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KEY WORDS Abstract  Atherosclerosis, a chronic inflammatory disease, is markedly influenced by both immune and
inflammatory reactions throughout its progression. Dendritic cells, as pivotal antigen-presenting entities,

Dendritic cell; . . e . . N .
play a crucial role in the initiation of immune responses and the preservation of immunological homeo-

Atherosclerosis; . . . . . .

e stasis. Accumulating data indicates that dendritic cells are present in healthy arteries and accumulate
Ttk o ’ significantly in atherosclerotic plaques. Novel immunotherapeutic approaches and vaccination protocols
Delivery have yielded substantial clinical advancements in managing chronic inflammatory diseases, with den-

dritic cell-centric modalities emerging for atherosclerotic management. In this review, we delineate the
essential functions and underlying mechanisms of dendritic cells and their subsets in the modulation
of atherosclerotic inflammation and immune responses. We underscore the immense promise of dendritic
cell-based immunotherapeutic strategies, including vaccines and innovative combinations with nanotech-
nological drug delivery platforms for atherosclerosis treatment. We also discuss the challenges associated
with dendritic cell immunotherapy and provide perspectives on the future direction of this field.
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1. Introduction

Globally, atherosclerotic cardiovascular disease (ACVD) stands as
a significant health concern, notorious for its high death and dis-
ease burden'. Each year sees the demise of around 17.6 million
individuals due to ACVD? Alarmingly, the prevalence of
atherosclerosis is on the rise, increasingly affecting the younger
population®. Known risk contributors to heart disease encompass
aging, tobacco use, hypertension, diabetes, and elevated lipid
levels in the blood*. Emerging risk factors also play a role,
including biological sex, intestinal microflora, and their metabolic
byproducts, which have been linked to a heightened risk of con-
ditions such as atherosclerosis™®. Present clinical practices prior-
itize the management of secondary complications, like heart
attacks, with treatment strategies targeting cholesterol reduction
through medications like statins and proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) inhibitors. Aspirin and other anti-
platelet drugs are employed to thwart clot formation, while
lifestyle modifications, including a balanced diet, regular exercise,
and quitting smoking, are recommended’”’. Nonetheless, drug
treatments grapple with issues like lack of targeted delivery, high
dosage requirements, and notable adverse effects'’. Statins, when
used over long periods, can trigger muscle-related symptoms,
including myalgia and even rhabdomyolysis''. The elderly,
particularly those with various health issues and on multiple drugs,
are more susceptible to negative drug interactions, and the criteria
for halting treatment in these cases remain a subject of debate'”.
Despite these interventions, there has been no substantial
improvement in ACVD outcomes, underscoring the persistent
global impact of the disease and necessitating continued research
into its underlying mechanisms, targeted management, and novel
therapeutic approaches'”.

Immunotherapy has seen remarkable progress in recent times,
especially in combating cancer. Various approaches, including
oncolytic viruses, cancer vaccines, cytokine therapy, cell transfer,
and checkpoint inhibitors, are clinically recognized'!. For
instance, herpes simplex virus-based oncolytic immunotherapy
treats melanoma, Rituximab targets recurrent indolent lymphoma,
and the PD-1 inhibitor nivolumab addresses metastatic renal cell
carcinoma'”""”. High-dose interferon is used for chronic myeloid
leukemia and melanoma'®, with a multitude of treatment forms
like oncolytic viruses, cancer vaccines, cytokine therapy, cell
transfers, and checkpoint inhibitors gaining clinical acceptance'”.
For example, the herpes simplex virus-based oncolytic immuno-
therapy, talimogene laherparepvec, has shown significant success
in melanoma treatment during phase III trials'”. The targeted
therapeutic Rituximab has been effective against recurrent indo-
lent lymphoma, while the PD-1 checkpoint inhibitor Nivolumab
has been utilized in the treatment of metastatic renal cell carci-
noma, working to boost T-cell mediated tumor shrinkage'®'’.
High doses of interferon have been directly combating tumor cells
and bolstering immune responses, aiding in the treatment of
chronic myeloid leukemia and melanoma'®. In the realm of car-
diovascular ailments, particularly atherosclerosis, immunotherapy
has considerable promise. Targeted treatments addressing specific
inflammatory markers, such as Interleukin-18 (IL-18), IL-6, tumor
necrosis factor « (TNF-«), and C—C motif chemokine ligand 2
(CCL2), have yielded promising results in animal models and
patient outcomes'*. The Canakinumab Antiinflammatory Throm-
bosis Out-come Study (CANTOS) trial, for instance, has shown
that targeting the IL-18 pathway with anti-inflammatory therapy
can significantly cut down on recurrent cardiovascular events'.

Further, the use of the costimulatory inhibitor abatacept has been
effective in curbing T-cell activity, slowing heart failure progres-
sion, and enhancing heart function'®. Moreover, in cases of
ischemia—reperfusion injury, cell therapy has been instrumental in
improving cardiac function by inducing an acute sterile immune
response, characterized by the mobilization of CCR2 and
CX3CR1 macrophages to the affected tissue'”.

Dendritic cells (DCs) are a distinct group of antigen-presenting
cells within the immune system, noted for their potent activation
of T lymphocytes. They play a pivotal role in sparking both the
innate and adaptive immune responses, thereby forming an
essential bridge in the defense against infectious agents and tu-
mors'®. As research advances, the significance of DCs in cardio-
vascular disorders, particularly atherosclerosis, has become
increasingly apparent. They are implicated in various stages of
atherosclerotic development, from lipid accumulation and foam
cell formation to the presentation of antigens and the modulation
of inflammatory responses through cytokines and chemokines.
Additionally, DCs orchestrate the T-cell response in atheroscle-
rosis through a range of pathways'®. Britsch et al.”” pointed out
that DCs are considered as important coordinators of adaptive
immunity in atherosclerosis. DCs play a dual role in atheroscle-
rosis, and additionally, different subsets of DCs can exacerbate or
alleviate the inflammatory response. Notably, recent strides have
been made in immunotherapy that targets DC regulation to
combat atherosclerosis, showing promising results.

This review compiles the latest findings regarding the role and
therapeutic potential of DCs in atherosclerosis management. It
elucidates the origins and functions of DCs, their interplay with
atherosclerosis, and methods for leveraging their regulatory ca-
pacity to treat the condition. Emphasis is placed on emerging
strategies that employ DCs as a therapeutic avenue for athero-
sclerosis. We also explore prospective therapeutic targets within
this domain. The paper concludes by addressing the current ob-
stacles in this area of research and proposes future directions for
the advancement of atherosclerosis therapies.

2. Role of dendritic cells in atherosclerosis

2.1.  Biological characteristics of dendritic cells

In 1973, Steinman’s groundbreaking research led to the identifi-
cation of a distinct cell type known as DCs within the peripheral
lymphoid structures of mice, including the spleen, lymph nodes,
and Peyer’s patches®'. Characterized by their irregularly shaped,
large nuclei and star-like cellular extensions, these DCs are bone
marrow-derived and produced by the lymphoid-myelopoietic
system. The lineage of DCs has been controversial in the field
of immunology: DCs are an independent hematopoietic lineage,
distinct from other monocyte-derived cells. Contemporary
research indicates that DCs develop from a chain of limited-
potential precursors that branch into varied populations with
distinct phenotypes present in both peripheral blood and bodily
tissues™.

In humans, DCs categorize into two primary types: the con-
ventional dendritic cells (cDCs), which include ¢cDC1 and cDC2
subsets, and the plasmacytoid dendritic cells (pDCs). Studies on
hematopoietic progenitor and stem cells reveal that both pDCs and
¢DCs emerge from the same precursors, with their differentiation
influenced by the fms-like tyrosine kinase 3 ligand (FIt3L)****. A
Flt3-driven developmental route, unique from lymphogenesis,
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guides the maturation of these cells, involving CX3CRI1 pro-
genitors that quickly differentiate into all dendritic cell subsets.
While these progenitors are shared, the commitment to a specific
dendritic cell subset is diverse and may take place at various
stages of hematopoiesis®.

The progression of DCs to maturity is intimately linked to their
functionality and role in the immune system, forming a pivotal
bridge between the innate and adaptive immune mechanisms®>>°.
The maturity of DCs is traditionally gauged by three character-
istics: a decline in endocytic ability, heightened efficacy in
prompting T cell proliferation, and an enhanced response to spe-
cific chemokines like CCL19 and CCL21, which direct their
migration to lymph nodes*’**. DCs originate in the bone marrow
and migrate to various tissues, remaining in the immature stage.
However, when DCs are exposed to and absorb external antigens,
they begin to mature and begin to migrate to the lymph nodes. In
the lymph nodes, DCs present antigens to T lymphocytes
(Fig. 1)*"*°. The DCs maturation process encompasses three
phases: precursor, immature, and mature DCs™. Initially, pre-
cursors travel through the bloodstream and transform into imma-
ture DCs in target tissues. These cells exhibit low levels of
molecules required for antigen presentation and co-stimulation,
hindering effective antigen display. However, upon antigen stim-
ulation or arrival in lymphoid tissue, they evolve into mature DCs,
which express high levels of the necessary molecules for efficient
antigen presentation and T cell activation®'.

In humans, our understanding of DCs ontogenesis is mainly
derived from individuals with DCs deficiency and dendritic cell-
mediated immunodeficiency’>*’. In summary, DCs are every-
where, and they are found in lymphoid organs and peripheral
tissues throughout the body’*. Proper positioning of DCs is
essential for the regulation of immune function.

2.2.  Immune responses in atherosclerosis

Atherosclerosis is a persistent condition marked by immune
involvement and chronic inflammation that primarily targets the
interior of both large and medium-sized elastic arteries, including
the aorta and coronary arteries, within the vascular system®>. The
disease commences with damage to the vessel’s inner lining,
which sets the stage for low-density lipoprotein cholesterol to
accumulate underneath. Once present, this cholesterol is prone to
oxidation, leading to the creation of oxidized low-density lipo-
protein (oxLDL), which prompts endothelial cells (ECs) to pro-
duce more adhesion molecules. The accumulation of white blood
cells under the endothelial lining ensues, precipitating immune
and inflammatory reactions that accelerate atherosclerosis’®.
Characteristic of this condition are the plaques that form within
the arterial lining, which in severe instances, can coalesce or
rupture, increasingly constricting or completely obstructing the
artery. This can cause ischemia and deprive tissues of oxygen®’.
The intricate mechanisms at the heart of atherosclerosis remain

Bone marrow

Figure 1 DC development and function in immune response. The maturation and dispersal of DCs is a complex process that originates in the
human bone marrow. Here, HSCs, which possess the capacity for self-renewal, give rise to MPPs. These MPPs further branch into two pathways:
the CMP and the common lymphoid progenitor cells. The CMP lineage progresses to form GMPs. Throughout the transition from HSCs to MPPs,
CMPs, and GMPs, both monocytes and CDPs are produced. CDPs, having lost the ability to generate monocytes, are restricted to differentiating
into three primary DC subpopulations. CDPs evolve to create pre-cDCs and pDCs. These precursors then relocate from the bone marrow into the
bloodstream. Within this vascular system, pre-cDCs are further classified into two distinct subsets: pre-cDC1 and pre-cDC2. When exposed to
antigens, pre-cDCs mature into ¢cDCs in the bloodstream, where they exhibit enhanced capabilities for presenting antigens and eliciting T cell
immune responses. The cDC1 subset predominantly secretes cytokines such as TGFg, IL23, IL6, and IL18, while the cDC2 subset principally
produces TGF@ and IL12. Guided by chemokines CCL19 and CCL21, ¢DCs navigate to lymphoid tissues. In these locales, they fulfill their
critical function in antigen presentation and the activation of T cells. DC, dendritic cell; HSC, hematopoietic stem cell; MPP, multipotent pro-
genitor; CMP, common myeloid progenitor; GMP, granulocyte macrophage progenitor; CDP, common dendritic cell progenitor; pre-cDC, pre-
classical dendritic cells; pDCs, plasmacytoid dendritic cells; cDCs, conventional dendritic cells.
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elusive; however, the strong links among inflammation, immune
responses, and the disease are the focus of this discussion.

The innate and adaptive immune systems are both implicated
in the onset and progression of atherosclerosis, a chronic inflam-
matory condition®®. Factors such as endothelial injury, abnormal
lipid metabolism, and hemodynamic forces are instrumental in the
early stages of lesion formation. ECs have been observed to mount
an inflammatory response due to disturbed blood flow, with a
variety of cells and cytokines, including macrophages, lympho-
cytes, DCs, vascular smooth muscle cells (SMCs), and TNF-«,
playing a part in this process®”*’. Within the vessel’s intima, large
quantities of low-density lipoprotein (LDL) undergo oxidation and
accumulate, contributing to plaque formation. This oxidized form
of LDL not only marks inflammation within the plaque but also
binds to scavenger receptors on macrophages and DCs, facilitating
the engulfment of oxLDL. DCs then convert into foam cells and
present oxLDL-derived antigen fragments to T lymphocytes*' ™.
In the disease’s advanced stages, the vessel wall is pervaded by an
array of DCs and inflammatory cytokines, which secrete sub-
stances like matrix metalloproteinases that break down the
collagen in the plaque matrix, potentially leading to plaque
rupture and subsequently, bleeding and thrombosis™.

Concerning atherosclerosis, both innate and adaptive immu-
nities play critical roles in its development, with various
lymphocyte types influencing the disease in different ways. For
example, T lymphocytes have been found to exacerbate athero-
sclerosis in mice, while helper T cells 2 and regulatory T cells
(Treg) seem to mitigate the process***’. The complex participa-
tion of immune cells in atherosclerosis, akin to a “double-edged
sword” presents opportunities for therapeutic intervention. B
lymphocytes, similarly to T lymphocytes, exhibit both pro-
atherogenic and anti-atherogenic capabilities, depending largely
on the nature of the antibodies they produce™.

