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Abstract

Aims Epigenetic age is emerging as a personalized and accurate predictor of biological age. The aim of this article is to assess the
association of subclinical atherosclerosis with accelerated epigenetic age and to investigate the underlying mechanisms me-
diating this association.

Methods Whole blood methylomics, transcriptomics, and plasma proteomics were obtained for 391 participants of the Progression of

and results Early Subclinical Atherosclerosis study. Epigenetic age was calculated from methylomics data for each participant. Its divergence
from chronological age is termed epigenetic age acceleration. Subclinical atherosclerosis burden was estimated by multi-territory
2D/3D vascular ultrasound and by coronary artery calcification. In healthy individuals, the presence, extension, and progression of
subclinical atherosclerosis were associated with a significant acceleration of the Grim epigenetic age, a predictor of health and
lifespan, regardless of traditional cardiovascular risk factors. Individuals with an accelerated Grim epigenetic age were character-
ized by an increased systemic inflhammation and associated with a score of low-grade, chronic inflammation. Mediation analysis
using transcriptomics and proteomics data revealed key pro-inflammatory pathways (IL6, Inflammasome, and IL10) and genes
(IL1B, OSM, TLR5, and CD14) mediating the association between subclinical atherosclerosis and epigenetic age acceleration.

Conclusion The presence, extension, and progression of subclinical atherosclerosis in middle-aged asymptomatic individuals are associated with
anacceleration in the Grim epigenetic age. Mediation analysis using transcriptomics and proteomics data suggests a key role of systemic
infllmmation in this association, reinforcing the relevance of interventions on inflammation to prevent cardiovascular disease.
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Structured Graphical Abstract

Key Question

The detection of atherosclerosis at subclinical stage has the potential to limit the increasing prevalence of cardiovascular disease (CVD).
Moreover, it is important to characterize the mechanisms linking subclinical atherosclerosis to lifespan.

Key Finding

Middle-aged, healthy individuals with subclinical atherosclerosis were found to have an accelerated Grim epigenetic age, which was
strongly associated with systemic inflammation. Low grade, chronic inflammation driven by pro-inflammatory cytokines was identified to
mediate the association between subclinical atherosclerosis and epigenetic age acceleration.

Take Home Message

The presence, extent and progression of subclinical atherosclerosis in asymptomatic individuals is associated with an acceleration in the
Grim epigenetic age. Mediation analysis suggests a key role of systemic inflammation in this association, reinforcing the relevance of

interventions on inflammation to prevent CVD.

Methylomics

Inflammasome, TRIM-1 (IL-1B, NAIP, NLRC4, TLR5)

JAK, IL-6 signaling (OSM, SOCS3, STAT5A) ' )
PIGR, HP, IGHA2 )

Subclinical
atherosclerosis

CD14, LMNA, F5, ANXAT1 7 ’

Accelerated
epigenetic age

The accelerated epigenetic age of individuals with subclinical atherosclerosis is mediated by a low-grade, chronic, systemic inflammation driven by key

inflammatory cytokines and pathways.

Subclinical atherosclerosis ¢ Epigenetic age acceleration * Systemic inflammation * Transcriptomics ¢ Proteomics ¢

Keywords
Methylomics

Introduction

The total number of disabilities and deaths caused by cardiovascular dis-
eases (CVD) are still increasing, mainly as a result of progressive aging in
our societies. Atherosclerosis remains the main pathological mechan-
ism underlying most life-threatening CVD events, especially myocardial
infarction and stroke. Atherosclerotic plaques build progressively on ar-
terial walls and can remain clinically silent (subclinical atherosclerosis,
SA) for decades. In particular, the Progression of Early Subclinical
Atherosclerosis (PESA) study previously showed that SA is highly
prevalent in middle-aged individuals who were apparently healthy.'

While the reduced lifespan associated with atherosclerosis is thought
to occur through the incidence of ischaemic events, the impact of SA
on lifespan per se remains unclear.

The time elapsed since birth (chronological age, CA) is the leading
risk factor for CVD.* While CA is non-modifiable, several age-related
functional parameters exhibit broad variability in individuals of similar
CA, suggesting that biological aging, which refers to the decline in tis-
sue/organismal function, proceeds at a different pace in different sub-
jects. Indeed, there are several hallmarks of biological aging that vary
substantially among individuals of the same CA, including genomic in-
stability, telomere shortening, mitochondrial dysfunction, cellular
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senescence, and epigenetic changes.s'é The best-known epigenetic
mark is DNA methylation, a dynamic process consisting in the addition
or removal of a methyl group (CHjs), predominantly in CpG islands that
are often located in the promoter region of genes.” Methyl groups are
added by DNA methyl transferases and removed by ten-eleven trans-
location methyl-cytosine dioxygenases. Importantly, these enzymes are
regulated by genetic and environmental factors,? including age and diet.
In particular, specific DNA methylation patterns at multiple CpG sites
across the genome have been demonstrated to change with age.” This,
together with the potential reversibility of epigenetic changes, has
boosted the development of novel biological age measurements based
on several epigenetic clocks that estimate the epigenetic age (EA) of an
individual.'®"® Using distinct sets of epigenetic marks, the first gener-
ation of epigenetic clocks were derived to predict biological age and
its departure from CA,'®"" while the second generation of clocks are
predictors of lifespan, i.e. time to death.'>'® Importantly, epigenetic
age acceleration (EAA), defined as the difference between EA and
CA, has been associated with many physiological parameters (e.g.
body mass index, and plasma levels of insulin, cholesterol, and
C-reactive protein), lifestyle variables (e.g. exercise, smoking, and
diet), psychosocial parameters (e.g. income and education), and several
diseases." "

In this work, we estimated EAA based on different epigenetic clocks
in 391 middle-aged, asymptomatic participants of the PESA study to as-
sess the potential association between the presence, extension, and
progression of SA and EA, as a proxy of their predicted time to CVD
and time to death. Mediation analysis of transcriptomics and proteo-
mics data was used to shed light on the molecular mechanisms under-
lying the interplay between SA and EAA. Our results strengthen the
pathophysiological relevance of SA and highlight the need for its early
detection before the life-threatening clinical manifestations of the dis-
ease are evident.

