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Abstract

Atherosclerotic cardiovascular disease (ASCVD) remains a leading cause of death worldwide. Accumulating evidence has established
ASCVD as a lipid-driven chronic inflammatory disease in which the functional heterogeneity of immune cell subsets plays a pivotal role
in plaque development and stability. This review systematically summarizes the dynamic immune microenvironment in atherosclerosis,
moving beyond static cell categorization to explicitly link immune heterogeneity to the major stages of disease progression: lesion initia-
tion, necrotic core expansion, fibrous cap weakening, and thrombotic complications. We further describe the continuous phenotypic shifts
of key immune populations, particularly the transition of macrophages into specialized lipid-handling states and the context-dependent
roles of distinct T-cell, B-cell, and innate immune cell subsets. By integrating recent advances in single-cell transcriptomics, we highlight
how local molecular networks, cellular crosstalk, and impaired clearance of apoptotic cells govern plaque vulnerability. Furthermore,
we critically evaluate spatiotemporal variations across vascular territories and the complex clinical implications of immune checkpoint
regulation. Finally, this review discusses current barriers to clinical translation and explores the therapeutic potential of precision im-
munomodulatory strategies, aiming to bridge the gap between basic immunological mechanisms and targeted cardiovascular therapies.
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1. Introduction immune microenvironment and explicitly map the func-
tional plasticity of specific immune subsets to the ma-
jor stages of atherosclerotic disease—from lesion initia-
tion to plaque destabilization. By integrating these com-
plex immune networks into a coherent pathobiologic frame-
work, we aim to highlight the therapeutic potential of preci-
sion immunomodulatory strategies in stabilizing vulnerable

plaques and mitigating ASCVD complications.

Atherosclerotic cardiovascular disease (ASCVD), pri-
marily manifesting as ischemic heart disease and stroke,
remains a leading cause of mortality and presents a sub-
stantial global health burden [1]. Despite optimal standard-
of-care treatments, patients continue to face major clini-
cal challenges, including residual cardiovascular risk, treat-
ment resistance, and high rates of disease recurrence. These
challenges underscore the limitations of focusing solely on
traditional lipid-lowering therapies and highlight the urgent
need to address the underlying pathobiology of the vascular
wall.

2. Atherosclerotic Immune
Microenvironment: Inflammation,
Infiltration, and Immunometabolism

Accumulating evidence has definitively established 2.1 Immunopathologic Basis of Vascular Inflammation

atherosclerosis as a lipid-driven chronic inflammatory dis-
ease. Recent technological advancements, particularly
in single-cell transcriptomics and spatial profiling, have
shifted the research paradigm by revealing the profound

Atherosclerosis is recognized as a lipid-driven chronic
inflammatory response characterized by the accumulation
of lipids and immune cells within the arterial wall [3]. As
the understanding of the disease has evolved from a “lipid-

functional heterogeneity of immune cell subpopulations
within the plaque microenvironment. The dynamic infiltra-
tion and phenotypic plasticity of these innate and adaptive
immune cells serve as the core biological drivers of chronic
vascular inflammation [2].

Therefore, elucidating this immune cell heterogene-
ity is essential for bridging basic mechanistic insights with
clinical translation [1]. The objective of this review is to
systematically evaluate the evolving characteristics of the

deposition” model to an “immune-microenvironment”
framework, the functional heterogeneity of immune sub-
sets has emerged as the primary driver of disease progres-
sion [4]. Within the plaque, specialized subsets, such as
secreted phosphoprotein 1 (SPP1)" macrophages, activate
the nuclear factor kappa B (NF-«kB) pathway via osteopon-
tin (OPN) signaling, secreting pro-inflammatory cytokines
including interleukin-6 (IL-6), tumor necrosis factor al-
pha (TNF-a), and C-C motif chemokine ligand 2 (CCL2)
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[5]. These factors induce vascular smooth muscle cells
(VSMCs) to transition from a contractile to a synthetic
phenotype, promoting pathological proliferation and ma-
trix remodeling. This paracrine crosstalk creates a self-
amplifying inflammatory loop between immune cells and
the vascular wall cells.

2.2 Dynamics of Immune Infiltration Across Disease
Stages

High-resolution single-cell analysis reveals that im-
mune infiltration is a highly dynamic process, with the com-
position and functional state of immune cells shifting as le-
sions progress.

e Lesion Initiation: Early stages are dominated by the
recruitment of classical monocytes and their differentiation
into macrophages [6].

o Progression and Necrotic Core Expansion: As lipids
accumulate, macrophages transition into specialized lipid-
associated macrophage (LAM) states. The expansion of the
necrotic core is driven by defective efferocytosis, while the
accumulation of cholesterol crystals and cell-free DNA ac-
tivates the NLR family pyrin domain-containing 3 (NLRP3)
inflammasome and cyclic GMP-AMP synthase—stimulator
of interferon genes (cGAS—STING) pathways [7,8].

e Plaque Destabilization: Vulnerable plaques are char-
acterized by an influx of cytotoxic CD8" T cells (notably
Granzyme-K* and Perforin® populations) and neutrophils.
These cells promote fibrous cap weakening by inducing
VSMC apoptosis and secreting matrix metalloproteinases
(MMPs) [9,10].

e Thrombotic Complications: Rupture or erosion trig-
gers immunothrombosis, where Neutrophil Extracellular
Traps (NETs) and platelets form a scaffold for occlusive
thrombus formation [11].

Notably, current evidence suggests that the traditional
M1/M2 polarization model is insufficient to describe plaque
biology. Instead, macrophages exist along a continuous
phenotypic spectrum dictated by local metabolic and in-
flammatory cues [6,12].

2.3 Immuno-Metabolic Crosstalk and Microenvironment
Remodeling

The remodeling of the plaque microenvironment
is inextricably linked to immune-metabolic interac-
tions.  Macrophages and T cells undergo metabolic
reprogramming—favoring glycolysis in pro-inflammatory
states and fatty acid oxidation in anti-inflammatory
states—to adapt to the hypoxic and lipid-rich environment.
Metabolic enzymes and intermediates function as critical
signaling molecules that direct immune cell fate [13].
For instance, nutrient availability and lipid accumulation
trigger metabolic switches that amplify inflammatory
signaling [14]. Consequently, targeting these metabolic
checkpoints offers a promising avenue for stabilizing the
immune microenvironment and preventing plaque rupture

[15].

3. Macrophage Heterogeneity: Orchestrating
Lesion Evolution

Macrophages are the primary immune constituents
of atherosclerotic plaques, driving disease progression
through lipid processing, inflammatory signaling, and ma-
trix remodeling. Rather than existing in discrete binary
states, contemporary high-resolution evidence suggests that
macrophages occupy a multidimensional functional contin-
uum that evolves alongside the plaque microenvironment
[16,17].

3.1 Beyond the M1/M2 Paradigm: The Functional
Spectrum

While the traditional M1/M2 dichotomy provided an
early foundational framework, single-cell RNA sequenc-
ing (scRNA-seq) has revealed a more complex landscape
[17,18]. Macrophage phenotypes exist as a fluid contin-
uum, including specialized populations such as LAMs and
triggering receptor expressed on myeloid cells 2 (TREM2™)
subsets adapted to handle lipid overload [19]. The dis-
ease trajectory reflects a transition from early-stage home-
ostatic programs to advanced, maladaptive inflammatory
states. Understanding this plasticity is essential for devel-
oping precision therapies that target specific dysfunctional
states rather than broad immune suppression [20].

3.2 Monocyte Recruitment and VSMC Transdifferentiation

Lesion initiation is driven by the recruitment of cir-
culating monocytes, which differentiate into macrophages
in response to local cues such as oxidized low-density
lipoprotein (oxLDL) and chemokines [21]. Notably, the
macrophage pool is not derived solely from hematopoi-
etic sources; VSMCs exhibit significant plasticity, transd-
ifferentiating into “macrophage-like” cells that contribute
to the foam cell population and accelerate plaque growth
[22,23,24]. This tissue-specific differentiation is governed
by local hypoxia, lipid metabolites, and cellular crosstalk,
resulting in at least four distinct functional clusters within
advanced plaques [23,25].

3.3 The Multi-Layered Regulation of Foam Cell Formation

The transformation of macrophages into foam cells—
the hallmark of atherosclerotic progression—is regulated
by a synergistic network of lipid trafficking and metabolic
reprogramming [26]:

e Lipid Influx and Cytoskeletal Dynamics: oxLDL
internalization is mediated by scavenger receptors (CD36,
scavenger receptor class A (SR-A)). Recent evidence high-
lights the role of intracellular osteopontin (iOPN) in induc-
ing F-actin polymerization, which facilitates the membrane
trafficking of CD36/SR-A and enhances lipid uptake [5].

e Cholesterol Efflux and Reverse Transport: The
ATP-binding cassette transporter A1/G1 (ABCA1/ABCG1)
pathway, regulated by the peroxisome proliferator-
activated receptor gamma/signal transducer and activator
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of transcription 6 (PPARY/STAT®6) axis, serves as the pri-
mary antagonistic mechanism against lipid accumulation
[27].

e Metabolic and Epigenetic Control: Metabolic
shifts, such as protein phosphatase 1 regulatory sub-
unit 3B (PPP1R3B)-mediated glycogenolysis, provide
the energetic support required for cholesterol efflux
[27,28]. Concurrently, epigenetic modifications, specif-
ically N°-methyladenosine (m®A) methylation (e.g., via
methyltransferase-like 3 (METTL3) or fat mass and
obesity-associated protein (FTO)), modulate the stability of
transcripts related to polarization and lipid metabolism, di-
rectly influencing foam cell formation efficiency [25].

3.4 Efferocytosis, Necrotic Core Expansion, and Plaque
Stability

The transition from stable to vulnerable plaques is of-
ten marked by defective efferocytosis—the impaired clear-
ance of apoptotic cells. In the advanced stages, pro-
inflammatory signaling and oxidative stress downregu-
late phagocytic receptors like Mer receptor tyrosine kinase
(MerTK), leading to secondary necrosis and the expansion
of the necrotic core [29].

Furthermore, macrophage-derived signals directly in-
fluence the structural integrity of the fibrous cap. High-risk
SPP1hi macrophages activate the NF-kB pathway and se-
crete matrix metalloproteinases (e.g., MMP9), which de-
grade the extracellular matrix [27]. Simultaneously, these
cells produce cytokines that induce VSMCs to switch from
a contractile to a synthetic phenotype, leading to a thinner,
more rupture-prone fibrous cap [30]. Enhancing efferocy-
tosis and stabilizing macrophage-VSMC crosstalk through
pathways like PPARY activation represent critical strategies
for maintaining plaque stability [28].

4. T Cell Landscapes: Functional Plasticity
and Clinical Paradoxes

T cells are central coordinators of the adaptive im-
mune response in atherosclerosis. Their role evolves from
initial recruitment during fatty streak formation to the di-
rect induction of plaque rupture in advanced stages through
cytotoxic activity and cytokine-mediated destabilization
[31,32].

4.1 The Thi-Treg Axis: Orchestrating Chronic
Inflammation

The progression of atherosclerosis is characterized by
a shift in the CD4* T cell compartment toward a pro-
inflammatory Th1l dominance [33]. Driven by IL-12 and
interferon gamma (IFN-y), T-bet™ Thl cells exacerbate lo-
cal inflammation and promote macrophage activation [34].
Conversely, Foxp3™ regulatory T cells (Tregs) maintain
vascular immune tolerance; however, their homeostatic
role is often compromised in advanced lesions [35,36].
Clinical and preclinical data suggest that the Th17/Treg
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imbalance—rather than the presence of a single subset—
is positively correlated with plaque severity. This suggests
that the transition from stable to vulnerable lesions is dic-
tated by the failure of local immunosuppressive programs
to contain the Th1/Th17-driven response [37].