To summarize, the intricate dance between inflammation and
immune reactions is deeply entwined with the pathology of
atherosclerosis. Exploring the detection of inflammatory bio-
markers and strategic manipulation of immune cells and inflam-
matory pathways could offer promising avenues for treating this
disease.

2.3.  Dendritic cells in atherosclerosis

2.3.1.  Activation mechanism of dendritic cells in atherosclerosis
In atherosclerosis, DCs play a critical role in the onset and pro-
gression of the disease through their activation and functional
responses. DCs express Toll-like receptors (TLRs) and scavenger
receptors, which, by binding to ligands such as oxLDL and heat
shock proteins (HSP), initiate signal cascades that activate intra-
cellular signaling pathways, including the NF-«B and MAPK
pathways, thereby activating the DCs. This activation process
involves the Myeloid differentiation factor 88 (MyD88)-dependent
pathway, resulting in the nuclear translocation of the key tran-
scription factor NF-kB. NF-kB upregulates pro-inflammatory cy-
tokines, chemokines, and co-stimulatory molecules, enhancing the
antigen-presenting capability of DCs'?***7 " Additionally, DCs
express NOD-like receptors (NLRs) that recognize intracellular
pathogen-associated molecular patterns and damage-associated
molecular patterns, activating the NF-xB and MAPK signaling
pathways, and through inflammasomes (such as NLRP3), acti-
vating caspase-1, promoting the maturation and release of IL-15
and IL-18, thereby activating and promoting DC maturation. DCs
recognize carbohydrate structures through C-type lectin receptors

(CLRs) and activate the NF-xkB and CARDY/Bcl10/MALTI1
complex via the Syk signaling pathway, promoting the secretion
of pro-inflammatory cytokines*®. When interacting with T cells,
DCs enhance their activation and antigen-presenting functions
through the signaling of co-stimulatory molecules (such as CD80/
CD86 and CD40)"*".

The aforementioned signaling pathways work together to
promote the maturation and activation of DCs, allowing them to
play a critical role in atherosclerosis.

2.3.2.  The role of DCs in the inflammatory response of
atherosclerosis

DCs play multifaceted roles in the development of atherosclerosis,
both as agents of disease and protectors against it. While these
cells are sparsely distributed along the inner walls of healthy ar-
teries, their numbers surge within the atherosclerotic areas,
notably within the fatty streaks and fibrous plaques®’. This in-
crease in DC concentration within the arterial intima is driven by
chemokines such as CCL2, CCL5, CX3CLI1, and adhesion mol-
ecules that include P-selectin, E-selectin, and vascular cell adhe-
sion molecule-1 (VCAM-1)>°. Research using mouse models
deficient in the CX3CL1 receptor, CX3CRI1, has shown reduced
DC presence in arterial walls, suggesting potential therapeutic
avenues for atherosclerosis”'. Furthermore, mature DCs dispatch
CCL2 and CCL14 to draw in their immature counterparts to the
plaque regions, where these cells mature amidst the inflammatory
locale, exacerbating the inflammatory process. Experiments
demonstrate that administering diphtheria toxin selectively di-
minishes DC populations, which in turn mitigates inflammation
and plaque development™.

DCs are pivotal antigen presenting cells integral to the immune
system, responsible for modulating both inflammatory and tolerant
responses’". Research has revealed that exosomes derived from
DCs, harvested from bone marrow cultures, when introduced to
human umbilical vein endothelial cells (HUVECs), elevate the
inflammatory state via the NF-«B signaling pathway”*. The pres-
ence of TNF-a on these exosomes ignites this pathway in
HUVECsS, hence promoting endothelial inflammation™. Therefore,
DC derived exosomes can promote endothelial inflammation.
Contrary to the longstanding notion that macrophages are the sole
originators of foam cells in atherosclerosis, the past decade’s
studies have elucidated that various cell types within the arterial
wall, including DCs, macrophages, SMCs, stem cells, and ECs, can
engulf lipids to become foam cells*’. The process by which DCs
internalize lipoproteins to transform into foam cells, while not fully
understood, is speculated to involve mechanisms such as receptor-
mediated endocytosis, SR-B1-dependent uptake, direct cellular
import from the bloodstream into the vascular lumen, and the
release of cholesterol-rich particles’>’. These foam cells are
identifiable by the DC marker CD11c. In CD11C-Dtr mice, which
express the diphtheria toxin receptor, the injection of diphtheria
toxin led to a reduction of DCs in the vascular wall and, subse-
quently, a lesser buildup of lipids in emerging lesions. This in-
dicates that DCs are key players in the early stages of lipid
accumulation in atherosclerotic lesions and present a target for
therapeutic intervention®”. Moreover, DCs are essential for antigen
processing, with oxLDL and HSP 60/65 being the primary auto-
antigens linked to atherosclerosis. The uptake of oxLDL by DCs
may not only enhance the presentation of antigens to natural killer
(NK) cells and T cells, further fueling vascular inflammation, but
also inflict damage on the vasculature through the dendritic cells’
own inflammatory cytokine release triggered by oxLDL'.
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2.3.3.  Dendritic cells regulate T lymphocytes

DCs orchestrate a complex interplay of immune responses. Mature
DCs adeptly present antigens, activating T lymphocytes which
then trigger immune reactions. In contrast, immature DCs
contribute to immune tolerance by effectively silencing T lym-
phocytes, thereby dampening immune responses and conferring
vascular protection®'. TLR4 is instrumental in the maturation of
DCs in atherosclerotic patients, becoming a key player in both the
disease’s onset and progression®’. Moreover, TLR4 offers a novel
avenue for managing atherosclerosis. Amongst CD4 T cells that
encounter antigens, a distinct subset does not prompt an immune
response; instead, it suppresses the functioning of other T cells.
These are the Tregs, which are pivotal in moderating a myriad of
immune conditions such as allergies, infections, cancer, metabolic
inflammation, and chronic diseases like atherosclerosis. The dif-
ferentiation and operations of Tregs are under the tight control of
the transcription factor FOXP3. The T cell receptor (TCR)
signaling is critical for Treg differentiation and for FOXP3’s gene
regulatory activities. TCR signaling-induced transcription factors
activate FOXP3 transcription. Upon expression, FOXP3 binds
with other transcription factors, integrating TCR signaling path-
ways and shaping transcriptional and epigenetic profiles. These
TCR-responsive genes are central to the immunosuppressive ca-
pacities of Tregs™**.

Tregs have been identified as inhibitors of atherosclerotic
inflammation, offering a protective role. MyD88 is an essential
mediator in TLR signaling, crucial for eliciting the proper immune
response”’. Recent studies pinpoint MyD88 as a vital component
in the maturity of DCs and in the production of protective Tregs
within atherosclerotic sites, though the precise mechanisms
remain elusive®®®’. At the cellular level, evidence is mounting that
DCs can modulate T cells activation to combat atherosclerosis.
Antigen-bearing DCs initiate T cells immune reactions, with the
DC surface providing co-stimulatory signals that guide T cells
responses towards either immunogenicity or tolerance as the dis-
ease progresses' . CD40 on DCs and T cells intensifies athero-
sclerosis by spurring helper T cell 1 (Thl) activity through the
CD40—CD40 ligand interaction, while interference with this
pathway can mitigate the disease®®. CD80 and CD86 on DCs
interact with the CD28 co-stimulatory receptor on T cells to
activate them. Mice lacking these proteins exhibit disruptions in
Tregs homeostasis' . pDCs facilitate T cells activation in vivo
by presenting antigens through MHC-II. This is corroborated by
the elevated antigen-presenting capability of pDCs in atheroscle-
rotic ApoE "~ mice and the reduced T cells presence at lesions in
mice deficient in pDCs’’. Nonetheless, not every DC subset
contributes to atherosclerosis progression. CD103CD11c DCs
display an immunosuppressive effect, preserving Treg balance.
The differentiation of these cells is propelled by FIt3L, and a
deficiency in this growth factor leads to atherosclerosis’'’>.

In sum, DCs assume a myriad of roles in the pathogenesis of
diseases, engaging in both direct and indirect mechanisms that
culminate in the development of atherosclerosis (Fig. 2).

2.3.4.  Association of DCs with macrophages, smooth muscle
cells, and endothelial cells in atherosclerosis

DCs interact with various cell types within atherosclerotic plaques,
including macrophages, SMCs, and ECs. These interactions
contribute to the complex pathophysiology of atherosclerosis. DCs
and macrophages engage in mutual communication through cyto-
kine secretion. DCs release cytokines such as IL-12 and TNF-«,
which activate macrophages. Conversely, macrophages produce IL-

18 and IL-6, influencing the activation and maturation of DCs’".
DCs secrete chemokines like CCL2, attracting SMCs to the plaque
site. SMCs respond to signals from DCs and other inflammatory
cells by proliferating and migrating from the media to the intima.
Inflammatory cytokines from DCs, such as IL-18 and TNF-«, can
induce SMCs to change from a contractile to a synthetic phenotype,
producing extracellular matrix components that affect plaque sta-
bility’*’*. DCs activate ECs through direct contact and the release
of pro-inflammatory cytokines like TNF-a and IL-18. Activated
ECs express adhesion molecules such as ICAM-1 and VCAM-1,
which recruit immune cells, including DCs, to the vessel wall. In
addition, the inflammatory environment created by DCs contributes
to endothelial dysfunction, an early event in atherosclerosis, by
enhancing endothelial permeability and promoting the entry of li-
poproteins and immune cells into the intima™’?.

In summary, DCs interact with macrophages via cytokine ex-
change, antigen presentation, and shared roles in foam cell for-
mation, thereby amplifying inflammation. DCs influence SMC
migration, proliferation, and phenotype modulation, impacting
plaque composition and stability. Additionally, DCs activate ECs,
promote endothelial dysfunction, and facilitate immune cell
recruitment, sustaining the inflammatory response.

2.4.  The role of dendritic cell subpopulations in atherosclerosis

Previously established, DCs are a diverse group with multiple
subpopulations. The existing classification system stratifies these
subpopulations using a variety of factors, including phenotypic
markers, pivotal gene signatures encompassing essential tran-
scription factors, TLRs, and other molecules relevant to function,
as referenced in studies’”. This is a condensed overview of the
latest findings concerning DC subsets in relation to atherosclerosis
(Table 1)7¢%,

Flow cytometry and real-time qPCR analysis have revealed
that CD11b DCs are the predominant subset in atherosclerotic
plaques of both ApoE~'~ mice and humans. There is an inverse
relationship between CD11b DC prevalence in blood and C—C
chemokine receptor-5/7 (CCR5/7) levels in aortic plaques®.
CD11b DCs are linked to local T cell proliferation, suggesting a
regulatory role on vascular T cell balance’®. Research shows that
CDI11b DCs can detect inflammation sites and migrate to
atherosclerotic regions from lymphoid and non-lymphoid tissues,
where they enhance their antigen-presenting capabilities®’.
Excluding the thymus, CD11b DCs are the major subset near
lymphatic vessels in all organs, with their proliferation dependent
on FlIt3L cytokine. Flt3 and FIt3L deficient mice show significant
depletion of CD11b DCs, indicating FIt3’s importance in main-
taining DC subset balance’’. CD11b DCs activate and expand
CD4 T cells through MHC-II and TCR interactions and co-
stimulatory signals’®. Evidence suggests that increased activity
of CD11b DCs worsens atherosclerosis. However, deletion of
Atgl6ll induces tolerance in CD11b DCs, promoting Treg
expansion, reducing effector T cells, and decreasing Th1l cytokine
production in atherosclerotic sites™.

Comprising 20%—30% of total cDCs, CD103 cDCs display
CD8 and MHC-II markers but lack macrophage markers like
CD11b, CD115, CD172a, F4/80, and CX3CR17’. They express
higher Flt3 levels compared to CD11b DCs. In the intestines,
CD103 c¢DCs promote immune tolerance by inducing Treg dif-
ferentiation and inhibiting Th1 and Th17 cells through retinoic
acid, indoleamine 2,3-dioxygenase, and transforming growth
factor-8 (TGF-8)"%%°. Steinman’s research showed an increase



Dendritic cell therapy in atherosclerosis

797

TNF-a

IL-10 IL-23
IL-33 IL-35

L § mal;'ge \—/
e

| @

A

© .DCs (i) Tcell @ ox-LDL —&=— CD80-CD28 —==g=— CD86-CD28 ‘CDdO-CD40L “J< + antigen

iTLR4 42 diphtheria toxin

g atherosclerosis

- normal artery

Figure 2  The dual role of DCs in atherosclerosis development. DCs play a multifaceted part in the progression of atherosclerosis, influencing
the disease through both direct and indirect pathways. On one side, by absorbing oxidized LDL, DCs are key in antigen presentation to uninitiated
T cells, setting off the transformation into Tregs and T helper 1 (Thl) cells. Conversely, oxXLDL prompts dendritic cells to bind to their clearance
receptors, which leads to the release of pro-inflammatory cytokines like TGF-g, IL-18, and IL-6, thereby contributing to the progression of
atherosclerosis. Tregs counter this by dampening the Thl cell response that favors atherogenesis and by emitting anti-inflammatory cytokines,
notably TGF-( and IL-48. Additionally, the maturation of DCs can be stimulated by various antigens and TLR4, resulting in T cell activation and
a diverse cytokine response. This includes cytokines that both exacerbate atherosclerosis, such as IL-1, IL-6, IL-12, and DC-exos, and those that
mitigate it, like IL-10, IL-23, IL-33, and IL-35. Mature DCs are also capable of promoting the maturation of their immature counterparts through
the production of chemokines CCL2 and CCL14. In contrast, immature DCs play a protective role by inhibiting the activation of T cells. DC,
dendritic cell; oxLDL, oxidized low-density lipoproteins; TLR4, toll-like receptor 4; DC-exos, dendritic cell exosomes.

