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ABSTRACT

Clonal hematopoiesis of indeterminate potential (CHIP) is common in the elderly and has been reported to associate with accelerated
epigenetic age (AgeAccel), especially intrinsic (ie, cell-type independent) AgeAccel and to a lesser degree extrinsic AgeAccel, which
reflects the immune-cell composition of the peripheral blood. We investigated the association between CHIP occurrence and AgeAccel
in 154 Danish twin pairs aged 73-90 years (mean 79), using both individual-level and intrapair analyses, the latter to control for shared
genetic and environmental factors. Of 308 individuals, 116 carried a CHIP mutation. CHIP carriers had non-significantly increased
AgeAccel compared with non-carriers; the strongest association was for the Intrinsic Epigenetic Age Acceleration (IEAA) estimator (CHIP
carriers 1.4 years older, P = 0.052). In intrapair analyses, the extrinsic Hannum age estimator showed the strongest association (1.6
years older, P = 0.027). In mutation-specific analyses, TET2 mutations were associated with the extrinsic Hannum age estimator in both
individual-level (3.0 years older, P = 0.003) and intrapair analyses (2.8 years older, P = 0.05). DNMT3A mutations were associated with
|IEAA in individual-level (1.9 years older, P = 0.034) but not intrapair analysis (0.9 years, P = 0.41). Analyses of logit-transformed variant
allele frequency were generally consistent with these results. Together, these observations indicate that different factors may be driving
the expansion of DNMT3A and TET2 clones, respectively. Finally, CHIP carriers accelerated in both the Hannum and the GrimAge age
estimators did not have an increased mortality risk in our cohort followed for 22 years (HR = 1.02, P = 0.93), hence not replicating the

stratification model proposed by Nachun et al.

INTRODUCTION

Clonal hematopoiesis of indeterminate potential (CHIP) is a
commonly occurring phenomenon in the elderly characterized
by propagation of blood cell clones carrying somatic mutations
in genes related to myeloid cancers.!* CHIP may develop into
clonal cytopenia of undetermined significance or overt myeloid
malignancy, but CHIP has also been reported to associate with a
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range of age-related disorders and outcomes, most importantly
all-cause mortality and cardiovascular disease.!*

Two previous studies have demonstrated an association
between CHIP detected by whole-genome sequencing and accel-
erated epigenetic age. First, Robertson et al* found that CHIP
was associated with several estimators of epigenetic age accel-
eration, especially the Intrinsic Epigenetic Age Acceleration
(IEAA) estimator, which is designed to measure DNA methyl-
ation changes occurring independently of age-related changes
to the immune-cell composition of the peripheral blood.®
Subsequently, Nachun et al” replicated the association between
CHIP and intrinsic epigenetic age and furthermore reported
a less pronounced association with extrinsic epigenetic age
estimators such as the Hannum and the Extrinsic Epigenetic
Age Acceleration (EEAA) estimators, which also reflect DNA
methylation changes that occur as a result of age-related shifts
in immune-cell proportions (eg, decreased numbers of naive
CD8* T cells).®* Finally, Nachun et al” also reported that a spe-
cific subset of CHIP carriers who had positive age acceleration
in both the Hannum and GrimAge estimators (AgeAccelHG+)
had an increased risk of all-cause mortality compared with
CHIP carriers without AgeAccelHG+, as well as compared
with individuals without CHIP regardless of AgeAccelHG
status.

The aim of this study was to replicate and extend these find-
ings in a cohort of elderly Danish twins.” Compared with the
previously published studies, the twin design enables us to con-
trol for confounding effects of familial factors, that is, shared
genetic and environmental factors. Furthermore, our cohort is
older or of similar age than the 2 previous studies, and CHIP
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was detected using error-corrected panel sequencing which
allowed for more sensitive detection of low-frequency variants.