4.2 Cytotoxic CD8" T Cells and Fibrous Cap
Destabilization

CD8" T cells exhibit significant clonal expansion
within atherosclerotic plaques, particularly in advanced
stages. High-resolution scRNA-seq profiling has identi-
fied a distinct population of Granzyme-K* (GZMK™) and
Perforin® effector memory CD8" T cells that infiltrate the
fibrous cap [38]. These cells promote plaque instability
through two primary mechanisms:

e Direct Cytotoxicity:  Inducing apoptosis in
smooth muscle cells (VSMCs) and macrophages via
perforin/granzyme release [39,40].

e Paracrine Amplification: Secretion of IFN-y, which
suppresses collagen synthesis by VSMCs and polarizes
macrophages toward a maladaptive, pro-inflammatory
state. This cytotoxic infiltration is notably observed in aged
murine models and high-risk human plaques, marking the
transition from necrotic core expansion to imminent rupture
[37,40,41].

4.3 Innate-Like T Cells: yo T and NKT Cells

Non-classical T cells, including yd6 T and Natural
Killer T (NKT) cells, act as early sensors of the plaque mi-
croenvironment [42]. NKT cells recognize lipid antigens
presented by CD1d and can rapidly modulate the Th1/Th2
balance [43]. While scRNA-seq confirms their presence in
early fatty streaks, their role appears highly tissue-specific
and dependent on the local cytokine and lipid milieu. Their
rapid response suggests they serve as an “immunological
bridge” between innate lipid sensing and the recruitment of
the classical adaptive system [44].

4.4 The “Athero-Oncology” Paradox: Immune
Checkpoints

The translation of immune checkpoint research from
oncology to cardiovascular medicine has revealed a pro-
found biological trade-off. While the programmed cell
death protein 1/programmed death-ligand 1 (PD-1/PD-L1)
and T-cell immunoreceptor with immunoglobulin and ITIM
domains (TIGIT) pathways are essential for preventing T-
cell overactivation in the vascular wall, their inhibition
leads to rapid plaque progression. Clinical evidence from
a retrospective matched-cohort study indicates that patients
receiving immune checkpoint inhibitors (ICIs) have an ap-
proximately threefold higher risk of atherosclerotic car-
diovascular events, including myocardial infarction, coro-
nary revascularization, and ischemic stroke. In an imag-
ing substudy, ICI therapy was also associated with accel-
erated progression of atherosclerotic plaque [45]. This
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“Athero-Oncology” paradox underscores that vascular im-
mune tolerance is actively maintained by checkpoint sig-
naling; therefore, any future immunomodulatory strategy
must carefully balance systemic antitumor efficacy against
the risk of acute vascular destabilization [46,47].

5. B Cell Subsets: Bidirectional Regulators of
Vascular Homeostasis

B cells orchestrate the atherosclerotic landscape
through a balance of protective and pathogenic signals.
Their influence is mediated by subset-specific antibody pro-
duction and sophisticated crosstalk with the T-cell compart-
ment, evolving in complexity as the disease progresses from
early lipid deposition to acute thrombotic events [48].

5.1 The B1-B2 Dichotomy: Protective vs. Pro-Atherogenic
Signals

The functional heterogeneity of B cells is fundamen-
tally tied to their ontogeny and specific antibody profiles.

Protective B1 and Marginal Zone B (MZB) Cells: Pre-
dominantly appearing in the early stages of lesion initia-
tion, B1 cells secrete natural IgM antibodies that recognize
oxidation-specific epitopes (OSEs) on oxLDL [49]. This
neutralizing effect inhibits lipid uptake by macrophages and
attenuates early inflammatory signaling. Similarly, MZB
cells provide a protective layer, with their abundance in-
versely correlated with coronary artery disease severity in
clinical cohorts [50].

Pro-atherogenic B2 and CD11c" Subsets: In contrast,
follicular B2 cells drive plaque progression by undergo-
ing class-switch recombination to produce immunoglob-
ulin G (IgG) and IgE [51]. These antibodies facilitate
the activation of the classical complement pathway and
exacerbate vascular endothelial damage. Notably, age-
associated CD11¢" B cells significantly expand in advanced
atherosclerosis, a process tightly linked to increased plaque
burden and systemic inflammation [52].

5.2 Regulatory B Cells (Bregs) and Immune Tolerance

Bregs function as essential checkpoints to prevent ex-
cessive vascular inflammation. A distinct human memory
B-cell subset (CD197CD247CD27") has been identified to
express high levels of TIGIT, which directly suppresses T-
cell overactivation [53]. Bregs maintain immune homeosta-
sis by secreting IL-10 and IL-4, the latter of which promotes
a transition toward pro-resolving macrophage phenotypes
[54]. In advanced metabolic stress, the follicular regula-
tory T (TFR) cell-Breg regulatory axis (comprising follic-
ular regulatory T cells and Bregs) acts as a critical buffer,
attempting to stabilize the immune microenvironment even
as lipid-driven triggers intensify [55,56].

5.3 Pathological Antibody Dynamics and
Immunothrombosis

B-cell-derived antibodies exhibit distinct spatiotem-
poral dynamics that influence plaque stability. While B1-

derived IgM provides systemic protection, splenic B2-
derived IgG antibodies have been shown to accumu-
late abnormally within plaques following myocardial in-
farction (MI) [51]. This accumulation accelerates post-
ischemic atherosclerosis progression—a process confirmed
in activation-induced cytidine deaminase (AID)-deficient
mice, where the absence of IgG class-switching limits
plaque expansion despite persistent hypercholesterolemia
[57]. Beyond inflammation, these antibodies can mediate
complement-dependent cytotoxicity, further weakening the
structural integrity of the vascular wall and predisposing the
plaque to rupture [58].

5.4 B-T Cell Crosstalk and Germinal Center Responses

The progression of chronic vascular inflammation is
sustained by a functional interactive network between B and
T cells [59].

e Antigen Presentation: B cells act as professional
antigen-presenting cells (APCs), utilizing their B-cell re-
ceptors (BCR) to internalize OSEs and activate T cells
through major histocompatibility complex class II (MHC-
1) presentation [57].

e The Tfh-B2 Axis: In the germinal centers of the
spleen and perivascular tertiary lymphoid structures, the in-
teraction between Follicular Helper T (Tth) cells and B2
cells drives the production of high-affinity autoantibodies
[60,61].

e Innate-Adaptive Integration: B-cell activation
via Toll-like receptors (TLRs)—specifically through the
myeloid differentiation primary response 88 (MyD88) sig-
naling pathway—synergistically amplifies T-cell recruit-
ment. Conversely, specialized recruitment via the C-C
chemokine receptor type 6 (CCR6) receptor on B1 cells en-
sures a steady supply of natural IgM to the vascular intima,
providing a continuous feedback loop that modulates the
intensity of the adaptive T-cell response [40,61,62].

6. Emerging Regulators: Bridging Innate
Sensing and Plaque Rupture

Beyond the classical macrophage and lymphocyte
axes, specialized innate populations—including dendritic
cells, neutrophils, mast cells, and innate lymphoid cells—
function as critical sensors and effectors that dictate the
tempo of vascular inflammation [63,64,65].

6.1 Dendritic Cells: The Initiation Bridge

Dendritic cells (DCs) serve as the primary hub con-
necting innate lipid sensing to adaptive T-cell responses.
During lesion initiation, DCs recognize atherosclerosis-
related autoantigens (such as aldehyde dehydrogenase 4
family member A1 (ALDH4A1)) and regulate the bal-
ance between immune tolerance and activation. While
tolerogenic DCs (TolDCs) maintain homeostasis by in-
ducing Treg expansion and secreting IL-10, the hyper-
cholesterolemic microenvironment drives DC maturation
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[32]. Mature DCs highly express costimulatory molecules
(CD80/CD86) and secrete IL-6 and IFN-y, effectively
“priming” the vascular wall for chronic adaptive infiltration
[66,67].

6.2 Neutrophil NETosis and Immunothrombosis

Neutrophils contribute to plaque destabilization and
thrombotic complications through the release of NETs
[68]. This process, known as NETosis, promotes pathology
through two distinct axes:

e Structural Damage: Histone-mediated cytotoxicity
directly injures vascular endothelial cells and VSMCs, ac-
celerating the expansion of the necrotic core [69].

o Inflammatory Amplification: NETs act as scaffolds
that recruit monocytes and amplify local cytokine release
[70].

Evidence Priority: While the role of NETs in plaque
rupture is well-established, the existence of a circulating
APC-like neutrophil subset represents an emerging area of
research. These cells, characterized by upregulated MHC-
IT and costimulatory molecules, suggest that neutrophils
may also contribute to the adaptive immune dialogue in
high-risk patients [69].

6.3 Mast Cells: Effectors of Fibrous Cap Weakening

Mast cells (MCs) are primarily associated with the ad-
vanced stages of plaque vulnerability. Accumulating in the
plaque shoulders and adventitia, activated MCs undergo
degranulation in response to local stress or immunoglob-
ulin E-high-affinity IgE receptor I (IgE-FceRI) signaling
[69,71]. This release of potent proteases—specifically
tryptase and chymase—degrades the extracellular matrix
and activates MMPs, directly weakening the fibrous cap.
Clinical correlations confirm that MC infiltration density
peaks at sites of plaque rupture, identifying MC degranu-
lation as a terminal event in the transition from stable to
vulnerable lesions [69,72].

6.4 Innate Lymphoid Cells (ILCs): Exploratory Regulators

ILCs represent a rapid-response system typically in-
volved in mucosal homeostasis [73]. In atherosclerosis,
ILC subsets (ILC1, ILC2, and ILC3) are thought to mod-
ulate the early inflammatory microenvironment through
the secretion of IFN-y, IL-5/IL-13, and IL-22, respectively
[74].

Critical Insights: Despite single-cell multi-omics con-
firming their presence in human carotid plaques, direct
causal evidence linking specific ILC subsets to human
plaque progression remains preliminary [69,74]. Current
hypotheses suggest they function as “sentinels” that influ-
ence early immune cell recruitment and endothelial func-
tion before the establishment of a robust adaptive response
[3.4,75].
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7. Integrated Molecular Networks:
Orchestrating the Immune Dialogue

The progression of atherosclerosis is driven by a so-
phisticated molecular network where cytokines, metabolic
intermediates, and epigenetic modifications converge to
dictate immune cell fate and plaque stability [76].

7.1 Spatiotemporal Signaling: Cytokine and Chemokine
Cascades

The immune landscape of the plaque is shaped by a
hierarchy of soluble mediators. Early recruitment is gov-
erned by chemokines (e.g., CCL2, CX3CL1) that guide
monocyte and T-cell infiltration via receptors such as CCR2
and CX3CRI1 [14]. Once established, pro-inflammatory cy-
tokines like TNF-a and IL-1f initiate a self-amplifying cas-
cade, inducing endothelial activation and further leukocyte
recruitment [77]. This network is further modulated by im-
mune checkpoints (e.g., PD-1/PD-L1, TIGIT), which serve
as critical rheostats; their dysfunction or therapeutic inhibi-
tion disrupts the balance of immune tolerance, leading to the
rapid conversion of stable lesions into high-risk, vulnerable
plaques [78,79,80].

7.2 Innate Sensing: PRRs and Inflammasome Activation

Pattern recognition receptors (PRRs) act as the pri-
mary sensors for “danger signals” within the necrotic core.
Toll-like receptors (notably TLR4) recognize damage-
associated molecular patterns (DAMPs) such as oxLDL and
heat shock proteins, triggering the NF-xB and mitogen-
activated protein kinase (MAPK) pathways to drive pro-
inflammatory gene expression [81]. Crucially, the NLRP3
inflammasome integrates multiple stress signals, includ-
ing cholesterol crystals and mitochondrial reactive oxygen
species (ROS). Its activation leads to the proteolytic mat-
uration of IL-1P and IL-18, directly promoting vascular
wall injury and plaque instability [82]. The targeting of
this TLR-NLRP3-IL-1 axis currently represents one of the
most promising avenues for precision immunomodulation
in ASCVD [83,84].