Methods
Study design

This study was conducted in a subset of participants from the PESA study,
which enrolled between June 2010 and February 2014, 4184 healthy volun-
teers, employees of Santander Bank headquarters in Madrid, Spain, with
ages ranging between 40 and 54 years." The study protocol was approved
by the Carlos Il Health Institute Ethics Committee, and all participants pro-
vided written informed consent.

For each participant, SA was assessed as the presence of plaques in any of
the five territories evaluated (two carotids, two ilio-femorals, aorta) by 2D/
3D vascular ultrasound or presence of coronary artery calcification (CAC,
Agatston score >0.5) by computed tomography (CT). The extent of SA
was evaluated according to the number of territories with disease by the
PESA score: no SA, focal SA (one site affected), intermediate SA (two to
three sites), or generalized SA (four to six sites). Multi-territory vascular
ultrasound and CT were repeated 3 years after initial exams to evaluate ath-
erosclerosis progression. Finally, atherosclerotic burden was calculated as
the sum of all plaque volumes in different territories by 3D vascular ultra-
sound. The three-year progression of SA was defined as previously de-
scribed.” Two traditional cardiovascular (CV) risk scores that predict
10-year risk for a first atherosclerotic CVD event were used: European
Society of Cardiology Systematic Coronary Risk Evaluation (SCORE)"
and the US pooled cohort risk score (ASCVD)."® Participants were classi-
fied according to their 10-year risk as having a low (<5%), borderline (>5%
and <7.5%), moderate (>7.5% and <20%), and high (>20%) risk of ASCVD
event. The SCORE was used to estimate the CV age of the participants. The
INFLA score'” is a measure of chronic, low-grade inflammation associated

with a higher risk of mortality, derived from 20 337 adult individuals from
the MOLI-SANI cohort. The score was calculated for the PESA cohort
from the sum of 10-tiles of plasmatic (C-reactive protein) and cellular
(leukocyte and platelet count, granulocyte/lymphocyte ratio) biomarkers
of low-grade inflammation; higher levels indicated increased low-grade in-
flammation. Metabolic syndrome was defined as positive when a participant
met at least three of the following conditions: central obesity (waist circum-
ference >94.4 cm in men or >89.5 in women), elevated plasma triglycerides
(>150 mg/dL), low plasma HDL-cholesterol (<40 mg/dL in men or
<50 mg/dL in women), elevated fasting plasma glucose (=100 mg/dL),
and high blood pressure (systolic >130 mmHg and/or diastolic
>85 mmHg). Positron emission tomography/magnetic resonance imaging
was performed in 130 participants from the PESA omics cohort as previ-
ously described.”®

Progression of Early Subclinical

Atherosclerosis omics cohort

For omics analyses, 240 PESA participants with extended SA and 240 with-
out SA were matched by sex, age (+ 3 years), and traditional CV risk factors
(diabetes mellitus, current smoker, dyslipidemia, and hypertension).
RNA-Seq and methylomics data were generated from whole blood samples
from these individuals. Moreover, hypothesis-free proteomics were gener-
ated from plasma samples of these participants. A total of 391 samples ful-
filled all quality control requirements in all three omics techniques. Baseline
characteristics, CV risk factors, dietary patterns, and haematological para-
meters of PESA individuals in the omics cohort vs. those of the whole
PESA cohort are shown in Supplementary data online, Tables ST and S2.

DNA extraction and generation of
methylomics data

Blood samples were collected in S-Monovette EDTA K3 tubes (Sarstedt). A
total of 600 pL of blood were aliquoted in 0.75 mL 2D Barcoded Storage
Tubes (Thermo Scientific) and stored at —80°C until processed. For
DNA extraction, blood samples were thawed quickly in a 37°C water
bath for 2 min to avoid degradation. Samples were then processed using
the QlAsymphony DNA Mini Kit for the QiAsymphony SP automated sta-
tion (QiAgen), following the manufacturer’s instructions. Briefly, blood
samples were lysed and incubated with magnetic beads for DNA purifica-
tion. After a wash, DNA was eluted in 200 pL of elution buffer, and
DNA concentration and quality were measured by QuBit (Invitrogen)
and Nanoquant (Tecan), respectively. One microgram of high-quality
DNA (260/280 ratio over 1.8) was used for methylome analysis by
MethylationEPIC BeadChip at the CEGEN (Madrid, Spain). DNA was
bisulphite-converted using EZ DNA Methylation Kits (Zymo Research) fol-
lowing the manufacturer’s recommendation. A hyper-methylated sample
was included to ensure the correct conversion of the DNA, and a control
sequence containing high CpG density was amplified and sequenced by
Sanger to confirm the CpG bisulfite conversion of the samples.
Converted DNAs were processed to be hybridized in the Infinium
MethylationEPIC BeadChip BeadChip following the manufacturer’s proto-
cols (lllumina). Arrays were scanned using iScan System (lllumina).

