included only variants with a VAF of at least 2% as CHIP.

Statistical analysis

In each subcohort, genotypes were assigned before evaluating the
association with clinical variables, including outcomes. Analyses
were performed using Python and GraphPad Prism. For FinnGen
data, analyses were performed in the dedicated Sandbox environ-
ment. Python package statsmodels 0.14.2 was used for fitting logis-
tic regression models, lifelines 0.29.0 was used for fitting Cox
proportional hazards (Cox-PH) and Kaplan-Meier models, and sta-
tistical tests implemented in SciPy 1.11.4 and GraphPad Prism
10.3.0 were used. P values reported are two sided. P values of less
than 0.05 were considered statistically significant throughout the
study, unless otherwise mentioned. Multivariable models were ad-
justed for age, sex, questionnaire-based smoking history (never/
ever), and 10 principal components of ancestry, and participants with
missing values in any of these were excluded, unless otherwise men-
tioned. Hematologic malignancies were excluded in co-occurrence
models and right censored in survival models.
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Ethics statement
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versity hospitals, and the principles of the Helsinki Declaration were
followed. This study was conducted under the ethical approval num-
ber 181/13/03/01/12 from the Ethics Committee of HUS (Helsinki,
Finland). All patients had given their written informed consent be-
fore sample collection.

Supplementary Materials
The PDF file includes:

Figs.S1to S15

Legends for tables S1to S13

List of FinnGen authors and affiliations

Other Supplementary Material for this manuscript includes the following:
Tables S1to S13

REFERENCES AND NOTES

1.

Hiitola et al., Sci. Adv. 11, eadt9846 (2025)

S. Jaiswal, B. L. Ebert, Clonal hematopoiesis in human aging and disease. Science 366,
eaan4673 (2019).

. L.D.Weeks, B. L. Ebert, Causes and consequences of clonal hematopoiesis. Blood 142,

2235-2246 (2023).

. D.P.Steensma, R. Bejar, S. Jaiswal, R. C. Lindsley, M. A. Sekeres, R. P. Hasserjian, B. L. Ebert,

Clonal hematopoiesis of indeterminate potential and its distinction from myelodysplastic
syndromes. Blood 126, 9-16 (2015).

. M. D.Kessler, A. Damask, S. O'Keeffe, N. Banerjee, D. Li, K. Watanabe, A. Marketta,

M.Van Meter, S. Semrau, J. Horowitz, J. Tang, J. A. Kosmicki, V. M. Rajagopal, Y. Zou,

Y. Houvras, A. Ghosh, C. Gillies, J. Mbatchou, R. R. White, N. Verweij, J. Bovijn,

N. N. Parikshak, M. G. LeBlanc, M. Jones, D. J. Glass, L. A. Lotta, M. N. Cantor, G. S. Atwal,
A.E.Locke, M. A. R. Ferreira, R. Deering, C. Paulding, A. R. Shuldiner, G. Thurston,

A. A.Ferrando, W. Salerno, J. G. Reid, J. D. Overton, J. Marchini, H. M. Kang, A. Baras,

G. R. Abecasis, E. Jorgenson, Common and rare variant associations with clonal
haematopoiesis phenotypes. Nature 612, 301-309 (2022).

. S.Jaiswal, P. Fontanillas, J. Flannick, A. Manning, P.V. Grauman, B. G. Mar, R. C. Lindsley,

C. H. Mermel, N. Burtt, A. Chavez, J. M. Higgins, V. Moltchanov, F. C. Kuo, M. J. Kluk,

B. Henderson, L. Kinnunen, H. A. Koistinen, C. Ladenvall, G. Getz, A. Correa, B. F. Banahan,
S. Gabriel, S. Kathiresan, H. M. Stringham, M. I. McCarthy, M. Boehnke, J. Tuomilehto,

C. Haiman, L. Groop, G. Atzmon, J. G. Wilson, D. Neuberg, D. Altshuler, B. L. Ebert,
Age-related clonal hematopoiesis associated with adverse outcomes. N. Engl. J. Med. 371,
2488-2498 (2014).

. R.Belizaire, W. J. Wong, M. L. Robinette, B. L. Ebert, Clonal haematopoiesis and

dysregulation of the immune system. Nat. Rev. Inmunol. 23, 595-610 (2023).

. M. Agrawal, A. Niroula, P. Cunin, M. McConkey, V. Kovalcik, P. G. Kim, W. J. Wong,

L. D. Weeks, A. E. Lin, P. G. Miller, C. J. Gibson, A. Sekar, |.-M. Schaefer, D. Neuberg,

R. M. Stone, A. G. Bick, M. M. Uddin, G. K. Griffin, S. Jaiswal, P. Natarajan, P. A. Nigrovic,
D. A. Rao, B. L. Ebert, TET2-mutant clonal hematopoiesis and risk of gout. Blood 140,
1094-1103 (2022).

. W.J.Wong, C. Emdin, A. G. Bick, S. M. Zekavat, A. Niroula, J. P. Pirruccello, L. Dichtel,

G. Griffin, M. M. Uddin, C. J. Gibson, V. Kovalcik, A. E. Lin, M. E. McConkey, A. Vromman,
R.S.Sellar, P. G. Kim, M. Agrawal, J. Weinstock, M. T. Long, B. Yu, R.Banerjee, R. C. Nicholls,
A. Dennis, M. Kelly, P-R. Loh, S. McCarroll, E. Boerwinkle, R. S. Vasan, S. Jaiswal,

A.D. Johnson, R.T. Chung, K. Corey, D. Levy, C. Ballantyne, B. L. Ebert, P. Natarajan,
Clonal haematopoiesis and risk of chronic liver disease. Nature 616, 747-754
(2023).

