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Abstract

Immunotherapy for cardiovascular diseases (CVDs) holds great promise for precision management by modulating
localized immune-inflammatory responses. The interplay between focal cardiovascular pathology and panvascular
disease, necessitates highly integrated therapeutic strategies. Nano-technology-based theranostic platforms address
this challenge by enabling both regulation and real-time imaging of immune cell activity within cardiovascular
lesions. These functional nanotherapy systems not only halt disease progression at pathological sites but also reduce
secondary cardiovascular events driven by shared inflammatory mechanisms. Additionally, nanoplatform-based
dynamic visualization of immune cell responses facilitates adaptive, personalized interventions. This review introduces
the role of immune cells in CVDs. It summarizes recent advances in nanomaterial-based immunomodulation strate-
gies, including mechanisms of immune regulation, enhanced imaging, and therapeutic applications in atherosclero-
sis, myocardial infarction, ischemic stroke, abdominal aortic aneurysm, and myocarditis. Collectively, this integrated
nanotheranostic paradigm establishes a robust foundation for the next generation of cardiovascular precision
medicine.
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Background

Cardiovascular diseases (CVDs) encompass a broad
spectrum of disorders involving structural and functional
defects of the heart and vasculature, including arteries,
veins, and capillaries [1, 2]. CVDs compromise blood
supply to vital organs such as the heart, brain, kidneys,
and limbs, and remain a leading cause of morbidity and
mortality worldwide [3-5]. Within this spectrum, ath-
erosclerotic cardiovascular diseases (ASCVDs), includ-
ing atherosclerosis (AS), myocardial infarction (MI),
ischemic stroke (IS), and aneurysms, share AS as a com-
mon pathological substrate and constitute prototypical
CVD entities, while non-atherosclerotic conditions such
as myocarditis also account for a substantial proportion
of cases [6-8]. Given the systemic, panvascular nature
of CVDs, effective management often requires an inte-
grated therapeutic strategy that targets AS as the core
lesion while concurrently addressing the broader spec-
trum of cardiovascular disorders [9-11].

Extensive evidence identifies inflammation as a criti-
cal driver of CVD progression, including MI, hyperten-
sion, AS, IS, diabetic cardiomyopathy, and heart failure
[12-16]. Vascular injury, such as endothelial dysfunction
and ischemia-reperfusion injury (IRI), disrupts tissue
homeostasis and triggers the release of pro-inflamma-
tory cytokines, including interferon (IEN) -y, interleukin
(IL)-1B, IL-6, and tumor necrosis factor (TNF)-a. These
mediators act through multiple signaling pathways,
such as adenosine 5-monophosphate-activated protein
kinase, Janus-activated kinase (JAK)-signal transducer
and activator of transcription 3 (STAT3), nuclear fac-
tor kappa-B (NF-kB), and phosphatidylinositol 3-kinase
(PI3K)/protein kinase B (Akt) [17-22]. Concurrently,
Toll-like receptor (TLR) upregulation on endothelial
cells (ECs) enhances chemokine expression, driving the
recruitment of immune cells and localized tissue dam-
age [23, 24]. Thus, inflammation not only initiates vascu-
lar injury but also establishes a molecular environment
that directly governs immune cell activation and recruit-
ment, highlighting the close interplay between inflam-
matory mediators and immune responses in CVDs [25,
26]. Cytokine signaling further stimulates fibroblasts,
smooth muscle cells (SMCs), and ECs, perpetuating a
pro-inflammatory milieu [27, 28]. After vascular injury,
endothelial activation and platelet complement signal-
ing establish chemokine gradients and upregulate adhe-
sion molecules, thereby recruiting immune cells to the
lesion [29-31]. In the acute phase, these immune cells
clear debris and coordinate repair; when activation is
excessive or prolonged, they propagate thrombo-inflam-
mation, extracellular matrix (ECM) proteolysis, and
adverse remodeling that accelerates CVDs progression
[32]. Immune cells, including macrophages, neutrophils,
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T cells, and B cells, regulate cytokine and protease
release, phagocytose debris, and undergo phenotypic
switching or programmed death, thereby orchestrating
vascular remodeling and ECM turnover [33-36]. Their
interactions with ECs and fibroblasts dynamically influ-
ence fibrogenesis, cellular proliferation, and vascular
repair, underscoring the pivotal role of immune modula-
tion throughout CVD initiation, progression, and resolu-
tion [37, 38].

Despite significant mechanistic insights, translating
immune regulation into effective therapies remains a
formidable challenge. Advances in nanotechnology pro-
vide promising solutions by enabling targeted delivery
and precise imaging of immune and vascular processes.
Nanomaterials ranging from 6 to 100 nm can evade
rapid renal clearance [39], prolong systemic circulation,
and achieve favorable biodistribution with controllable
pharmacokinetics [40]. Their adjustable physicochemi-
cal properties allow for tailored composition and surface
modification, facilitating targeted delivery, penetration
across biological barriers, and reduced immune clearance
[41, 42]. These features have already shown substantial
clinical benefits in cancer immunotherapy [43]. Nano-
platforms hold comparable promise in CVDs, owing to
shared mechanisms of immune modulation.

Nanomaterials can regulate cytokine signaling, gene
expression, immune cell recruitment, and oxidative stress
to mitigate vascular inflammation and promote repair,
while also enhancing immune cell and inflammatory
microenvironment targeted cardiovascular imaging for
accurate diagnosis. This review first outlines the roles of
immune cells in CVDs, then discusses the mechanisms
by which nanomaterials modulate immune responses,
including their effects on cell recruitment, proliferation,
differentiation, and secretory activity. We further explore
the applications of nanomaterials across major CVD sub-
types, such as AS, MI, IS, aneurysms, and myocarditis,
and examine their contributions to diagnosis, treatment,
and prevention (Fig. 1). Finally, we address the challenges
of clinical translation and highlight future directions for
nanotheranostic strategies in precision cardiovascular
medicine.

The role of immune cells in CVDs

Immune cells are central orchestrators of the initiation,
progression, and resolution of CVDs. Their multifaceted
interactions with vascular, stromal, and parenchymal cells
shape the inflammatory and reparative microenviron-
ment that determines disease outcome. A comprehen-
sive understanding of the mechanisms by which distinct
immune cell subsets contribute to the pathogenesis of
CVDs provides the foundation for engineering targeted
nanodiagnostic and nanotherapeutic interventions.
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Fig. 1 Schematic overview of engineered immune-driven nanotheranostics for clinical cardiology. Immune cells, including macrophages,
neutrophils, requlatory T cells (Tregs), mast cells, dendritic cells (DCs), natural killer (NK) cells, and B cells play critical roles in cardiovascular diseases
(CVDs). Nanomaterials modulate these immune responses to achieve both nanodiagnostic and nanotherapeutic outcomes. Nanodiagnostic
platforms enable targeted imaging of immune cells and inflammatory microenvironments within cardiovascular lesions, supporting precise disease
monitoring. Nanotherapeutics regulate multiple aspects of immune activity, including chemotaxis, proliferation, death modes, and functional
responses such as excessive inflammation, phagocytosis, macrophage polarization, and neutrophil extracellular trap (NETs) formation. These
integrated strategies offer potential applications in major cardiovascular pathologies, including atherosclerosis, myocardial infarction, ischemic
stroke, abdominal aortic aneurysm, and myocarditis, thereby establishing a foundation for precision cardiovascular medicine

Macrophages in CVDs

Macrophages, derived from circulating monocytes, reg-
ulate CVDs through lipid metabolism, inflammatory
signaling, efferocytosis, oxidative stress, and fibrotic pro-
cesses (Fig. 2). Upon vascular injury, monocytes tether
to the endothelium by engaging P-selectin glycoprotein
ligand-1 (PSGL-1) with E-, L-, or P-selectins expressed
on ECs. Subsequent activation of C-C motif chemokine
receptor (CCR) 2 by EC-derived C-C motif chemokine
ligand (CCL) 2 induces conformational activation of inte-
grins, such as lymphocyte function-associated antigen-1

(LFA-1) and very late antigen-4 (VLA-4), facilitating firm
adhesion to vascular cell adhesion molecule (VCAM)-1
and intercellular cell adhesion molecule (ICAM)-1.
Monocytes then transmigrate across the vascular wall
and differentiate into macrophages, thereby amplifying
local inflammation [44—50]. In early AS, macrophage col-
ony-stimulating factor (M-CSF) and other differentiation
signals drive monocyte maturation into macrophage- and
dendritic cell (DC)-like phenotypes [51, 52].
Macrophages exhibit remarkable plasticity and can
polarize into classically activated macrophage phenotype
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Fig. 2 Role of macrophages in CVDs. Monocytes adhere to and transmigrate across actlvated ECs via selectin- and integrin- medlated interactions.
Under inflammatory stimuli, they differentiate into pro-inflammatory M1 macrophages, which drive vascular inflammation, FC formation, impaired
efferocytosis, ECM degradation, and plaque destabilization through ROS and cytokine release. As inflammation resolves, macrophages polarize
toward the M2 phenotype, exerting anti-inflammatory, lipid-regulatory, and tissue-repairing functions by enhancing cholesterol efflux, stimulating
fibroblast proliferation, and promoting ECM reconstruction. PSGL-1 P-selectin glycoprotein ligand-1, CCR C-C motif chemokine receptor, CCL C-C

motif chemokine ligand, LFA-1 lymphocyte function-associated antigen-1, VLA-4 very late antigen-4, VCAM-1 vascular cell adhesion molecule-1
ICAM-1 intercellular adhesion molecule-1, M-CSF macrophage colony-stimulating factor, DC dendritic cell, M1 macrophage classically activated
macrophage phenotype, M2 macrophage alternatively activated macrophage phenotype, iNOS inducible nitric oxide synthase, IL Interleukin, TNF-a
tumor necrosis factor-a, NLRP3 NOD-like receptor family pyrin domain containing 3, SMC smooth muscle cell, MMP matrix metalloproteinase,
ABCA1 ATP-binding cassette subfamily A1, ABCG1 ATP-binding cassette subfamily G1, SR-B1 scavenger receptor class B type 1, Arg-1 arginase-1,
FIZZ1 found in inflammatory zone 1, YM1 chitinase 3-like 1, TGF-{ transforming growth factor-f3, CVDs cardiovascular diseases, ECs endothelial

cells, M1 macrophages classically activated macrophage phenotype, FCs foam cells, ECM extracellular matrix, ROS reactive oxygen species, M2

macrophages alternatively activated macrophage phenotype

(M1) or alternatively activated macrophage phenotype
(M2) subtypes. M1 macrophages express surface mark-
ers such as CD80, CD86, and inducible nitric oxide syn-
thase (iNOS), and are predominantly associated with
pro-inflammatory responses [34, 53, 54]. They release
cytokines, including IL-1f, IL-6, and TNF-«, amplifying
inflammation via the NOD-like receptor thermal protein
domain-associated protein 3 (NLRP3) inflammasome/
IL-1p axis. These mediators promote SMCs prolifera-
tion, ECs activation, and vascular permeability, which
in turn recruit additional monocytes to lesion sites and

reinforce inflammatory loops [55-58]. Moreover, M1
macrophages secrete matrix metalloproteinases (MMPs)
such as MMP-1, MMP-3, and MMP-10, driving ECM
degradation [59]. Endothelial dysfunction further con-
tributes to this phenotype by increasing local reactive
oxygen species (ROS) generation, reducing nitric oxide
(NO) bioavailability, and activating redox-sensitive path-
ways, including NF-kB and noncanonical Wnt signaling,
thereby favoring M1 polarization and matrix destabiliza-
tion [60, 61]. A hallmark of macrophage dysfunction in
AS is their transformation into foam cells (FCs) through
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uptake of apolipoprotein B-containing lipoproteins
(apoB-LPs) [62-65]. Impaired cholesterol efflux, due to
deficiencies in ATP-binding cassette transporters ATP-
binding cassette protein A1 (ABCA1) and ATP-binding
cassette protein G1 (ABCGL1), as well as scavenger recep-
tor class B type 1 (SR-B1), exacerbates lipid accumula-
tion and FC formation [66—68]. These lipid metabolic
disturbances activate endoplasmic reticulum stress and
apoptotic pathways, leading to MMPs release, ECM
breakdown, and macrophage apoptosis [69]. Under nor-
mal conditions, macrophages clear apoptotic cells via
efferocytosis, a process mediated by SR-B1 through Src/
PI3K/Ras-related C3 botulinum toxin substrate 1 (Racl)
signaling, thereby limiting necrotic core expansion and
resolving inflammation [70, 71]. However, dysregulated
lipid metabolism impairs efferocytosis through competi-
tive inhibition of recognition receptors by lipids, sup-
pression of bridging molecules, upregulation of “don’t eat
me” signals, and mitochondrial dysfunction, collectively
accelerating lesion progression [34].

In contrast, M2 macrophages display markers includ-
ing CD163, CD206, arginase-1 (Arg-1), found in inflam-
matory zone 1 (FIZZ1), and chitinase 3-like 1 (YM1).
They exert reparative functions through secretion of anti-
inflammatory cytokines such as IL-10 and transform-
ing growth factor-p (TGEF-B) [72, 73]. These mediators
attenuate pro-inflammatory cascades, reduce MMP-9
and MMP-2 activity, and increase MMP-11, MMP-12,
and MMP-25 expression, thereby balancing ECM turno-
ver [59, 74]. M2 macrophages also promote cholesterol
efflux by upregulating ABCA1 and ABCG1 and induce
apoptosis of inflammatory cells via caspase-3 activation
[75-77]. Beyond immune regulation, M2 macrophages
directly influence fibroblasts via the TGEF-B/mothers
against decapentaplegic homolog 3 (Smad3) axis, stim-
ulating fibroblast migration, transdifferentiation into
myofibroblasts, and synthesis of collagen and fibronectin.
Smad7-mediated feedback further supports fibroblast
proliferation and fibrogenesis during tissue repair [78,
79]. Importantly, IL-10 facilitates fibrotic remodeling by
promoting fibroblast-to-myofibroblast transition, car-
diac macrophage polarization, and osteopontin (OPN)
expression [80, 81].

Macrophages exert a dual role in CVDs by shaping
immune responses through phenotype switching and
the corresponding changes in cytokine secretion and
cellular functions. On the one hand, pro-inflammatory
M1 macrophages, together with FCs derived from dys-
regulated lipid metabolism, drive vascular inflamma-
tion, ECM degradation, and plaque destabilization,
thereby accelerating disease progression. On the other
hand, macrophage-mediated efferocytosis by M1 cells,
as well as the anti-inflammatory, lipid-regulatory, and
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tissue-repairing functions of M2 macrophages, contrib-
ute to the resolution of inflammation and lesion stabili-
zation. Importantly, macrophages exhibit both passive
and active uptake of nanomaterials, making them ideal
targets for therapeutic nanointerventions. Their multi-
functional roles in CVD pathogenesis provide multiple
points of entry for nanomedicine-based modulation,
with the overarching therapeutic objective of limiting
lesion destruction while promoting tissue repair [82, 83].
Based on these principles, several potential strategies for
nanomaterial targeting have been proposed: 1) repro-
gramming the inflammatory microenvironment within
lesions, 2) inhibiting EC-mediated monocyte recruitment
to reduce macrophage infiltration, 3) regulating lipid
metabolism to prevent FC formation, and 4) suppressing
M1 polarization while enhancing M2 differentiation and
function to control local inflammation, minimize tissue
injury, and accelerate repair [84—86].

Neutrophil in CVDs

Neutrophils are critical regulators of CVDs (Fig. 3). Their
recruitment follows a well-orchestrated process of roll-
ing, adhesion, and transmigration. Initially, neutrophils
engage P-selectin glycoprotein ligand-1 (PSGL-1) with
endothelial P- and E-selectins, initiating rolling. Subse-
quently, endothelial-derived C-X-C motif ligand (CXCL)
8 activates neutrophil C-X-C motif receptors (CXCR1/2),
triggering integrin activation (LFA-1 and macrophage-1
antigen, Mac-1). This enables firm adhesion to ICAM-1
and -2, followed by transendothelial migration into the
vascular wall, where neutrophils amplify inflamma-
tory responses [87, 88]. Within atherosclerotic plaques,
neutrophils secrete ROS and proteases that disrupt the
endothelial barrier and degrade the ECM, thereby pro-
moting immune cell infiltration and low-density lipopro-
tein (LDL) translocation from the lumen into the intima
[89]. Granule proteins such as a-defensin, cathelicidin,
and myeloperoxidase (MPO) further skew macrophages
toward an M1 phenotype, accelerating FCs formation
and amplifying local inflammation [90-92].

A hallmark of neutrophil-mediated pathology in
CVDs is the formation of neutrophil extracellular traps
(NETs). These web-like structures, composed of DNA,
histones, neutrophil elastase (NE), MPO, serine pro-
teases (cathepsin G, NE, and proteinase 3), IL-1a, and
tissue factor, are potent inducers of vascular injury
and thrombosis [93, 94]. NETs activate plasmacytoid
DCs (pDCs) to secrete pro-atherogenic IFN-«, while
stimulating macrophages through NLRP3 and mela-
noma 2 (AIM2) inflammasomes to produce IL-1f and
IL-18 [95-97]. This cytokine milieu amplifies inflam-
mation and establishes a feed-forward loop that sus-
tains neutrophil activation and further NETs release



(2025) 12:76

Zheng et al. Military Medical Research Page 6 of 47

Monocyte . Monocyte
Neutrophil / / LFA-1, Mac-1,
: | Feek-l /| CXCR1/2, etc.
/ 2
i ¥ ! | IcAM-1, ICAM-2,
/

0 ’ / E- or P-selectin / CXCLS, Ete.
ipoprotein / - -
Poprote / . Endothelial cell

o9 / Endothelial cell

Endothelial cells
- ‘ h‘ h @)

Endothelial cell FE—

. T3
I3 (o activation Th17
Infl responses
DNA scaffold, MPO,
cathelicidin, histones, NE...
Protease
Vascullar repair NETs a-defensin,
Cathelieidin NGALl Annexin_Al cathelicidin, MPO...

EPCs @ CI:#
l piet

<

EGF, VEGF * VEGFA VSMC lysis

FEs

ECM degradatlon
Smooth musclecells— s s e o e 5 e St e 5 e o S e 5 5 5 e 5+

M2 macrophage

Fig. 3 Role of neutrophils in CVDs. Neutroph|ls adhere toand transmlgrate across actwated endothelial cells via selectln and integrin-mediated
interactions. Activated neutrophils release ROS, proteases, and granule proteins, promoting endothelial dysfunction, FC formation, ECM
degradation, and inflammation. Neutrophil extracellular traps (NETs) further amplify immune activation through inflammasomes and pDC-derived
IFN-0, contributing to thrombus formation and Th17 responses. Conversely, neutrophil-derived mediators such as cathelicidin, NGAL, and annexin
AT promote vascular repair via EPC activation, M2 polarization, and angiogenesis. PSGL-1 P-selectin glycoprotein ligand-1, CXCL C-X-C motif
chemokine ligand, CXCR C-X-C motif chemokine receptor, LFA-1 lymphocyte function-associated antigen-1, Mac-1 macrophage-1 antigen, ICAM
intercellular adhesion molecule, LDL low-density lipoprotein, MPO myeloperoxidase, NETs neutrophil extracellular traps, NE neutrophil elastase,
pDCs plasmacytoid dendritic cells, IFN-a interferon-a, NLRP3 NOD-like receptor family pyrin domain containing 3, AIM2 absent in melanoma

2, IL interleukin, VSMCs vascular smooth muscle cells, CCL C-C motif chemokine ligand, MMPs matrix metalloproteinases, FPR2 formyl peptide
receptor 2, EGF epidermal growth factor, VEGF vascular endothelial growth factor, VEGFA vascular endothelial growth factor A, MerTK MER tyrosine
kinase, CVDs cardiovascular diseases, ROS reactive oxygen species, FCs foam cells, ECM extracellular matrix, pDC plasmacytoid dendritic cell, IFN-a
interferon-a, Th T helper, NGAL neutrophil gelatinase-associated lipocalin, EPC endothelial progenitor cell, M1 macrophage classically activated
macrophage phenotype, M2 macrophage alternatively activated macrophage phenotype

[98-100]. IL-1p also drives Th1l7 responses, enhanc-
ing immune cell recruitment to atherosclerotic lesions
[101]. Crosstalk between neutrophils and macrophages
is reinforced through exosomal signaling, such as
macrophage-derived exosomes enriched in miR-146a,
which induce oxidative stress in neutrophils by sup-
pressing superoxide dismutase (SOD) 2, thereby trig-
gering NETs formation [102]. Moreover, vascular

SMCs (VSMCs) contribute to this interplay, such as
CCL7 secreted by activated VSMCs stimulates neu-
trophil activation, while NETs-associated histone H4
induces VSMC lysis, and neutrophil-derived MMPs
exacerbate ECM degradation and VSMC death [89, 94,
103]. Beyond vascular inflammation, NETs play a cen-
tral role in thrombosis by providing a structural scaf-
fold enriched with tissue factor, coagulation factor XII,
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histones H3/H4, and fibrinogen that trap platelets and
erythrocytes, reinforcing thrombus formation [104,
105].

Despite their pathogenic roles, neutrophils also con-
tribute to vascular repair. During angiogenesis, neutro-
phil-derived cathelicidin deposited at injured arterial
sites recruits endothelial progenitor cells (EPCs) via
N-formyl peptide receptor 2 (FPR2) signaling, promoting
re-endothelialization and paracrine release of growth fac-
tors such as epidermal growth factor (EGF) and vascular
endothelial growth factor (VEGF) [106, 107]. Addition-
ally, neutrophils secrete annexin Al, which binds FPR2
on macrophages to drive a pro-angiogenic phenotype
and vascular endothelial growth factor A (VEGFA) pro-
duction [108]. In fibrotic repair, neutrophil gelatinase-
associated lipocalin (NGAL) stimulates macrophages
through a MER tyrosine kinase (MerTK)-dependent
mechanism, inducing a pro-repair phenotype that facili-
tates ECM remodeling [109]. These findings highlight the
dual functionality of neutrophils in vascular regeneration
and remodeling.

Overall, neutrophils serve as auxiliary yet versatile
players in CVDs. Non-NETotic neutrophils disrupt vas-
cular homeostasis by promoting monocyte infiltration
and dysregulated lipid metabolism, thereby accelerat-
ing FCs formation. NETosis, however, acts as a powerful
amplifier of vascular pathology by sustaining inflamma-
tion, inducing oxidative stress, mediating immune cross-
talk, and driving thrombosis. Although neutrophils are
classically viewed as terminally differentiated cells lack-
ing plasticity, evidence suggests that subsets such as
CXCR4"8"VEGFRTCD49d™ neutrophils exhibit tissue
repair and pro-angiogenic functions [106, 108, 110]. This
functional heterogeneity implies that neutrophil roles in
CVDs are dynamic and disease-stage dependent.

Nanotherapeutic strategies targeting neutrophils aim
to balance their destructive and reparative functions.
Approaches include inhibition of neutrophil recruit-
ment and adhesion, regulation of local oxidative stress,
and suppression of NETosis. These strategies can be
achieved using small interfering RNA (siRNA)-mediated
chemokine silencing, CCR blockade, pro-inflammatory
neutrophil apoptosis induction, ROS scavenging, and
pharmacological inhibition of NET formation [111-113].
Collectively, such interventions provide a multi-pronged
framework for nanomedicine-based modulation of neu-
trophils to limit tissue injury while promoting vascular
repair.

Regulatory T cells (Tregs)

In CVDs, Tregs play a central role among T-cell subsets
by coordinating and modulating the activity of other
effector immune cells to control inflammatory responses
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(Fig. 4) [114]. Tregs are defined by the expression of the
transcription factor forkhead box protein P3 (FOXP3),
IL-2 receptor subunit-a (IL-2RA), and cytotoxic T-lym-
phocyte-associated protein 4 (CTLA-4) [115]. Func-
tionally, Tregs exert potent immunosuppressive effects
through the secretion of anti-inflammatory cytokines
such as TGF-B, IL-35, and IL-10, while reducing pro-
inflammatory mediators including TNF-a, IL-1f, and
monocyte chemoattractant protein-1 (MCP-1) [116,
117]. They also suppress the production of MMPs, such
as MMP-2 and MMP-9, thereby attenuating ECM degra-
dation and limiting vascular injury [118, 119].

The immunoregulatory functions of Tregs are mediated
by both direct and indirect mechanisms. Directly, TGF-
secreted by Tregs binds to its receptor on effector T cells,
inhibiting CD8* T cell activation [120, 121]. Indirectly,
Tregs modulate antigen-presenting cells (APCs), particu-
larly DCs. For example, CTLA-4 on Tregs depletes CD86
from DCs through transendocytosis, reducing costimu-
latory signaling, while Treg-derived CD154 suppresses
DC activation [122-124]. Additionally, the interaction
of lymphocyte-activation gene 3 (LAG3) on Tregs with
major histocompatibility complex (MHC)-II molecules
on DCs initiates inhibitory signaling through immunore-
ceptor tyrosine-based motifs, preventing DC maturation
and dampening their ability to stimulate effector T cells
[125]. Tregs also exert significant effects on the innate
immune compartment. TGF-B and IL-10 produced by
Tregs inhibit M1 macrophage polarization while promot-
ing M2 differentiation, thereby shifting the local immune
balance toward tissue repair. This is accompanied by
suppression of pro-inflammatory mediators [ MCP-
1, IL-6, ICAM-1, MMP-2, MMP-9, Fas ligand (Fas-L)]
and upregulation of anti-inflammatory and reparative
markers (Arg-1, CCL-9) [126]. In vascular tissues, Tregs
prevent SMCs apoptosis by blocking NF-kB and extra-
cellular regulated protein kinases 1/2 (ERK1/2) pathway
activation [126].

Furthermore, Tregs directly regulate B cells by elimi-
nating antigen-presenting B cells via granzyme B- and
perforin-dependent cytotoxicity, thereby reducing patho-
genic antibody production [127, 128]. Beyond immune
modulation, Tregs contribute to vascular and cardiac
repair. They promote neovascularization, regulate fibro-
blast activity, and attenuate post-MI fibrosis, ultimately
reducing cardiac stiffness and improving functional
recovery in cardiomyopathies [129, 130]. These findings
underscore the multifaceted therapeutic potential of
Tregs in the context of CVDs.

Nanomaterial-based modulation of Tregs typically
occurs in concert with other immune pathways. On the
one hand, nanomaterials directly targeting Tregs often
rely on the assistance of APCs, particularly tolerogenic
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Fig. 4 Regulatory roles of Tregs in cardiovascular diseases. Tregs exert immu

nosuppressive effects in CVDs through the secretion

of anti-inflammatory cytokines (e.g., TGF-@, IL-35, IL-10) and the expression of inhibitory molecules such as CTLA-4. By suppressing APCs and effector

T cells, Tregs attenuate local immune activation. They also modulate macrop
M1-driven inflammation, thereby reducing pro-inflammatory cytokines and

hage polarization by promoting M2 phenotypes while inhibiting
ECM degradation. In addition, Tregs limit B-cell-mediated antibody

production, inhibit SMC apoptosis via NF-kB and ERK1/2 pathways, and collectively contribute to vascular protection and tissue homeostasis. Tregs
regulatory T cells, CVDs cardiovascular diseases, TGF-B transforming growth factor-@3, IL interleukin, CTLA-4 cytotoxic T-lymphocyte-associated
protein 4, APCs antigen-presenting cells, M2 macrophage alternatively activated macrophage phenotype, M1 macrophage classically activated

macrophage phenotype, ECM extracellular matrix, SMC smooth muscle cell,
kinase 1/2, ICAM-1 intercellular cell adhesion molecule-1, MMP matrix metal
ligand, FOXP3 forkhead box protein P3, MHC major histocompatibility comp

DCs, which subsequently promote immune tolerance
through Treg expansion, thereby preventing and repair-
ing tissue damage in CVDs [131, 132]. On the other
hand, nanomaterials directed at other immune cells
can indirectly influence Treg activity by reshaping the
inflammatory microenvironment [116, 133—-135]. Such
secondary regulation forms a positive feedback loop
that enhances immune homeostasis and accelerates
lesion recovery [136]. Accordingly, future nanomaterial
strategies may advance along 2 axes: direct modulation
of Tregs to prevent further amplification of inflamma-
tory responses and mitigate local tissue damage; and
regulation of upstream APCs to block subsequent Treg
activation, thereby preventing additional tissue injury
and fostering a local microenvironment conducive to
tissue repair.

NF-kB, nuclear factor kappa-B, ERK1/2 extracellular signal-regulated
loproteinase, MCP-1 monocyte chemoattractant protein-1, Fas-L Fas
lex, LAG3 lymphocyte-activation gene 3, Treg regulatory T cell

Other immune cells in CVDs

Although macrophages, neutrophils, and T cells have
been extensively studied in CVDs, other immune cell
populations, including mast cells (MCs), DCs, natural
killer (NK) cells, and B cells, also play crucial roles in
shaping disease onset, progression, and resolution. While
their diagnostic and therapeutic targeting in nanomedi-
cine remains relatively underexplored, these cell types
represent promising avenues for future investigation.

Mast cells (MCs) in CVDs

MCs, central regulators of innate immunity, mediate
allergic reactions and host defense via the release of bio-
active mediators such as platelet-derived growth factor
A (PDGFA), TNF-«, TGF-f, and histamine, all of which
influence cardiac physiology [137]. In CVDs, MCs pro-
mote vascular injury and plaque progression through
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enzymatic activities (tryptase, chymase) and pro-inflam-
matory cytokines (IL-6, IFN-y), which induce protease
expression in surrounding cells, resulting in subendothe-
lial damage and immune cell recruitment [138-140]. In
addition, MCs-derived tryptase and chymase also impair
lipid homeostasis by degrading high-density lipoprotein
(HDL) and reducing macrophage cholesterol efflux, while
simultaneously enhancing LDL uptake by macrophages,
thereby accelerating FCs formation [141, 142]. Moreo-
ver, TNF-a stimulates MMPs activity, exacerbating ath-
erosclerotic plaque instability and promoting apoptosis
of ECs and SMCs [143-147]. Histamine released by
coronary MCs disrupts EC barrier integrity, facilitating
lipoprotein translocation into the vessel wall [148—150].
Interestingly, MCs also exhibit pro-angiogenic func-
tions. Tryptase stimulates endothelial tube formation and
proliferation, while chymase promotes vascular remod-
eling via angiotensin II (Ang II)-dependent pathways
[151-153]. Thus, MCs exert dual, context-dependent
roles by driving inflammatory pathology while simulta-
neously supporting compensatory vascular adaptation,
which highlights their complex contributions to CVD
progression.

