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Abstract

Purpose of Review This review highlights recent advances in single-cell analysis technologies and their application in clari-
fying the cellular and molecular complexity of atherosclerosis, redefining our understanding of vascular biology and immune
cell functioning within the atherosclerotic plaque.

Recent Findings Single-cell RNA sequencing (scRNA-seq), single-cell ATAC-seq, and spatial transcriptomics have revealed
an unforeseen diversity of immune and vascular cell states in human and experimental prototypes of atherosclerosis. These
techniques have led to the finding of novel macrophage and smooth muscle cell (SMC) phenotypes, distinct endothelial
dysfunction signatures, and oligoclonal T cell populations. By integrating transcriptomic, epigenomic, proteomic, and spa-
tial data, researchers have clarified key mechanisms of disease progression and identified cell-specific molecular pathways
responsive to targeted therapy.

Summary Single-cell methods are changing our understanding of atherosclerosis by determining the heterogeneity, plastic-
ity, and functional states of plaque-resident cells. These understandings contribute for the development of novel biomarkers,
precision diagnostics, and targeted immunomodulatory strategies, with the ultimate goal of improving risk stratification and
personalized treatment in atherosclerotic cardiovascular disease.

Keywords Atherosclerosis - Single-cell RNA sequencing (scRNA-seq) - Spatial transcriptomics - Cellular
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Abbreviations EndMT Endothelial-to-mesenchymal transition

scRNA-seq  Single-cell RNA sequencing ILCs Innate lymphoid cells

SMC Smooth muscle cell NIRF Near-infrared fluorescence

scATAC-seq Single-cell ATAC-seq PVAT Perivascular adipose tissue

ECs Endothelial cells

Tregs Regulatory T cells
Introduction: a New Era in Atherosclerosis
Research
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have significantly deepened our understanding of the mech-
anisms underlying atherosclerotic pathogenesis [3].

The limited access to substantial human atherosclerotic
tissue constrains a comprehensive understanding of the
functional and biological state of individual cell popula-
tions. This limitation reduces our ability to fully characterize
cellular heterogeneity, rare cell types, and dynamic pheno-
typic transitions happening through plaque progression and
regression [4]. The advent of single-cell omics technologies
— particularly scRNA-seq, single-cell ATAC-seq (scATAC-
seq), and spatially resolved transcriptomics — has transfig-
ured cardiovascular research by allowing unbiased profiling
of individual cells within diseased tissues (Table 1). These
technologies provide high-resolution maps of the cellular
architecture of atherosclerotic plaques, yielding unprece-
dented insight into pathogenic mechanisms and therapeutic
opportunities [5].

Advances in Single-cell and Spatial
Technologies

Single-cell Transcriptomics and Epigenomics

Among emerging technologies, scRNA-seq allows the
high-resolution profiling of thousands of individual cells,
revealing their gene-expression programs in an unbiased
and systematic manner. In atherosclerosis, scRNA-seq has
uncovered previously unknown subtypes of macrophages,
SMCs, endothelial cells (ECs), and T cells, each with poten-
tially distinct roles in inflammation, lipid metabolism, and
matrix remodeling. These findings challenge conventional

Table 1 Key single-cell and spatial transcriptomic technologies used
in atherosclerosis research. These technologies enable detailed charac-
terization of cellular heterogeneity, regulatory mechanisms, and spatial
organization within atherosclerotic plaques [39]

Technology Primary output Applications in
atherosclerosis

scRNA-seq Gene expression at Identify cell subtypes
single-cell level and states

scATAC-seq Chromatin accessibil- Map regulatory regions
ity per cell and TF networks

CITE-seq mRNA and protein Link transcriptomics
expression with surface phenotype

Spatial Spatial gene expres-  Preserve tissue context

Transcriptomics sion in tissue sections and map interactions

scRNA-seq Single-cell RNA sequencing — measures gene expres-
sion at the single-cell level; scATAC-seq; Single-cell Assay for
Transposase-Accessible Chromatin using sequencing — identifies
chromatin accessibility per cell; CITE-seq Cellular Indexing of
Transcriptomes and Epitopes by sequencing — simultaneously cap-
tures mRNA and surface protein expression; 7F Transcription fac-
tor — proteins that regulate gene expression; Spatial Transcriptomics:
Technique to quantify gene expression while preserving spatial tis-
sue architecture
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categorizations and point to a previously unsuspected
degree of cellular heterogeneity and dynamic cellular inter-
actions [6].

Additionally, scATAC-seq generates important regula-
tory maps. This technique provides knowledge on chroma-
tin accessibility, offering insight into regulatory elements,
enhancer-promoter interactions, and the activity of tran-
scription factors. When applied to atherosclerotic tissues,
scATAC-seq has confirmed key epigenetic regulators of
lineage reprogramming, such as KLF4 and TCF21, which
control SMC plasticity and macrophage activation [7]. Such
gene regulatory networks are critical patterns for under-
standing gene regulation and the intricate interactions that
drive biological processes. Recent advances have high-
lighted the potential of integrating scATAC-seq to scRNA-
seq in offering unprecedented insights into how chromatin
accessibility plays an important part in gene regulation and
its role in pathological transitions [8].

Multiplexed Protein and Multimodal Profiling

Multiplexed imaging plataforms such as Imaging Mass
Cytometry (IMC), CODEX, and Phenocycler allow simul-
taneous detection of dozens of protein markers. These tools
enhance immune phenotyping and validate transcriptional
data. Emerging single-cell multi-omics technologies have
evolved to integrate multiple molecular modalities simul-
taneously, encompassing the transcriptome, genome, epig-
enome, epitranscriptome, proteome, and metabolome.
These techniques bridge the gap between transcriptomic
and proteomic data enhancing cell state resolution and facil-
itate better functional annotation of immune and vascular
cell populations [9, 10].

Recent progresses in technologies, like REAP-seq and
ECCITE-seq, allow simultaneous measurement of proteins
and mRNAs in single cells. Hopefully, molecular data on
clonotype information (e.g., T-cell receptor (TCR) / B-cell
receptor (BCR) sequences, perturbations (e.g., CRISPR-
based screens), or protein secretion are obtained [11]. These
capabilities expand the scope of single-cell analysis from
observational to mechanistic studies, potentially accelerat-
ing drug discovery and biomarker elaboration. The diver-
sity of TCRs and BCRs underpins the adaptive immune
system’s ability to recognize and respond to a wide array
of antigens. Recent advancements in RNA sequencing have
expanded its application beyond transcriptomics to include
the analysis of immune repertoires, enabling the exploration
of TCR and BCR sequences across various physiological
and pathological contexts, such as atherosclerosis [12].
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Spatial Omics

A critical limitation of dissociative single-cell techniques is
the loss of spatial context, which obscures the spatial rela-
tionships between cells and their microenvironment. Spa-
tial transcriptomics overcomes this drawback by preserving
tissue architecture while allowing high-resolution gene
expression outlining. This methodology provides a more
integrated view of cellular heterogeneity, intercellular inter-
actions, and tissue architecture [13].

Spatial transcriptomics technologies can be broadly cate-
gorized into sequencing based and probe-based approaches.
While sequencing based platforms such as Visium
(10 x Genomics), Stereo seq (BGI), and Aviti (Element Bio-
sciences) enable transcriptome wide profiling with high sen-
sitivity, they often lack single cell or subcellular resolution,
limiting their ability to precisely map cellular interactions
within complex tissues.

In contrast, probe-based platforms such as Xenium
(10 x Genomics), CosMx SMI (NanoString), and MER-
SCOPE (Vizgen) offer subcellular resolution and enable
highly multiplexed detection of targeted transcripts, mak-
ing them particularly well suited for dissecting the spatial
organization of cell states and interactions within the tissue
microenvironment.

When applied to atherosclerotic plaques and perivascular
regions, these high-resolution imaging tools allow detailed
characterization of cellular heterogeneity — such as macro-
phage-rich necrotic cores or endothelial clusters undergo-
ing endothelial-to-mesenchymal transition (EndMT) — and
how they are spatially distributed and engage in paracrine
signaling, identification of rare or novel cell states, and spa-
tial mapping of receptor—ligand interactions. Such analyses
can uncover key mechanistic pathways involved in disease
progression and immune modulation in atherosclerosis [14,
15].

Spatial proteomics is a multidimensional technique that
studies the spatial distribution and function of proteins
within cells or tissues across both spatial and temporal
dimensions. This approach complements transcriptomic data
and allows for the direct visualization of protein expression
within intact tissue sections, providing insights into the cel-
lular and molecular organization of atherosclerotic plaques.
Compared to transcriptomics, protein markers are more sta-
ble and better defined for immune cell phenotyping, which
is particularly important in the inflamed and heterogeneous
environment of atherosclerosis. This consideration makes
spatial proteomics a more robust approach for identifying
and classifying immune and stromal populations involved
in plaque progression and remodeling.

In addition to functional profiling, spatial proteomics
plays a critical role in cell segmentation. The use of

membrane and nuclear markers enables accurate definition
of single-cell boundaries, which is essential for generating
high-quality single-cell spatial datasets. Proper segmenta-
tion ensures that molecular signals are assigned to the cor-
rect cell, which is crucial for downstream analyses such as
cell—cell interaction mapping and neighborhood analysis.

While spatial transcriptomics provides broader coverage
of gene expression, spatial proteomics offers higher spatial
resolution and improved accuracy in defining cell types and
states. In the context of atherosclerosis, where immune infil-
tration, endothelial dysfunction, and smooth muscle plas-
ticity occur in highly organized microenvironments, spatial
proteomics provides a more precise and functionally rel-
evant view of the cellular landscape driving disease. Com-
bining scRNAseq data and spatial transcriptomics enable
the generation of high-resolution maps of human athero-
sclerotic plaques [1].

Future Directions in Spatial Analyses

Single-slide spatial multiomics enables the simultaneous
analysis of RNA and protein expression within the same
tissue section, preserving spatial context while integrating
molecular modalities. This approach enhances cell type
annotation by leveraging the stability and specificity of
protein markers for accurate segmentation, particularly in
immune and vascular cells. Once cells are segmented and
classified based on proteomic data, transcriptomic profiles
can be used to reveal transcriptional heterogeneity and
functional states within each population. In the context
of atherosclerosis, this strategy is powerful, allowing the
identification of distinct immune and stromal subsets and
enabling the reconstruction of cell-cell communication net-
works. The ability to assign molecular identity and inter-
action potential within the same spatial framework makes
single slide multiomics a pivotal tool for elucidating the
cellular architecture and signaling landscapes of complex
tissue microenvironments.

Revisiting the Cellular Players in
Atherogenesis

Relative proportions of major cell types within atheroscle-
rotic plaques, as revealed by single-cell analysis, highlight
macrophages and smooth muscle cells as predominant pop-
ulations (Fig. 1).

Macrophages: a Spectrum of Inflammatory States

Macrophages are highly adaptable immune cells capable of
responding dynamically to diverse environmental signals.

@ Springer
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Fig. 1 Cellular composition in atherosclerotic
plaques. This pie chart illustrates the relative
proportions of major cell types present in athero-
sclerotic plaques based on single-cell analysis.
The dominant populations include macrophages,
which play a central role in inflammation, lipid
uptake, foam cell formation, efferocytosis, and
smooth muscle cells, key contributors to plaque
structure and stability and transdifferentiation.

T cells represent the adaptive immune response |
within the lesion and pro- and anti-inflammatory

cytokine release. Fibroblasts and endothelial cells \
are involved in extracellular matrix remodel-

ing and vascular integrity as well as leukocyte
recruitment, respectively. Other immune cells,
such as B cells, dendritic cells, mast cells and NK
cells, constitute a smaller but relevant component
of the immune microenvironment within plaques
[37,38]

Endothelial Cells

They are essential in maintaining local homeostasis, coordi-
nating immune responses, enabling tissue repair, and, under
certain conditions, contributing to disease pathogenesis
such as in atherosclerosis [1]. Macrophages are central to
atherogenesis, contributing to lipid uptake, inflammation,
efferocytosis, and arterial remodeling. Single-cell profiling
has dismantled the binary M1/M2 classification, revealing
instead a spectrum of transcriptionally distinct macrophage
subsets. These include pro-inflammatory macrophages
expressing IL1J and NLRP3, lipid-laden foam cells marked
by TREM2 and CD9, and reparative macrophages with
high expression of anti-inflammatory genes like MRC1 and
ARGI [16].

In both human and murine atherosclerotic plaques,
TREM2+foam cell macrophages represent a conserved,
disease-associated cellular population involved in lipid
handling and phagocytosis. Other subsets specialize in anti-
gen presentation (expressing MHC-II genes), iron handling
(SPIC+), or extracellular matrix degradation (MMP9+).
Their relative abundance and functional activity appear to
correlate with atherosclerotic disease stage and clinical out-
comes [17].

T Cells: Expanded Clonotypes and Functional
Diversity

T lymphocytes infiltrate plaques and modulate inflammation
by means of cytokine secretion and cell—cell interactions
[18]. Single-cell analyses, coupled with TCR sequenc-
ing, have confirmed oligoclonal expansions of CD8+and
CD4+T cells, suggesting chronic antigen-driven inflamma-
tory responses within the arterial wall. These T cells express
markers of exhaustion (PD-1, LAG3) and cytotoxicity
(GZMB, PRF1), and some appear to be tissue-resident [19].

@ Springer

Fibroblasts

Other
Immune Cells

Monocytes / Macrophages

Smooth Muscle Cells

Regulatory T cells (Tregs), described by FOXP3 expres-
sion, play a crucial anti-inflammatory role but are often
functionally compromised or numerically reduced in high-
risk plaques. Th1 and Th17 subsets, producers of IFN-y and
IL-17 respectively, determine pro-inflammatory pathways
and associate with plaque instability. Spatial analyses sug-
gest that T cells localize preferentially near macrophages,
suggesting direct immunomodulatory crosstalk [19].

Endothelial Cells: from Quiescence to Mesenchymal
Transition

Endothelial cells pave the vascular lumen and act as “gate-
keepers” of vascular homeostasis. In atherosclerosis, ECs
undergo structural and functional modifications in response
to impaired flow, oxidative stress, and inflammation. Recent
studies have provided a detailed single-cell atlas of ECs
with description of EC subtypes with disparity expression of
adhesion molecules (VCAMI1, ICAM1), angiogenic media-
tors (ANGPT2, VEGFA), and markers of endothelial-to-
mesenchymal transition (EndMT), such as SNAI1, ZEB2,
and ACTA2 [20].

Importantly, EndMT is being acknowledged as a con-
tributor to plaque fibrosis and calcification. It represents a
pathological transdifferentiation of ECs into mesenchymal-
like cells with reduced barrier function and increased matrix
production. Targeting EndMT actions may offer a therapeu-
tic approach to restore endothelial function [21].

Smooth Muscle Cells: Phenotypic Modulation and
Plasticity

SMCs exhibit considerable phenotypic plasticity in athero-
sclerosis. Lineage-tracing studies have demonstrated that
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medial SMCs can lose contractile markers (e.g., MYHII,
ACTAZ2) and assume macrophage-like, osteogenic, or fibro-
blast-like identities. These transitions are supervised by
transcriptional regulators such as KLF4, OCT4, and TCF21,
and can have both protective and deleterious consequences
depending on context [22, 23].

For instance, fibromyocyte-like SMCs contribute to the
fibrous cap and plaque stability, while macrophage-like
SMCs may exacerbate inflammation and lipid retention.
Understanding the signals and regulators of SMC destiny
outcomes may prove critical to formulating therapies that
stimulate plaque stabilization [24].

Adventitia and Perivascular Adipose Tissue

While usually unnoticed, the adventitia and perivascular
adipose tissue (PVAT) are gradually valued as immuno-
logically active compartments [25]. Single-cell profiling of
these sections has identified resident dendritic cells, fibro-
blast subsets, and innate lymphoid cells that secrete cyto-
kines and influence vascular inflammation [26].

Adventitial fibroblasts may attend as progenitors for
myofibroblasts or SMC-like cells, contributing to vascular
remodeling. PVAT, depending on its phenotype (brown vs.
white-like), can promote anti- or pro-inflammatory effects
through adipokine secretion, inducing systemic metabolism
and local inflammation [27]. The adventicia also harbors
connections with the nervous system, a subject of much
recent interest [28].

Cell-cell Communication and Regulatory
Networks

The dynamic performance of cells within plaques is coordi-
nated by a complex intercellular communication. Computa-
tional tools such as CellPhoneDB, NicheNet, and CellChat
analyze single-cell data to deduce ligand-receptor interac-
tions between cell types. These analyses have reaffirmed
important cell communications — such as CCL2-CCR2,
TNF-TNFRSF1A, and CD40-CD40LG — implicated in leu-
kocyte recruitment, activation, and endurance [29].

Macrophage-T cell crosstalk modulates effector
responses and immune frontier expression. ECs and
SMCs interact through Notch and TGF-f signaling,
prompting phenotypic transitions and fibrotic remodel-
ing. Mapping these networks offers targets for therapeu-
tic interruption of pathogenic loops or for improvement
of protective circuits [30].

Translational Implications and Clinical
Relevance

Biomarkers of Risk and Disease Activity

Single-cell signatures are being investigated as diagnos-
tic and prognostic biomarkers. For example, detection of
circulating monocytes with transcriptional profiles resem-
bling inflammatory plaque macrophages may reflect active
disease. Similarly, plasma-derived extracellular vesicles
or cell-free RNA with single-cell-informed markers could
serve as minimally invasive biomarkers [31]. Importantly,
incorporating these molecular biomarkers with advanced
non-invasive imaging modalities — such as ultra-high-res-
olution computed tomography — may significantly improve
the early detection and monitoring of coronary atheroscle-
rotic plaque formation and progression [32, 33].

Targeted and Inmunomodulatory Therapies

Cell-specific targets revealed by single-cell profiling offer
a beginning for precision therapies. These include mono-
clonal antibodies or small molecules targeting pro-inflam-
matory macrophage pathways (e.g., IL-1B, NLRP3), SMC
transition regulators (KLF4), or T cell checkpoints (PD-1,
CTLA-4), or innate danger signals such as CD47, oxidized
LDL, and reactive oxygen species [34]. Approaches that
expand Treg populations or promote reparative macrophage
phenotypes are under investigation [35].

Integration with Imaging: Precision Risk
Stratification

Merging high-resolution coronary imaging (e.g., opti-
cal coherence tomography, photon-counting coronary
CT angiography) with single-cell insights permits bet-
ter characterization of vulnerable plaques. Imaging of
immune cell infiltration or molecular markers, informed
by spatial omics findings, could improve precise risk
stratification and therapeutic decision-making [31, 36].

Challenges and Future Directions for Single-cell
Analysis in Atherosclerosis

Despite transformative progress and expansion, several
challenges persist [1]:

Standardization: Proper organization of single-cell
protocols, quality control procedures, and analytical
workflows are crucial for ensuring reproducibility
and minimizing batch effects that complicate data
integration.

@ Springer
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Clinical integration: Linking the gap between ex-
perimental information and clinical efficacy requires
validation in large, prospective cohorts.
Longitudinal data: Time-course single-cell profil-
ing during disease progression or treatment response
are essential to identify atherosclerotic pathogenetic
mechanisms.

Real-time imaging: Advance of in vivo single-cell
imaging transcriptomics would facilitate translation
into interventional cardiology.

Cost and accessibility: Prevalent clinical acceptance
requires cost-effective platforms and simplified road-
maps suitable for routine diagnostics.

Conclusion

Advances in single-cell and spatial omics have unshared
a new era in cardiovascular research. By unraveling the
intricate cellular landscape of atherosclerotic lesions,
these tools provide unparalleled insights into disecase
mechanisms, cellular plasticity, and intercellular com-
munications. The integration of multi-omic, spatial,
and imaging data is laying the basis for a future of per-
sonalized, precision-based cardiovascular medicine.
Continued technological innovation and collaborative
translational research will be essential to completely
realize their clinical potential.
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