. C.Vlasschaert, C. Robinson-Cohen, J. Chen, E. Akwo, A. C. Parker, S. A. Silver,

P. K. Bhatraju, H. Poisner, S. Cao, M. Jiang, Y. Wang, A. Niu, E. Siew, J. C. Van Amburg,
H. J. Kramer, A. Kottgen, N. Franceschini, B. M. Psaty, R. P. Tracy, A. Alonso,

D. E. Arking, J. Coresh, C. M. Ballantyne, E. Boerwinkle, M. Grams, M.-Z. Zhang,

B. Kestenbaum, M. B. Lanktree, M. J. Rauh, R. C. Harris, A. G. Bick, Clonal
hematopoiesis of indeterminate potential is associated with acute kidney injury.
Nat. Med. 30, 810-817 (2024).

. M. L.Robinette, L. D. Weeks, R. J. Kramer, M. Agrawal, C. J. Gibson, Z. Yu, A. Sekar, A. Mehta,

A.Niroula, J.T. Brown, G. C. McDermott, E. R. Reshef, J. E. Lu, V. D. Liou, C. A. Chiou,
P. Natarajan, S. K. Freitag, D. A. Rao, B. L. Ebert, Association of somatic TET2 mutations
with giant cell arteritis. Arthritis Rheumatol. 76, 438-443 (2024).

. J.J.Fuster, S. MacLauchlan, M. A. Zuriaga, M. N. Polackal, A. C. Ostriker, R. Chakraborty,

C.-L.Wu, S. Sano, S. Muralidharan, C. Rius, J. Vuong, S. Jacob, V. Muralidhar,
A. A. B. Robertson, M. A. Cooper, V. Andrés, K. K. Hirschi, K. A. Martin, K. Walsh, Clonal

30 April 2025

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

hematopoiesis associated with TET2 deficiency accelerates atherosclerosis development
in mice. Science 355, 842-847 (2017).

. F.Caiado, L. V. Kovtonyuk, N. G. Gonully, J. Fullin, S. Boettcher, M. G. Manz, Aging drives

Tet2*/~ clonal hematopoiesis via IL-1 signaling. Blood 141, 886-903 (2023).

. A.Heyde, D. Rohde, C. S. McAlpine, S. Zhang, F. F. Hoyer, J. M. Gerold, D. Cheek,

Y. lwamoto, M. J. Schloss, K. Vandoorne, O. Iborra-Egea, C. Mufioz-Guijosa, A. Bayes-Genis,
J. G. Reiter, M. Craig, F. K. Swirski, M. Nahrendorf, M. A. Nowak, K. Naxerova, Increased
stem cell proliferation in atherosclerosis accelerates clonal hematopoiesis. Cell 184,
1348-1361.e22 (2021).

. E.C.Svensson, A. Madar, C. D. Campbell, Y. He, M. Sultan, M. L. Healey, H. Xu, K. D'Aco,

A. Fernandez, C. Wache-Mainier, P. Libby, P. M. Ridker, M. T. Beste, C.T. Basson, TET2-driven
clonal hematopoiesis and response to Canakinumab: An exploratory analysis of the
CANTOS randomized clinical trial. JAMA Cardiol. 7,521-528 (2022).

. P-R.Loh, G. Genovese, R. E. Handsaker, H. K. Finucane, Y. A. Reshef, P. F. Palamara,

B. M. Birmann, M. E. Talkowski, S. F. Bakhoum, S. A. McCarroll, A. L. Price, Insights into
clonal haematopoiesis from 8,342 mosaic chromosomal alterations. Nature 559, 350-355
(2018).

. C.J.Watson, J. R. Blundell, Mutation rates and fitness consequences of mosaic

chromosomal alterations in blood. Nat. Genet. 55, 1677-1685 (2023).

. A.Niroula, A. Sekar, M. A. Murakami, M. Trinder, M. Agrawal, W. J. Wong, A. G. Bick,

M. M. Uddin, C. J. Gibson, G. K. Griffin, M. C. Honigberg, S. M. Zekavat, K. Paruchuri,
P. Natarajan, B. L. Ebert, Distinction of lymphoid and myeloid clonal hematopoiesis. Nat.
Med. 27,1921-1927 (2021).

. K.von Beck, T. von Beck, P. B. Ferrell, A. G. Bick, A. Kishtagari, Lymphoid clonal

hematopoiesis: Implications for malignancy, immunity, and treatment. Blood Cancer J. 13,
5(2023).

. P-R. Loh, G. Genoveseg, S. A. McCarroll, Monogenic and polygenic inheritance become

instruments for clonal selection. Nature 584, 136-141 (2020).

E. M. Gravallese, G. S. Firestein, Rheumatoid arthritis — Common origins, divergent
mechanisms. N. Engl. J. Med. 388, 529-542 (2023).

L. D. Weeks, C. R. Marinac, R. Redd, G. Abel, A. Lin, M. Agrawal, R. M. Stone, D. Schrag,

B. L. Ebert, Age-related diseases of inflammation in myelodysplastic syndrome and
chronic myelomonocytic leukemia. Blood 139, 1246-1250 (2022).

S.Y. Kristinsson, M. Bjérkholm, M. Hultcrantz, A.R. Derolf, O. Landgren, L. R. Goldin,
Chronic immune stimulation might act as a trigger for the development of acute myeloid
leukemia or myelodysplastic syndromes. J. Clin. Oncol. 29, 2897-2903 (2011).

S. Ajeganova, T. W. J. Huizinga, Rheumatoid arthritis: Seronegative and seropositive RA:
Alike but different? Nat. Rev. Rheumatol. 11, 8-9 (2015).

P. Savola, O. Briick, T. Olson, T. Kelkka, M. J. Kauppi, P. E. Kovanen, S. Kytola, T. Sokka-Isler,
T. P. Loughran, M. Leirisalo-Repo, S. Mustjoki, Somatic STAT3 mutations in Felty syndrome:
An implication for a common pathogenesis with large granular lymphocyte leukemia.
Haematologica 103, 304-312 (2018).