DCs in CVDs

As professional APCs, DCs serve as gatekeepers of adap-
tive immunity [154]. Necrotic tissue-derived epitopes
and damage-associated molecular patterns (DAMPs),
along with signals such as Ang II, induce phenotypic
alterations in DCs, directing their differentiation toward
either immunogenic or tolerogenic states [155]. Immu-
nogenic DCs secrete pro-inflammatory cytokines (IL-12,
IL-13, IFN-y) and activate CD4*/CD8* T cells, thereby
amplifying immune-mediated tissue damage [156, 157].
In contrast, tolerogenic DCs suppress immune activa-
tion by inducing T-cell anergy/apoptosis and expanding
Tregs, thus establishing immune homeostasis [158, 159].
This phenotypic plasticity positions DCs as pivotal regu-
lators in CVDs, balancing pro-inflammatory injury and
immunosuppressive repair. Given their dual roles, DCs
represent attractive targets for nanomaterials designed to
induce tolerogenic phenotypes and restore cardiovascu-
lar immune balance.

NK cells in CVDs

NK cells, belonging to the innate lymphoid cell fam-
ily, express diverse CCRs that facilitate trafficking from
the bone marrow to inflamed or ischemic cardiovascu-
lar tissues [160-162]. Pro-inflammatory NK responses
are driven by the T-bet/IFN-y/IL-12 axis, which estab-
lishes reciprocal activation with monocytes, amplifying
immune cell recruitment and inflammatory cytokine
secretion (e.g., IFN-y, perforin, granzyme B) [163].
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Conversely, NK cells also exert protective and repara-
tive roles. By shaping an anti-inflammatory chemokine
milieu, NK-derived IFN-y can suppress fibrotic immune
cell populations such as eosinophils, thereby limiting
maladaptive fibrosis [164]. Furthermore, NK cells pro-
mote vascular regeneration and post-ischemic healing
through integrin-a4p7/VCAM-1 interactions with ECs,
contributing to revascularization and collagen deposition
[165]. This functional dichotomy emphasizes NK cells as
dynamic regulators, capable of both exacerbating inflam-
mation and promoting repair depending on disease stage.

B cells in CVDs

B cells contribute to CVD progression and resolution
through antibody production, cytokine secretion, and
immunomodulation [166]. In AS, B cells are divided into
B1 and B2 subsets with opposing functions. B1-derived
immunoglobulin M (IgM) antibodies targeting oxidation-
specific epitopes (OSEs) of oxidized LDL (ox-LDL) con-
fer atheroprotection, whereas B2-derived IgG and IgE
antibodies enhance atherogenesis [167, 168]. Beyond
humoral responses, B cells interact with T cells, mac-
rophages, and DCs, modulating immune crosstalk during
cardiac repair [169]. Their cytokine secretion profile is
context-dependent. IL-6 and TNF amplify inflammation,
whereas IL-10 promotes resolution and repair [170, 171].
In M1, B cell-derived CCL-7 facilitates monocyte recruit-
ment, exacerbating cardiac injury [172]. Thus, B cells
also display dual roles, balancing pathogenic antibody-
mediated responses and homeostatic regulation of tissue
repair, underscoring their importance as modulators of
cardiovascular immunity.

Mechanisms of immune cell modulation
by nanomaterials in CVDs
Nanomaterials exhibit remarkable potential in resolving
localized inflammatory responses in CVDs, primarily by
improving drug pharmacokinetics and enabling precise
immune modulation. Upon systemic or local administra-
tion, nanomaterials preferentially accumulate at inflam-
matory sites either through passive targeting, such as
enhanced permeability and retention (EPR) effects medi-
ated by leaky vasculature, or through active targeting
strategies that exploit ligand-receptor interactions on
immune or ECs. These mechanisms significantly enhance
subendothelial retention and therapeutic efficiency [173].
Targeting specificity is critical, as non-targeted formu-
lations generally demonstrate markedly lower efficacy
compared with engineered, targeted nanomaterials [174].
The immunomodulatory potential of nanomaterials is
largely determined by their physicochemical properties.
By fine-tuning parameters such as size, shape, surface
charge, chemical composition, and functional surface
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modifications, their biodistribution, circulation half-life,
clearance rate, and cellular uptake can be optimized to
maximize therapeutic benefit [175, 176]. For example,
positively charged nanomaterials enhance interactions
with negatively charged cell membranes, while ligand-
functionalized surfaces enable selective delivery to mac-
rophages, neutrophils, or T cells within cardiovascular
lesions. Functionally, nanomaterials act as versatile plat-
forms for delivering immunoregulatory agents, enabling
precise control over immune cell behavior (Table 1)
[177-202]. On the one hand, they directly modulate
immune cell dynamics by regulating recruitment, prolif-
eration, polarization, apoptosis, and cytokine secretion,
thereby influencing the pathophysiological progression
of CVDs. On the other hand, nanomaterials reshape the
inflammatory microenvironment through spatiotem-
porally controlled drug release, which attenuates patho-
logical inflammation while preserving reparative immune
responses. This dual-action mechanism, by concurrent
regulation of immune cell activity and restoration of
microenvironmental homeostasis, underscores the mul-
tifaceted therapeutic promise of nanomaterials in CVDs.
By integrating targeted delivery with immune modula-
tion, nanomedicine offers a powerful and precise strategy
for correcting immune dysregulation, stabilizing lesions,
and promoting tissue repair in cardiovascular pathology
(Fig. 5).

The regulation of immune cell chemotaxis
The migration and infiltration of immune cells represent
pivotal events in the initiation and amplification of local-
ized inflammatory cascades. During the early stages of
inflammation, circulating monocytes, neutrophils, and
T cells are recruited to sites of injury through chemot-
actic gradients shaped by inflammatory mediators and
chemokine networks [203]. Once recruited, these cells
undergo functional reprogramming [77, 204]. Monocytes
differentiate into pro-inflammatory macrophage subsets,
neutrophils initiate NETosis and release NETs, while T
cells transition into activated effector phenotypes. Col-
lectively, these processes establish a pro-inflammatory
microenvironment that drives CVD progression [205].
One therapeutic strategy is to attenuate immune cell
infiltration by targeting endothelial adhesion molecules.
Nanomaterial-mediated RNA silencing offers a precise
means of inhibiting gene expression, thereby reducing
leukocyte recruitment without broadly impairing innate
immune function [206]. For instance, siRNA-based
silencing of endothelial adhesion molecules, including
E-selectin, P-selectin, VCAM-1, ICAM-1, and ICAM-2,
effectively decreases monocyte and neutrophil infiltra-
tion at lesion sites [177]. Beyond modulating endothelial
activation, strategies targeting circulating immune cells
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have also shown promise. Pitavastatin-loaded NPs (pita-
vastatin-NPs), selectively internalized by monocytes/
macrophages following intravenous administration, sup-
press NF-kB activation and downregulate MCP-1 and
MMPs, thereby inhibiting monocyte chemotaxis via the
MCP-1/CCR?2 axis [178]. Additionally, pitavastatin-NPs
may impair monocyte migration by inhibiting RhoA
farnesylation independently of CCR2 expression. NP
delivery of siTNF-a within liposomes further illustrates
the cross-talk between TNF-a and MCP-1/CCL2. TNF-a
silencing reduces MCP-1 production, thereby restrict-
ing macrophage recruitment [207]. Other chemokines,
including CCL2, CCL5, CCL8, and CXCL9, have likewise
emerged as potential nanotherapeutic targets [179].

In addition to suppressing chemokine production or
receptor signaling, nanomaterials can directly seques-
ter chemokines, neutralizing their effects and block-
ing immune cell recruitment. A notable example is
the design of multifunctional immunosuppressive NPs
(VINs), cloaked with membranes derived from mesen-
chymal stem cells (MSCs) engineered to overexpress
CXCR4 [179]. This membrane camouflage provides
immune evasion and homing capacity (“Trojan horse”
or “cell hitchhiking”), enhancing NP accumulation at
ischemic cardiovascular lesions via the CXCR4-CXCL12
axis. Moreover, the CXCR4-enriched surface of VINs
acts as a “nano-decoy” that adsorbs and neutralizes
CXCL12, thereby blocking infiltration of neutrophils and
monocytes/macrophages into lesions. Importantly, the
VIN core contains A151, a cyclic GMP-AMP synthase
(cGAS) inhibitor, which suppresses cGAS-stimulator of
interferon genes (STING) signaling in microglia and pro-
motes M2 polarization, providing a synergistic dual anti-
inflammatory effect.

Beyond therapy, immune cell chemotaxis itself pro-
vides valuable diagnostic opportunities. For instance,
viral macrophage inflammatory protein-II (vMIP-II) has
been exploited as a targeting ligand to generate a posi-
tron emission tomography (PET) tracer, ®*Cu-vMIP-II-
Comb. This comb-like peptide NP binds to CCRs CCR1,
CCR2, and CXCR2 expressed on macrophages/mono-
cytes, enabling sensitive and specific positron emission
tomography/computed tomography (PET/CT) imaging
of atherosclerotic lesions and other CVD-related inflam-
matory foci [180]. Such advances highlight the potential
of chemokine- and CCR-targeted nanomaterials not only
in therapeutic modulation but also in precise, noninva-
sive diagnosis of CVD progression.

The regulation of immune cell proliferation

Immune cell proliferation is a key driver of CVD pro-
gression. Once activated, immune cells expand within
cardiovascular lesions, perpetuating inflammation
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Fig. 5 Comprehensive modulation of immune cell-mediated inflammatory responses by nanomaterials. a Nanomaterials can modulate
chemokines and their receptors to effectively suppress the migration and infiltration of immunocytes, thereby attenuating inflammatory
responses. Current strategies encompass gene silencing of adhesion molecules and chemokines, inhibition of associated signaling pathways, direct
neutralization of chemokines, as well as the use of “cell hitchhiking” approaches to achieve precise targeted delivery. b Nanomaterials regulate
immune cell proliferation, suppressing pro-inflammatory responses while promoting protective immune functions to modulate the progression

of CVDs. ¢ Nanomaterials regulate immune cell functions through multiple mechanisms, including inhibition of inflammatory signaling pathways,
ROS scavenging, modulation of phagocytosis, promotion of M2 macrophage polarization, and suppression of NETs formation. These strategies
collectively attenuate inflammation, facilitate tissue repair, and preserve cardiovascular function within interconnected immune regulatory
networks. d Nanomaterials modulate immune cell death modes to alleviate inflammation and protect cardiovascular function. They can induce
apoptosis while suppressing NETosis to reduce tissue injury and promote M2 macrophage polarization, and they can also inhibit pyroptosis to block
inflammatory cascades and improve the local microenvironment. LDL low-density lipoprotein, Treg regulatory T cell, CVDs cardiovascular diseases,
ROS reactive oxygen species, NETs neutrophil extracellular traps, M2 alternatively activated macrophage phenotype

through sustained secretion of pro-inflammatory
cytokines. Thus, localized suppression of aberrant
immune cell proliferation has emerged as a promis-
ing therapeutic strategy to restrain disease progres-
sion [208, 209]. Nanomaterials, by delivering regulatory
agents with spatiotemporal precision, can effectively
block immune cell activation and proliferation during

the early stages of inflammation, thereby mitigating
downstream pathology [135, 210, 211].

One important approach is to prevent macrophage
adhesion and subsequent activation at endothelial inter-
faces [184, 212, 213]. Rapamycin, a widely used immu-
nosuppressant, exerts its effects primarily through
inhibition of the mechanistic target of rapamycin
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complex 1 (mMTORC1), a central regulator of cell growth,
proliferation, motility, survival, and transcriptional activ-
ity [214, 215]. Recent advances in nanotechnology have
facilitated the development of leukosomes, biomimetic
nanovesicles generated by incorporating leukocyte mem-
brane proteins into phospholipid bilayers [181]. Unlike
rapamycin encapsulated in polymeric or inorganic car-
riers, rapamycin-loaded leukosomes (Leuko-Rapa) com-
bine the physicochemical stability of nanomaterials
with the biological properties of leukocytes, including
immune evasion, prolonged circulation, and targeted
delivery [216]. These features endow Leuko-Rapa with
enhanced adhesion to ECs, enabling selective inhibition
of NF-kB-mediated signaling in macrophages. Conse-
quently, macrophage proliferation within lesion sites
is reduced, alongside decreased production of TNF-a,
IL-6, IL-1P, and chemotactic factors, thereby suppress-
ing local inflammatory amplification. However, not all
immune cell proliferation is detrimental. Treg expansion
is protective, serving to restrain excessive inflammation
and stabilize cardiovascular lesions. For example, active
immunization with the autoantigen apolipoprotein B-100
(ApoB-100) peptide P210 has been shown to attenuate
experimental AS. Chyu et al. [182] developed self-assem-
bling amphipathic micelles (P210-PAM), which are taken
up by DCs and subsequently promote the expansion of
CD4*CD25"FOXP3* Tregs and CD8*CTLA-4" T cells.
Expanded Tregs selectively modulate monocyte activ-
ity, skewing them toward less inflammatory phenotypes.
This dual regulation of innate and adaptive immunity
decreases lesion inflammation, underscoring the thera-
peutic value of selectively enhancing Treg proliferation in
CVDs.

The regulation of immune cell death mode

Distinct modes of immune cell death, including apopto-
sis, pyroptosis, necroptosis, and ferroptosis, differentially
shape the inflammatory microenvironment and conse-
quently influence the progression of CVDs. Apoptosis
is generally considered immunologically silent, promot-
ing resolution of inflammation and facilitating efferocy-
tosis [217-220]. In contrast, pyroptosis and other lytic
forms of cell death result in plasma membrane rupture
and uncontrolled release of pro-inflammatory mediators,
amplifying both local and systemic inflammation [221-
224]. Thus, nanomaterial-based regulation of immune
cell death has emerged as a promising therapeutic strat-
egy to rebalance immune responses and suppress mala-
daptive inflammation in CVDs.

One effective therapeutic approach is to induce
apoptosis of hyperactivated inflammatory immune
cells, thereby controlling local inflammation and limit-
ing collateral tissue damage. Kim et al. [202] designed
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H,0,-responsive poly (lactic-co-glycolic acid (PLGA)
NPs (RC NPs) encapsulating catalase and peroxidase.
Once internalized by neutrophils, catalase-mediated
oxygen generation caused rapid NP bursting, releas-
ing roscovitine (a cyclin-dependent kinase inhibitor)
directly into neutrophils. This intervention redirected
neutrophils from NETosis toward apoptosis, as indi-
cated by the reduction of CitH3" neutrophils. Neu-
trophil apoptosis induced by RC NPs promoted the
recruitment and M2 polarization of cardiac mac-
rophages. Through neutrophil-macrophage cross-
talk, this strategy protected cardiomyocytes (CMs)
and cardiac ECs from neutrophil-mediated injury and
effectively preserved cardiac function. These findings
highlight how nanomaterials can actively reprogram
cell death pathways to convert pro-inflammatory cell
fates into reparative ones.

Another promising paradigm is to inhibit pyropto-
sis, a lytic form of programmed cell death mediated
by the NLRP3-caspase-1-IL-1B/IL-18 axis. Pyropto-
sis serves as a potent amplifier of inflammatory cas-
cades, releasing IL-1f and IL-18 and triggering robust
inflammatory responses in CVDs [225]. Targeting
pyroptosis through nanotechnology, therefore, repre-
sents an attractive therapeutic avenue. For instance,
Xiong et al. [226] targeted interferon regulatory factor
1 (IRF1), a master regulator of inflammation and cell
death, using siRNA (siIRF1). Delivery of siIRF1 into M1
macrophages suppressed IFN-y-mediated pyroptosis,
thereby dampening downstream inflammatory cas-
cades. In another study, neutrophil membrane-coated
NPs were engineered to deliver puerarin (PU), a natural
anti-apoptotic and antioxidative compound [227]. This
biomimetic strategy exploited neutrophil homing prop-
erties to target inflamed cardiac tissues, while PU dis-
rupted the detrimental crosstalk between macrophages
and pyroptotic CMs. Mechanistically, it inhibited CMs
pyroptosis through the NLRP3-caspase-1-IL-13/IL-18
signaling pathway. Furthermore, reprogramming mac-
rophages toward an M2 reparative phenotype enhanced
the anti-pyroptotic effect by reshaping the inflamma-
tory microenvironment, collectively attenuating myo-
cardial injury.

These findings underscore the therapeutic promise of
nanomaterial-mediated regulation of immune cell death
modes. By inducing apoptosis in pathogenic neutrophils
and macrophages while suppressing pyroptosis in CMs
and inflammatory macrophages, nanomaterials provide
a dual strategy to attenuate tissue-destructive inflamma-
tion and promote repair. A combinatorial approach tar-
geting multiple cell death pathways in a stage- and cell
type-specific manner may represent the next frontier for
precision immunotherapy in CVDs.
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The regulation of immune cell function

Inhibition of excessive inflammatory response

Excessive activation of immune-mediated inflammation
arises from the convergence of multiple pro-inflamma-
tory cascades, with the NF-«B signaling pathway serv-
ing as a prototypical regulator [228]. NF-xB governs the
transcription of numerous pro-inflammatory mediators
across diverse innate immune cell subsets, making it a
critical therapeutic target. Pharmacological inhibition of
NF-kB signaling has thus emerged as a viable approach to
suppress inflammatory cascades in CVDs. For example,
Kim et al. [183] developed an exosome-based delivery
system carrying a super-repressor IkB (Exo-srIkB), which
effectively blocks NF-kB nuclear translocation and acti-
vation in neutrophils. Exo-srIkB reduces pro-inflamma-
tory cytokine and chemokine expression, limits immune
cell infiltration and adhesion molecule upregulation,
and decreases apoptosis. Thus, these effects mitigate
macrophage accumulation within lesions and attenuate
ischemia-reperfusion-induced tissue injury. Similarly,
siRNA-mediated silencing strategies can downregulate
NF-«B signaling. Nanogels encapsulating siNF-«B reduce
NF-xB p65 expression and lower downstream pro-
inflammatory mediators [184]. In another example,
macrophage membrane-camouflaged Apelin-13 NPs
(MM/ANPs) suppress local inflammation and oxidative
stress by concurrently inhibiting NF-kB and the NLRP3
inflammasome [185]. Targeting neutrophil-derived
alarmins also represents a promising direction. Inhibi-
tion of S100A8/A9 by ABR2575 disrupts the S100A8/
A9-NLRP3-IL-1p axis, attenuating neutrophil activation,
clearing ROS, and limiting inflammatory amplification
[186]. Moreover, nucleic acid-based nanotherapeutics,
including si-Baf60a, pAnti-miR-33 [229], miR-146a/-
181b [230], and DNAzyme silencing TNF-a [231], have
demonstrated the capacity to fine-tune inflammatory
pathways at the genetic level.

Another major therapeutic axis involves targeting
ROS, which act as amplifiers of inflammation and medi-
ators of tissue injury. He et al. [187] designed 2D black
phosphorus nanosheets (BPNSs) functionalized with
polyethylene glycol (PEG) and S2P peptides to load
Resolvin D1 (RvD1), an inflammation-resolving lipid
mediator (BPNSs@PEG-S2P/R). The S2P peptides con-
fer macrophage-targeting capability, enabling preferen-
tial accumulation within lesions. Mechanistically, BPNSs
scavenge ROS to restore macrophage oxidative phospho-
rylation and fatty acid oxidation, while RvD1 simultane-
ously resolves local inflammation. This dual antioxidant
and anti-inflammatory effect effectively prevent AS
progression. In addition to synthetic nanomaterials,
enzyme mimetics targeting ROS detoxification pathways
(e.g., superoxide dismutase [232], catalase [233], and
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peroxidase [234, 235]) have also shown potential in sup-
pressing oxidative stress-driven inflammation. However,
the rapid clearance of NPs by the reticuloendothelial sys-
tem (RES) and the mononuclear phagocyte system (MPS)
poses a major limitation for their therapeutic efficacy
[236, 237]. To address this, biomimetic nanocarriers such
as MM-coated NPs (MM-NPs) have been developed.
These systems leverage natural cell-membrane properties
to evade RES clearance, exploit immune self-recognition,
and achieve lesion-specific accumulation. Moreover,
MM-NPs can directly respond to inflammatory cues and
pathogen-associated signals (e.g., bacterial toxins, viral
particles, inflammatory cytokines), further enhancing
their targeting specificity and therapeutic potential [188,
238].

Beyond targeting pro-inflammatory cascades and
oxidative stress, nanomaterials can also harness the
immune system’s endogenous homeostatic checkpoints.
A representative example involves Tregs, which enforce
immunotolerance and prevent immune overactivation.
Liposomal NPs co-delivering MI-related antigens and
rapamycin (L-Ag/R) were shown to induce tolerogenic
DCs (tDCs) and antigen-specific Tregs, thereby establish-
ing local immune tolerance, alleviating post-infarction
inflammation, and promoting repair [189]. This strategy
illustrates a host-directed nanotechnology approach that
engages intrinsic regulatory circuits to dampen patholog-
ical immune hyperactivation while preserving essential
defense functions.

Regulation of immune cell phagocytosis

Phagocytosis by innate immune cells plays a pivotal
role in CVDs, with dual and contrasting implications.
On the one hand, lipid phagocytosis by macrophages
results in FCs formation, a hallmark of AS and a driver
of panvascular disease progression [239]. On the other
hand, efferocytosis (the clearance of apoptotic cells by
healthy macrophages) prevents secondary necrosis and
the release of pro-inflammatory intracellular contents,
thereby suppressing inflammation, limiting necrotic lipid
core expansion, and slowing disease progression [240].
These divergent outcomes make phagocytic regulation
a promising therapeutic target for nanomaterial-based
interventions.

A central checkpoint in efferocytosis is CD47, which
functions as a “don’t-eat-me” signal on apoptotic and
injured cells. Overexpression of CD47 on damaged
myocardial cells in myocarditis, for instance, impedes
macrophage-mediated clearance of dead cells and delays
cardiac repair [241]. To overcome CD47-mediated inhi-
bition of efferocytosis, Song et al. [190] encapsulated
ferrostatin-1 and anti-CD47 antibodies within hollow
mesoporous silica nanoparticles cloaked with platelet
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membranes. This biomimetic platform restored effero-
cytosis while simultaneously modulating ferroptosis,
thereby reducing iron-dependent lipid peroxidation and
its detrimental effects in CVDs. However, CD47 block-
ade alone may induce excessive cholesterol accumulation
in phagocytes, leading to free cholesterol pooling and
cholesterol crystal formation. To overcome this, Chuang
et al. [191] engineered chimeric antigen receptor (CAR)-
transduced THP-1 monocytes/macrophages (CAR-M)
conjugated with B-cyclodextrin lipid NPs (B-CD LNPs),
generating CAR-M/B-CD LNPs. This dual-modification
system enhanced the selective clearance of CD47"sh
apoptotic cells within atherosclerotic lesions. Moreover,
ROS-responsive disassembly of p-CD LNPs facilitated
cholesterol processing: p-CD-mediated cholesterol oxi-
dation produced oxysterols that activated liver X recep-
tor (LXR) signaling, upregulating ATP-binding cassette
protein A1 (ABCA1), ABCG1, and MerTK. These tran-
scriptional changes enhanced cholesterol efflux while
attenuating local inflammatory responses, thereby restor-
ing phagocyte homeostasis.

A second major aspect of phagocytic regulation in
CVDs involves cholesterol efflux, a critical process
in lipid metabolism. Key regulators include ABCAL,
ABCG], and scavenger receptors (SRs), all of which
are attractive nanotherapeutic targets [242-244]. The
pathological progression of AS is strongly influenced
by miRNAs that regulate cholesterol homeostasis. For
instance, Nguyen et al. [192] developed a chitosan NP
(chNP) delivery platform to transport miRNAs into
macrophages, thereby modulating cholesterol receptor
expression. Among these, miR-206 and miR-223-loaded
chNPs enhanced ABCA1 expression and promoted cho-
lesterol efflux.

Targeting SRs provides another avenue for interven-
tion. He et al. [194] co-delivered SR-A siRNA (to sup-
press LDL uptake) and an LXR ligand (LXR-L) (to
stimulate efflux) via mannose-functionalized dendritic
NPs (mDNPs). This 2-pronged approach reduced SR-A
expression while increasing ABCA1/ABCGL levels, sig-
nificantly alleviating AS progression. Similarly, 1 cM
macromolecules, through their selective hydrophobic
and charge-based targeting of inflamed macrophages,
partially blocked SR-A-mediated ox-LDL uptake. When
combined with the intracellular LXR agonist GW3965,
this approach further promoted ox-LDL efflux and
improved cholesterol clearance [193]. Together, these
findings highlight that regulating phagocytosis by restor-
ing efferocytosis, overcoming anti-phagocytic check-
points such as CD47, and enhancing cholesterol efflux
represents a promising therapeutic avenue. Nanomate-
rial-based platforms offer unique opportunities to pre-
cisely modulate these processes, thereby rebalancing
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immune and metabolic functions within atherosclerotic
and ischemic lesions.

Regulation of macrophage polarization

Nanomaterials can modulate macrophage polarization
through multiple signaling pathways, including cGAS-
STING, NF-kB, STAT3, and PI3K/Aktl/mechanis-
tic target of rapamycin (mTOR), achieving phenotypic
reprogramming via anti-inflammatory and antioxidant
mechanisms. For instance, an ginsenoside (Rbl)/poly-
dopamine (PDA) hydrogel combines the antioxidant
capacity of PDA with the immunomodulatory function
of ginsenoside Rb1l. PDA scavenges free radicals, allevi-
ating mitochondrial oxidative stress and reducing mito-
chondrial DNA (mtDNA) release, thereby suppressing
cGAS-STING signaling [195]. Transmission electron
microscopy confirmed that Rb1/PDA treatment pre-
served mitochondrial cristae integrity and stabilized
cell membranes, underscoring its antioxidative effect.
Concurrently, Rbl reduces cGAS activity by impairing
DNA recognition and binding, which not only blocks
cGAS-STING activation but also promotes STAT6/per-
oxisome proliferator-activated receptor gamma (PPAR-y)
signaling in MO macrophages. This dual action facilitates
IL-4 secretion, drives M2 polarization, and enhances the
release of anti-inflammatory mediators. In vivo, Rb1/
PDA hydrogels markedly reduced M1 macrophages and
increased M2 macrophage populations within lesion
areas, findings corroborated by RNA sequencing that
revealed broad downregulation of oxidative stress- and
immunity-related genes. Functionally, these polarization
shifts improved CMs mitochondrial function, increased
myocardial wall thickness, enhanced cardiac perfor-
mance, and promoted myocardial regeneration after ML
Similarly, MNPs/Alg hydrogels promoted M2 differen-
tiation via the PI3K/Akt1/mTOR pathway, elevating anti-
inflammatory cytokine levels such as TGF-p, IL-10, and
Argl [196].

By reprogramming macrophages from pro-inflamma-
tory M1 toward reparative M2 phenotypes, nanomate-
rials indirectly promote tissue repair and angiogenesis.
This shift not only suppresses destructive factors such
as MMPs but also upregulates regenerative mediators
including VEGE. For example, fibrinogen-loaded M@A-
F/E NCs enhanced VEGF production and capillary net-
work formation, significantly alleviating IRI in a transient
middle cerebral artery occlusion (tMCAQO) model [197].
The use of MM camouflage further improved delivery by
enabling NPs to cross the blood-brain barrier (BBB), tar-
get ischemic infarcts, attenuate oxidative stress, promote
microglial M2 polarization, restore neuronal mitochon-
drial membrane potential, reduce calcium overload, and
remodel the inflammatory microenvironment. Other
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nanomaterials exploit cell-cell interactions to modulate
macrophage polarization. Legume-derived ferulic acid
peptide nanofibers (LFPNs) enhance macrophage-ECs
crosstalk in inflamed lesions, promoting M2 polariza-
tion. M2-secreted cytokines such as TGF-p increased
ECs adhesion and migration, while elevated VEGF-A
and fibroblast growth factor (FGF)-2 secretion from
macrophages led to enhanced angiogenesis, supported
by higher CD31 and a-smooth muscle actin (a-SMA)
expression at injury sites [198]. In addition, EVMS@
NCs attenuated inflammatory cascades, preserved SMC
contractile function, and reduced ECM degradation by
lowering MMP-2 and MMP-9 expression, thereby miti-
gating vascular remodeling [199]. These studies highlight
the central role of nanomaterials in macrophage polari-
zation therapy: by suppressing M1-driven inflammation
and enhancing M2-mediated repair, nanomaterials pro-
vide a dual advantage of dampening destructive immune
responses while simultaneously promoting tissue regen-
eration and angiogenesis. This dual regulatory capacity
makes macrophage polarization a particularly attractive
target in nanomedicine-based therapies for CVDs.

Regulation of NETs formation

Neutrophils critically contribute to the progression of
CVDs through the formation of NETs. NETs are gener-
ated via a specialized form of programmed cell death
termed NETosis, during which neutrophils release chro-
matin fibers decorated with histones (e.g., H3Cit) and
granular proteins (e.g., MPO, NE). These structures acti-
vate ECs and perpetuate vascular inflammation [245,
246]. Thus, inhibiting NETosis and preventing excessive
NET formation has emerged as a promising therapeutic
strategy in CVDs.

One approach involves targeting peptidyl arginine
deiminase 4 (PAD4), an essential enzyme for NETosis.
Col IV-NPs encapsulating the PAD4 inhibitor GSK484
selectively accumulate at vascular sites where ECs are
disrupted and the collagen IV-rich basement membrane
is exposed. This localized delivery efficiently blocks PAD4
activity, thereby reducing NETs production [200]. Func-
tionally, this intervention improved endothelial continu-
ity and markedly reduced NETs accumulation at intimal
lesion sites. Interestingly, the physicochemical properties
of NPs themselves influence NET formation. Particles in
the 10-40 nm range can disrupt plasma membranes and
destabilize lysosomes, triggering rapid NETosis. In con-
trast, larger NPs (100—1000 nm) cause minimal mem-
brane perturbation and exhibit substantially reduced
pro-NETotic activity [247-249]. Superparamagnetic
iron oxide NPs (SPIONs, SPION™!, and SPION"?) fur-
ther demonstrated that under magnetic field exposure,
their topological changes promoted NET formation
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and thrombogenesis [250]. However, coating SPIONs
with human serum albumin (SPION"A"H54) or dextran
(SPIONPEX) significantly inhibited this process, prevent-
ing irreversible NET aggregates and thereby reducing
thrombosis and vascular occlusion. These findings high-
light that rational NP size and surface design can mitigate
the risk of NET-driven pathology.