Table 1  Function of dendritic cell subpopulations.

DCs Cytokine Relationship with Cell surface markers The role of atherosclerosis Ref.
subpopulation dependent plaque
CD11b DCs FIt3L, CSF-1R Positive correlation MHC-II, CD45, Enhance the regulation of T 76,77,78,79
CDl11b, CDl11c cell morphology within blood
vessels, facilitate the
activation and proliferation of
CDA4T cells, and contribute to
the exacerbation of
atherosclerosis
CD103 ¢DCs FIt3L Negative correlation CD8, MHC-IT Enhancing the differentiation 77,79, 80
and recruitment of Trey to
alleviate the development of
atherosclerosis
CCL17 DCs FIt3L Positive correlation MHC-II, CD40, Inhibiting the recruitment of 79,81
CD80, CD86 Trey and exacerbating the
progression of atherosclerosis
pDCs Fi1t3L, GM-CSF Positive/negative MHC-II, It exhibits both a pro- 75,82, 83,84,85
correlation CD303, CD304, CDS85g, atherosclerosis effect and a

CD85k, TLR7, TLR9

protective effect
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in CD103 ¢DCs with FIt3L, while FIt3™'~ mice lacked these
cells in aorta tissue. CD103 DCs are primarily distributed in the
atherosclerosis-prone regions, particularly the aortic sinus.
During the process of atherosclerosis, the number of FIf3-
dependent CD103 DCs significantly increases. Choi et al.””
found an inverse relationship between CD103 cDCs and pla-
que size, suggesting that CD103 cDCs might protect against
early atherosclerosis by promoting Treg differentiation and
recruitment. Although CD103 cDCs appear to have a protective
role in atherosclerosis, their exact mechanisms need further
research.

In atherosclerotic lesions, CCL17 DC is abundantly recruited,
but DCs in normal arteries do not express CCL17. Therefore, the
study hypothesizes that CCL17 DC is directly recruited from the
bone marrow during the progression of the lesion or originates from
bone marrow-derived and matured resident DCs*’. Recent findings
show an increase in Tregs in mice lacking CCL17. CCL17 inhibits
Tregs attraction by binding to the CCR4 receptor and activating Gq
signaling pathways. While both CCL17 and CCL22 activate these
pathways, CCL17 uniquely competes with CCL22, limiting its
ability to induce -arrestin signaling and Tregs migration®'. The
absence of CCL17-expressing DCs is associated with increased
Tregs, providing protection against atherosclerosis progression in
mice. The elevated Tregs levels in CCL17-deficient mice suggest
that CCL17-expressing DCs restrict Tregs, promoting inflamma-
tion®'. The exact mechanisms by which CCL17 DCs affect CD4 T
cells need further study. However, current evidence highlights the
crucial role of CCL17 DCs in atherosclerosis, with T cells guided by
CCL17 DCs worsening the condition®"*",

Plasmacytoid dendritic cells, predominantly found in the
shoulder areas of plaques and near clusters of cDCs, have been
identified in the atherosclerotic plaques of both humans and
mice’”. In healthy arteries, pDCs are in an immature state. When
atherosclerosis occurs, the immature pDCs are activated into
mature pDCs, thereby playing a role”. These cells are potent
producers of type I interferon (IFN), which is integral to the
body’s defense against viruses. pDCs are distinct from bone
marrow-derived cDCs, as they do not exhibit markers such as
CDl1lc, CD33, CD11b, or CD13. Instead, they express an array of
markers including CD303 (CLEC4C; BDCA-2), CD304 (neuro-
pilin; BDCA-4), CD85k (ILT3), CD85g (ILT7), and other recently
identified antigens like FceR1, BTLA, DR6 (TNFRSF21/CD358),
and CD300A>*. IFN-a and IFN-8, produced by pDCs, are
considered key contributors to atherosclerosis. There is a positive
association between IFN-« levels and plaque presence in humans,
with IFN-« also amplifying the sensitivity of DCs to TLR ligands
and fostering the release of inflammatory cytokines®*. Within the
plaques, pDCs upregulate the expression of TLR-4, TNF-vy, and
IL-12 in myeloid DCs, thus augmenting CDST cell function'®.
Research by Sage et al.** has shown that by presenting antigens to
MHC-II and activating CD4T cell immunity, pDCs exacerbate
atherosclerosis in mice. Nevertheless, studies aiming to clarify the
role of pDCs in atherosclerosis through antibody-mediated
depletion have yielded inconsistent results. For instance, treating
ApoE ™'~ mice with an anti-murine pDCs antigen 1 antibody led to
a significant reduction in atherosclerosis by specifically elimi-
nating pDCs within the aorta, suggesting their pro-atherosclerotic
influence’”. Conversely, another study found that removing pDCs
in Ldr~'~ mice increased T cell accumulation in the plaques,
worsening the condition and indicating a potential protective role
of pDCs™. Therefore, the precise function of pDCs in the context
of atherosclerosis demands further investigation.

3. Dendritic cells immunotherapy for atherosclerosis

Presently, the treatment of atherosclerosis in medical practice
predominantly involves systemic therapies, including lipid-
modifying medications and agents that prevent platelet aggrega-
tion. Despite their widespread use, these strategies are not without
limitations, potentially diminishing therapeutic efficacy and
increasing the risk of adverse effects. Recent advances in clinical
research have highlighted the effectiveness of incorporating
immunological targets into cardiovascular disease treatments. As
such, a multifaceted approach that integrates immune-targeted
therapy is advocated for atherosclerotic lesions across various
stages and cellular profiles, complementing conventional treat-
ment modalities” °. As research progresses, DCs have come to
the fore as a pivotal focal point in atherosclerosis treatment stra-
tegies, drawing significant research interest (Table 2)°"'"3,

3.1.  DC vaccine strategies

The development of vaccines for chronic, non-infectious diseases
is a promising intervention strategy that has recently gained
traction due to its potential to require fewer doses, foster better
patient adherence, and reduce costs. Specifically, vaccines tar-
geting inflammatory agents linked to atherosclerosis, including
ApoB-containing lipoproteins and heat shock proteins, have
shown impressive efficacy in atherosclerotic mouse models.
Vaccination using autoantigens associated with atherogenesis,
such as oxLDL, HSP-60, and HSP-65, has demonstrated a ca-
pacity to curtail the progression of atherosclerosis in these
models''*'". Protection was also observed in early immuniza-
tions with native LDL or oxLDL in rabbit models, a finding
subsequently corroborated in ApoE™~ and low-density lipopro-
tein receptor_/_ (Ldlr~") mice''®"'®, Further research revealed
that DCs pre-loaded with oxLDL in vitro, when reintroduced into
Ldlr~'~ mice on an atherogenic diet, resulted in the diminution of
plaque size, enhanced plaque stability, and a decrease in T cell
differentiation toward the Th1 phenotype''>*''*"'*°. These findings
support the potential use of oxLDL-loaded DCs for in vitro
atherosclerosis treatment. The success of an anti-oxLDL vaccine
is hypothesized to rely on the DCs’ ability to elicit protective Th2
and Treg responses and on the presence of phosphorylcholine to
ApoB in LDL particles''*. With the complexity of LDL particles
in mind, identifying the minimal LDL-related epitopes for the
creation of effective anti-atherosclerotic vaccines is the logical
next step. In mouse models, Tregs and IL-10 are acknowledged for
their anti-atherosclerotic effects by modulating vascular inflam-
mation'?'. Moreover, the measles virus nucleoprotein has been
shown to suppress immune responses by hindering DC activation,
reducing IL-12 production, and curtailing the proliferation of
effector Th cells. Extended administration of the measles virus
riboprotein has been associated with a rise in IL-10 production by
CDAT cells in vitro and a reduction in T cell proliferation with
DCs present, significantly altering T-cell infiltration in plaques.
Consequently, ApoE~'~ mice treated with measles nucleoprotein
exhibited substantial therapeutic benefits for atherosclerosis'>.
Similarly, extended administration of an inactivated bacillus
Calmette-Guerin vaccine to ApoE~'~ or Ldlr~'~ mice provided
atheroprotection through the induction of IL-10 and Treg expan-
sion (Fig. 3)'?'.

While recognizing the limitations of cultured DCs, the search
continues for superior in vivo immunogenic cell sources and
atherogenic autoantigens. Fortunately, Dr. Steinman and
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Table 2  Strategies for dendritic cell-based immune targeting therapy of atherosclerosis.
Therapy Method Mechanism Result Ref.
DC vaccine oxLDL-loaded DCs Induce oxLDL-specific T cells, Reduction in the size of 98

reduce Thl response, increase
oxLDL-specific antibody
production increase

Measles virus nucleoprotein

Inactivated bacillus Calmette- Induce IL-10, Treg expansion

Guerin vaccine
DNA vaccine

atherosclerotic plaques,
enhanced stability, and
decreased T-cell
differentiation

Inhibit DC activation, reduce IL- Reduced T-cell infiltration in 99

12 production plaques
Atherosclerosis protection 100
effect
Plasmid DNA binds to the Reduce the accumulation of 101
DEC205 receptor specific to lipids and macrophages in
DCs, eliciting an anti-CX3XR1 plaques

antibody response

“Tolerogenic” DCs IL-10, ApoB100, IL-37,

troponin I, RO37

“Tolerogenic” DCs can limit
effector T cell accumulation,

Reduce the degree of
atherosclerotic plaque

102,103,104

reduce interferon-gamma
production, and promote Treg
proliferation.

Suppress immune and DC exosomes carrying miR-
inflammatory responses 203-3p

Inhibition of the lysosomal
enzyme Ctss associated with

Slowing the progression of 105
atherosclerosis

inflammatory conditions

Inclacumab

Inhibit the binding of P-selectin

106,107

to its ligand PSGI-1, activating
dendritic cells.

Inhibit DC maturation 1L-37

MCS-18

IL-37 inhibits the maturation of
DCs through the IL-1R8-TLR4-
NF-«B signaling pathway
Inhibit DC migration and

Alleviate inflammatory 108
response, exert
atherosclerosis protective

effects 109,110

adhesion to the arterial wall

Quercetin

Downregulation of CD80, CD86, 111

MHC-II, IL-6, and IL-12
expression, while upregulation of
Dabs, thereby inhibiting DC

maturation.
Reduce the expression of 112

Dioscin

scavenger receptors on the
surface of DCs and the uptake of
oxidized low-density lipoprotein

MALAT1

Inhibition of oxidized LDL- 113

induced DC maturation through
the miR-155-5P/NFIA pathway

Nussenzweig have introduced an innovative approach of directly
targeting antigens to DCs in vivo using antibodies against highly
expressed endocytic surface receptors specific to DC sub-
populations. This method of targeting antigens with DC-specific
antibodies, such as anti-CD207, anti-Clec9A, and anti-PDCA1/
BST2/CD317, circumvents protracted in vitro procedures and is
applicable in both humans and mice'**. The ongoing task is to
identify the most suitable atherosclerotic protein/peptide targets
for this approach.

Inhibiting the CX3CL1 receptor, CX3CR1, in mice has
demonstrated a reduction in atherosclerosis. However, adapting
these methods for human clinical trials presents significant chal-
lenges™. A potential solution lies in DNA vaccination aimed at
CX3CR1, which seems promising in bridging this gap. By attaching
the plasmid DNA to the DEC205 receptor, which is specific to DCs,
the potency of the DNA vaccine is enhanced. This vaccine has been
shown to provoke an anti-CX3CR1 antibody reaction, reduce the
accumulation of lipids and macrophages in arterial plaque, and
decrease the prevalence of atherosclerotic plaque by 35%'**.
Consequently, DNA vaccines that target the chemokine pathway

could be a viable treatment option for atherosclerosis. An additional
study has found that a nasal DNA adjuvant system, specifically
designed to target DCs and comprising DNA plasmids that express
the Flt3 ligand and the CpG oligodeoxynucleotide 1826, can trigger
the production of atheroprotective IgM antibodies within both
mucosal and systemic lymphoid tissues. This response is facilitated
by the interaction between DCs and CD5B220B cells'*. It is
anticipated that DNA vaccines focusing on CX3CR1 receptors may
lessen atherosclerosis through stimulating an anti-CX3CR1 anti-
body response, reducing plaque invasion and formation. In parallel,
DC-targeted nasal DNA adjuvant systems show promise in
atherosclerosis prevention by generating protective antibodies.
Both vaccine strategies offer optimistic prospects for atheroscle-
rosis prophylaxis.