J.S. Hecker, L. Hartmann, J. Riviére, M. C. Buck, M. van der Garde, M. Rothenberg-
Thurley, L. Fischer, S. Winter, B. Ksienzyk, F. Ziemann, M. Solovey, M. Rauner, E. Tsourdi,
K. Sockel, M. Schneider, A. S. Kubasch, M. Nolde, D. Hausmann, A. C. Paulus, J. Litzner,
A. Roth, F. Bassermann, K. Spiekermann, C. Marr, L. C. Hofbauer, U. Platzbecker,

K. H. Metzeler, K. S. Gotze, CHIP and hips: Clonal hematopoiesis is common in patients
undergoing hip arthroplasty and is associated with autoimmune disease. Blood 138,
1727-1732 (2021).

M. Rossi, M. Meggendorfer, M. Zampini, M. Tettamanti, E. Riva, E. Travaglino, M. Bersanelli,
S. Mandelli, A. Antonella Galbussera, E. Mosca, E. Saba, C. Chiereghin, N. Manes,

C. Milanesi, M. Ubezio, L. Morabito, C. Peano, G. Solda, R. Asselta, S. Duga, C. Selmi,

M. De Santis, K. Malik, G. Maggioni, M. Bicchieri, A. Campagna, C. A. Tentori, A. Russo,

E. Civilini, P. Allavena, R. Piazza, G. Corrao, C. Sala, A. Termanini, L. Giordano, P. Detoma,

A. Malabaila, L. Sala, S. Rosso, R. Zanetti, C. Saitta, E. Riva, G. Condorelli, F. Passamonti,

A. Santoro, F. Sole, U. Platzbecker, P. Fenaux, N. Bolli, G. Castellani, W. Kern, G. S. Vassiliou,
T. Haferlach, U. Lucca, M. G., Della Porta, clinical relevance of clonal hematopoiesis in
persons aged >80 years. Blood 138, 2093-2105 (2021).

P.Savola, S. Lundgren, M. A. . Kerénen, H. Almusa, P. Ellonen, M. Leirisalo-Repo, T. Kelkka,
S. Mustjoki, Clonal hematopoiesis in patients with rheumatoid arthritis. Blood Cancer J. 8,
69 (2018).

K. Borodulin, H. Tolonen, P. Jousilahti, A. Jula, A. Juolevi, S. Koskinen, K. Kuulasmaa,

T. Laatikainen, S. Mannisto, M. Peltonen, M. Perola, P. Puska, V. Salomaa, J. Sundvall,

S. M. Virtanen, E. Vartiainen, Cohort profile: The national FINRISK studly. Int. J. Epidemiol.
47,696-696i (2018).

M. 1. Kurki, J. Karjalainen, P. Palta, T. P. Sipilg, K. Kristiansson, K. M. Donner, M. P. Reeve,

H. Laivuori, M. Aavikko, M. A. Kaunisto, A. Loukola, E. Lahtela, H. Mattsson, P. Laiho,

P.D. B. Parolo, A. A. Lehisto, M. Kanai, N. Mars, J. Ramg, T. Kiiskinen, H. O. Heyne,

K. Veerapen, S. Rieger, S. Lemmeld, W. Zhou, S. Ruotsalainen, K. Parn, T. Hiekkalinna,

S. Koskelainen, T. Paajanen, V. Llorens, J. Gracia-Tabuenca, H. Siirtola, K. Reis, A. G. Elnahas,
B. Sun, C. N. Foley, K. Aalto-Setéld, K. Alasoo, M. Arvas, K. Auro, S. Biswas,

A. Bizaki-Vallaskangas, O. Carpen, C.-Y. Chen, O. A. Dada, Z. Ding, M. G. Ehm, K. Eklund,

120f 14

GZ0Z ‘€T A2 o AlSIBAIUN BaWN Te B10°30Us 105 MMM//:SANY W) papeojumod



SCIENCE ADVANCES | RESEARCH ARTICLE

30.

31.

32

33.

34.

Hiitola et al., Sci. Adv. 11, eadt9846 (2025)

M. Farkkila, H. Finucane, A. Ganna, A. Ghazal, R. R. Graham, E. M. Green, A. Hakanen,

M. Hautalahti, A. K. Hedman, M. Hiltunen, R. Hinttala, I. Hovatta, X. Hu,

A. Huertas-Vazquez, L. Huilaja, J. Hunkapiller, H. Jacob, J.-N. Jensen, H. Joensuu, S. John,
V. Julkunen, M. Jung, J. Junttila, K. Kaarniranta, M. Kéhonen, R. Kajanne, L. Kallio,

R. Kélvidinen, J. Kaprio, N. Kerimov, J. Kettunen, E. Kilpeldinen, T. Kilpi, K. Klinger,

V.-M. Kosma, T. Kuopio, V. Kurra, T. Laisk, J. Laukkanen, N. Lawless, A. Liu, S. Longerich,

R. Méagi, J. Makeld, A. Mékitie, A. Malarstig, A. Mannermaa, J. Maranville, A. Matakidou,

T. Meretoja, S. V. Mozaffari, M. E. K. Niemi, M. Niemi, T. Niiranen, C. J. O'Donnell,

M. Obeidat, G. Okafo, H. M. Ollila, A. Palomaki, T. Palotie, J. Partanen, D. S. Paul,

M. Pelkonen, R. K. Pendergrass, S. Petrovski, A. Pitkaranta, A. Platt, D. Pulford, E. Punkka,
P. Pussinen, N. Raghavan, F. Rahimov, D. Rajpal, N. A. Renaud, B. Riley-Gillis,

R. Rodosthenous, E. Saarentaus, A. Salminen, E. Salminen, V. Salomaa, J. Schleutker,

R. Serpi, H. Shen, R. Siegel, K. Silander, S. Siltanen, S. Soini, H. Soininen, J. H. Sul,

|. Tachmazidou, K. Tasanen, P. Tienari, S. Toppila-Salmi, T. Tukiainen, T. Tuomi, J. A. Turunen,
J. C. Ulirsch, F. Vaura, P. Virolainen, J. Waring, D. Waterworth, R. Yang, M. Nelis, A. Reigo,

A. Metspalu, L. Milani, T. Esko, C. Fox, A. S. Havulinna, M. Perola, S. Ripatti, A. Jalanko,

T. Laitinen, T. P. Mdkel3, R. Plenge, M. McCarthy, H. Runz, M. J. Daly, A. Palotie, FinnGen
provides genetic insights from a well-phenotyped isolated population. Nature 613,
508-518 (2023).