Another therapeutic strategy is the enzymatic deg-
radation of NETs. DNase I, which cleaves extracellular
DNA, has shown efficacy in dismantling NET struc-
tures, thereby alleviating their pathogenic consequences
in vascular lesions [251]. Beyond direct NET inhibition,
nanomaterials can also indirectly suppress NETosis by
attenuating oxidative stress and mitochondrial dysfunc-
tion. Gong et al. [201] designed a PtIr nanozyme with
intrinsic antioxidative activity that enhances mitochon-
drial function, lowers ROS levels, reduces apoptosis,
and ultimately suppresses NET formation. In vivo, this
intervention increased microvascular density, decreased
fibrosis, restored perfusion, and improved long-term car-
diac function, thereby offering protection to CMs.

These findings underscore that regulating NET forma-
tion, whether by enzyme inhibition, NP design, enzy-
matic degradation, or redox modulation, represents a
critical therapeutic avenue. Nanomaterials, by leveraging
these mechanisms, provide powerful and precise strate-
gies to attenuate NET-driven inflammation, thrombosis,
and tissue damage in CVDs.

Nanomaterials enhance imaging in CVDs

The degree of local inflammation in CVDs is closely
linked to the burden and activity of immune cells, which
are critical drivers of disease initiation and progression
[25]. Thus, strategies that allow real-time visualization of
immune cell distribution and activity within cardiovas-
cular lesions are invaluable for both disease monitoring
and treatment guidance. By coupling adjustable physico-
chemical properties with tailored interactions at immune
cell and endothelial interfaces, nanoengineered probes
have become potent agents for cardiovascular immune
imaging [82, 252-254]. When internalized by immune
cells or accumulated in inflamed tissues, nanomateri-
als generate distinct imaging signals that correlate with
lesion severity, thereby enabling precise assessment of
disease status.

Imaging modalities has been employed in nanoma-
terial-based cardiovascular diagnostics, each offering
complementary advantages. These include fluorescence
imaging (FLI) for high sensitivity, magnetic resonance
imaging (MRI) for superior anatomical resolution, pho-
toacoustic imaging (PAI) for deep-tissue vascular visu-
alization, ultrasound for dynamic and noninvasive
functional assessment, CT for structural analysis, and
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radionuclide imaging techniques such as PET and single-
photon emission computed tomography (SPECT), which
provide highly sensitive quantitative detection. Further-
more, multimodal imaging approaches, such as PET/CT
and PAI/MRI, combine anatomical and functional infor-
mation, offering more comprehensive insights into CVD
pathophysiology and treatment responses [255].

A key mechanism enabling nanomaterial-based lesion
visualization is their selective accumulation within
inflamed cardiovascular tissues. This occurs either
through interactions with immune cells (e.g., mac-
rophages, neutrophils, and T cells recruited to lesions)
or via binding to specific molecular targets in the inflam-
matory microenvironment, such as adhesion molecules,
chemokines, or ECM components (Table 2) [256-262].
These targeting strategies enhance imaging specific-
ity, allowing detection of otherwise occult inflammatory
changes, delineation of plaque vulnerability, and moni-
toring of microvascular remodeling. Beyond diagno-
sis, nanomaterials integrated into imaging systems also
facilitate image-guided therapeutic interventions. For
example, theranostic nanoplatforms can simultaneously
deliver therapeutic agents (e.g., anti-inflammatory drugs,
siRNAs, or antioxidants) while enabling real-time imag-
ing of biodistribution and treatment efficacy [263-266].
Such platforms support dynamic monitoring of lesion
regression, evaluation of immune modulation, and opti-
mization of therapeutic regimens, thereby accelerating
translation into precision cardiovascular medicine.

Targeting immune cells at lesion sites
The expression of distinct surface molecules on immune
cells provides unique opportunities for molecularly tar-
geted imaging in CVDs. Among immune cells, mac-
rophages have been the predominant focus due to their
central roles in lesion initiation, progression, and reso-
lution. Macrophages express a wide range of surface
markers, including CD40, CD86, integrin-a4f1, integrin-
aMp2, CCR2, phosphatidylserine, and OPN, that can be
exploited for selective targeting by nanomaterials [267—
271]. In addition to macrophages, DCs also accumulate
within atherosclerotic plaques and influence immune
balance, representing another promising target for nano-
material-based imaging approaches [157, 272, 273].
During the early phases of AS, circulating immune
cells are recruited to lesion sites, making their tracking a
powerful approach for evaluating therapeutic responses
and characterizing disease progression at the molecu-
lar level. The PET radiotracer ‘8F-fluorodeoxyglucose
("®F-FDG), widely internalized by metabolically active
macrophages, has been extensively used to visualize
inflamed plaques [274]. However, its relatively short
half-life (t;;,=109.8 min) limits long-term monitoring in
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PET-based cell tracking [275]. To overcome this, azide-
dibenzocyclooctyne (DBCO)-functionalized mesoporous
silica NPs (MSNs) were engineered to prolong the half-
life of 'F [256]. Following co-incubation with RAW 264.7
macrophages, these NPs formed DBCO-MSN-RAW
complexes, which were subsequently radiolabeled via
strain-promoted azide-alkyne cycloaddition (SPAAC) to
yield 8 F-DBCO-MSN-RAW cells. PET imaging revealed
robust macrophage migration signals at plaque sites,
with elevated signal intensity detectable as early as 1 h
post-injection and persisting for up to 8 d. Importantly,
reduced macrophage accumulation correlated with lesion
regression, underscoring the dual value of this strategy
for both short-term tracking of immune cell trafficking
and long-term evaluation of plaque burden. Despite these
advantages, '®F-FDG exhibits limited specificity due to
high myocardial uptake, increasing the risk of false posi-
tives [276]. To address this, Keliher et al. [257] developed
Macroflor, a PET imaging agent based on '®F-labeled
5 nm polyglucose NPs. Macroflor demonstrated high
macrophage affinity and strong lesion-specific accumula-
tion in both AS and MI models. Unlike 8F-FDG, Mac-
roflor exhibited negligible CM uptake, achieving superior
specificity and favorable pharmacokinetics. Although
limited by its short half-life, Macroflor remains a prom-
ising agent for macrophage-targeted cardiovascular
imaging.

Beyond total macrophage burden, nanomaterials also
enable monitoring of macrophage polarization states,
which serve as indicators of local inflammatory activ-
ity and plaque vulnerability. Wang et al. [258] devel-
oped anti-MARCO-modified NaGdF,: Yb, Er@NaGdF,
upconversion NPs (anti-MARCO UCNPs) to specifically
track M1 macrophages. MARCO, a receptor selectively
upregulated in M1 macrophages and ox-LDL-induced
FCs, was exploited for targeted imaging. FLI and MRI
demonstrated significantly enhanced signals in rupture-
prone plaques, distinguishing them from stable lesions.
Notably, FLI provided superior sensitivity and real-time
monitoring capability, allowing dynamic evaluation of
M1 macrophage activity at lesion sites and facilitating
early assessment of plaque destabilization.

In addition to synthetic nanomaterials, endogenous
NPs such as HDL have been leveraged as natural carriers
for immune cell-targeted imaging. HDL exhibits intrin-
sic tropism for macrophages via interactions with lipid
transporters such as ABCG1. Pérez-Medina et al. [259]
demonstrated that radiolabeled HDL NPs preferentially
accumulated in macrophage-rich plaques, irrespective
of the labeling position. In atherosclerotic mice, 897 -
labeled HDL exhibited strong plaque-associated signals,
with prolonged circulation (half-life=1.13 d) confirmed
in rabbit models, reflecting impaired lipid metabolism
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and clearance in AS. Moreover, DCs also persist through-
out all stages of AS and have been implicated in both pro-
and anti-atherogenic processes [277]. However, strategies
for real-time monitoring of DC behavior remain limited.
Near-infrared fluorescent (NIRF) imaging has emerged
as a promising technique, enabling visualization of DC
spatial distribution within plaques and characterization
of their uptake of engineered nanomaterials [260]. Such
advances may provide critical insights into DC-driven
immunopathology and guide the development of DC-
targeted theranostic approaches in panvascular diseases.

Targeting the inflammatory microenvironment in CVDs
The inflammatory microenvironment of atherosclerotic
plaques is characterized by excessive oxidative stress
and metabolic reprogramming. Lipid peroxidation and
inflammatory activation signals from FCs derived from
ECs, macrophages, and VSMCs stimulate the upregu-
lation of NADPH oxidase, leading to increased ROS
production. Elevated ROS levels establish a self-perpet-
uating positive feedback loop that enhances immune cell
recruitment and accelerates inflammatory infiltration
within plaques [60, 278]. Meanwhile, persistent oxidative
stress and immune activation drive glycolytic shifts in
macrophages, ECs, and VSMCs, causing lactate accumu-
lation and intraplaque acidosis [279-281]. Collectively,
this results in a unique plaque microenvironment distin-
guished by high ROS levels and mildly acidic pH, which
can be exploited as dual stimuli for the design of nano-
material-based imaging and theranostic platforms.
Aberrant oxidative stress in plaques provides a pow-
erful biochemical cue for nanomaterial activation. Car-
bon dots (CDs), owing to their exceptional PA and NIRF
properties, have been adapted for ROS-responsive imag-
ing. For example, cerium-doped CDs (Ce-CDs) coated
with MM achieve inflammation-specific targeting via
VCAM-1/integrin-a4f1 interactions with activated ECs
[261]. Under physiological conditions, Ce-CDs maintain
quenched fluorescence and PA signals; however, ROS-
rich plaque microenvironments activate Ce>*/Ce**" redox
cycling, selectively restoring these signals and enabling
precise PAI of plaque inflammatory status. MM cloak-
ing further enhances homotypic targeting, evidenced by
markedly stronger fluorescence signals in atherosclerotic
lesions compared to controls. This approach provides a
powerful platform for inflammation mapping, vulnerable
plaque identification, and post-therapy monitoring in AS.
The acidic milieu of plaques also represents a valu-
able trigger for responsive nanomaterials. Li et al. [262]
developed dual-gas-generating theranostic NPs by
encapsulating diallyl trisulfide (DATS) into MOC-68-
doped PEGylated MnO, nanocarriers (DATScCMOC-
68@MnO,@PEG, abbreviated DMM). The hollow
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mesoporous MnQO, core is highly responsive to low pH
and H,0,, generating O, in situ to relieve hypoxia while
simultaneously releasing Mn?* ions for MRI. The
released Mn”" exhibited superior longitudinal relaxivity,
surpassing that of conventional clinical contrast agents
such as gadopentetate dimeglumine. In vivo, DMM ena-
bled rapid T1-weighted contrast enhancement of aortic
plaques within 2 h, peaking at 12 h and persisting for
up to 48 h. T1 mapping confirmed progressive signal
attenuation corresponding to Mn?*' release, validating
the responsiveness of this system to plaque microenvi-
ronments. Such prolonged retention not only enhances
diagnostic accuracy but also reduces dosing frequency,
improving clinical safety.

Beyond ROS and acidity, MMPs, particularly MMP-12,
are abundantly expressed within plaques and correlate
with lesion instability. MMP-12 represents an additional
molecular target for nanomaterial functionalization,
offering opportunities to design enzyme-activated nano-
systems for lesion detection and targeted therapy [282].
Expanding this strategy to other microenvironmental
hallmarks, such as hypoxia, altered lipid metabolism, and
inflammatory cytokine gradients, could further improve
the precision and specificity of nanotheranostic plat-
forms in CVDs.

Nanomaterials in cardiovascular disease treatment
by regulating immune cell functions

Treatment of panvascular disease

Panvascular disease is a systemic vascular disorder char-
acterized by widespread pathological changes across
multiple vascular beds, with AS accounting for approxi-
mately 95% of cases [6, 283]. Clinically, it may manifest as
distinct vascular pathologies, including coronary artery
disease, cerebrovascular lesions, and peripheral arte-
rial disease, or as concurrent involvement of multiple
circulatory territories [6]. Among these, AS constitutes
the principal pathological hallmark. The progression of
AS is a systemic and continuous process that affects the
entire arterial system. Early stages are characterized by
lipid deposition, immune cell infiltration, and inflam-
matory activation, which together promote the forma-
tion of atherosclerotic plaques. As plaques enlarge and
destabilize, they may undergo erosion or rupture, leading
to superimposed thrombosis. These events represent the
primary pathological basis for acute ischemic syndromes,
including acute MI, IS, and severe limb ischemia [284,
285]. Conversely, some unstable plaques undergo healing
and fibrous remodeling, transforming into collagen-rich
stable plaques that are less prone to rupture [286]. This
transformation is associated with improved outcomes
and provides a therapeutic window for systemic manage-
ment of CVDs.
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The cornerstone of panvascular disease management
involves anti-inflammatory, antithrombotic, and lipid-
lowering therapies, which collectively aim to stabilize
plaques, prevent rupture, and reduce ischemic events.
Notably, these therapeutic goals align closely with the
mechanisms by which nanomaterials regulate immune
cell behavior [82, 287, 288]. By modulating inflammation,
suppressing prothrombotic signaling, and restoring lipid
metabolic balance, nanomaterial-based interventions
hold promise in halting AS progression and thereby ame-
liorating downstream pathologies across multiple vas-
cular territories [289-292]. This convergence highlights
the potential of nanomedicine to serve not only as a local
therapeutic modality but also as a systemic strategy for
the precision management of panvascular diseases.

Treatment of AS

The initiation of AS is marked by the recruitment of
immune cells to lesion sites under the influence of
chemokines, followed by interactions with vascular ECs
mediated by adhesion molecules, enabling monocyte and
neutrophil transmigration into the intima. Nanomaterials
can effectively interrupt these early events. For instance,
TRAF-STOPs, developed by Seijkens et al. [293], are low-
molecular-weight compounds that selectively attenuate
CD40-CD40 ligand (CD40L) signaling in monocytic line-
ages by disrupting CD40-TNF receptor-associated factor
6 (TRAF6) interactions. This results in reduced phos-
phorylation of NF-«B intermediates, thereby suppressing
macrophage recruitment, activation, and downstream
vascular inflammation. Similarly, neutrophil membrane-
camouflaged nanoplatforms (AM@ZIF@NM) were
engineered to deliver antisense oligonucleotides (ASOs)
against microRNA-155 to ECs, reducing miR-155 levels
and restoring expression of its target gene BCL. By inhib-
iting the NF-kB pathway, this strategy decreased RELA,
ICAM-1, and CCL2 expression, suppressed vascular
inflammation, and prevented VSMC proliferation and
collagen deposition, collectively hindering AS progres-
sion [294].

Macrophage lipid metabolism plays a central role in
plaque development. Internalization of apolipoprotein
B-containing lipoproteins (apoB-LPs) by macrophages
drives FC formation, triggering endoplasmic reticulum
stress, apoptosis, and release of MMPs, thereby exacer-
bating necrotic core expansion and plaque instability.
Modulating macrophage lipid handling, therefore, rep-
resents a key therapeutic target. For example, Li et al.
[295] used ASOs against miR-33 (anti-miR-33) in com-
bination with cRGDfK peptide to form RAAM NPs,
which enhanced integrin-mediated targeting. These NPs
restored ABCA1/ABCG1 function, promoted choles-
terol efflux, suppressed FC formation, and enhanced Treg
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(FoxP3* Treg) infiltration within lesions, thereby cou-
pling lipid regulation with adaptive immune protection
against AS.

In addition, inflammation and oxidative stress within
the plaque microenvironment are critical drivers of dis-
ease progression. Nanomaterials provide unique oppor-
tunities to modulate both. For instance, Liang et al. [234]
engineered NeuM@P5¢/S/C NPs by loading SOD and
catalase (CAT) onto P5c, a carrier capable of efficient
cytoplasmic protein delivery. This system scavenged
ROS, alleviated oxidative stress, inhibited FC forma-
tion, and promoted M2 polarization, accompanied by
reduced TNF-a and IL-6 expression. NeuM@P5c/S/C
also enhanced autophagy, reduced DNA damage, and
suppressed senescent cell burden within plaques, thereby
thickening fibrous caps via MMP-9 inhibition. Other
strategies include direct cytokine delivery: Kamaly et al.
[296] designed Col IV-IL-10 NPs, which selectively tar-
geted lesions, elevated pSTAT3, reduced necrotic cores,
and promoted fibrous cap thickening without altering
macrophage or SMC density. Similarly, Col IV-Ac2-26
NPs, targeting the formyl peptide receptor 2/ lipoxin A,
receptor (FPR2/ALX) receptor, upregulated IL-10 and
TGE-p expression, increased collagen synthesis by SMCs,
and promoted inflammation resolution [297]. Moreover,
NLRP3 inflammasome inhibition by nanocarriers effec-
tively reduced CD3™" T cell infiltration and plaque inflam-
mation [298].

Another promising direction involves regulating mac-
rophage efferocytosis, the process by which apoptotic
cells are cleared. In AS, defective efferocytosis promotes
necrotic core expansion. Targeted nanoplatforms such
as S2P-siCamk2g NPs deliver siRNA against Ca**/calm-
odulin-dependent protein kinase y (CaMKIly), thereby
reactivating the MerTK pathway in macrophages, repair-
ing efferocytosis defects, clearing apoptotic FCs, and
preventing fibrous cap rupture [299]. Plaque vulnerabil-
ity is largely determined by fibrous cap integrity, which
depends on the balance of collagen synthesis and degra-
dation. Vulnerable plaques, with large necrotic cores and
thin fibrous caps, are enriched in MMP activity, VSMC
phenotypic switching, and persistent inflammatory infil-
tration [300, 301]. Macrophage-derived MMPs, especially
MMP-1, MMP-8, and MMP-12, degrade collagen and
elastin, promoting cap thinning and rupture [302-305].
Regulating macrophage polarization can reduce delete-
rious MMP release. For instance, Nakashiro et al. [235]
used pioglitazone-loaded NPs to activate PPARY, enhanc-
ing M2 macrophage polarization (CD36, CD206, Arg-1,
IL-10) while suppressing pro-inflammatory mediators
[IL-6, MMP-9, extracellular matrix metalloproteinase
inducer (EMMPRIN)]. This strategy inhibited ECM deg-
radation, stabilized plaques, and prevented rupture. Once
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a plaque ruptures, blood contacts the subendothelial
matrix and necrotic core, triggering occlusive thrombus
formation mediated by tissue factor, factor XIIa, VIla,
and thrombin [306, 307]. Nanomaterials can intervene by
delivering thrombolytic or anticoagulant agents, includ-
ing tissue plasminogen activator (tPA) [308-310], strep-
tokinase [311, 312], urokinase [313], and direct thrombin
inhibitors [314]. Although most nanomaterial applica-
tions in thrombosis have focused on diagnostic imag-
ing, targeted immunomodulatory approaches to prevent
immune cell-driven thrombosis remain underexplored.

AS plaques that narrow or occlude the lumen impair
blood flow, leading to ischemia, hypoxia, or necrosis in
downstream tissues. Coronary artery involvement results
in MI, while cerebrovascular occlusion causes IS. Thus,
treating AS not only stabilizes plaques but also serves as
the foundation for systemic management of panvascular
diseases. Importantly, given the heterogeneity of CVDs,
specific conditions such as MI, IS, and peripheral arterial
disease demand tailored nanomaterial-based interven-
tions built on the shared pathophysiological basis of AS
[6].

Treatment of MI

AS represents the fundamental pathological substrate
of MI, and nanomaterial-based treatments for MI share
mechanistic similarities with anti-atherosclerotic strat-
egies. However, MI is distinguished by the extensive
damage to CMs and the limited regenerative capacity of
cardiac tissue. Consequently, post-infarct repair relies
predominantly on scar formation, where immune cells
play critical roles in orchestrating inflammation, fibrosis,
and tissue remodeling.

Following MI, pro-inflammatory immune cells
are rapidly recruited to the infarct zone, releasing
cytokines such as TNF-«, IL-1B, and IL-6, which exac-
erbate inflammation while facilitating necrotic tissue
clearance [315]. During the early pro-inflammatory
phase, these mediators transiently inhibit fibroblast
activity, whereas in the subsequent anti-inflammatory
phase, cytokines including IL-10 and TGF-p promote
fibroblast-to-myofibroblast differentiation, initiating
reparative fibrosis [316, 317]. Therefore, a therapeutic
focus of nanomaterials is to accelerate the transition
toward anti-inflammatory phenotypes and promote
scar stabilization. For instance, Gel@MSN/miR-21-5p,
a pH-responsive delivery system, releases miR-
21-5p specifically at acidic infarct sites [318]. Here,
mesoporous silica NPs suppress the TLR2-NF-«B axis,
reducing pro-inflammatory cytokine production, while
miR-21-5p enhances VEGFA expression by targeting
sprouty receptor tyrosine kinase signaling antagonist
1 (SPRY1), thereby promoting angiogenesis. Together,
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these effects mitigate fibrosis and improve post-MI
cardiac remodeling. Similarly, poly-e-caprolactone
(PCL) /derivative dimethyl itaconate (DMI) nanofib-
ers attenuate the IL-23/IL-17 pro-inflammatory cas-
cade, upregulate nuclear factor erythroid 2-related
factor 2 (Nrf2)-mediated antioxidant genes, and sus-
tain M2 macrophage polarization (Arg-1, KLF-4, YM-1,
CD206), ultimately reducing infarct size [319]. Another
innovative approach leverages systemic immune regu-
lation. eSENT NPs, loaded with histone deacetylase
(HDAC) inhibitors, act via the heart-spleen axis to
modulate splenic monocytes under myocardial injury
conditions, significantly reducing infarct size by up to
33-fold at doses 14-fold lower than systemic admin-
istration. Notably, their activity at the border zone
between infarct and viable myocardium highlights the
therapeutic potential of regional immune modulation
[320].

Post-MI hypoxia exacerbates tissue necrosis and
impedes repair. To address this, Au@Pt/Alg hydrogels
combined with brown adipose stem cells (BASCs) have
been developed [321]. Pt NPs scavenge ROS, improving
BASC survival and differentiation into CMs. In paral-
lel, BASC-secreted VEGF promotes angiogenesis within
infarcted myocardium. Importantly, Au@Pt/Alg hydro-
gels also enhance electrical signal propagation across scar
tissue, enabling residual viable myocardium within scars
to contract synchronously with surrounding healthy tis-
sue, thereby improving cardiac output. Furthermore,
ROS clearance upregulates connexin-43 (Cx43), enhanc-
ing intercellular electrical coupling and reducing CM
apoptosis. Collectively, this strategy integrates antioxida-
tive, angiogenic, and electrophysiological restoration, sig-
nificantly improving functional recovery after MI.

Sudden reperfusion post-MI often induces IRI, char-
acterized by ROS surges, immune hyperactivation, and
pathological fibrosis [322]. Nanomaterials have shown
promise in mitigating this damage. For example, MNM/
siRNA NPs, engineered with hemagglutinin (HA) and
integrin-functionalized neutrophil membranes, enable
efficient siRNA delivery through endosomal escape
while maintaining immune-targeting specificity [111].
Inhibition of integrin-a9 reduced neutrophil infiltra-
tion, NETosis (PAD4, MPO, CitH3), and cytokine release
(TNF-«, IL-1B, IL-6), thereby alleviating microthrom-
bosis and preserving endothelial integrity. In IRI mouse
models, these NPs significantly reduced infarct size and
improved cardiac function. Similarly, CsA@PPTK NPs,
camouflaged with platelet membranes and loaded with
cyclosporine A, enhanced Treg generation and M2 mac-
rophage polarization while scavenging ROS [323]. This
dual regulation decreased myocardial apoptosis, reduced
fibrosis, and improved left ventricular remodeling. CsA@
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PPTK also downregulated MMP-9 while upregulating
CX43 and a-SMA, supporting structural repair and con-
tractile recovery.

Preconditioning strategies have also been investigated
to enhance myocardial tolerance against ischemic insults.
Liu et al. [324] designed a hydrogel-coated upconversion
cyanobacteria nanocapsule (UCCy@Gel) that consumes
oxygen via respiration, thereby generating a controlled
hypoxic microenvironment and upregulating cardiopro-
tective HSP70. Upon near-infrared (980 nm) irradiation,
UCCy@Gel produced photosynthetic oxygen via upcon-
version luminescence (UCL), simultaneously suppress-
ing M1 macrophage polarization and downregulating
IL-6 and TNEF-q, thereby facilitating myocardial repair.
This approach illustrates how nanotechnology-assisted
ischemic preconditioning can enhance cardioprotec-
tion by combining hypoxic adaptation with immune
modulation.

Treatment of IS

IS, which accounts for over 80% of all strokes, is primar-
ily caused by thrombosis and subsequent disruption of
cerebral blood supply, making it a prototypical systemic
manifestation of arteriosclerotic disease [325-327]. Con-
sequently, thrombolytic therapy remains a cornerstone of
treatment. Similar to MI, the reperfusion phase of IS can
also induce IRI, characterized by sharp increases in ROS,
which exacerbate neuronal injury and tissue remodeling
[328-330]. Thus, ROS clearance has emerged as an effec-
tive therapeutic strategy to improve post-IS outcomes.
Another defining feature of IS is the complex interplay of
molecular and cellular events involving neuronal injury,
BBB disruption, microglial and astrocyte activation, and
neuroinflammation, making neuroprotection a central
focus of therapy [331].

Accordingly, IS treatment strategies integrate throm-
bolysis, anti-inflammatory and anti-oxidative interven-
tions, and neuroprotective approaches. For example,
Kong et al. [332] designed a platelet-membrane (PLM)-
camouflaged, ROS-responsive NP (rPZDCu) for tar-
geted thrombolysis and antioxidation. This system
encapsulated Cu, O NPs, an ultrasmall, non-stoichio-
metric copper oxide nanoparticle with mixed Cu/Cu,O
valence, in zein-Se-Se-DHA (ZDCu), subsequently
coated with PLMs and conjugated with rt-PA to gener-
ate rPZDCu. In the ROS-rich ischemic microenviron-
ment, Cu,.cO and DHA were released, exhibiting potent
ROS-scavenging activity and driving M1-to-M2 micro-
glial polarization while downregulating TNF-a, IL-1B,
and IL-6 [333]. The PLM coating enabled lesion-specific
targeting and enhanced fibrinolytic activity. Histological
analysis confirmed preserved neuronal morphology and
effective neuroprotection, underscoring the potential
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of integrating ROS-responsive antioxidant delivery
with thrombolytic therapy. Notably, The BBB remains a
major barrier for nanomaterial delivery into ischemic
brain regions. To overcome this, cell-hitchhiking strate-
gies have been developed, exploiting neutrophils, which
are the earliest and most abundant infiltrating cells at
ischemic sites. One such platform, AP@R, leverages both
active and passive targeting of neutrophils, which trans-
port the therapeutic cargo across the BBB [334]. Once
in the infarct zone, neutrophils disassemble to release
cilostazol, which inhibits lipocalin-2 (Lcn2) expression
in astrocytes, suppressing the A1l pro-inflammatory sub-
type while promoting A2 polarization. This shift was
validated by reduced Lcn2 and C3 signals, alongside ele-
vated SI00A10 expression, indicating effective astrocytic
reprogramming and neuroprotection. As Lcn2 drives
neurotoxicity through Al polarization, its suppres-
sion provides robust neuronal protection and mitigates
long-term damage. Furthermore, Lcn2 downregulation
reduced expression of the MMP9-Lcn2 complex and
CXCL10, promoting BBB repair.

Other biomimetic strategies have also shown efficacy.
For instance, M2-MM-coated NPs demonstrated strong
tropism toward ischemia-activated brain microvascular
ECs [335]. Immunofluorescence revealed specific co-
localization with microglia in the ipsilateral hemisphere
after IS. The M2 membranes provided anti-inflammatory
cytokines that promoted microglial polarization toward
M2 phenotypes, reduced MPO expression (reflecting
decreased neutrophil infiltration), and attenuated neu-
ronal apoptosis. The therapeutic effect of baicalin (BA)
was further enhanced, as evidenced by downregulated
B-cell lymphoma 2 (Bcl-2) and upregulated Bcl-2-asso-
ciated X protein expression, confirming neuroprotective
efficacy.

Beyond microglial and astrocytic modulation, target-
ing the inflammasome and signaling pathways offers
additional opportunities. Inhibition of the absent in
AIM2 inflammasome or MAPK signaling pathway has
been demonstrated to suppress neuroinflammation,
reduce infarct size, and improve neurological recovery
in IS models [185, 336, 337]. These findings underscore
the potential of integrating molecularly targeted nano-
therapies with immunomodulatory and thrombolytic
approaches for comprehensive IS management.

Treatment of abdominal aortic aneurysm (AAA)

Aneurysms occur most frequently in the aorta, with
AAA representing the predominant subtype [338]. The
principal pathological hallmarks of AAA include VSMC
apoptosis, chronic inflammation, ECM degradation,
and thrombus formation [339-341], collectively lead-
ing to irreversible, localized aortic dilation [342]. The
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pathogenesis of AAA is closely linked to the broader
mechanisms of systemic vasculopathy, particularly the
degradation of the elastic lamina in atherosclerotic ves-
sels. Inflammatory cell infiltration, aberrant neovas-
cularization, and dysregulated protease and cytokine
cascades are central drivers of disease progression [343].
Thus, AAA treatment strategies can be conceptualized
within the systemic therapeutic framework of panvascu-
lar disease.