3.2.  Induction of “tolerogenic” DCs
The process of tolerance is both dynamic and active, an intricate

operation where the innate and adaptive elements of the immune
system work in concert to rein in its activation and mitigate harm
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Dendritic cell vaccine immunotherapy for atherosclerosis. Dendritic cell vaccine immunotherapy has shown promising potential in

the treatment of atherosclerosis. DCs have the ability to prevent infections, regulate diseases, eliminate tumors, and induce various immune
responses when injected into experimental animals. By targeting atherosclerotic autoantigens like oxLDL, vaccines loaded with oxLDL can
effectively hinder the progression of atherosclerosis. Injecting mice with a DC vaccine loaded with oxLDL enhances the DC’s capacity to activate
Treg, resulting in the inhibition of atherosclerosis. Moreover, immunization with ox-LDL-loaded DC vaccines generates “tolerant” DC, which
further suppresses the development of atherosclerosis. When mice are injected with measles virus nucleoprotein, it can regulate the function of DC
by reducing the production of cytokine IL-12, down-regulating Th1 and Th2, and inducing a tolerance phenotype in DC. Additionally, the BCG
vaccine promotes the production of anti-inflammatory cytokine IL-10 and enhances the expansion of Treg in DC, thereby exerting anti-
atherosclerotic effects when injected into mice. DC, dendritic cell; oxLDL, oxidized low-density lipoproteins; BCG, bacillus Calmette-Guerin.

to tissues”®. Studies have unearthed that DCs, when primed with
ApoB100 protein and modulated by the immunosuppressive
cytokine IL-10, can evolve into “tolerogenic” DCs. These
specialized cells play a pivotal role in dampening the progression
of atherosclerosis by curtailing the expansion of effector T cells,
diminishing the output of IFN-v, and fostering the proliferation of
Treg cells. Crucially, therapeutic approaches involving DCs do not
compromise the immune system overall, positioning these
methods as viable options for treatment in humans*”''*, Experi-
ments with hypercholesterolemic mice have demonstrated that
administering DCs pre-treated with IL-10 and ApoB100 protein
leads to a notable decrease in the extent of atherosclerotic plaques,
a reduction in CDA4T cell infiltration within arterial walls, and a
lower incidence of systemic inflammation'*®. In parallel research,
DCs conditioned with IL-37 and troponin I adopt a tolerogenic
character, subsequently diminishing the severity of atherosclerosis
and cardiac remodeling post-myocardial infarction. This suggests
that the strategic delivery of IL-37 and troponin I-modulated
“tolerogenic” DCs might offer a groundbreaking approach to
atherosclerosis treatment'%’. Additionally, therapies that induce
“tolerogenic” DCs and Tregs, such as glucocorticoids, IL-10,
IL-27, oral anti-CD3 antibody, or calcitriol, the activated form
of vitamin D3, have been shown to alleviate atherosclerosis in
murine models69’99’l()l’l15"27.

In the realm of cellular function regulation, autophagy has
recently been recognized as a fundamental mechanism tied to the
progression of atherosclerosis. It is deeply involved in a myriad of
biological activities concerning DCs, including their maturation,
Toll-like receptor responses, cytokine synthesis, antigen presen-
tation, and T cell priming. A novel study has highlighted that
nullifying autophagy in certain DC subsets, specifically by
depleting the autophagy-related protein Atgl6ll, can prompt
tolerance in CD11b DCs. This leads to an expansion in Treg cells,
a reduction in effector T cell accumulation, and a decline in Thl
cytokine production within atherosclerotic sites, effectively
impeding the disease’s progression®®. Such findings propose that
targeted manipulation of DC autophagy could serve as a
compelling therapeutic avenue for atherosclerosis. Moreover, the
intestinal microbiota has been identified as a significant contrib-
utor to atherosclerosis development. In studies utilizing ApoE ™/~
mouse models, the probiotic Pediococcus acidilactici RO37 was
scrutinized for its therapeutic potential. Compared to a control
group over twelve weeks, mice administered with R037 displayed
a substantial decrease in plaque size within the aortic root le-
sions'?®. The intake of R037 via the oral route has been demon-
strated to suppress atherosclerosis by promoting the emergence of
“tolerogenic” DCs, which in turn inhibit the inflammatory and
pro-inflammatory cytokine responses driven by Th1 cells, such as
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IFN-v and IL-17 production. Given that statins are less effective in
older patients, the inclusion of functional probiotics like R037 in
the diet emerges as a promising alternative for atherosclerosis
prevention. Collectively, these investigations underscore the po-
tential of “tolerogenic” DCs as a therapeutic target for combatting
atherosclerosis.

However, the effectiveness of inducing “tolerogenic” DCs in
treating atherosclerosis still needs further investigation, as
inducing DC tolerance may not completely eliminate inflamma-
tion, since other immune cells (such as macrophages and T cells)
can still promote an inflammatory environment. Additionally,
whether inducing DC tolerance may potentially suppress benefi-
cial immune responses, increase the risk of infection, or reduce the
ability to resist pathogens also needs further evaluation.

3.3.  Suppress immune and inflammatory responses

It has been established that DCs release exosomes which play a
role in encouraging inflammation within the endothelium, as
indicated by references’>>*. Research has shown that these exo-
somes facilitate the transfer of peptide-MHC complexes with
functionality across DCs, which in turn significantly boosts the
activation of CD4 T cells amid immune reactions in a living or-
ganism, as documented in study'?’. With their potential in cancer
immunotherapy being validated in clinical trials, as seen in
source'”>, DC-derived exosomes (DC-exos) have garnered
considerable interest for their use in combating cancer. The tactics
employed in utilizing DCs for treating atherosclerosis might either
align with or diverge from those currently applied in cancer
immunotherapy, as suggested by study'®”.

In human tissues affected by atherosclerosis and aneurysms,
there’s a notable presence of miR-203-3p, which specifically tar-
gets cathepsin S (Ctss), a lysosomal enzyme implicated in in-
flammatory conditions, according to research'*". Given that Ctss
is a direct target of miR-203-3p in the context of atherosclerosis,
strategically inhibiting this protease presents a promising strategy
for mitigating inflammation and thus a potential treatment for
atherosclerosis. Evidence shows that DC-exos bearing miR-203-
3p can decelerate atherosclerosis progression through the inhibi-
tion of Ctss. Moreover, DC-exos are characterized by their stable
vesicular structures offering extended shelf life and their immune
stimulatory properties which are amenable to manipulation.
Consequently, DC-exos are emerging as a novel target for
immunotherapeutic interventions.

Cell adhesion molecules such as L-, E-, and P-selectin are
essential in driving the adherence of inflammatory cells to the
vascular endothelium, as noted in source'”'. P-selectin, found on
the surfaces of activated platelets and ECs, binds with its ligand,
P-selectin glycoprotein ligand-1 (PSGL-1), on DCs, subsequently
activating the DCs through the TLR4 signaling pathway and
promoting atherosclerosis progression. Comparative studies
involving ApoE™~ mice, ApoE™~ P™/~, and ApoE™'~ PSGL-
17~ mice have revealed that the latter two exhibit smaller
atherosclerotic lesions in their arteries-this provides further evi-
dence of the involvement of P-selectin and PSGL-1 in athero-
sclerosis as per reference'**. In clinical settings, the P-selectin
antagonist inclacumab has been associated with a significant
reduction in myocardial damage in patients with ST-segment
elevation myocardial infarction who underwent percutaneous
coronary intervention, as outlined in studies' %133, Nonetheless,
the detailed implications of inclacumab in the context of athero-
sclerosis are yet to be fully understood. P-selectin and PSGL-1

hold promise as treatment of
atherosclerosis.

The innate immune receptor TLR features prominently in
atherosclerosis, with DCs and macrophages being the primary
expressers of these receptors. TLRs contribute to several processes
in atherosclerosis, which include the recruitment and stimulation
of leukocyte subsets, formation of foam cells, and activation of T
cells. Recent studies have demonstrated that inhibiting TLR-2
signaling curtails the production of pro-inflammatory agents in
human atherosclerotic conditions. Additionally, the interruption of
TLR-2 signaling has been observed to mitigate injury by reducing
inflammatory mechanisms in a mouse model of myocardial
ischemia/reperfusion injury, as referenced in study'’*. These
findings collectively endorse the blockade of TLR-2 signaling as a
potentially therapeutic approach for cardiovascular ailments such
as atherosclerosis.

Activation of T cells by DCs hinges on the presence of both a
primary signal and a secondary, costimulatory signal. In the
absence of the latter, DCs fail to activate naive T cells, leading
instead to an immune tolerance or a state of non-responsiveness
towards the antigen. The B7-CD28 superfamily represents the
most extensively researched group of costimulatory molecules.
Therapeutic approaches targeting these costimulatory pathways
are considered crucial for the treatment of a variety of autoim-
mune and inflammatory conditions'*’. To induce immune toler-
ance towards atherosclerotic antigens and to curb the progression
of atherosclerosis, DCs are cultured in vitro with extracts from
atherosclerotic plaques and loaded with antigens. These cells are
then modified by blocking the costimulatory signals before being
reintroduced into the organism. Commonly, CTLA4lIg, a promi-
nent inhibitor of the costimulatory signal that attaches to B7
molecules, is employed in this context'%>'°,

Inflammation is at the heart of atherosclerosis, with numerous
inflammatory mediators and pathways such as exosomes, Ctss,
selectin, TCR, and costimulatory factors playing a role. Identi-
fying and modulating the key targets within these inflammatory
and immune responses represent the future direction in the man-
agement of atherosclerosis. Nevertheless, numerous aspects still
demand deeper exploration. For example, exosomes are packed
with a variety of proteins, lipids, and nucleic acids, making it
challenging to identify precise therapeutic targets. Additionally, it
remains to be determined whether altering cell adhesion mole-
cules, TLRs, and co-stimulatory molecules will impact the body’s
normal immune functions, which requires further study.

potential targets in the

3.4.  Inhibition of DC maturation

DCs in their immature state contribute to T cell tolerance by
eliminating activated T cells and fostering Tregs, while their
mature counterparts stimulate Thl polarization'**. In atheroscle-
rosis, mature DCs play a detrimental role, and strategies to inhibit
their maturation offer a viable approach to mitigate the excessive
inflammatory immune response and treat atherosclerosis effec-
tively. Research has demonstrated that IL-37 hampers DC matu-
ration via the IL-1R8—TLR4—NF-«B signaling pathway, which,
in turn, diminishes atherosclerosis in ApoE '~ mice'?’. Further-
more, Monocyte chemotactic protein-1 specific 18-mer peptide
(MCS-18), a natural compound known to impede DC maturation,
has been observed to lower pro-atherogenic cytokines and che-
mokines in animal serum, suggesting its protective role against
atherosclerosis'*®. In a model using ApoE ™'~ mice, MCS-18 in-
jections resulted in smaller plaque formations compared to those
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in untreated mice. Despite plaque sizes remaining unchanged after
three months of MCS-18 administration, untreated plaques
increased, indicating MCS-18’s efficacy in preventing new plaque
growth rather than reducing existing ones. Laboratory experiments
have revealed that MCS-18 inhibits DC migration and adherence
to the arterial wall, offering a protective effect against athero-
sclerosis. MCS-18’s influence extends beyond its impact on DCs,
as it significantly affects ECs, T cells, and their interactions.
Consequently, MCS-18’s therapeutic use, particularly when
combined with other anti-atherosclerotic medications, appears
promising, though its precise mechanisms warrant further explo-
ration'*’. The LOX-1 critically influences the immune maturation
of DCs, with oxLDL driving DC maturation through the LOX-1-
mediated MAPK/NF-kB pathway. Upregulation of LOX-1 en-
hances oxLDL uptake and foam cell formation, whereas inhibiting
the LOX-1 pathway reduces DC maturation, positioning LOX-1 as
a viable therapeutic target for atherosclerosis and related
conditions'®,

Quercetin, a well-known flavonol, suppresses DC maturation
both phenotypically and functionally by downregulating CD80,
CD86, MHC-II, IL-6, and IL-12, and also by upregulating
Dabs'*’. Dioscin, another agent, has shown promise in decreasing
scavenger receptor expression and the assimilation of oxLDL,
alongside reverting the DC production of IL-6 and IL-12 induced
by high glucose levels. By impeding DC maturation and
increasing IL-10 production in DCs, dioscin emerges as a poten-
tial atherosclerosis treatment'*’. Ginseng’s major active compo-
nents, the total saponins of ginseng (TSPG), have been found to
enhance vascular endothelial function through the promotion of
nitric oxide synthesis. TSPG treatment markedly decreases the
expression of DC maturation markers such as CD40, CDS86,
human leukocyte antigen (HLA)-DR, and CD1a, boosts endocy-
tosis, and diminishes cytokine release, thereby dampening harmful
immune responses in atherosclerosis and aiding its treatment'*'.

MALATI, a pivotal long non-coding RNA, is integral to
several biological mechanisms, targeting nuclear factor I/A
(NFIA)-a protein that binds DNA and modulates gene expression.
MALATT1 has been found to regulate miR-155-5P, which in turn
influences the 3’ untranslated region of NFIA. Recent research
indicates that suppressing miR-155-5P hampers the maturation of
DCs induced by oxidized LDL in a living organism. Moreover, an
increase in NFIA levels also impedes the ox-LDL-induced
maturation of DCs, and a deficiency in miR-155-5P results in
heightened NFIA levels. These discoveries point to the possibility
that by suppressing ox-LDL-induced DC maturation through the
miR-155-5P/NFIA pathway, an overexpression of MALAT1 may
help mitigate atherosclerosis. Consequently, the MALAT1/miR-
155-5P/NFIA pathway presents a promising target for therapeutic
strategies aimed at preventing the maturation of DCs'%®.

However, treating atherosclerosis by inhibiting DC maturation
still requires further evaluation in future preclinical studies. As
mentioned above, DCs are present in lymphoid and non-lymphoid
tissues throughout the body and play an important role in immune
responses. Therefore, how to achieve targeted action on specific
atherosclerotic lesion areas is a major challenge currently faced.