A.E. Locke, K. M. Steinberg, C. W. Chiang, S. K. Service, A. S. Havulinna, L. Stell, M. Pirinen,
H. J. Abel, C. C. Chiang, R. S. Fulton, A. U. Jackson, C. J. Kang, K. L. Kanchi, D. C. Koboldt,
D.E. Larson, J. Nelson, T. J. Nicholas, A. Pietild, V. Ramensky, D. Ray, L. J. Scott,

H. M. Stringham, J. Vangipurapu, R. Welch, P. Yajnik, X. Yin, J. G. Eriksson, M. Ala-Korpela,
M.-R. Jarvelin, M. Mannikko, H. Laivuori, S. K. Dutcher, N. O. Stitziel, R. K. Wilson, I. M. Hall,
C. Sabatti, A. Palotie, V. Salomaa, M. Laakso, S. Ripatti, M. Boehnke, N. B. Freimer, Exome
sequencing of Finnish isolates enhances rare-variant association power. Nature 572,
323-328(2019).

S. P.Kar, P. M. Quiros, M. Gu, T. Jiang, J. Mitchell, R. Langdon, V. lyer, C. Barcena,

M. S. Vijayabaskar, M. A. Fabre, P. Carter, S. Petrovski, S. Burgess, G. S. Vassiliou,
Genome-wide analyses of 200,453 individuals yield new insights into the causes and
consequences of clonal hematopoiesis. Nat. Genet. 54, 1155-1166 (2022).

A. G. Bick, J. S. Weinstock, S. K. Nandakumar, C. P. Fulco, E. L. Bao, S. M. Zekavat,

M. D. Szeto, X. Liao, M. J. Leventhal, J. Nasser, K. Chang, C. Laurie, B. B. Burugula,

C.J. Gibson, A.E. Lin, M. A. Taub, F. Aguet, K. Ardlie, B. D. Mitchell, K. C. Barnes, A. Moscati,
M. Fornage, S. Redline, B. M. Psaty, E. K. Silverman, S. T. Weiss, N. D. Palmer, R. S. Vasan,

E. G. Burchard, S. L. R. Kardia, J. He, R. C. Kaplan, N. L. Smith, D. K. Arnett, D. A. Schwartz,
A. Correa, M. de Andrade, X. Guo, B. A. Konkle, B. Custer, J. M. Peralta, H. Gui, D. A. Meyers,
S.T. McGarvey, I. Y.-D. Chen, M. B. Shoemaker, P. A. Peyser, J. G. Broome, S. M. Gogarten,

F. F.Wang, Q. Wong, M. E. Montasser, M. Daya, E. E. Kenny, K. E. North, L. J. Launer,
B.E.Cade, J. C. Bis, M. H. Cho, J. Lasky-Su, D. W. Bowden, L. A. Cupples, A. C. Mak,

L. C. Becker, J. A. Smith, T. N. Kelly, S. Aslibekyan, S. R. Heckbert, H. K. Tiwari, . V. Yang,

J. A. Heit, S. Lubitz, J. M. Johnsen, J. E. Curran, S. E. Wenzel, D. E. Weeks, D. C. Rao,

D. Darbar, J.-Y. Moon, R. P.Tracy, E. J. Buth, N. Rafaels, R. J. F. Loos, P. Durda, Y. Liu, L. Hou,
J. Lee, P. Kachroo, B. |. Freedman, D. Levy, L. F. Bielak, J. E. Hixson, J. S. Floyd, E. A. Whitsel,
P.T. Ellinor, M. R. Irvin, T. E. Fingerlin, L. M. Raffield, S. M. Armasu, M. M. Wheeler,

E. C. Sabino, J. Blangero, L. K. Williams, B. D. Levy, W. H.-H. Sheu, D. M. Roden,

E. Boerwinkle, J. E. Manson, R. A. Mathias, P. Desai, K. D. Taylor, A. D. Johnson, P. L. Auer,
C. Kooperberg, C. C. Laurie, T. W. Blackwell, A. V. Smith, H. Zhao, E. Lange, L. Lange,
S.S.Rich, J. 1. Rotter, J. G. Wilson, P. Scheet, J. O. Kitzman, E. S. Lander, J. M. Engreitz,

B.L. Ebert, A. P. Reiner, S. Jaiswal, G. Abecasis, V. G. Sankaran, S. Kathiresan, P. Natarajan,
Inherited causes of clonal hematopoiesis in 97,691 TOPMed whole genomes. Nature 586,
763-768 (2020).