7.3 The Immuno-Metabolic Hub and Phenotypic Plasticity

Immune cell function is inextricably linked to cellu-
lar metabolism. In the oxygen-deprived and lipid-rich en-
vironment of the plaque, macrophages and effector T cells
undergo metabolic reprogramming, shifting toward aerobic
glycolysis to support rapid cytokine production [85]. This
“metabolic switch” is not merely an energetic adaptation
but a regulatory mechanism; metabolic intermediates them-
selves function as signaling molecules that reinforce the
pro-inflammatory state [14]. Conversely, pathways such
as liver X receptor/retinoid X receptor (LXR/RXR) signal-
ing attempt to maintain homeostasis by coupling cholesterol
efflux with the suppression of inflammatory genes [14].
The failure of this metabolic-immune axis is a fundamental
driver of persistent chronic inflammation [17,86].
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7.4 Epigenetic Memory and Trained Immunity

Recent evidence suggests that the “chronic” nature
of vascular inflammation is sustained by epigenetic re-
programming, a phenomenon known as trained immunity
[87]. Exposure to OSEs or high-glucose environments in-
duces persistent epigenetic imprints—such as H3K4me3
and H3K27ac—at the promoters of key inflammatory genes
(TNF, IL-6) [78]. These modifications enable innate im-
mune cells to mount an exaggerated, hyper-inflammatory
response upon subsequent stimulation [78]. This “inflam-
matory memory” is often transmitted to myeloid progeni-
tors in the bone marrow, ensuring a continuous supply of
pre-activated monocytes to the lesion [88]. Targeting the
enzymes responsible for these modifications, such as his-
tone methyltransferases or non-coding RNA regulators, of-
fers a potential strategy for “resetting” the immune land-
scape of the vascular wall [89,90].

8. Precision Immunotherapy: From Bench to
Vascular Clinic

Translating the functional heterogeneity of immune
subsets into clinical outcomes requires a shift from
broad immunosuppression to precision immunomodula-
tion. While several strategies have shown promise in pre-
clinical models, a significant “translational gap” remains
due to the complex, spatiotemporal nature of human plaque
evolution [18]. Representative targets, intervention strate-
gies, research phases, and anticipated outcomes are summa-
rized in Table 1.

8.1 Functional Reprogramming of the Myeloid Landscape

Rather than simply inhibiting macrophage infiltration,
contemporary strategies aim to reprogram their functional
state within the plaque.

e Epigenetic and Metabolic Modulation

Small molecules targeting histone lactylation or m®A
methylation represent an emerging frontier for “resetting”
the inflammatory memory of trained immunity. For in-
stance, facilitating the transition toward a pro-resolving
phenotype (formerly termed M2) can enhance efferocyto-
sis and stabilize the necrotic core [80].

e Nanotechnology

Targeted nanocarriers, particularly those coated with
leukocyte membranes, allow for the site-specific delivery
of miRNAs or small molecules [91,92].

8.2 T-Cell Engineering and the Checkpoint Paradox

Restoring the balance between cytotoxic effectors and
Tregs is a primary goal of precision cardiovascular therapy.

o Chimeric antigen receptor (CAR)-Treg Therapy: By
engineering Tregs to specifically home to atherosclerotic
lesions, researchers have successfully suppressed local in-
flammation without causing systemic immune deficiency
[93,94].

e Modulating the Checkpoint Rheostat: PD-1/TIGIT
signaling is a logical target. Future strategies must focus
on checkpoint agonism or tissue-specific delivery to restore
vascular tolerance without compromising anti-tumor im-
munity [95,96].

8.3 Selective B-Cell Modulation: From Depletion to
Tolerance

B-cell-targeted therapies must distinguish between
protective Bl-derived IgM signals and pathogenic B2-
derived IgG responses [49,51].

e Subset-Specific Depletion: While CD19-targeted
CAR-T therapy can effectively deplete pathogenic B-cell
clones, clinical application in ASCVD must be approached
with caution to avoid losing the protective effects of Bregs
[97,98].

e Targeting the B-T Axis: Biologics such as Be-
limumab (targeting B cell activating factor (BAFF)) or
Bruton’s tyrosine kinase (BTK) inhibitors offer a means
to dampen excessive B-cell activation and pathogenic
antibody production [99].  Such approaches may be
particularly relevant in post-myocardial infarction set-
tings, where B2-cell-mediated inflammation accelerates
secondary atherosclerosis [52].

8.4 The Future of Integrated, Multi-Target Synergies

The inherent redundancy of the immune system sug-
gests that single-target therapies may be insufficient. The
next generation of cardiovascular immunotherapy likely
lies in multi-modal synergy [100,101]:

e Spatiotemporal Delivery: Utilizing nanoparticles to
co-load pro-resolving agents (e.g., IL-10) with metabolic
regulators, simultaneously inducing macrophage repro-
gramming and Treg expansion [102,103].

e Combinatorial Checkpoint/Metabolic Blockade:
Coupling the reversal of T-cell exhaustion with the inhibi-
tion of glycolytic pathways to shift the entire plaque mi-
croenvironment from a “combustive” to a “resolving” state
[104,105].

9. Challenges and Future Directions: From
Multi-Omics Discovery to Clinical Precision

While single-cell technologies have revolutionized
our understanding of vascular immunology, translating
these high-resolution “cellular catalogs™ into clinical ben-
efit remains a formidable challenge. Future research must
evolve from descriptive mapping toward a functional, inte-
grated understanding of immune plasticity [106].

9.1 Balancing Interspecies Differences and Vascular Bed
Heterogeneity

A significant limitation of current research is the over-
reliance on murine models, which exhibit fundamental im-
munological deviations from human atherosclerosis [107]:
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Table 1. Emerging precision immunotherapeutic targets and strategies for atherosclerosis.

Target

Intervention method

Research phase

Key outcomes

PD-1/PD-L1 signaling pathway

Immune checkpoint inhibitors

Preclinical

Regulates macrophage polarization, inhibits M1 pro-inflammatory phenotype
activation, promotes M2 anti-inflammatory phenotype conversion; reduces T cell
exhaustion, decreases pro-inflammatory cytokine release, and alleviates vascular

wall inflammation

Macrophage polarization-related proteins

Proteolysis-targeting chimeras
(PROTAC)

Preclinical

Specifically degrades key proteins regulating macrophage polarization, achieves
precise modulation of M1/M2 phenotypes

Metabolic reprogramming (e.g., lactate
metabolism)/Epigenetic modification

(e.g., m°A methylation)

Natural active substances

Preclinical

Bidirectionally regulates inflammatory response intensity via lactate-mediated
histone lactylation; indirectly balances macrophage polarization

MicroRNA (miRNA)

Macrophage membrane-coated targeted
nanocarriers

Preclinical

Specifically delivers miRNA to lesion macrophages, effectively promotes M2
anti-inflammatory polarization, and stabilizes atherosclerotic plaques

S1PR3

S1PR3-targeted therapy

Preclinical

Regulates T cell migration and localization, inhibits T cell exhaustion, reshapes the
local immune microenvironment of plaques, and restores immune cell functional

balance

CD19

CD19-targeted chimeric antigen receptor
T (CAR-T) cell therapy

Preclinical

Specifically depletes pathogenic B cell clones, reduces autoimmune responses and
pro-inflammatory antibody production

CD19 + PD-1/PD-L1 signaling pathway

CD19-targeted CAR-T therapy combined
with immune checkpoint blockade

Preclinical

Depletes pathogenic B cell clones while reversing T cell exhaustion and restoring

immune killing function

B cell activating factor (BAFF)

Biologics (e.g., Belimumab)

Clinical (approved for
autoimmune diseases)

Blocks the binding of BAFF to B cell surface receptors, inhibits B cell survival,
proliferation, and antibody production; provides cross-field reference for
atherosclerosis treatment

B cell receptor (BCR) signaling pathway  Bruton’s tyrosine kinase (BTK) inhibitors Preclinical Selectively regulates the BCR signaling pathway, blocks downstream activation
cascades, and inhibits excessive B cell activation and pathogenic antibody secretion

CD40-CDA40L interaction CD40-CDA40L binding blockers Preclinical Inhibits T cell-dependent B cell activation, reduces the release of pro-inflammatory

factors and autoantibodies, and alleviates the disorder of the plaque inflammatory
microenvironment

Macrophage polarization regulators (e.g., Macrophage membrane-coated Preclinical Synchronously induces macrophages to convert to M2 anti-inflammatory

miR-100-5p) + Anti-inflammatory factors nanoparticles (co-loading) phenotype, promotes regulatory T cell (Treg) expansion, and dual-regulates the

(e.g., IL-10) immune microenvironment

PD-1 + ALK (macrophage PD-1 inhibitors combined with Preclinical Synchronously regulates macrophage polarization (inhibits M2 phenotype,

reprogramming-related molecules)

macrophage reprogramming agents (e.g.,
ALK inhibitors)

promotes M1 phenotype) and recruits/activates CD8" effector T cells, enhancing

anti-tumor-like immune responses

IL-10, interleukin-10; m° A, N®-methyladenosine; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; S1PR3, sphingosine-1-phosphate receptor 3; ALK, anaplastic lymphoma

kinase.


https://www.imrpress.com

e Cellular Composition: Murine plaques are pre-
dominantly macrophage-driven, whereas human lesions are
characterized by a higher density of T-cell lineages. This
discrepancy undermines the reliability of mice in model-
ing fibrous cap thinning and plaque rupture—the terminal
events of human disease [108].

e Anatomical Heterogeneity: Immune signatures are
not interchangeable across vascular beds. Hemodynamic
forces and local endothelial phenotypes dictate specific im-
mune responses in the coronary versus carotid arteries. Fu-
ture precision therapies must be tailored to both the disease
stage (e.g., fatty streak vs. necrotic core) and the distinct
anatomical territory [109].

9.2 Integrated Multi-Omics: Beyond Transcriptomic
“Snapshots”

The identification of immune subsets via sScCRNA-seq
represents only a “discovery phase”. To achieve clinical rel-
evance, these data must be integrated into a broader func-
tional framework [110]:

e Evidence Prioritization: There is an urgent need
to bridge the gap between transcriptomic observations and
spatial reality. Utilizing advanced algorithms like SSGATE
to couple epigenomic and proteomic data with Spatial Tran-
scriptomics will allow us to localize pathogenic subsets
(e.g., SPP1" macrophages) within specific plaque niches
[111].

o Establishing a Reference Atlas: Standardizing data
across global cohorts is essential for identifying robust,
reproducible targets that transcend individual study noise
[112].

9.3 Biomarkers for Personalized Immunotherapy

The clinical translation of immune subsets requires
non-invasive, high-specificity biomarkers:

e Dynamic Monitoring: Integrating T-cell receptor
(TCR) clonotypes and metabolic imprints will enable the
development of “liquid biopsy” panels. These tools are crit-
ical for predicting treatment responses and monitoring the
“Athero-Oncology” risk in patients undergoing ICI therapy
[113,114].

9.4 Spatiotemporally Specific Delivery Systems

To overcome the limitations of systemic immuno-
suppression, drug delivery must become “environmentally
aware” [115]:

e Stimuli-Responsive Nanocarriers: Future systems
should leverage the unique plaque microenvironment—
sensing pH shifts or MMP activity—to trigger localized
drug release [116].

e Stage-Specific Intervention: Immunomodulation
should follow the disease’s natural history: inhibiting re-
cruitment during lesion initiation and promoting efferocyto-
sis and matrix repair during the vulnerable stage [117,118].

10. Barriers to Clinical Translation:
Bridging the “Translational Divide”

The slow pace of clinical translation in cardiovascu-
lar immunology, compared to oncology, stems from several
unique barriers:

e Phenotypic Plasticity: The high plasticity of im-
mune cells means that an intervention intended to suppress
a pathogenic subset might inadvertently impair a closely re-
lated, protective subset [119,120].

e Imaging Limitations: We currently lack clinical
imaging modalities capable of providing real-time, in vivo
molecular signatures of immune cell function within the
vessel wall [121,122].

e The Safety-Efficacy Trade-off: Long-term mod-
ulation of pathways like IL-1f or NLRP3 must be bal-
anced against the risk of impaired host defense. Achiev-
ing “vascular-specific” tolerance without systemic compro-
mise remains the ultimate goal of precision cardiovascu-
lar medicine [123,124,125]. The integrated immune-cell
crosstalk and corresponding precision therapeutic targets
are summarized in Fig. 1.