3.5.  DCs targeted delivery

Nanotechnology’s rapid progression has cast the spotlight on
nanocarrier-based drug delivery systems, which promise to tran-
scend the inherent drawbacks of conventional medications,
including brief duration of action, instability, poor absorption, and

heightened toxic responses. These innovative systems employ
nanoscale materials to enable precise targeting and controlled
release of drugs, markedly enhancing therapeutic outcomes.
Nanocarriers also shield medications from enzymatic breakdown,
prolonging their efficacy'””. In the quest to combat atherosclerosis,
scientists have explored the potential of directing endothelial-
protective drugs straight to the affected blood vessels, a strategy
that may surpass traditional systemic anti-inflammatory therapies.
By fine-tuning the dimensions, form, and surface properties of
nanocarriers, the nanomaterial-based approach promises to bolster
local treatments and diminish adverse effects on non-target organs
in atherosclerosis management. For instance, altering the shape of
polymeric carriers has been proven to improve their interaction with
DCs in mice with atherosclerosis''’. An active immunization
approach using the ApoB-100-derived peptide P210, carried by
nanomaterial particles, has shown promise in reducing atheroscle-
rosis. P210, incorporated into self-assembling peptide amphiphilic
micelles (P210-PAMs), demonstrated an impressive ability to
engage MHC-I molecules and regulate T cells, culminating in a
substantial decrease in atherosclerotic lesions. Immunization with
P210-PAMs was associated with an average 42% reduction in
atherosclerosis, highlighting a potential therapeutic avenue for
humans'**. Moreover, DNA-coated superparamagnetic iron oxide
nanoparticles (DNA-SPIONSs), created by conjugating DNA oli-
gonucleotides to PEG-coated SPIONS, have proven their efficacy in
homing to DCs within atherosclerotic plaques. This was evidenced
following their intravenous administration in an ApoE™~ mouse
model, thereby endorsing the use of DNA-coated nanoparticles to
enhance systemic delivery to atherosclerotic sites'''. Future ther-
apeutic strategies for atherosclerosis are likely to involve the inte-
gration of DNA-coated nanomaterials with established drugs such
as statins and PCSK9 inhibitors, aiming for a targeted approach.
Notably, disk-shaped nanoparticles showed a preference for areas of
disturbed blood flow in both in vitro and in vivo shear loading
models, outperforming their spherical counterparts. When these
nanoparticles were loaded with the DNA methyltransferase inhib-
itor decitabine, they delivered localized anti-inflammatory and anti-
atherosclerotic effects while reducing the drug’s toxic side effects.
This indicates that disk-shaped nanoparticles could represent an
innovative method for refining systemic atherosclerosis treatments
(Fig. 4)''2. Collectively, these findings underscore the potential of
nanomaterial drug delivery systems to revolutionize the treatment
of atherosclerosis when combined with current medical therapies.

3.6.  Other treatments and targets

A breakthrough approach for locally triggering anti-inflammatory
mechanisms by removing apoptotic cells has shown promise in
counteracting atherosclerosis. Evidence from mouse studies,
where intravenous administration of apoptotic DCs stimulated
with oxidized LDL (termed apo(ox)-DCs) was used, has shown a
slowdown in the formation of atherosclerotic plaques and an
improvement in plaque stability. This strategy’s remarkable aspect
lies in its employment of autologous LDL, which is oxidized and
reintroduced into patient-derived DCs. This process fosters im-
mune tolerance through the recognition of LDL-related peptides
specific to the patient, eliminating the need to identify suitable
agonistic peptides. It’s evident that stimulating apoptotic DCs
offers a highly specific and potent therapeutic option for
combating atherosclerosis'*®. Alisol B 23-acetate (23B), a
distinctive triterpenoid extracted from Alisma plant rhizomes,
traditionally used in Chinese medicine, has been found to
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Figure 4

Advanced targeted nanotherapy for atherosclerosis. Harnessing the synergistic power of conventional pharmaceuticals and

nanotechnology-based drug carriers holds considerable promise for atherosclerosis treatment. The pathological hallmarks of atherosclerotic
plaques include an abundance of macrophages and dendritic cells, which are capable of ingesting foreign entities, such as nanoparticles. The
strategic modification of PEG-SPIONs by attaching DNA oligonucleotides to their exterior enables these nanocarriers to efficiently target and
penetrate atherosclerotic lesions. Upon intravenous administration in atherosclerotic mice, these DNA-SPIONs, when cloaked with lipid-
modifying agents like statins and PCSK9 inhibitors, swiftly home in on the plaques. There, they are ingested by resident macrophages and
dendritic cells, triggering the release of the therapeutic agents they bear. Once localized at the plaque, these medications mitigate the athero-
sclerotic process by halting the maturation of dendritic cells induced by oxLDL, dampening the production of inflammatory cytokines, and
curtailing T cell proliferation. This targeted delivery system accentuates the precision of the treatment while minimizing adverse effects, thus
offering a strategic advance in atherosclerotic therapy. DCs, dendritic cell; DNA-SPIONs, DNA coated superparamagnetic iron oxide nano-

particles; PEG-SPIONSs, poly(ethylene glycol)-coated SPIONs; oxLDL, oxidized low-density lipoproteins.

influence antigen processing and manage cholesterol metabolism
in cholesterol-engorged DCs. Laboratory studies confirm that 23B
promotes cholesterol removal, downregulates the expression of
MHC class II, CD80, and CD86 on these cells, and inhibits CD4 T
helper cell activation. It also reduces the production of the in-
flammatory cytokines IL-12 and IEN-y in DCs from ApoE~'~
mice. Additionally, 23B has shown the ability to decrease tri-
acylglycerol levels and increase high density lipoprotein in the
bloodstream, as well as the upregulation of genes involved in
cholesterol efflux in mice with severe atherosclerosis. Therefore,
23B modifies the immunological inflammatory response and
serves as a beneficial tool in atherosclerosis management' ',
Inflammatory reaction markers known as inflammation response
aggregates are made up of protein complexes found in the cyto-
plasm. Of particular note is the NLRP3 inflammasome, a compo-
nent of the inflammation response that’s overproduced in various
immune cells, including DCs. This molecular complex activates
caspase 1, which then converts IL-1{ to its active form. Clinical and
experimental studies indicate that IL-1 contributes to atheroscle-
rosis. Investigations have shown that the use of the NLRP3 inhibitor
MCC950 or lentiviral-based NLRP3 suppression therapy leads to a
reduction in the size of atherosclerotic plaques, making the NLRP3
inflammasome a promising target for treatment. Small-molecule

drugs like HCC950, CY-09, and OLT1177, aimed at the NLRP3
pathway, have already proven effective in curbing cardiovascular
inflammation in preclinical trials'*.

Currently, clinicians commonly prescribe statins, like ator-
vastatin and simvastatin, which exert their cholesterol-lowering
actions by inhibiting the enzyme 3-hydroxy-3-methylglutaryl-coA
reductase. Beyond their lipid-lowering properties, these drugs also
exhibit anti-atherosclerotic qualities, such as impeding the dif-
ferentiation of DCs triggered by oxLDL, diminishing the release
of inflammatory cytokines, and curtailing T cell proliferation'®.
For patients intolerant to statins, Bempedoic acid, as a novel lipid
regulator, reduces low-density lipoprotein cholesterol (LDL-C)
levels by inhibiting the early steps of cholesterol synthesis. Studies
have shown that Bempedoic acid further reduces LDL-C levels in
patients who have already been treated with statins but still have
not achieved their target LDL-C levels, demonstrating a better
therapeutic effect'*C.

The latest research indicates that oxLDL promotes the pro-
duction of PCSK9 in DCs, thus upregulating scavenger receptor
A, CD36, and lectin-like oxidized low-density lipoprotein receptor
1 (LOX-1), which in turn fosters the maturation of DCs. In
contrast, the silencing of PCSK9 can mitigate oxLDL’s impact on
DCs'*’. Inclisiran is a novel small interfering RNA (siRNA) drug
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that inhibits the expression of the PCSK9 gene in the liver, thereby
reducing plasma LDL-C levels'**. In recent years, the PCSK9
inhibitors employed in clinical settings owe their anti-
atherosclerotic action to the suppression of DC maturation.

4. Conclusions and future prospects

In the realm of cardiovascular research, significant insights into the
biology and pathophysiology of DCs have been amassed since their
initial discovery, particularly regarding their association with
atherosclerosis'*’. The evidence increasingly suggests a robust
connection between DCs and the progression of atherosclerotic
disease. This review spotlights the diverse functions that DCs and
their various subsets play in atherosclerosis and underscores the
substantial promise held by approaches such as DC-based vaccines,
the generation of “tolerogenic” DCs, and the suppression of DC-
related immune and inflammatory activities, as well as the pre-
vention of DC maturation in the targeted immunotherapy against
atherosclerosis. Research into the interplay between DCs and
atherosclerosis is still nascent, and the specific roles of different DC
subsets in the disease require further clarification. Compared to
other recent reviews, they all elaborate in detail the central role of
DC in the immune response and inflammatory response of athero-
sclerosis and the potential therapeutic directions based on DC. This
review highlights various DC-based immunotherapeutic ap-
proaches for atherosclerosis””®"°>"’>. The review also surveys the
application of nanotechnology for targeted drug delivery, which
may inform the future deployment of nanoparticle-mediated drug
delivery systems in treating atherosclerosis. Moreover, several
traditional medicines and phytochemicals have demonstrated sig-
nificant effects on atherosclerosis, positioning them as promising
subjects for subsequent investigations.

In the context of secondary prevention strategies for coronary
heart disease, while the principal risk factors including LDL and
inflammatory agents are well-considered, the achievement of
optimal clinical outcomes remains elusive'>*'>'. The develop-
ment and worsening of atherosclerosis are intricately tied to in-
flammatory and immune mechanisms. The functionalities of DCs,
such as lipid processing and antigen presentation, are pivotal in
modulating inflammation and immune tolerance. The spotlight in
cardiovascular disease research has increasingly been on immune
cells, especially DCs. Recent therapeutic endeavors in athero-
sclerosis have prioritized vaccine-based interventions, fostering of
immune tolerance, and mitigation of immune-driven inflamma-
tion, which are recognized as defining features of the condition.
For instance, experiments in mice have demonstrated that
atherosclerosis can be reduced and plaque stability can be
enhanced through the intravenous introduction of exogenous
oxLDL-bearing DCs. Furthermore, DCs carrying the ApoB100
protein, alongside the cytokine IL-10, have yielded success in
promoting immune tolerance. However, the precise mechanisms
and epitopes implicated in these responses remain to be fully
elucidated. A promising method for epitope identification involves
analyzing the atherosclerotic plaques themselves as manifestations
of the illness. Due to the molecular complexity of LDL, which
includes a mix of apolipoproteins, cholesteryl esters, triglycerides,
and phospholipids, employing native LDL as an antigen in vaccine
formulations is impracticable. On the contrary, a preclinical pro-
totype of an atherosclerosis vaccine has been advanced using a
relatively well-defined ApoB100 peptide as the antigen’”.
Consequently, future investigations should concentrate on

pinpointing the specific antigens involved in the formation of
atherosclerosis and determining the critical epitopes to facilitate
the clinical application of these immunotherapeutic strategies.

Within the intricate environment of atherosclerotic lesions, a
myriad of DC subsets display a remarkable range of diversity and
functional disparity, with some yet to be fully delineated among
the affected cohorts. This heterogeneity, coupled with the dynamic
nature of DCs, introduces challenges in murine models that claim
DC specificity, thereby obscuring our understanding of their role
in atherosclerosis development. Moreover, the dearth of human
samples impedes the extrapolation of mouse-derived insights to
human conditions. Establishing the human equivalents of murine
DC subsets would be a pivotal move to overcome this barrier. On a
cellular scale, deploying high-throughput omics techniques could
spotlight particular DC subsets within arterial lesions and their
role in antigen presentation, facilitating targeted vaccine delivery
through monoclonal antibodies to optimally modulate localized
inflammation'>*. While our knowledge of arterial DC subsets and
their functions has grown, we must delve deeper and refine our
strategies to harness their therapeutic potential. It is through this
dedicated approach that we stand to significantly enhance
immunosuppressive outcomes and pioneer new avenues for clin-
ical treatments.

Despite advances in the comprehension of atherosclerosis and
the role of DCs, research still faces critical inquiries. These
encompass: (1) the intricate dynamics between DCs, their effector
cells, and the influence on atherosclerosis; (2) the definitive ac-
tions of DC subgroups. Variations within DC subpopulations in
atherosclerosis are notable, with diverse subsets exerting distinct
or contradictory effects on its evolution. A single subset may
produce varying outcomes depending on the internal milieu and
external factors. Hence, fine-tuning DC subset functions is vital
for targeted immunotherapy against atherosclerosis. Investigating
these subgroup mechanisms is key to this end; (3) the assurance of
safety and consistency in DC-based vaccines. Animal studies have
validated the efficacy of oxLDL-loaded DC vaccines against
atherosclerosis, yet human trials lack data on their distribution,
operational process, safe dosing, and interaction with other med-
ications; (4) the longevity and sustained efficacy of DC vaccines;
(5) the identification of specific epitopes for DC-targeted immu-
notherapy. OXxLDL, being a composite entity, may harbor detri-
mental antigens. Isolating precise epitopes within oxLDL is
crucial for the vaccine’s clinical development. Additionally,
patient-specific HLA genotyping might be necessary for person-
alized vaccines. Addressing these issues is pivotal for propelling
future research in this field.

The confirmed effectiveness of the anti-oxLDL vaccine in
mouse models has sparked optimism for its rapid integration into
clinical therapies. DNA vaccines tailored to specific targets are
proving to be a solution to the hurdles faced in human trials,
boasting both high specificity and feasibility. Such strategies are
crucial for future research and bear considerable significance for
clinical applications. Essential to the success of targeted therapy
for atherosclerosis is the research into “tolerant” DCs, the
dampening of immune and inflammatory reactions, and the inhi-
bition of factors involved in DC maturation. These areas demand
further study. Remarkable successes in employing nano drug de-
livery systems for the management of conditions like cancer and
inflammation have been observed recently'>®. Merging these
current treatments with nanomaterial-based drug delivery systems,
particularly for DC immunotherapy, promises precise in-
terventions with reduced adverse effects. This innovative
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combination therapy could be transformative for clinical practices.
The promise of DC immunotargeted therapy for atherosclerosis is
undeniable, as highlighted in this discussion. With a plethora of
vaccine and target options on hand for the immunotherapy of
atherosclerosis, we anticipate that continuous research and a
deeper comprehension will soon bring these strategies into clinical
use. Such advancements hold the key to confronting the persistent
global challenge of atherosclerosis with effective treatments.