MATERIALS AND METHODS

Study population

The study population was comprised of 154 same-sex twin
pairs (121 monozygotic and 33 dizygotic pairs) from the
Longitudinal Study of Aging Danish Twins (LSADT).' LSADT is
a cohort sequential study of Danish twins aged 70 years or more,
initiated in 1995.' In 1997, whole blood samples were collected
from 689 same-sex twins and the present study includes all the
308 twins for whom data regarding CHIP and DNAmAge were
available.”!? Mortality was assessed through January 1, 2020,
for the present study population, except for 84 individuals as
they had been selected for survival 10 years from baseline, leav-
ing 224 individuals for survival analysis. At the end of follow-up,
220 (98%) were deceased. The median follow-up time was 8.39
years. Informed consent was obtained from all participants and
the surveys and CHIP analyses were approved by The Regional
Committees on Health Research Ethics for Southern Denmark
(S-VF-20040241 and S-20170053). Consequently, the study
was conducted in accordance with the Helsinki II declaration.

Biological data
Data on CHIP mutations and DNA methylation levels

DNA sequencing was performed as described previously (see
Hansen et al’ for details). In short, an Illumina TruSeq Custom
Amplicon panel (Illumina, San Diego, CA), covering >95 % of the
mutations commonly associated with clonal hematopoiesis, was
used for targeted sequencing. DNA was quantified with a Qubit
fluorometer (Life Technologies, Carlsbad, CA) and 100-200ng
of DNA was applied for library preparation. Unique molecu-
lar identifiers, consisting of 6 random index nucleotides, were
added to each sample before amplification to optimize variant
calling and identification of low-level mutations. Libraries were
pooled and sequenced using the Illumina NextSeq platform
(llumina) with a 300-cycle mid output kit, as specified by the
manufacturer. Alignment was performed using the BWA-mem
algorithm,'® and variant calling was conducted using Freebayes
v.1.1.0"* and VarDict v.1.5.1.% In the present study, we explored
CHIP mutations as defined by Steensma et al> with a variant
allele frequency (VAF) of 2% or above. A detailed description of
the generation of the DNA sequencing data and variant calling
can, furthermore, be found in the Supplementary Material of
Hansen, et al.’

DNA methylation was measured using 2 Infinium
HumanMethylation450K BeadChip datasets obtained as pre-
viously described.'® Methylation profiling was performed at 2
different occasions with 84 in the first batch and 224 in the
second. Twin pairs were always run on the same array. Quality
control (QC) and estimation of epigenetic age were performed
individually for the 2 datasets (see Soerensen et al'® for details).
Briefly, 500ng DNA per sample was bisulfite converted using
the EZ Methylation Gold kit (Zymo Research, Orange County,
CA) before analysis with the Infinium HumanMethylation450K
BeadChip (Illumina) using standard procedures. QC was per-
formed with the MethylAid'” and Minfi'® R packages. Sample
exclusion criteria: (1) <95% of probes with a detection P
value <0.01, (2) samples failing the internal QC probes of the
MethylAid, or (3) samples failing verification of sex by multi-
dimensional scaling of the X chromosome probe values. No
samples were removed during QC. Probe exclusion criteria
were: (1) detection P value >0.01, (2) a raw intensity value of
zero, (3) low bead count (<3 beads), (4) cross-reactive probes,
or (5) measurement success rate <95%. Normalization was
performed with Functional normalization?® using 4 principle
components.
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DNA methylation-derived estimates of biological age and cell counts

We calculated 6 different measures of epigenetic age:
Horvath,2! Hannum,® PhenoAge,”” GrimAge,” IEAA, and
EEAA.¢ Of these 6 age estimators, Horvath and IEAA are con-
sidered intrinsic, that is, they reflect cell-type independent effects
of aging on DNA methylation, while Hannum, PhenoAge,
GrimAge, and EEAA are considered extrinsic measures, that is,
they also reflect age-related changes to the immune-cell compo-
sition of the peripheral blood.®