Bioinformatics analysis of methylomics data,
epigenetic age calculation, and deconvolution
of methylomics samples

Array intensities were extracted from idat files, filtered, and normalized
using the rnb.run.analysis function from Bioconductor package RnBeads®’
version 2.0.1. Probes with single-nucleotide polymorphism overlap were
removed, and the greedy cut algorithm implemented in RnBeads was ap-
plied with a detection P> .05 for probe detection assessment. Around
800000 probes were retained after filtering and further normalized by
the dasen method®? generating M-values and f-values for downstream ana-
lysis. Horvath’s,"® Hannum’s,"" Pheno,'? and Grim'® EA and EAA were
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inferred from the methylation state using the online DNA Methylation Age
Calculator at https:/dnamage.genetics.ucla.edu/new, and using S-values nor-
malized by noob method implemented in the minfi*> Bioconductor package
version 1.32.0. The quartiles of the distribution of Grim EAA calculated for
the 391 PESA participants were used as cut-offs to define individuals with
accelerated aging (Q3, with an EA 2.74 years above their CA) and with de-
celerated aging (Q1, with an EA 3.38 years below their CA). The DNA
Methylation Age Calculator also provides estimations of the amount of dif-
ferent cellular types based on two deconvolution methods.>**®

RNA extraction and RNA-Seq data generation

Peripheral blood samples were collected from 391 PESA participants, trans-
ferred to PAXgene Blood RNA tubes (Preanalytix) to allow instant preser-
vation of RNA, and stored at —80°C until use. Total cellular RNA, including
miRNA, was automatically extracted from PAXgene tubes using a
QIAsymphony SP liquid handling robot (Qiagen) and the QIAsymphony
PAXgene blood RNA kit (Qiagen), following the manufacturer’s instruc-
tions. RNA quantity was measured by absorbance using a NanoQuant
Plate (Tecan). The RNA integrity number (RIN) was calculated by auto-
mated electrophoresis in a 2100 Bioanalyzer (RNA6000 Nano LabChip,
Agilent). Barcoded RNA-Seq libraries were generated using 200 ng of total
RNA with RIN > 6 and the NEBNext Ultra RNA Library preparation kit
(New England Biolabs). Briefly, polyA™ RNA was purified using polyT
oligo-attached magnetic beads followed by fragmentation, and subsequent
first and second cDNA strand synthesis. cDNA 3’-ends were adenylated,
the adapters were ligated, and the library was amplified by PCR. The size
and concentration of the libraries were checked using the Agilent 2100
Bioanalyzer DNA 1000 chip. Pools were prepared containing on average
11 libraries with a different barcode and equimolar concentrations of
each library. Each pool concentration was determined using the Qubit®
fluorometer (Life Technologies). Library pools were sequenced on a
HiSeq2500 (lllumina) to generate 60 bases single reads. Fastq files for
each sample were obtained using CASAVA v1.8 software (lllumina).

Bioinformatics analysis of RNA-Seq data
Single-end reads from different HiSeq2500 runs were processed with a
pipeline implemented in work definition language for the Cromwell work-
flow engine. This pipeline includes sequenced reads trimming for adaptors
with cutadapt®® v.1.1.1, and gene expression quantification from identified
transcripts using RSEEM?” v1.2.20, which internally made alignment of reads
against human genome reference GRCh38.82 using bowtie2”® v2.2.5.
Expected counts from each sequencing run were then joined into a table
with 43 186 genes. Genes with expression value in CPM >1 for almost
80% of participants were selected, and 12 062 genes were left for normal-
ization with the TMM method implemented in EdgeR?® Bioconductor
package for downstream analysis. Limma>° was used for differential expres-
sion analysis adjusting by batch and sex. Ingenuity Pathways Analysis soft-
ware was used for enrichment of functional terms. The R package
GOPlot®" was used for visualization of functional enrichment. Cytoscape
software was used for network visualization.

Unbiased plasma proteomics

Unbiased plasma proteomics was performed and analysed as previously de-
scribed.®? Briefly, plasma proteins were trypsin-digested using the filter-
aided protocol, and the resulting peptides were subjected to 10-plex
TMT isobaric labelling and fractionated by the high pH reverse phase meth-
od. Mass spectrometry was performed by nanoliquid chromatography
coupled to an Orbitrap Fusion mass spectrometer (Thermo Fisher
Scientific). Peptides were identified with a 1% FDR criterion, and proteins
were quantified using the WSPP model®® with the SanXoT software pack-
age.>* Protein abundance was expressed as standardized log2-ratios (Z4 va-
lues). Protein quantifications by mass spectrometry of several proteins
(C-reactive protein—CRP, Cystatin-C, and VCAM1) showed a very high
correlation with those obtained by ELISA (P <.0001 in all the cases).

Basic statistical analysis

Continuous variables were expressed as mean + SD [or median (interquar-
tile range) if non-normally distributed] and categorical variables as n (%).
Non-normal variables were log-transformed before analysis, and compari-
sons were performed using the Student’s t-test and the chi-square or Fisher
exact test, as appropriate. For comparison across different levels of an or-
dinal variable (i.e. age acceleration), P-trend values were derived from
Jonckheere-Terpstra tests for continuous variables and ¥* for categorical
variables test for trend in proportions. Linear regression models were
used to assess the univariate association between continuous variables.
Logistic regression models were applied for binary outcomes. The models
were adjusted for sex, hypertension (systolic blood pressure >140 mmHg,
diastolic blood pressure >90 mmHg, or use of antihypertensive medica-
tion), smoking (current smoking status or a lifetime consumption of
>100 cigarettes), diabetes (fasting plasma glucose >126 mg/dL, or treat-
ment with insulin or oral hypoglycemic medication), dyslipidemia (total
cholesterol >240 mg/dL, LDL-cholesterol >160 mg/dL, HDL-cholesterol
<40 mg/dL, or use of lipid-lowering medication), family history of CVD,
and obesity (body mass index >30 kg/m?).>°> Following the definition of
the NIH, pack-years were calculated using the self-reported cigarettes
smoked per day and the ages at which they started and ceased smoking, fol-
lowing the formula:

Cigarretes per day
20

> * Years smoking

where the years smoking is calculated as the difference between the age of
smoking cessation and the starting smoking age for past smokers, and the
difference between the current age and the starting smoking age for current
smokers. Statistical analyses were performed using R and STATA 15.0
(StataCorp, College Station, TX). For all endpoints, P < .05 was considered
statistically significant.