Acknowledgments

This work was supported by National Natural Science Foundation
of China (No. 82270442 and 82370425, China), Taishan Scholar
Program of Shandong Province (No. tsqn202408156) and the
Natural Science Foundation of Shandong Province (No.
ZR2022MHO027, China).

Author contributions

Zhaohui Li: Writing — review & editing, Writing — original draft,
Visualization, Validation, Software, Resources, Methodology,
Investigation. Yanyan Yang: Writing — review & editing, Vali-
dation, Supervision, Project administration, Investigation, Funding
acquisition, Conceptualization. Jinbao Zong: Writing — review &
editing, Resources, Conceptualization. Bei Zhang: Writing — re-
view & editing, Resources, Conceptualization. Xiaolu Li: Re-
sources, Methodology, Investigation. Hongzhao Qi: Writing —
review & editing, Resources, Conceptualization. Tao Yu:
Writing — review & editing, Visualization, Validation, Supervi-
sion, Software, Resources, Project administration, Methodology,
Funding acquisition, Formal analysis, Conceptualization. Yongxin
Li: Conceptualization, Funding acquisition, Project administra-
tion, Supervision, Writing — review & editing.

Conflicts of interest

The authors declare that they have no competing interests.

References

1. Haghikia A, Zimmermann F, Schumann P, Jasina A, Roessler J,
Schmidt D, et al. Propionate attenuates atherosclerosis by immune-
dependent regulation of intestinal cholesterol metabolism. Eur
Heart J 2022;43:518—33.

2. Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway CW,
Carson AP, et al. American heart association council on epidemiology
and prevention statistics committee and stroke statistics subcommittee.
Heart disease and stroke statistics-2020 update: a report from the
American heart association. Circulation 2020;141:e139—596.

3. Libby P. The changing landscape of atherosclerosis. Nature 2021;
592:524—-33.

4. Aday AW, Matsushita K. Epidemiology of peripheral artery disease
and polyvascular disease. Circ Res 2021;128:1818—32.

5. Duttaroy AK. Role of gut microbiota and their metabolites on
atherosclerosis, hypertension and human blood platelet function: a
review. Nutrients 2021;13:144.

6. Padro T, Munoz Garcia N, Pefa E, Badimon L. Sex differences and
emerging new risk factors for atherosclerosis and its thrombotic
complications. Curr Pharm Des 2021;27:3186—97.

7. Engelen SE, Robinson AJB, Zurke YX, Monaco C. Therapeutic
strategies targeting inflammation and immunity in atherosclerosis:
how to proceed?. Nat Rev Cardiol 2022;19:522—42.

8.

10.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Averna M, Banach M, Bruckert E, Drexel H, Farnier M, Gaita D,
et al. Practical guidance for combination lipid-modifying therapy in
high- and very-high-risk patients: a statement from a European
atherosclerosis society task force. Atherosclerosis 2021;325:
99—109.

. Chiarito M, Sanz Sanchez J, Cannata F, Cao D, Sturla M, Panico C,

et al. Monotherapy with a P2Y12 inhibitor or aspirin for secondary
prevention in patients with established atherosclerosis: a systematic
review and meta-analysis. Lancet 2020;395:1487—95.

Zhong Y, Qin X, Wang Y, Qu K, Luo L, Zhang K, et al. “Plug and
Play” functionalized erythrocyte nanoplatform for target atheroscle-
rosis management. ACS Appl Mater Inter 2021;13:33862—73.

. Tada H, Kawashiri MA. Statin intolerance and suboptimal statin

therapy. J Atheroscler Thromb 2019;26:403—5.

. van der Ploeg MA, Floriani C, Achterberg WP, Bogaerts JMK,

Gussekloo J, Mooijaart SP, et al. Recommendations for (discontin-
uation of) statin treatment in older adults: review of guidelines. J Am
Geriatr Soc 2020;68:417—25.

. Timmis A, Vardas P, Townsend N, Torbica A, Katus H, De Smedt D,

et al. Atlas writing group, European society of cardiology: cardio-
vascular disease statistics 2021. Eur Heart J 2022;43:716—99.
Khambhati J, Engels M, Allard Ratick M, Sandesara PB,
Quyyumi AA, Sperling L. Immunotherapy for the prevention of
atherosclerotic cardiovascular disease: promise and possibilities.
Atherosclerosis 2018;276:1—9.

Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH,
Ballantyne C, et al. CANTOS trial group. antiinflammatory therapy
with canakinumab for atherosclerotic disease. N Engl J Med 2017;377:
1119-31.

Martini E, Stirparo GG, Kallikourdis M. Immunotherapy for car-
diovascular disease. J Leukoc Biol 2018;103:493—500.

Vagnozzi RJ, Maillet M, Sargent MA, Khalil H, Johansen AKZ,
Schwanekamp JA, et al. An acute immune response underlies the
benefit of cardiac stem cell therapy. Nature 2020;577:405—9.
Balan S, Saxena M, Bhardwaj N. Dendritic cell subsets and locations.
Int Rev Cell Mol Biol 2019;348:1—68.

Zhao Y, Zhang J, Zhang W, Xu Y. A myriad of roles of dendritic cells
in atherosclerosis. Clin Exp Immunol 2021;206:12—27.

Britsch S, Langer H, Duerschmied D, Becher T. The evolving role of
dendritic cells in atherosclerosis. Int J Mol Sci 2024;25:2450.
Steinman RM, Cohn ZA. Identification of a novel cell type in pe-
ripheral lymphoid organs of mice. I. Morphology, quantitation, tissue
distribution. J Exp Med 1973;137:1142—62.

Collin M, Ginhoux F. Human dendritic cells. Semin Cell Dev Biol
2019;86:1—2.

Feng J, Pucella JN, Jang G, Alcantara Hernandez M, Upadhaya S,
Adams NM, et al. Clonal lineage tracing reveals shared origin of
conventional and plasmacytoid dendritic cells. Immunity 2022;55:
405—22.

Guermonprez P, Gerber Ferder Y, Vaivode K, Bourdely P, Helft J.
Origin and development of classical dendritic cells. Int Rev Cell Mol
Biol 2019;349:1—54.

Lohrer MF, Liu Y, Hanna DM, Wang KH, Liu FT, Laurence TA, et al.
Determination of the maturation status of dendritic cells by applying
pattern recognition to high-resolution images. J Phys Chem B 2020;
124:8540-8.

Steinman RM. Decisions about dendritic cells: past, present, and
future. Annu Rev Immunol 2012;30:1—-22.

Landi A, Aligodarzi MT, Khodadadi A, Babiuk LA, van Drunen Littel
van den Hurk S. Defining a standard and weighted mathematical index
for maturation of dendritic cells. Immunology 2018;153:532—44.
Tiberio L, Del Prete A, Schioppa T, Sozio F, Bosisio D, Sozzani S.
Chemokine and chemotactic signals in dendritic cell migration. Cell
Mol Immunol 2018;15:346—52.

Zanna MY, Yasmin AR, Omar AR, Arshad SS, Mariatulqabtiah AR,
Nur Fazila SH, et al. Review of dendritic cells, their role in clinical
immunology, and distribution in various animal species. Int J Mol Sci
2021;22:8044.


http://refhub.elsevier.com/S2211-3835(24)00486-6/sref1
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref1
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref1
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref1
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref1
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref2
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref2
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref2
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref2
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref2
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref2
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref3
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref3
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref3
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref4
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref4
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref4
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref5
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref5
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref5
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref6
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref6
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref6
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref6
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref7
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref7
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref7
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref7
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref8
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref8
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref8
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref8
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref8
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref8
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref9
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref9
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref9
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref9
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref9
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref10
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref10
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref10
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref10
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref11
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref11
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref11
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref12
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref12
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref12
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref12
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref12
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref13
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref13
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref13
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref13
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref14
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref14
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref14
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref14
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref14
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref15
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref15
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref15
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref15
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref15
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref16
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref16
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref16
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref17
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref17
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref17
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref17
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref18
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref18
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref18
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref19
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref19
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref19
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref20
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref20
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref21
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref21
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref21
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref21
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref22
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref22
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref22
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref23
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref23
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref23
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref23
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref23
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref24
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref24
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref24
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref24
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref25
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref25
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref25
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref25
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref25
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref26
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref26
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref26
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref27
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref27
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref27
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref27
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref28
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref28
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref28
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref28
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref29
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref29
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref29
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref29

806

Zhaohui Li et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

Sato K, Fujita S. Dendritic cells: nature and classification. Allergol
Int 2007;56:183—91.

Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic dendritic
cells. Annu Rev Immunol 2003;21:685—711.

Collin M, Bigley V, Haniffa M, Hambleton S. Human dendritic cell
deficiency: the missing ID?. Nat Rev Immunol 2011;11:575—83.
Bigley V, Cytlak U, Collin M. Human dendritic cell immunodefi-
ciencies. Semin Cel Dev Biol 2019;86:50—61.

Amon L, Lehmann CHK, Heger L, Heidkamp GF, Dudziak D. The
ontogenetic path of human dendritic cells. Mol Immunol 2020;120:
122—-9.

Kobiyama K, Ley K. Atherosclerosis. Circ Res 2018;123:1118—20.
Kattoor AJ, Pothineni NVK, Palagiri D, Mehta JL. Oxidative stress in
atherosclerosis. Curr Atheroscler Rep 2017;19:42.

Wolf D, Ley K. Immunity and inflammation in atherosclerosis. Circ
Res 2019;124:315—-27.

Ruparelia N, Choudhury R. Inflammation and atherosclerosis: what
is on the horizon?. Heart 2020;106:80—5.

Gimbrone MA Jr, Garcia Cardefia G. Endothelial cell dysfunction
and the pathobiology of atherosclerosis. Circ Res 2016;118:620—36.
Zhu Y, Xian X, Wang Z, Bi Y, Chen Q, Han X, et al. Research
progress on the relationship between atherosclerosis and inflamma-
tion. Biomolecules 2018;8:80.

Rocha VZ, Libby P. Obesity, inflammation, and atherosclerosis. Nat
Rev Cardiol 2009;6:399—409.

Senders ML, Que X, Cho YS, Yeang C, Groenen H, Fay F, et al.
PET/MR imaging of malondialdehyde-acetaldehyde epitopes with a
human antibody detects clinically relevant atherothrombosis. J Am
Coll Cardiol 2018;71:321-35.

Wu MY, Li CJ, Hou MF, Chu PY. New insights into the role of
inflammation in the pathogenesis of atherosclerosis. Int J Mol Sci
2017;18:2034.

. Libby P. The changing landscape of atherosclerosis. Nature 2021;

592:524—33.

Poznyak AV, Bezsonov EE, Popkova TV, Starodubova AV,
Orekhov AN. Immunity in atherosclerosis: focusing on T and B cells.
Int J Mol Sci 2021;22:8379.

Sage AP, Tsiantoulas D, Binder CJ, Mallat Z. The role of B cells in
atherosclerosis. Nat Rev Cardiol 2019;16:180—96.

Saenz R, Futalan D, Leutenez L, Eekhout F, Fecteau JF, Sundelius S,
et al. TLR4-dependent activation of dendritic cells by an HMGB1-
derived peptide adjuvant. J Transl Med 2014;12:211.

Pearce EJ, Everts B. Dendritic cell metabolism. Nat Rev Immunol
2015;15:18—29.

Zernecke A. Dendritic cells in atherosclerosis: evidence in mice and
humans. Arterioscler Thromb Vasc Biol 2015;35:763—70.

Kloc M, Kubiak JZ, Ghobrial RM. Macrophage-, dendritic-, smooth
muscle-, endothelium-, and stem cells-derived foam cells in athero-
sclerosis. Int J Mol Sci 2022;23:14154.

Liu P, Yu YR, Spencer JA, Johnson AE, Vallanat CT, Fong AM, et al.
CX3CRI deficiency impairs dendritic cell accumulation in arterial
intima and reduces atherosclerotic burden. Arterioscler Thromb Vasc
Biol 2008;28:243—50.

Munjal A, Khandia R. Atherosclerosis: orchestrating cells and bio-
molecules involved in its activation and inhibition. Adv Protein Chem
Struct Biol 2020;120:85—122.

Worbs T, Hammerschmidt SI, Forster R. Dendritic cell migration in
health and disease. Nat Rev Immunol 2017;17:30—48.

Gao W, Liu H, Yuan J, Wu C, Huang D, Ma Y, et al. Exosomes
derived from mature dendritic cells increase endothelial inflamma-
tion and atherosclerosis via membrane TNF-a mediated NF-«B
pathway. J Cell Mol Med 2016;20:2318—27.

Lin B, Xie W, Zeng C, Wu X, Chen A, Li H, et al. Transfer of
exosomal microRNA-203-3p from dendritic cells to bone marrow-
derived macrophages reduces development of atherosclerosis by
downregulating Ctss in mice. Aging (Albany NY) 2021:;13:
15638—58.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

Sukhorukov VN, Khotina VA, Chegodaev YS, Ivanova E,
Sobenin IA, Orekhov AN. Lipid metabolism in macrophages: focus
on atherosclerosis. Biomedicines 2020;8:262.

Shen WIJ, Azhar S, Kraemer FB. SR-B1: a unique multifunctional
receptor for cholesterol influx and efflux. Annu Rev Physiol 2018;80:
95—116.