The Horvath, Hannum, and PhenoAge age estimators were
calculated as described in the original publications, while
GrimAge and EEAA were calculated using scripts obtained
from personal communication with Steve Horvath and Ake Lu
(University of California). IEAA was calculated as described
in the original publication using methylation-based cell counts
obtained via the online DNA methylation age calculator (https://
dnamage.genetics.ucla.edu/home, Horvath. 2013). Briefly, the
IEAA is the residuals obtained by regressing chronological age
and DNA methylation-derived estimates of cell counts, that is,
plasma B cells (variable PlasmaBlast), CD8*CD28' CD45RA T
cells (exhausted CD8* T cells) (variable CD8pCD28nCD45Ran),
naive CD8+ T cells (variable CD8_naive), CD4* T cells (variable
CDA4T), natural killer cells (variable NK), monocytes (variable
Mono), and granulocytes (variable Gran) onto the Horvath age
estimator.>*! The EEAA is obtained by regressing chronological
age on to the BioAge4HAStatic variable, which is a modified
version of the Hannum age estimator obtained as a weighted
average of the Hannum age estimator and 3 estimated measures
of age-associated blood cells, that is, naive (CD45RA*CCR7*)
cytotoxic T cells, exhausted (CD28-CD45RA-) cytotoxic T
cells and plasma B cells. For Horvath, Hannum, PhenoAge, and
GrimAge, we defined epigenetic age acceleration (AgeAccel) as
the residuals obtained from regressing DNAmAge on chrono-
logical age.

Statistical analyses

All analyses were performed using STATA16 (Stata
Corporation, College Station, TX). All reported P values are
2-sided and not adjusted for multiple testing. We defined statis-
tical significance as P < 0.05.

We first investigated the association between AgeAccel and
CHIP mutations, and between AgeAccel and logit-transformed
VAF considering each individual separately (ie, performing an
individual-level analysis). The VAF values were logit-trans-
formed to better reflect the growth rate of the CHIP clones and
to obtain a distribution of the data more suitable for statisti-
cal analysis. The individual-level analyses were fitted as linear
regressions with AgeAccel as the outcome variable and CHIP
status, respectively, logit-transformed VAF as an exposure vari-
able along with sex and DNA methylation batch as covariates.
To account for dependency between twins in a pair, we used
the Hubert-White-Sandwich (robust) estimator of variance,
assuming independence between twin pairs (cluster function in
STATA).

For intrapair analyses, we subsequently selected twin pairs
discordant for CHIP mutation status or logit-transformed VAF.
For mutation status, a linear regression with the intrapair dif-
ference in AgeAccel (ie, the AgeAccel value of the twin with a
mutation minus the AgeAccel value of the co-twin without a
mutation) was applied, simply investigating the intercept. For
VAF, a linear regression model was applied with intrapair differ-
ence in logit-transformed VAF as the exposure and the intrapair
difference in AgeAccel as the outcome. The intrapair differences
were calculated by subtracting the value for the twin with the
lowest VAF from the value for the co-twin with the highest VAF.
As only same-sex twin pairs were included in the present study
and as each twin pair was always analyzed on the same DNA
methylation array, there is no intrapair variation in either sex or
DNA methylation batch.
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Finally, the associations between both CHIP and epigenetic
age acceleration and increased risk of all-cause mortality are well
established.>”** Interestingly, it was previously reported that in
the LSADT cohort, there was no significantly increased mortal-
ity risk among CHIP carriers, possibly due to the already highly
advanced age and high CHIP prevalence in this cohort or a lack
of statistical power.” Since this result was published, Nachun et
al” showed that a combination of the Hannum and GrimAge
age estimators together with CHIP status could identify individ-
uals with highly increased mortality risk (specifically, individuals
were defined as being double accelerated (termed AgeAccel HG+)
if an individual was accelerated (ie, AgeAccel > 0) in both age
estimators and individuals were defined as AgeAccelHG- if an
individual was accelerated (ie, AgeAccel > 0) only in 1 of the 2
age estimators or was deaccelerated (ie, AgeAccel < 0) in both
age estimators).” We therefore aimed to investigate whether this
set of predictors could also identify individuals with increased
mortality in the present study population. Overall survival was
analyzed with the Kaplan-Meier estimator using time since blood
sample as the underlying time scale and with Cox proportional
hazards regression using age as the timescale (delayed entry at
blood collection) and adjusted for the sex by using sex-specific
baseline hazards. To account for dependency between twins in
each twin pair, we used the robust estimator of variance, assum-
ing independence between pairs (cluster function). As the 84
individuals of the study population had been selected for survival
10 years from baseline, they were excluded from the survival
analysis, leaving 224 individuals for analysis.