11. Conclusions

The paradigm of atherosclerosis has fundamentally
shifted from a passive lipid-storage disorder to a highly dy-
namic, immune-mediated process. As established through-
out this review, the functional heterogeneity of immune cell
subpopulations—ranging from the phenotypic plasticity of
macrophages to the intricate regulatory axes of T and B
cells—dictates the transition from stable lesions to clini-
cal cardiovascular events. By moving beyond static cellular
classifications and embracing a stage-specific understand-
ing of the immune microenvironment, we can better iden-
tify the molecular “tipping points” that lead to necrotic core
expansion and fibrous cap destabilization.

However, the path toward precision cardiovascular
immunotherapy is marked by several biological paradoxes,
most notably the “Athero-Oncology” challenge. The clini-
cal observation that immune checkpoint inhibition for can-
cer can inadvertently accelerate plaque progression un-
derscores the necessity for site-specific rather than sys-
temic immunomodulation. Emerging technologies, such as
single-cell multi-omics and chimeric antigen receptor reg-
ulatory T-cell (CAR-Treg) engineering, provide the tools
necessary to bridge the translational gap between murine
models and human pathology.

Ultimately, the future of atherosclerosis management
lies in the ability to “reset” the vascular immune landscape.
This involves targeting trained immunity and metabolic re-
programming to restore homeostatic balance within the ves-
sel wall. While substantial barriers to clinical translation
remain—particularly regarding the real-time monitoring of
plaque inflammation—the shift toward subset-specific pre-
cision therapy offers a promising frontier for reducing the
global burden of atherosclerotic cardiovascular disease.
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Fig. 1. Integrated map of immune cell crosstalk and precision therapeutic targets in atherosclerosis. ABCA1, ATP-binding cas-
sette transporter Al; ABCGI1, ATP-binding cassette transporter G1; APC, antigen-presenting cell; apoA-I, apolipoprotein A-I; a-SMA,
alpha-smooth muscle actin; Bregs, regulatory B cells; BTK, Bruton’s tyrosine kinase; CAR-Tregs, chimeric antigen receptor regulatory
T cells; CD4, cluster of differentiation 4; CDS, cluster of differentiation 8; CD19, cluster of differentiation 19; CD36, cluster of dif-
ferentiation 36; DCs, dendritic cells; EP4, prostaglandin E receptor 4; F-actin, filamentous actin; FceRI, high-affinity immunoglobulin
E receptor; Foxp3, forkhead box P3; FTO, fat mass and obesity-associated protein; GATA3, GATA-binding protein 3; ICI, immune
checkpoint inhibitor; IFN-y, interferon gamma; IgA, immunoglobulin A; IgE, immunoglobulin E; IgG, immunoglobulin G; IgM, im-
munoglobulin M; IL-2, interleukin-2; IL-4, interleukin-4; IL-6, interleukin-6; IL-10, interleukin-10; IL-12, interleukin-12; iOPN, in-
tracellular osteopontin; IRA B cells, innate response activator B cells; IRF5, interferon regulatory factor 5; M1, classically activated
macrophage; M2, alternatively activated macrophage; mlA, Né-methyladenosine; MC, mast cell; MD-2, myeloid differentiation factor
2; METTL3, methyltransferase-like 3; MMP9, matrix metalloproteinase 9; mRNA, messenger RNA; MyD88, myeloid differentiation
primary response 88; MZB, marginal zone B cell; NET, neutrophil extracellular trap; NF-kB, nuclear factor kappa B; NKT, natural killer
T cell; oxLDL, oxidized low-density lipoprotein; PAK1, p21-activated kinase 1; PD-1, programmed cell death protein 1; p-MLC, phos-
phorylated myosin light chain; PPARY, peroxisome proliferator-activated receptor gamma; PPP1R3B, protein phosphatase 1 regulatory
subunit 3B; PROTAC, proteolysis-targeting chimera; RORyt, retinoic acid receptor-related orphan receptor gamma t; SR-A, scavenger
receptor class A; STAT1, signal transducer and activator of transcription 1; STAT6, signal transducer and activator of transcription 6;
TGF-B, transforming growth factor beta; Thl, T helper 1 cell; Th2, T helper 2 cell; Th17, T helper 17 cell; TIGIT, T-cell immunore-
ceptor with immunoglobulin and ITIM domains; TLR, Toll-like receptor; TLR4, Toll-like receptor 4; TNF-a, tumor necrosis factor
alpha; TolDCs, tolerogenic dendritic cells; Tregs, regulatory T cells; VSMCs, vascular smooth muscle cells; y6 T, gamma delta T cell.
Created with biogdp (https://biogdp.com/zh). Red arrows indicate activating/pro-inflammatory or pro-atherogenic effects; green arrows
indicate inhibitory/anti-inflammatory or atheroprotective effects; black arrows indicate general biological interactions or signaling re-
lationships without assignment of an overall pro- or anti-atherogenic effect. Solid arrows denote principal or established relationships,
whereas dashed arrows denote indirect or proposed regulatory interactions. Arrow thickness is used for visual emphasis only and does

not indicate quantitative effect size or strength of evidence.

&% IMR Press 9


https://biogdp.com/zh
https://www.imrpress.com

Author Contributions

ML: Conceptualization, Investigation, Data curation,
Writing—original draft, and Writing—review and edit-
ing. CB: Visualization and Writing—review and editing.
BL: Conceptualization, Supervision, Project administra-
tion, and Writing—review and editing. All authors con-
tributed to editorial revisions, read and approved the final
manuscript, and agreed to be accountable for all aspects of
the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
Not applicable.

Funding

This research received no external funding.

Conflicts of Interest

The authors declare no conflicts of interest.

Declaration of AI and AI-Assisted
Technologies in the Writing Process

During the preparation and revision of this work, the
authors used ChatGPT (OpenAl) to assist with language
editing and manuscript refinement. The authors reviewed
and edited all Al-assisted output and take full responsibil-
ity for the content of the publication.

References

[1] Roy P, Orecchioni M, Ley K. How the immune system shapes
atherosclerosis: roles of innate and adaptive immunity. Nature
Reviews. Immunology. 2022; 22: 251-265. https://doi.org/10.
1038/s41577-021-00584-1

[2] Carra MC, Rangé H, Caligiuri G, Bouchard P. Periodontitis and
atherosclerotic cardiovascular disease: A critical appraisal. Pe-
riodontology 2000. 2023; 10.1111/prd.12528. https://doi.org/10.
1111/prd.12528

[3] Campos J, McMurray JL, Certo M, Hardikar K, Morse C,
Corfield C, et al. Spatial transcriptomics elucidates localized
immune responses in atherosclerotic coronary artery. EMBO
Molecular Medicine. 2025; 17: 2827-2846. https://doi.org/10.
1038/s44321-025-00280-w

[4] Monaco C, McNamara CA, Sliitter B, Foks AC, Bekiranov S,
Mulder WIM, et al. Immunotherapy for atherosclerosis. Phys-
iological Reviews. 2025; 105: 2141-2230. https://doi.org/10.
1152/physrev.00016.2024

[5] Nie H, Liu G, Lu WH, Yan C, Huang ZS, Zhou WM, et al. Intra-
cellular Osteopontin of Macrophages Promotes Carotid Plaques
Formation by Inducing Foam Cells and Releasing Proinflam-
matory Cytokines. Journal of the American Heart Association.
2026; 15: e041336. https://doi.org/10.1161/JAHA.125.041336

[6] Fang F, Xiao C, Li C, Liu X, Li S. Tuning macrophages for
atherosclerosis treatment. Regenerative Biomaterials. 2022; 10:
rbac103. https://doi.org/10.1093/rb/rbac103

[7] Wang H, LiY, Zhang L, Lu M, Li C, Li Y. Anti-Inflammatory
Lipid Mediators from Polyunsaturated Fatty Acids: Insights
into their Role in Atherosclerosis Microenvironments. Current

10

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

Atherosclerosis Reports. 2025; 27: 48. https://doi.org/10.1007/
s11883-025-01285-z

Ramoni D, Carbone F, Kraler S, Di Vece D, Montecucco F,
Liberale L. Inflammation-Driven Plaque Erosion in Atheroscle-
rosis: A Focus on Complement System Pathways. Current
Atherosclerosis Reports. 2025; 27: 42. https://doi.org/10.1007/
s11883-025-01279-x

Wang J, Kang Z, Liu Y, Li Z, Liu Y, Liu J. Identification of
immune cell infiltration and diagnostic biomarkers in unsta-
ble atherosclerotic plaques by integrated bioinformatics analy-
sis and machine learning. Frontiers in Immunology. 2022; 13:
956078. https://doi.org/10.3389/fimmu.2022.956078

Liao FJ, Shen SL, Bao HL, Li H, Zhao QW, Chen L, et al.
Identification and experimental validation of KMO as a critical
immune-associated mitochondrial gene in unstable atheroscle-
rotic plaque. Journal of Translational Medicine. 2024; 22: 668.
https://doi.org/10.1186/s12967-024-05464-5

Lee YY, Kim SD, Park SC, Rhee MH. Panax ginseng: In-
flammation, platelet aggregation, thrombus formation, and
atherosclerosis crosstalk. Journal of Ginseng Research. 2022;
46: 54-61. https://doi.org/10.1016/j.jgr.2021.09.003

Jiang M, Han T, Li X, Zhu G. A bibliometric analysis of
macrophage-associated immune regulation in atherosclerosis:
advances in the mechanisms of pathogenesis. Frontiers in Im-
munology. 2025; 16: 1559360. https://doi.org/10.3389/fimmu.
2025.1559360

Zhang H, Tian Y, Ren Y, Wang Y, Wang C, Hou L. Shear
force and cholesterol affinity responsive drug delivery system
for treating inflammation and abnormal lipid metabolism in
atherosclerosis. Journal of Controlled Release: Official Journal
of the Controlled Release Society. 2025; 381: 113633. https:
//doi.org/10.1016/j.jconrel.2025.113633

Certo M, Rahimzadeh M, Mauro C. Immunometabolism in
atherosclerosis: a new understanding of an old disease. Trends
in Biochemical Sciences. 2024; 49: 791-803. https://doi.org/10.
1016/j.tibs.2024.06.003

He H, Han Q, Wang S, Long M, Zhang M, Li Y, et al. Design
of a Multifunctional Nanozyme for Resolving the Proinflamma-
tory Plaque Microenvironment and Attenuating Atherosclerosis.
ACS Nano. 2023; 17: 14555-14571. https://doi.org/10.1021/ac
snano.3c01420

Mitsui Y, Satoh T. Functional diversity of disorder-specific
macrophages involved in various diseases. Inflammation
and Regeneration. 2025; 45: 29. https://doi.org/10.1186/
s41232-025-00390-5

Xue S, Su Z, Liu D. Immunometabolism and immune response
regulate macrophage function in atherosclerosis. Ageing Re-
search Reviews. 2023; 90: 101993. https://doi.org/10.1016/j.ar
r.2023.101993

Eberhardt N, Giannarelli C. How Single-Cell Technologies
Have Provided New Insights Into Atherosclerosis. Arterioscle-
rosis, Thrombosis, and Vascular Biology. 2022; 42: 243-252.
https://doi.org/10.1161/ATVBAHA.121.315849

Pauli J, Garger D, Peymani F, Wettich J, Sachs N, Wirth J, et al.
Single cell spatial transcriptomics integration deciphers the mor-
phological heterogeneity of atherosclerotic carotid arteries. Na-
ture Communications. 2025; 16: 11282. https://doi.org/10.1038/
s41467-025-67679-4

Wang J, Wu Q, Wang X, Liu H, Chen M, Xu L, et al. Targeting
Macrophage Phenotypes and Metabolism as Novel Therapeu-
tic Approaches in Atherosclerosis and Related Cardiovascular
Diseases. Current Atherosclerosis Reports. 2024; 26: 573-588.
https://doi.org/10.1007/s11883-024-01229-z

Zernecke A, Erhard F, Weinberger T, Schulz C, Ley K, Sal-
iba AE, et al. Integrated single-cell analysis-based classifica-
tion of vascular mononuclear phagocytes in mouse and human