Summerhill VI, Grechko AV, Yet SF, Sobenin IA, Orekhov AN. The
atherogenic role of circulating modified lipids in atherosclerosis. Int J
Mol Sci 2019;20:3561.

Luchetti F, Crinelli R, Nasoni MG, Benedetti S, Palma F,
Fraternale A, et al. LDL receptors, caveolae and cholesterol in
endothelial dysfunction: oxLDLs accomplices or victims?. Br J
Pharmacol 2021;178:3104—14.

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:
383—90.

Niessner A, Weyand CM. Dendritic cells in atherosclerotic disease.
Clin Immunol 2010;134:25—32.

Wang L, Li D, Yang K, Hu Y, Zeng Q. Toll-like receptor-4 and
mitogen-activated protein kinase signal system are involved in acti-
vation of dendritic cells in patients with acute coronary syndrome.
Immunology 2008;125:122—30.

Ono M. Control of regulatory T-cell differentiation and function by
T-cell receptor signalling and FOXP3 transcription factor complexes.
Immunology 2020;160:24—37.

Josefowicz SZ, Lu LE, Rudensky AY. Regulatory T cells: mechanisms
of differentiation and function. Annu Rev Immunol 2012;30:531—64.
Arnold Schrauf C, Berod L, Sparwasser T. Dendritic cell specific
targeting of MyD88 signalling pathways in vivo. Eur J Immunol
2015;45:32—9.

Yun TJ, Lee JS, Shim D, Choi JH, Cheong C. Isolation and char-
acterization of aortic dendritic cells and lymphocytes in atheroscle-
rosis. Methods Mol Biol 2017;1559:419—37.

Subramanian M, Tabas I. Dendritic cells in atherosclerosis. Semin
Immunopathol 2014;36:93—102.

Lameijer M, Binderup T, van Leent MMT, Senders ML, Fay F,
Malkus J, et al. Efficacy and safety assessment of a TRAF6-targeted
nanoimmunotherapy in atherosclerotic mice and non-human pri-
mates. Nat Biomed Eng 2018;2:279—92.

Cheong C, Choi JH. Dendritic cells and regulatory T cells in
atherosclerosis. Mol Cell 2012;34:341—7.

Cochain C, Zernecke A. Macrophages and immune cells in athero-
sclerosis: recent advances and novel concepts. Basic Res Cardiol
2015;110:34.

Koltsova EK, Hedrick CC, Ley K. Myeloid cells in atherosclerosis: a
delicate balance of anti-inflammatory and proinflammatory mecha-
nisms. Curr Opin Lipidol 2013;24:371—80.

Choi JH, Cheong C, Dandamudi DB, Park CG, Rodriguez A,
Mehandru S, et al. FlIt3 signaling-dependent dendritic cells protect
against atherosclerosis. Immunity 2011;35:819—31.

Molnédr AA, Pésztor DT, Tarcza Z, Merkely B. Cells in atheroscle-
rosis: focus on cellular senescence from basic science to clinical
practice. Int J Mol Sci 2023;24:17129.

Cao G, Xuan X, Hu J, Zhang R, Jin H, Dong H. How vascular
smooth muscle cell phenotype switching contributes to vascular
disease. Cell Commun Signal 2022;20:180.

Balan S, Saxena M, Bhardwaj N. Dendritic cell subsets and locations.
Int Rev Cell Mol Biol 2019;348:1—68.

McLachlan JB, Catron DM, Moon JJ, Jenkins MK. Dendritic cell
antigen presentation drives simultaneous cytokine production by
effector and regulatory T cells in inflamed skin. Immunity 2009;30:
277—88.

Merad M, Sathe P, Helft J, Miller J, Mortha A. The dendritic cell
lineage: ontogeny and function of dendritic cells and their subsets in
the steady state and the inflamed setting. Annu Rev Immunol 2013;31:
563—604.


http://refhub.elsevier.com/S2211-3835(24)00486-6/sref30
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref30
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref30
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref31
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref31
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref31
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref32
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref32
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref32
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref33
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref33
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref33
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref34
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref34
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref34
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref34
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref35
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref35
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref36
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref36
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref37
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref37
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref37
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref38
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref38
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref38
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref39
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref39
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref39
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref40
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref40
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref40
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref41
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref41
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref41
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref42
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref42
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref42
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref42
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref42
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref43
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref43
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref43
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref44
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref44
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref44
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref45
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref45
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref45
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref46
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref46
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref46
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref47
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref47
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref47
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref48
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref48
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref48
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref49
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref49
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref49
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref50
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref50
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref50
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref51
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref51
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref51
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref51
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref51
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref52
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref52
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref52
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref52
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref53
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref53
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref53
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref54
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref55
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref55
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref55
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref55
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref55
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref55
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref56
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref56
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref56
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref57
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref57
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref57
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref57
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref58
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref58
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref58
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref59
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref59
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref59
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref59
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref59
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref60
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref60
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref60
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref60
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref60
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref61
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref61
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref61
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref62
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref62
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref62
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref62
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref62
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref63
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref63
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref63
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref63
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref64
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref64
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref64
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref65
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref65
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref65
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref65
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref66
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref66
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref66
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref66
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref67
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref67
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref67
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref68
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref68
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref68
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref68
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref68
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref69
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref69
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref69
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref70
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref70
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref70
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref71
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref71
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref71
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref71
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref72
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref73
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref73
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref73
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref74
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref74
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref74
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref75
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref75
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref75
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref76
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref76
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref76
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref76
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref76
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref77
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref77
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref77
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref77
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref77

Dendritic cell therapy in atherosclerosis

807

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Hilligan KL, Ronchese F. Antigen presentation by dendritic cells and
their instruction of CD4 " T helper cell responses. Cell Mol Immunol
2020;17:587—99.

Shah PK, Chyu KY, Dimayuga PC, Nilsson J. Vaccine for athero-
sclerosis. J Am Coll Cardiol 2014;64:2779—91.

Weber C, Meiler S, Doring Y, Koch M, Drechsler M, Megens RT,
et al. CCLI17-expressing dendritic cells drive atherosclerosis by
restraining regulatory T cell homeostasis in mice. J Clin Invest 2011;
121:2898-910.

Zernecke A. Distinct functions of specialized dendritic cell subsets in
atherosclerosis and the road ahead. Sci (Cairo) 2014;2014:952625.
Collin M, Bigley V. Human dendritic cell subsets: an update.
Immunology 2018;154:3—20.

Subramanian M, Tabas I. Dendritic cells in atherosclerosis. Semin
Immunopathol 2014;36:93—102.

Sage AP, Murphy D, Maffia P, Masters LM, Sabir SR, Baker LL,
et al. MHC Class Il-restricted antigen presentation by plasmacytoid
dendritic cells drives proatherogenic T cell immunity. Circulation
2014;130:1363—73.

Daissormont IT, Christ A, Temmerman L, Sampedro Millares S,
Seijkens T, Manca M, et al. Plasmacytoid dendritic cells protect
against atherosclerosis by tuning T-cell proliferation and activity.
Circ Res 2011;109:1387—95.

Rombouts M, Ammi R, Van Brussel I, Roth L, De Winter BY,
Vercauteren SR, et al. Linking CD11b" dendritic cells and natural
killer T cells to plaque inflammation in atherosclerosis. Mediators
Inflamm 2016;2016:6467375.

Busch M, Westhofen TC, Koch M, Lutz MB, Zernecke A. Dendritic
cell subset distributions in the aorta in healthy and atherosclerotic
mice. PLoS One 2014;9:e88452.

Clement M, Raffort J, Lareyre F, Tsiantoulas D, Newland S, Lu Y,
et al. Impaired autophagy in CD11b" dendritic cells expands CD4™"
regulatory T cells and limits atherosclerosis in mice. Circ Res 2019;
125:1019—34.

Passeri L, Marta F, Bassi V, Gregori S. Tolerogenic dendritic cell-
based approaches in autoimmunity. Int J Mol Sci 2021;22:8415.
Bedoui S, Heath WR. A local role for CD103" dendritic cells in
atherosclerosis. Immunity 2011;35:665—7.

Feng G, Bajpai G, Ma P, Koenig A, Bredemeyer A, Lokshina I, et al.
CCL17 aggravates myocardial injury by suppressing recruitment of
regulatory T cells. Circulation 2022;145:765—82.

Déring Y, Zernecke A. Plasmacytoid dendritic cells in atheroscle-
rosis. Front Physiol 2012;3:230.

Macritchie N, Grassia G, Sabir SR, Maddaluno M, Welsh P, Sattar N,
et al. Plasmacytoid dendritic cells play a key role in promoting
atherosclerosis in apolipoprotein E-deficient mice. Arterioscler
Thromb Vasc Biol 2012;32:2569—79.

Dai T, He W, Yao C, Ma X, Ren W, Mai Y, et al. Applications of
inorganic nanoparticles in the diagnosis and therapy of atheroscle-
rosis. Biomater Sci 2020;8:3784—99.

Ali AH, Younis N, Abdallah R, Shaer F, Dakroub A, Ayoub MA,
et al. Lipid-lowering therapies for atherosclerosis: statins, fibrates,
ezetimibe and PCSK9 monoclonal antibodies. Curr Med Chem 2021;
28:7427—45.

Lordan R, Tsoupras A, Zabetakis I. Platelet activation and pro-
thrombotic mediators at the nexus of inflammation and atherosclerosis:
potential role of antiplatelet agents. Blood Rev 2021;45:100694.

Van Brussel I, Schrijvers DM, Van Vré EA, Bult H. Potential use of
dendritic cells for anti-atherosclerotic therapy. Curr Pharm Des
2013;19:5873—82.

Takenaka MC, Quintana FJ. Tolerogenic dendritic cells. Semin
Immunopathol 2017;39:113—20.

Bobryshev YV. Dendritic cells and their involvement in atheroscle-
rosis. Curr Opin Lipidol 2000;11:511—7.

Zhu R, Zhang F, Pan C, Yu K, Zhong Y, Zeng Q. Role of IL-37- and
IL-37-treated dendritic cells in acute coronary syndrome. Oxid Med
Cell Longev 2021;2021:6454177.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Yamashita T. Intestinal immunity and gut microbiota in atherogen-
esis. J Atheroscler Thromb 2017;24:110—9.

Pitt JM, Charrier M, Viaud S, André F, Besse B, Chaput N, et al.
Dendritic cell-derived exosomes as immunotherapies in the fight
against cancer. J Immunol 2014;193:1006—11.

Bobryshev YV. Dendritic cells and their role in atherogenesis. Lab
Invest 2010;90:970—84.

Stahli BE, Gebhard C, Duchatelle V, Cournoyer D, Petroni T,
Tanguay JF, et al. Effects of the P-selectin antagonist inclacumab on
myocardial damage after percutaneous coronary intervention ac-
cording to timing of infusion: insights from the SELECT-ACS trial. J
Am Heart Assoc 2016;5:¢004255.

Bobryshev YV. Dendritic cells in atherosclerosis: current status of the
problem and clinical relevance. Eur Heart J 2005;26:1700—4.
Kervella D, Blancho G. New immunosuppressive agents in trans-
plantation. Presse Med 2022;51:104142.

Liu T, Liu J, Lin Y, Que B, Chang C, Zhang J, et al. IL-37 inhibits the
maturation of dendritic cells through the IL-1R8—TLR4—NF-«xB
pathway. Biochim Biophys Acta Mol Cell Biol Lipids 2019;1864:
1338—49.

Chen L, Hu L, Zhu X, Wang Y, Li Q, Ma J, et al. MALAT1 over-
expression attenuates AS by inhibiting ox-LDL-stimulated dendritic
cell maturation via miR-155-5p/NFIA axis. Cell Cycle 2020;19:
2472-85.

Sha X, Dai Y, Song X, Liu S, Zhang S, Li J. The opportunities and
challenges of silica nanomaterial for atherosclerosis. Int J Nano-
medicine 2021;16:701—14.

Yi S, Allen SD, Liu YG, Ouyang BZ, Li X, Augsornworawat P, et al.
Tailoring nanostructure morphology for enhanced targeting of den-
dritic cells in atherosclerosis. ACS Nano 2016;10:11290—303.
Zhang L, Tian XY, Chan CKW, Bai Q, Cheng CK, Chen FM, et al.
Promoting the delivery of nanoparticles to atherosclerotic plaques by
DNA coating. ACS Appl Mater Inter 2019;11:13888—904.

Zhao CR, Li J, Jiang ZT, Zhu JJ, Zhao JN, Yang QR, et al. Disturbed
flow-facilitated margination and targeting of nanodisks protect
against atherosclerosis. Small 2023;19:2204694.

Sun Y, Long J, Chen W, Sun Y, Zhou L, Zhang L, et al. Alisol B 23-
acetate, a new promoter for cholesterol efflux from dendritic cells,
alleviates dyslipidemia and inflammation in advanced atherosclerotic
mice. Int Immunopharmacol 2021;99:107956.

Alberts Grill N, Denning TL, Rezvan A, Jo H. The role of the
vascular dendritic cell network in atherosclerosis. Am J Physiol Cell
Physiol 2013;305:C1-21.

Ait Oufella H, Sage AP, Mallat Z, Tedgui A. Adaptive (T and B cells)
immunity and control by dendritic cells in atherosclerosis. Circ Res
2014;114:1640—60.