Finally, the previous study by Robertson et al® included data
on blood cell type proportions as covariates in their statistical
models. In line with Nachun et al,” we did not include cell counts
in our statistical models due to the way the intrinsic and extrin-
sic epigenetic clocks are constructed, that is, with and without
correction for cell counts. Nevertheless, expanding all our sta-
tistical models with adjustment for imputed cell counts led to
very similar results and to the same conclusions as without cell
counts (data not shown).

RESULTS

CHIP mutations and epigenetic age estimators in the twins

One hundred and sixteen individuals (37.7%) carried one or
more CHIP mutations, while 47 (15.3%) and 52 (16.9%) car-
ried a TET2 or DNMT3A mutation, respectively (Suppl. Table
S1 and Suppl. Figures S1 and S2). All DNAmAges were signifi-
cantly correlated with chronological age with correlation coeffi-
cients between 0.39 and 0.49 (all P < 1.30x 1077, Suppl. Figures
S3 and S4). As expected, the Hannum and BioAge4HAStatic age
estimators overestimated the chronological age (on average by
2.9-3.8 years), while the remaining age estimators underestimated
the chronological age (on average by 0.7-7.6 years; Suppl. Table
S1). As expected, AgeAccel was independent of chronological
age (Suppl. Figures S5 and S6). Finally, males in general tended
to be more accelerated than females; by 1.90 years for Hannum
AgeAcceleration (P = 0.008), 2.82 years for EEAA (P = 0.003),
3.65 years for GrimAge AgeAcceleration (P =4.16x1077),and 0.75
years for Horvath AgeAcceleration (P = 0.364), while PhenoAge
AgeAcceleration and IEAA reflected no difference (-0.05 years,
P =0.957,and -0.32, P = 0.679, respectively; Suppl. Table S2). All
the positive effect sizes mentioned in the “Association analyses of
CHIP and epigenetic age acceleration” section below regarding the
association between CHIP mutation status and AgeAcceleration
are larger than these sex differences in age acceleration.

Association analyses of CHIP and epigenetic age acceleration
Individual-level analyses of CHIP mutations and VAF

For all AgeAccel estimates, CHIP carriers had increased age
acceleration compared with non-carriers in the individual-level
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analysis, although no estimates reached statistical significance
(Table 1). The largest effect size was seen for IEAA (1.40 years
mean difference between carriers and non-carriers, P = 0.052).
We next investigated the same association for mutations in
specific genes using 2 similar regression models restricted to
individuals with either TET2 or DNMT3A mutations and indi-
viduals with no CHIP mutations. For TET2, we found that the
extrinsic epigenetic age estimators were most strongly correlated
with mutation status, most notably EEAA with TET2 mutation
carriers being 3.61 years more accelerated than non-carriers
(P = 0.004) and Hannum (3.04 years, P = 0.003). In contrast,
DNMT3A mutations were most strongly associated with the
intrinsic IEAA (1.93 years, P = 0.034), while the EEAA and
Hannum estimators displayed negative, statistically insignificant
associations of -1.13 years (P = 0.255) and -0.58 years (P =
0.456), respectively.

Based on the expectation that any predictor associated
with CHIP mutations should also be associated with the size
of the mutated clones, we next carried out regression analyses
restricted to individuals with CHIP, or with TET2 or DNMT3A
mutations using logit-transformed VAF (base 10) as the covari-
ate of interest instead of mutation status. Although these anal-
yses are conducted within the same cohort, these results are
statistically independent from the analyses of mutation status,
as all individuals of the study population are included in the
analysis of mutation status (ie, carrying a mutation or not),
while only mutation carriers are included in the analysis of
VAF. All VAF increased with AgeAccel for all epigenetic clock,
although it was not statistically significant for the PhenoAge
and GrimAge clocks (Suppl. Figure S7). Investigating the associ-
ation between AgeAccel and VAF, we found strong signals for all
CHIP mutations, most notably for EEAA (7.97 years increase
per 1l-unit increase on logit-transformed VAE P = 0.00012,
Table 2). In gene-specific analyses, the results were consistent
with our findings for the analyses of mutation status, with TET2
most strongly associated with EEAA (6.32 years, P = 0.039) and
Hannum (4.85 years, P = 0.066). DNMT3A was most strongly
associated with the intrinsic age estimators IEAA (9.57 years,
P =0.013), and Horvath (9.64 years, P = 0.015), but also dis-
played significant associations at smaller effect sizes for EEAA
(6.45 years, P = 0.046) and Hannum (5.65 years, P = 0.032).