Among immune cells, neutrophils play a central
pathogenic role by releasing oxidative mediators, pro-
inflammatory cytokines and chemokines, leukotrienes,
and proteases (e.g., elastase, MMPs). These mediators
promote intraluminal thrombus formation, stimulate
monocyte recruitment, degrade elastin and ECM, and
amplify adventitial inflammation, collectively exacerbat-
ing oxidative stress and vascular wall damage [344—346].
To counteract these effects, Hu et al. [347] developed
a luminol-conjugated a-cyclodextrin material (LaCD)
NPs, which effectively suppressed neutrophil infiltra-
tion, reduced neutrophil activation, and inhibited MPO
release, thereby attenuating NET formation. LaCD NPs
significantly downregulated aberrant Mpo gene expres-
sion within aneurysmal aortae. Mechanistically, LaCD
NPs reduced NET-driven VSMC apoptosis, preserved
VSMC viability, and attenuated aneurysmal dilation.
Compared with PAD4 inhibitor GSK484, LaCD NPs
demonstrated superior efficacy in preventing aortic
expansion and limiting AAA progression.

Vascular calcification is another important risk factor
for AAA rupture [348]. Pharmacological inhibition of this
process represents an attractive therapeutic target. For
example, rapamycin, a classical immunosuppressant, has
been shown to limit AAA progression and reduce vascu-
lar calcification. Recently, MM-coated, ROS-responsive
NPs (CROR NPs) were engineered to integrate active
targeting with environment-responsive drug release
[349]. Under high-ROS conditions, CROR NPs undergo
structural destabilization, enabling spatiotemporal rapa-
mycin release. This approach effectively mitigated Ca/Pi-
induced VSMC calcification, suppressed H,O,-induced
intracellular ROS production and apoptosis, and con-
ferred robust protection against AAA development.

In addition, therapeutic RNA interference strate-
gies have been explored to target matrix degradation.
Silencing of MMP-2 and MMP-9 via siRNA delivery has
shown potential in inhibiting ECM degradation, stabiliz-
ing aneurysmal lesions, and preventing further expan-
sion [350]. These findings underscore the importance of
multi-modal nanotherapeutic approaches that combine
suppression of inflammation, inhibition of NETSs, protec-
tion against VSMC apoptosis and calcification, and stabi-
lization of the ECM.
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Treatment of myocarditis

Myocarditis is a pathological condition defined by
inflammatory cell infiltration into the myocardium and
non-ischemic necrosis of CMs [351]. Unlike systemic
vasculopathies that are predominantly associated with
AS, myocarditis is most frequently triggered by viral
infections, particularly Coxsackievirus B3 (CVB3).
Viral infection induces the expression of abnormal car-
diac antigens, which are subsequently recognized by T
and B lymphocytes, culminating in immune-mediated
CMs necrosis [352]. Injury-associated DAMPs released
from necrotic CMs bind to pattern recognition recep-
tors (PRRs) on monocytes, stimulating the secretion of
chemokines such as CCL2 and macrophage migration
inhibitory factor (MIF-a). These mediators orchestrate
monocyte recruitment and macrophage activation,
amplifying the inflammatory response and driving
maladaptive cardiac remodeling [353—-356]. Thus, anti-
inflammatory therapy constitutes the cornerstone of
myocarditis management.

One critical therapeutic target is CCR2, a CCR that
mediates the egress of inflammatory monocytes from
the bone marrow and directs their recruitment to sites
of myocardial injury [357, 358]. Leuschner et al. [359]
employed siCCR2-loaded NPs to silence CCR2 expres-
sion in bone marrow monocytes, thereby inhibiting the
MCP-1/CCR2 axis. This intervention reduced mono-
cyte accumulation at inflammatory sites and indi-
rectly altered the local T-cell response, as diminished
monocyte-derived APC activity led to decreased CD4"
T-cell infiltration within lesions, collectively attenuat-
ing disease progression. Beyond blocking monocyte
recruitment, inhibiting their differentiation into pro-
inflammatory macrophages further enhances therapeutic
efficacy. Monocyte development is dependent on colony-
stimulating factor-1 (CSF-1) and its receptor CSF-1R
(CD115) [360]. Delivery of siCSF-1 NPs effectively down-
regulated CSF-1 production in monocytes, disrupting
the CSF-1/CSE-1R signaling axis. This led to a substan-
tial reduction in inflammatory monocytes, macrophages,
and DCs in the lesion area. The consequent decrease in
CD4" T-cell infiltration further alleviated myocardial
inflammation, underscoring the potential of targeting
monocyte-to-macrophage differentiation pathways in
promoting resolution of myocarditis [361]. Future myo-
carditis therapy should continue to focus on precision
anti-inflammatory modulation of immune cells within
the CVDs, employing spatiotemporally controlled nan-
odrug delivery to the bone marrow and myocardium to
minimize systemic toxicity. Integrating treatment with
immune cell-targeted imaging will enable response-
guided dose adjustment and establish a closed therapeu-
tic-diagnostic (theranostic) loop.
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Progress of nanomaterials in cardiovascular clinical
translation

Over the past 2 decades, advances in our understand-
ing of the pathophysiological roles of immune cells in
CVDs, together with rapid progress in nanotechnology
and biotechnology, have substantially accelerated the
clinical translation of nanodiagnostic and nanothera-
peutic strategies for CVDs [362]. The unique phys-
icochemical properties of nanomaterials, such as their
tunable size, surface chemistry, and multifunctional-
ity, have positioned nanomedicine at the forefront of
research in disease diagnosis, targeted drug delivery,
and molecular therapeutics. Indeed, an increasing
number of nanomaterial-based interventions for CVDs
have entered clinical trials (Table 3) [363-380].

Nevertheless, despite these advances, clinical
research on nanomedicines for CVDs remains in its
infancy. Most candidates are still in phase I or phase II
clinical trials, highlighting the challenges of translating
pre-clinical success into clinical efficacy. Unlike con-
ventional drugs, nanomaterials may display unpredict-
able interactions with biological systems due to their
structural and physicochemical complexity, resulting in
uncertain pharmacokinetics, biodistribution, and long-
term safety profiles [381].

Therefore, the successful clinical translation of nano-
materials requires addressing several critical pre-
requisites. First, their comparative advantages over
standard therapies, in terms of efficacy, specificity, and
functional versatility, should be clearly demonstrated.
Second, rigorous and systematic evaluation of biocom-
patibility, pharmacodynamics, and efficacy in relevant
animal models is essential. Finally, the feasibility of
large-scale manufacturing and quality control should
be ensured to support consistent and reproducible clin-
ical application.

Comparative advantages of diverse nanomaterials

in pre-clinical translation

Before discussing the clinical translation prospects of
nanomaterials in the diagnosis and treatment of CVDs,
it is essential to elaborate on the types, properties, and
advantages of nanomaterials currently under inves-
tigation in both clinical trials and pre-clinical studies.
A comprehensive understanding of CVD pathology,
coupled with the unique physicochemical properties
of nanomaterials, is critical for designing systems that
meet the stringent requirements for clinical translation.
Broadly, nanomaterials employed in CVD research can
be categorized into polymeric nanomaterials, inorganic
nanomaterials, LNPs, and biomimetic nanomaterials
[382-385].
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Polymeric nanomaterials

In CVD diagnosis and therapy, polymeric nanomaterials
are primarily engineered as nanospheres, micelles, and
nanogels. Their adjustable surface chemistry, structural
stability, resistance to systemic degradation, extended
circulation half-life, and controlled drug release make
them highly attractive for cardiovascular applications
[182, 195]. The ease of surface functionalization provides
excellent targeting specificity and environmental respon-
siveness. For example, tailoring polymer type, compo-
sition, and particle size allows these nanomaterials to
selectively accumulate at diseased sites and respond to
abnormal microenvironmental cues [386—389]. Surface
modifications, such as PEGylation, enhance immune eva-
sion and prolong systemic circulation [390]. Importantly,
their high drug-loading capacity enables multifunctional
theranostics, as they can carry both therapeutic mole-
cules and imaging probes simultaneously [184].

A notable subclass of polymers is the dendrimers,
which exhibit high solubility, stability, non-immuno-
genicity, and unique capacity for nucleic acid delivery
[391-393]. By forming dendriplexes through electro-
static interactions, dendrimers protect DNA/RNA and
efficiently deliver genetic payloads to lesion sites [394].
These platforms have shown promise in modulating
immune cell function, inhibiting CVD progression, and
promoting local tissue repair and regeneration [194].
Structurally, dendrimers possess internal cavities, low
polydispersity, and abundant functional groups, confer-
ring superior drug-loading efficiency compared to con-
ventional polymers [395, 396]. Furthermore, dendrimers
can act as templates or stabilizers for embedding imag-
ing agents (e.g., Gd, Ag, Au), thereby enhancing CT or
MRI capabilities. Collectively, these features highlight
the broad potential of dendrimers as dual diagnostic and
therapeutic platforms for CVDs.

Inorganic nanomaterials

Inorganic nanomaterials for CVDs can be broadly cat-
egorized into metal-based and non-metal-based systems
(e.g., mesoporous silica NPs, MSNs; CDs). Metal-based
NPs (e.g., Au, Ag, iron oxide) exhibit distinctive phys-
icochemical properties suitable for both imaging and
therapy. For instance, superparamagnetic iron oxide NPs
(SPIONs) enhance MRI contrast by shortening T, relaxa-
tion time, delineating diseased regions as hypointense
signals [397]. Gold NPs serve as efficient CT contrast
agents for vascular stenosis and aneurysms [398], and
they also exhibit antioxidant and anti-hypertrophic prop-
erties, suggesting cardioprotective applications [399].
Their modifiable surfaces allow functionalization with
targeting ligands to direct interactions with immune cells



Page 31 of 47

(2025) 12:76

Zheng et al. Military Medical Research

10949 diinadesay)

1USpUSdIP-250P B PaUQIYXS pue
‘susned ayi JO 91IS UOIS| 9Y1 1R |95
-S9A POO|Q M3U JO UOIBWIO) 33

|PUOIIUSAIRIUI ‘P3||0J3U0-0Gde|d

[L£€] L 1080000ONINN pa13|dwio) pajowoid Apuedyiubis gN-#0L-NN ol ‘l9qeJ-Uuado Y21usd-inul /| aseyd dN-7OL-MN
SV JO JUSWISSasSe Yy 1oy [YIA
pasueyua-QldSN pue 1 /134 buisn Jo aAlDadsoud
[0s€] £SC¥/9101ON paja|dwiod anfen pue Aljiqisea) au1 Jo uoien|eag 97 ‘wuie-9|bus ‘aAndadsoid ‘jeuonersasqO  OIldSN 4eN-dg, ‘D04,
anbe|d Sy Y3 Jo Aujiq
-B1S 94} pUe SIS0UR1S AIa1ie A1euoliod Jo
92169p a3 bunen|eas ur Aoedyje
J13y3 pue Aydeisboibue [y Alarie
KJBUOIOD 10§ SdN SPIXO Uil dlisubew [PUOIIUSAIDIUI
[69¢] £E6TE0S0LDON pa1ajdwod  -elediadns apueyddeskjod jo A1ajes ay | 0€ ‘anidadsoud 4a1uad-31buls ‘| aseyd 0IdS apieyddesk|jod
syualjed pa1eali-ufiels ul uoissalbal paziWOopUel ‘pul|g-3|gnop ‘pa||0auod
[89€]  €C68/9T0LON pa12dwod anbejd asne> 10U s30p 912-0DAW 971 -0g@2e(d 1ddU0d-jo-jooid ||/ 35eYd SN MIIFIAH 91Z-0DAW
|[eM JB[NDSBA 31 U] UOeU
-Weyyul 3onpal 01 A1ljIge Y3 $sasse pue
'SV JO S Pasealnu] ue yim syuaned ul
splod111020oNn|6 paseq-pidi| jo uon pajjonuod-ogadeld
[£9€] 90LL09L0LDN  SNIeIS umouxun -23[U] SNOUSARIIUI 33 D1BN|BAT 0€ ‘Paziwopuel 193ud-3|6bUIs ||/ 3seyd  duojosiupaid [ewosodi]
Sy Jojuon
-ejue|dwl 1US1S YIM pauiquuod Adesayl
[ewayioloyd ewseld Jo Adedyjs ayi se
[|[9M S ‘SI91243ed uoidafuloldiu
Buisn Abojouydsl A1sAl9p dN ay1 Jo [PUOIUSAIDIUI
[99¢] €C19eY101ON pa1sjdwiod Aunqises) pue A1jes ayi a1enjens 9 'PUIIG-9|qNOP ‘PSZIUIOPUE] ‘| 95BY4 dN plob-edyjis
95e3sIp Ala1Je AIPUOIOD S|GeIS YUM
syuaned 1oy 3g-|oxen|oed syl Jo pajj03u03-0gade(d ‘puljg-s|gnop
[59¢] €€88YLYOLDN  SNILIS UMOoUUN A2edYJ3 pue A19)BS 941 91BN|eAs O oV ‘paziwopuel ‘sandadsold |ji/|| 9seyd 3Q7- [9Xel|2ed
so1s1R1oRIRYD 3|qRIIS
-9pun pue sawn|oA anbejd bupnpai ul
A2ed1J2 pue A12BS Pa1RIISUOWISP dARY
91exa11041aW Jusbe Aiorewiwejul pajjonuod-ogadeld
[r9€] C/891970LDON  Sniels umouun -1ue ay) Bulklied sgN 11-1Q71 YL Oy 'Pul|g-9|qnop ‘paziLiopuel |ji/|| 2seyd IATXIN
Adesaya
[ewayioloyd ewse|d yim paiealy
Bulaq Jaye sanbejd onoispsolsyle [PUOIIUDAIDIUI
[€9¢€]  6€L0LTLOLON pa1a|dwod  padnpai Apuedyiubis sdN plob-uodyjis 08l 'PUl|g-2|qnOp ‘PaziWopuel Ja1UdRINN SdN plob-ediis SV
sjuaned
Jo
duUARYIY  SIidquuinu [eli snels s}nsay/saAnda(qo  JaquinN ubisaqg s|ellewoueN aseasiq

SQAD Ul Yoieasal [eajuld ul paljdde Ajjuaiind sjepiewoueN € ajqeL



Page 32 of 47

(2025) 12:76

Zheng et al. Military Medical Research

[9xepded x4 ‘owosodi| di7 ‘opd1nied uisjoidodi) Ausuap-ybiy e1ag-aid passsuibus |gp-y7D ‘uteroidodi) Alsusp-ybiy JgH ‘|- utroidodijode z1 175D ‘(AQDY)2]T
-£D3d-PIoe D3RI/ 'Y’ | -duRUOUOAdRZR )£ b | -(|AZUBG0IRURKDOIYIOSI)-Z-5-BD) o ZADYI-DD 4 |09K|6 dU|AYIRK|I0d D4 ‘SN (PIe J1|03A|6-03-2132e]) Ajod pajesodiodul-uiieiserend gN-+0(-4N ‘Aydeibowoy paandwod
1D ‘Aydeibowoy uolssiwa uoaisod |74 ‘9pIxo uoil diubewelediadns [jewseln O)dsn ‘@s0on|BAxoapnY g4 ‘Buibewl adueuosal d13RuUbeW Y)Y ‘OpIX0 uoil diRubewelediadns O)dS ‘IuelieA oue|iy |-y ode Jueulquodal
91Z-0DAW ‘SdN u19101d-uou Yo1-|0131s3|0yd ul [axe|ded 3g7-/axp1ia04 ‘uidroidodi| A1susp-mo| 7G7 dN U1910id-uou Yyou-|013153|0Yd B Ul 1eXaJ10Y1aW JGT-XLW ‘so|211edouru 4 ‘91eXa11041aW X[ [y ‘SISOI3|2S0IaY3e S

Kiare
|eJowdy [e1dyiadns sy Jo UoeZIeIND pa||03U0d
-SBASJ JD1JE SISOUISAI UO X | 4-dI7 Jo -0gaoe|d J21uadNW ‘pul|g-3|gnop
[0ss] $8781500.LON pa1o|dwo) 1099 aAluaAId SY3 UO UonebiIsaAU| 9 ‘pazIuopUel ‘[RUOIIUSAISIUL || SBYd X1d-di SISOU)S3I IB[NDSBA
BuISND0}-950p ‘Pa||011U0d-0gade|d
l6/€] 8LE¥8YCOLON paadwod Sy A1euoio2 Jo uoissaibal oN L0 ‘Pul|g-8|gnop JS1usd-NNW ‘|| 95eYd SAN 2AIIF1AH 100-43D
SWOIPUAS

AJeuo10D 21nde Yim siuaiied 1oy
sAep OF UIYIM SIUSAS 18|NDSBAOIPIRD

95I9APE Jofewl JO %s1 oY) buidnpal ul dnoub-jajjesed
2DUIYIP JURDYIUDIS B palelISuUoWap ‘p3||0J1u0d-0gade|d ‘paziuopUEl
[82¢€] €CCELYEOLDN paj9dwiod 21115D ‘ogade|d au yum paleduiod orz'sl 'Pulg-2|gNOP Us1usdi U ||| 9SeYd JAH-CLLTSD  dwoipuAs A1euoiod sindy
synsal buibew
[YIN 4} YIM JUSISISUOD S| pue ‘S| Jaye
sjualied JO SN1e1s UOIezLIe|NdSeA a3 wJe-a|buls
[£s€] G8/9G910LDON  sniels umoudun MOYS A|9ADSYS UED ZJDHJ-ED g 0S ‘leuonusniaul ‘l3qe|-uado | sseyd d94d-eD g
Adesaya
UoND3(Ul [BIPIBDOAW J3YJE S[|9D [PUIOAIS
|BUWAYDUSSIU P3|SQR[-IPIXO UOI] |BUOIUSAIDIUI DADdS
[0/6]  16/1S9€01DN paigjdwod  §dei} 01 YA JO AljIge ay3 21enjeas o S -01d ‘jage|-uado ‘wie-s|buls ‘| aseyd oldsn
uoleubels Moy poo|q Jo
10949 941 BUIWODIDA0 AgaIayl 10|12
POO|q 343 03Ul SN Y3 SIDBI1IE YdIym
‘Joubew burlol [eualxe Ue Ylm
[s/€] 1/956%901DON  Buninioai 194 10N PaUIqUIOD 31e SYN Ul Y| 0€ |29e|-uado ‘|leuoiuaAIaIul 191USI-3|BUIS dN uoy| N
Buibew! ||\ JO SyNSaJ Y1 Yum
1US1SISUOD S| puUe ‘||A] Yum siuaiied Jo
sanbejd ay1 ul ubalul €gAD Jo
A)susp pue uonnqgLisip ayi Aed wile-3|buls
[P/l €L0CPSLOLDON  shiels umousun -SIp A|9AIID2YD UBD 70DYd-D g 0S ‘leuonuaniaul ‘[9qe-uado | seyd ADYd-RD g
uolbal [N Y1 Ul Aus
[€/€] 96CSZEL0LON pa13|dwio)  -uawul [eubis YN dA0idwil UeD SN Uoi| Sl 191U92-9|BUIS ‘|PUOIIUSAIDIY| oldsn
sawn
¢—¢ Aq aseaunul suoibal 1iejul-uad pue
1DJBJUI B3 Ul SAN[eA 7Y 9Y3 pue
‘eale ||\ 941 Ul Ausuiul jeubis
[esel 66/566101ON paja|dwod I4IA 243 sodUBYUD ApuedyIuBIS OldSN 0¢ 191u82-3|6Uls ‘leuoiURAIRIUL || 9SBYd Oldsn I
sjyuaned
Jo
2DUIDYRY  sIdquinu el snjeys s1nsay/saA1LlqO  JaquinN ubisaqg s|eliajewoueN aseasig

(panunuod) € ajqey



Zheng et al. Military Medical Research (2025) 12:76

[400]. Non-metal-based nanomaterials, including car-
bon- and silicon-based NPs, leverage their large surface
area, tunable particle size, and functionalizable surfaces
to achieve high drug-loading capacity and superior bio-
compatibility [401]. CDs, in particular, possess unique
optical properties that support photoacoustic and fluo-
rescence imaging, offering multifunctional theranostic
opportunities in CVDs [402].

LNPs

LNPs are among the most clinically advanced nanocarri-
ers, owing to their biocompatibility, biodegradability, and
low immunogenicity [403]. They efficiently encapsulate
both hydrophobic and hydrophilic drugs, enhancing sol-
ubility, dispersibility, and controlled release. Moreover,
their surfaces can be functionalized for active targeting
and stimuli-responsive delivery, enabling focused therapy
for CVDs such as MI, coronary thrombosis, and AS [404,
405]. Through ligand modification and PEGylation, LNPs
have evolved from traditional long-circulating systems
to smart carriers capable of dynamic responses to patho-
logical microenvironments [406, 407]. In recent years,
mRNA-based therapeutics have shown great potential
in modulating angiogenesis, CM proliferation, fibro-
sis reduction, and tissue regeneration [408, 409]. LNPs
represent the clinically approved platform for mRNA
delivery, protecting nucleic acids from enzymatic deg-
radation and mitigating the immunogenicity associated
with naked mRNA, while enhancing delivery efficiency in
cardiovascular settings [410, 411].

Biomimetic nanomaterials

Biomimetic nanomaterials used in CVDs are essentially
nanomaterials functionalized with cell membranes.
These membranes can be derived from various cell types,
including red blood cells, macrophages, neutrophils, T
cells, or secreted exosomes [190, 197, 227]. This strat-
egy is often referred to as the “Trojan horse” approach.
By being cloaked in a homologous cell membrane, these
NPs gain a “self-recognition” ability, which significantly
reduces their chances of being identified and cleared by
the immune system. This, in turn, markedly prolongs
their circulation time in the bloodstream [412]. The cell
membrane also provides homologous targeting capabili-
ties, enabling the nanomaterials to actively target specific
sites. For example, NPs that mimic macrophages can
specifically bind to sites of vascular injury and ruptured
atherosclerotic plaques, as these areas expose specific
adhesion molecules [181]. This active targeting capability
is far more potent than the passive EPR effect. Further-
more, the cell membrane camouflage allows these nano-
materials to cross the BBB, precisely targeting areas in
the brain [413-416]. This promotes drug accumulation
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within cerebral lesions, giving them immense potential
for the diagnosis and treatment of IS [417].

Clinical safety issues

The foremost challenge in the clinical translation of
nanomedicines for CVDs lies in biosafety [418]. Although
candidate nanomaterials are generally selected for their
inherent biocompatibility, their nanoscale dimensions
and intimate interactions with the bloodstream and vas-
cular endothelium introduce unique cardiovascular risks
[419]. For example, while gold is traditionally consid-
ered “bioinert’, gold NPs have been reported to induce
DNA damage under certain conditions [420]. Similarly,
although carbon NPs (CNPs) and carbon nanotubes
(CNTs) are widely utilized in other biomedical fields,
pharyngeal aspiration of single- or double-walled CNTs
in murine models significantly increased monocyte adhe-
sion to ECs, accelerating atherogenesis [421]. Silica-based
nanomaterials have been shown to trigger pyroptosis and
promote cardiac hypertrophy [422]. Likewise, iron-based
NPs, such as ultrasmall SPIOsNPs (USPIOs), commonly
applied for imaging myocardial and vascular inflamma-
tion, have been associated with thrombotic reactions
in vivo, platelet aggregation in vitro, DNA damage, and
heightened oxidative stress in CMs, thereby exerting
adverse effects that contrast with the relative safety of
larger Fe;O, NPs [423-426]. Furthermore, despite their
functional advantages, cell-membrane-camouflaged bio-
mimetic NPs may elicit immunogenic responses, raising
additional translational concerns [238].

Given these risks, a comprehensive biological evalu-
ation is indispensable before clinical application. Such
assessments must include detailed analyses of biodis-
tribution, metabolism, immunological effects, and toxi-
cological outcomes. NP toxicity remains a multiscale
challenge, spanning from organ-level pathology to cellu-
lar and even subcellular perturbations within the nucleus.
To address this, biocompatibility must remain a primary
design criterion, complemented by extensive in vitro
toxicological testing. Optimizing particle size, surface
charge, morphology, and administration route can sub-
stantially mitigate cytotoxicity [174, 427-430]. Following
in vivo application, a complete biosafety profile should be
established through hematological analyses, histopatho-
logical examination of major organs, and evaluation of
immune activation and immunotoxicity.

A major contributor to nanotoxicity is the off-target
effect on non-diseased tissues and cells. Thus, enhanc-
ing the targeting specificity of nanomaterials represents
a critical direction for future research to minimize sys-
temic toxicity. Moreover, given the chronic nature of
CVDs, more convenient and patient-compliant admin-
istration routes, such as oral or transdermal delivery
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systems, should be explored to overcome the limitations
of current intravenous administration strategies [383,
431-433].

Validity of animal models

Given the biosafety concerns associated with nanoma-
terials, their translational efficacy from animal models
to humans requires careful evaluation. Although nano-
materials have demonstrated excellent diagnostic and
therapeutic efficacy in controlled laboratory settings,
successful pre-clinical outcomes often fail to replicate in
human clinical trials [434]. A primary factor underlying
this translational gap is the substantial biological diver-
gence between animal models and human CVDs.

First, most experimental models are established over
relatively short durations (typically several weeks), which
does not faithfully recapitulate the chronic, heteroge-
neous, and multifactorial progression of human CVDs
[435-438]. Second, human cardiovascular pathologies
are strongly influenced by diverse genetic backgrounds,
aging, sex differences, environmental exposures, and
comorbidities such as hypertension, diabetes, systemic
inflammation, and obesity [439-442]. For instance,
Apoe™'~ mice spontaneously develop AS due to impaired
clearance of apoE-containing lipoproteins, regardless of
cholesterol feeding, whereas human AS is usually mul-
tifactorial and heavily environment-dependent [440].
Similarly, in humanized human cholesterol ester trans-
fer protein (hCETP) transgenic mice with di- and tri-
genetic hypertriglyceridemia [Tg (hApoC3 x hCETP) and
Tg (hApoAlxhApoC3xhCETP)], early atherosclerotic
lesion formation was unexpectedly inhibited, contra-
dicting epidemiological evidence in humans [443]. Con-
versely, introduction of the same genetic modification
into a Dahl salt-sensitive hypertensive rat to generate a
transgenic polygenic hypertension model [Tg (h\CETP)PS]
revealed that hypertriglyceridemia exhibited a pro-ath-
erosclerotic effect consistent with human epidemiology
[444]. These findings highlight how even identical genetic
alterations may produce divergent disease phenotypes
across species, thereby questioning the translational reli-
ability of current animal models.

Future nanomaterial research for CVDs must there-
fore prioritize the refinement of pre-clinical models. One
strategy involves the use of humanized animal models,
such as the APOE*3-Leiden. CETP mouse, which more
accurately recapitulates human lipoprotein metabolism
and thus provides a more reliable platform for simulat-
ing human AS and related pathologies [445]. Moreover,
implementing moderately prolonged cholesterol feed-
ing regimens may better reflect chronic hyperlipidemia
and the long-term disease courses observed in patients
[436, 446—448]. In parallel, deeper investigation into
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genetic alterations underlying human CVDs will facilitate
the identification of clinically relevant therapeutic tar-
gets and the design of nanomaterials tailored to human
pathophysiology.

Given the variability among animal models, it is essen-
tial to adopt a multi-model approach, integrating find-
ings across species to strengthen translational validity.
Beyond traditional models, advanced technologies such
as organ-on-a-chip systems and organoids offer innova-
tive platforms that more faithfully simulate human tissue
microenvironments, cellular heterogeneity, and dynamic
physiological processes [449—451]. These emerging tools
hold great potential to bridge the translational gap, accel-
erating the pathway from bench to bedside in the clinical
development of cardiovascular nanomedicines.

Complexity in nanomaterials construction

The manufacturing complexity of nanomaterials remains
a critical barrier to their clinical translation. Despite
promising outcomes in laboratory research, the majority
of nanomaterials developed for the diagnosis and treat-
ment of chronic conditions such as CVDs remain at the
pre-clinical stage. Their production typically depends
on time-intensive, technically demanding, and low-yield
processes, which are often associated with poor quality
control and significant batch-to-batch variability in key
parameters, including particle size, drug-loading capac-
ity, structural stability, and overall yield [174]. Biomimetic
nanomaterials represent a particular challenge. Their fab-
rication requires the integration of cell membranes or
other biological components, yet the absence of stand-
ardized manufacturing protocols results in inconsistent
reproducibility. In addition, these systems frequently dis-
play limited stability and inadequate long-term storage
properties, further restricting their translational potential
[452]. Similarly, dendrimers, although structurally versa-
tile and therapeutically promising, suffer from intricate
and multistep synthesis procedures, which hinder scal-
ability and limit the feasibility of industrial-scale produc-
tion [453].

To overcome these challenges, once nanomaterials
demonstrate acceptable biocompatibility, therapeutic
efficacy, and reliable translational performance from
animal to human models, the development of scalable
and reproducible manufacturing processes becomes the
decisive step toward clinical applications. Future nano-
material design should therefore prioritize simplicity,
robustness, and translational feasibility. Streamlining
formulations and minimizing unnecessary structural
complexity not only facilitates manufacturing but also
reduces the risk of toxicity associated with overly com-
plex architectures. Moreover, advances in automated
synthesis and microfluidics offer promising avenues to
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address current limitations. These technologies enable
precise control over reaction parameters, resulting in the
rapid, efficient, and reproducible fabrication of NPs with
uniform size, shape, and drug-loading capacity [454].
Integrating such approaches into the production pipeline
may significantly enhance yield, consistency, and scalabil-
ity, thereby advancing the clinical readiness of nanomate-
rial-based therapies for CVDs.