&% IMR Press


https://doi.org/10.1038/s41577-021-00584-1
https://doi.org/10.1038/s41577-021-00584-1
https://doi.org/10.1111/prd.12528
https://doi.org/10.1111/prd.12528
https://doi.org/10.1038/s44321-025-00280-w
https://doi.org/10.1038/s44321-025-00280-w
https://doi.org/10.1152/physrev.00016.2024
https://doi.org/10.1152/physrev.00016.2024
https://doi.org/10.1161/JAHA.125.041336
https://doi.org/10.1093/rb/rbac103
https://doi.org/10.1007/s11883-025-01285-z
https://doi.org/10.1007/s11883-025-01285-z
https://doi.org/10.1007/s11883-025-01279-x
https://doi.org/10.1007/s11883-025-01279-x
https://doi.org/10.3389/fimmu.2022.956078
https://doi.org/10.1186/s12967-024-05464-5
https://doi.org/10.1016/j.jgr.2021.09.003
https://doi.org/10.3389/fimmu.2025.1559360
https://doi.org/10.3389/fimmu.2025.1559360
https://doi.org/10.1016/j.jconrel.2025.113633
https://doi.org/10.1016/j.jconrel.2025.113633
https://doi.org/10.1016/j.tibs.2024.06.003
https://doi.org/10.1016/j.tibs.2024.06.003
https://doi.org/10.1021/acsnano.3c01420
https://doi.org/10.1021/acsnano.3c01420
https://doi.org/10.1186/s41232-025-00390-5
https://doi.org/10.1186/s41232-025-00390-5
https://doi.org/10.1016/j.arr.2023.101993
https://doi.org/10.1016/j.arr.2023.101993
https://doi.org/10.1161/ATVBAHA.121.315849
https://doi.org/10.1038/s41467-025-67679-4
https://doi.org/10.1038/s41467-025-67679-4
https://doi.org/10.1007/s11883-024-01229-z
https://www.imrpress.com

(22]

(23]

[24]

(25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

atherosclerosis. Cardiovascular Research. 2023; 119: 1676—
1689. https://doi.org/10.1093/cvr/cvacl61

Chu S, Shan D, He L, Yang S, Feng Y, Zhang Y, et al.
Anemoside B4 attenuates abdominal aortic aneurysm by lim-
iting smooth muscle cell transdifferentiation and its mediated
inflammation. Frontiers in Immunology. 2024; 15: 1412022.
https://doi.org/10.3389/fimmu.2024.1412022

Xu X, Zhang DD, Kong P, Gao YK, Huang XF, Song Y, et
al. Sox10 escalates vascular inflammation by mediating vas-
cular smooth muscle cell transdifferentiation and pyroptosis in
neointimal hyperplasia. Cell Reports. 2023; 42: 112869. https:
//doi.org/10.1016/j.celrep.2023.112869

Zhang X, Chen Y, Ling Y, Wu L, Liu D, Wang L, et al. Infusion
of Induced Regulatory T Cells Alleviates Atherosclerosis by Re-
ducing Pathological Macrophage-Like Vascular Smooth Muscle
Cells. MedComm. 2025; 6: €70439. https://doi.org/10.1002/mc
02.70439

Huang T, Tang Y, Su Q, Su C, Wang J, Fu L, et al. CARMN loss
promotes VSMC-derived foam cell formation and atheroscle-
rosis through transcriptional downregulation of autophagy. Cell
Death & Disease. 2025; 16: 815. https://doi.org/10.1038/
s41419-025-08157-z

Zhang Y, Xin W, Hu X, Wang H, Ye X, Xu C, et al. Inhibition of
Hedgehog signaling ameliorates foam cell formation by promot-
ing autophagy in early atherosclerosis. Cell Death & Disease.
2023; 14: 740. https://doi.org/10.1038/s41419-023-06270-5
Arulsamy K, Cui K, Zhu B, Wang B, Eisa-Beygi S, Voronova
A, et al. Single-Cell Analysis Reveals a Critical Role for
Macrophage Epsins in Regulating the Origin of Foam Cells in
Atherosclerosis. Arteriosclerosis, Thrombosis, and Vascular Bi-
ology. 2025; 45: €523—e543. https://doi.org/10.1161/ATVBAH
A.125.323288

Ma C, Wu H, Yang G, Xiang J, Feng K, Zhang J, et al. Calycosin
ameliorates atherosclerosis by enhancing autophagy via regulat-
ing the interaction between KLF2 and MLKL in apolipoprotein
E gene-deleted mice. British Journal of Pharmacology. 2022;
179: 252-269. https://doi.org/10.1111/bph.15720

Tang C, Wang H, Guo L, Cui Y, Zou C, Hu J, et al. Multifunc-
tional Nanomedicine for Targeted Atherosclerosis Therapy: Ac-
tivating Plaque Clearance Cascade and Suppressing Inflamma-
tion. ACS Nano. 2025; 19: 3339-3361. https://doi.org/10.1021/
acsnano.4c12131

He W, Tu S, Han J, Cui H, Lai L, Ye Y, et al. Mild pho-
totherapy mediated by IR780-Gd-OPN nanomicelles suppresses
atherosclerotic plaque progression through the activation of the
HSP27-regulated NF-kB pathway. Acta Biomaterialia. 2024;
182: 199-212. https://doi.org/10.1016/j.actbio.2024.05.009
Chen J, Xiang X, Nie L, Guo X, Zhang F, Wen C, et al. The
emerging role of Th1 cells in atherosclerosis and its implications
for therapy. Frontiers in Immunology. 2023; 13: 1079668. https:
//doi.org/10.3389/fimmu.2022.1079668

Hinkley H, Counts DA, VonCanon E, Lacy M. T Cells in
Atherosclerosis: Key Players in the Pathogenesis of Vascu-
lar Disease. Cells. 2023; 12: 2152. https://doi.org/10.3390/cell
s12172152

Yan H, Li B, Su R, Gao C, Li X, Wang C. Preliminary Study
on the Imbalance Between Th17 and Regulatory T Cells in An-
tiphospholipid Syndrome. Frontiers in Immunology. 2022; 13:
873644. https://doi.org/10.3389/fimmu.2022.873644
McTernan PM, Levitt DE, Welsh DA, Simon L, Siggins RW,
Molina PE. Alcohol Impairs Immunometabolism and Promotes
Naive T Cell Differentiation to Pro-Inflammatory Thl CD4* T
Cells. Frontiers in Immunology. 2022; 13: 839390. https://doi.
org/10.3389/fimmu.2022.839390

Shao Y, Yang WY, Saaoud F, Drummer C, 4th, Sun Y, Xu K, etal.
IL-35 promotes CD4+Foxp3+ Tregs and inhibits atherosclerosis

&% IMR Press

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

(48]

[49]

via maintaining CCR5-amplified Treg-suppressive mechanisms.
JCl Insight. 2021; 6: e152511. https://doi.org/10.1172/jci.insigh
t.152511

Chen H, Bo Y, Cao Y, Liu J, Nie J, Duan D, et al. Immune
imbalance mediates the relationship between plasma vitamin D
concentration and preeclampsia in Chinese pregnant women: a
case-control study. Frontiers in Nutrition. 2025; 12: 1665593.
https://doi.org/10.3389/fhut.2025.1665593

Xing Y, Lin X. Challenges and advances in the management of
inflammation in atherosclerosis. Journal of Advanced Research.
2025; 71: 317-335. https://doi.org/10.1016/j.jare.2024.06.016
Tyrrell DJ, Wragg KM, Chen J, Wang H, Song J, Blin MG,
et al. Clonally expanded memory CD8" T cells accumulate in
atherosclerotic plaques and are pro-atherogenic in aged mice.
Nature Aging. 2023; 3: 1576-1590. https://doi.org/10.1038/
s43587-023-00515-w

Shi M, Lin Q, Fang S, Ma C, Xu W, Sun D, et al. Single-
Cell RNA Sequencing Reveals Granzyme K* CD8* T Cells as
a Target for Mitigating Plaque Instability Following Radiation.
Journal of the American Heart Association. 2025; 14: ¢040632.
https://doi.org/10.1161/JAHA.124.040632

Tada Y, Suthahar SSA, Roy P, Suryawanshi V, Wu R, Wang
E, et al. Proinflammatory and cytotoxic CD38"HLA-DR" effec-
tor memory CD8" T cells are peripherally expanded in human
cardiac allograft vasculopathy. American Journal of Transplan-
tation: Official Journal of the American Society of Transplan-
tation and the American Society of Transplant Surgeons. 2026;
26: 276-290. https://doi.org/10.1016/j.ajt.2025.10.015

van Duijn J, de Jong MJM, Benne N, Leboux RJT, van Ooijen
ME, Kruit N, et al. Tc17 CD8+ T cells accumulate in murine
atherosclerotic lesions, but do not contribute to early atheroscle-
rosis development. Cardiovascular Research. 2021; 117: 2755—
2766. https://doi.org/10.1093/cvr/cvaa286

Kaminski H, Couzi L, Eberl M. Unconventional T cells and kid-
ney disease. Nature Reviews. Nephrology. 2021; 17: 795-813.
https://doi.org/10.1038/s41581-021-00466-8

Rice MT, Gunasinghe SD, Sok CL, Pan M, Lay CS, Gully BS, et
al. yd T cell receptor recognition of CD1d in a lipid-independent
manner. Nature Communications. 2025; 17: 926. https://doi.or
2/10.1038/s41467-025-67653-0

Chakrabarti R, Duddu S, Tiwari A, Naidu KT, Sharma P,
Chakravorty N, et al. Natural Killer T cells and the invariant
subset promote atherosclerosis: A meta-analysis. Life Sciences.
2023; 321: 121620. https://doi.org/10.1016/).15.2023.121620
Drobni ZD, Alvi RM, Taron J, Zafar A, Murphy SP, Rambarat
PK, et al. Association Between Immune Checkpoint Inhibitors
With Cardiovascular Events and Atherosclerotic Plaque. Circu-
lation. 2020; 142: 2299-2311. https://doi.org/10.1161/CIRCUL
ATIONAHA.120.049981

Mulholland M, Chalou A, Andersson SHA, Depuydt MAC, Yu
Y, Lin S, et al. Progenitor exhausted PD-17 T cells are cellu-
lar targets of immune checkpoint inhibition in atherosclerosis.
Nature Cardiovascular Research. 2025; 4: 1311-1328. https:
//doi.org/10.1038/s44161-025-00713-2

Wang Z, Zhang X, Lu S, Zhang C, Ma Z, Su R, et al. Pairing
of single-cell RNA analysis and T cell antigen receptor pro-
filing indicates breakdown of T cell tolerance checkpoints in
atherosclerosis. Nature Cardiovascular Research. 2023; 2: 290—
306. https://doi.org/10.1038/s44161-023-00218-w

Chen Z, Li YY, Liu X. Copper homeostasis and copper-induced
cell death: Novel targeting for intervention in the pathogen-
esis of vascular aging. Biomedicine & Pharmacotherapy =
Biomedecine & Pharmacotherapie. 2023; 169: 115839. https:
//doi.org/10.1016/j.biopha.2023.115839

Pattarabanjird T, Marshall M, Upadhye A, Srikakulapu P,
Garmey JC, Haider A, et al. B-1b Cells Possess Unique