D. B. Beck, M. A. Ferrada, K. A. Sikora, A. K. Ombrello, J. C. Collins, W. Pei, N. Balanda,

D. L. Ross, D. Ospina Cardona, Z. Wu, B. Patel, K. Manthiram, E. M. Groarke,

F. Gutierrez-Rodrigues, P. Hoffmann, S. Rosenzweig, S. Nakabo, L. W. Dillon, C. S. Hourigan,
W. L. Tsai, S. Gupta, C. Carmona-Rivera, A. J. Asmar, L. Xu, H. Oda, W. Goodspeed,

K.S. Barron, M. Nehrebecky, A. Jones, R. S. Laird, N. Deuitch, D. Rowczenio, E. Rominger,
K.V.Wells, C.-C. R. Lee, W. Wang, M. Trick, J. Mullikin, G. Wigerblad, S. Brooks, S. Dell'Orso,
Z.Deng, J. J. Chae, A. Dulau-Florea, M. C. V. Malicdan, D. Novacic, R. A. Colbert,

M. J. Kaplan, M. Gadina, S. Savic, H. J. Lachmann, M. Abu-Asab, B. D. Solomon, K. Retterer,
W. A. Gahl, S. M. Burgess, |. Aksentijevich, N. S. Young, K. R. Calvo, A. Werner, D. L. Kastner,
P. C. Grayson, Somatic mutations in UBA1 and severe adult-onset autoinflammatory
disease. N. Engl. J. Med. 383, 2628-2638 (2020).

M. Sirenko, E. Bernard, M. Creignou, D. Domenico, A. Farina, J. E. Arango Ossa,

0. Kosmider, R. Hasserjian, M. Jadersten, U. Germing, G. Sanz, A. A. van de Loosdrecht,

C. Gurnari, M. Y. Follo, F. Thol, L. Zamora, R. F. Pinheiro, A. Pellagatti, H. K. Elias, D. Haase,
B. Sander, E. Orna, K. Zoldan, L. N. Eder, W. R. Sperr, R. Thalhammer, C. Ganster, L. Adés,
M. Tobiasson, L. Palomo, M. G. Della Porta, K. Huberman, P. Fenaux, M. Belickova,

M. R. Savona, V. M. Klimek, F. P. S. Santos, J. Boultwood, I. Kotsianidis, V. Santini, F. Solé,

U. Platzbecker, M. Heuser, P. Valent, C. Finelli, M. T. Voso, L.-Y. Shih, S. Ogawa, M. Fontenay,
J.H.Jansen, J. Cervera, B. L. Ebert, R. Bejar, P. L. Greenberg, N. Gattermann, L. Malcovati,
M. Cazzola, D. B. Beck, E. Hellstrom-Lindberg, E. Papaemmanuil, Molecular and clinical

30 April 2025

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

presentation of UBA1-mutated myelodysplastic syndromes. Blood 144, 1221-1229
(2024).

D. B. Beck, D. L. Bodian, V. Shah, U. L. Mirshahi, J. Kim, Y. Ding, S. J. Magaziner, N.T. Strande,
A. Cantor, J. S. Haley, A. Cook, W. Hill, A. L. Schwartz, P. C. Grayson, M. A. Ferrada, D. L. Kastner,
D. J. Carey, D. R. Stewart, Estimated prevalence and clinical manifestations of UBA1 variants
associated with VEXAS syndrome in a clinical population. JAMA 329, 318-324 (2023).

S.W. Brady, K. G. Roberts, Z. Gu, L. Shi, S. Pounds, D. Pei, C. Cheng, Y. Dai, M. Devidas,
C.Qu, A. N. Hill, D. Payne-Turner, X. Ma, | lacobucci, P. Baviskar, L. Wei, S. Arunachalam,

K. Hagiwara, Y. Liu, D. A. Flasch, Y. Liu, M. Parker, X. Chen, A. H. Elsayed, O. Pathak, Y. Li,

Y. Fan, J. R. Michael, M. Rusch, M. R. Wilkinson, S. Foy, D. J. Hedges, S. Newman, X. Zhou,
J.Wang, C. Reilly, E. Sioson, S. V. Rice, V. P. Loyola, G. Wu, E. Rampersaud, S. C. Reshmi,

J. Gastier-Foster, J. M. G. Auvil, P. Gesuwan, M. A. Smith, N. Winick, A. J. Carroll,

N. A. Heerema, R. C. Harvey, C. L. Willman, E. Larsen, E. A. Raetz, M. J. Borowitz, B. L. Wood,
W. L. Carroll, P. A. Zweidler-McKay, K. R. Rabin, L. A. Mattano, K. W. Maloney, S. S. Winter,
M. J. Burke, W. Salzer, K. P. Dunsmore, A. L. Angiolillo, K. R. Crews, J. R. Downing, S. Jeha,
C.-H. Pui, W. E. Evans, J. J. Yang, M. V. Relling, D. S. Gerhard, M. L. Loh, S. P. Hunger, J. Zhang,
C. G. Mullighan, The genomic landscape of pediatric acute lymphoblastic leukemia. Nat.
Genet. 54, 1376-1389 (2022).

L. Busque, M. Sun, M. Buscarlet, S. Ayachi, Y. Feroz Zada, S. Provost, V. Bourgoin, L. Mollica,
M. Meisel, R. Hinterleitner, B. Jabri, M.-P. Dubé, J.-C. Tardif, High-sensitivity C-reactive
protein is associated with clonal hematopoiesis of indeterminate potential. Blood Adv. 4,
2430-2438 (2020).

M. G. Levin, T. Nakao, S. M. Zekavat, S. Koyama, A. G. Bick, A. Niroula, B. Ebert,

S. M. Damrauer, P. Natarajan, Genetics of smoking and risk of clonal hematopoiesis. Sci.
Rep. 12,7248 (2022).

S.N. Stacey, F. Zink, G. H. Halldorsson, L. Stefansdottir, S. A. Gudjonsson, G. Einarsson,

G. Hjorleifsson, T. Eiriksdottir, A. Helgadottir, G. Bjornsdottir, T. E. Thorgeirsson,

T. A. Olafsdottir, I. Jonsdottir, S. Gretarsdottir, V. Tragante, M. K. Magnusson, H. Jonsson,

J. Gudmundsson, S. Olafsson, H. Holm, D. F. Gudbjartsson, P. Sulem, A. Helgason,

U. Thorsteinsdottir, L. Tryggvadottir, T. Rafnar, P. Melsted, M. O. Ulfarsson, B. Vidarsson,
G.Thorleifsson, K. Stefansson, Genetics and epidemiology of mutational barcode-defined
clonal hematopoiesis. Nat. Genet. 55, 2149-2159 (2023).