Mediation analysis

Model-based causal mediation analysis was performed. In brief, two statis-
tical models were specified: (i) the mediator model for the conditional dis-
tribution of the mediator M; (differentially expressed genes) given the
treatment T; (SA); and (i) the outcome model for the conditional distribu-
tion of the outcome Y; (EAA) given T;and M;, (Y;| T;, M)). These models were
fitted separately, and the fitted objects were then used in the mediate func-
tion, which computes the estimated average causal mediation effect
(ACME) and other parameters of interest obtained with these models un-
der the sequential ignorability assumption. This supposition is plausible con-
sidering the design of the omics cohort, with cases and controls matched
based on gender and age. Since the directionality of the association between
SA and EAA is unknown, we fitted another model using EAA as treatment
(T;) and SA as outcome (Y;). The sequential ignorability assumption is more
difficult to sustain in this case. All genes with a P <.05 in the EAA and SA
contrasts were used for the mediation analysis using this model. The
ACME P-values were adjusted using Benjamini-Hochberg multiple correc-
tion. Genes with an ACME adjusted P < .05 after adjustment for traditional
CV risk factors (sex, dyslipidemia, hypertension, obesity, smoker, diabetes,
and family history of CVD) were considered as potential mediators be-
tween SA and EAA.

Validation cohort: omics data from
Multi-Ethnic Study of Atherosclerosis

Publicly available methylomics and transcriptomics data from the
Multi-Ethnic Study of Atherosclerosis (MESA)? were used as external val-
idation. Publicly available methylomics and transcriptomics data from CD14
+ cells were retrieved from the GEO database (GSE56045 and GSE56046)
for a total of 1193 individuals ranging 4483 years of age.’” Complete im-
aging information to quantify SA was available for 1065 of them.
Methylomics data were processed as described in the PESA study. The
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MESA individuals were categorized as having a decelerated, normal, or ac-
celerated Grim EA using the first and third quartile of the distribution of
EAA on the whole cohort. Statistical tests were adjusted by a composite
variable of the participant’s race, site, and gender.

Results

The presence and extension of subclinical
atherosclerosis is associated with

epigenetic clocks predictive of lifespan

The EA and EAA (i.e. EA adjusted by CA) were estimated from methy-
lomics data generated for 391 PESA participants from the omics cohort
(see Supplementary data online, Tables ST and S2). In particular, the EA
of the participants was calculated based on four different epigenetic
and Pheno,"? which predict lifespan, vs. Horvath’s'® and
Hannum's"" clocks, which predict CA. The SA presence and extension
were associated with Grim EAA and with Pheno EAA based on 2DVUS
and 3DVUS plaque measurements (Figure 1) independent of traditional
CV'risk factors. Moreover, Grim EAA but not Pheno EAA was associated
with positive coronary artery calcium score (CACS) and with the ex-
tension of CACS, regardless of traditional CV risk factors (Figure 7).
The EAA based on the Horvath’s and Hannum'’s epigenetic clocks, which
are predictive of CA, was not significantly associated either with the
presence or with the extension of SA based on the three different im-
aging techniques. Based on these results, and since Grim EA has been
shown to outperform other epigenetic clocks in terms of health and
lifespan prediction,® we further explored its association with different
imaging modalities and different ranges of SA. The results confirm an
acceleration of Grim EA as SA increase, independent of traditional
CV risk factors (Figure 2 and Supplementary data online, Figure S7).
Likewise, MESA cohort participants®” with accelerated Grim EA (EAA
higher than the third quantile of the distribution) had a two-fold in-
creased risk of having a positive CAC compared with normal aging

clocks: Grim™

EAA

* [ Honatn
B Hannum
B Frencage

I I I Grimage

Emagmg Techmque

individuals (Figure 3A, P < .001). An increasing trend in EAA was also ob-
served for carotid plaque score in the MESA study (Figure 3B, P-trend
<.001). Interestingly, an analysis of the association of SA with the pre-
dicted levels of the eight biomarkers that conform the Grim Epigenetic
Clock showed an association of SA with all markers using the 3DVUS
plaque burden (see Supplementary data online, Figure S2), with all but
Leptin using the PESA score (see Supplementary data online,
Figure $3) and with all but ADM, B2M, and leptin using the CAC score
(see Supplementary data online, Figure S4). These results confirm the
multifaceted association between SA and Grim EAA.

Individuals with accelerated grim
epigenetic age have an increased
cardiovascular age and a higher risk of
subclinical atherosclerosis progression

To confirm the prediction of reduced health and lifespan estimated by
Grim EAA, we assessed the SA progression and CV risk of individuals
with accelerated EA. The PESA participants were categorized in three
groups based on their Grim EAA: (i) individuals with accelerated EA (top
25% EAA, i.e. individuals with an EA 2.74 years older than their CA,
EAA >2.74); (ii) individuals with decelerated Grim EA (bottom 25%,
i.e. individuals with their EA 3.38 years younger than their CA,
EAA < —3.38); and (iii) individuals with an EA similar to their CA (nor-
mal group, —3.38 < EAA < 2.74). Trend tests showed an increasing SA
burden as EA accelerates by all imaging techniques (see Supplementary
data online, Table S3). Importantly, the percentage of 3-year CAC pro-
gressors'® among the individuals with accelerated EA (43.9%) was al-
most double than in the group of normally aging individuals (24.1%)
and almost three times more than among the decelerated individuals
(14.3%, Supplementary data online, Table S3, P <.001). The association
of EAA with global and CAC progression remained significant after ad-
justment by CV risk factors, including smoking (see Supplementary data
online, Table $4). In general, individuals with an accelerated Grim EA had