11


https://doi.org/10.1093/cvr/cvac161
https://doi.org/10.3389/fimmu.2024.1412022
https://doi.org/10.1016/j.celrep.2023.112869
https://doi.org/10.1016/j.celrep.2023.112869
https://doi.org/10.1002/mco2.70439
https://doi.org/10.1002/mco2.70439
https://doi.org/10.1038/s41419-025-08157-z
https://doi.org/10.1038/s41419-025-08157-z
https://doi.org/10.1038/s41419-023-06270-5
https://doi.org/10.1161/ATVBAHA.125.323288
https://doi.org/10.1161/ATVBAHA.125.323288
https://doi.org/10.1111/bph.15720
https://doi.org/10.1021/acsnano.4c12131
https://doi.org/10.1021/acsnano.4c12131
https://doi.org/10.1016/j.actbio.2024.05.009
https://doi.org/10.3389/fimmu.2022.1079668
https://doi.org/10.3389/fimmu.2022.1079668
https://doi.org/10.3390/cells12172152
https://doi.org/10.3390/cells12172152
https://doi.org/10.3389/fimmu.2022.873644
https://doi.org/10.3389/fimmu.2022.839390
https://doi.org/10.3389/fimmu.2022.839390
https://doi.org/10.1172/jci.insight.152511
https://doi.org/10.1172/jci.insight.152511
https://doi.org/10.3389/fnut.2025.1665593
https://doi.org/10.1016/j.jare.2024.06.016
https://doi.org/10.1038/s43587-023-00515-w
https://doi.org/10.1038/s43587-023-00515-w
https://doi.org/10.1161/JAHA.124.040632
https://doi.org/10.1016/j.ajt.2025.10.015
https://doi.org/10.1093/cvr/cvaa286
https://doi.org/10.1038/s41581-021-00466-8
https://doi.org/10.1038/s41467-025-67653-0
https://doi.org/10.1038/s41467-025-67653-0
https://doi.org/10.1016/j.lfs.2023.121620
https://doi.org/10.1161/CIRCULATIONAHA.120.049981
https://doi.org/10.1161/CIRCULATIONAHA.120.049981
https://doi.org/10.1038/s44161-025-00713-2
https://doi.org/10.1038/s44161-025-00713-2
https://doi.org/10.1038/s44161-023-00218-w
https://doi.org/10.1016/j.biopha.2023.115839
https://doi.org/10.1016/j.biopha.2023.115839
https://www.imrpress.com

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

12

bHLH-Driven P62-Dependent Self-Renewal and Atheroprotec-
tion. Circulation Research. 2022; 130: 981-993. https://doi.org/
10.1161/CIRCRESAHA.121.320436

Ransegnola BP, Pattarabanjird T, McNamara CA. Tipping the
Scale: Atheroprotective IgM-Producing B Cells in Atheroscle-
rosis. Arteriosclerosis, Thrombosis, and Vascular Biology.
2024; 44: 1906-1915. https://doi.org/10.1161/ATVBAHA.124.
319847

Taylor JA, Hutchinson MA, Gearhart PJ, Maul RW. Antibod-
ies in action: the role of humoral immunity in the fight against
atherosclerosis. Immunity & Ageing: 1 & a. 2022; 19: 59.
https://doi.org/10.1186/s12979-022-00316-6

Smit V, de Mol J, Schaftenaar FH, Depuydt MAC, Postel RJ,
Smeets D, et al. Single-cell profiling reveals age-associated im-
munity in atherosclerosis. Cardiovascular Research. 2023; 119:
2508-2521. https://doi.org/10.1093/cvr/cvad099

He J, Chen J, Miao M, Zhang R, Cheng G, Wang Y, et al. Ef-
ficacy and Safety of Low-Dose Interleukin 2 for Primary Sjo-
gren Syndrome: A Randomized Clinical Trial. JAMA Network
Open. 2022; 5: €2241451. https://doi.org/10.1001/jamanetwor
kopen.2022.41451

Glass MC, Glass DR, Oliveria JP, Mbiribindi B, Esquivel CO,
Krams SM, et al. Human IL-10-producing B cells have diverse
states that are induced from multiple B cell subsets. Cell Reports.
2022; 39: 110728. https://doi.org/10.1016/j.celrep.2022.110728
McGettigan SE, Aira LE, Kumar G, Ballet R, Butcher EC,
Baumgarth N, et al. Secreted IgM modulates IL-10 expression
in B cells. Nature Communications. 2024; 15: 324. https://doi.
org/10.1038/s41467-023-44382-w

Wang XY, Wei Y, Hu B, Liao Y, Wang X, Wan WH, et al. c-
Myc-driven glycolysis polarizes functional regulatory B cells
that trigger pathogenic inflammatory responses. Signal Trans-
duction and Targeted Therapy. 2022; 7: 105. https://doi.org/10.
1038/s41392-022-00948-6

Porsch F, Mallat Z, Binder CJ. Humoral immunity in atheroscle-
rosis and myocardial infarction: from B cells to antibodies. Car-
diovascular Research. 2021; 117: 2544-2562. https://doi.org/
10.1093/cvr/cvab285

Pattarabanjird T, Nguyen AT, McSkimming C, Dinh HQ, Mar-
shall MA, Ghosheh Y, et al. Human circulating CD24" marginal
zone B cells produce IgM targeting atherogenic antigens and
confer protection from vascular disease. Nature Cardiovascu-
lar Research. 2023; 2: 1003-1014. https://doi.org/10.1038/
s44161-023-00356-1

Jones PW, Mallat Z, Nus M. T-Cell/B-Cell Interactions in
Atherosclerosis. Arteriosclerosis, Thrombosis, and Vascular Bi-
ology. 2024; 44: 1502—1511. https://doi.org/10.1161/ATVBAH
A.124.319845

Sanges S, Tian W, Dubucquoi S, Chang JL, Collet A, Launay
D, et al. B-cells in pulmonary arterial hypertension: friend, foe
or bystander? The European Respiratory Journal. 2024; 63:
2301949. https://doi.org/10.1183/13993003.01949-2023
Siniscalco ER, Eisenbarth SC. Fishing for a complement signal
in the germinal center. Science Immunology. 2021; 6: eabk1556.
https://doi.org/10.1126/sciimmunol.abk 1556

Noack M, Miossec P. Importance of lymphocyte-stromal cell
interactions in autoimmune and inflammatory rheumatic dis-
eases. Nature Reviews. Rheumatology. 2021; 17: 550-564.
https://doi.org/10.1038/s41584-021-00665-4

You Z, Chi H. Lipid metabolism in dendritic cell biology. Im-
munological Reviews. 2023; 317: 137-151. https://doi.org/10.
1111/imr.13215

Chen B, Mayer JU. Emerging frontiers in the mitochondrial
regulation of dendritic cell biology. Redox Biology. 2026; 90:
104032. https://doi.org/10.1016/j.redox.2026.104032

Pennock ND, Walker J. Ablative Radiotherapy Synergizes With

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

Protein Vaccination to Upregulate Systemic Dendritic Cell
Function Within Non-Draining Lymph Nodes. International
Journal of Radiation Oncology, Biology, Physics. 2021; 111:
S57. https://doi.org/10.1016/j.ijrobp.2021.07.147

Li D, Chang P, Bian S, Li B, Zhu Y, Wang Y, et al. Spontaneous
Induced Cascade Targeting Biomimetic Nanoparticles to Inhibit
Dendritic Cell Maturation for Ameliorating Atherosclerosis and
Magnetic Resonance Imaging. Biomaterials Research. 2025; 29:
0204. https://doi.org/10.34133/bmr.0204

English K, Kwan R, Holz LE, McGuffog C, Krol JIMM, Kempe
D, et al. A hepatic network of dendritic cells mediates CD4 T cell
help outside lymphoid organs. Nature Communications. 2024;
15: 1261. https://doi.org/10.1038/s41467-024-45612-5

Cao J, Roth S, Zhang S, Kopczak A, Mami S, Asare Y, et
al. DNA-sensing inflammasomes cause recurrent atherosclerotic
stroke. Nature. 2024; 633: 433-441. https://doi.org/10.1038/
s41586-024-07803-4

Pérez-Olivares L, Soehnlein O. Contemporary Lifestyle
and Neutrophil Extracellular Traps: An Emerging Link
in Atherosclerosis Disease. Cells. 2021; 10: 1985.
https://doi.org/10.3390/cells 10081985

Szymanska Z, Staniewski A, Karpiniski M, Zalewska K, Kalus
O, Gramala Z, et al. The Role of Neutrophil Extracellular Net-
works in Cardiovascular Pathology. Cells. 2025; 14: 1562. https:
//doi.org/10.3390/cells 14191562

Poto R, Marone G, Galli SJ, Varricchi G. Mast cells: a novel
therapeutic avenue for cardiovascular diseases? Cardiovascular
Research. 2024; 120: 681-698. https://doi.org/10.1093/cvr/cvae
066

Zhang EL, Van Petten J, Eitzen G. RhoGDI in RBL-2H3 cells
acts as a negative regulator of Rho GTPase signaling to inhibit
granule exocytosis. Journal of Leukocyte Biology. 2024; 116:
1498-1514. https://doi.org/10.1093/jleuko/qiac150

Zhou L, Lin Q, Sonnenberg GF. Metabolic control of innate lym-
phoid cells in health and disease. Nature Metabolism. 2022; 4:
1650-1659. https://doi.org/10.1038/s42255-022-00685-8

Lai Z, Kong D, Li Q, Wang Y, Li K, Duan X, et al. Single-
cell spatial transcriptomics of tertiary lymphoid organ-like
structures in human atherosclerotic plaques. Nature Cardio-
vascular Research. 2025; 4: 547-566. https://doi.org/10.1038/
s44161-025-00639-9

Orecchioni M, Wolf D, Suryawanshi V, Winkels H, Kobiyama
K, Makings J, et al. Deleting interleukin-10 from myeloid cells
exacerbates atherosclerosis in Apoe”” mice. Cellular and Molec-
ular Life Sciences: CMLS. 2022; 80: 10. https://doi.org/10.
1007/s00018-022-04649-9

Yang P, Rong X, Gao Z, Wang J, Liu Z. Metabolic and epige-
netic regulation of macrophage polarization in atherosclerosis:
Molecular mechanisms and targeted therapies. Pharmacologi-
cal Research. 2025; 212: 107588. https://doi.org/10.1016/j.ph
1s.2025.107588

von Scheidt M, Adkar SS, Krefting J, Hoermann G, Meggendor-
fer M, Bauer S, et al. Clonal haematopoiesis of indeterminate po-
tential and mortality in coronary artery disease. European Heart
Journal. 2026; 47: 453-469. https://doi.org/10.1093/eurheartj/
ehaf602

Manea SA, Vlad ML, Lazar AG, Muresian H, Simionescu
M, Manea A. SET7 lysine methyltransferase mediates the up-
regulation of NADPH oxidase expression, oxidative stress, and
NLRP3 inflammasome priming in atherosclerosis. Journal of
Translational Medicine. 2025; 23: 339. https://doi.org/10.1186/
$12967-025-06338-0

Bonfiglio CA, Lacy M, Triantafyllidou V, Farina FM, Janjic A,
Nitz K, et al. Ezh2 Shapes T Cell Plasticity to Drive Atheroscle-
rosis. Circulation. 2025; 151: 1391-1408. https://doi.org/10.
1161/CIRCULATIONAHA.124.072384