Conclusion and perspective

Nanotheranostics, which integrates diagnostic and thera-
peutic functionalities at the nanoscale, represents a trans-
formative paradigm for CVD management. By selectively
modulating immune cell responses, particularly those of
macrophages and neutrophils, nanomaterials offer novel
strategies to suppress pathological inflammation while
simultaneously promoting tissue repair in conditions
such as AS, MI, and aneurysms. Meanwhile, immune
cell-targeted imaging platforms enable real-time visuali-
zation of lesion biology and treatment response, allowing
dynamic tracking of biomarkers before and after inter-
ventions. This dual diagnostic-therapeutic model not
only enhances precision in treatment planning but also
strengthens the foundation for personalized cardiovas-
cular care [455]. Despite these advances, several critical
challenges remain in nanomedicine-based cardiovascular
immunotherapy: (1) Limited immune cell coverage: most
nanomaterial designs to date have focused primarily on
macrophages and neutrophils, while other key immune
regulators, such as mast cells, DCs, T cells, and B cells,
have received relatively little attention. Given that CVD
pathology arises from the synergistic dysregulation of
multiple immune subsets, single-target nanotherapeutics
are unlikely to effectively resolve the complex inflamma-
tory milieu [12, 456]. Future efforts should thus prioritize
multi-targeted nanomaterials capable of simultaneously
regulating multiple immune cell populations and repro-
gramming the aberrant inflammatory microenvironment.
Such a multi-pronged immunomodulatory approach will
more effectively suppress the core drivers of chronic
inflammation and facilitate long-term tissue repair. (2)
Integration of imaging and therapy: coupling ultrasensi-
tive imaging modalities with therapeutic nanoplatforms
provides unique opportunities for real-time monitoring
of disease progression and treatment efficacy. For exam-
ple, Wang et al. [457] developed metal-free nanozymes
(HCN@DS) that suppress AS progression while ena-
bling  photoacoustic/photothermal  imaging-guided
macrophage autophagy activation. Compared to con-
ventional regimens requiring separate imaging agents,
theranostic platforms reduce redundancy, improve accu-
racy, and enable dynamic treatment optimization. Future
designs should emphasize lightweight, multifunctional
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nanomaterials that seamlessly combine diagnostic pre-
cision with therapeutic potency. (3) Emerging technolo-
gies to enhance translation: although nanomaterial-based
immunotherapies have achieved remarkable pre-clinical
success, their clinical translation remains limited. Emerg-
ing technologies provide powerful tools to overcome cur-
rent bottlenecks. CRISPR-based immunomodulation,
particularly when delivered by LNPs, enables gene-level
editing of immune responses, offering unprecedented
precision in dampening lesion-specific inflammation
while mitigating issues of instability, poor uptake, and
immunogenicity [382, 458]. In parallel, the incorporation
of deep learning algorithms into cardiovascular imaging
can enhance signal-to-noise ratio, improve spatial resolu-
tion, and facilitate quantitative and predictive analysis of
therapeutic outcomes [459]. Future nanomaterials should
therefore be conceived as integrated platforms, uniting
immune regulation, genetic modulation, and Al-assisted
imaging to achieve patient-specific nanomedicine guided
by individualized immunological and genetic profiles. (4)
Balancing efficacy and safety: a major limitation of cur-
rent nanotherapeutics lies in the potential for systemic
immunosuppression, which may impair host defense
or delay repair processes [460]. To overcome this, next-
generation designs should emphasize selective immune
modulation rather than broad suppression. Localized and
spatiotemporally controlled delivery systems that com-
bine anti-inflammatory and pro-regenerative cues will
be crucial to achieving both therapeutic precision and
biosafety.

In summary, nanomaterial-mediated immunomodu-
lation demonstrates tremendous potential in reshaping
the landscape of CVD therapy. The minimally invasive
nature, multifunctionality, and targeting precision of
nanotechnology confer unique advantages for address-
ing the complex and heterogeneous pathophysiology of
CVDs. By acting on lesion-resident immune cells, nano-
materials achieve etiological treatment through 3 inter-
connected mechanisms: 1) functional reprogramming
of immune cells, 2) neutralization of pro-inflammatory
mediators, and 3) remodeling of local inflammatory
niches. Together, these actions halt disease progres-
sion at its roots, aligning with the systemic treatment
philosophy required for panvascular disorders [461].
Future research, building on a deepened understanding
of immune cell dynamics in cardiovascular pathologies,
will likely expand nanotheranostic applications across the
disease spectrum. The integration of prevention, diagno-
sis, treatment, and management into unified nanoplat-
forms promises to realize precision medicine throughout
the cardiovascular care continuum.

Abbreviations
CVDs Cardiovascular diseases



Zheng et al. Military Medical Research

AS

Ml

1S
ASCVDs
IL

TNF
NF-kB
EC
SMCs
ECM
CCR
ICAM
DC
NLRP3
MMPs
ROS
NO
FCs
ABCG1
SR
TGF
CXCR
LDL
MPO
NETs
VSMCs
NE

Th
FPR2
EGF
VEGF
Tregs
FOXP3
MCP-1
APCs
MCs
HDL
NK
ox-LDL
SIRNA
MM
RES

IRI
IRF1
FLI

PAI
DBCO
CDs
BBB
PLM
AAA
NP
PEG
PDA
CMs
LXR
VCAM
PET
MRI
M1

M2

cT
CXCL
IFN
CCL
VEGFA
FPR2/ALX
EMMPRIN
SPRY1
LaCD
hCETP

(2025) 12:76

Atherosclerosis

Myocardial infarction

Ischemic stroke

Atherosclerotic cardiovascular diseases
Interleukin

Tumor necrosis factor

Nuclear factor kappa-B

Endothelial cell

Smooth muscle cells

Extracellular matrix

Chemokine receptor

Intercellular cell adhesion molecule
Dendritic cell

NOD-like receptor thermal protein domain associated protein 3

Matrix metalloproteinases

Reactive oxygen species

Nitric oxide

Foam cells

ATP binding cassette subfamily G member 1
Scavenger receptor

Tumor growth factor

C-X-C chemokine receptor type
Low-density lipoprotein

Myeloperoxidase

Neutrophil extracellular traps

Vascular smooth muscle cells

Neutrophil elastase

T helper

N-formy! peptide receptor 2

Epidermal growth factor

Vascular endothelial growth factor
Regulatory T cells

Forkhead box protein P3

Monocyte chemoattractant protein-1
Antigen-presenting cells

Mast cells

High-density lipoprotein

Natural killer

Oxidized LDL

Small interfering RNA

Macrophage membrane
Reticuloendothelial system
Ischemia-reperfusion injury

Interferon regulatory factor 1

Fluorescence imaging

Photoacoustic imaging
Azide-dibenzocyclooctyne

Carbon dots

Blood-brain barrier

Platelet cell membranes

Abdominal aortic aneurysm

Nanoparticle

Polyethylene glycol

Polydopamine

Cardiomyocytes

Liver X receptor

Vascular cell adhesion molecule

Positron emission tomography

Magnetic resonance imaging

Classically activated macrophage phenotype
Alternatively activated macrophage phenotype
Computed tomography

C-X-C motif chemokine ligand

Interferon

C-C motif chemokine ligand

Vascular endothelial growth factor A

Formy! peptide receptor 2/ lipoxin A, receptor
Extracellular matrix metalloproteinase inducer
Sprouty receptor tyrosine kinase signaling antagonist 1
Luminol-conjugated a-cyclodextrin material
Human cholesterol ester transfer protein

Page 36 of 47

MerTK MER tyrosine kinase

Acknowledgements
We acknowledge BioRender (https.//www.biorender.com/) for providing the
graphical elements used in the figures.

Authors’ contributions

JBZ, XYL, JMZ, and CL drafted the manuscript and figures. XTS, BW, YD, YXF
and QW performed the literature search and drafted the table. JL, HD, YH, and
XJL designed the review framework and revised the manuscript. All of the
authors have read and approved the final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(32371477,82090051, 82301104, and 82300345), the National Key Research
and Development Program of China (2021YFA1201000, 2023YFC2605000),
the National Natural Science Foundation of China Key Project (82430067,
32030060), the Natural Science Foundation of Jiangsu Province (BK20230160),
and the Fundamental Research Funds for the Central Universities, Peking
Union Medical College (3332025033).

Availability of data and materials
No applicable.

Declarations

Ethics approval and consent to participate
No applicable.

Consent for publication
No applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 1 July 2025 Accepted: 26 October 2025
Published online: 05 November 2025

References

1. Martin SS, Aday AW, Allen NB, Almarzooq ZI, Anderson CAM, Arora
P etal. 2025 heart disease and stroke statistics: a report of US
and global data from the American heart association. Circulation.
2025;151(8):e41-660.

2. Zhang B, Schmidlin T. Recent advances in cardiovascular disease
research driven by metabolomics technologies in the context of sys-
tems biology. NPJ Metab Health Dis. 2024;2(1):25.

3. Shamaki GR, Markson F, Soji-Ayoade D, Agwuegbo CC, Bamgbose MO,
Tamunoinemi BM. Peripheral artery disease: a comprehensive updated
review. Curr Probl Cardiol. 2022:47(11):101082.

4. Keeter WC, Ma S, Stahr N, Moriarty AK, Galkina EV. Atherosclerosis
and multi-organ-associated pathologies. Semin Immunopathol.
2022;44(3):363-74.

5. Sarafidis PA, Theodorakopoulou M, Ortiz A, Fernandez-Fernandez B,
Nistor |, Schmieder R, et al. Atherosclerotic renovascular disease: a
clinical practice document by the European Renal Best Practice (ERBP)
board of the European Renal Association (ERA) and the Working Group
Hypertension and the Kidney of the European Society of Hypertension
(ESH). Nephrol Dial Transplant. 2023;38(12):2835-50.

6. Zhou X, Yu L, Zhao, Ge J. Panvascular medicine: an emerg-
ing discipline focusing on atherosclerotic diseases. Eur Heart J.
2022;43(43):4528-31.

7. Drazner MH, Bozkurt B, Cooper LT, Aggarwal NR, Basso C, et al. ACC
expert consensus decision pathway on strategies and criteria for the
diagnosis and management of myocarditis: a report of the American
college of cardiology solution set oversight committee. J Am Coll
Cardiol. 2024,85(4):391-431.


https://www.biorender.com/

Zheng et al. Military Medical Research

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2025) 12:76

Schulz-Menger J, ColliniV, Gréschel J, Adler Y, Brucato A, Christian'V,

et al. ESC guidelines for the management of myocarditis and pericardi-
tis. Eur Heart J. 2025;46(40):192.

Virani SS, Newby LK, Arnold SV, Bittner V, Brewer LC, Demeter SH, et al.
2023 AHA/ACC/ACCP/ASPC/NLA/PCNA guideline for the management
of patients with chronic coronary disease: a report of the American
heart association/American college of cardiology joint committee on
clinical practice guidelines. Circulation. 2023;148(9):e9-119.

Aday AW, Matsushita K. Epidemiology of peripheral artery disease and
polyvascular disease. Circ Res. 2021;128(12):1818-32.

Visseren FLJ, Mach F, Smulders YM, Carballo D, Koskinas KC, Back M,

et al. 2021 ESC guidelines on cardiovascular disease prevention in clini-
cal practice. Eur Heart J. 2021;42(34):3227-337.

Frangogiannis NG. The inflammatory response in myocardial injury,
repair, and remodelling. Nat Rev Cardiol. 2014;11(5):255-65.

Glowinska B, Urban M. Selected cytokines (IL-6, IL-8, IL-10, MCP-1,
TNF-alpha) in children and adolescents with atherosclerosis risk factors:
obesity, hypertension, diabetes. Wiad Lek. 2003;56(3-4):109-16.

Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis. Circula-
tion. 2002;105(9):1135-43.

Verma SK, Krishnamurthy P, Barefield D, Singh N, Gupta R, Lambers E,
et al. Interleukin-10 treatment attenuates pressure overload-induced
hypertrophic remodeling and improves heart function via signal
transducers and activators of transcription 3-dependent inhibition of
nuclear factor-kB. Circulation. 2012;126(4):418-29.

Bajpai A, Tilley DG. The role of leukocytes in diabetic cardiomyopathy.
Front Physiol. 2018;9:1547.

Masoudkabir F, Sarrafzadegan N, Gotay C, Ignaszewski A, Krahn AD,
Davis MK, et al. Cardiovascular disease and cancer: evidence for shared
disease pathways and pharmacologic prevention. Atherosclerosis.
2017,263:343-51.

Kimura A, Ishida Y, Furuta M, Nosaka M, Kuninaka Y, Taruya A, et al.
Protective roles of interferon-y in cardiac hypertrophy induced by
sustained pressure overload. J Am Heart Assoc. 2018;7(6):e008145.
Cheung C, Marchant D, Walker EKY, Luo Z, Zhang J, Yanagawa B, et al.
Ablation of matrix metalloproteinase-9 increases severity of viral myo-
carditis in mice. Circulation. 2008;117(12):1574-82.

Kundu JK, Surh YJ. Emerging avenues linking inflammation and cancer.
Free Radic Biol Med. 2012;52(9):2013-37.

Kakutani Y, Shioi A, Shoji T, Okazaki H, Koyama H, Emoto M, et al.
Oncostatin M promotes osteoblastic differentiation of human vascular
smooth muscle cells through JAK3-STAT3 pathway. J Cell Biochem.
2015;116(7):1325-33.

Lei Y, Chen K, Tang M, Zhang Q, Yu J, Zhang Y, et al. Listeria monocy-
togenes membrane vesicles disrupting intestinal epithelial barrier func-
tion via modulating macrophage inflammatory responses. Interdiscipli-
nary Medicine. 2025;3(3):e20240066.

Stierschneider A, Wiesner C. Shedding light on the molecular and regu-
latory mechanisms of TLR4 signaling in endothelial cells under physi-
ological and inflamed conditions. Front Immunol. 2023;14:1264889.
Cambier S, Gouwy M, Proost P. The chemokines CXCL8 and CXCL12:
molecular and functional properties, role in disease and efforts towards
pharmacological intervention. Cell Mol Immunol. 2023;20(3):217-51.
Engelen SE, Robinson AJB, Zurke Y-X, Monaco C. Therapeutic strate-
gies targeting inflammation and immunity in atherosclerosis: how to
proceed?. Nat Rev Cardiol. 2022;19(8):522-42.

Wang X, Chen L, Wei J, Zheng H, Zhou N, Xu X, et al. The immune sys-
tem in cardiovascular diseases: from basic mechanisms to therapeutic
implications. Signal Transduct Target Ther. 2025;10(1):166.

Martin R, Gutierrez B, Cordova C, Roman AS, Alvarez Y, Hernandez M,

et al. Secreted phospholipase A,-llA modulates transdifferentiation

of cardiac fibroblast through EGFR transactivation: an inflammation-
fibrosis link. Cells. 2020;9(2):396.

Wang L, Gill R, Pedersen TL, Higgins LJ, Newman JW, Rutledge JC.
Triglyceride-rich lipoprotein lipolysis releases neutral and oxi-

dized FFAs that induce endothelial cell inflammation. J Lipid Res.
2009;50(2):204-13.

Mack A, Vanden Hoek T, Du X. Thromboinflammation and the role of
platelets. Arterioscler Thromb Vasc Biol. 2024,44(6):1175-80.

Gronloh MLB, Arts JJG, Palacios Martinez S, van der Veen AA, Kempers L,
van Steen AC|, et al. Endothelial transmigration hotspots limit vascular

31

32.

33

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Page 37 of 47

leakage through heterogeneous expression of ICAM-1. EMBO Rep.
2023;24(1):e55483.

Gencer S, Evans BR, van der Vorst EPC, Déring Y, Weber C. Inflammatory
chemokines in atherosclerosis. Cells. 2021;10(2):226.

Hilgendorf |, Frantz S, Frangogiannis NG. Repair of the infarcted heart:
cellular effectors, molecular mechanisms and therapeutic opportuni-
ties. Circ Res. 2024;134(12):1718-51.

Papayannopoulos V. Neutrophil extracellular traps in immunity and
disease. Nat Rev Immunol. 2018;18(2):134-47.

Chen R, Zhang H, Tang B, Luo Y, Yang Y, Zhong X, et al. Macrophages

in cardiovascular diseases: molecular mechanisms and therapeutic
targets. Signal Transduct Target Ther. 2024;9(1):130.

Frodermann V, Nahrendorf M. Macrophages and cardiovascular health.
Physiol Rev. 2018;98(4):2523-69.

Frangogiannis NG. Cardiac fibrosis. Cardiovasc Res.
2021;117(6):1450-88.

Kuppe C, Ramirez Flores RO, Li Z, Hayat S, Levinson RT, Liao X, et al.
Spatial multi-omic map of human myocardial infarction. Nature.
2022;608(7924):766-77.

Soehnlein O, Lindbom L. Phagocyte partnership during the onset and
resolution of inflammation. Nat Rev Immunol. 2010;10(6):427-39.

Du B, Yu M, Zheng J. Transport and interactions of nanoparticles in the
kidneys. Nat Rev Mater. 2018;3(10):358-74.

Yang M, Li J, Gu P, Fan X. The application of nanoparticles in cancer
immunotherapy: targeting tumor microenvironment. Bioact Mater.
2021,6(7):1973-87.

Yang S, Gao H. Nanoparticles for modulating tumor microenviron-
ment to improve drug delivery and tumor therapy. Pharmacol Res.
2017;126:97-108.

He W, Zhang Z, Sha X. Nanoparticles-mediated emerging

approaches for effective treatment of ischemic stroke. Biomaterials.
2021;277:121111.

Sui C, Wu H, Li X, Wang Y, Wei J, Yu J, et al. Cancer immunotherapy and
its facilitation by nanomedicine. Biomark Res. 2024;12(1):77.
BraunersreutherV, Zernecke A, Arnaud C, Liehn EA, Steffens S, Shag-
darsuren E, et al. CCR5 but not CCR1 deficiency reduces development
of diet-induced atherosclerosis in mice. Arterioscler Thromb Vasc Biol.
2007,27(2):373-9.

JiaT, Serbina NV, Brandl K, Zhong MX, Leiner IM, Charo IF, et al. Additive
roles for MCP-1 and MCP-3 in CCR2-mediated recruitment of inflam-
matory monocytes during Listeria monocytogenes infection. J Immunol.
2008;180(10):6846-53.

Combadiere C, Potteaux S, Gao JL, Esposito B, Casanova S, Lee EJ, et al.
Decreased atherosclerotic lesion formation in CX3CR1/apolipoprotein E
double knockout mice. Circulation. 2003;107(7):1009-16.

Lesnik P, Haskell CA, Charo IF. Decreased atherosclerosis in CX3CR11-
/- mice reveals a role for fractalkine in atherogenesis. J Clin Invest.
2003;111(3):333-40.

Cybulsky MI, liyama K, Li H, Zhu S, Chen M, liyama M, et al. A major
role for VCAM-1, but not ICAM-1, in early atherosclerosis. J Clin Invest.
2001;107(10):1255-62.

Collins RG, Velji R, Guevara NV, Hicks MJ, Chan L, Beaudet AL. P-selectin
or intercellular adhesion molecule (ICAM)-1 deficiency substantially
protects against atherosclerosis in apolipoprotein E-deficient mice. J
Exp Med. 2000;191(1):189-94.

Mauersberger C, Hinterdobler J, Schunkert H, Kessler T, Sager HB. Where
the action is-leukocyte recruitment in atherosclerosis. Front Cardiovasc
Med. 2022;8:813984.

Paulson KE, Zhu SN, Chen M, Nurmohamed S, Jongstra-Bilen J, Cybulsky
MI. Resident intimal dendritic cells accumulate lipid and contribute to
the initiation of atherosclerosis. Circ Res. 2010;106(2):383-90.

Johnson JL, Newby AC. Macrophage heterogeneity in atherosclerotic
plaques. Curr Opin Lipidol. 2009;20(5):370-8.

Orecchioni M, Ghosheh Y, Pramod AB, Ley K. Macrophage polarization:
different gene signatures in M1(LPS*) vs. classically and M2(LPS) vs.
alternatively activated macrophages. Front Immunol. 2019;10:1084.
Zhang K, Guo J, Yan W, Xu L. Macrophage polarization in inflammatory
bowel disease. Cell Commun Signal. 2023;21(1):367.

Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind FG,
et al. NLRP3 inflammasomes are required for atherogenesis and acti-
vated by cholesterol crystals. Nature. 2010;464(7293):1357-61.



Zheng et al. Military Medical Research

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

(2025) 12:76

Abbate A, Toldo S, Marchetti C, Kron J, Van Tassell BW, Dinarello CA.
Interleukin-1 and the inflammasome as therapeutic targets in cardio-
vascular disease. Circ Res. 2020;126(9):1260-80.

Tyrrell DJ, Goldstein DR. Ageing and atherosclerosis: vascular intrinsic
and extrinsic factors and potential role of IL-6. Nat Rev Cardiol.
2021;18(1):58-68.

Boesten LSM, Zadelaar ASM, van Nieuwkoop A, Gijbels MJJ, de
Winther MPJ, Havekes LM, et al. Tumor necrosis factor-alpha promotes
atherosclerotic lesion progression in APOE*3-Leiden transgenic mice.
Cardiovasc Res. 2005;66(1):179-85.

Huang WC, Sala-Newby GB, Susana A, Johnson JL, Newby AC. Classical
macrophage activation up-regulates several matrix metalloproteinases
through mitogen activated protein kinases and nuclear factor-kb. PLoS
ONE. 2012;7(8):e42507.

Forstermann U, Xia N, Li H. Roles of vascular oxidative stress

and nitric oxide in the pathogenesis of atherosclerosis. Circ Res.
2017;120(4):713-35.

Akoumianakis |, Polkinghorne M, Antoniades C. Non-canonical WNT
signalling in cardiovascular disease: mechanisms and therapeutic
implications. Nat Rev Cardiol. 2022;19(12):783-97.

Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis.
Cell. 2011;145(3):341-55.

Borén J, Packard CJ, Binder CJ. Apolipoprotein B-containing lipoproteins
in atherogenesis. Nat Rev Cardiol. 2025;22(6):399-413.

Kounatidis D, Vallianou NG, Poulaki A, Evangelopoulos A, Panagopoulos
F, Stratigou T, et al. ApoB100 and atherosclerosis: what's new in the 21st
century?. Metabolites. 2024;14(2):123.

La Chica Lhoést MT, Martinez A, Claudi L, Garcia E, Benitez-Amaro A,
Polishchuk A, et al. Mechanisms modulating foam cell formation in the
arterial intima: exploring new therapeutic opportunities in atheroscle-
rosis. Front Cardiovasc Med. 2024;11:1381520.

Xia XD, Yu XH, Chen LY, Xie SL, Feng YG, Yang RZ, et al. Myocardin
suppression increases lipid retention and atherosclerosis via down-
regulation of ABCA1 in vascular smooth muscle cells. Biochimica et
Biophysica Acta (BBA). 2021;1866(4):158824.

Zhao'Y, Pennings M, Hildebrand RB, Ye D, Calpe-Berdiel L, Out R, et al.
Enhanced foam cell formation, atherosclerotic lesion development,
and inflammation by combined deletion of ABCA1 and SR-Bl in bone
marrow-derived cells in LDL receptor knockout mice on western-type
diet. Circ Res. 2010;107(12):220-31.

Meurs |, Lammers B, Zhao Y, Out R, Hildebrand RB, Hoekstra M, et al. The
effect of ABCG1 deficiency on atherosclerotic lesion development in
LDL receptor knockout mice depends on the stage of atherogenesis.
Atherosclerosis. 2012;221(1):41-7.

Maguire EM, Pearce SWA, Xiao Q. Foam cell formation: a new target for
fighting atherosclerosis and cardiovascular disease. Vascul Pharmacol.
2019;112:54-71.

Kojima'Y, Weissman IL, Leeper NJ. The role of efferocytosis in atheroscle-
rosis. Circulation. 2017;135(5):476-89.

Yurdagul A Jr. Metabolic consequences of efferocytosis and its impact
on atherosclerosis. Immunometabolism. 2021;3(2):e210017.

Weber C, Habenicht AJR, von Hundelshausen P. Novel mechanisms and
therapeutic targets in atherosclerosis: inflammation and beyond. Eur
Heart J. 2023;44(29):2672-81.

Rahman K, Vengrenyuk Y, Ramsey SA, Vila NR, Girgis NM, Liu J,

et al. Inflammatory Ly6Chi monocytes and their conversion to

M2 macrophages drive atherosclerosis regression. J Clin Invest.
2017;127(8):2904-15.

De Koker S, De Geest BG, Singh SK, De Rycke R, Naessens T, Van Kooyk Y,
et al. Polyelectrolyte microcapsules as antigen delivery vehicles to den-
dritic cells: uptake, processing, and cross-presentation of encapsulated
antigens. Angew Chem Int Ed Engl. 2009;48(45):8485-9.

Han X, Boisvert WA. Interleukin-10 protects against atherosclerosis

by modulating multiple atherogenic macrophage function. Thromb
Haemost. 2015;113(3):505-12.

Ho KT, Chu FY, Lin YK, Chin HH, Yang SC, Yang CP, et al. Interleukin-4
ameliorates macrophage lipid stress through promoting cholesterol
efflux and lipid homeostasis. Cytokine. 2025;188:156869.

Zhang L, Li J,KouY, Shen L, Wang H, Wang Y, et al. Mechanisms and
treatment of atherosclerosis: focus on macrophages. Front Immunol.
2024;15:1490387.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Page 38 of 47

Bujak M, Ren G, Kweon HJ, Dobaczewski M, Reddy A, Taffet G, et al.
Essential role of Smad3 in infarct healing and in the pathogenesis of
cardiac remodeling. Circulation. 2007;116(19):2127-38.

Humeres C, Shinde AV, Hanna A, Alex L, Hernandez SC, Li R, et al. Smad7
effects on TGF-B and ErbB2 restrain myofibroblast activation and pro-
tect from postinfarction heart failure. J Clin Invest. 2022;132(3):e146926.
WangY, Zhang Y, Li J, Li C, Zhao R, Shen C, et al. Hypoxia induces M2
macrophages to express VSIG4 and mediate cardiac fibrosis after myo-
cardial infarction. Theranostics. 2023;13(7):2192-209.

Shirakawa K, Endo J, Kataoka M, Katsumata Y, Anzai A, Moriyama H, et al.
Mertk expression and ERK activation are essential for the functional
maturation of osteopontin-producing reparative macrophages after
myocardial infarction. J Am Heart Assoc. 2020;9(18):e017071.

Nankivell V, Vidanapathirana AK, Hoogendoorn A, Tan JTM, Verjans J,
Psaltis PJ, et al. Targeting macrophages with multifunctional nanopar-
ticles to detect and prevent atherosclerotic cardiovascular disease.
Cardiovasc Res. 2024;120(8):819-38.

Wang P, Chen' W, Zhang J, Pan C, Lv Y, Sun Y, et al. Advances in the treat-
ment of atherosclerotic plaque based on nanomaterials. Nanomedi-
cine. 2025;20(8):869-81.

Zeng J, Zhang Y, GaoY, Jia M, Guo Y, Li X, et al. Biomimetic ginsenoside
Rb1 and probucol co-assembled nanoparticles for targeted atheroscle-
rosis therapy via inhibition of oxidative stress, inflammation, and lipid
deposition. ACS Nano. 2025;19(25):22968-87.

Zhang Q, Ma S, Kang X, LiuY, Ma F, Yu F, et al. A dual-targeting bio-
liposomes nanodrug repair endothelial cell dysfunction and restore
macrophage cholesterol flow homeostasis to treat early atherosclerosis.
J Nanobiotechnology. 2025;23(1):365.

Ding H, LiuY, Xia T, Zhang H, Hao Y, Liu B, et al. Biomimetic membrane-
coated nanoparticles for targeted synergistic therapy of homocysteine-
induced atherosclerosis: dual modulation of cholesterol efflux and
reactive oxygen species scavenging. Mater Today Bio. 2025;33:101938.
Drechsler M, Megens RTA, van Zandvoort M, Weber C, Soehnlein O.
Hyperlipidemia-triggered neutrophilia promotes early atherosclerosis.
Circulation. 2010;122(18):1837-45.

Ortega-Gomez A, Salvermoser M, Rossaint J, Pick R, Brauner J, Lemnitzer
P et al. Cathepsin G controls arterial but not venular myeloid cell
recruitment. Circulation. 2016;134(16):1176-88.

Silvestre-Roig C, Braster Q, Ortega-Gomez A, Soehnlein O. Neutro-

phils as regulators of cardiovascular inflammation. Nat Rev Cardiol.
2020;17(6):327-40.

Doring Y, Drechsler M, Wantha S, Kemmerich K, Lievens D, Vijayan S,

et al. Lack of neutrophil-derived CRAMP reduces atherosclerosis in
mice. Circ Res. 2012;110(8):1052-6.

Delporte C, Boudjeltia KZ, Noyon C, Furtmiller PG, Nuyens V, Slomianny
MG, et al. Impact of myeloperoxidase-LDL interactions on enzyme
activity and subsequent posttranslational oxidative modifications of
apoB-100. J Lipid Res. 2014;55(4):747-57.

Kougias P, Chai H, Lin PH, Yao Q, Lumsden AB, Chen C. Defensins and
cathelicidins: neutrophil peptides with roles in inflammation, hyperlipi-
demia and atherosclerosis. J Cell Mol Med. 2005;9(1):3-10.

Lim CH, Adav SS, Sze SK, Choong YK, Saravanan R, Schmidtchen A.
Thrombin and plasmin alter the proteome of neutrophil extracellular
traps. Front Immunol. 2018;9:1554.

Déring Y, Libby P, Soehnlein O. Neutrophil extracellular traps participate
in cardiovascular diseases: recent experimental and clinical insights.
Circ Res. 2020;126(9):1228-41.

Knight JS, Luo W, O'Dell AA, Yalavarthi S, Zhao W, Subramanian V, et al.
Peptidylarginine deiminase inhibition reduces vascular damage and
modulates innate immune responses in murine models of atheroscle-
rosis. Circ Res. 2014;114(6):947-56.

Westerterp M, Fotakis P, Ouimet M, Bochem AE, Zhang H, Molusky MM,
et al. Cholesterol efflux pathways suppress inflammasome activation,
NETosis, and atherogenesis. Circulation. 2018;138(9):898-912.

Hornung V, Ablasser A, Charrel-Dennis M, Bauernfeind F, Horvath G, Caf-
frey DR, et al. AIM2 recognizes cytosolic dsDNA and forms a caspase-
1-activating inflammasome with ASC. Nature. 2009;458(7237):514-8.
Doring Y, Manthey HD, Drechsler M, Lievens D, Megens RTA, Soehn-
lein O, et al. Auto-antigenic protein-DNA complexes stimulate
plasmacytoid dendritic cells to promote atherosclerosis. Circulation.
2012;125(13):1673-83.



Zheng et al. Military Medical Research

99.

100.

101.

102.

103.

104.

106.

107.

108.

109.

116.

118.

(2025) 12:76

Martinelli S, Urosevic M, Daryadel A, Oberholzer PA, Baumann C, Fey MF,
et al. Induction of genes mediating interferon-dependent extracel-
lular trap formation during neutrophil differentiation. J Biol Chem.
2004,279(42):44123-32.

Kahlenberg JM, Carmona-Rivera C, Smith CK, Kaplan MJ. Neutro-

phil extracellular trap-associated protein activation of the NLRP3
inflammasome is enhanced in lupus macrophages. J Immunol.
2013;190(3):1217-26.