R. Corty, J. B. Heimlich, Y. Pershad, B. Sharber, C. Vlasschaert, M. Ormseth, C. M. Stein,

A. Bick, Clonal hematopoiesis and the risk for rheumatoid arthritis. medRxiv [Preprint]
(2024). https://doi.org/10.1101/2024.09.20.24314099.

H. Wang, K. Divaris, B. Pan, X. Li, J.-H. Lim, G. Saha, M. Barovic, D. Giannakou,

J. M. Korostoff, Y. Bing, S. Sen, K. Moss, D. Wu, J. D. Beck, C. M. Ballantyne, P. Natarajan,

K. E. North, M. G. Netea, T. Chavakis, G. Hajishengallis, Clonal hematopoiesis driven by
mutated DNMT3A promotes inflammatory bone loss. Cell 187, 3690-3711.e19 (2024).

F. Zhang, K. Wei, K. Slowikowski, C. Y. Fonseka, D. A. Rao, S. Kelly, S. M. Goodman,

D. Tabechian, L. B. Hughes, K. Salomon-Escoto, G. F. M. Watts, A. H. Jonsson,

J. Rangel-Moreno, N. Meednu, C. Rozo, W. Apruzzese, T. M. Eisenhaure, D. J. Lieb,

D. L. Boyle, A. M. Mandelin, Accelerating Medicines Partnership Rheumatoid Arthritis and
Systemic Lupus Erythematosus (AMP RA/SLE) Consortium, B. F. Boyce, E. DiCarlo,

E. M. Gravallese, P. K. Gregersen, L. Moreland, G. S. Firestein, N. Hacohen, C. Nusbaum,

J. A. Lederer, H. Perlman, C. Pitzalis, A. Filer, V. M. Holers, V. P. Bykerk, L. T. Donlin,

J. H. Anolik, M. B. Brenner, S. Raychaudhuri, Defining inflammatory cell states in
rheumatoid arthritis joint synovial tissues by integrating single-cell transcriptomics and
mass cytometry. Nat. Immunol. 20, 928-942 (2019).

M. Paroli, M. 1. Sirinian, When autoantibodies are missing: The challenge of seronegative
rheumatoid arthritis. Antibodies (Basel) 12, 69 (2023).

K. Li, M. Wang, L. Zhao, Y. Liu, X. Zhang, ACPA-negative rheumatoid arthritis: From
immune mechanisms to clinical translation. EBioMedicine 83, 104233 (2022).

S. Jaiswal, P. Natarajan, A. J. Silver, C. J. Gibson, A. G. Bick, E. Shvartz, M. McConkey,

N. Gupta, S. Gabriel, D. Ardissino, U. Baber, R. Mehran, V. Fuster, J. Danesh, P. Frossard,

D. Saleheen, O. Melander, G. K. Sukhova, D. Neuberg, P. Libby, S. Kathiresan, B. L. Ebert,
Clonal hematopoiesis and risk of atherosclerotic cardiovascular disease. N. Engl. J. Med.
377,111-121 (2017).

X.Wu, Y. Liu, S. Jin, M. Wang, Y. Jiao, B. Yang, X. Lu, X. Ji, Y. Fei, H. Yang, L. Zhao, H. Chen,

Y. Zhang, H. Li, P. E. Lipsky, G. C. Tsokos, F. Bai, X. Zhang, Single-cell sequencing of immune
cells from anticitrullinated peptide antibody positive and negative rheumatoid arthritis.
Nat. Commun. 12,4977 (2021).

K.Wang, M. Li, H. Hakonarson, ANNOVAR: Functional annotation of genetic variants from
high-throughput sequencing data. Nucleic Acids Res. 38, €164 (2010).

K. J. Karczewski, L. C. Francioli, G. Tiao, B. B. Cummings, J. Alf6ldi, Q. Wang, R. L. Collins,

K. M. Laricchia, A. Ganna, D. P. Birnbaum, L. D. Gauthier, H. Brand, M. Solomonson,

N. A. Watts, D. Rhodes, M. Singer-Berk, E. M. England, E. G. Seaby, J. A. Kosmicki,

R. K. Walters, K. Tashman, Y. Farjoun, E. Banks, T. Poterba, A. Wang, C. Seed, N. Whiffin,

J. X. Chong, K. E. Samocha, E. Pierce-Hoffman, Z. Zappala, A. H. O'Donnell-Luria,

E.V. Minikel, B. Weisburd, M. Lek, J. S. Ware, C. Vittal, I. M. Armean, L. Bergelson,

K. Cibulskis, K. M. Connolly, M. Covarrubias, S. Donnelly, S. Ferriera, S. Gabriel, J. Gentry,
N. Gupta, T. Jeandet, D. Kaplan, C. Llanwarne, R. Munshi, S. Novod, N. Petrillo, D. Roazen,

130f 14

GZ0Z ‘€T A2 o AlSIBAIUN BaWN Te B10°30Us 105 MMM//:SANY W) papeojumod


http://dx.doi.org/10.1101/2024.09.20.24314099

SCIENCE ADVANCES | RESEARCH ARTICLE

V. Ruano-Rubio, A. Saltzman, M. Schleicher, J. Soto, K. Tibbetts, C. Tolonen, G. Wade,

M. E. Talkowski, Genome Aggregation Database Consortium, B. M. Neale, M. J. Daly,

D. G. MacArthur, The mutational constraint spectrum quantified from variation in 141,456
humans. Nature 581, 434-443 (2020).