&% IMR Press


https://doi.org/10.1161/CIRCRESAHA.121.320436
https://doi.org/10.1161/CIRCRESAHA.121.320436
https://doi.org/10.1161/ATVBAHA.124.319847
https://doi.org/10.1161/ATVBAHA.124.319847
https://doi.org/10.1186/s12979-022-00316-6
https://doi.org/10.1093/cvr/cvad099
https://doi.org/10.1001/jamanetworkopen.2022.41451
https://doi.org/10.1001/jamanetworkopen.2022.41451
https://doi.org/10.1016/j.celrep.2022.110728
https://doi.org/10.1038/s41467-023-44382-w
https://doi.org/10.1038/s41467-023-44382-w
https://doi.org/10.1038/s41392-022-00948-6
https://doi.org/10.1038/s41392-022-00948-6
https://doi.org/10.1093/cvr/cvab285
https://doi.org/10.1093/cvr/cvab285
https://doi.org/10.1038/s44161-023-00356-1
https://doi.org/10.1038/s44161-023-00356-1
https://doi.org/10.1161/ATVBAHA.124.319845
https://doi.org/10.1161/ATVBAHA.124.319845
https://doi.org/10.1183/13993003.01949-2023
https://doi.org/10.1126/sciimmunol.abk1556
https://doi.org/10.1038/s41584-021-00665-4
https://doi.org/10.1111/imr.13215
https://doi.org/10.1111/imr.13215
https://doi.org/10.1016/j.redox.2026.104032
https://doi.org/10.1016/j.ijrobp.2021.07.147
https://doi.org/10.34133/bmr.0204
https://doi.org/10.1038/s41467-024-45612-5
https://doi.org/10.1038/s41586-024-07803-4
https://doi.org/10.1038/s41586-024-07803-4
https://doi.org/10.3390/cells10081985
https://doi.org/10.3390/cells14191562
https://doi.org/10.3390/cells14191562
https://doi.org/10.1093/cvr/cvae066
https://doi.org/10.1093/cvr/cvae066
https://doi.org/10.1093/jleuko/qiae150
https://doi.org/10.1038/s42255-022-00685-8
https://doi.org/10.1038/s44161-025-00639-9
https://doi.org/10.1038/s44161-025-00639-9
https://doi.org/10.1007/s00018-022-04649-9
https://doi.org/10.1007/s00018-022-04649-9
https://doi.org/10.1016/j.phrs.2025.107588
https://doi.org/10.1016/j.phrs.2025.107588
https://doi.org/10.1093/eurheartj/ehaf602
https://doi.org/10.1093/eurheartj/ehaf602
https://doi.org/10.1186/s12967-025-06338-0
https://doi.org/10.1186/s12967-025-06338-0
https://doi.org/10.1161/CIRCULATIONAHA.124.072384
https://doi.org/10.1161/CIRCULATIONAHA.124.072384
https://www.imrpress.com

[80] Fang F, Wang E, Yang H, Zhao T, Wang Q, Zhang Z, et al.
Reprogramming mitochondrial metabolism and epigenetics of
macrophages via miR-10a liposomes for atherosclerosis ther-
apy. Nature Communications. 2025; 16: 9117. https://doi.org/
10.1038/s41467-025-64201-8

[81] Gorabi AM, Kiaie N, Khosrojerdi A, Jamialahmadi T, Al-Rasadi
K, Johnston TP, et al. Implications for the role of lipopolysac-
charide in the development of atherosclerosis. Trends in Cardio-
vascular Medicine. 2022; 32: 525-533. https://doi.org/10.1016/
j-tem.2021.08.015

[82] Tavallaie M, Hsu CC, Hardaway BD, Dou H, Fidler T, Kim
E, et al. Interleukin-18 Inhibition Aggravates Atherosclerosis
in Jak2V®!7F Clonal Hematopoiesis. JACC. Basic to Transla-
tional Science. 2026; 11: 101463. https://doi.org/10.1016/j.jacb
15.2025.101463

[83] Jin M, Fang J, Wang JJ, Shao X, Xu SW, Liu PQ, et al. Regula-
tion of toll-like receptor (TLR) signaling pathways in atheroscle-
rosis: from mechanisms to targeted therapeutics. Acta Pharma-
cologica Sinica. 2023; 44: 2358-2375. https://doi.org/10.1038/
s41401-023-01123-5

[84] Hérdtner C, Remmersmann F, Ehlert C, Zehender C, Vico
TA, Dufner B, et al. NLRP3 mediates lipid-driven macrophage
proliferation in established atherosclerosis. Basic Research in
Cardiology. 2025; 120: 1141-1154. https://doi.org/10.1007/
500395-025-01137-6

[85] Hu T, Liu CH, Lei M, Zeng Q, Li L, Tang H, et al. Metabolic
regulation of the immune system in health and diseases: mecha-
nisms and interventions. Signal Transduction and Targeted Ther-
apy. 2024; 9: 268. https://doi.org/10.1038/s41392-024-01954-6

[86] Fleetwood AJ, Noonan J, La Gruta N, Kallies A, Murphy AJ.
Immunometabolism in atherosclerotic disorders. Nature Cardio-
vascular Research. 2024; 3: 637-650. https://doi.org/10.1038/
s44161-024-00473-5

[87] Zhang L, Xia C, Yang Y, Sun F, Zhang Y, Wang H, et al.
DNA methylation and histone post-translational modifications
in atherosclerosis and a novel perspective for epigenetic ther-
apy. Cell Communication and Signaling: CCS. 2023; 21: 344.
https://doi.org/10.1186/s12964-023-01298-8

[88] Flores-Gomez D, Hobo W, van Ens D, Kessler EL, Novakovic
B, Schaap NPM, et al. Interleukin-1f induces trained innate im-
munity in human hematopoietic progenitor cells in vitro. Stem
Cell Reports. 2024; 19: 1651-1664. https://doi.org/10.1016/j.st
emcr.2024.09.004

[89] Zhang C, Yin J, Zheng J, Xiao J, Hu J, Su Y, et al
EZH2 identifies the precursors of human natural killer cells
with trained immunity. Cancer Biology & Medicine. 2021;
18: j.issn.2095-3941.2020.0791. https://doi.org/10.20892/j.issn
.2095-3941.2020.0791

[90] Li S, Pang F, Guo W, Guan W. PARP1 contributes to intimal
hyperplasia by regulating METTL3-mediated m6A methylation
of TRAIL. Cell Biology and Toxicology. 2025; 41: 140. https:
//doi.org/10.1007/s10565-025-10076-w

[91] Dong X, Suo Y, Yu J, Yu F, Li F, Zheng J, et al. Biomimetic
Nanoparticles Simultaneously Targeting Modulation of Lipid
Metabolism and Phenotype of Macrophages for Programmed
Atherosclerosis Management. ACS Nano. 2025; 19: 25628—
25644. https://doi.org/10.1021/acsnano.5¢00216

[92] HeJ, Zhang W, Zhou X, Xu F, Zou J, Zhang Q, et al. Reactive
oxygen species (ROS)-responsive size-reducible nanoassem-
blies for deeper atherosclerotic plaque penetration and enhanced
macrophage-targeted drug delivery. Bioactive Materials. 2022;
19: 115-126. https://doi.org/10.1016/j.bioactmat.2022.03.041

[93] Zhang M, Qin Y, Zhou T, Liu M, Tang T, Xia N, et al. Engi-
neered Regulatory T Lymphocytes Promote Infarcted Heart Re-
pair. Circulation. 2026; 153: 983-997. https://doi.org/10.1161/
CIRCULATIONAHA.125.076321

&% IMR Press

[94] Li X, TuY, JinY, Liu X, Luo Z, Zhao H, et al. Dingxin Recipe
III resolves atherosclerotic inflammation via revitalizing Reg-
ulatory T cell lineage fidelity associated with fatty acid oxi-
dation metabolic reprogramming. Phytomedicine: International
Journal of Phytotherapy and Phytopharmacology. 2026; 154:
158044. https://doi.org/10.1016/j.phymed.2026.158044

[95] Thuny F, Naidoo J, Neilan TG. Cardiovascular complications of
immune checkpoint inhibitors for cancer. European Heart Jour-
nal. 2022; 43: 4458-4468. https://doi.org/10.1093/eurheartj/eh
ac456

[96] Mulholland M, Kritikou E, Katra P, Nilsson J, Bjorkbacka
H, Lichtman AH, et al. LAG3 Regulates T Cell Activation
and Plaque Infiltration in Atherosclerotic Mice. JACC. Car-
dioOncology. 2022; 4: 635-645. https://doi.org/10.1016/j.jacc
20.2022.09.005

[97] Zheng H, Cao P, Su Z, Xia L. Insights into the roles of IL-10-
producing regulatory B cells in cardiovascular disorders: recent
advances and future perspectives. Journal of Leukocyte Biology.
2023; 114: 315-324. https://doi.org/10.1093/jleuko/qiad066

[98] Pattarabanjird T, Li C, McNamara C. B Cells in Atherosclerosis:
Mechanisms and Potential Clinical Applications. JACC. Basic
to Translational Science. 2021; 6: 546-563. https://doi.org/10.
1016/j.jacbts.2021.01.006

[99] O’Brien JW, Case A, Kemper C, Zhao TX, Mallat Z. Therapeu-
tic Avenues to Modulate B-Cell Function in Patients With Car-
diovascular Disease. Arteriosclerosis, Thrombosis, and Vascu-
lar Biology. 2024; 44: 1512-1522. https://doi.org/10.1161/AT
VBAHA.124.319844

[100] Xu Z, Wu Z, Huang S, Ye K, Jiang Y, Liu J, et al. A metal-
organic framework-based immunomodulatory nanoplatform for
anti-atherosclerosis treatment. Journal of Controlled Release:
Official Journal of the Controlled Release Society. 2023; 354:
615-625. https://doi.org/10.1016/j.jconrel.2023.01.024

[101] FanY, Zhou Y, Lu M, Si H, Li L, Tang B. Responsive Dual-
Targeting Exosome as a Drug Carrier for Combination Can-
cer Immunotherapy. Research (Washington, D.C.). 2021; 2021:
9862876. https://doi.org/10.34133/2021/9862876

[102] Smith BR, Edelman ER. Nanomedicines for cardiovascular
disease. Nature Cardiovascular Research. 2023; 2: 351-367.
https://doi.org/10.1038/s44161-023-00232-y

[103] Zheng JB, Li XY, Zhu JM, Liu C, Song XT, Wang B, et al.
Engineered immune-driven theranostics for clinical cardiology.
Military Medical Research. 2025; 12: 76. https://doi.org/10.
1186/s40779-025-00664-6

[104] Guo Z, Ye J, Cheng X, Wang T, Zhang Y, Yang K, et al. Nan-
odrug Delivery Systems in Antitumor Immunotherapy. Bioma-
terials Research. 2024; 28: 0015. https://doi.org/10.34133/bmr.
0015

[105] YiJ, Chauhan M, Zhao Y, Chen YS. Near-Infrared-Triggered
Nanodroplets for Imaging-Guided Macrophage-Mediated Can-
cer Immunotherapy. Small Methods. 2025; 9: €2401679. https:
//doi.org/10.1002/smtd.202401679

[106] Horstmann H, Michel NA, Sheng X, Hansen S, Lindau A,
Pfeil K, et al. Cross-species single-cell RNA sequencing re-
veals divergent phenotypes and activation states of adaptive im-
munity in human carotid and experimental murine atheroscle-
rosis. Cardiovascular Research. 2024; 120: 1713-1726. https:
//doi.org/10.1093/cvr/cvael 54

[107] NieH, Yan C, Zhou W, Li TS. Analysis of Immune and Inflam-
mation Characteristics of Atherosclerosis from Different Sam-
ple Sources. Oxidative Medicine and Cellular Longevity. 2022;
2022: 5491038. https://doi.org/10.1155/2022/5491038

[108] van Kesteren S, Smeehuijzen L, Stevenson R, Kroon J.
Endothelial cells modulate immune cell responses during
atherosclerosis. Trends in Immunology. 2026. https://doi.org/10.
1016/].1t.2026.03.001 (online ahead of print)