Warnatsch A, loannou M, Wang Q, Papayannopoulos V. Neutrophil
extracellular traps license macrophages for cytokine production in
atherosclerosis. Science. 2015;349(6245):316-20.

Zhang YG, Song Y, Guo XL, Miao RY, Fu YQ, Miao CF, et al. Exosomes
derived from ox-LDL-stimulated macrophages induce neutrophil extra-
cellular traps to drive atherosclerosis. Cell Cycle. 2019;18(20):2674-84.
Silvestre-Roig C, Braster Q, Wichapong K, Lee EY, Teulon JM, Berrebeh
N, et al. Externalized histone H4 orchestrates chronic inflammation by
inducing lytic cell death. Nature. 2019;569(7755):236-40.

Gould TJ, VuTT, Swystun LL, Dwivedi DJ, Mai SHC, Weitz JI, et al.
Neutrophil extracellular traps promote thrombin generation through
platelet-dependent and platelet-independent mechanisms. Arterio-
scler Thromb Vasc Biol. 2014;34(9):1977-84.

Fuchs TA, Brill A, Duerschmied D, Schatzberg D, Monestier M, Myers DD,
et al. Extracellular DNA traps promote thrombosis. Proc Natl Acad Sci U
S A.2010;107(36):15880-5.

Alard JE, Ortega-Gomez A, Wichapong K, Bongiovanni D, Horckmans M,
Megens RTA, et al. Recruitment of classical monocytes can be inhibited
by disturbing heteromers of neutrophil HNP1 and platelet CCL5. Sci
Transl Med. 2015;7(317):317ra196.

Hristov M, Zernecke A, Bidzhekov K, Liehn EA, Shagdarsuren E, Ludwig
A, et al. Importance of CXC chemokine receptor 2 in the homing of
human peripheral blood endothelial progenitor cells to sites of arterial
injury. Circ Res. 2007;100(4):590-7.

Ferraro B, Leoni G, Hinkel R, Ormanns S, Paulin N, Ortega-Gomez A, et al.
Pro-angiogenic macrophage phenotype to promote myocardial repair.
J Am Coll Cardiol. 2019;73(23):2990-3002.

Horckmans M, Ring L, Duchene J, Santovito D, Schloss MJ, Drechsler

M, et al. Neutrophils orchestrate post-myocardial infarction healing by
polarizing macrophages towards a reparative phenotype. Eur Heart J.
2017,38(3):187-97.

Massena S, Christoffersson G, Vagesjo E, Seignez C, Gustafsson K, Binet
F, et al. Identification and characterization of VEGF-A-responsive neu-
trophils expressing CD49d, VEGFR1, and CXCR4 in mice and humans.
Blood. 2015;126(17):2016-26.

JiangV, Jiang R, Xia Z, Guo M, Fu Y, Wang X, et al. Engineered neutrophil
membrane-camouflaged nanocomplexes for targeted siRNA delivery
against myocardial ischemia reperfusion injury. J Nanobiotechnology.
2025;23(1):134.

ZhangV, Lin S, Xu X, YaoY, Feng S, Jiang S, et al. Programmable
hierarchical hydrogel dressing for sequential release of growth factor
and DNase to accelerate diabetic wound healing. J Control Release.
2025;383:113825.

Nan J, Xia C, Zhang J, Xie Y, Shi S, Yang W, et al. Gadolinium-ceria hybrid
system enables synergistic alleviation of oxidative stress and metabolic
thrombo-inflammation for efficient ischemic stroke treatment. Bioma-
terials. 2025;322:123379.

Meng X, Yang J, Dong M, Zhang K, Tu E, Gao Q, et al. Regulatory t cells
in cardiovascular diseases. Nat Rev Cardiol. 2016;13(3):167-79.

Xia Y, Gao D, Wang X, Liu B, Shan X, Sun'Y, et al. Role of Treg cell subsets
in cardiovascular disease pathogenesis and potential therapeutic
targets. Front Immunol. 2024;15:1331609.

Ouyang X, Liu Z. Regulatory t cells and macrophages in athero-
sclerosis: from mechanisms to clinical significance. Front Immunol.
2024;15:1435021.

Mashayekhi K, Khazaie K, Faubion WA Jr, Kim GB. Biomaterial-enhanced
Treg cell immunotherapy: a promising approach for transplant medi-
cine and autoimmune disease treatment. Bioact Mater. 2024;37:269-98.
Tiemessen MM, Jagger AL, Evans HG, van Herwijnen MJC, John S, Taams
LS. CD4*TCD25%Foxp3* regulatory T cells induce alternative activa-

tion of human monocytes/macrophages. Proc Natl Acad SciU S A.
2007;104(49):19446-51.

119.

122.

124.

126.

130.

131.

132.

133.

135.

138.

140.

Page 39 of 47

Meng X, Li W, Yang J, Zhang K, Qin W, An G, et al. Regulatory T cells
prevent plaque disruption in apolipoprotein E-knockout mice. Int J
Cardiol. 2013;168(3):2684-92.

Zhong T, Li X, Lei K, Tang R, Deng Q, Love PE, et al. TGF-B-mediated
crosstalk between TIGIT* Tregs and CD226*CD8™ T cells in the
progression and remission of type 1 diabetes. Nat Commun.
2024;15(1):8894.

Deng Z, FanT, Xiao C, Tian H, Zheng Y, Li C, et al. TGF-{3 signaling

in health, disease and therapeutics. Signal Transduct Target Ther.
2024;,9(1):61.

Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, Schmidt
EM, et al. Trans-endocytosis of CD80 and CD86: a molecular basis for
the cell-extrinsic function of CTLA-4. Science. 2011;332(6029):600-3.
Hossen MM, Ma Y, Yin Z, Xia Y, Du J, Huang JY, et al. Current under-
standing of CTLA-4: from mechanism to autoimmune diseases. Front
Immunol. 2023;14:1198365.

Zong Y, Deng K, Chong WP. Regulation of treg cells by cytokine
signaling and co-stimulatory molecules. Front Immunol.
2024;15:1387975.

Mulholland M, Kritikou E, Katra P, Nilsson J, Bjorkbacka H, Lichtman AH,
et al. LAG3 regulates T cell activation and plaque infiltration in athero-
sclerotic mice. JACC: CardioOncology. 2022;4(5):635-45.

Meng X, Yang J, Zhang K, An G, Kong J, Jiang F, et al. Regulatory T cells
prevent angiotensin ll-induced abdominal aortic aneurysm in apolipo-
protein E knockout mice. Hypertension. 2014;64(4).875-82.
Bolivar-Wagers S, Loschi ML, Jin S, Thangavelu G, Larson JH, McDonald-
Hyman CS, et al. Murine CAR19 Tregs suppress acute graft-versus-

host disease and maintain graft-versus-tumor responses. JCl Insight.
2022;7(17):160674.

Zhao DM, Thornton AM, DiPaolo RJ, Shevach EM. Activated CD4+*CD25%
T cells selectively kill B lymphocytes. Blood. 2006;107(10):3925-32.
Lasrado N, Borcherding N, Arumugam R, Starr TK, Reddy J. Dissecting
the cellular landscape and transcriptome network in viral myocarditis
by single-cell RNA sequencing. iScience. 2022;25(3):103865.

Zhang M, Zhang S.T cells in fibrosis and fibrotic diseases. Front Immu-
nol. 2020;11:1142.

Choo EH, Lee JH, Park EH, Park HE, Jung NC, Kim TH, et al. Infarcted
myocardium-primed dendritic cells improve remodeling and cardiac
function after myocardial infarction by modulating the regulatory T cell
and macrophage polarization. Circulation. 2017;135(15):1444-57.
Weirather J, Hofmann UDW, Beyersdorf N, Ramos GC, Vogel B, Frey A,
et al. Foxp3* CD4™ T cells improve healing after myocardial infarc-

tion by modulating monocyte/macrophage differentiation. Circ Res.
2014;115(1):55-67.

llyinskii PO, Roy CJ, LePrevost J, Rizzo GL, Kishimoto TK. Enhancement of
the tolerogenic phenotype in the liver by ImmTOR nanoparticles. Front
Immunol. 2021;12:637469.

Benne N, Ter Braake D, Stoppelenburg AJ, Broere F. Nanoparticles for
inducing antigen-specific T cell tolerance in autoimmune diseases.
Front Immunol. 2022;13:864403.

Scotland BL, Shaw JR, Dharmaraj S, Caprio N, Cottingham AL, Joy
Martin Lasola J, et al. Cell and biomaterial delivery strategies to induce
immune tolerance. Adv Drug Deliv Rev. 2023;203:115141.

Daminelli EN, Martinelli AEM, Bulgarelli A, Freitas FR, Maranhao RC.
Reduction of atherosclerotic lesions by the chemotherapeutic agent
carmustine associated to lipid nanoparticles. Cardiovasc Drugs Ther.
2016;30(5):433-43.

Sun K, LiYY, Jin J. A double-edged sword of immuno-microenviron-
ment in cardiac homeostasis and injury repair. Signal Transduct Target
Ther.2021;6(1):79.

Elieh-Ali-Komi D, Bot |, Rodriguez-Gonzalez M, Maurer M. Cellular and
molecular mechanisms of mast cells in atherosclerotic plaque progres-
sion and destabilization. Clin Rev Allergy Immunol. 2024,66(1):30-49.
Morales-Maldonado A, Humphry M, Figg N, Clarke MC. Human vascular
smooth muscle cells utilise chymase for the atypical cleavage and
activation of interleukin-1p. Atherosclerosis. 2023;390:117308.
Popa-Fotea NM, Ferdoschi CE, Micheu MM. Molecular and cellular
mechanisms of inflammation in atherosclerosis. Front Cardiovasc Med.
2023;10:1200341.

Lee M, Lindstedt LK, Kovanen PT. Mast cell-mediated inhibition of
reverse cholesterol transport. Arterioscler Thromb. 1992;12(11):1329-35.



Zheng et al. Military Medical Research

142.

143.

144.

145.

146.

147.

148.

150.

151.

152.

153.

154.

155.

157.

158.

159.

160.

161.

162.

163.

164.

165.

(2025) 12:76

Kokkonen JO. Stimulation of rat peritoneal mast cells enhances uptake
of low density lipoproteins by rat peritoneal macrophages in vivo.
Atherosclerosis. 1989;79(2-3):213-23.

Diaz Sanchez L, Sanchez-Aranguren L, Wang K, Spickett CM, Griffiths
HR, Dias IHK. TNF-a-mediated endothelial cell apoptosis is rescued by
hydrogen sulfide. Antioxidants. 2023;12(3):734.

Lamb FS, Choi H, Miller MR, Stark RJ. TNFa and reactive oxygen signal-
ing in vascular smooth muscle cells in hypertension and atherosclero-
sis. Am J Hypertens. 2020;33(10):902-13.

Al-Roub A, Akhter N, Al-Rashed F, Wilson A, Alzaid F, Al-Mulla F, et al.
TNFa induces matrix metalloproteinase-9 expression in monocytic
cells through ACSL1/JNK/ERK/NF-kB signaling pathways. Sci Rep.
2023;13(1):14351.

Mattos BR, Bonacio GF, Vitorino TR, Garcia VT, Amaral JH, Dellalibera-
Joviliano R, et al. TNF-a inhibition decreases MMP-2 activity, reac-

tive oxygen species formation and improves hypertensive vascular
hypertrophy independent of its effects on blood pressure. Biochem
Pharmacol. 2020;180:114121.

Tanase DM, Valasciuc E, Anton IB, Gosav EM, Dima N, Cucu Al, et al.
Matrix metalloproteinases: pathophysiologic implications and
potential therapeutic targets in cardiovascular disease. Biomolecules.
2025;15(4):598.

Poto R, Marone G, Galli SJ, Varricchi G. Mast cells: a novel thera-

peutic avenue for cardiovascular diseases?. Cardiovasc Res.
2024;120(7):681-98.

Rozenberg |, Sluka SHM, Rohrer L, Hofmann J, Becher B, Akhmedov A,
et al. Histamine H1 receptor promotes atherosclerotic lesion formation
by increasing vascular permeability for low-density lipoproteins. Arte-
rioscler Thromb Vasc Biol. 2010;30(5):923-30.

Wilkens M, Holtermann L, Stahl AK, Stegmeyer RI, Nottebaum AF,
Vestweber D. Ubiquitination of VE-cadherin regulates inflammation-
induced vascular permeability in vivo. EMBO Rep. 2024;25(9):4013-32.
Blair RJ, Meng H, Marchese MJ, Ren S, Schwartz LB, Tonnesen MG, et al.

Human mast cells stimulate vascular tube formation. Tryptase is a novel,

potent angiogenic factor. J Clin Invest. 1997;99(11):2691-700.

Ribatti D. Tryptase and tumor angiogenesis. Front Oncol.
2024;14:1500482.

Nishimoto M, Takai S, Kim S, Jin D, Yuda A, Sakaguchi M, et al. Signifi-
cance of chymase-dependent angiotensin ll-forming pathway in the

development of vascular proliferation. Circulation. 2001;104(11):1274-9.

Shortman K, Naik SH. Steady-state and inflammatory dendritic-cell
development. Nat Rev Immunol. 2007;7(1):19-30.

Christ A, Temmerman L, Legein B, Daemen MJAP, Biessen EAL. Dendritic
cells in cardiovascular diseases: epiphenomenon, contributor, or thera-
peutic opportunity. Circulation. 2013;128(24):2603-13.

Moussion C, Delamarre L. Antigen cross-presentation by dendritic
cells: a critical axis in cancer immunotherapy. Semin Immunol.
2024;71:101848.

Britsch S, Langer H, Duerschmied D, Becher T. The evolving role of
dendritic cells in atherosclerosis. Int J Mol Sci. 2024;25(4):2450.

Wang F, Liu M, Ma D, Cai Z, Liu L, Wang J, et al. Dendritic cell-expressed
IDO alleviates atherosclerosis by expanding CD4TCD25%Foxp3*Tregs
through IDO-Kyn-AHR axis. Int Immunopharmacol. 2023;116:109758.
Iberg CA, Hawiger D. Natural and induced tolerogenic dendritic cells. J
Immunol. 2020;,204(4):733-44.

Ran GH, Lin YQ Tian L, Zhang T, Yan DM, Yu JH, et al. Natural killer cell
homing and trafficking in tissues and tumors: from biology to applica-
tion. Signal Transduct Target Ther. 2022;7(1):205.

Mace EM. Human natural killer cells: form, function, and development. J
Allergy Clin Immunol. 2023;151(2):371-85.

Santos J, Wang P, Shemesh A, Liu F, Tsao T, Aguilar OA, et al. Ccr5 drives
NK cell-associated airway damage in pulmonary ischemia-reperfusion
injury. JCl Insight. 2023;8(21):e173716.

Ong S, Ligons DL, Barin JG, Wu L, Talor MV, Diny N, et al. Natural killer
cells limit cardiac inflammation and fibrosis by halting eosinophil
infiltration. Am J Pathol. 2015;185(3):847-61.

Ong S, Rose NR, Cihdkova D. Natural killer cells in inflammatory heart
disease. Clin Immunol. 2017;175:26-33.

Bouchentouf M, Forner KA, Cuerquis J, Michaud V, Zheng J, Paradis P,
et al. Induction of cardiac angiogenesis requires killer cell lectin-like

166.

167.

168.

169.

170.

171,

173.

175.

176.

177.

178.

179.

180.

182.

184.

185.

186.

187.

Page 40 of 47

receptor 1 and a4f7 integrin expression by NK cells. J Immunol.
2010;185(11):7014-25.

Ma J,Wang X, Jia Y, Tan F, Yuan X, Du J. The roles of B cells in cardiovas-
cular diseases. Mol Immunol. 2024;171:36-46.

Pattarabanjird T, Li C, McNamara C. B cells in atherosclerosis: mecha-
nisms and potential clinical applications. JACC Basic Transl Sci.
2021,6(6):546-63.

Ransegnola BP, Pattarabanjird T, McNamara CA. Tipping the scale:
atheroprotective IgM-producing B cells in atherosclerosis. Arterioscler
Thromb Vasc Biol. 2024;44(9):1906-15.

Adamo L, Staloch LJ, Rocha-Resende C, Matkovich SJ, Jiang W, Bajpai G,
et al. Modulation of subsets of cardiac B lymphocytes improves cardiac
function after acute injury. JCl Insight. 2018;3(11):e120137.

Rose-John S, Jenkins BJ, Garbers C, Moll JM, Scheller J. Targeting IL.-6
trans-signalling: past, present and future prospects. Nat Rev Immunol.
2023,23(10):666-81.

York AG, Skadow MH, Oh J, Qu R, Zhou QD, Hsieh WY, et al. IL-10
constrains sphingolipid metabolism to limit inflammation. Nature.
2024;627(8004):628-35.

Zouggari Y, Ait-Oufella H, Bonnin P, Simon T, Sage AP, Guérin C, et al. B
lymphocytes trigger monocyte mobilization and impair heart function
after acute myocardial infarction. Nat Med. 2013;19(10):1273-80.
Furtado D, Bjornmalm M, Ayton S, Bush Al, Kempe K, Caruso F. Over-
coming the blood-brain barrier: the role of nanomaterials in treating
neurological diseases. Adv Mater. 2018;30(46):e1801362.

Cheng J, Huang H, Chen 'Y, Wu R. Nanomedicine for diagnosis and treat-
ment of atherosclerosis. Adv Sci. 2023;10(36):e2304294.

Wang J, LiY, Nie G, Zhao Y. Precise design of nanomedicines: perspec-
tives for cancer treatment. Natl Sci Rev. 2019;6(6):1107-10.

Mohamed NA, Marei |, Crovella S, Abou-Saleh H. Recent developments
in nanomaterials-based drug delivery and upgrading treatment of
cardiovascular diseases. Int J Mol Sci. 2022;23(3):1404.

Sager HB, Dutta P, Dahlman JE, Hulsmans M, Courties G, Sun'Y, et al.
RNAi targeting multiple cell adhesion molecules reduces immune cell
recruitment and vascular inflammation after myocardial infarction. Sci
Transl Med. 2016;8(342):342ra80.

Katsuki S, Matoba T, Nakashiro S, Sato K, Koga Ji, Nakano K, et al.
Nanoparticle-mediated delivery of pitavastatin inhibits atherosclerotic
plague destabilization/rupture in mice by regulating the recruitment of
inflammatory monocytes. Circulation. 2014;129(8):896-906.

ShiJ,Yang Y, Yin N, Liu C, ZhaoY, Cheng H, et al. Engineering CXCL12
biomimetic decoy-integrated versatile immunosuppressive nanopar-
ticle for ischemic stroke therapy with management of overactivated
brain immune microenvironment. Small Methods. 2022;6(1):e2101158.
Luehmann HP, Detering L, Fors BP, Pressly ED, Woodard PK, Randolph GJ,
et al. PET/CT imaging of chemokine receptors in inflammatory athero-
sclerosis using targeted nanoparticles. J Nucl Med. 2016;57(7):1124-9.
Boada C, Zinger A, Tsao C, Zhao P, Martinez JO, Hartman K, et al.
Rapamycin-loaded biomimetic nanoparticles reverse vascular inflam-
mation. Circ Res. 2020;126(1):25-37.

Chyu KY, Zhao X, Zhou J, Dimayuga PC, Lio NW, Cercek B, et al.
Immunization using ApoB-100 peptide-linked nanoparticles reduces
atherosclerosis. JCI Insight. 2022;7(11):e149741.

Kim S, Lee SA, Yoon H, Kim MY, Yoo JK, Ahn SH, et al. Exosome-based
delivery of super-repressor Ikba ameliorates kidney ischemia-reperfu-
sion injury. Kidney Int. 2021;100(3):570-84.

GuoY,Wang F, Wan S, Liu X, Huang Y, Xie M, et al. Endothelium-
targeted NF-kB siRNA nanogel for magnetic resonance imaging and
visualized-anti-inflammation treatment of atherosclerosis. Biomaterials.
2025;314:122897.

Ma CS, Ma YP, Han B, Duan WL, Meng SC, Bai M, et al. Apelin-13-loaded
macrophage membrane-encapsulated nanoparticles for targeted
ischemic stroke therapy via inhibiting NLRP3 inflammasome-mediated
pyroptosis. Int J Nanomedicine. 2024;19:9175-93.

SuF, YeW, ShenY, Xie Y, Zhang C, Zhang Q, et al. Immuno-nanocom-
plexes target heterogenous network of inflammation and immunity in
myocardial infarction. Adv Sci. 2024;11(36):e2402267.

He Z, Chen W, Hu K, Luo Y, Zeng W, He X, et al. Resolvin D1 deliv-

ery to lesional macrophages using antioxidative black phospho-

rus nanosheets for atherosclerosis treatment. Nat Nanotechnol.
2024;19(9):1386-98.



Zheng et al. Military Medical Research

188.

189.

190.

192.

193.

197.

198.

199.

200.

201.

202.

203.

204.
205.

206.

207.

(2025) 12:76

Wang G, Ma X, Huang W, Wang S, Lou A, Wang J, et al. Macrophage
biomimetic nanoparticle-targeted functional extracellular vesicle
micro-RNAs revealed via multiomics analysis alleviate sepsis-induced
acute lung injury. J Nanobiotechnol. 2024;22(1):362.

Kwon SP, Hwang BH, Park EH, Kim HY, Lee JR, Kang M, et al.
Nanoparticle-mediated blocking of excessive inflammation for
prevention of heart failure following myocardial infarction. Small.
2021;17(32):€2101207.

Song L, Yuan X, Zhao Z, Wang P, Wu W, Wang J. A biomimetic nanocar-
rier strategy targets ferroptosis and efferocytosis during myocardial
infarction. Int J Nanomedicine. 2024;19:8253-70.

Chuang ST, Stein JB, Nevins S, Kilic Bektas C, Choi HK, Ko WK,

et al. Enhancing CAR macrophage efferocytosis via surface engi-
neered lipid nanoparticles targeting LXR signaling. Adv Mater.
2024;36(19):€2308377.

Nguyen MA, Wyatt H, Susser L, Geoffrion M, Rasheed A, Duchez AC,

et al. Delivery of microRNAs by chitosan nanoparticles to function-

ally alter macrophage cholesterol efflux in vitro and in vivo. ACS Nano.
2019;13(6):6491-505.

Iverson NM, Plourde NM, Sparks SM, Wang J, Patel EN, Shah PS, et al.
Dual use of amphiphilic macromolecules as cholesterol efflux triggers
and inhibitors of macrophage athero-inflammation. Biomaterials.
2011;32(32):8319-27.

He H, Wang J, Yannie PJ, Korzun WJ, Yang H, Ghosh S. Nanoparticle-
based, “two-pronged” approach to regress atherosclerosis by
simultaneous modulation of cholesterol influx and efflux. Biomaterials.
2020;260:120333.

Zheng Z, Sun J,Wang J, He S, Liu Z, Xie J, et al. Enhancing myocar-

dial infarction treatment through bionic hydrogel-mediated spatial
combination therapy via mtDNA-STING crosstalk modulation. J Control
Release. 2024;371:570-87.

Zhou J, LiuW, Zhao X, Xian Y, Wu W, Zhang X, et al. Natural melanin/
alginate hydrogels achieve cardiac repair through ROS scavenging and
macrophage polarization. Adv Sci. 2021;8(20):2100505.

Ma J, Zhan M, Sun H, He L, Zou Y, Huang T, et al. Phosphorus dendrim-
ers co-deliver fibronectin and edaravone for combined ischemic
stroke treatment via cooperative modulation of microglia/neurons and
vascular regeneration. Adv Healthc Mater. 2024;13(29):e2401462.
XuD,BiS, LiJ,Mas,YuZA Wang, et al. Legumain-guided ferulate-
peptide self-assembly enhances macrophage-endotheliocyte partner-
ship to promote therapeutic angiogenesis after myocardial infarction.
Adv Healthc Mater. 2024;13(30):e2402056.

Mo F,Wang C, Li S, Li Z, Xiao C, Zhang Y, et al. A dual-targeting,
multi-faceted biocompatible nanodrug optimizes the microen-
vironment to ameliorate abdominal aortic aneurysm. Adv Mater.
2024,36(33):e2405761.

Molinaro R, Yu M, Sausen G, Bichsel CA, Corbo C, Folco EJ, et al. Targeted
delivery of protein arginine deiminase-4 inhibitors to limit arterial
intimal NETosis and preserve endothelial integrity. Cardiovasc Res.
2021;117(13):2652-63.

Gong, Xiao Y, Zhao C, Deng H, Liu H, Ke S, et al. Ultrasmall Ptlr
bimetallic nanozyme treats myocardial infarction via ischemic/
inflammatory cardiac microenvironment remodeling. ACS Nano.
2025;19(14):13723-39.

Kim C, Kim H, Sim WS, Jung M, Hong J, Moon S, et al. Spatiotemporal
control of neutrophil fate to tune inflammation and repair for myocar-
dial infarction therapy. Nat Commun. 2024;15(1):8481.

Zhang H, Yang K, Chen F, Liu Q, Ni J, Cao W, et al. Role of the CCL2-CCR2
axis in cardiovascular disease: pathogenesis and clinical implications.
Front Immunol. 2022;13:975367.

Chang S, Wang Z, An T. T-cell metabolic reprogramming in atheroscle-
rosis. Biomedicines. 2024;12(8):1844.

Pandit R, Yurdagul A. The atherosclerotic plaque microenvironment as a
therapeutic target. Curr Atheroscler Rep. 2025,27(1):47.

Wang T, Tang Y, Tao Y, Zhou H, Ding D. Nucleic acid drug and delivery
techniques for disease therapy: present situation and future prospect.
Interdiscip Med. 2024;2(1):e20230041.

Kasiewicz LN, Whitehead KA. Silencing TNFa with lipidoid nanoparticles
downregulates both TNFa and MCP-1 in an in vitro co-culture model of
diabetic foot ulcers. Acta Biomater. 2016;32:120-8.

208.

209.

210.

212.

213.

217.

219.

220.

221,

222.

223.

224,

225.

226.

227.

228.

229.

230.

Page 41 of 47

Molinaro R, Boada C, Del Rosal GM, Hartman KA, Corbo C, Andrews ED,
et al. Vascular inflammation: a novel access route for nanomedicine.
Methodist Debakey Cardiovasc J. 2016;12(3):169-74.

Tang J, Lobatto ME, Hassing L, van der Staay S, van Rijs SM, Calcagno C,
et al. Inhibiting macrophage proliferation suppresses atherosclerotic
plague inflammation. Sci Adv. 2015;1(3):e1400223.

CaoJ,ShaY, Sun M, Yang L, Lv R, Cao L, et al. Sustained codelivery

of heat shock protein peptide and rapamycin via nano-in-hydrogel
induces immune tolerance in rheumatoid arthritis. J Control Release.
2025;383:113842.

Kenison JE, Stevens NA, Quintana FJ. Therapeutic induction of antigen-
specific immune tolerance. Nat Rev Immunol. 2024;24(5):338-57.
Zhang J,Huang S, Zhu Z, Gatt A, Liu J. E-selectin in vascular pathophysi-
ology. Front Immunol. 2024;15:1401399.

Yin L, Bai J, Yu W-J, Liu Y, Li H-H, Lin QY. Blocking VCAM-1 prevents
angiotensin ll-induced hypertension and vascular remodeling in mice.
Front Pharmacol. 2022;13:825459.

He L, Cho S, Blenis J. mTORCT1, the maestro of cell metabolism and
growth. Genes Dev. 2025;39(1-2):109-31.

Mehta D, Rajput K, Jain D, Bajaj A, Dasgupta U. Unveiling the role of
mechanistic target of rapamycin kinase (MTOR) signaling in cancer
progression and the emergence of MTOR inhibitors as therapeutic
strategies. ACS Pharmacol Transl Sci. 2024;7(12):3758-79.

Khatoon N, Zhang Z, Zhou C, Chu M. Macrophage membrane coated
nanoparticles: a biomimetic approach for enhanced and targeted
delivery. Biomater Sci. 2022;10(5):1193-208.

Zhang B, Zou Y, Yuan Z, Jiang K, Zhang Z, Chen S, et al. Efferocytosis:
the resolution of inflammation in cardiovascular and cerebrovascular
disease. Front Immunol. 2024;15:1485222.

Schilperoort M, Ngai D, Sukka SR, Avrampou K, Shi H, Tabas I. The role
of efferocytosis-fueled macrophage metabolism in the resolution of
inflammation. Immunol Rev. 2023;319(1):65-80.

Mao Y. Apoptotic cell-derived metabolites in efferocytosis-mediated
resolution of inflammation. Cytokine Growth Factor Rev. 2021;62:42-53.
MaY, Jiang T, Zhu X, Xu Y, Wan K, Zhang T, et al. Efferocytosis in dendritic
cells: an overlooked immunoregulatory process. Front Immunol.
2024;15:1415573.

LiuY, Pan R, Ouyang Y, Gu W, Xiao T, Yang H, et al. Pyroptosis in health
and disease: mechanisms, regulation and clinical perspective. Signal
Transduct Target Ther. 2024,9(1):245.

Cao X, Tan J, Zheng R, Wang F, Zhou L, Yi J, et al. Targeting necroptosis:
a promising avenue for respiratory disease treatment. Cell Commun
Signal. 2024;22(1):418.

Lawlor KE, Murphy JM, Vince JE. Gasdermin and MLKL necrotic cell
death effectors: signaling and diseases. Immunity. 2024;57(3):429-45.
Ai'Y, Meng Y, Yan B, Zhou Q, Wang X. The biochemical pathways of
apoptotic, necroptotic, pyroptotic, and ferroptotic cell death. Mol Cell.
2024,84(1):170-9.

Yu P, Zhang X, Liu N, Tang L, Peng C, Chen X. Pyroptosis: mechanisms
and diseases. Signal Transduct Target Ther. 2021,6(1):128.

XiongY, Zhang Z, Liu S, Shen L, Zheng L, Ding L, et al. T lymphocyte-
macrophage hybrid membrane-coated biomimetic nanoparticles
alleviate myocarditis via suppressing pyroptosis by targeting gene
silencing. Int J Nanomedicine. 2024;19:12817-33.