In conclusion, our results are consistent with previous reports
that CHIP is in general associated with increased epigenetic age
acceleration. TET2 carriers had greater age acceleration for the
extrinsic Hannum and EEAA estimators compared with the
intrinsic estimators and conversely, the epigenetic age accel-
eration in DNMT3A carriers was mainly seen in the intrinsic
Horvath and IEAA estimators compared with TET2 carriers,
indicating that the 2 mutations more generally are associated
with distinct types of epigenetic age acceleration.

Intrapair analyses of CHIP mutations and VAF

The observed associations between CHIP mutations and dif-
ferent epigenetic age estimators can either be results of a causal
link between the 2 or they can arise from unmeasured, shared
predisposing risk factors, either genetic or environmental. To
attempt to eliminate the effects of unmeasured genetic and envi-
ronmental confounders, we utilized the twin structure of our
dataset to conduct intrapair analyses. We analyzed all pairs dis-
cordant for the outcome of interest, that is, pairs in which one
twin carried a CHIP/TET2/DNMT3A mutation while the other
did not, and pairs where both twins harbored a mutation but at
different allele frequencies. In intrapair analyses of CHIP status,
Hannum epigenetic age was positively associated with the pres-
ence of any CHIP mutation (1.62 years difference, P = 0.027,
Table 3). For TET2 mutations, Hannum age showed a similar
effect size, although not statistically significant (2.77 years,
P = 0.052). Interestingly, the association between DNMT3A
mutations and IEAA was absent in intrapair analysis (0.91 years,
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Individual-level Analysis of CHIP Mutation Status and Age
Acceleration by Linear Regression Analysis

AgeAccel Coef. (95% CI) P
Any CHIP mutation (N = 308 Horvath 0.98 (-0.67 t0 2.63) 0.243
individuals) IEAA 1.40 (-0.01 t0 2.81) 0.052
Hannum 1.04 (-0.2510 2.33) 0.112
EEAA 1.06 (—0.56 to 2.69) 0.197
PhenoAge 0.51 (-1.3210 2.35) 0.582
GrimAge 0.82 (-0.14101.78) 0.094
TET2 mutation (N = 239 Horvath 1.12 (-1.16 t0 3.39) 0.333
individuals) IEAA 1.09 (-0.84 t0 3.02) 0.266
Hannum 3.04 (1.07 to 5.01) 0.003
EEAA 3.61 (1.17 to 6.06) 0.004
PhenoAge 1.61(-0.77 t0 3.98) 0.183
GrimAge 1.48 (0.15to 2.81) 0.029
DNMT3A mutation (N = 244 Horvath 1.03 (—0.86 t0 2.93) 0.283
individuals) IEAA 1.93 (0.15t0 3.72) 0.034
Hannum —0.58 (-=2.11 10 0.95) 0.456
EEAA -1.13(-3.09100.82) 0.255
PhenoAge 0.01 (-2.35102.37) 0.992
GrimAge 0.68 (-0.81t0 2.16) 0.369

Statistically significant findings (P < 0.05) are indicated in bold.

AgeAccel = epigenetic age acceleration; CHIP = clonal hematopoiesis of indeterminate potential;
Coef. = coefficient (beta value); EEAA = extrinsic epigenetic age acceleration; IEAA = intrinsic
epigenetic age acceleration.

Individual-level Analysis of VAF and Age Acceleration by Linear
Regression Analysis

AgeAccel Coef. (95% Cl) P
Any CHIP mutation (N =116 Horvath 5.87 (1.47 to 10.27) 0.009
individuals) [EAA 4.72 (0.57 to 8.88) 0.026
Hannum 6.38 (3.11 to 9.66) 0.00020
EEAA 7.97 (4.03 to 11.90) 0.00012
PhenoAge 4.92 (-0.44 10 10.29) 0.071
GrimAge 1.84 (-0.78 t0 4.47) 0.166
TET2 mutation (N = 47 Horvath 411 (-1.33109.54) 0.135
individuals) [EAA 2.14 (-2.52 10 6.80) 0.359
Hannum 4.85(-0.33 t0 10.03) 0.066
EEAA 6.32 (0.32to 12.33) 0.039
PhenoAge  —0.16 (-6.22 t0 5.90) 0.958
GrimAge  -1.35(-4.88102.19) 0.447
DNMT3A mutation (N = 52 Horvath 9.64 (1.97 to 17.31)  0.015
individuals) [EAA 9.57 (2.09 to 17.04) 0.013
Hannum 5.65 (0.51 to 10.78) 0.032
EEAA 6.45 (0.11 to 12.78) 0.046
PhenoAge 8.24 (-0.841017.32) 0.074
GrimAge 2.31(-2.40107.02) 0.329

Statistically significant findings (P < 0.05) are indicated in bold.

AgeAccel = epigenetic age acceleration; CHIP = clonal hematopoiesis of indeterminate potential;
Coef. = coefficient (beta value); EEAA = extrinsic epigenetic age acceleration; IEAA = intrinsic
epigenetic age acceleration; VAF = variant allele frequency.

P = 0.410), indicating that the association observed in our indi-
vidual-level analyses and by others’” may partly be the result of
unmeasured confounding. Intrapair analyses of VAF showed
similar results (ie, the co-twin with the highest VAF value tended
to also have the highest AgeAccel), but were limited by very
small sample sizes, especially for TET2 and DNMT3A muta-
tions (Suppl. Table S3).

In conclusion, the associations between TET2 mutations
and the extrinsic measures of epigenetic age appear stable
when using intrapair analyses to control for shared genetic and
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environmental factors between co-twins, but the associations
between DNMT3A mutations and IEAA are weakened in intra-
pair analyses.

Replication of the AgeAccelHG estimator in relation to survival by
CHIP status

Finally, we aimed to replicate the Hannum-GrimAge stratifi-
cation model proposed by Nachun et al.” We first analyzed the
associations between CHIP status and overall survival: in CHIP
carriers, the hazard ratio for death was 1.09 compared with
non-carriers (95% CI = 0.84-1.43, P = 0.516). Subsequently,
using the definition by Nachun et al,” 69 of the 224 individuals
were found to be accelerated in both the Hannum and GrimAge
age estimators (ie, to be AgeAccelHG+), yet the hazard ratio of
death for these individuals was not different from the rest of the
study population (HR = 1.10, 95% CI = 0.85-1.43, P = 0.460).
Both these findings are contrary to Nachun et al,” who reported
borderline significance for mortality for CHIP carriers versus
non-carriers, respectively, a significant association for mortality
for AgeAccelHG+ versus others (see Suppl. Table S4, for com-
parison). Individually analyzing the Hannum and GrimAge age
estimators, GrimAge age acceleration was associated with mor-
tality risk (HR = 1.07, 95% CI = 1.03-1.10, P = 6.60x10),
while Hannum age acceleration was not (HR = 1.001,95% CI =
0.98-1.02, P = 0.862).

Furthermore, when subsequently stratifying by CHIP status
as suggested by Nachun et al,” 39 of the 224 individuals car-
ried a CHIP mutation and were AgeAccelHG+ (ie, they were
CHIP+/AgeAccelHG+), but their hazard of death was not dif-
ferent from individuals without CHIP mutations and without
double acceleration (ie, CHIP-/AgeAccelHG-, N = 101): HR =
1.03,95% CI =0.72-1.47, P = 0.877. When directly comparing
this estimate to the estimate reported by Nachun et al” (ie, HR =
2.90, 95% CI = 1.98-4.24), it was evident that the 2 CIs did
not overlap, that is, the increased risk of mortality for CHIP
carriers with double acceleration was not confirmed in the pres-
ent study population. In contrast, the CI for our estimate for
the CHIP-/AgeAccelHG+ group included the point estimate by
Nachun et al” (Suppl. Table S4). Finally, CHIP carriers of the
present study population who were not double accelerated (ie,
individuals being CHIP+/AgeAccelHG-, N = 54) or individuals
without CHIP yet being double accelerated (ie, individuals being
CHIP-/AgeAccelHG+, N = 30) revealed a significant or border-
line significant association with increased mortality compared
with individuals without CHIP mutations and without double
acceleration (ie, individual being CHIP-/AgeAccelHG-, N =
101): HR = 1.34, 95% CI = 0.96-1.88, P = 0.086 for CHIP+/
AgeAccelHG-, and HR = 1.58,95% CI = 1.11-2.25, P = 0.012
for CHIP-/AgeAccelHG+. A Kaplan-Meier mortality curve for
the AgeAccelHG estimator stratified by CHIP status is shown
in Figure 1.

DISCUSSION

The association between CHIP and epigenetic age accelera-
tion is well-documented, but the results presented here allow us
to draw several more nuanced conclusions.

First, previous reports have focused mainly on CHIP as a sin-
gle entity and concluded that the intrinsic age estimators were
more strongly associated with CHIP, while the extrinsic age
estimators showed weaker associations.” Although Nachun
et al” also found that DNMT3A mutations were more strongly
associated with intrinsic than with extrinsic age acceleration,
while the opposite was the case for TET2 mutations, this obser-
vation did not lead the authors to draw any conclusions about
gene-specific divergent effects on intrinsic versus extrinsic age
acceleration. In the present study, we confirm these divergent
associations for TET2 and DNMT3A both in analyses of CHIP
mutation status and of clone size, establishing that in the context
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Intrapair Analysis of CHIP Mutation Status and Age Acceleration
by Linear Regression Analysis in Twin Pairs Discordant for CHIP
Mutation Status

AgeAccel Coef. (95% Cl) P

Any CHIP mutation (N = 72 twin pairs)  Horvath ~ -0.11(-1.83t0 1.61)  0.898
IEAA 0.54 (-0.88101.96) 0.448
Hannum  1.62 (0.19-3.06)  0.027

EEAA 164 (-0.19t03.47) 0.078

PhenoAge  0.87 (-1.49t03.22) 0.465

GrimAge 0.94 (-0.181t02.06) 0.099

TET2 mutation (N = 30 twin pairs) Horvath  —0.08 (-3.17t03.02)  0.960
IEAA 0.90 (-1.461t03.25) 0.443

Hannum 2.77 (-0.031t05.57) 0.052

EEAA 2.71(-0.86106.29) 0.131

PhenoAge  1.51(-3.34106.35) 0.529

GrimAge 1.24 (-0.60t03.07) 0.179

DNMT3A mutation (N = 33 twin pairs)  Horvath  —0.26 (—2.98 t0 2.46)  0.846
IEAA 091 (-1.31103.13) 0.410

Hannum 0.77 (-1.60t03.13) 0.514

EEAA 0.62 (-2.50103.74)  0.689

PhenoAge -0.59 (-4.721t03.54) 0.774
GrimAge  2.18 (0.05-4.30) 0.045

Statistically significant findings (P < 0.05) are indicated in bold.

AgeAccel = epigenetic age acceleration; CHIP = clonal hematopoiesis of indeterminate potential;
Coef. = coefficient (beta value); EEAA = extrinsic epigenetic age acceleration; IEAA = intrinsic
epigenetic age acceleration.

Kaplan—Meier failure estimates
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Figure 1. Kaplan-Meier mortality estimates according to combined
CHIP and AgeAccelHG status. CHIP+ indicates the presence or absence
of clonal hematopoiesis of indeterminate potential. AgeAccelHG+ indicates
whether individuals had positive age acceleration in both Hannum and
GrimAge estimators (+) or in only one or neither estimators (). The plot is
based on a Cox proportional hazards model with delayed entry (origin date
in the individuals’ birth date and entry date at date of blood sampling), hence
the x-axis shown in the plot starts at blood sampling. One twin pair of the
present study population died very soon after blood sampling; this twin pair
was removed for the plot, as a gap in analysis time, would otherwise have
distorted the dimensions of the plot. The estimates obtained for all individuals
(N = 224) and leaving out the twin pair (N = 222) were identical (data not
shown). AgeAccelHG = age acceleration defined by both the Hannum and GrimAge estima-
tors; CHIP = clonal hematopoiesis of indeterminate potential.

of epigenetic aging CHIP should not be considered as a single,
uniform entity.

As age-related phenomena, TET2 and DNMT3A mutations
are different in one other important aspect, namely their age-spe-
cific incidences with TET2 mutations arising later in life than
DNMT3A mutations.” Many different causal explanations for
the links between different mutations and types of epigenetic
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aging are possible, but especially the observation that TET2
mutations are accompanied by accelerated extrinsic aging indi-
cates that an immunologically senescent hematopoietic micro-
environment may be necessary for TET2 clones to expand. The
observation that the associations between TET2 mutations and
extrinsic epigenetic aging appeared stable when controlling for
shared genetic and environmental factors in intrapair analyses
is consistent with research showing that immunologic variation
increases with age and is not driven by heritable influences.?®

Conversely, one possible explanation for the link between
DNMT3A mutations and intrinsic epigenetic aging (and espe-
cially IEAA) is the link between clonal expansion and stem
cell proliferation rate, since IEAA is strongly associated with
number of cell divisions in cultured fibroblasts.?” Heyde et al?®
demonstrated that a likely driving factor behind clonal expan-
sion is an increased hematopoietic stem cell proliferation rate
which can result from, among other things, atherosclerosis and
associated traits. Under this explanation, our finding that the
association between DNMT3A and IEAA vanished in intrapair
analyses is thus consistent with the large estimates of heritability
for many of the traits associated with atherosclerosis and car-
diovascular disease.”’

The association between CHIP and adverse outcomes and
especially attempts at identifying subsets of CHIP carriers at
elevated risk of death or heart disease is particularly inter-
esting at the moment due to the rising interest in both treat-
ment strategies and monitoring regimens for individuals with
CHIP.3-2 Nachun et al” proposed that the combination of
CHIP and AgeAccelHG+ could be used in future intervention
trials to identify high-risk individuals.” Contrary to Nachun et
al,” we found that the combination of CHIP and AgeAccelHG+
identified individuals who were not at elevated risk of death.
It cannot be ruled out that his lack of replication is due to the
smaller sample size of the present study population (N = 224)
compared with Nachun et al” (N = 3624). There are, however,
2 reasons why this is likely not the case. First, as mentioned
above, the CIs of the estimated HRs do not overlap, that is,
present study: 1.03 (95% CI = 0.72-1.47) versus Nachun et al”:
2.90 (95% CI = 1.98-4.24), indicating that lack of replication
is not due to lack of statistical power. Second, the estimates are
based on study populations with very different frequencies of
CHIP+/AgeAccelHG+ individuals: 39 (17.4%) for the present
study population versus 88 (2.4%) for the study population in
Nachun et al.” So even though the Nachun et al” study popu-
lation is 16 times larger than the present study population, it
only holds about double the number of CHIP+/AgeAccel HG+
individuals. And, furthermore, the present study population
are older than the population in the study by Nachun et al’;
that is, the present study population has an age span of 73-90
years (mean age: 78.5, median age: 77.1), while the median
ages of the sub-cohorts by Nachun et al” spans 56-78 years of
age, with the majority of the individuals being in their 60s at
intake). This could indicate that being a CHIP+/AgeAccelHG+
individual likely reflects 2 different things in these study popu-
lations, and hence why the proposed stratification model might
not be appropriate in the age range of the present cohort.
Finally, the study by Nachun et al” did, similarly to the study
by Robertson et al,’ apply Noob normalization of the DNA
methylation data, while functional normalization was used
in the present study. Performing Noob normalization on the
present data led to very similar results and to the same con-
clusions as presented above (Suppl. Tables S5-S9). Hence, the
differences in findings do not appear to be due to differences in
normalization methods.
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