13


https://doi.org/10.1038/s41467-025-64201-8
https://doi.org/10.1038/s41467-025-64201-8
https://doi.org/10.1016/j.tcm.2021.08.015
https://doi.org/10.1016/j.tcm.2021.08.015
https://doi.org/10.1016/j.jacbts.2025.101463
https://doi.org/10.1016/j.jacbts.2025.101463
https://doi.org/10.1038/s41401-023-01123-5
https://doi.org/10.1038/s41401-023-01123-5
https://doi.org/10.1007/s00395-025-01137-6
https://doi.org/10.1007/s00395-025-01137-6
https://doi.org/10.1038/s41392-024-01954-6
https://doi.org/10.1038/s44161-024-00473-5
https://doi.org/10.1038/s44161-024-00473-5
https://doi.org/10.1186/s12964-023-01298-8
https://doi.org/10.1016/j.stemcr.2024.09.004
https://doi.org/10.1016/j.stemcr.2024.09.004
https://doi.org/10.20892/j.issn.2095-3941.2020.0791
https://doi.org/10.20892/j.issn.2095-3941.2020.0791
https://doi.org/10.1007/s10565-025-10076-w
https://doi.org/10.1007/s10565-025-10076-w
https://doi.org/10.1021/acsnano.5c00216
https://doi.org/10.1016/j.bioactmat.2022.03.041
https://doi.org/10.1161/CIRCULATIONAHA.125.076321
https://doi.org/10.1161/CIRCULATIONAHA.125.076321
https://doi.org/10.1016/j.phymed.2026.158044
https://doi.org/10.1093/eurheartj/ehac456
https://doi.org/10.1093/eurheartj/ehac456
https://doi.org/10.1016/j.jaccao.2022.09.005
https://doi.org/10.1016/j.jaccao.2022.09.005
https://doi.org/10.1093/jleuko/qiad066
https://doi.org/10.1016/j.jacbts.2021.01.006
https://doi.org/10.1016/j.jacbts.2021.01.006
https://doi.org/10.1161/ATVBAHA.124.319844
https://doi.org/10.1161/ATVBAHA.124.319844
https://doi.org/10.1016/j.jconrel.2023.01.024
https://doi.org/10.34133/2021/9862876
https://doi.org/10.1038/s44161-023-00232-y
https://doi.org/10.1186/s40779-025-00664-6
https://doi.org/10.1186/s40779-025-00664-6
https://doi.org/10.34133/bmr.0015
https://doi.org/10.34133/bmr.0015
https://doi.org/10.1002/smtd.202401679
https://doi.org/10.1002/smtd.202401679
https://doi.org/10.1093/cvr/cvae154
https://doi.org/10.1093/cvr/cvae154
https://doi.org/10.1155/2022/5491038
https://doi.org/10.1016/j.it.2026.03.001
https://doi.org/10.1016/j.it.2026.03.001
https://www.imrpress.com

[109] Mazan-Mamczarz K, Tsitsipatis D, Childs BG, Carr AE, Dos
Santos CR, Anerillas C, et al. Single-cell and spatial transcrip-
tomics map senescent vascular cells in arterial remodeling dur-
ing atherosclerosis in mice. Nature Aging. 2025; 5: 1528-1547.
https://doi.org/10.1038/s43587-025-00889-z

[110] Li S, Shen Q, Zhang S. Spatial transcriptomics-aided local-
ization for single-cell transcriptomics with STALocator. Cell
Systems. 2025; 16: 101195. https://doi.org/10.1016/j.cels.2025.
101195

[111] Wang Z, Miao Y, Li H, Cheng W, Shi M, Lv G, et al. HemaS-
cope: A Tool for Analyzing Single-cell and Spatial Transcrip-
tomics Data of Hematopoietic Cells. Genomics, Proteomics &
Bioinformatics. 2025; 23: qzaf002. https://doi.org/10.1093/gp
bjnl/qzat002

[112] Bleckwehl T, Babler A, Tebens M, Maryam S, Nyberg M,
Bosteen M, et al. Encompassing view of spatial and single-cell
RNA sequencing renews the role of the microvasculature in hu-
man atherosclerosis. Nature Cardiovascular Research. 2025; 4:
26-44. https://doi.org/10.1038/s44161-024-00582- 1

[113] Lou L, Detering L, Luehmann H, Amrute JM, Sultan D, Ma
P, et al. Visualizing Immune Checkpoint Inhibitors Derived In-
flammation in Atherosclerosis. Circulation Research. 2024; 135:
990-1003. https://doi.org/10.1161/CIRCRESAHA.124.324260

[114] Polomski EA, Kapiteijn EW, Heemelaar JC, van der Kolk
AV, Kalisvaart TM, van de Burgt A, et al. Arterial inflamma-
tion on [(18)F]FDG PET/CT in melanoma patients treated with
and without immune checkpoint inhibitors: CHECK-FLAME 1.
Atherosclerosis. 2024; 398: 118595. https://doi.org/10.1016/j.at
herosclerosis.2024.118595

[115] Zhang Q, Kuang G, Li W, Wang J, Ren H, Zhao Y. Stimuli-
Responsive Gene Delivery Nanocarriers for Cancer Therapy.
Nano-micro Letters. 2023; 15: 44. https://doi.org/10.1007/
s40820-023-01018-4

[116] Rumanti AP, Maruf A, Liu H, Ge S, Lei D, Wang G. Engi-
neered bioresponsive nanotherapeutics: recent advances in the
treatment of atherosclerosis and ischemic-related disease. Jour-
nal of Materials Chemistry. B. 2021; 9: 4804—4825. https://doi.
org/10.1039/d1tb00330e

[117] Wu X, ShiH, Li B, Dong B, Wu X, Lu R, et al. A metal-organic
framework-based co-delivery system for atherosclerosis therapy
via macrophage regulation. Journal of Materials Chemistry. B.

14

2025; 13: 13405-13422. https://doi.org/10.1039/d5tb01423a

[118] Gianopoulos I, Daskalopoulou SS. Macrophage profiling in
atherosclerosis: understanding the unstable plaque. Basic Re-
search in Cardiology. 2024; 119: 35-56. https://doi.org/10.
1007/s00395-023-01023-z

[119] Junius S, Mavrogiannis AV, Lemaitre P, Gerbaux M, Staels F,
Malviya V, et al. Unstable regulatory T cells, enriched for naive
and Nrp1™¢ cells, are purged after fate challenge. Science Im-
munology. 2021; 6: eabe4723. https://doi.org/10.1126/sciimm
unol.abe4723

[120] Shree T, Czerwinski D, Haebe S, Sathe A, Grimes S, Martin B,
et al. A Phase I Clinical Trial Adding OX40 Agonism to In Situ
Therapeutic Cancer Vaccination in Patients with Low-Grade
B-cell Lymphoma Highlights Challenges in Translation from
Mouse to Human Studies. Clinical Cancer Research: an Official
Journal of the American Association for Cancer Research. 2025;
31: 868-880. https://doi.org/10.1158/1078-0432.CCR-24-2770

[121] He R, Kadyrov FF, Parvathaneni A, Wu G, Lavine KJ. From
Single Cells to Targetable Immune Mechanisms in Congenital
Heart Disease, Ischemic Heart Disease, and Abdominal Aortic
Aneurysm. Circulation Research. 2026; 138: €325794. https://
doi.org/10.1161/CIRCRESAHA.125.325794

[122] Gulati GS, D’Silva JP, Liu Y, Wang L, Newman AM. Profiling
cell identity and tissue architecture with single-cell and spatial

transcriptomics. Nature Reviews. Molecular Cell Biology. 2025;
26: 11-31. https://doi.org/10.1038/s41580-024-00768-2

[123] Thorp EB, Karlstaedt A. Intersection of Immunology and
Metabolism in Myocardial Disease. Circulation Research. 2024;
134: 1824-1840. https://doi.org/10.1161/CIRCRESAHA.124.
323660

[124] Miteva K, Anker MS, Fechner H, Lehmann L, Van Linthout S.
Cancer-Related Immune Therapies: Bidirectional Implications
From Cardiotoxicity to Emerging Cardiovascular Therapeutics:
JACC CardioOncology State-of-the-Art Review. JACC. Car-
dioOncology. 2025; 7: 523-537. https://doi.org/10.1016/j.jacc
20.2025.06.008

[125] LiuC, Wu R, Yang H, Yao Y. Immune cell dynamics and their
role in cardiac injury: Mechanisms and therapeutic implications.
Biomedicine & Pharmacotherapy = Biomedecine & Pharma-
cotherapie. 2025; 192: 118608. https://doi.org/10.1016/j.biopha
.2025.118608

&% IMR Press


https://doi.org/10.1038/s43587-025-00889-z
https://doi.org/10.1016/j.cels.2025.101195
https://doi.org/10.1016/j.cels.2025.101195
https://doi.org/10.1093/gpbjnl/qzaf002
https://doi.org/10.1093/gpbjnl/qzaf002
https://doi.org/10.1038/s44161-024-00582-1
https://doi.org/10.1161/CIRCRESAHA.124.324260
https://doi.org/10.1016/j.atherosclerosis.2024.118595
https://doi.org/10.1016/j.atherosclerosis.2024.118595
https://doi.org/10.1007/s40820-023-01018-4
https://doi.org/10.1007/s40820-023-01018-4
https://doi.org/10.1039/d1tb00330e
https://doi.org/10.1039/d1tb00330e
https://doi.org/10.1039/d5tb01423a
https://doi.org/10.1007/s00395-023-01023-z
https://doi.org/10.1007/s00395-023-01023-z
https://doi.org/10.1126/sciimmunol.abe4723
https://doi.org/10.1126/sciimmunol.abe4723
https://doi.org/10.1158/1078-0432.CCR-24-2770
https://doi.org/10.1161/CIRCRESAHA.125.325794
https://doi.org/10.1161/CIRCRESAHA.125.325794
https://doi.org/10.1038/s41580-024-00768-2
https://doi.org/10.1161/CIRCRESAHA.124.323660
https://doi.org/10.1161/CIRCRESAHA.124.323660
https://doi.org/10.1016/j.jaccao.2025.06.008
https://doi.org/10.1016/j.jaccao.2025.06.008
https://doi.org/10.1016/j.biopha.2025.118608
https://doi.org/10.1016/j.biopha.2025.118608
https://www.imrpress.com

	1. Introduction
	2. Atherosclerotic Immune Microenvironment: Inflammation, Infiltration, and Immunometabolism
	2.1 Immunopathologic Basis of Vascular Inflammation
	2.2 Dynamics of Immune Infiltration Across Disease Stages
	2.3 Immuno-Metabolic Crosstalk and Microenvironment Remodeling

	3. Macrophage Heterogeneity: Orchestrating Lesion Evolution
	3.1 Beyond the M1/M2 Paradigm: The Functional Spectrum
	3.2 Monocyte Recruitment and VSMC Transdifferentiation
	3.3 The Multi-Layered Regulation of Foam Cell Formation
	3.4 Efferocytosis, Necrotic Core Expansion, and Plaque Stability

	4. T Cell Landscapes: Functional Plasticity and Clinical Paradoxes
	4.1 The Th1-Treg Axis: Orchestrating Chronic Inflammation
	4.2 Cytotoxic CD8+ T Cells and Fibrous Cap Destabilization
	4.3 Innate-Like T Cells: γδ T and NKT Cells
	4.4 The ``Athero-Oncology'' Paradox: Immune Checkpoints

	5. B Cell Subsets: Bidirectional Regulators of Vascular Homeostasis
	5.1 The B1-B2 Dichotomy: Protective vs. Pro-Atherogenic Signals
	5.2 Regulatory B Cells (Bregs) and Immune Tolerance
	5.3 Pathological Antibody Dynamics and Immunothrombosis
	5.4 B-T Cell Crosstalk and Germinal Center Responses

	6. Emerging Regulators: Bridging Innate Sensing and Plaque Rupture
	6.1 Dendritic Cells: The Initiation Bridge
	6.2 Neutrophil NETosis and Immunothrombosis
	6.3 Mast Cells: Effectors of Fibrous Cap Weakening
	6.4 Innate Lymphoid Cells (ILCs): Exploratory Regulators

	7. Integrated Molecular Networks: Orchestrating the Immune Dialogue
	7.1 Spatiotemporal Signaling: Cytokine and Chemokine Cascades
	7.2 Innate Sensing: PRRs and Inflammasome Activation
	7.3 The Immuno-Metabolic Hub and Phenotypic Plasticity
	7.4 Epigenetic Memory and Trained Immunity

	8. Precision Immunotherapy: From Bench to Vascular Clinic
	8.1 Functional Reprogramming of the Myeloid Landscape
	8.2 T-Cell Engineering and the Checkpoint Paradox
	8.3 Selective B-Cell Modulation: From Depletion to Tolerance
	8.4 The Future of Integrated, Multi-Target Synergies

	9. Challenges and Future Directions: From Multi-Omics Discovery to Clinical Precision
	9.1 Balancing Interspecies Differences and Vascular Bed Heterogeneity
	9.2 Integrated Multi-Omics: Beyond Transcriptomic ``Snapshots''
	9.3 Biomarkers for Personalized Immunotherapy
	9.4 Spatiotemporally Specific Delivery Systems

	10. Barriers to Clinical Translation: Bridging the ``Translational Divide''
	11. Conclusions
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	Declaration of AI and AI-Assisted Technologies in the Writing Process
	References