Wang K, SunY, Zhu K, Liu Y, Zheng X, Yang Z, et al. Anti-pyroptosis bio-
mimetic nanoplatform loading puerarin for myocardial infarction repair:
from drug discovery to drug delivery. Biomaterials. 2025;314:122890.
Guo Q JinY, Chen X, Ye X, Shen X, Lin M, et al. NF-kB in biology and
targeted therapy: new insights and translational implications. Signal
Transduct Target Ther. 2024;9(1):53.

Jiang T, Xu L, Zhao M, Kong F, Lu X, Tang C, et al. Dual targeted delivery
of statins and nucleic acids by chitosan-based nanoparticles for
enhanced antiatherosclerotic efficacy. Biomaterials. 2022;280:121324.
Ma S, Tian XY, Zhang Y, Mu C, Shen H, Bismuth J, et al. E-selectin-target-
ing delivery of microRNAs by microparticles ameliorates endothelial
inflammation and atherosclerosis. Sci Rep. 2016;6:22910.
Somasuntharam |, Yeh! K, Carroll SL, Maxwell JT, Martinez MD, Che

P-L, et al. Knockdown of TNF-a by DNAzyme gold nanoparticles as

an anti-inflammatory therapy for myocardial infarction. Biomaterials.
2016;83:12-22.



Zheng et al. Military Medical Research

232.

233.

234.

235.

236.

237.

238.

239.

240.

241,

242.

243.

244,

245,

246.

247.

248.

249.

250.

251.

252.

(2025) 12:76

Im GB, Kim YG, Yoo TY, Kim YH, Kim K, Hyun J, et al. Ceria nano-
particles as copper chaperones that activate SOD1 for synergistic
antioxidant therapy to treat ischemic vascular diseases. Adv Mater.
2023,35(16):62208989.

Wang, LiL, Zhao W, Dou Y, An H, Tao H, et al. Targeted therapy of
atherosclerosis by a broad-spectrum reactive oxygen species scaveng-
ing nanoparticle with intrinsic anti-inflammatory activity. ACS Nano.
2018;12(9):8943-60.

Liang M, Wang Q, Zhang S, Lan Q, Wang R, Tan E, et al. Polypyridiniums
with inherent autophagy-inducing activity for atherosclerosis treatment
by intracellularly co-delivering two antioxidant enzymes. Adv Mater.
2024,36(46):€2409015.

Nakashiro S, Matoba T, Umezu R, Koga JI, Tokutome M, Katsuki S, et al.
Pioglitazone-incorporated nanoparticles prevent plaque destabilization
and rupture by regulating monocyte/macrophage differentiation in
ApoE-/- mice. Arterioscler Thromb Vasc Biol. 2016;36(3):491-500.
Gunatillake PA, Adhikari R. Biodegradable synthetic polymers for tissue
engineering. Eur Cell Mater. 2003;5:1-16.

Song G, Petschauer JS, Madden AJ, Zamboni WC. Nanoparticles and the
mononuclear phagocyte system: pharmacokinetics and applications
for inflammatory diseases. Curr Rheumatol Rev. 2014;10(1):22-34.
WuY,Wan S, Yang S, Hu H, Zhang C, Lai J, et al. Macrophage cell mem-
brane-based nanoparticles: a new promising biomimetic platform for
targeted delivery and treatment. J Nanobiotechnology. 2022;20(1):542.
Zhao'Y, Pennings M, Vrins CLJ, Calpe-Berdiel L, Hoekstra M, Kruijt JK,

et al. Hypocholesterolemia, foam cell accumulation, but no atheroscle-
rosis in mice lacking ABC-transporter A1 and scavenger receptor BI.
Atherosclerosis. 2011;218(2):314-22.

Schrijvers DM, De Meyer GRY, Kockx MM, Herman AG, Martinet W.
Phagocytosis of apoptotic cells by macrophages is impaired in athero-
sclerosis. Arterioscler Thromb Vasc Biol. 2005;25(6):1256-61.

Kojima Y, Volkmer JP, McKenna K, Civelek M, Lusis AJ, Miller CL, et al.
CD47-blocking antibodies restore phagocytosis and prevent athero-
sclerosis. Nature. 2016;536(7614):86-90.

Tu L, Zou Z,Yang Y,Wang S, Xing B, Feng J, et al. Targeted drug delivery
systems for atherosclerosis. J Nanobiotechnology. 2025;23(1):306.

He Y, Pavanello C, Hutchins PM, Tang C, Pourmousa M, Vaisar T, et al.
Flipped c-terminal ends of APOA1 promote ABCA1-dependent choles-
terol efflux by small HDLs. Circulation. 2024;149(10):774-87.

Frambach SJCM, de Haas R, Smeitink JAM, Rongen GA, Russel FGM,
Schirris TJJ. Brothers in arms: ABCA1- and ABCG1-mediated cholesterol
efflux as promising targets in cardiovascular disease treatment. Phar-
macol Rev. 2020;72(1):152-90.

Papayannopoulos V, Metzler KD, Hakkim A, Zychlinsky A. Neutrophil
elastase and myeloperoxidase regulate the formation of neutrophil
extracellular traps. J Cell Biol. 2010;191(3):677-91.

Brinkmann'V, Zychlinsky A. Beneficial suicide: why neutrophils die to
make NETs. Nat Rev Microbiol. 2007;5(8):577-82.

Mufoz LE, Bilyy R, Biermann MHC, Kienhéfer D, Mauerdder C, Hahn

J, et al. Nanoparticles size-dependently initiate self-limiting NETosis-
driven inflammation. Proc Natl Acad Sci U S A. 2016;113(40):E5856-65.
Raghavan P, Perez CA, Sorrentino TA, Kading JC, Finbloom JA, Desai

TA. Physicochemical design of nanoparticles to interface with and
degrade neutrophil extracellular traps. ACS Appl Mater Interfaces.
2025;17(6):8862-74.

Wang H, Kim SJ, Lei Y, Wang S, Wang H, Huang H, et al. Neutrophil
extracellular traps in homeostasis and disease. Signal Transduct Target
Ther. 2024;9(1):235.

Bilyy R, Unterweger H, Weigel B, Dumych T, Paryzhak S, Vovk V, et al.
Inert coats of magnetic nanoparticles prevent formation of occlusive
intravascular co-aggregates with neutrophil extracellular traps. Front
Immunol. 2018:9:2266.

de LaTaille T, Sarfati P, Aid R, Fournier L, Pavon-Djavid G, Chaubet F, et al.
Microemulsion-inspired polysaccharide nanoparticles for an advanced
targeted thrombolytic treatment. ACS Nano. 2025;19(2):2944-60.

Chan JMS, Jin PS,Ng M, Garnell J, Ying CW, Tec CT, et al. Development
of molecular magnetic resonance imaging tools for risk stratification
of carotid atherosclerotic disease using dual-targeted microparticles of
iron oxide. Transl Stroke Res. 2022;13(2):245-56.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

Page 42 of 47

Wang S, He H, Mao Y, Zhang Y, Gu N. Advances in atherosclerosis
theranostics harnessing iron oxide-based nanoparticles. Adv Sci.
2024;11(17):e2308298.

West HW, Dangas K, Antoniades C. Advances in clinical imaging of
vascular inflammation: a state-of-the-art review. JACC Basic Transl Sci.
2023;9(5):710-32.

Godin B, Sakamoto JH, Serda RE, Grattoni A, Bouamrani A, Fer-

rari M. Emerging applications of nanomedicine for the diagnosis
and treatment of cardiovascular diseases. Trends Pharmacol Sci.
2010;31(5):199-205.

Jeong HJ, Yoo RJ, Kim JK, Kim MH, Park SH, Kim H, et al. Macrophage
cell tracking PET imaging using mesoporous silica nanoparticles via
in vivo bioorthogonal F-18 labeling. Biomaterials. 2019;199:32-9.
Keliher EJ, Ye YX, Wojtkiewicz GR, Aguirre AD, Tricot B, Senders ML,
et al. Polyglucose nanoparticles with renal elimination and mac-
rophage avidity facilitate PET imaging in ischaemic heart disease. Nat
Commun. 2017;8:14064.

Wang Y, Zhang Y, Wang Z, Zhang J, Qiao RR, Xu M, et al. Optical/MRI
dual-modality imaging of M1 macrophage polarization in athero-
sclerotic plague with MARCO-targeted upconversion luminescence
probe. Biomaterials. 2019;219:119378.

Pérez-Medina C, Binderup T, Lobatto ME, Tang J, Calcagno C, Giesen
L, et al. In vivo PET imaging of HDL in multiple atherosclerosis mod-
els. JACC Cardiovasc Imaging. 2016;9(8):950-61.

Yi'S, Allen SD, Liu Y-G, Ouyang BZ, Li X, Augsornworawat P, et al.
Tailoring nanostructure morphology for enhanced targeting of
dendritic cells in atherosclerosis. ACS Nano. 2016;10(12):11290-303.
Chen Q, Yang X, YuY, Duan X, Ni R, Song G, et al. Biomimetic cerium-
assisted supra-carbon dots assembly for reactive oxygen species-
activated atherosclerosis theranostic. Small. 2025;21(8):e2408980.

Li D, Chen J, LuY, Yan X, Yang X, Zhang F, et al. Codelivery of dual
gases with metal-organic supramolecular cage-based microenviron-
ment-responsive nanomedicine for atherosclerosis therapy. Small.
2024;20(40):2402673.

Chen J, Zeng S, Xue Q, Hong Y, Liu L, Song L, et al. Photoacoustic
image-guided biomimetic nanoparticles targeting rheumatoid
arthritis. Proc Natl Acad Sci U S A. 2022;119(43):2213373119.

Chen Q, Duan X, Yu Y, NiR, Song G, Yang X, et al. Target functionalized
carbon dot nanozymes with dual-model photoacoustic and fluores-
cence imaging for visual therapy in atherosclerosis. Adv Sci (Weinh).
2024;11(6):e2307441.

Nankivell VA, Sandeman L, Stretton L, Vidanapathirana AK, Rajora MA,
Chen J, et al. Theranostic porphyrin nanoparticles identify athero-
sclerosis via multimodal imaging and elicit atheroprotective effects.
Mater Today Bio. 2025;34:102202.

Liu H, Wang J, Zhao C, Zhang R, Wang M, Jiang Y, et al. Mesoporous
polydopamine@CeO(2) nanoparticles for photoacoustic-

guided photothermal therapy in suppressing arthritis. iScience.
2025;28(6):112576.

Qiao H, Wang Y, Zhang R, Gao Q, Liang X, Gao L, et al. MRI/optical
dual-modality imaging of vulnerable atherosclerotic plague with an
osteopontin-targeted probe based on Fe;O, nanoparticles. Biomate-
rials. 2017;112:336-45.

Wu Q, Pan W, Wu G, Wu F, Guo Y, Zhang X. CD40-targeting magnetic
nanoparticles for MRI/optical dual-modality molecular imaging of
vulnerable atherosclerotic plaques. Atherosclerosis. 2023;369:17-26.
Chen J,Yang J, Liu R, Qiao C, Lu Z, ShiY, et al. Dual-targeting thera-
nostic system with mimicking apoptosis to promote myocardial
infarction repair via modulation of macrophages. Theranostics.
2017;7(17):4149-67.

Castegna A, Gissi R, Menga A, Montopoli M, Favia M, Viola A, et al.
Pharmacological targets of metabolism in disease: opportunities
from macrophages. Pharmacol Ther. 2020;210:107521.

Noels H, Weber C, Koenen RR. Chemokines as therapeutic tar-

gets in cardiovascular disease. Arterioscler Thromb Vasc Biol.
2019;39(4):583-92.

Li Z,Yang Y, Zong J, Zhang B, Li X, Qi H, et al. Dendritic cells
immunotargeted therapy for atherosclerosis. Acta Pharm Sin B.
2025;15(2):792-808.

Li D, Chang P, Bian S, Li B, Zhu Y, Wang Y, et al. Spontaneous induced
cascade targeting biomimetic nanoparticles to inhibit dendritic cell



Zheng et al. Military Medical Research

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.
285.
286.

287.

288.

289.

290.

291.

292.

293.

294,

(2025) 12:76

maturation for ameliorating atherosclerosis and magnetic resonance
imaging. Biomater Res. 2025;29:0204.

Rudd JHF, Warburton EA, Fryer TD, Jones HA, Clark JC, Antoun

N, et al. Imaging atherosclerotic plaque inflammation with
['F)-fluorodeoxyglucose positron emission tomography. Circulation.
2002;105(23):2708-11.

Fang H, Wang X, Lan X, Jiang D. Positron emission tomography imaging
sheds new light on hypoxia and antitumor therapies. Interdiscip Med.
2023;1(2):20230002.

Lobatto ME, Fuster V, Fayad ZA, Mulder WJM. Perspectives and opportu-
nities for nanomedicine in the management of atherosclerosis. Nat Rev
Drug Discov. 2011;10(11):835-52.

Jongstra-Bilen J, Haidari M, Zhu S-N, Chen M, Guha D, Cybulsky MI. Low-
grade chronic inflammation in regions of the normal mouse arterial
intima predisposed to atherosclerosis. J Exp Med. 2006;203(9):2073-83.
Zhang S, LiuY, CaoY, Zhang S, Sun J, Wang Y, et al. Targeting the
microenvironment of vulnerable atherosclerotic plaques: an emerg-
ing diagnosis and therapy strategy for atherosclerosis. Adv Mater.
2022;34(29):22110660.

Martinet W, De Meyer GRY. Autophagy in atherosclerosis: a cell

survival and death phenomenon with therapeutic potential. Circ Res.
2009;104(3):304-17.

Allahverdian S, Chehroudi AC, McManus BM, Abraham T, Francis GA.
Contribution of intimal smooth muscle cells to cholesterol accumula-
tion and macrophage-like cells in human atherosclerosis. Circulation.
2014;129(15):1551-9.

Naghavi M, John R, Naguib S, Siadaty MS, Grasu R, Kurian KC, et al.

pH heterogeneity of human and rabbit atherosclerotic plaques; a

new insight into detection of vulnerable plaque. Atherosclerosis.
2002;164(1):27-35.

Devel L, Almer G, Cabella C, Beau F, Bernes M, Oliva P, et al. Biodistribu-
tion of nanostructured lipid carriers in mice atherosclerotic model.
Molecules. 2019;24(19):3499.

Tang J, Zhou G, Lu Y, Shi S, Cheng L, Xiang J, et al. Panvascular concept
in the evaluation and treatment of intracranial atherosclerotic stenosis.
Front Neurol. 2024;15:1460124.

Swirski FK, Nahrendorf M. Leukocyte behavior in atherosclerosis, myo-
cardial infarction, and heart failure. Science. 2013;339(6116):161-6.
Bonaca MP, Hamburg NM, Creager MA. Contemporary medical man-
agement of peripheral artery disease. Circ Res. 2021;128(12):1868-84.
Ambrose JA, Martinez EE. A new paradigm for plaque stabilization.
Circulation. 2002;105(16):2000-4.

Samridhi SA, Mehata AK, Priya V, Pradhan A, Prasanna P, et al. Nano-
particles for thrombus diagnosis and therapy: emerging trends in
thrombus-theranostics. Nanotheranostics. 2024;8(2):127-49.

Zhen J, Li X, Yu H, Du B. High-density lipoprotein mimetic nano-
therapeutics targeting monocytes and macrophages for improved
cardiovascular care: a comprehensive review. J Nanobiotechnology.
2024;22(1):263.

Liu CH, Jheng PR, Rethi L, Godugu C, Lee CY, Chen YT, et al. P-selectin
mediates targeting of a self-assembling phototherapeutic nanovehicle
enclosing dipyridamole for managing thromboses. J Nanobiotechnol-
ogy. 2023;21(1):260.

Cong X, Zhang Z, Li H, Yang YG, Zhang Y, Sun T. Nanocarriers for
targeted drug delivery in the vascular system: focus on endothelium. J
Nanobiotechnology. 2024;22(1):620.

Luo X, Zhang M, Dai W, Xiao X, Li X, Zhu Y, et al. Targeted nanoparticles
triggered by plaque microenvironment for atherosclerosis treatment
through cascade effects of reactive oxygen species scavenging and
anti-inflammation. J Nanobiotechnology. 2024;22(1):440.

Chen W, Schilperoort M, Cao Y, Shi J, Tabas |, Tao W. Macrophage-tar-
geted nanomedicine for the diagnosis and treatment of atherosclerosis.
Nat Rev Cardiol. 2022;19(4):228-49.

Seijkens TTP, van Tiel CM, Kusters PJH, Atzler D, Soehnlein O, Zarzycka B,
et al. Targeting CD40-induced TRAF6 signaling in macrophages reduces
atherosclerosis. J Am Coll Cardiol. 2018;71(5):527-42.

LiuY, He M, Yuan Y, Nie C, Wei K, Zhang T, et al. Neutrophil-membrane-
coated biomineralized metal-organic framework nanoparticles for
atherosclerosis treatment by targeting gene silencing. ACS Nano.
2023;17(8):7721-32.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

31

312.

313.

314,

Page 43 of 47

LiC,DouY,ChenY, QiY, LiL, Han S, et al. Site-specific microrna-33
antagonism by ph-responsive nanotherapies for treatment of athero-
sclerosis via regulating cholesterol efflux and adaptive immunity. Adv
Funct Mater. 2020;30(42):2002131.

Kamaly N, Fredman G, Fojas JJR, Subramanian M, Choi WI, Zepeda

K, et al. Targeted interleukin-10 nanotherapeutics developed with a
microfluidic chip enhance resolution of inflammation in advanced
atherosclerosis. ACS Nano. 2016;10(5):5280-92.

Fredman G, Kamaly N, Spolitu S, Milton J, Ghorpade D, Chiasson R,
et al. Targeted nanoparticles containing the proresolving peptide
Ac2-26 protect against advanced atherosclerosis in hypercholester-
olemic mice. Sci Transl Med. 2015;7(275):275ra20.

Ma Q, Fan Q, Han X, Dong Z, Xu J, Bai J, et al. Platelet-derived
extracellular vesicles to target plaque inflammation for effective anti-
atherosclerotic therapy. J Control Release. 2021;329:445-53.

Tao W, Yurdagul A Jr, Kong N, Li W, Wang X, Doran AC, et al.

siRNA nanoparticles targeting CaMKlly in lesional macrophages
improve atherosclerotic plaque stability in mice. Sci Trans| Med.
2020;12(553):eaay1063.

Williams JW, Zaitsev K, Kim KW, lvanov S, Saunders BT, Schrank PR,
et al. Limited proliferation capacity of aortic intima resident mac-
rophages requires monocyte recruitment for atherosclerotic plaque
progression. Nat Immunol. 2020;21(10):1194-204.

Soehnlein O. (Re) solving atherosclerosis. Sci Transl Med.
2015;7(275):275fs7.

Newby AC. Metalloproteinase production from macrophages - a per-
fect storm leading to atherosclerotic plaque rupture and myocardial
infarction. Exp Physiol. 2016;101(11):1327-37.

Ivan E, Khatri JJ, Johnson C, Magid R, Godin D, Nandi S, et al. Expan-
sive arterial remodeling is associated with increased neointimal
macrophage foam cell content: the murine model of macrophage-
rich carotid artery lesions. Circulation. 2002;105(22):2686-91.
Peeters W, Moll FL, Vink A, van der Spek PJ, de Kleijn DPV, de Vries
JPPM, et al. Collagenase matrix metalloproteinase-8 expressed in
atherosclerotic carotid plaques is associated with systemic cardiovas-
cular outcome. Eur Heart J. 2011;32(18):2314-25.

Scholtes VPW, Johnson JL, Jenkins N, Sala-Newby GB, de Vries JPPM,
de Borst GJ, et al. Carotid atherosclerotic plaque matrix metallopro-
teinase-12-positive macrophage subpopulation predicts adverse
outcome after endarterectomy. J Am Heart Assoc. 2012;1(6):e001040.
Palasubramaniam J, Wang X, Peter K. Myocardial infarction-from
atherosclerosis to thrombosis. Arterioscler Thromb Vasc Biol.
2019;39(8):e176-85.

Grover SP, Mackman N. Intrinsic pathway of coagulation and throm-
bosis. Arterioscler Thromb Vasc Biol. 2019;39(3):331-8.

Ma YH, Wu SY, Wu T, Chang YJ, Hua MY, Chen JP. Magnetically
targeted thrombolysis with recombinant tissue plasminogen activa-
tor bound to polyacrylic acid-coated nanoparticles. Biomaterials.
2009;30(19):3343-51.

Kawata H, Uesugi Y, Soeda T, Takemoto Y, Sung JH, Umaki K, et al. A
new drug delivery system for intravenous coronary thrombolysis
with thrombus targeting and stealth activity recoverable by ultra-
sound. J Am Coll Cardiol. 2012;60(24):2550-7.

Zhou J, Guo D, Zhang Y, Wu W, Ran H, Wang Z. Construction and
evaluation of Fe;0,-based PLGA nanoparticles carrying rtPA used in
the detection of thrombosis and in targeted thrombolysis. ACS Appl
Mater Interfaces. 2014;6(8):5566-76.

Pawlowski CL, Li W, Sun M, Ravichandran K, Hickman D, Kos C, et al.
Platelet microparticle-inspired clot-responsive nanomedicine for
targeted fibrinolysis. Biomaterials. 2017;128:94-108.

Marsh JN, Senpan A, Hu G, Scott MJ, Gaffney PJ, Wickline SA, et al.
Fibrin-targeted perfluorocarbon nanoparticles for targeted throm-
bolysis. Nanomedicine. 2007;2(4):533-43.

Bi F, Zhang J, Su Y, Tang YC, Liu JN. Chemical conjugation of urokinase
to magnetic nanoparticles for targeted thrombolysis. Biomaterials.
2009;30(28):5125-30.

Palekar RU, Jallouk AP, Myerson JW, Pan H, Wickline SA. Inhibition of
thrombin with PPACK-nanoparticles restores disrupted endothelial
barriers and attenuates thrombotic risk in experimental atherosclero-
sis. Arterioscler Thromb Vasc Biol. 2016;36(3):446-55.



Zheng et al. Military Medical Research

315.

316.

317.

318.

319.

320.

321.

322.

323.

324.

325.

326.
327.

328.

329.

330.

331,

332

333.

334.

335.

336.

(2025) 12:76

Prabhu SD, Frangogiannis NG. The biological basis for cardiac repair
after myocardial infarction: from inflammation to fibrosis. Circ Res.
2016;119(1):91-112.

Yap J, Irei J, Lozano-Gerona J, Vanapruks S, Bishop T, Boisvert WA.
Macrophages in cardiac remodelling after myocardial infarction. Nat
Rev Cardiol. 2023;20(6):373-85.

Saxena A, Chen'W, Su'Y, RaiV, Uche OU, Li N, et al. IL-1 induces proin-
flammatory leukocyte infiltration and regulates fibroblast phenotype in
the infarcted myocardium. J Immunol. 2013;191(9):4838-48.

LiY,Chen X, Jin R, Chen L, Dang M, Cao H, et al. Injectable hydrogel with
MSNs/microRNA-21-5p delivery enables both immunomodification
and enhanced angiogenesis for myocardial infarction therapy in pigs.
Sci Adv. 2021;7(9):eabd6740.

Nakkala JR, Yao'Y, Zhai Z, Duan'Y, Zhang D, Mao Z, et al. Dimethy/!
itaconate-loaded nanofibers rewrite macrophage polarization, reduce
inflammation, and enhance repair of myocardic infarction. Small.
2021;17(17):22006992.

Bose RJ, Kessinger CW, Dhammu T, Singh T, Shealy MW, Ha K; et al. Bio-
mimetic nanomaterials for the immunomodulation of the cardiosplenic
axis postmyocardial infarction. Adv Mater. 2024;36(8):e2304615.

LiuW, Zhao N, Yin Q, Zhao X, Guo K, Xian Y, et al. Injectable hydrogels
encapsulating dual-functional Au@Pt core-shell nanoparticles regulate
infarcted microenvironments and enhance the therapeutic efficacy of
stem cells through antioxidant and electrical integration. ACS Nano.
2023;17(3):2053-66.

Heusch G. Myocardial ischaemia-reperfusion injury and cardioprotec-
tion in perspective. Nat Rev Cardiol. 2020;17(12):773-89.

Li F, Liu D, Liu M, Ji Q, Zhang B, Mei Q, et al. Tregs biomimetic nano-
particle to reprogram inflammatory and redox microenvironment in
infarct tissue to treat myocardial ischemia reperfusion injury in mice. J
Nanobiotechnology. 2022;20(1):251.

LiuY, Zhong D, He Y, Jiang J, Xie W, Tang Z, et al. Photoresponsive hydro-
gel-coated upconversion cyanobacteria nanocapsules for myocardial
infarction prevention and treatment. Adv Sci. 2022;9(30):2202920.
Renedo D, Acosta JN, Leasure AC, Sharma R, Krumholz HM, de Havenon
A, et al. Burden of ischemic and hemorrhagic stroke across the US from
1990 to 2019. JAMA Neurol. 2024;81(4):394-404.

Majumder D. Ischemic stroke: pathophysiology and evolving treatment
approaches. Neurosci Insights. 2024;19:26331055241292600.

Jovin DG, Sumpio BE, Greif DM. Manifestations of human atherosclero-
sis across vascular beds. JVS-Vascular Insights. 2024;2:100089.
Lochhead JJ, Ronaldson PT, Davis TP. The role of oxidative stress in
blood-brain barrier disruption during ischemic stroke: antioxidants in
clinical trials. Biochem Pharmacol. 2024;228:116186.

Thomas KS, Puthooran DM, Edpuganti S, Reddem AL, Jose A, Akula
SSM. Reperfusion injury in STEMI: a double-edged sword. Egypt Heart J.
2025;77(1):83.

Golenia A, Olejnik P. The role of oxidative stress in ischaemic stroke and
the influence of gut microbiota. Antioxidants. 2025;14(5):542.

LL XW, ZY.Ischemia-reperfusion injury in the brain: mechanisms

and potential therapeutic strategies. Biochem Pharmacol (Los Angel).
2016;5(4):213.

Kong J, Zou R, Chu R, Hu N, Liu J, SunY, et al. An ultrasmall Cu/

Cu,0 nanoparticle-based diselenide-bridged nanoplatform mediat-
ing reactive oxygen species scavenging and neuronal membrane
enhancement for targeted therapy of ischemic stroke. ACS Nano.
2024;18(5):4140-58.

Yu Q, Zheng Z, Zhang H, Xie E, Chen L, Jiang Z, et al. Effects of reactive
oxygen species and antioxidant strategies on wound healing in diabe-
tes. Interdiscip Med. 2025;3(2):20240062.

Xiao R, Pan J,Yang M, Liu H, Zhang A, Guo X, et al. Regulating astrocyte
phenotype by Lcn2 inhibition toward ischemic stroke therapy. Bioma-
terials. 2025;317:123102.

Zhang S, Li R, Song M, Han J, Fan X. Exploration of M2 macrophage
membrane as a biotherapeutic agent and strong synergistic therapeu-
tic effects in ischemic stroke. J Control Release. 2025;378:476-89.

Tang C, Jia FWu M, Wang Y, Lu X, Li J, et al. Elastase-targeting biomimic
nanoplatform for neurovascular remodeling by inhibiting NETosis
mediated AIM2 inflammasome activation in ischemic stroke. J Control
Release. 2024,375:404-21.

337.

338.

339.

340.

341,

342.

343.

344,

345.

346.

347.

348.

349.

350.

351.

352.

353.

354,

355.

356.

357.

358.

359.

Page 44 of 47

Liu X, Ye M, An C, Pan L, Ji L. The effect of cationic albumin-conju-
gated PEGylated tanshinone lla nanoparticles on neuronal signal
pathways and neuroprotection in cerebral ischemia. Biomaterials.
2013;34(28):6893-905.

Toghill BJ, Saratzis A, Bown MJ. Abdominal aortic aneurysm-an inde-
pendent disease to atherosclerosis?. Cardiovasc Pathol. 2017;27:71-5.
Cho MJ, Lee M-R, Park J-G. Aortic aneurysms: current pathogenesis
and therapeutic targets. Exp Mol Med. 2023;55(12):2519-30.

Longo GM, Buda SJ, Fiotta N, Xiong W, Griener T, Shapiro S, et al.
MMP-12 has a role in abdominal aortic aneurysms in mice. Surgery.
2005;137(4):457-62.

Pearce WH, Shively VP. Abdominal aortic aneurysm as a complex mul-
tifactorial disease: interactions of polymorphisms of inflammatory
genes, features of autoimmunity, and current status of MMPs. Ann N
Y Acad Sci. 2006;1085:117-32.

Golledge J. Abdominal aortic aneurysm: update on pathogenesis
and medical treatments. Nat Rev Cardiol. 2019;16(4):225-42.
Sakalihasan N, Limet R, Defawe OD. Abdominal aortic aneurysm.
Lancet. 2005;365(9470):1577-89.

Eliason JL, Hannawa KK, Ailawadi G, Sinha |, Ford JW, Deogracias MP,
et al. Neutrophil depletion inhibits experimental abdominal aortic
aneurysm formation. Circulation. 2005;112(2):232-40.

Pagano MB, Bartoli MA, Ennis TL, Mao D, Simmons PM, Thompson
RW, et al. Critical role of dipeptidyl peptidase | in neutrophil recruit-
ment during the development of experimental abdominal aortic
aneurysms. Proc Natl Acad Sci U S A. 2007;104(8):2855-60.

Klopf J, Brostjan C, Neumayer C, Eilenberg W. Neutrophils as regula-
tors and biomarkers of cardiovascular inflammation in the context of
abdominal aortic aneurysms. Biomedicines. 2021;9(9):1236.

Hu K, Zhong L, Lin W, Zhao G, Pu W, Feng Z, et al. Pathogenesis-
guided rational engineering of nanotherapies for the targeted
treatment of abdominal aortic aneurysm by inhibiting neutrophilic
inflammation. ACS Nano. 2024;18(8):6650-72.

Buijs RV, Willems TP, Tio RA, Boersma HH, Tielliu IF, Slart RH, et al. Calci-
fication as a risk factor for rupture of abdominal aortic aneurysm. Eur
JVasc Endovasc Surg. 2013;46(5):542-8.

Cheng J, Zhang R, Li C,Tao H, Dou Y, Wang Y, et al. A targeting
nanotherapy for abdominal aortic aneurysms. J Am Coll Cardiol.
2018;72(21):2591-605.

