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ABSTRACT
Acute coronary syndrome (ACS) is the most severe clinical manifestation of coronary heart
disease.

We performed an epigenome-wide analysis of circulating CD4* and CD8" T cells isolated from
ACS patients and healthy subjects (HS), enrolled in the DIANA clinical trial, by reduced-
representation bisulphite sequencing (RRBS). In CD4* T cells, we identified 61 differentially
methylated regions (DMRs) associated with 57 annotated genes (53% hyper- and 47% hypo-
methylated) by comparing ACS patients vs HS. In CD8" T cells, we identified 613 DMRs associated
with 569 annotated genes (28% hyper- and 72% hypo-methylated) in ACS patients as compared
to HS. In CD4" vs CD8* T cells of ACS patients we identified 175 statistically significant DMRs
associated with 157 annotated genes (41% hyper- and 59% hypo-methylated). From pathway
analyses, we selected six differentially methylated hub genes (NFATC1, TCF7, PDGFA, PRKCB, PRKCZ,
ABCAT) and assessed their expression levels by g-RT-PCR. We found an up-regulation of selected
genes in ACS patients vs HS (P < 0.001). ABCA1, TCF7, PDGFA, and PRKCZ gene expression was
positively associated with CK-MB serum concentrations (r = 0.75, P = 0.03; r = 0.760, P = 0.029;
r=0.72, P = 0.044; r = 0.74, P = 0.035, respectively).

This pilot study is the first single-base resolution map of DNA methylome by RRBS in CD4* and
CD8" T cells and provides specific methylation signatures to clarify the role of aberrant methyla-
tion in ACS pathogenesis, thus supporting future research for novel epigenetic-sensitive biomar-
kers in the prevention and early diagnosis of this pathology.
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[3,4]. The adaptive immune system has multiple
proinflammatory functions, thus contributing to
plaque rupture and subsequent ACS onset. In the
atherosclerotic plaques both CD4" and CD8"
T cells are present and secrete a large number of
interleukins, thus exacerbating the inflammatory
process [5,6]. However, in the atherosclerosis
pathogenesis CD4" T cells and subsets have
a better documented role than their CD8" T cell
counterpart [7-10].

Several studies reported quantitative and func-
tional dysregulation of CD4" T lymphocytes in
blood samples of ACS patients in correlation

Introduction

Acute coronary syndrome (ACS) is the most
severe clinical manifestation of coronary heart dis-
ease (CHD), often leading to invalidating or fatal
consequences [1,2].

Innate and adaptive immunity play an impor-
tant role in the onset and progression of athero-
sclerosis [3,4]. Indeed, innate immunity mediates
the early phases of the atherogenic process with
the activation of monocytes/macrophages in the
vessel wall, followed by a cascade of adaptive
responses modulated by T and B lymphocytes
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with incidence and severity [5,6,8,10-12]. In addi-
tion, increased levels of CD8" T cells in the blood
of CHD patients have been reported [13,14] as
well as an altered maturation status, with impaired
interleukin-2 production and programmed cell
death-1 upregulation, in CD8" T lymphocytes of
ACS patients [15]. Moreover, in advanced athero-
sclerotic lesions, CD8" T cells were abundant and
outnumber as compared to CD4" T cells [16-18].
The recent OPTICO-ACS study showed that the
microenvironment of intact fibrous cap (IFC) of
ACS lesions was particularly enriched of CD4"
T and CD8" T lymphocytes with a higher amount
of CD8" T cells and related molecular effectors in
thrombi of intact fibrous cap ACS culprit sites. In
addition, in vitro assays of endothelial cells sub-
jected to culture in perturbed laminar flow condi-
tions showed an increased adhesion capacity of
CD8" T cells [19].

Genome-wide association studies identified sev-
eral genetic risk loci responsible for CHD and ACS
susceptibility; however, genomic variants account
for only a limited percentage of the risk [20-22].
Indeed, a large part of the genetic risk remains still
unexplained, thus suggesting additional mechan-
isms underlying CHD onset and progression [20-
24]. Polymorphisms fail to account for gene-
environment interactions, explaining the dynamics
of epigenetic modifications in cardiovascular dis-
eases [25]. Furthermore, other evidence showed
that the reasons of the phenomenon ‘missing her-
itability’ could be ascribed to genome-wide and
site-specific epigenetic modifications [26,27].
Epigenetic mechanisms, mainly DNA methylation,
are involved in several complex and multifactorial
diseases [25,28-32]. Previous studies demonstrated
the association of aberrant global or gene-specific
DNA methylation with cardiovascular risk factors,
atherosclerosis [33,34], CHD and ACS [25,35-40].
Furthermore, several evidence have shown impli-
cation of DNA methylation variations in periph-
eral blood mononuclear cells (PBMNCs) as well as
in different lymphocyte subpopulations both in
CHD and in ACS patients [7,39-45].

To date, the diagnosis of ACS is performed
through the evaluation of electrocardiogram
(ECG) and serum biomarkers such as creatine
kinase MB isoform (CK-MB), cardiac troponin
I (cTnl) [46]. However, the sensitivity of ECGs is

generally <50% and the determination of such
markers has some diagnostic limitations [46].
Therefore, the identification of more sensitive
and accurate biomarkers is of pivotal importance
for the early ACS diagnosis.