Zhou X, Caligiuri G, Hamsten A, Lefvert AK, Hansson GK. LDL
immunization induces T-cell-dependent antibody formation and
protection against atherosclerosis. Arterioscler Thromb Vasc Biol
2001;21:108—14.

Chyu KY, Reyes OS, Zhao X, Yano J, Dimayuga P, Nilsson J, et al.
Timing affects the efficacy of LDL immunization on atherosclerotic
lesions in apo E~'" mice. Atherosclerosis 2004;176:27—35.
Hansson GK, Nilsson J. Vaccination against atherosclerosis? Induc-
tion of atheroprotective immunity. Semin Immunopathol 2009;31:
95—101.

Habets KL, van Puijvelde GH, van Duivenvoorde LM, van
Wanrooij EJ, de Vos P, Tervaert JW, et al. Vaccination using oxidized
low-density lipoprotein-pulsed dendritic cells reduces atherosclerosis
in LDL receptor-deficient mice. Cardiovasc Res 2010;85:622—30.
Roy P, Orecchioni M, Ley K. How the immune system shapes
atherosclerosis: roles of innate and adaptive immunity. Nat Rev
Immunol 2022;22:251—65.

Ovchinnikova OA, Berge N, Kang C, Urien C, Ketelhuth DF,
Pottier J, et al. Mycobacterium bovis BCG killed by extended freeze-
drying induces an immunoregulatory profile and protects against
atherosclerosis. J Intern Med 2014;275:49—58.


http://refhub.elsevier.com/S2211-3835(24)00486-6/sref78
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref78
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref78
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref78
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref78
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref79
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref79
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref79
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref80
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref80
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref80
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref80
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref80
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref81
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref81
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref82
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref82
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref82
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref83
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref83
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref83
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref84
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref84
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref84
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref84
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref84
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref85
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref85
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref85
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref85
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref85
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref86
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref86
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref86
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref86
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref86
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref87
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref87
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref87
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref88
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref88
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref88
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref88
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref88
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref88
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref89
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref89
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref90
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref90
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref90
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref90
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref91
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref91
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref91
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref91
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref92
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref92
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref93
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref93
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref93
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref93
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref93
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref94
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref94
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref94
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref94
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref95
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref95
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref95
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref95
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref95
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref96
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref96
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref96
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref97
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref97
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref97
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref97
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref98
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref98
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref98
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref99
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref99
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref99
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref100
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref100
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref100
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref101
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref101
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref101
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref102
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref102
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref102
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref102
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref103
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref103
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref103
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref104
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref104
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref104
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref104
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref104
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref105
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref105
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref105
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref106
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref106
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref107
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref107
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref107
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref107
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref107
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref107
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref107
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref108
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref108
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref108
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref108
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref108
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref109
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref109
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref109
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref109
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref110
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref110
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref110
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref110
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref111
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref111
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref111
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref111
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref112
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref112
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref112
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref113
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref113
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref113
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref113
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref114
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref114
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref114
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref114
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref115
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref115
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref115
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref115
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref116
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref116
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref116
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref116
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref116
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref117
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref117
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref117
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref117
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref117
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref117
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref118
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref118
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref118
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref118
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref119
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref119
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref119
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref119
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref119
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref120
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref120
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref120
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref120
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref121
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref121
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref121
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref121
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref121

808

Zhaohui Li et al.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Ait Oufella H, Horvat B, Kerdiles Y, Herbin O, Gourdy P, Khallou
Laschet J, et al. Measles virus nucleoprotein induces a regulatory
immune response and reduces atherosclerosis in mice. Circulation
2007;116:1707—13.

Cybulsky MI, Cheong C, Robbins CS. Macrophages and dendritic
cells: partners in atherogenesis. Circ Res 2016;118:637—52.

Zhou JJ, Wang YM, Lee VWS, Zhang GY, Medbury H, Williams H,
et al. DEC205-DC targeted DNA vaccine against CX3CR1 protects
against atherogenesis in mice. PLoS One 2018;13:¢0195657.
Yoshimatsu H, Kataoka K, Fujihashi K, Miyake T, Ono Y. A nasal
double DNA adjuvant system induces atheroprotective [gM antibodies
via dendritic cell-B-1a B cell interactions. Vaccine 2022:40:1116—27.
Broder A, Chan JJ, Putterman C. Dendritic cells: an important link
between antiphospholipid antibodies, endothelial dysfunction, and
atherosclerosis in autoimmune and non-autoimmune diseases. Clin
Immunol 2013;146:197—206.

Xu W, Zhu R, Zhu Z, Yu K, Wang Y, Ding Y, et al. Interleukin-27
ameliorates atherosclerosis in ApoE ™ mice through regulatory T
cell augmentation and dendritic cell tolerance. Mediators Inflamm
2022;2022:2054879.

Mizoguchi T, Kasahara K, Yamashita T, Sasaki N, Yodoi K,
Matsumoto T, et al. Oral administration of the lactic acid bacterium
Pediococcus acidilactici attenuates atherosclerosis in mice by
inducing tolerogenic dendritic cells. Heart Vessels 2017;32:768—76.
Gil Pulido J, Zernecke A. Antigen-presenting dendritic cells in
atherosclerosis. Eur J Pharmacol 2017;816:25—31.

Lin B, Xie W, Zeng C, Wu X, Chen A, Li H, et al. Transfer of
exosomal microRNA-203-3p from dendritic cells to bone marrow-
derived macrophages reduces development of atherosclerosis by
downregulating Ctss in mice. Aging (Albany NY) 2021;13:15638—58.
Vestweber D, Blanks JE. Mechanisms that regulate the function of
the selectins and their ligands. Physiol Rev 1999;79:181—213.

Ye Z, Zhong L, Zhu S, Wang Y, Zheng J, Wang S, et al. The
P-selectin and PSGL-1 axis accelerates atherosclerosis via activation
of dendritic cells by the TLR4 signaling pathway. Cell Death Dis
2019;10:507.

Stihli BE, Tardif JC, Carrier M, Gallo R, Emery RW, Robb S, et al.
Effects of P-selectin antagonist inclacumab in patients undergoing
coronary artery bypass graft surgery: SELECT-CABG trial. J Am
Coll Cardiol 2016;67:344—6.

Cole JE, Georgiou E, Monaco C. The expression and functions of
toll-like receptors in atherosclerosis. Mediators Inflamm 2010;2010:
393946.

Yang M, Tian S, Lin Z, Fu Z, Li C. Costimulatory and coinhibitory
molecules of B7-CD28 family in cardiovascular atherosclerosis: a
review. Medicine (Baltimore) 2022;101:¢31667.

Dietel B, Muench R, Kuehn C, Kerek F, Steinkasserer A,
Achenbach S, et al. MCS-18, a natural product isolated from Hel-
leborus purpurascens, inhibits maturation of dendritic cells in ApoE-
deficient mice and prevents early atherosclerosis progression.
Atherosclerosis 2014;235:263—72.

Kuehn C, Tauchi M, Stumpf C, Daniel C, Béuerle T, Schwarz M,
et al. Suppression of proatherogenic leukocyte interactions by MCS-

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

18—impact on advanced atherosclerosis in ApoE-deficient mice.
Atherosclerosis 2016;245:101—10.

Huang D, Gao W, Lu H, Qian JY, Ge JB. Oxidized low-density li-
poprotein stimulates dendritic cells maturation via LOX-1-mediated
MAPK/NF-«B pathway. Braz J Med Biol Res 2021;54:¢11062.

Lin W, Wang W, Wang D, Ling W. Quercetin protects against
atherosclerosis by inhibiting dendritic cell activation. Mol Nutr Food
Res 2017;61:1700031.

Li Y, Li Y, Yang T, Wang M. Dioscin attenuates oxLDL uptake and
the inflammatory reaction of dendritic cells under high glucose
conditions by blocking p38 MAPK. Mol Med Rep 2020;21:304—10.
Su W, Sun AJ, Xu DL, Zhang HQ, Yang L, Yuan LY, et al. Inhibiting
effects of total saponins of Panax ginseng on immune maturation of
dendritic cells induced by oxidized-low density lipoprotein. Cell
Immunol 2010;263:99—104.

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:¢149741.

Frodermann V, van Puijvelde GH, Wierts L, Lagraauw HM,
Foks AC, van Santbrink PJ, et al. Oxidized low-density lipoprotein-
induced apoptotic dendritic cells as a novel therapy for atheroscle-
rosis. J Immunol 2015;194:2208—18.

Kong P, Cui ZY, Huang XF, Zhang DD, Guo RJ, Han M. Inflam-
mation and atherosclerosis: signaling pathways and therapeutic
intervention. Signal Transduct Target Ther 2022;7:131.

Frostegard J, Zhang Y, Sun J, Yan K, Liu A. Oxidized low-density
lipoprotein (OxLDL)-treated dendritic cells promote activation of T
cells in human atherosclerotic plaque and blood, which is repressed
by statins: microRNA let-7¢ is integral to the effect. J Am Heart
Assoc 2016;5:e003976.

Nissen SE, Menon V, Nicholls SJ, Brennan D, Laffin L, Ridker P,
et al. Bempedoic acid for primary prevention of cardiovascular
events in statin-intolerant patients. JAMA 2023;330:131—40.

Liu A, Frostegird J. PCSK9 plays a novel immunological role in
oxidized LDL-induced dendritic cell maturation and activation of T
cells from human blood and atherosclerotic plaque. J Intern Med
2018;284:193—210.

Zhang Y, Chen H, Hong L, Wang H, Li B, Zhang M, et al. Inclisiran:
a new generation of lipid-lowering siRNA therapeutic. Front Phar-
macol 2023;14:1260921.

Takeda M, Yamashita T, Sasaki N, Hirata K. Dendritic cells in
atherogenesis: possible novel targets for prevention of atheroscle-
rosis. J Atheroscler Thromb 2012;19:953—61.

Sigamani A, Gupta R. Revisiting secondary prevention in coronary
heart disease. Indian Heart J 2022;74:431—40.

Libby P, Buring JE, Badimon L, Hansson GK, Deanfield J,
Bittencourt MS, et al. Atherosclerosis. Nat Rev Dis Primers 2019;5:
56.

Sun L, Zhang W, Zhao Y, Wang F, Liu S, Liu L, et al. Dendritic cells
and t cells, partners in atherogenesis and the translating road ahead.
Front Immunol 2020;11:1456.

Chen J, Zhu Y, Wu C, Shi J. Engineering lactate-modulating nano-
medicines for cancer therapy. Chem Soc Rev 2023;52:973—1000.


http://refhub.elsevier.com/S2211-3835(24)00486-6/sref122
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref122
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref122
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref122
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref122
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref123
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref123
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref123
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref124
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref124
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref124
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref125
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref125
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref125
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref125
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref126
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref126
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref126
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref126
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref126
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref127
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref127
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref127
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref127
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref127
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref127
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref128
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref128
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref128
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref128
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref128
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref129
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref129
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref129
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref130
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref130
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref130
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref130
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref130
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref131
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref131
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref131
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref132
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref132
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref132
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref132
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref133
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref133
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref133
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref133
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref133
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref134
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref134
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref134
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref135
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref135
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref135
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref136
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref136
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref136
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref136
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref136
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref136
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref137
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref137
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref137
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref137
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref137
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref137
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref138
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref138
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref138
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref139
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref139
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref139
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref140
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref140
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref140
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref140
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref141
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref141
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref141
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref141
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref141
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref142
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref142
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref142
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref143
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref143
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref143
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref143
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref143
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref144
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref144
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref144
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref145
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref145
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref145
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref145
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref145
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref146
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref146
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref146
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref146
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref147
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref147
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref147
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref147
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref147
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref148
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref148
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref148
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref149
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref149
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref149
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref149
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref150
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref150
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref150
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref151
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref151
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref151
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref152
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref152
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref152
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref153
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref153
http://refhub.elsevier.com/S2211-3835(24)00486-6/sref153

	Dendritic cells immunotargeted therapy for atherosclerosis
	1. Introduction
	2. Role of dendritic cells in atherosclerosis
	2.1. Biological characteristics of dendritic cells
	2.2. Immune responses in atherosclerosis
	2.3. Dendritic cells in atherosclerosis
	2.3.1. Activation mechanism of dendritic cells in atherosclerosis
	2.3.2. The role of DCs in the inflammatory response of atherosclerosis
	2.3.3. Dendritic cells regulate T lymphocytes
	2.3.4. Association of DCs with macrophages, smooth muscle cells, and endothelial cells in atherosclerosis

	2.4. The role of dendritic cell subpopulations in atherosclerosis

	3. Dendritic cells immunotherapy for atherosclerosis
	3.1. DC vaccine strategies
	3.2. Induction of “tolerogenic” DCs
	3.3. Suppress immune and inflammatory responses
	3.4. Inhibition of DC maturation
	3.5. DCs targeted delivery
	3.6. Other treatments and targets

	4. Conclusions and future prospects
	Author contributions
	Conflicts of interest
	Conflicts of interest
	Acknowledgments
	References