* EAA
i iHonam
. Hannum
* . PhenoAge

i ' ' N

\magmg Tecl hmque

Figure 1 The presence and extension of subclinical atherosclerosis in Progression of Early Subclinical Atherosclerosis participants is associated with
epigenetic clocks predictive of time-to-death. (A) Odds ratio of the logistic regression models for the presence of subclinical atherosclerosis based on
different imaging techniques: 3DVUS PVB (positive global plaque burden measured by 3DVUS); coronary artery calcium score (positive calcium score
measured using computed tomography, Agatson); 2DVUS NT (at least one territory with plaque detected by 2DVUS) and PS (Progression of Early
Subclinical Atherosclerosis score focal, intermediate or generalized vs. No disease). (B) Proportional odds-ratio of the ordinal logistic regression for
the following categories of each imaging technique: 3DVUS PVB: Tertiles of 3DVUS global plaque volume as previously described®; CACS (0, 1-10,
10-100, >100); 2DVUS NT (number of territories with 2DVUS atherosclerotic plaque); PS (Progression of Early Subclinical Atherosclerosis Score:
no disease, focal, intermediate, and generalized disease). * P <.05. All models were adjusted by diabetes, gender, smoking, dyslipidemia, obesity, family
history of CVD, and hypertension. CACS, coronary artery calcium score; EAA, epigenetic age acceleration; OR, odds ratio; pOR, proportional

odds-ratio.
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more CV risk factors than normal and decelerated individuals (Table 1),
with a significant increase in the prevalence of diabetes, hypertension,
high triglycerides, and low HDL, but not of high LDL and total choles-
terol levels (Table 7). Importantly, they also had an increased prevalence
of metabolic syndrome (P=.011). Consequently, individuals with
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accelerated Grim EA showed a significantly increased 10-year risk of
CV events based on the ASCVD risk score'® and an increased CV
age38 (Figure 4). This significant  after
adjustment by traditional CV risk factors (see Supplementary data
online, Table S5).

association remained
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Figure 2 Progression of Early Subclinical Atherosclerosis participants with larger extension of subclinical atherosclerosis have accelerated grim epi-
genetic age. a—h boxplots (A, C, E, G) and forest plots (B, D, F, H) for the ordinal logistic regression of the extension of subclinical atherosclerosis and
Grim epigenetic age acceleration. Subclinical atherosclerosis was assessed using different metrics and imaging techniques: 3DVUS plaque volume (A, B),
calcification of coronary arteries by computed tomography (C, D); number of territories with plaques detected by 2DVUS (E, F), and Progression of
Early Subclinical Atherosclerosis score (G, H). Models were adjusted by diabetes, gender, smoking, dyslipidemia, obesity, family history of CVD, and
hypertension. Jonckheere-Terpstra test for trend <0.001 for all comparisons in panels (A, C E, G). Forest plots in panels (B, D, F, H) display the pro-
portional Odds Ratio of the ordinal logistic regression model and its 95% Confidence Interval. EAA, epigenetic age acceleration; CACS, coronary artery

calcium score; PESA, Progression of Early Subclinical Atherosclerosis.
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Figure 3 Subclinical atherosclerosis association with Grim epigenetic age acceleration in the Multi-Ethnic Study of Atherosclerosis study. (A)
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egories. (B) Distribution of Grim epigenetic age acceleration across different levels of carotid plaque burden measured as previously described.>” EAA,

epigenetic age acceleration; CAC, coronary artery calcium.

Accelerated grim epigenetic age is
associated with increased systemic
inflammation

Hematological analyses unveiled a systemic inflammatory profile in in-
dividuals with an accelerated Grim EA (Table 2), with a significant in-
crease in the total number of platelets and white blood cells,
including an increase in the number of neutrophils, ymphocytes, mono-
cytes, eosinophils, and basophils. Importantly, biomarkers of systemic
inflammation such as fibrinogen, high-sensitivity C-reactive protein,
and the neutrophil/lymphocyte ratio also correlated with Grim EAA.
A score of low-grade, chronic inflammation, the INFLA score,'® was
also found to be significantly associated with Grim EAA (P <.001,
Table 2). We next studied the potential association between Grim
EAA and vascular inflammation, determined as the number of
fluorine-18 fluorodeoxysglucose ('8F-FDG) uptakes assessed by posi-
tron emission tomography.? In spite of the low sample size, we found
atrend in "8FDG uptakes, with the proportion of individuals with >3
uptakes being three-fold larger in the group of participants with
accelerated Grim EA than in the normal EAA participants (Table 2,
P-trend =.1). All significant associations identified in Table 2 remained
significant after adjustment by smoking (see Supplementary data
online, Table S6).

Transcriptomics and proteomics data
reveal specificimmune response pathways
dysregulated in individuals with

accelerated epigenetic age

In order to deepen our understanding of the mechanisms underlying
the association between EAA and SA, RNA-Seq data from peripheral
blood cells of the 391 PESA participants with methylomics data were
analysed, to compare gene expression in individuals with accelerated
EA vs. individuals with non-accelerated EA. We found 737 differential-
ly expressed genes between both groups with an adjusted P < .05 (see

Supplementary data online, Table S7). The top canonical pathways as-
sociated with an accelerated EA were related to immune response
(see Supplementary data online, Table S7), including the Th1 and
Th2 activation pathways, STAT3 pathway, inflammasome, IL-10, and
Toll-like receptor signalling pathway. Proteomics data on the same
PESA sub-cohort revealed several inflammatory biomarkers also dys-
regulated between accelerated and non-accelerated individuals at the
protein level (see Supplementary data online, Table S7), including HP
(logFC =1.66, adj-P=7x107%), CRP (logFC =1.35, adj-P=.004)
and VCAM1 (logFC = —0.35, adj-P =.06), consistent with the results
of the hemogram. Other proteins involved in B-cell signalling
(IGHA2) and adaptive and innate immune system responses
(S100A8, ST00A9, LRG1, and PTPR|) were found to be up-regulated
in accelerated compared with non-accelerated individuals using both
omics techniques.