Recently, high-throughput methylation technol-
ogies have rapidly developed, leading to the possi-
bility to in depth-explore epigenetic changes and
find novel epigenetic-sensitive tags [47]. In the
current study, we evaluated genome-wide DNA
methylation alterations in CD4" and CD8"
T cells of ACS patients by reduced-representation
bisulphite sequencing (RRBS), to identify differen-
tially methylated regions (DMRs) and characterize
differentially methylated genes (DMGs) as novel
putative biomarkers for the early diagnosis of ACS.
The flow chart of our pilot study is depicted in
Figure 1.

Materials and methods
Study population

The study was approved by the Institutional Ethics
Committees of the University of Campania ‘L.
Vanvitelli’ (prot. n. 683 of 10/10/2018) and ‘A.
Cardarelli’ Hospital (prot. n. 1353 of 12/28/2018)
and performed in accordance with the Helsinki
Declaration. A subgroup of eight consecutive
ACS patients and nine healthy subjects (HS)
were selected from our ongoing DIANA clinical
trial  (https://www.clinicaltrials.gov/; identifier:
NCT04371809). Patients with ACS including
acute non-ST-elevation myocardial infarction
(NSTEMI), and acute ST-elevation myocardial
infarction (STEMI), were recruited at ‘A.
Cardarelli’ Hospital (Naples, Italy) from March
to December 2019. Diagnosis of ACS was per-
formed on the basis of symptoms, electrocardio-
graphy findings, cardiac biomarkers, risk factors,
and/or other clinical examinations [46].

Patients with congenital heart disease, cardio-
myopathy, autoimmune disorders, acute infec-
tions, chronic obstructive pulmonary disease,
kidney or liver diseases, hyperthyroidism, and can-
cers were excluded from the study to avoid con-
founding effects due to other clinical conditions.

Clinical and biochemical characteristics of ACS
patients are reported in Supplementary Table 1.
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DIANA clinical study (NCT04371809)
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Figurel. DIANA clinical study pipeline. DIANA clinical study (NCT04371809) aimed to investigate specific DNA methylation
changes in circulating CD4" and CD8" T cells in patients with ACS as compared to HS. Genomic DNA, extracted from the two
cellular subsets, was analysed through RRBS. Then, significant DMRs were identified and annotated. Functional pathway analysis was
used to identify the most prevalent pathways subtending ACS. Gene expression validation of the DMGs most prevalent in disease
pathways was performed by qRT-PCR. Molecular data were correlated with clinical and biochemical parameters. A biological network
was built with the aim to visualize protein—protein, co-expression and functional interactions.

ACS: acute coronary syndromes; HS: healthy subjects; RRBS: reduced-representation bisulphite sequencing; DMG: differentially
methylated gene; DMR: differentially methylated region; g-RT-PCR: quantitative real-time polymerase chain reaction; PPI: protein-

protein interaction.

HS were enrolled among the blood donors at
the U.O0.C. Divisione di Immunologia Clinica,
Immunoematologia, = Medicina  Trasfusionale
e Immunologia dei Trapianti, Dipartimento di
Medicina Interna e Specialistica, AOU of
University of Campania ‘L. Vanvitelli’ (Naples,
Italy). HS had a normal physical examination
and no acute or chronic diseases (including hyper-
lipidaemia, hypertension and diabetes mellitus, or
any clinically evident signs of atherosclerosis) and
had no drug administration during the four weeks
prior to study enrolment. All study participants
signed the written informed consent.

Sample collection and lymphocyte separation

Blood samples were collected from ACS patients
within 2 h of the onset of clinical manifestations
and before the use of medications, heparin, and
contrast agents for coronary interventions. A total
of 25 mL of peripheral venous blood, from

patients and HS, was collected in EDTA tubes
and processed within 1 h from the withdrawal.
PBMNCs were isolated by Ficoll gradient using
Histopaque®-1077 (Sigma-Aldrich) according to
manufacturer’s instructions. CD4" and CD8"
T lymphocytes were purified from PBMNCs
using EasySep™ Human CD4 + T Cell Isolation
Kit and EasySep™ and Human CD8 + T Cell
Isolation Kit (STEMCELL Technologies), starting
from 5x10”/mL of PBMNCs, respectively [48].

DNA extraction

Genomic DNA was extracted from purified
CD4" and CD8" T cells of each study participant
immediately after cell isolation using DNeasy
Blood & Tissue Kit (Qiagen) according to man-
ufacturer’s protocol. DNA concentration and
purity were determined by using NanoDrop
spectrophotometer ND-2000 (Thermo
Scientific) through the evaluation of the
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absorbance ratio A260/A280. DNA integrity was
checked on 1% agarose gel.

RRB sequencing (RRBS)

Sequencing was performed at the Genomix4Life S.
r.l. (Salerno, Italy). Briefly, 2 ug of genomic DNA
were used for each library preparation. Each DNA
sample was digested by Mspl restriction enzyme.
The digested products were purified with the
GeneJet PCR Purification Kit (Thermo Fisher
Scientific) and libraries were prepared by TruSeq
Library Prep Kit (Illumina). Fragments were
bisulphite converted wusing the EZ DNA
Methylation-Gold Kit (Zymo Research). The con-
verted DNA was amplified using PfuTurbo Cx
Hotstart DNA Polymerase (Agilent
Technologies, USA). The amplified fragments
were purified by AMPure XP Beads and further
quantified by the Agilent 4200 TapeStation
(Agilent Technologies). Each DNA library was
analysed by paired-end sequencing reads (2 x 75
cycles) on Illumina NextSeq 500 sequencing
system.

Bioinformatic analysis and data visualization

Sequence post processing and alignment

RRBS fastq files were first assessed for quality
using FastQC (v011.8, Babraham Bioinformatics)
and then trimmed to remove both the adapter
sequences and low-quality reads by using
TrimGalore (v0.6.3, Babraham Bioinformatics)
with the default settings. The setting designed for
trimming RRBS data (-rrbs) in Trim Galore was
also used in order to trim the first two bases from
the 3X end of the sequence, artificially added dur-
ing RRBS library preparation. Reads were then
mapped to the in silico bisulphite converted
human reference genome (GRCh38) by using
Bismark v.0.22.1 [49] and aligned by using
Bowtie2 (v2.3.5.1) with non_directional parameter
[50]. Only uniquely mapped reads were used to
make cytosine methylation calls using Bismark
methylation extractor and only methylation within
CpG context was considered for further analysis.
Raw datasets have been deposited to the NCBI
Sequence Read Archive (SRA) database under
accession number PRINA704253.

Preliminary analysis on differentially methylated
CpG (dmCpGs) sites

We performed preliminary analyses of differen-
tially CpG (dmCpG) sites on a subset of two HS
and six ACS patients for the following compari-
sons: CD4" in ACS patients vs HS; CD8" in ACS
patients vs HS; CD4" vs CD8" T cells in ACS. We
identified CpG wusing the coverage files from
Bismark output. R package methylKit (v1.10.0)
[51] was used to calculate CpG, methylation level
and different methylation for each site with default
parameters. In CD4" and CD8" T cells of HS and
ACS patients, dmCpG sites were annotated using
the HOMER tool (v4.11.10-24-2019) [52] with
respect to gene regions (promoters, noncoding
regions introns, exons, distal intergenic regions,
5 and 3 untranslated regions (58 UTR and 3KX
UTR). Then, annotation of CpG islands (CGIs)
was obtained from the UCSC website (http://gen
ome.ucsc.edu/hg38).

Identification and annotations of DMRs and
methylation trend

After removing any potential batch effects, DMRs
were identified for both T cell types with the
R package methylKit (v1.10.0) [51] by comparing
the differences of methylation in CpG sites of the
same genomic regions in HS vs ACS patients.
Particularly, we carried out the following compar-
isons: CD4" T cells in ACS patients vs HS; CD8"
T cells in ACS patients vs HS; CD4" vs CD8"
T cells in ACS. To prevent PCR bias and increase
the power of the statistical test, CpG sites covering
less than 10 reads or more than the 99.9th percen-
tile of coverage distribution in each sample were
filtered out. Coverage values between samples were
normalized as by default and read coverage per
base was calculated (Supplementary Figures 1-4).
We have applied a 500 bp sliding window
approach to detect DMRs, defined as those regions
with more than 20% methylation differences (|
AM]|) and g-value <0.05, after applying logistic
regression by using the SLIM method to correct
the p-value for multiple hypothesis testing.

The R package ChIPseeker (v1.20.0) [53] was
used to annotate DMRs with respect to gene
regions (promoters, coding sequences, introns,
distal intergenic regions, 5X untranslated regions
(5MUTR) and 3X UTR) in CD4" and CD8" T cells
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from HS and ACS patients. Then, annotation of
CGIs was obtained from the UCSC website (http://
genome.ucsc.edu/hg38).

PANTHER functional analyses

Gene ontology and pathway analyses of DMR-related
genes, located in the promoter regions, were per-
formed by PANTHER web server (Version 15.0;
http://www.pantherdb.org) [54] for the following
comparisons: CD8" T cells in ACS patients vs HS;
CD4" vs CD8" T cells in ACS patients. We carried out
gene ontology on overall annotated promoter-
transcription start site (TSS) DMRs.

Expression profiling public dataset

We retrieved the expression profiling of ACS patients
compared with control groups from Silbiger et al. [55]
whose raw data are available at GEO (http://www.
ncbinlm.nih.gov/geo) (GSE29532). We considered
only differentially expressed genes (DEGs) with sta-
tistical significance at threshold FDR <0.05.

Protein—protein interaction network analysis
Since network medicine is emerging as a useful
clinical approach in cardiovascular disease pheno-
typing [28,56,57], we built an interaction network
by GeneMANIA cytoscape plugin [58] by using
the most prevalent DMGs and the highest differ-
ential methylation values emerged by PANTHER
analysis. Physical and co-expression interactions
were selected and enrichment analysis (FDR <
0.05) based on Gene Ontology (GO) Biological
Process was performed.

RNA extraction and quantitative real-time PCR
assay

Total RNA was extracted from PBMNCs of ACS
patients and HS using TRIzol solution (Thermo
Fischer Scientific), according to the manufac-
turer’s instructions. RNA quantity and quality
were determined using a NanoDropND-1000
spectrophotometer (Thermo Fischer Scientific).
RNA (500 ng) was reverse transcribed with
SuperScript® III First-Strand Synthesis System for
RT-PCR (Thermo Fischer Scientific) according to
the manufacturer’s protocol in 20 pL reaction. The
relative expression levels of mRNA were measured
by CFX96 Touch Real-Time PCR Detection
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System (BioRad Laboratories, Ltd) using iQ™
SYBR® Green Supermix (BioRad Laboratories,
Ltd) and 300 nM each primer pair. Primers were
designed by Primer 3 software (http://bioinfo.ut.
ee/primer3-0.4.0/) and synthesized by Life
Technologies. The specificity of each oligonucleo-
tide pair was checked with the BLAST program.
Target gene expression levels were normalized
using RPS18 as housekeeping gene [59]. Melt
curve analysis was performed to verify a single
product species. Each sample was analysed in tri-
plicate and relative expression was assessed using
the 27%%" calculation method. Oligonucleotide
sequences are reported in Supplementary Table 2.

Statistical analysis

All statistical analysis were performed using
R (version 3.6.2) (www.cran.r-project.org). The
Shapiro-Wilk normality test was used to assess the
normality of data. The F-test was applied to evaluate
the homogeneity of variance. Continuous variables
were expressed as mean * standard deviation.
Unpaired Student’s t-test was used for comparison
between the two groups. Categorical variables were
expressed as percentage. Correlation analysis
(Pearson Product-Moment Correlation Coefficient)
was used to evaluate possible associations between
both DNA methylation and gene expression levels
with biochemical clinical parameters. A P value
<0.05 was considered statistically significant.

Results
Preliminary analysis of dmCpG sites

From RRBS data, we performed a preliminary ana-
lysis to assess the feasibility to carry on an epigen-
ome-wide analysis in CD4" and CD8" T cells of
ACS patients, in order to identify dmCpGs anno-
tated to genes potentially involved in ACS.

We considered six ACS patients and two HS
and first quantified the amount of dmCpG sites
for CD4" and CD8" T cells by comparing cases
and controls as well as CD4" vs CD8" T cells in
ACS condition (Supplementary Figure 5).

We found that about 70% of dmCpG sites were
protein coding genes for all the comparisons.
These preliminary results led us to hypothesize
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that specific gene regions may be more suitable to
DNA methylation and may have potential regula-
tory roles in ACS, pointing out the importance of
better characterizing DMRs.

Genomic map of differential methylation

To gain more insight into ACS-related DMRs, we
carried out the genome-wide DNA methylation
profiles of circulating CD4" T and CD8" T cells
in ACS patients compared to HS, by enlarging the
cohort of analysis and applying stringent bioinfor-
matic criteria for quality improvement as
described in Materials and Methods. This allows
us for the DMR extraction with higher coverage
and confidence level. DMR analysis was performed
on eight ACS patients and seven HS.

The statistics of the libraries for each sample is
reported in Supplementary Table 3. On average,
across the 15 samples investigated for CD4" T cells,
20,390,274 reads were obtained, 20,193,671 reads
were retained after quality filtering, 12,050,919 reads
were uniquely mapped to the reference genome with
59% mapping efficiency and the proportion of
C methylated in a CpG context was 38%.

On average, across the 15 samples investigated
for CD8" T cells, 19,904,902 reads were obtained,
19,701,617 reads were retained after quality filter-
ing, 11,690,197 reads were uniquely mapped to the
reference genome with 59% mapping efficiency
and the proportion of C methylated in a CpG
context was 37%.

Since DNA methylation changes occurring in
promoter regions, are mainly involved in the gene
expression regulation [60], we focused on the
inspection of DMRs located only in gene promoters.

Analysis of DMRs in CD4" T cells of ACS patients
vs HS

In CD4" T cells of ACS patients vs HS we identi-
fied 61 DMRs (JAM| > 20 and q-value <0.05)
associated with 57 annotated genes of which 53%
(n = 32) were hyper- and 47% (n = 29) hypo-
methylated in  ACS  patients vs HS
(Supplementary Figure 6a). Among the identified
DMRs, 35% (n = 21) were located within anno-
tated gene promoters, defined as +3 kb to the

transcription start site (TSS) (Supplementary
Table 4, Supplementary Figure 6b).

Analysis of DMRs in CD8" T cells of ACS patients
vs HS

In CD8" T cells of ACS patients vs HS we retrieved
613 DMRs (|AM]| >20 and g-value < 0.05) associated
with 569 annotated genes of which 28% (n = 173)
were hyper- and 72% (n = 440) hypo-methylated in
ACS patients as compared to HS (Supplementary
Figure 6¢). Among the DMRSs, located within anno-
tated gene promoters, 18% (n = 111) were at a dis-
tance <1 kb from TSS, whereas 11% (n = 71) at
a distance ranging between 1 and 3 kb with respect
to TSS (Supplementary Table 5; Supplementary
Figure 6d).

Analysis of DMRs in CD4" vs CD8" T cells of ACS
patients

In CD4" vs CD8" T cells of ACS patients we
identified 175 DMRs (JAM| >20 and g-value
<0.05) associated to 157 annotated genes of
which 41% (n = 72) were hyper- and 59%
(n = 103) were hypo-methylated (Supplementary
Figure 6e). Among the identified DMRs, located
within annotated gene promoters, 29% (n = 51)
were located within annotated gene promoters at
a distance <1 kb from TSS and 14% (n = 25) were
located at a distance ranging between 1 and 3 kb
respect to TSS (Supplementary Table 6;
Supplementary figure 6f).

Pathway functional analysis in ACS patients

Functional analysis was performed by using
PANTHER web server on overall DMGs and
both hypo- and hyper-methylated DMGs, respec-
tively. We evaluated the functional characteristics
and putative pathways involved in atherosclerosis
and ACS pathogenesis. In particular, we selected
pathways related to inflammation, angiogenesis,
B and T cell activation, blood coagulation,
endothelin, vascular endothelial growth factor
(VEGF), epidermal growth factor receptor
(EGFR) and fibroblast growth factor (FGF), integ-
rin, interleukin and Wnt signalling pathways. GO
molecular function results of DMGs in CD8"



T cells of ACS patients as compared to HS showed
that binding protein and catalytic activity classes
were the most prominent, followed by molecular
function regulator, molecular transducer activity,
transporter activity, structural molecule activity,
transcription regulator activity and transporter
activity processes (Figure 2).

The inspection of pathways of interest provided
that in CD8" T cells of ACS patients the highest
number of DMGs were included in angiogenesis,
adhesion molecule signalling and Wnt signalling
pathways, thus suggesting a potential regulatory
role in aberrant activation of CD8" T cells in
ACS (Figure 3). Specifically, a total of 18 genes
were found, of which 8 were hypo-methylated
(DOK2, PDGFA, TNF, CX3CLI, COL27Al,
ACTN4, COL4A3, and CSF2RB) and 10 hyper-
methylated (TCF7, MAP4K4, CELSR3, PCDHAS,
FDFTI, PLCL1, DUSP4, CD247, TLE3, and LCK).
Different genes such as TCF7, CELSR3, PCDHAS,
and PDGFA were present in multiple pathways
(Supplementary Figure 7).

Molecular function analysis of DMGs in CD4"
vs CD8" T cells of ACS patients showed that
binding protein and catalytic activity classes were
the most representative (Figure 4). Furthermore,
the investigation of putative pathways involved in

[ binding (GO:0005488)
catalytic activity (GO:0003824)
.molecular function regulator (GO:0098772)
molecular transducer activity (GO:0060089)
[l structural molecule activity (GO:0005198)
[Wtranscription regulator activity (G0O:0140110)
transporter activity (GO:0005215)

Number of genes

Category
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atherosclerosis and ACS highlighted 13 pathways
of whom Wnt signalling, inflammation and angio-
genesis were the most significant (Figure 5). In
particular, analysis provided eight DMGs [3 hypo-
methylated (PRKCB, PRKCZ, and PDGFA) and
five hyper-methylated (TCF7, NFATCI, PLCLI,
RAPGEFI, and IL2RB)]. PRKCZ, PRKCB, TCF7,
NFATCI, and PDGFA were shared genes by dif-
ferent functional pathways (Supplementary
Figure 8).

Integration of methylation and gene expression
data

We integrated our methylome analysis with tran-
scriptome data obtained from the public expres-
sion dataset GSE29532 [55]. Differentially
expressed genes (DEGs) by microarray experi-
ments in ACS patients as compared to control
group were used to investigate potential aberrantly
methylated regions in CD4" and CD8" T cells of
our study population. Total identified DEGs were
globally 547 unique genes.

In CD8" T cells, the overlapping between DEGs
and DMGs resulted in 13 statistically significant
genes (FDR <0.05) (Supplementary Table 7). None
of the DEGs at threshold of FDR <0.05 significance,

GO terms DMGs

PACSIN1, USP6, AHNAK, HRH1, DMTN, CX3CL1,
GTF2E2, DDIT4, CGAS, NID1, OSBPLS5, RPS3,
NCOR2, PLEC, TNF, TLE3, TCF7, PDGFA, SERPINF1,
EML1, SATB1, VIPR1, STRN4, KIF1A, LHXG,
HNRNPC, TUBB6, NOM1, BCLIL, TET1, RAD23A,
BIN1, ZBTB4, EPSBL2, RARG, GLDC, LCK

Binding (GO:0005488)

ABCA1, ASNS, VARS2, ABCC8, ARHGAP39, UBE2V1,
USP6, MAN1C1, CGAS, CYBS561, RPS3, DUOX2,
SERPINF1, MBTPS1, PLCL1, KIF1A, HK1, TSC2,
PXDN, CPXM1, TET1, MAP4K4, FDFT1, NEURL1,
DUSP4, GLDC, LCK

Catalytic activity (GO:0003824)

Molecular function regulator (GO:0098772) ARHGAP39, USP6, CX3CL1, BSND, TNF, SERPINF1,

7SC2, EPS8L2

HRH1, NID1, VIPR1, RARG

activity (GO

Structural molecule activity (G0:0005198) CRYBB1, RPL23A, RPL36, RPS3, PLEC, TUBB6

Transcription regulator activity (GO:0140110) NCOR2, TLE3, TCF7, KLF6, LHX6, ZBTB4, RARG

Transporter activity (G0:0005215) ABCA1, ABCC8, BSND, OSBPLS

Figure 2. GO molecular function analysis of DMGs in CD8" T cells of ACS patients vs HS. (a) Bar graph depicts the relative
abundance of DMGs for each category. (b) The table shows the specific DMGs for each GO term. Binding, catalytic activity and
transcription regulator activity are the most prevalent function of genes in the analysis.
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Figure 3. GO functional pathway analysis of overall DMGs in CD8" T cells of ACS patients as compared to HS. The Wnt,
integrin, and cadherin signalling pathways, angiogenesis, inflammation, T cell activation showed the major number of DMGs. In

addition, several genes are shared by different pathways.
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Figure 4. GO molecular function analysis of DMGs in CD4" vs CD8" T cells of ACS patients. (a) Bar graph depicts the relative
abundance of DMGs for each category. (b) The table shows the specific DMGs for each GO term. Binding and catalytic activity classes

are the most represented.

overlapped with CD4" T cells of ACS patients.
Among these significant DEGs in CD8" T cells of
ACS patients, five genes (ABCA1, CDK5R1, HRH],
GFI1, and CD9) had the corresponding DMRs within

the promoter region. All the genes showed a positive
correlation between methylation and expression. In
particular, ABCAI and CDK5R1 were hyper-
methylated/up-regulated whereas HRH1, GFII, and
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Figure 5. GO enrichment pathway analysis of overall DMGs in CD4" vs CD8" T cells of ACS patients. The Wnt signalling
pathway, angiogenesis, inflammation, B cell activation, EGFR, VEGF, endothelin and FGF pathways are the most enriched and several

genes are common to different pathways.

CD9  were  hypo-methylated/down-regulated.
Although these results are outside the concept that
DNA methylation is commonly associated to gene
expression reduction, positive associations of DNA
methylation and gene expression have also been
found in hyper-methylated bivalent promoters, thus

showing increased gene expression levels [61].

Gene expression profiles in PBMNCs of ACS
patients

For validation experiments, we selected the top five
most recurrent DMGs in ACS-associated pathways
endowed with the highest differential methylation
values. Specifically, we considered the following
genes: NFATCI, TCFJ, PDGFA, PRKCB, and
PRKCZ and determined their respective mRNA
levels by q-RT-PCR in PBMNCs, as more accessible
biological samples, of ACS patients and HS.
Interestingly, NFATCI and TCF7 genes showed five
and two hyper-methylated DMRs in ACS patients,
respectively. Furthermore, PDGFA showed the high-
est value of differential hypo-methylation
(Supplementary Figure 8).(Figure 6a-b).

In addition, the analysis of external DEG dataset
by Silbiger et al. [55] provided a differential
expression of ABCAI gene in PBMNCs of ACS

patients vs HS (Supplementary Table 7) while our
RRBS data highlighted a significant DMR located
in the promoter of ABCA1 in CD8" T cells of ACS
patients from our study population. Thus, we also
investigated gene expression levels of ABCAI in
our study population, since this gene was demon-
strated to be altered in CHD, as our previous study
reported [41].

Relative expression data showed a significant
up-regulation of NFATC1 (P = 0.0002), TCF7
(P = 0.0003), PDGFA (P = 0.008), PRKCB
(P = 0.0018), PRKCZ (P = 0.004), and ABCAI
(P = 0.003) of mRNA levels in patients with ACS
as compared to HS (Figure 7).

Correlation analysis between DNA methylation,
gene expression and clinical data

We investigated whether promoter methylation in
CD4" and CD8" T cells and gene expression levels
in PBMNC:s of the six validated DMGs were indivi-
dually associated with clinical parameters in ACS
patients. We found meaningful cell-specific correla-
tion signatures. In CD4" T cells of ACS patients,
concerning correlation DNA methylation/mRNA
expression, we found a negative correlation between
PDGFA methylation and its gene expression
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Figure 6. Differential of methylation in significant DMGs of ACS patients. (a) Clustering heatmap showing the mean methyla-
tion levels of the DMR associated genes in CD4* vs CD8" T cells in ACS patients. The colour indicates DNA methylation levels where
red represents hypomethylation and yellow represents hypermethylation. (b) RRBS results show five hypermethylated DMRs in
NFATCT gene while in TCF7 gene 2 hypermethylated. In addition, PDGFA shows the highest hypomethylation value.

(r = =0.72; P = 0.044) and a positive correlation
between NFATCI methylation (r = 0.80;
P = 0.0186) and its mRNA levels in PBMNCs.
Moreover, we observed a positive correlation between
the methylation of TCF7 and NFATCI gene expres-
sion (r = 0.78; P = 0.022). In addition, we observed
significant positive correlation between HDL choles-
terol levels and PRKCZ promoter methylation
(r = 0.82; P = 0.044). PRKCB promoter methylation
was negatively correlated with glycaemia (r = —0.80;
P = 0.015) and positively correlated with systolic
blood pressure (SBP) (r = 0.84; P = 0.009). PDGFA
methylation was negatively correlated with CK-MB
concentrations (r = —0.79; P = 0.018) and with the
gene expression of PRKCZ (r = —0.73; P = 0.039) and
ABCAI (r = —0.84; P = 0.008) (Figure 8a).

In CD8" T cells of ACS patients promoter
methylation of TCF7 and ABCAI were positively
correlated with SBP (r = 0.71, P = 0.05; r = 0.88,
P = 0.003, respectively) and diastolic blood pres-
sure (DBP) (r = 0.82, P =0.013; r = 0.97, P < 0.001,
respectively), while NFACTI methylation was only
correlated to DBP (r = 0.72; P = 0.004).
Additionally, ABCAI1 methylation levels showed
positive correlation links with TCF7 (r = 0.82;

= 0.012) and NFATCI (r = 0.76; P = 0.027)
methylation. Finally, methylation of PRKCZ

induced a potential significant transcription of
NFATCI (r = 0.72; P = 0.043) (Figure 8b).

On the other hand, statistical data showed com-
mon correlations in both T cell subsets concerning
TCF7 methylation and PDGFA methylation
(r = —=0.87, P = 0.005 in CD4" T cells; r = —0.94,
P =0.0004 in CD8" T cells) and NFATCI methy-
lation (r = 0.78, P = 0.021 in CD4" T cells; r = 0.72,
P =0.042 in CD8" T cells) (Figures 8a and 8b).

Correlation analysis between gene expression in
PBMNCs of ACS patients and clinical data provided
positive correlations between LDL cholesterol levels
and PRKCZ gene expression (r = 0.82; P = 0.046) and
HDL cholesterol level and NFACT1 gene expression
(r = 0.81; P = 0.048). In addition, TCF7, PDGFA,
PRKCZ, and ABCA1 mRNA levels were positively
correlated to CK-MB concentrations (r = 0.75,
P =0.03; r = 0.760, P = 0.029; r = 0.72, P = 0.044;
r=0.74, P = 0.035, respectively) (Figures 8a and 8b).

Protein-protein interaction network analysis

We query GeneMANIA tool [58] to predict protein-
protein and co-expression interactions, and func-
tions of NFATCI1, TCF7, PRKCB, PRKCZ, PDGFA,
and ABCAI genes. Data output provided a network
with 26 nodes and 138 edges. The top pathways
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Figure 7. Gene expression profile evaluation. Bar graphs illustrate the relative expression of ABCA1, NFATCI1, TCF7, PDGFA, PRKCB,
and PRKCZ genes in PBMNCs of ACS patients as compared to HS (**P < 0.01).

related to the network were associated with immune
response regulating cell surface receptor signalling
pathway, inflammatory response, regulation of lipid
metabolic process, regulation of cell adhesion, blood
coagulation, protein kinase signalling, regulation of
cell activation and leukocyte migration (Figure 9).

Discussion

Our study aims to provide a DNA methylome
signature in circulating CD4" and CD8"
T lymphocytes from patients with ACS. This is
the first study that investigates DNA methylation
in ACS by RRBS approach. Moreover, we also
identifty ABCAI, NFATCI1, TCF7, PRKCB,
PRKCZ, and PDGFA genes as important sensitive-
epigenetic tags in ACS.

Here, we first hypothesized cell-specific methy-
lation alterations in CD4" and CD8" T cells of
patients with ACS and then, for a possible clinical

relapse, validated the results obtained in PBMNCs,
such as leveraging a more readily obtainable bio-
logical source. Notable, mRNA levels of these
genes were significantly up-regulated in ACS
patients vs HS. Moreover, a further analysis
showed both CD4" and CD8" T cell-specific cor-
relation trends with clinical variables. Indeed, we
found that PRKCZ gene expression correlated with
LDL cholesterol, while NFACT1 gene expression
with HDL cholesterol. In addition, TCF7, PDGFA,
PRKCZ, and ABCAI transcripts were positively
correlated to circulating CK-MB concentrations.
Several evidence reported the accumulation of
cytotoxic CD8" T cells in advanced plaque as well
as functional alterations of these cells in ACS patients
[16-19]. Furthermore, aberrant gene-specific methy-
lation in this T cell subset was strongly associated
with cardiovascular risk factors and ACS onset [42].
In our study, top ACS-related methylation
alterations in CD8" T cells indicated a prevalence
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Figure 8. Correlation plots. Pearson’s correlation between (a) CD4" T and (b) CD8" T cell promoter methylation and total PBMNCs
gene expression levels of the selected DMGs with clinical and biochemical parameters of ACS patients. The circle size is scaled by the
correlation coefficient. Blue and red colours designate positive and negative correlations, respectively (*P < 0.05; **P < 0.01;

***p < 0.001).

ABCAT1: ATP Binding Cassette Subfamily A Member 1; CK_MB: creatine kinase MB isoenzyme; cTnl: cardiac troponin |; DBP: diastolic
blood pressure; Gl: glycaemia; HDL_C: high-density lipoprotein cholesterol; HR: heart rate; LDL_C: low-density lipoprotein cholesterol;
NFATCT: nuclear factor of activated T cells 1; PRKCB: protein kinase C beta; PRKCZ: protein kinase C zeta; TCF7: Transcription Factor 7;

SBP: systolic blood pressure; TC: total cholesterol; TG: triglycerides.

in functions like cellular adhesion, infiltration, and
cell activation, suggesting that CD8" T cells might
migrate into severe atherosclerotic lesions and
activate pro-inflammatory signalling pathway. In
addition, our results provide that functions of
CD8" T cells may be regulated through DNA
methylation. A previous study by Li et al. analysed
the genome-wide aberrant DNA methylation pat-
terns associated with ACS in blood cells by micro-
array [42]. Our results are in accordance with
previous findings that reported a novel and repro-
ducible association of blood methylation at 47
CpG sites in ACS patients with predominant con-
tributions of CD8" T cells [42]. In particular, we
found in CD8" T lymphocytes of ACS patients vs
HS a match between three significant CpG sites
and three DMRs, two annotated in intronic
regions of PRDM16 and ZFYVE28 genes and one
into the 5XUTR of ANKRDII  gene
(Supplementary Table 5).

ATP-binding cassette transporter 1 (ABCAI) is
a transporter essential for the reverse cholesterol
efflux from peripheral cells and foam cells [62].

Literature data reported an association between
high DNA methylation of ABCAI promoter [63-
65] and CHD risk and alterations of this transpor-
ter at mRNA level [66-69]. Indeed, ABCA1 was
demonstrated to be involved in the onset of ather-
osclerotic plaques and compositions through an
up-regulation of its transcript [68], as well as the
significance of this biomarker in plaque rupture
[69]. Furthermore, our recent study reported that
ABCAI mRNA was up-regulated in peripheral
blood of CHD patients with non-calcified plaque
[41]. RRBS data highlighted a significant hyper-
methylated DMR in ABCAI promoter in CD8"
T cells of ACS patients; furthermore, gene expres-
sion analysis on PBMNCs showed a significant up-
regulation of ABCAI transcript in ACS patients,
thus confirming the involvement of this protein
also for high-risk plaque detection.

Nuclear factor of activated T cells 1 (NFATCI)
and transcription factor 7 (TCF?) are transcription
factors regulating the activation, proliferation, dif-
ferentiation of T lymphocytes, and inducible
expression of cytokine genes [70,71]. NFATCI is
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Figure 9. Gene interaction network constructed with GeneMANIA for the six selected DMGs. GeneMANIA PPl and co-
expression network of NFATCI1, TCF7, ABCA1, PRKCB, PRKCZ, PDGFA, and ABCAT genes predicts 26 nodes and a total of 138 links
representing interactions mainly to immune response regulating cell surface receptor signalling pathway, inflammatory response,
regulation of lipid metabolic process, regulation of cell adhesion, blood coagulation, protein kinase signalling, regulation of cell
activation and leukocyte migration The colour of the line that connects the genes depicts the interaction type (see legend) and the

edge thickness depicts the interaction strength.

the most expressed isoform in vascular smooth
muscle cells (VSMCs) [72]. NFATC1 is involved
in inflammation, vascular calcification, VSMC dif-
ferentiation and proliferation [73,74]. Several stu-
dies reported that expression of NFATCI and the
activation of its downstream signalling pathways
might play a critical role in phenotype transforma-
tion of VSMCs and atherosclerotic plaque forma-
tion [72,75]. A recent study showed that NFATC1
is involved in IL-33 gene expression, a cytokine
highly expressed in atherosclerotic plaques and
involved in the switch towards the inflammatory
phenotype of endothelium and during vascular
wall remodelling [76]. In addition, the expression
of NFATCI also significantly contributes to vul-
nerable plaque formation [77]. TCF7 gene encodes
for the TCF1 protein TCF1 and activates tran-
scription through the Wnt/beta-catenin signalling
pathway. In the endothelium, the activation of
Bcat/TCF signalling was found both in early
phases of atherogenesis and during lesion
advancement, by enhancing inflammation and
the transcription of critical genes involved in
atherogenic endothelial phenotype [78]. In

addition, B-catenin/TCF signalling was reported
to be an important pathway for vascular remodel-
ling through VSMC growth and survival stimula-
tion [79]. Given these evidence, our results suggest
a mirroring of the molecular pathological pro-
cesses in circulating cells and in vascular tissue
in ACS.

Although originally purified from platelets, pla-
telet-derived growth factor (PDGF) expression can
be induced in normal artery wall and in inflam-
matory cells infiltrating the artery in response to
proatherogenetic stimuli. PDGF is a potent indu-
cer of VSMC switch from the contractile pheno-
type to a proliferative and secretory phenotype
[73]. In particular, in endothelial cells hyperhomo-
cysteinemia upregulates PDGF-A mRNA levels
through the demethylation of its promoter, thus
leading to VSMC activation [80]. In addition,
PDGF A is involved in the thickening of the pla-
que fibrous cap and in the detaching of thrombi
from the fat-rich core matrix [81]. Indeed, high
expression of mRNA levels of PDGF-A were found
in  occlusive  atherosclerotic  vessels  [81].
Furthermore, findings provided the involvement
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of PDGF-A in ACS with an increase of both
PBMNC derived secretion and serum concentra-
tions in patients, especially in local coronary cir-
culation [82,83]. In agreement with literature, we
report a hypo-methylation of PDGFA in CD8"
T cells of ACS patients, as well as an over-
expression of its mRNA in PBMNCs of such
patients in correlation with CK-MB concentra-
tions, thus suggesting a further mirroring of mole-
cular processes underlying vascular remodelling
in ACS.

Protein kinase C (PRKC) family isoforms are
involved in several signal transduction pathways,
and associated with multiple aspects of athero-
sclerosis onset and progression [74]. In particular,
evidence showed that PRKC isoforms such as
PRKCpB and PRKC{ regulate ECs, VSMCs, and
immune system cell functions [84]. Furthermore,
PRKC{ isoform is relevant for regulating CD8"
asymmetric T cell division and subsequent cell
fate [85]. Our data confirm and highlight
a potential specific role of CD8" T cell dysregula-
tion in the development of ACS.

However, our study is characterized by limita-
tions and strengths. We selected RRBS technique
for DNA methylation profiling for its ability to
provide a quantitative assay of methylation of
more than 1 million CpG sites at single-
nucleotide resolution even when DNA sample
concentration is relatively limited [86]. Indeed,
RRBS can cover a large part of CpG sites across
the genome including promoters, CpG shores,
enhancers, exons, 5Xand 3X untranslated regions
and repetitive elements as compared to array-
based strategies, which utilize targeting defined
regions [86,87]. In addition, RRBS is superior to
detect CpGs in the relative islands and promoter
regions [86]. Another strength of our investigation
is the utilization of PBMNC:s for the validation of
DMGs since this cell population, as compared to
CD4" and CD8" T subpopulations, is more easily
obtainable following a whole-blood sampling.
Finally, the population has a small sample size;
thus, our findings should be validated in a larger
cohort to obtain more robust associations. In addi-
tion, further studies are 