49. 0. Delaneau, J.-F. Zagury, M. R. Robinson, J. L. Marchini, E. T. Dermitzakis, Accurate,
scalable and integrative haplotype estimation. Nat. Commun. 10, 5436 (2019).

50. H.Kokkonen, L. Johansson, H. Stenlund, S. Rantapaa-Dahlqvist, Cardiovascular risk
factors before onset of rheumatoid arthritis are associated with cardiovascular events
after disease onset: A case-control study. J. Clin. Med. 11, 6535 (2022).

51. A.Boman, M. Brink, A. Lundquist, M. Hansson, L. Mathsson-Alm, J. Rénnelid, E. Berglin,

R. Holmdahl, K. Skriner, G. Serre, L. Klareskog, S. Rantapaa-Dahlqvist, Antibodies against
citrullinated peptides are associated with clinical and radiological outcomes in patients
with early rheumatoid arthritis: A prospective longitudinal inception cohort study. RMD
Open 5,e000946 (2019).

52. T.Mottonen, P. Hannonen, M. Leirisalo-Repo, M. Nissild, H. Kautiainen, M. Korpela,

L. Laasonen, H. Julkunen, R. Luukkainen, K. Vuori, L. Paimela, H. Bl&field, M. Hakala, K. Ilva,
U.Yli-Kerttula, K. Puolakka, P. Jarvinen, M. Hakola, H. Piirainen, J. Ahonen, |. Pélvimaki,

S. Forsberg, K. Koota, C. Friman, Comparison of combination therapy with single-drug
therapy in early rheumatoid arthritis: A randomised trial. FIN-RACo trial group. Lancet
353, 1568-1573 (1999).

53. M. Leirisalo-Repo, H. Kautiainen, L. Laasonen, M. Korpela, M. J. Kauppi,

O. Kaipiainen-Seppanen, R. Luosujérvi, R. Luukkainen, A. Karjalainen, H. Blafield, T. Uutela,
K. llva, H. A. Julkunen, L. Paimela, K. Puolakka, E. Moilanen, P.J. Hannonen, T. M&ttonen,
NEO-RACo Study Group, Infliximab for 6 months added on combination therapy in early
rheumatoid arthritis: 2-Year results from an investigator-initiated, randomised,
double-blind, placebo-controlled study (the NEO-RACo Study). Ann. Rheum. Dis. 72,
851-857 (2013).

Acknowledgments: Library preparation, sequencing, and DRAGEN analysis of RA patient
samples were performed by FIMM Genomics NGS Sequencing Unit at University of Helsinki
supported by HiLIFE and Biocenter Finland. The Center for Science Ltd. (CSC) is acknowledged
for data storage and computational resources. FINRISK data used for the research were
obtained from THL Biobank (study number BB2019_42). We thank all study participants for
participation at THL Biobank, and (a) specific cohort(s) as defined in internal audit. We
acknowledge the Finnish Red Cross Blood Service for providing healthy control samples. We
want to acknowledge the participants and investigators of the FinnGen study. The FinnGen
project is funded by two grants from Business Finland (HUS 4685/31/2016 and UH
4386/31/2016) and the following industry partners: AbbVie Inc., AstraZeneca UK Ltd., Biogen
MA Inc., Bristol Myers Squibb (and Celgene Corporation & Celgene International Il Sarl),
Genentech Inc,, Merck Sharp & Dohme LCC, Pfizer Inc., GlaxoSmithKline Intellectual Property
Development Ltd., Sanofi US Services Inc., Maze Therapeutics Inc., Janssen Biotech Inc.,
Novartis AG, and Boehringer Ingelheim International GmbH. The following biobanks are
acknowledged for delivering biobank samples to FinnGen: Auria Biobank (www.auria.fi/
biopankki), THL Biobank (www.thl.fi/biobank), Helsinki Biobank (www.helsinginbiopankki.fi),
Biobank Borealis of Northern Finland (www.ppshp.fi/Tutkimus-ja-opetus/Biopankki/Pages/
Biobank-Borealis-briefly-in-English.aspx), Finnish Clinical Biobank Tampere (www.tays.fi/en-US/
Research_and_development/Finnish_Clinical_Biobank_Tampere), Biobank of Eastern Finland