Deconvolution of methylomics data identified a dysregulation of cel-
lular types consistent with these genes and proteins (see
Supplementary data online, Figure S5) and with previous reports.’?
We found a significant negative association of Grim EAA with CD8
naive cells (P =.0027), with CD8+ T cells (P =.006), and with NK cells
(P =.0004), and a decreasing trend with B-cells (P =.083). On the other
hand, there was a very significant positive association with granulocytes
(P=.015), with CD4 naive (P=.015), and with plasma blasts
(P=.0024). The latter express IGHA2, identified by transcriptomics
and proteomics as one of the top molecules associated with EAA
(logFC =1.03 adj-P=9.8 x 1077 in transcriptomics and logFC = 0.70,
adj-P =.097 in proteomics Supplementary data online, Table S7).

Innate and adaptive immune pathways are
common underlying mechanisms between
accelerated epigenetic age and subclinical
atherosclerosis

We then investigated gene expression changes in peripheral blood cells
associated with generalized SA. IGHA2, ORM1, MCEMP1, F5, MFHAST,
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Table 1 Demographics and CVRF of PESA participants comparing grim EAA categories

Decelerated (n = 98)

Normal (n = 195)

Accelerated (n = 98)

P-trend

Baseline characteristics

Age, years

Male, %

BMI, kg/m?

Obesity (BMI 30 kg/m?), n (%)
SBP, mm Hg

DBP, mm Hg

Total cholesterol, mg/dL
LDL-C, mg/dL

HDL-C, mg/dL
Triglycerides, mg/dL
Glucose, mg/dL

Insulin, uU/mL

Hemoglobin A1c, %

GOT

GPT

GGT

Anti-inflammatory therapy, n (%)
Lipid-lowering therapy, n (%)
Antihypertensive therapy, n (%)
Antidiabetic therapy, n (%)
Metabolic Syndrome (EU)
Cardiovascular risk factors
Dyslipidemia

Total cholesterol <240 mg/dL
LDL-C <160 mg/dL

HDL-C < 40 mg/dL
Current smoker

Past smoker

Family history of CV disease
Hypertension

Diabetes mellitus
Cardiovascular Risk Scores

FHS 10y

FHS 30y

EU score

ASCVD

49 (47-52)
90 (91.8)
26.6 +2.852
15 (15.3)
1200+ 12316
747 +£9.352
204.7 +31.594
139.3 +28.031
46.1 + 11.564

79.5 (61.25-118.75)

91 (85-97)
5 (3.825-7.775)
5.5 (5.225-5.7)
21 (18-24.75)
21 (17-32)
245 (17-34.75)
31 (31.6)
14 (14.3)
10 (10.2)
1(1)
18 (18.4)

61 (62.2)
15 (15.3)
24 (24.5)
31 (31.6)
3(3.1)
34 (34.7)
10 (10.2)

17 (17.3)
(M

9.1+42
21.8+89
08+05

38+20

49 (45-52)
179 (91.8)
27.1+3371
31 (15.9)
121.2 + 12,406
76.2 +9.055
204.4 + 3321
138.8 +29.437
447 £1053
92 (68.5-123)
92 (87.5-99)
6 (4.15-82)
55 (52-5.7)
20 (17-23)
23 (17-30)
26 (19-35.5)
61 (31.3)
28 (14.4)

32 (16.4)

7 (3.6)

40 (20.5)

121 (62.1)
29 (14.9)
46 (23.6)
69 (35.4)
36 (18.5)
90 (46.2)
33 (16.9)
43 (22.1)
8 (4.1)

10.6 + 6.1
249 +117
0.9 £0.60
4.7 +£3.36

50 (45-52)
95 (96.9)
27.3+3.018
16 (16.3)
122.7 + 13.106
767 £9.553
208.1 + 37.099
140.5 + 32.018
408 +10.177
114 (83.25-152.5)
95 (88-101)
6.4 (4.2-9.575)
56 (54-5.8)
19 (17-22)

21 (17-30.75)
28 (20.25-43.62)
29 (29.6)
14 (14.3)
24 (24.5)
5 (5.1)
33(337)
75 (76.5)
18 (18:4)
21 (21.4)
55 (56.1)
68 (69.4)
25 (25.5)
22 (22.4)
28 (28.6)
7(7.1)

173+9.5

349+13.6
1509
83+47

J73
159
075
.845
117
256
696
935
.002
.001
oM
062
.002
029
991
.058
757

.008
A1
01

035
.557
612
<.001
<.001
<.001
021
.06
031

.001
.001
.001
.001

Values are mean +/— SD, n (%), or median (interquartile range). P trend values are derived from Jonckheere-Terpstra tests for continuous variables and > for categorical variables.
Variables showing statistically significant differences are highlighted in bold.
BMI: body mass index; FHS: Framingham Heart Study Score; ASCVD: atherosclerotic cardiovascular disease risk score.
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Figure 4 Progression of Early Subclinical Atherosclerosis individuals with accelerated grim epigenetic age have a higher predicted risk of having a
cardiovascular event in 10 years and an increased cardiovascular age predicted by traditional cardiovascular risk scores. (A) Proportion of individuals
with low atherosclerotic cardiovascular disease risk, borderline risk, medium risk, and high risk among individuals with accelerated, normal, or decel-
erated Grim epigenetic age. Chi® test P < .001. (B) Cardiovascular age derived from the Systematic Coronary Risk Evaluation algorithm calculated for
individuals with accelerated, normal, and decelerated Grim epigenetic age (colour coded based on atherosclerotic cardiovascular disease risk score).
ANOVA and t-test P-values are displayed. ASCVD, atherosclerotic cardiovascular disease; LR, low risk; BR, borderline risk; MR, medium; HR, high risk.

GPR55, SCART1, and LPCAT3 were significantly associated with SA
extension at an adj-P<.05 at the transcriptional level (see
Supplementary data online, Table S8). These genes were also associated
with Grim EAA. Moreover, IGHA2 was also identified as differentially ex-
pressed in plasma at the protein level (see Supplementary data online,
Table S8) and among the top biomarkers associated with EAA both
using transcriptomics and proteomics data. LRRN3, the most differen-
tially expressed gene between accelerated and non-accelerated indivi-
duals, was among the top dysregulated genes in individuals with
generalized SA (logFC =0.47, adj-P = .07).

In fact, the top 100 most significant genes associated with generalized
SA were enriched in some of the pathways linked to EAA, such as
phagosome, B cell receptor signalling, IL-15 signalling, IL-10 signalling,
and Toll-like receptor signalling. Similar results were obtained with
the proteomics analysis, which identified IL-15 signalling and the over-
lapping B cell receptor signalling, and communication between innate
and adaptive immune cell pathway as the three most enriched pathways
within the top 100 proteins differentially expressed between PESA par-
ticipants with generalized SA and participants without any disease (see
Supplementary data online, Table S8). The genes and proteins asso-
ciated with generalized SA were concordant with the results of the cel-
lular types identified by the deconvolution of methylomics data (see
Supplementary data online, Figure S6). Similar to the results for EAA,
the number of CD8 naive cells was also inversely correlated with SA
extension (P =.0014). In contrast, there was a trend for more CD4
naive cells (P =.14) and for more CD45RA-CD28-CD8+ (P=.17) in

individuals with generalized subclinical atherosclerosis, who also had
significantly more plasma blasts than individuals with no disease
(P =.066). In sum, innate and adaptive immune pathways, and the mo-
lecules involved in their communication seem to be common under-
lying mechanisms between SA and accelerated EA.

Key pro-inflammatory cytokines mediate
the association between subclinical
atherosclerosis and accelerated epigenetic
age

Mediation analysis was used to disentangle the molecular pathways
potentially mediating the relationship between generalized SA and ac-
celerated EA in PESA participants. Genes differentially expressed
(P <.05) between individuals with generalized SA and with no disease
and also between individuals with accelerated vs. normal Grim EA
(shared number of genes = 393) were tested as potential mediators
between these two processes. Mediation analysis identified 114
genes as potential mediators of the effect of SA on EAA after adjust-
ment by traditional CV risk factor (ACME adj-P < .05, Supplementary
data online, Table S$9). Among them, we identified several
pro-inflammatory markers associated with IL10 signalling (CD14,
IL1B, MAP2K6, and SOCS3), the inflammasome pathway (IL1B, NAIP,
and NLRC4), TREM1, and the Toll-like receptor pathway (IL1B,
NLRC4, STAT5A, and TLR5) (Figure 5, Supplementary data online,
Table S9). The same analysis using proteomics data identified several
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Table 2 Haematological profile and inflammatory markers of PESA participants comparing grim EAA categories

Decelerated (n = 98)

Erythrocytes 4388 (4.64-5.18)

Platelet count 208.5 (186.25-24)
White blood cell count (num, 103/uL) 5.28 (4.48-5.99)
Neutrophils (num, 10%/uL) 2.9 (2.52-3.36)
1.66 (1.37-2.01)

0.36 (0.322-0.48)

Lymphocytes (num, 10°/uL)
Monocytes (num, 10%/uL)
Eosinophils (num, 10%/pL) 0.12 (0.07-0.178)
0.05 (0.04-0.06)

56.7 (52.3-60.725)

Basophils (num, 10%/uL)
% neutrophils
% monocytes 7.35 (6.25-8.5)

% lymphocytes 32.4 (27.25-36.22)

% eosinophils 22 (14-32)

% basophils 0.9 (0.7-1.2)
Neutrophile/Lymphocyte 1.75 (1.45-2.28)
RDW 14.1 (13.62-14.8)
Hemoglobin 14.9 (14.3-15.6)
Hematocrit 44.15 (42.05-46.2)

MCV 90.55 (87.97-92.4)
Fibrinogen (mg/dL) 254.3 (231.45-273.32)
Vascular Cell Adhesion Molecule-1 641.65 (531.55-803.02)
141.75 (109.92-163.5)

51.355 (41.35-65.98)

P-Selectin

Oxidized low density lipoprotein

Serum lipoprotein(a)

14.4 (5.505-39.47)

INFLA SCORE PESA -2 (=5-1.75)

Hs C-reactive protein 0.08 (0.05-0.15)

FDG-PET uptakes >3 101)

Normal (n = 195) Accelerated (n =98) P-trend
4.93 (4.68-5.16) 4.85 (4.64-5.137) .88
216 (190-252) 229 (202-261) .001
5.45 (4.77-6.32) 6.98 (5.42-8.35) .001
3.11 (2.64-3.71) 4.075 (3.09-4.97) .001
171 (143-2) 1.945 (1.56-2.438) .001
0.41 (0.35-0.5) 0.49 (0.39-0.57) .001
0.12 (0.08-0.2) 0.16 (0.1-0.24) .001
0.05 (0.04-0.06) 0.05 (0.05-0.08) .002
56.5 (51.55-60.85) 59.05 (54.2-64.4) 012
7.6 (6.45-8.9) 7.1 (6-8.3) .345
31.3 (27.95-36.1) 28.85 (26.12-34) .006
23 (1.4-3.5) 2.3 (1.6-3.175) 668
0.9 (0.7-1.2) 0.9 (0.7-1.1) 216
1.805 (1.426-2.166) 2.039 (1.61-2.48) .006
14.4 (13.8-14.95) 14.5 (13.92-15.08) .028
15 (14.3-15.6) 15.45 (14.7-15.97) .003
443 (42.4-46.3) 44.7 (42.925-46.55) A
90.3 (88.2-92.75) 92.1 (89.25-95.07) .003
263.9 (238.7-284.2) 281.85 (243.15-318.92) .001
609.7 (478.25-754.1) 621.2 (479.12-747.6) 079
135.2 (112.4-160.9) 147.05 (111.4-177.75) 245
49.8 (41.23-61.31) 56.51 (42.52-68.325) 195
19.7 (8.305-39.9) 17.25 (7.66-33.85) .809
-1 (—4-4) 4 (1-9) <.001
0.11 (0.06-0.18) 0.16 (0.09-0.29) .001
7 (3.6) 992 109

Data are expressed as mean mean + SD or median (IQR) when appropriate. P-trend values are derived from Jonckheere-Terpstra tests for continuous variables and y2 for categorical

variables. Variables with statistically-significant differences are highlighted in bold.
RDW: red cell distribution width; MCV: mean corpuscular volume.

immune-related proteins (PIGR and IGHA2) and a key
pro-inflammatory marker (HP) as mediators between SA and EAA.
We then investigated the regulatory network controlling the expres-
sion of mediator genes. Among the upstream regulators identified,
IL1B, CLEC10A, and OSM were also mediators themselves (see
Supplementary data online, Table $9). We also tested the hypothesis
that EAA could have an effect on subclinical atherosclerosis.
Interestingly, only four genes (CD14, F5, LMNA, and ANXA11) and
no protein were identified as significant mediators of the effect of
EAA on SA. These findings were confirmed using the INFLA score.®
While there was no evidence of the INFLA score being a mediator of
EAA on SA (P =.32), the same score was found to be a partial medi-
ator between SA initiation and EAA (proportion explained = 12%;
P =.04), suggesting that the chronic inflammation triggered by SA
may have a detrimental role in health and lifespan.

Discussion

In this study, we used several epigenetic clocks to investigate the inter-
play between EAA and subclinical atherosclerosis. Importantly, epigen-
etic clocks predictive of health and lifespan'>"? (i.e. time-to-disease or
time-to-death) were strongly associated with the presence, extension,
and progression of SA (Structured Graphical Abstract). In contrast, the
epigenetic predictors of CA'®"" did not add any further information
on the association between SA and CA. The association between SA
and Grim EAA was confirmed using three different imaging modalities
to characterize SA and validated in CD14+ methylomics data from the
MESA study.’” Moreover, we found that individuals with accelerated
Grim EA have an increased CV age38 and a higher risk of 3-year CAC
progression even after adjustment for CV risk factors, in line with pre-
vious findings in an independent cohort.*”
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Figure 5 Transcriptomics analysis identifies inflammatory pathways as mediators between subclinical atherosclerosis and accelerated grim epigenetic
age. ChordPlot®" of the most representative genes from the top 10 most enriched canonical pathways enriched in mediator genes after adjustment by
cardiovascular risk factors. Data extracted from Supplementary data online, Table $9. logFC represents changes associated with EAA (online Table S7).

Interestingly, we found that individuals with an accelerated EA had a
pro-inflammatory profile, characterized by elevated plasma C-reactive
protein level, neutrophil/lymphocyte ratio, white blood cells amount—
previously identified as a key predictor of SA extension*®—and an in-
creased INFLA score.” Importantly, mediation analysis showed that
the INFLA score partly mediates the effect of SA on EAA (12%), con-
firming recent reports about the key role of inflammation not only in
the residual risk of atherosclerosis in individuals who have suffered a
CV event*! but also in plaque formation in healthy individuals with
bone marrow activation in response to metabolic syndrome.*” In con-
trast with previous reports,*® we found no evidence of increased

lymphopenia with accelerated EA or with increased SA burden, prob-
ably due to the age and fitness of the participants recruited for the PESA
study.

Mediation analysis using transcriptomics and proteomics data
showed that key pro-inflammatory molecules such as IL1B and OSM
regulate other mediator genes involved in the IL-10 and inflammasome
pathways such as NAIP, NLRC4, STAT5A, and TLR5. A study using the
same anti-IL1p treatment to that used in the CANTOS trial*' showed
an improvement in peripheral artery disease with little impact on pla-
que burden,** suggesting that inflammation might be a mediator of
the pathological effects of atherosclerosis. Additionally, OSM has
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been reported to be expressed in atherosclerotic lesions* and to play a
role in atherosclerosis progression and survival in humans.*® These
findings, together with the down-regulation in our data of NR4A1 in in-
dividuals with SA (logFC = —0.27, adj-P = .24) and in those with EAA
(logFC =—0.39, adj-P <.001), might indicate an imbalance in the
Th17/Tregs ratio, which has been previously associated with the devel-
opment of atherosclerosis.*”

Consistent with these results, deconvolution of the methylomics
data revealed changes in the proportions of different types of T and
B cells. Interestingly, we observed an increased number of plasma blast
cells in individuals with accelerated EA and in those with SA. One of the
main mediators identified both by proteomics and transcriptomics ana-
lysis IGHA2) is secreted by plasma blasts. This is an interesting finding
since plasma B cells play a crucial role in the maintenance of intestinal
homeostasis, and the role of an individual’s microbiome in atheroscler-
osis development is being currently explored.

In summary, we have identified a robust association between the
presence, extension, and progression of SA and an acceleration in
the Grim EA, partly mediated by chronic, low-grade inflammation,
triggered by inflammatory cytokines. Although these findings suggest
a relevant role of inflammation in the detrimental impact of SA on
health, in line with previous reports,*"** we cannot rule out the ex-
istence of confounders or of other mediators, in view of the percent-
age of mediation explained by the INFLA score and due to the use of
blood and plasma samples in the omics experiments. Moreover, the
nature of this study does not allow to establish a causal effect be-
tween SA and EAA. While the mediation analysis suggests a direc-
tionality, more longitudinal studies with a longer follow-up and
more experimental data are needed to further characterize the ac-
tual effect of SA on health and lifespan and to elucidate the direction-
ality between both processes.
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