Wu Z, Zhang P, Yue J, Wang Q, Zhuang P, Jehan S, et al. Tea polyphe-
nol nanoparticles enable targeted siRNA delivery and multi-bioactive
therapy for abdominal aortic aneurysms. J Nanobiotechnology.
2024;22(1):471.

Luyt CE, Hékimian G, Ginsberg F. What's new in myocarditis?. Inten-
sive Care Med. 2016;42(6):1055-7.

Cooper LT Jr. Myocarditis. N Engl J Med. 2009;360(15):1526-38.
Tschope C, Ammirati E, Bozkurt B, Caforio ALP, Cooper LT, Felix SB,

et al. Myocarditis and inflammatory cardiomyopathy: current evi-
dence and future directions. Nat Rev Cardiol. 2021;18(3):169-93.
Goser S, Ottl R, Brodner A, Dengler TJ, Torzewski J, Egashira K, et al.
Critical role for monocyte chemoattractant protein-1 and mac-
rophage inflammatory protein-1alpha in induction of experimental
autoimmune myocarditis and effective anti-monocyte chemoattract-
ant protein-1 gene therapy. Circulation. 2005;112(22):3400-7.

Mdller I, Vogl T, Pappritz K, Miteva K, Savvatis K, Rohde D, et al. Patho-
genic role of the damage-associated molecular patterns ST00A8 and
ST00A9 in coxsackievirus B3-induced myocarditis. Circ Heart Fail.
2017;10(11):e004125.

Tsou CL, Peters W, SiY, Slaymaker S, Aslanian AM, Weisberg SP, et al.
Critical roles for CCR2 and MCP-3 in monocyte mobilization from
bone marrow and recruitment to inflammatory sites. J Clin Invest.
2007;117(4):902-9.

Charo IF, Ransohoff RM. The many roles of chemokines

and chemokine receptors in inflammation. N Engl J Med.
2006;354(6):610-21.

Serbina NV, Pamer EG. Monocyte emigration from bone marrow
during bacterial infection requires signals mediated by chemokine
receptor CCR2. Nat Immunol. 2006;7(3):311-7.

Leuschner F, Courties G, Dutta P, Mortensen LJ, Gorbatov R,

Sena B, et al. Silencing of CCR2 in myocarditis. Eur Heart J.
2015;36(23):1478-88.



Zheng et al. Military Medical Research

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

373.

374.

375.

376.

377.

378.

(2025) 12:76

Auffray C, Sieweke MH, Geissmann F. Blood monocytes: development,
heterogeneity, and relationship with dendritic cells. Annu Rev Immu-
nol. 2009,27:669-92.

Mevyer IS, Goetzke CC, Kespohl M, Sauter M, Heuser A, Eckstein V, et al.
Silencing the CSF-1 axis using nanoparticle encapsulated siRNA miti-
gates viral and autoimmune myocarditis. Front Immunol. 2018;9:2303.
Xu H, Li S, Liu YS. Nanoparticles in the diagnosis and treatment of
vascular aging and related diseases. Signal Transduct Target Ther.
2022;7(1):231.

Galanzha VI, Zharov VP, Ural Institute of Cardiology, et al. Plasmonic
photothermal therapy of flow-limiting atherosclerotic lesions with
silica-gold nanoparticles: a first-in-man study. 2010. https://clinicaltrials.
gov/ct2/show/NCT01270139.

Treatment of patients with coronary and aortic atherosclerotic disease
with methotrexate-associated to LDL like nanoparticles. A randomized,
double-blind, placebo-control trial. 2020. https://clinicaltrials.gov/ct2/
show/NCT04687072.

Treatment of patients with coronary and aortic atherosclerotic disease
with paclitaxel-associated to LDL like nanoparticles. A randomized,
double-blind, placebo-control trial. 2019. https://clinicaltrials.gov/ct2/
show/NCT03067818.

Galanzha VI, Zharov VP, Ural Institute of Cardiology, et al. Plasmonic
photothermal and stem cell therapy of atherosclerosis with the use of
gold nanoparticles with iron oxide-silica shells versus stenting. 2011.
https://clinicaltrials.gov/ct2/show/NCT01436123.

A phase I/Il, single-center, randomized, placebo-controlled study evalu-
ating the therapeutic efficacy of intravenously injected PEG-liposomal
prednisolone sodium phosphate (nanocort®) in subjects with severe
inflamed carotid or aortic atherosclerosis plaques. 2011. https://clini
caltrials.gov/ct2/show/NCT01647685.

The Cleveland Clinic. A placebo-controlled, double-blind, randomized
trial to compare the effect of treatment on plaque burden as deter-
mined by intravascular ultrasound and to evaluate the efficacy, phar-
macokinetics, safety, and tolerability of MDCO-216 given as multiple
weekly infusions in subjects with a recent acute coronary syndrome.
2016. https://clinicaltrials.gov/ct2/show/NCT02678923.

Chia Tai Tianging Pharmaceutical Group Co,, Ltd. Clinical study of
domestic polysaccharide superparamagnetic iron oxide nanoparticle
injection for coronary artery contrast-enhanced magnetic resonance
contrast-enhanced angiography. 2021. https://clinicaltrials.gov/ct2/
show/NCT05058963.

Lothian NHS Foundation Trust, British Heart Foundation. An investiga-
tion of the role of 18F-sodium fluoride and 18F-flurodeoxyglucose PET
CT and USPIO enhanced MRI in imaging carotid artery inflammation
and mineralization. 2012. https://clinicaltrials.gov/ct2/show/NCT01
740258.

Matsumoto T, Yoshino S, Furuyama T, Morisaki K, Nakano K, Koga

JI, et al. Pitavastatin-incorporated nanoparticles for chronic limb
threatening ischemia: a phase I/lla clinical trial. J Atheroscler Thromb.
2022,29(5):731-46.

British Heart Foundation. Assessment of cellular inflammation following
acute myocardial infarction application of ultrasmall superparamag-
netic particles of iron oxide. 2013. https://clinicaltrials.gov/ct2/show/
NCT01995799.

Ferumoxytol for magnetic resonance imaging of myocardial infarction.
2011. https://clinicaltrials.gov/ct2/show/NCT01323296.
%8Ga-BNOTA-PRGD2 PET/CT in evaluation of angiogenesis of myocardial
infarction and the comparison with cardiac perfusion and metabolism.
2012. https://clinicaltrials.gov/ct2/show/NCT01612286.

onash University, Euphrates Vascular, Inc. Australasian nanoparticle-
mediated magnetically enhanced diffusion for ischemic stroke (AUSNA-
NOMED). 2024. https://clinicaltrials.gov/ct2/show/NCT06303355.
Mathiasen AB, Qayyum AA, Jergensen E, Helqvist S, Ekblond A, Ng M,
et al. In vivo MRI tracking of mesenchymal stromal cells labeled with
ultrasmall paramagnetic iron oxide particles after intramyocardial
transplantation in patients with chronic ischemic heart disease. Stem
Cells Int. 2019,2019:2754927.

%8Ga-BNOTA-PRGD2 PET/CT in evaluation of angiogenesis following
stroke. 2012. https://clinicaltrials.gov/ct2/show/NCT01586273.

CSL Behring. A phase 3, multicenter, double-blind, randomized,
placebo-controlled, parallel-group study to investigate the efficacy

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394,

395.

396.

397.

398.

399.

Page 45 of 47

and safety of CSL112 in subjects with acute coronary syndrome. 2018.
https://clinicaltrials.gov/ct2/show/NCT03473223.

South Australian Health and Medical Research Institute. CER-001
atherosclerosis regression acs trial; a phase Il multi-center, double-blind,
placebo-controlled, dose-focusing trial of CER-001 in subjects with
acute coronary syndrome. 2015. https://clinicaltrials.gov/ct2/show/
NCT02484378.

A phase Il trial of ABI-007 (paclitaxel albumin-bound particles) for the
prevention of restenosis following revascularization of the superficial
femoral artery (SFA). 2007. https://clinicaltrials.gov/ct2/show/NCT00
130780.

Alsaleh NB. Adverse cardiovascular responses of engineered nanoma-
terials: current understanding of molecular mechanisms and future
challenges. Nanomedicine. 2021;37:102421.

Soroudi S, Jaafari MR, Arabi L. Lipid nanoparticle (LNP) mediated mRNA
delivery in cardiovascular diseases: advances in genome editing and
CART cell therapy. J Control Release. 2024;372:113-40.

Jha G, Sharma RB, Sridhar S, Hayagreev D, Sinha T, Kaur H, et al. Nano-
particle-based therapies for cardiovascular diseases: a literature review
of recent advances and clinical potential. Cureus. 2024;16(10):e72808.
LiuY, Li C,Yang X, Yang B, Fu Q. Stimuli-responsive polymer-based
nanosystems for cardiovascular disease theranostics. Biomater Sci.
2024;12(15):3805-25.

TaoY,Lan X, Zhang Y, Fu C, Liu L, Cao F, et al. Biomimetic nano-
medicines for precise atherosclerosis theranostics. Acta Pharm Sin B.
2023;13(11):4442-60.

Wang YJ, Larsson M, Huang WT, Chiou SH, Nicholls SJ, Chao JI, et al. The
use of polymer-based nanoparticles and nanostructured materials in
treatment and diagnosis of cardiovascular diseases: recent advances
and emerging designs. Prog Polym Sci. 2016;57:153-78.

Zhang M, Xiao X, Li X, Shi X, Li Z. pH-sensitive fibronectin nanogels
combined with UTMD for anti-atherosclerosis treatment through anti-
inflammatory and antioxidant effects. Mater Today Bio. 2025;33:102044.
Yang H, Guo M, Guan Q, Zhang L, Liu M, Li H, et al. ROS-responsive
simvastatin nano-prodrug based on tertiary amine-oxide zwitterionic
polymer for atherosclerotic therapy. J Nanobiotechnol. 2025;23(1):176.
Akram A, Ara N, Bhattarai P, Irfan M, Zhu L. MMP-sensitive macrophage-
targeted coenzyme Q10 nanomedicine for rheumatoid arthritis treat-
ment. Mol Pharm. 2025;22(9):5638-51.

Alaarg A, Senders ML, Varela-Moreira A, Pérez-Medina C, Zhao Y, Tang

J, et al. A systematic comparison of clinically viable nanomedicines tar-
geting HMG-CoA reductase in inflammatory atherosclerosis. J Control
Release. 2017;262:47-57.

Kaurav M, Ruhi S, Al-Goshae HA, Jeppu AK, Ramachandran D, Sahu RK,
et al. Dendrimer: an update on recent developments and future oppor-
tunities for the brain tumors diagnosis and treatment. Front Pharmacol.
2023;14:1159131.

Kisakova LA, Apartsin EK, Nizolenko LF, Karpenko LI. Dendrimer-
mediated delivery of DNA and RNA vaccines. Pharmaceutics.
2023;15(4):1106.

Sztandera K, Rodriguez-Garcia JL, Cefia V. In vivo applications of den-
drimers: a step toward the future of nanoparticle-mediated therapeu-
tics. Pharmaceutics. 2024;16(4):439.

Yu M, Jie X, Xu L, Chen C, Shen W, Cao Y, et al. Recent advances

in dendrimer research for cardiovascular diseases. Biomacromol.
2015;16(9):2588-98.

Caminade AM, Laurent R, Majoral JP. Characterization of dendrimers.
Adv Drug Deliv Rev. 2005;57(15):2130-46.

Biswas S, Torchilin VP. Dendrimers for siRNA delivery. Pharmaceuticals
(Basel). 2013;6(2):161-83.

Kania G, Sternak M, Jasztal A, Chlopicki S, Bfazejczyk A, Nasulewicz-
Goldeman A, et al. Uptake and bioreactivity of charged chitosan-coated
superparamagnetic nanoparticles as promising contrast agents for
magnetic resonance imaging. Nanomedicine. 2018;14(1):131-40.
Cormode DP, Roessl E, Thran A, Skajaa T, Gordon RE, Schlomka JP, et al.
Atherosclerotic plaque composition: analysis with multicolor CT and
targeted gold nanoparticles. Radiology. 2010;256(3):774-82.

QiaoY, Zhu B, Tian A, Li Z. PEG-coated gold nanoparticles attenuate
(-adrenergic receptor-mediated cardiac hypertrophy. Int J Nanomedi-
cine. 2017;12:4709-19.


https://clinicaltrials.gov/ct2/show/NCT01270139
https://clinicaltrials.gov/ct2/show/NCT01270139
https://clinicaltrials.gov/ct2/show/NCT04687072
https://clinicaltrials.gov/ct2/show/NCT04687072
https://clinicaltrials.gov/ct2/show/NCT03067818
https://clinicaltrials.gov/ct2/show/NCT03067818
https://clinicaltrials.gov/ct2/show/NCT01436123
https://clinicaltrials.gov/ct2/show/NCT01647685
https://clinicaltrials.gov/ct2/show/NCT01647685
https://clinicaltrials.gov/ct2/show/NCT02678923
https://clinicaltrials.gov/ct2/show/NCT05058963
https://clinicaltrials.gov/ct2/show/NCT05058963
https://clinicaltrials.gov/ct2/show/NCT01740258
https://clinicaltrials.gov/ct2/show/NCT01740258
https://clinicaltrials.gov/ct2/show/NCT01995799
https://clinicaltrials.gov/ct2/show/NCT01995799
https://clinicaltrials.gov/ct2/show/NCT01323296
https://clinicaltrials.gov/ct2/show/NCT01612286
https://clinicaltrials.gov/ct2/show/NCT06303355
https://clinicaltrials.gov/ct2/show/NCT01586273
https://clinicaltrials.gov/ct2/show/NCT03473223
https://clinicaltrials.gov/ct2/show/NCT02484378
https://clinicaltrials.gov/ct2/show/NCT02484378
https://clinicaltrials.gov/ct2/show/NCT00130780
https://clinicaltrials.gov/ct2/show/NCT00130780

Zheng et al. Military Medical Research

400.

401.

402.

403.

404.

405.

406.

407.

408.
409.

410.

413.

414,

415.

416.

417.

418.

419.

420.

421.

422.

423.

(2025) 12:76

Younis NK, Ghoubaira JA, Bassil EP, Tantawi HN, Eid AH. Metal-based
nanoparticles: promising tools for the management of cardiovascular
diseases. Nanomedicine. 2021;36:102433.

Slowing I, Vivero-Escoto JL, Wu CW, Lin VSY. Mesoporous silica nano-
particles as controlled release drug delivery and gene transfection
carriers. Adv Drug Deliv Rev. 2008;60(11):1278-88.

Liu C, Fan W, Cheng WX, GuY, Chen Y, Zhou W, et al. Red emissive
carbon dot superoxide dismutase nanozyme for bioimaging and ame-
liorating acute lung injury. Adv Funct Mater. 2023;33(19):2213856.
Udriste AS, Burdusel AC, Niculescu A-G, Radulescu M, Balaure PC,
Grumezescu AM. Organic nanoparticles in progressing cardiovascular
disease treatment and diagnosis. Polymers. 2024;16(10):1421.

Wan J,Yang J, Lei W, Xiao Z, Zhou P, Zheng S, et al. Anti-oxidative, anti-
apoptotic, and M2 polarized DSPC liposome nanoparticles for selective
treatment of atherosclerosis. Int J Nanomedicine. 2023;18:579-94.

Eloy JO, Petrilli R, Trevizan LNF, Chorilli M. Immunoliposomes: a review
on functionalization strategies and targets for drug delivery. Colloids
Surf B Biointerfaces. 2017;159:454-67.

Nsairat H, Khater D, Sayed U, Odeh F, Al Bawab A, Alshaer W. Liposomes:
structure, composition, types, and clinical applications. Heliyon.
2022;8(5):209394.

Liu C, Zhang X, Yang H, Zhao M, Liu Y, Zhao R, et al. PEG-modified nano
liposomes co-deliver Apigenin and RAGE-siRNA to protect myocardial
ischemia injury. Int J Pharm. 2024,649:123673.

Kaur K, Zangi L. Modified mRNA as a therapeutic tool for the heart.
Cardiovasc Drugs Ther. 2020;34(6):871-80.

Cooke JP, Youker KA. Future impact of mRNA therapy on cardiovascular
diseases. Methodist Debakey Cardiovasc J. 2022;18(5):64-73.

Wang Z, Ma W, Fu X, Qi Y, ZhaoY, Zhang S. Development and applica-
tions of MRNA treatment based on lipid nanoparticles. Biotechnol Adv.
2023;65:108130.

Samaridou E, Heyes J, Lutwyche P. Lipid nanoparticles for nucleic acid
delivery: current perspectives. Adv Drug Deliv Rev. 2020;154-155:37-63.
LiY,Wu C,Yang R, Tang J, Li Z, Yi X, et al. Application and development
of cell membrane functionalized biomimetic nanoparticles in the treat-
ment of acute ischemic stroke. Int J Mol Sci. 2024;25(15):8539.

Tang Z, Meng S, Song Z, Yang X, Li X, Guo H, et al. Neutrophil mem-
brane fusogenic nanoliposomal leonurine for targeted ischemic stroke
therapy via remodeling cerebral niche and restoring blood-brain barrier
integrity. Mater Today Bio. 2023;20:100674.

Zhao M, LinY, Zeng Y, Lv Z, Liang J, Tang P, et al. Biomimetic membrane-
coated nanoparticles specially permeate the inflammatory blood-
brain barrier to deliver plasmin therapy for brain metastases. J Control
Release. 2024;378:763-75.

Geng C, Ren X, Cao P, Chu X, Wei P, Liu Q, et al. Macrophage membrane-
biomimetic nanoparticles target inflammatory microenvironment for
epilepsy treatment. Theranostics. 2024;14(17):6652-70.

Wang S, Yang L, He W, Zheng M, Zou Y. Cell membrane camouflaged
biomimetic nanoparticles as a versatile platform for brain diseases
treatment. Small Methods. 2025:9(1):e2400096.

Jang Y, Park J, Kim P, Park EJ, Sun H, Baek Y, et al. Development of exo-
some membrane materials-fused microbubbles for enhanced stability
and efficient drug delivery of ultrasound contrast agent. Acta Pharm
Sin B. 2023;13(12):4983-98.

Najahi-Missaoui W, Arnold RD, Cummings BS. Safe nanoparticles: are we
there yet?. Int J Mol Sci. 2020;22(1):385.

Chuang KJ, Lee KY, Pan CH, Lai CH, Lin LY, Ho SC, et al. Effects of zinc
oxide nanoparticles on human coronary artery endothelial cells. Food
Chem Toxicol. 2016;93:138-44.

Kang B, MacKey MA, El-Sayed MA. Nuclear targeting of gold nanopar-
ticles in cancer cells induces DNA damage, causing cytokinesis arrest
and apoptosis. J Am Chem Soc. 2010;132(5):1517-9.

Roberts JR, Mercer RR, Stefaniak AB, Seehra MS, Geddam UK, Chaudhuri
IS, et al. Evaluation of pulmonary and systemic toxicity following lung
exposure to graphite nanoplates: a member of the graphene-based
nanomaterial family. Part Fibre Toxicol. 2016;13(1):34.

Chen Z, Zhang W, Wang M, Backman LJ, Chen J. Effects of zinc, magne-
sium, and iron ions on bone tissue engineering. ACS Biomater Sci Eng.
2022;8(6):2321-35.

Freese C, Uboldi C, Gibson MI, Unger RE, Weksler BB, Romero IA,

et al. Uptake and cytotoxicity of citrate-coated gold nanospheres:

424.

425.

426.

427.

428.

429.

430.

431.

432.

433.

434,

435.

436.

437.

438.

439.

440.

441.

442.

443.

444,

Page 46 of 47

comparative studies on human endothelial and epithelial cells. Part
Fibre Toxicol. 2012;9:23.

Wu L, Wen W, Wang X, Huang D, Cao J, Qi X, et al. Ultrasmall iron oxide
nanoparticles cause significant toxicity by specifically inducing acute
oxidative stress to multiple organs. Part Fibre Toxicol. 2022;19(1):24.
Nemmar A, Beegam S, Yuvaraju P, Yasin J, Tarig S, Attoub S, et al. Ultr-
asmall superparamagnetic iron oxide nanoparticles acutely promote
thrombosis and cardiac oxidative stress and DNA damage in mice. Part
Fibre Toxicol. 2016;13(1):22.

Merinopoulos I, Gunawardena T, Stirrat C, Cameron D, Eccleshall SC,
Dweck MR, et al. Diagnostic applications of ultrasmall superparamag-
netic particles of iron oxide for imaging myocardial and vascular inflam-
mation. JACC Cardiovasc Imaging. 2021;14(6):1249-64.
Mohammadpour R, Yazdimamaghani M, Cheney DL, Jedrzkiewicz J,
Ghandehari H. Subchronic toxicity of silica nanoparticles as a function
of size and porosity. J Control Release. 2019;304:216-32.

Havelikar U, Ghorpade KB, Kumar A, Patel A, Singh M, Banjare N, et al.
Comprehensive insights into mechanism of nanotoxicity, assessment
methods and regulatory challenges of nanomedicines. Discov Nano.
2024;19(1):165.

Weiss M, Fan J, Claudel M, Sonntag T, Didier P, Ronzani C, et al. Density
of surface charge is a more predictive factor of the toxicity of cationic
carbon nanoparticles than zeta potential. ] Nanobiotechnology.
2021;19(1):5.

Wang L, RaoY, Liu X, Sun L, Gong J, Zhang H, et al. Administration route
governs the therapeutic efficacy, biodistribution and macrophage
targeting of anti-inflammatory nanoparticles in the lung. J Nanobio-
technology. 2021;19(1):56.

Ahadian S, Finbloom JA, Mofidfar M, Diltemiz SE, Nasrollahi F, Davoodi E,
et al. Micro and nanoscale technologies in oral drug delivery. Adv Drug
Deliv Rev. 2020;157:37-62.

Sun X, Jia X, Tan Z, Fan D, Chen M, Cui N, et al. Oral nanoformulations
in cardiovascular medicine: advances in atherosclerosis treatment.
Pharmaceuticals (Basel). 2024;17(7):919.

Deng B, Liu S, Wang Y, Ali B, Kong N, Xie T, et al. Oral nanomedicine:
challenges and opportunities. Adv Mater. 2024;36(6):e2306081.

van der Valk FM, van Wijk DF, Lobatto ME, Verberne HJ, Storm G, Willems
MCM, et al. Prednisolone-containing liposomes accumulate in human
atherosclerotic macrophages upon intravenous administration. Nano-
medicine. 2015;11(5):1039-46.

Getz GS, Reardon CA. Insights from murine studies on the site specific-
ity of atherosclerosis. Int J Mol Sci. 2024;25(12):6375.

Zhang Y, Fatima M, Hou S, Bai L, Zhao S, Liu E. Research methods for
animal models of atherosclerosis (review). Mol Med Rep. 2021;24(6):871.
Gisterd A, Ketelhuth DFJ, Malin SG, Hansson GK. Animal models of
atherosclerosis-supportive notes and tricks of the trade. Circ Res.
2022;130(12):1869-87.

Ayata C, Bath PM, Planas AM, Allan SM, Boltze J, Cabeen RP, et al. Pre-
clinical ischemic stroke multicenter (PRISM) trials collective statement:
opportunities, challenges, and recommendations for a new era. Stroke.
2025. https://doi.org/10.1161/STROKEAHA.125.052056.

Ohashi R, Mu H, Yao Q, Chen C. Cellular and molecular mechanisms

of atherosclerosis with mouse models. Trends Cardiovasc Med.
2004;14(5):187-90.

Zadelaar S, Kleemann R, Verschuren L, de Vries-Van der Weij J, van

der Hoorn J, Princen HM, et al. Mouse models for atherosclero-

sis and pharmaceutical modifiers. Arterioscler Thromb Vasc Biol.
2007,27(8):1706-21.

Rajendran A, Minhas AS, Kazzi B, Varma B, Choi E, Thakkar A, et al.
Sex-specific differences in cardiovascular risk factors and implications
for cardiovascular disease prevention in women. Atherosclerosis.
2023;384:117269.

Porsch F, Binder CJ. Autoimmune diseases and atherosclerotic cardio-
vascular disease. Nat Rev Cardiol. 2024;21(11):780-807.

Josefs T, Basu D, Vaisar T, Arets B, Kanter JE, Huggins L-A, et al. Athero-
sclerosis regression and cholesterol efflux in hypertriglyceridemic mice.
Circ Res. 2021;128(6):690-705.

Herrera VL, Makrides SC, Xie HX, Adari H, Krauss RM, Ryan US, et al.
Spontaneous combined hyperlipidemia, coronary heart disease and
decreased survival in Dahl salt-sensitive hypertensive rats transgenic for
human cholesteryl ester transfer protein. Nat Med. 1999;5(12):1383-9.


https://doi.org/10.1161/STROKEAHA.125.052056

Zheng et al. Military Medical Research (2025) 12:76

445.

446.

447,

448.

449.

450.

451.

452.

453.

454,

455.

456.

457.

458.

459.

460.

461.

Westerterp M, van der Hoogt CC, de Haan W, Offerman EH, Dallinga-
Thie GM, Jukema JW, et al. Cholesteryl ester transfer protein decreases
high-density lipoprotein and severely aggravates atherosclerosis in

APOE*3-Leiden mice. Arterioscler Thromb Vasc Biol. 2006;26(11):2552-9.

Piollet M, Porsch F, Rizzo G, Kapser F, Schulz DJJ, Kiss MG, et al. TREM2
protects from atherosclerosis by limiting necrotic core formation. Nat
Cardiovasc Res. 2024;3(3):269-82.

Coornaert |, Puylaert P Marcasolli G, Grootaert MOJ, Vandenabeele P, De
Meyer GRY, et al. Impact of myeloid RIPKT gene deletion on atherogen-
esis in ApoE-deficient mice. Atherosclerosis. 2021;322:51-60.
Bartoli-Leonard F, Aikawa E. Recapitulating the complex pathology of
atherosclerosis: which model to use?. Circ Res. 2021;129(4):491-3.

Lee G, Kim SJ, Park JK. Functional substrate-enhanced bioprinting
technology for next-generation organ-on-a-chip: from fabrication to
functionalization. Trends Biotechnol. 2025;50167-7799(25):00275-6.
Lee H, Kim B, Park J, Park S, Yoo G, Yum S, et al. Cancer stem cells:
landscape, challenges and emerging therapeutic innovations. Signal
Transduct Target Ther. 2025;10(1):248.

Zhang YS, Arneri A, Bersini S, Shin SR, Zhu K, Goli-Malekabadi Z, et al.
Bioprinting 3D microfibrous scaffolds for engineering endothelialized
myocardium and heart-on-a-chip. Biomaterials. 2016;110:45-59.

Bi X, Wang Z, He J. Recent advances in biomimetic nanodelivery
systems for the treatment of myocardial ischemia reperfusion injury.
Colloids Surf B Biointerfaces. 2025;247:114414.

Dey AD, Bigham A, Esmaeili Y, Ashrafizadeh M, Moghaddam FD, Tan SC,
et al. Dendrimers as nanoscale vectors: unlocking the bars of cancer
therapy. Semin Cancer Biol. 2022;86(Pt 2):396-419.

Sanders KA, De Volder MFL. Nanostructured microsphere production
by osmotic extraction of microfluidic emulsion templates. Langmuir.
2025;41(32):21780-9.

Gaytan SL, Beaven E, Gadad SS, Nurunnabi M. Progress and prospect
of nanotechnology for cardiac fibrosis treatment. Interdiscip Med.
2023;1(4):€20230018.

Roy P, Orecchioni M, Ley K. How the immune system shapes athero-
sclerosis: roles of innate and adaptive immunity. Nat Rev Immunol.
2022;22(4):251-65.

Wang L, Zhang X, Zhang H, Wang X, Ren X, Bian W, et al. Novel
metal-free nanozyme for targeted imaging and inhibition of
atherosclerosis via macrophage autophagy activation to prevent
vulnerable plaque formation and rupture. ACS Appl Mater Interfaces.
2024;16(39):51944-56.

Li ZH, Wang J, Xu JP, Wang J, Yang X. Recent advances in CRISPR-based
genome editing technology and its applications in cardiovascular
research. Mil Med Res. 2023;10(1):12.

YuK, Ful, ChaoY, Zeng X, Zhang Y, ChenY, et al. Deep learn-

ing enhanced near infrared-Il imaging and image-guided small
interfering ribonucleic acid therapy of ischemic stroke. ACS Nano.
2025;19(10):10323-36.

Sun'W, Hu S, Wang X. Advances and clinical applications of immune
checkpoint inhibitors in hematological malignancies. Cancer Commun.
2024;44(9):1071-97.

Hu'Y, ZhaoY, Dai N, Lu H, Ge J. Unwavering excellence: how to be a
competent cardiovascular doctor in “panvascular medicine +."Innova-
tion (Camb). 2023;4(5):100489.

Page 47 of 47



	Engineered immune-driven theranostics for clinical cardiology
	Abstract 
	Background
	The role of immune cells in CVDs
	Macrophages in CVDs
	Neutrophil in CVDs
	Regulatory T cells (Tregs)
	Other immune cells in CVDs
	Mast cells (MCs) in CVDs
	DCs in CVDs
	NK cells in CVDs
	B cells in CVDs


	Mechanisms of immune cell modulation by nanomaterials in CVDs
	The regulation of immune cell chemotaxis
	The regulation of immune cell proliferation
	The regulation of immune cell death mode
	The regulation of immune cell function
	Inhibition of excessive inflammatory response
	Regulation of immune cell phagocytosis
	Regulation of macrophage polarization
	Regulation of NETs formation


	Nanomaterials enhance imaging in CVDs
	Targeting immune cells at lesion sites
	Targeting the inflammatory microenvironment in CVDs

	Nanomaterials in cardiovascular disease treatment by regulating immune cell functions
	Treatment of panvascular disease
	Treatment of AS
	Treatment of MI
	Treatment of IS
	Treatment of abdominal aortic aneurysm (AAA)

	Treatment of myocarditis

	Progress of nanomaterials in cardiovascular clinical translation
	Comparative advantages of diverse nanomaterials in pre-clinical translation
	Polymeric nanomaterials
	Inorganic nanomaterials
	LNPs
	Biomimetic nanomaterials

	Clinical safety issues
	Validity of animal models
	Complexity in nanomaterials construction

	Conclusion and perspective
	Acknowledgements
	References