Hiitola et al., Sci. Adv. 11, eadt9846 (2025) 30 April 2025

(www.ita-suomenbiopankki.fi/en), Central Finland Biobank (www.ksshp.fi/fi-FI/Potilaalle/
Biopankki), Finnish Red Cross Blood Service Biobank (www.veripalvelu.fi/verenluovutus/
biopankkitoiminta), Terveystalo Biobank (www.terveystalo.com/fi/Yritystietoa/Terveystalo-
Biopankki/Biopankki/), and Arctic Biobank (www.oulu.fi/en/university/faculties-and-units/
faculty-medicine/northern-finland-birth-cohorts-and-arctic-biobank). All Finnish Biobanks are
members of BBMRLfi infrastructure (www.bbmri-eric.eu/national-nodes/finland/). Finnish
Biobank Cooperative - FINBB (https:/finbb.fi/) is the coordinator of BBMRI-ERIC operations in
Finland. The Finnish biobank data can be accessed through the Fingenious services (https://
site.fingenious.fi/en/) managed by FINBB. Funding: This work was supported by the Sigrid
Juselius Foundation (M.M., S.M., and O.S.), European Research Council (S.M.), Research Council
of Finland (M.M., S.M,, O.S., and J.Kos.), Finnish Medical Foundation (M.M.), Finnish Cultural
Foundation (M.M.), Signe and Ane Gyllenberg Foundation (S.M.), Helsinki Institute for Life
Science Fellow Funding (S.M.), Cancer Foundation Finland (O.S.), Tampere Tuberculosis
Foundation (0.S.), and Competitive Research Funding of the Tampere University Hospital (O.S.).
Author contributions: Conceptualization: E.H,, S.L., HK, S.R-D., .M., and M.M. Methodology:
E.H., JKor, HK, JKos, MA, AL, S.L,PH, HA, PE, PS,TK, GG, AG, S.R-D., SM., and M.M.
Software: M.Kan., AL, F, G.G,, and S.R.-D. Validation: E.H., S.L., S.R.-D., and M.M. Formal analysis:
E.H. J.Kor, M.A,, AL, SR-D.,and M.M. Investigation: EH., HK,, A.L, Pl, PE, |S., S.R.-D., and M.M.
Resources: HK., M.L-R.,, RK, RP, L.P, PI, PE,OK.S., ATV, RL., F, 0.S., and M.M. Data curation:
E.H., F, and M.M. Visualization: E.H. and M.M. Supervision: S.R.-D., M.M.,, and S.M. Writing—
original draft: E.H. and M.M. Writing—review and editing: E.H., J.Kor,, H.K., J.Kos., M.Kan., M.A.,
AL,SL,PH,HA,PS, TK, M.L-R,RK, LP, Pl, MKau, ATV, RL,OS, AG,SR-D, SM., and
M.M. Project administration: S.R.-D., M.M., and S.M. Funding acquisition: S.R.-D., M.M., and S.M.
Competing interests: M.M. has received honoraria from Celgene and Sanofi and research
support from Gilead Sciences unrelated to this study. S.M. has received honoraria and research
funding from BMS and Novartis, research funding from Pfizer, and honoraria from Dren-Bio
(none related to this project). The other authors declare that they have no competing interests.
Data and materials availability: Access to individual-level phenotype data from the FinnGen
and FINRISK cohorts can be requested by contacting the FinnGen consortium and the Finnish
Institute for Health and Welfare (THL) Biobank, respectively. Phenotype data for RA patient
cohorts can be requested from the respective biobanks. The sequence data from the FINRISK
cohort can be accessed through dbGaP using study numbers phs000756 and phs000752.
Individual-level genotype data from the FinnGen cohort can be requested from Finnish
biobanks via the Fingenious portal (https:/site.fingenious.fi/en). The raw sequencing data
generated from RA patient samples have been deposited at the European Genome-phenome
Archive (EGA; https://ega-archive.org), which are hosted by the EBI and the CRG, under
accession number EGAD50000001300. The access is restricted and can be requested on the
EGA website through the Data Access Committee, due to data privacy concerns. Detailed
instructions for requesting access to a specific EGA dataset code are available on the

EGA website: https://ega-archive.org/access/request-data/how-to-request-data. All data
needed to evaluate the conclusions in the paper are present in the paper and/or the
Supplementary Materials.

Submitted 23 October 2024
Accepted 26 March 2025
Published 30 April 2025
10.1126/sciadv.adt9846

140f 14

GZ0Z ‘€T A2 o AlSIBAIUN BaWN Te B10°30Us 105 MMM//:SANY W) papeojumod


http://www.auria.fi/biopankki
http://www.auria.fi/biopankki
http://www.thl.fi/biobank
http://www.helsinginbiopankki.fi
http://www.ppshp.fi/Tutkimus-ja-opetus/Biopankki/Pages/Biobank-Borealis-briefly-in-English.aspx
http://www.ppshp.fi/Tutkimus-ja-opetus/Biopankki/Pages/Biobank-Borealis-briefly-in-English.aspx
http://www.tays.fi/en-US/Research_and_development/Finnish_Clinical_Biobank_Tampere
http://www.tays.fi/en-US/Research_and_development/Finnish_Clinical_Biobank_Tampere
http://www.ita-suomenbiopankki.fi/en
http://www.ksshp.fi/fi-FI/Potilaalle/Biopankki
http://www.ksshp.fi/fi-FI/Potilaalle/Biopankki
http://www.veripalvelu.fi/verenluovutus/biopankkitoiminta
http://www.veripalvelu.fi/verenluovutus/biopankkitoiminta
http://www.terveystalo.com/fi/Yritystietoa/Terveystalo-Biopankki/Biopankki/
http://www.terveystalo.com/fi/Yritystietoa/Terveystalo-Biopankki/Biopankki/
http://www.oulu.fi/en/university/faculties-and-units/faculty-medicine/northern-finland-birth-cohorts-and-arctic-biobank
http://www.oulu.fi/en/university/faculties-and-units/faculty-medicine/northern-finland-birth-cohorts-and-arctic-biobank
http://www.bbmri-eric.eu/national-nodes/finland/
https://finbb.fi/
https://site.fingenious.fi/en/
https://site.fingenious.fi/en/
https://site.fingenious.fi/en
https://ega-archive.org
https://ega-archive.org/access/request-data/how-to-request-data

	Clonal hematopoiesis is associated with distinct rheumatoid arthritis phenotypes
	INTRODUCTION
	RESULTS
	CH in the FINRISK cohort
	CH and clinical parameters in FINRISK
	Enrichment of CHIP in FINRISK participants with RA
	Deriving CHIP status in SNP arrays
	Increased prevalence of CHIP in FinnGen participants with RA
	Shorter survival in FinnGen participants with CHIPand prevalent RA
	CHIP in newly diagnosed RA
	CHIP and outcomes in RA

	DISCUSSION
	MATERIALS AND METHODS
	FINRISK cohort
	Somatic variant calling of CHIP and lymphoid drivervariants in FINRISK
	FinnGen cohort
	CHIP calling in FinnGen
	mCA detection in FINRISK and FinnGen
	Endpoint definitions in FINRISK and FinnGen
	RA patient cohorts
	Targeted NGS panel to detect CHIP
	Statistical analysis
	Ethics statement

	Supplementary Materials
	The PDF file includes:
	Other Supplementary Material for this manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments


