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*Correspondence to: Chary López-Pedrera, IMIBIC/Reina Sofia University Hospital/University of Cordoba, Avda. Menendez Pidal s/n, E-14004, Cordoba, Spain.
E-mail: rosario.lopez.exts@juntadeandalucia.es.
‡C.L.P. and T.C. contributed equally.

Abstract
APS patients exhibit a wide clinical heterogeneity in terms of the disease’s origin and progression. This diversity can be attributed to consistent
aPL profiles and other genetic and acquired risk factors. Therefore, understanding the pathophysiology of APS requires the identification of
specific molecular signatures that can explain the pro-atherosclerotic, pro-thrombotic and inflammatory states observed in this autoimmune dis-
order. In recent years, significant progress has been made in uncovering gene profiles and understanding the intricate epigenetic mechanisms
and microRNA changes that regulate their expression. These advancements have highlighted the crucial role played by these regulators in
influencing various clinical aspects of APS. This review delves into the recent advancements in genomic and epigenetic approaches used to
uncover the mechanisms contributing to vascular and obstetric involvement in APS. Furthermore, we discuss the implementation of novel
bioinformatics tools that facilitate the investigation of these mechanisms and pave the way for personalized medicine in APS.
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Introduction

APS is an autoimmune thrombophilia marked by circulating
aPL antibodies, pivotal in vascular thrombosis and obstetric
complications. In the past decade, extensive research has led to
the development of new ACR/EULAR criteria for diagnosing
APS, which were very recently published. These criteria require
the presence of at least one positive aPL antibody test within
3 years of identifying an aPL-associated clinical criterion as an
entry requirement. Subsequently, additional weighted criteria,
ranging from 1 to 7 points each, are grouped into two labora-
tory domains [LA functional coagulation assays and ELISAs for
IgG/IgM aCL and/or IgG/IgM anti-b2-glycoprotein I (GPI)
antibodies] and six clinical domains (macrovascular venous
thromboembolism, macrovascular arterial thrombosis, micro-
vascular, obstetric, cardiac valve and haematologic). Patients

who accumulate at least 3 points from both the laboratory and
clinical domains are categorized as having APS [1, 2]. Also, it is
linked to other manifestations beyond these new diagnostic crite-
ria: atherosclerosis, neurologic disorders and pulmonary hyper-
tension [3–5].

Most of the positive results in LA, aCL and anti-b2GPI
assays can be attributed to antibodies targeting b2GPI.
However, antibodies against the phosphatidylserine–pro-
thrombin (PS-PT) complex can also contribute to LA effects,
either alone or in combination with anti-b2GPI antibodies in
samples that test positive for LA [6]. The presence of LA alone
carries greater predictive power for clinical manifestations
compared with isolated positive results in aCL or anti-b2GPI
assays, particularly when LA is accompanied by positivity for
anti-PS-PT antibodies. These antibodies seem to enhance
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overall predictability when combined with the three formal
classification laboratory assays, a combination referred to as
‘tetra-positive’ patients [7].

aPL antibodies not only serve as markers of the disease, but
also play a crucial role in driving the pathogenesis of APS.
Initially, aPL antibodies were thought to mainly interfere with
the anticoagulant systems involved in regulating coagulation
and fibrinolysis. Subsequent research revealed their additional
role in activating various blood and innate immune cells,
resulting in pro-coagulant and pro-inflammatory effects. Thus
it has been demonstrated that APS serves as a valuable model
for understanding thrombo-inflammation, the intricate pro-
cess linking inflammation and thrombosis, contributing to
cardiovascular disease (CVD) development [8].

There is significant variability in APS symptoms among
individuals, with each person presenting a unique combina-
tion of manifestations. This heterogeneity may be attributed
to consistent aPL profiles alongside other genetic and ac-
quired risk factors. Therefore, to gain a comprehensive under-
standing of APS pathophysiology, it is imperative to identify
APS-specific gene signatures that can explain the pro-
atherosclerotic, pro-thrombotic and inflammatory states ob-
served in this autoimmune disorder.

Over the past few years, remarkable progress has been
made in uncovering gene profiles as well as understanding the
intricate workings of epigenetic mechanisms and microRNA
(miRNA) changes that govern their expression. These
advancements have shed light on the pivotal role played
by these regulators in influencing various clinical aspects of
APS [9].

This review explores the recent advancements in genomic
and epigenetic approaches utilized to uncover the mechanisms
contributing to vascular and obstetric involvement in APS. It
seeks to elucidate the clinical heterogeneity observed among
APS patients concerning the disease’s origin and progression.
Additionally, we discuss the implementation of novel bioin-
formatics tools that enable the investigation of these mecha-
nisms and pave the way for personalized medicine in APS.

Genomic and epigenetic changes associated with

aPLs and clinical profiles in APS patients: previous

studies

Numerous studies have identified key genes associated with
thrombosis, inflammation and endothelial dysfunction in APS
patients, including TF, VEGF, Flt1, IL8, PAR1, PAR2, TLR2
and TLR4, which are highly expressed in immune and vascu-
lar cells and promote thrombin production. Research has ex-
plored various aspects, such as the impact of anti-b2GPI
antibodies on gene expression in human umbilical vein endo-
thelial cells (HUVECs), unique molecular pathways in mono-
cytes exposed to aPLs and genomic patterns in monocytes
associated with atherosclerosis and thrombosis. A systematic
review identified genetic risk factors for thrombotic APS, cru-
cial for immunity and coagulation [10–18].

It is widely acknowledged that the genome produces a vast
array of regulatory non-protein-coding RNAs, including
miRNAs, which play crucial roles as major transcriptional
and post-transcriptional regulators of gene expression.
Previous studies showed that miRNAs like miR-19b and miR-
20a play regulatory roles in APS, with cardiovascular
miRNAs decreasing in APS monocytes and neutrophils.
Additionally, plasma miRNA signatures correlated with

clinical features. Lastly, epigenetic analysis revealed genome-
wide DNA methylation signatures in neutrophils, potentially
impacting foetal health and development [19–24] (Table 1).

Genomic and epigenetic changes associated with

aPLs and clinical profiles in APS patients: update

from the last 5 years
Transcriptomics and miRNA regulators in APS
Recent studies have focused on understanding the pathologi-
cal effects of aPL in various contexts at the transcriptomic
level, leading to valuable insights.

Patsouras et al. [25] employed RNAseq analysis to investi-
gate alterations in the transcriptome of endothelial cells
(HUVECs) treated in vitro with purified total IgG from APS
patients’ sera (1 mg/ml), along with human native b2GPI
(20 lg/ml). Their sequencing analysis revealed significant
changes in gene expression, with 906 genes displaying differ-
ential expression after 6 h of treatment: 395 genes were upre-
gulated, while 511 genes were downregulated. Among the
upregulated genes, several were associated with immune re-
sponse and inflammation, including key transcription factors
and signal transduction molecules (NF-jB, YAP1, SMAD,
MAP2K5, MAP2K3), as well as chemokines, adhesion mole-
cules and growth factors (IL-8, E-selectin, VCAM-1, ICAM-
1, TGFb-2), among others. Pathway enrichment analysis of
the altered genes highlighted a significant impact on biological
processes related to MAPK38 signalling, TGF-b signalling,
TNF-a signalling and Hippo pathways. To further validate
these findings at the protein level, immunostaining analyses
were conducted on the same cells. The results confirmed ele-
vated protein expression of important pro-inflammatory
markers such as IL-6, IL-8 and NF-jB in HUVECs treated
with aPLs. Notably, the parallel examination of placenta bi-
opsies from two APS patients and five healthy donors corrob-
orated the upregulation of several inflammatory protein
mediators, including IL-8, IL-6, TNF-a, NF-jB1, E-selectin,
P-selectin, ICAM-1, VCAM-1 and TGF-b2. Overall, these
findings strongly support the notion that aPLs induce endo-
thelial cell activation in line with the upregulation of classical
inflammatory pathways.

In another recent study conducted by Plunde et al. [26], the
role of aPL at the transcriptomic level was examined in a dif-
ferent context. The researchers aimed to investigate the preva-
lence and impact of aPL in individuals with calcific aortic
valve stenosis (CAVS) within the general population. First,
they observed a significantly higher prevalence of aPL IgG in
CAVS patients (n¼ 223) compared with age- and sex-
matched controls (n¼ 124), with an odds ratio of 8.3.
Moving forward, the molecular profile was analysed in aortic
valve tissue from CAVS patients with IgG/IgM aPL (n¼ 5)
and CAVS patients without aPL (n¼ 5) using the Human
Transcriptome Arrays 2.0 from Affymetrix (Santa Clara, CA,
USA). The CAVS patients positive for aPL exhibited differen-
tial expression of 100 genes compared with the negative
group, with 46 genes being upregulated and 65 genes downre-
gulated. Functional analysis of these genes indicated their as-
sociation with antigen processing and IFN signalling.
Furthermore, through machine learning analysis, they demon-
strated that these 100 deregulated genes could accurately pre-
dict the occurrence of thickening, resilience and calcification
in valves within an independent cohort of 64 patients. Taken
together, these findings strongly suggest that aPL plays a
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Table 1. Previous studies showing genomic and epigenetic changes associated with aPLs and clinical profiles in APS patients.

Source/type of study Featured molecules Biomarkers Main findings References

Monocytes (in vivo) Genes and proteins TF Monocyte TF expression is overexpressed in APS
monocytes and involved in its thrombotic
complications

Cuadrado et al. [10]

Monocytes (in vivo/in vitro) Genes and proteins VEGF and Flt-1 Monocytes from primary APS patients show
increased expression of VEGF and Flt-1, further
induced by aPL, through the p38 MAPK pathway

Cuadrado et al. [11]

Human umbilical vein
endothelial cells (in vitro)

Genes (Affymetrix array) Chemokines (CCL20, CXCL3,
CX3CL1, etc); Tenascin C, OLR1,
and IL-18-R1; growth factors
(CSF2, CSF3 IL-6, IL-1b, FGF18)
and signalling molecules (ID2)

Anti-b2GPI promotes in HUVEC an altered gene
profile (including 101 genes upregulated and
14 genes downregulated) involving several genes
related to APS vasculopathy

Hamid et al. [12]

Monocytes (in vivo/in vitro) Genes and proteins PAR1, PAR-2 First demonstration of increased expression of PARs
1 and 2 in APS monocytes, further induced by aPL

López-Pedrera et al. [13]

PBMCs (in vivo/in vitro) Genes TLR-2 and TLR-4 aPLs induce TLR pathway activation in PBMCs,
promoting increased TLR-2 and TLR-4 expression

Benhamou et al. [14]

Monocytes (in vivo and
in vitro)

Genes Genes linked to mitochondrial
biogenesis and function, the
regulation of oxidative stress and
antioxidant defence-related
mechanisms

This study identified distinctive genetic patterns in
monocytes from APS, SLE and APSþ SLE
patients, associated with atherosclerosis and
thrombosis and further induced by aPLs

Perez-Sanchez et al. [15]

Meta-analysis (in vivo) Genes PF4V1, SELP, TLR2, TLR4,
SERPINE1, APOH, ITGA2,
GP1BA, F2R, F2RL1, TFPI, F3,
VEGFA, FLT1, TNF and F2

The 16 genes identified as deregulated in APS are
expressed in 32 different organs, indicating the
high risk of developing thrombosis anywhere in
the body of primary APS patients

Islam et al. [16]

Monocytes (in vitro) Genes Genes involved in cell response to
stress, MAPK signalling
modulation, cell adhesion,
extracellular matrix dynamics and
embryonic and skeletal development

This study identified, by genome array, novel
pathways differentially modulated in vitro in
monocytes by isolated aPL-IgG from APS patients
with either pregnancy morbidity or vascular
thrombosis

Ripoll et al. [17]

Neutrophils (in vivo) Genes 17 hypomethylated and 25
hypermethylated CpG

Hypomethylation of ETS1 and EMP2 in APS
neutrophils suggests trophoblast dysregulation,
possibly contributing to foetal morbidity

Weeding et al. [18]

Monocytes (in vivo) miRNAs miR-19b, miR-20a miR-19b and miR-20a are downregulated in APS
and inversely correlated with levels of TF and
procoagulant activity in monocytes

Teruel et al. [19]

(continued)
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Table 1. (continued)

Source/type of study Featured molecules Biomarkers Main findings References

Endothelial cells (in vitro) miRNAs mIR-126, mIR-100, mIR-1185-1,
mIR-10b, mIR-576, mIR-1251,
mIR-543, mIR-26A1, mIR-32,
mIR-365b, mIR-339

Treating endothelial cells with anti-b2GPI antibodies
led to the release of extracellular vesicles
containing a specific miRNA signature further
implicated in the activation of ECs through
autocrine or paracrine mechanisms

Wu et al. [20]

Human first trimester
extra-villous trophoblast cell
line (HTR8) (in vivo/in vitro)

miRNAs miR-146a-5p, miR-146a-3p, miR-155,
miR-210

APS patients with adverse pregnancy outcomes
present elevated miR-146a-3p levels. Trophoblasts
exposed to aPLs show increased miR-146a-5p,
miR-146a-3p, miR-155 and miR-210, all
associated with TLR signalling

Gysler et al. [21]

Monocytes and neutrophils
(in vivo/in vitro)

miRNAs miR-124a-3p, miR-125a-5p,
miR-125b-5p, miR-146a-5p,
miR-155-5p, miR-222-3p

Several miRNAs related to CVD are altered in APS
monocytes and neutrophils by effect of aPL
antibodies

Perez-Sanchez et al. [22]

Plasmacytoid dendritic cells
(in vivo)

miRNAs miR-361-5p, miR-128-3p,
miR-181-2-3p

Lower miRNA expression in pDCs, shared between
SLE, SLEþAPS and APS, is related to the IFN
signature

van den Hoogen et al. [23]

Plasma (in vivo/in vitro) miRNAs miRNAs 34a-5p, 15a-5p, 133b-3p,
145a-5p, 124-3p, 20a-5p, 19b-3p,
210-3p, 206, 296-5p, 374a-5p

Circulating miRNAs, deregulated in plasma from
APS patients by effect of aPLs, are associated with
both foetal loss and type of thrombosis

Perez-Sanchez et al. [24]

TF: tissue factor; VEGF: vascular endothelial growth factor; Flt-1: VEGF receptor 1; PAR-1–4: protease activator receptor 1–4; TLR: toll-like receptor; CCL20: macrophage inflammatory protein-3a; CXCL3:
chemokine (C-X-C motif) ligand 3; CX3CL1: fractalkine; CXCL5: epithelial neutrophil activating peptide; CXCL2: chemokine (C-X-C motif) ligand 2; CXCL1: chemokine (C-X-C motif) ligand 1; OLR1: oxidized
low-density lipoprotein receptor 1; CSF2: colony-stimulating factor 2; CSF3: colony-stimulating factor 3; FGF18: fibroblast growth factor 18; ID2: inhibitor of DNA binding 2; MAPK: mitogen-activated protein
kinase; VT: vascular thrombosis; PM: pregnancy morbidity; PAI-1: plasminogen activator inhibitor-1; VEGFA: vascular endothelial growth factor A; VEGF-R1: vascular endothelial growth factor receptor 1; MCP-1:
monocyte chemoattractant protein-1; qRT-PCR: quantitative RT-PCR; PTPN2: protein tyrosine phosphatase non-receptor type 2; ETS1: ETS proto-oncogene 1; pDCs: plasmacytoid dendritic cells.
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pathological role in the development of CAVS by perturbing
specific transcriptomic signatures.

Recent studies have focused on identifying altered tran-
scriptome signatures directly in samples from APS patients. In
a pioneering study by Verrou et al. [27], high-throughput
RNA sequencing was employed to analyse the transcriptome
of 62 primary APS patients with thrombosis (thrPAPS) and
29 age- and sex-matched healthy controls (HCs) using whole
blood samples. Although unsupervised clustering analysis did
not effectively differentiate thrPAPS from HCs based on the
entire transcriptome, a specific signature of 34 genes exhibit-
ing differential expression between the two groups was identi-
fied. This signature comprised one downregulated gene,
MYOM2, and 14 upregulated genes associated with type I
and II IFN pathways. Notably, machine learning analysis uti-
lizing these IFN-regulated genes (IRGs) successfully distin-
guished APS patients from HCs with considerable accuracy
(area under the curve 0.811), with IFI44L, IFI44, RSAD2
and MMP8 displaying the highest information scores. When
comparing patients with venous and arterial thrombosis, five
genes were found to be downregulated (NECTIN2,
RAP1GAP, AC104389.5, G0S2, SMIM1), while 11 genes, in-
cluding nine IRGs, were upregulated in the venous thrombosis
group. Moreover, altered expression of IRGs was also ob-
served in triple-aPL-positive APS patients compared with
non-triple-aPL patients. Additionally, patients with recurrent
thrombosis exhibited significant changes in the expression of
several genes (MYOM2, MMP8, CAMP, OLFM4, CRISP3,
CEACAM6, CEACAM8, DEFA3, DEFA4, LCN2 and LTF)
when compared with those with non-recurrent thrombosis. In
general, this study suggests that the IFN pathway may con-
tribute to the pathogenesis of APS patients with worse clinical
outcomes. These findings corroborate previous observations
presented by Knight et al. [28] in a study utilizing RNAseq

analysis in neutrophils from a small cohort of nine APS
patients and nine HCs, where the upregulation of genes asso-
ciated with IFN signalling was observed. In line with all these
findings, Ugolini-Lopes et al. [29] performed a comprehensive
analysis using RT-PCR to investigate a panel of 41 IFN-
induced genes in peripheral blood mononuclear cells
(PBMCs) obtained from 53 primary APS patients and 50
HCs. The analysis revealed a distinct signature comprising 11
IFN-induced genes that exhibited significant upregulation in
primary APS patients. Notable genes in this signature in-
cluded IFI5, IFI6, IFIT27, DNAJA1, TYK2 and MX1. The
presence of this IFN signature was found to be associated
with pre-eclampsia and an earlier onset of APS events, further
highlighting the significance of IFN-related pathways in the
pathogenesis of primary APS (Fig. 1).

The identified transcriptomic alterations in APS patients,
particularly the upregulation of genes associated with IFN
pathways, hold significant clinical implications. First, these
findings suggest the potential for targeted therapeutic inter-
ventions aimed at modulating the IFN signalling pathway in
APS patients. Additionally, the distinct gene signatures associ-
ated with different thrombosis types and disease manifesta-
tions hint at the possibility of tailored treatment strategies
based on the patient’s thrombotic profile. Moreover, the ob-
served correlation between IFN and clinical outcomes, like
pre-eclampsia and early onset of APS events, underscores the
importance of monitoring and managing IFN-related path-
ways to mitigate the severity and progression of APS, offering
a pathway towards personalized and more effective clinical
management.

Our research group has been dedicated to unravelling the
pathogenesis of APS through innovative approaches, includ-
ing analysis of the splicing process in purified cell types and
the integration of different omics in purified monocytes. In a

Figure 1. Alteration of the IFN pathway in APS: consistent findings across independent studies. Recent independent studies have shed light on alteration

of the IFN pathway in APS. Notably, three distinct investigations have consistently reported the upregulation of IFN-related genes in patients with APS,

demonstrating their significant association with various clinical features such as autoantibody profile, thrombosis and pre-eclampsia. Despite the diversity

in study cohorts, sample types (whole blood, PBMCs and neutrophils) and methodologies (RNAseq and RT-PCR), the consistent finding across all studies

is upregulation of the IFN pathway. ML: machine learning; ROC AUC: area under the receiver operating characteristics curve

SI18 Chary López Pedrera et al.



recent study, we provided novel insights by demonstrating
that the regulation of splicing, a crucial biological process in-
volved in the generation of mature mRNAs, is impaired in
leucocyte subsets of APS and SLE patients [30]. To investigate
this, we examined the expression of 45 splicing machinery
components (SMCs) using a quantitative PCR microfluidic ar-
ray in purified monocytes, lymphocytes and neutrophils
obtained from 80 patients (22 APS, 23 APSþ SLE and 35
SLE). Overall, we observed a reduction in the expression of
several SMCs, which exhibited cell-type and pathology-
specific alterations. Specifically, in APS, we identified differen-
tial expression of 20 genes in monocytes, 16 genes in lympho-
cytes and 10 genes in neutrophils. Some SMCs were
simultaneously altered in multiple cell types, including
MAGOH, PRPF8, RBM22, KHDRBS1, SND1, SRSF-10,
SRSF-5, SRSF-9, TRA2B and U4atac. Most of them were in-
volved in autoimmune and inflammatory processes that char-
acterize this disease, thus suggesting their relevance in
autoimmunity [31–33].

Accordingly, correlation studies revealed significant associ-
ations between the levels of altered SMCs and key clinical fea-
tures such as autoantibody titres (anti-b2GPI and aCL),
cardiovascular risk markers (hyperlipidaemia and arterial hy-
pertension) and the adjusted Global Antiphospholipid
Syndrome Score.

Furthermore, transfection studies involving the overexpres-
sion or silencing of selected SMCs demonstrated their direct
impact on relevant immune functions, including monocyte
chemotaxis, lymphocyte proliferation and NETosis. While
our study offers valuable mechanistic insights into the regula-
tion of SMCs in APS, it remains uncertain whether these SMC
alterations are inherently ‘primary’ or rather a consequence of
persistent inflammation or autoimmune-related mechanisms
influencing gene transcription within the cells. This pivotal as-
pect warrants further investigation.

Our study sheds light on the intricate molecular mecha-
nisms underlying APS and might open avenues for further re-
search and potential therapeutic interventions.

In another innovative study, we showed for the first time in
APS that the integration of two levels of molecular complex-
ity—the transcriptome and its regulation by miRNA—
allowed stratification of APS patients according to their CVD
risk [15]. In an exploratory cohort of APS patients, we con-
ducted microarray analysis of mRNA and miRNA in mono-
cytes and found that 547 mRNAs and 22 miRNAs exhibited
differential expression compared with HCs. These differen-
tially expressed genes and miRNAs were closely related to in-
flammatory, cardiovascular and reproductive disorders.
Leveraging bioinformatics tools based on sequence homology,
we integrated the altered genes and miRNAs and discovered a
specific signature comprising 17 interconnected genes (IL1A,
TGFB2, OXR1, ALOX15B, PXDNL, GPX8, STAT1,
MAP2K6, MAP3K4, VEGFA, SERPINB2, VCAM1, SELE,
ITGA2, TNFRSF1A, CCL2, IFNG) that may be potentially
modulated by 9 miRNAs (miR-26a-5p, -150-5p, -146b-5p, -
145-5p, -30b-5p, -494-3p, -17-5p, -376c-3p, -199a-5p). To
validate the significance of this signature, we assessed its ex-
pression in a cohort of 40 primary APS patients and 40 HCs.
Notably, the altered expression of this signature remained sta-
ble over time and was specific to non-autoimmune thrombotic
patients. Experimental validation through transfection and lu-
ciferase assays confirmed the potential interactions among the
altered genes and miRNAs. Furthermore, in vitro studies

demonstrated that aPL antibodies isolated from the serum of
APS patients promoted the altered expression of the mRNA–
miRNA signature. Importantly, employing unsupervised clus-
tering analysis with this altered molecular signature allowed
us to effectively stratify APS patients into distinctive pro-
thrombotic risk groups. In conclusion, our findings highlight
the significance of integrating different omics data in APS, as
it can provide valuable insights into identifying distinctive
clinical phenotypes and pave the way for the development of
personalized and tailored treatments for APS patients.

These compelling findings carry significant clinical implica-
tions for the management of APS. The ability to stratify APS
patients based on their CVD risk through molecular signa-
tures offers a promising avenue for tailored treatment strate-
gies. The identified interconnected mRNAs and miRNAs
represent potential therapeutic targets, providing a founda-
tion for the development of precision medicines that could
mitigate CVD risk in APS patients. Moreover, the molecular
signature’s stability and specificity to non-autoimmune
thrombotic patients emphasize its potential as a valuable diag-
nostic and prognostic tool. Implementing such stratification
approaches in clinical settings could enhance risk assessment
and guide the selection of appropriate therapeutic interven-
tions, ultimately improving patient outcomes in APS.

Potential relationship between COVID-19 and APS at the
transcriptomic level
COVID-19, like APS, increases the thrombosis risk in blood
vessels [34]. Investigations of COVID-19 patients show paral-
lels with APS, including abnormal activation of neutrophils
[35, 36], endothelial cells [37] and platelets [38]. Several stud-
ies have found conventional aPL and ‘non-criteria’ aPL in
COVID-19 patients. It is unclear if these aPL antibodies are
transient or persistent, indicating long-term thrombotic risk.
Indeed, the association between aPL and macrovascular
thrombotic events in COVID-19 is not well established.
Nevertheless, the relationship between APS and COVID-19 is
an emerging area of research [39, 40].

Recent investigations have been conducted to explore the
potential relationship between COVID-19 and APS at the
transcriptomic level. Zhang et al. [30] employed publicly
available microarray datasets and bioinformatic tools to iden-
tify commonly altered genes. They utilized a previous dataset
generated by our group (GSE50395), which consisted of
monocytes from APS patients and HCs [15], as well as the
COVID-19 dataset GSE164805, which focused on PBMCs.
Through a comparison with HCs, a specific common signa-
ture of eight altered genes emerged: ITGB8, FGF1,
TIMELESS, PPARGC1A, FGF2, FUBP1, SYCP2 and
FERMT1. Pathway enrichment analysis of this gene signature
revealed its association with various biological processes,
such as endothelial cell chemotaxis towards fibroblast growth
factor, regulation of the actin cytoskeleton pathway, lung de-
velopment and the PI3K-Akt signalling pathway.

Latest epigenetics advances in APS
While there is limited new research specifically linking APS
and DNA methylation, this and other epigenetic alterations
have been implicated in various autoimmune diseases [2].
Recently, Barturen et al. [27] integrated transcriptome and
methylome data of seven systemic autoimmune diseases, in-
cluding APS, in four clusters characterized by ‘inflammation’
functions, ‘lymphoid’ functions, ‘interferon’ functions and
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‘undefined’, which had no clearly defined functional modules.
Curiously, when they compared those clusters with controls,
the inflammatory cluster had the highest number of differen-
tially expressed genes and differentially methylated CpGs, fol-
lowed by the ‘interferon’ cluster, the ‘lymphoid’ cluster and
finally the ‘undefined’ cluster, in which no CpGs were ob-
served, being more similar to controls [27].

Furthermore, research has indicated that DNA methylation
alterations in specific genes can influence the expression of
pro-inflammatory cytokines and other immune-related fac-
tors. Patsouras et al. [28] observed a significant reduction in
methylation of the IL-8 promoter and significantly increased
methylation of the tissue factor (F3) gene in whole blood of
APS patients compared with HCs. In vitro, they treated
monocytes and endothelial cells with anti-b2GPI, b2GPI and
CXCL4, which reduced relative methylation of the IL-8 pro-
moter and in the first intron of the F3 gene, which increased
their expression. These changes in DNA methylation may po-
tentially contribute to the pro-inflammatory state and throm-
botic tendency seen in APS.

On the other hand, Tang et al. [41] found that the C677T
mutation of methylenetetrahydrofolate reductase is a risk fac-
tor for arterial thrombosis in patients with APS. This enzyme
catalyses the irreversible conversion of 5,10-methylenetetra-
hydrofolate to 5-methyltetrahydrofolate, which is the methyl
donor for the remethylation of homocysteine to methionine,
leading to an increase in plasma homocysteine levels and con-
sequently to an increased risk of thrombosis.

Overall, although some advances have been made in this
area in recent years, the relationship between APS and DNA
methylation is still poorly understood and further research is
needed to establish a more comprehensive understanding of
the molecular mechanisms involved.

Histone post-translational modifications are chemical mod-
ifications that occur on histone proteins, the proteins that
help package DNA into chromatin. These modifications,
which include acetylation, methylation, phosphorylation,
ubiquitination and others, play a crucial role in regulating
gene expression and chromatin structure [42]. To date, the
modifications most studied are histone acetylation and meth-
ylation, highlighting H3K4me3 (histone 3 lysine 4 tri-
methylation) and H3K9ac (histone 3 lysine 9 acetylation),
which are often located at the promoter regions of target
genes [43, 44]; H3K4me1 and H3K27ac, which are markers
of silent enhancers and correlate with transcription repression
[43, 45]; H3K27me3 and H3K36me3, which are involved in
extending transcription and maintaining genomic stability via
DNA mismatch repair [46, 47]; and H4K20me3 and
H3K9me3, which are post-translational modifications for
blocking gene expression [48, 49].The relationship between
APS and histone modifications is an area of ongoing research,
and the exact mechanisms are not yet fully understood.
However, research illustrates the involvement of epigenetic
mechanisms and related processes in the pathogenesis of auto-
immune disorders and vascular complications, which are rele-
vant to APS. Several studies have shown that EZH2 levels, an
epigenetic regulator that mediates H3K27me3 and modulates
DNA methylation, are increased in CD4þ T cells from
patients with lupus, and its overexpression causes hypomethy-
lation of F11-R, which encodes junctional adhesion molecule
A (JAM-A), resulting in increased expression of JAM-A asso-
ciated with increased leucocyte adhesion and migration [50];
overexpression of IFN-stimulated genes, contributing to the

overactivation of the IFN-I signalling pathway [51]; and
favours the formation of germinal centres by B cells, increas-
ing the humoral immune response [52]. Furthermore, Liu
et al. [53] showed that downregulation of UHRF1 (ubiquitin-
like with PHD and RING finger domains 1) leads to increased
BCL6 expression, a master regulator of T follicular helper
(Tfh) cells, by decreasing DNA methylation and H3K27me3
levels, promoting Tfh cell differentiation in vitro and in vivo.
These findings reveal that EZH2 inhibition and UHRF1 regu-
lation may be useful for the treatment of lupus and other au-
toimmune disorders, such as APS.

It has been demonstrated an increase in the expression of
HDAC9 (histone deacetylase 9) in monocytes stimulated with
specific aPL antibodies. HDAC9 can impact TLR signalling
and innate immunity influencing the development of athero-
sclerosis and metabolic disease [54].

Additionally, several unfavourable histone modifications in-
crease the adverse pregnancy outcomes in APS. Reduced peroxi-
some proliferator-activated receptor gamma (PPARc) delays
foetal growth via upregulating H3K4me3 and H3K9ac in the
formation of trophoblasts. Consequently, the administration of
the specific PPARc agonist ciglitazone represses H3K4me3 and
H3K9ac enrichment and protects against intrauterine growth re-
tardation [55]. Interestingly, H3K9me2 levels are increased in
peripheral blood during proper trophoblast differentiation, and
blocking H3K9me2 through the inhibitor of histone deacetylase
delays trophoblast differentiation [56].

Further research is needed to fully elucidate the specific his-
tone modifications involved in APS and their functional con-
sequences. Understanding the interplay between histone
modifications, epigenetic regulation and the pathogenesis of
APS may provide insights into potential therapeutic targets or
interventions for management of the condition.

Prospects and emerging opportunities in APS

research

Bioinformatics and high-throughput technologies play a signifi-
cant role in modern science, combining biology, computer sci-
ence and statistics to analyse complex biological data [57]. The
generation of data across various omics disciplines, including ge-
nomics, transcriptomics, proteomics and metabolomics, within
the context of APS, is profoundly enriching our understanding
and furthering the advancement of knowledge about this pathol-
ogy. Bioinformatics has played a crucial role in advancing our
understanding of APS by facilitating the analysis and interpreta-
tion of large-scale biologic data. Despite the limited availability
of extensive cohorts and datasets, it has contributed to the iden-
tification of genetic risk factors, the characterization of molecu-
lar pathways, the discovery of biomarkers and the development
of predictive models for APS [17, 27, 58].

Machine learning has the potential to revolutionize bio-
medicine by improving disease diagnosis, accelerating drug
discovery, enabling personalized medicine, advancing medical
imaging analysis and enhancing healthcare decision making
[59–63]. Through comprehensive integration of molecular
data with thorough clinical characterization, these models
possess the potential to address crucial clinical requirements
in APS. This encompasses the identification of novel patho-
logical pathways and therapeutic targets, patient stratification
based on distinctive molecular and clinical profiles, character-
ization of the pathological mechanisms associated with aPLs
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and the discovery of novel biomarkers for diagnosis, progno-
sis and therapy response (Fig. 2).

Further evolution in cutting-edge technologies, enhanced
computational methodologies, refined data analysis algo-
rithms and strengthened interdisciplinary collaborations will
undoubtedly facilitate the revelation of previously hidden fac-
ets of this pathology. Consequently, this will play a pivotal
role in laying the groundwork for the advancement of preci-
sion medicine in the context of APS.

Conclusions

The advancement of new technologies and bioinformatics tools
has significantly enhanced our understanding of APS pathology.
As a result, new therapeutic targets have emerged, such as the
role of the IFN pathway in the disease. Moreover, integrating
analysis across different molecular levels can prove effectiveness
in stratifying patients based on key clinical features. While there
is a current lack of epigenetics studies, there are some promising
insights that suggest epigenetic mechanisms may play a crucial
role in the development and progression of APS.

Numerous studies have demonstrated that aPL have a direct
impact on immune system cells and vascular endothelium,
both in in vivo contexts and in vitro experiments, contributing
to various alterations. Nevertheless, it is possible that additional
comorbidities or independent/interrelated pathological

mechanisms may also influence the development of diverse clini-
cal manifestations associated with this disease, and further re-
search is needed to fully characterize these aspects.

To further improve our understanding and management of
APS, utilizing novel omic technologies in large cohorts of
patients with purified cell types as well as conducting indepen-
dent validation studies will be essential. Additionally, employing
integrated computational tools based on machine learning meth-
odologies could open up new avenues for research and patient
care in APS. By leveraging these approaches, the scientific com-
munity can potentially revolutionize how we approach the dis-
ease and improve patient outcomes.
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