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Abstract
The vascular wall maintains structural integrity, regulates blood flow, and supports tissue
functions  and  homeostasis.  Evidence  also  shows  that  its  structural  cells  participate  in
immune  sensing,  inflammation  and  tissue  remodeling.  Vascular  endothelial  cells  (ECs),
vascular smooth muscle cells (VSMCs), and lymphatic endothelial cells (LECs) encounter
different  combinations  of  inflammatory,  metabolic,  mechanical,  microbial,  tissue  and
intracellular immune-derived signals. We propose here that their anatomical locations and
cell-intrinsic  programs shape distinct,  context-dependent  immune functions  of  vascular
structural cell types. ECs act as immune communicators at the blood-tissue interface. In
response to inflammatory cues, they produce cytokines and chemokines, express adhesion
molecules,  regulate  vascular  permeability,  and  direct  leukocyte  recruitment.  VSMCs
respond  to  persistent  vessel  wall  stress  through  phenotypic  plasticity,  secretomes  and
transdifferentiation,  adopting cell  states that  may support  repair  and plaque stability  or
contribute to fibrosis, calcification, and disease progression. LECs combine innate sensing
with regulation of immune cell trafficking, antigen handling, peripheral tolerance, adaptive
immune  responses,  and  fluid  balance.  Single-cell  transcriptomic  studies  also  identify
immune-associated  signatures  in  other  vascular  structural  cell  populations,  including
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fibroblasts and pericytes. However, these populations remain candidates whose immune functions require spatial
lineage-resolved and functional validation. Together, ECs, VSMCs, and LECs illustrate complementary ways in which
structural cells contribute to vascular immune regulation. Defining the novel mechanisms and disease contexts of
these responses may reveal opportunities to moderate vascular inflammation and remodeling for development of
new disease therapeutics.

INTRODUCTION
The vascular system has traditionally been regarded as a structural and blood transport network

[1]
 that

maintains tissue perfusion, regulates vascular tone, transports oxygen, nutrients, cytokines
[2]

, secretomes
[3]

,

and hormones, removes waste products such as carbon dioxide, and preserves fluid and metabolic

homeostasis. The vascular wall is composed of endothelial cells (ECs)
[4-6]

, vascular smooth muscle cells

(VSMCs)
[7]

, fibroblasts
[8]

, extracellular matrix, and associated immune cells including monocytes,

macrophages, neutrophils, dendritic cells (DCs), T cells and B cells
[8]

, while a related lymphatic endothelial

network returns interstitial fluid to the circulation and connects peripheral tissues with draining lymph

nodes. Increasing evidence demonstrates that all inflammatory processes are vascular responses with

participation of migrated hematopoietic immune cells
[6]

; and these structural cells such as ECs, VSMCs and

lymphatic endothelial cells (LECs) are not merely passive targets of inflammation: they actively sense

disturbances in tissue homeostasis, initiate immune signaling, communicate with hematopoietic immune

cells, and participate in tissue remodeling
[9]

.

ECs (also termed vascular ECs or blood ECs
[10]

) are among the best-characterized nonhematopoietic innate

immune cells. Positioned at the interface between circulating blood and peripheral tissues, they continuously

encounter microbial products, circulating metabolites, inflammatory mediators, endogenous danger signals,

and hemodynamic forces, and express multiple classes of pattern-recognition receptors including receptors

for pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns

(DAMPs)
[11-14]

 that allow them to activate cytokines, chemokines, secretomes
[3]

, adhesion molecules,

inflammasomes, and trained-immunity programs
[15,16]

. These findings established ECs as environment-

supporting innate immune cells and expanded the traditional leukocyte-centered definition of innate

immunity
[4,5,15,17,18]

. Building on this, our own work has shown that vascular tissues and ECs undergo broad

immune and metabolic reprogramming in response to cardiovascular risk factors and pathological stress,

including in diseased aortas that upregulate secreted mediators capable of promoting immune- and vascular-

cell activation and transdifferentiation
[3,19]

. The dominant immune consequence of this activation is

communication: activated ECs rapidly produce cytokines, chemokines, secretomes
[3]

, lipid mediators, and

extracellular vesicles, increase adhesion molecules, direct leukocyte recruitment and transendothelial

migration
[20]

, translating changes in the blood and surrounding tissue into coordinated inflammatory

responses.
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VSMCs occupy the medial vessel wall layers and are exposed to a different but overlapping set of stresses,

including oxidized lipids, uremic toxins, oxidative and endoplasmic-reticulum stress, altered extracellular

matrix, and mechanical forces. They express innate immune genes and produce cytokines and chemokines,

but their most distinctive response to persistent stress is extensive cellular plasticity: during atherosclerosis,

aneurysm formation, restenosis , and vascular calci f icat ion, contract i le VSMCs can acquire

synthetic/proliferative, mesenchymal, macrophage-like, foam cell-like, fibroblast-like, osteogenic,

chondrogenic/osteogenic states and adipocytes
[21]

. Our previous integration of transcriptomic datasets across

these disease models proposed that VSMCs possess transdifferentiation potential toward as many as 25 cell

types or states, linking innate immune activation directly to this phenotypic diversification
[7,22]

.

LECs represent a third form of vascular immune specialization. Traditionally regarded as passive conduits

for tissue-fluid drainage, they are now recognized as active sensors and regulators of immune responses,

expressing innate immune receptors such as Toll-like receptors
[23]

, immune checkpoints (programmed cell

death ligand 1, PD-L1, CD274)
[24,25]

 and interferon receptors
[24]

, remodeling lymphatic junctions, inducing

immune tolerance via PD-L1
[25]

, scavenging and archiving antigens
[26]

, cross presenting antigens and priming

CD8
+
 T cells

[27]
, controlling DC and lymphocyte migration through C-C chemokine motif ligand 21

(CCL21)- C-C motif chemokine receptor 7 (CCR7) guidance
[28]

 and functioning in periaortic lymphatic

vessels to protect thoracic aortic dissection
[29]

. Beyond trafficking, compared with blood endothelial cells
[10]

,

lymph node LECs respond to tissue inflammation DAMPs/PAMPs via transcriptomic reprogramming
[30]

,

acquire antigen-presentation machinery from DCs
[31]

, contribute to peripheral tolerance
[25]

, and can archive

and transfer antigens
[26]

 for extended presentation to migratory dendritic cells—including through

specialized transcriptional programs that generate long-lived, memory-like CD8
+
 T cells

[32,33]
.

These findings suggest that vascular structural cells should not be viewed as executing identical immune

programs. Although they share the innate immune sensor ability to detect disturbances in tissue

homeostasis, their dominant signals and outputs as innate immune effectors are shaped by anatomical

niches
[34]

: ECs at the blood-tissue interface primarily coordinate inflammatory communication and leukocyte

recruitment; VSMCs within the vessel wall translate persistent stress into cellular plasticity/trans-

differentiation and structural remodeling; and LECs at the tissue-lymph-lymph-node interface use innate

sensing, innate immune effectors and antigen handling to regulate adaptive immunity. This raises a

fundamental question: why do neighboring vascular cell types, often exposed to overlapping DAMP/PAMP

signals, generate such different immune outputs?

In this review, we propose a new unified framework of immune specialization within the vascular wall to

address this question — discussing vascular ECs as specialized immune communicators, VSMCs as

structural immune effectors whose dominant strategy is cellular plasticity and transdifferentiation, and LECs

as innate immune structural cells specialized in adaptive immune regulation. Rather than emphasizing only

the shared sensing pathways of these populations, we focus on how anatomical locations, tissue and

functional cues and cell-intrinsic/differentiation programming generate distinct biological outputs. This

framework integrates rapid inflammatory communication, long-term vessel-wall remodeling, and adaptive

immune regulation, and may help identify cell- and context-specific therapeutic strategies for cardiovascular,

cerebrovascular, and inflammatory diseases.

NEW IMMUNE FUNCTIONS OF VASCULAR STRUCTURAL CELLS: ESTABLISHED EVIDENCE
AND EMERGING CANDIDATES
Vascular structural cells contribute to immune regulation while retaining their physiological roles in tissue

organization and homeostasis. In this review, we use “structural cells with innate immune functions” to
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describe non-hematopoietic cells that can sense microbial or tissue-derived danger signals and produce an

immune response. Previously, we extensively characterized the responses triggered by immune cells
[22]

. These

responses include cytokine or chemokine production, regulation of leukocyte recruitment, antimicrobial

activity or changes in barrier function. Antigen handling and presentation provide additional evidence of

immune regulation in some populations. The strength of a claim depends on the evidence available:

expression of an immune-associated gene suggests a potential function, whereas cell-specific experiments

that demonstrate an immune outcome provide stronger support. These functions can also depend on tissue

locations and disease states; they do not necessarily make a structural equivalent to a leukocyte. ECs, VSMCs

and LECs provide the strongest evidence among all vascular cell types for the framework proposed here. We

discuss the supporting evidence for each population in detail below.

Single-cell RNA sequencing (scRNA-seq) studies of diseased vessels (in humans and mice) have identified

additional structural populations and cell states, including fibroblast, pericyte, mesothelial, and neural-

associated clusters, as well as proliferative VSMC and fibromyocyte populations
[8,35-40]

. Analysis of genes

enriched in each cell population recovered established cell-type markers [Table 1] supporting the accuracy of

the scRNA-seq cell annotations and illustrating this technique as a powerful tool to understand the

transcriptome of each cell population. While these scRNA-seq datasets reveal cellular heterogeneity, it also

enables us to identify immune-associated transcriptional programs in each cell population. They do not, by

themselves, establish that every identified population is a distinct innate immune cell type. Interpretation of

immune-related transcripts requires particular care in diseased vessels. Ambient RNA released from

disrupted cells, contamination by infiltrating leukocytes, and doublets containing both structural cells and

leukocytes can introduce misleading immune cell-associated signals. Disease-associated phenotypic

transitions can also blur the distinction between cell identity and cell state. Therefore, findings from scRNA-

seq require further functional validation through additional experiments that establish spatial localization,

cell lineage, and immune functions of the above-mentioned cells.

In the RNA-seq analysis, fibromyoblasts and VSMCs were identified as distinct cell populations,

emphasizing the need to distinguish a cell state from a separate cell type. During vascular disease, VSMCs

can lose aspects of their contractile phenotype and acquire proliferative, extracellular matrix-producing, or

inflammatory features. In atherosclerotic lesions, lineage and perturbation studies have provided evidence

for VSMC-derived fibromocytes and their contribution to the fibrous cap
[41]

. These findings establish the

importance of VSMC plasticity in vascular remodeling, but fibromyocyte identity or expression of

inflammatory genes alone does not demonstrate a distinct innate immune function. Similarly, proliferative

VSMCs are best described here as a disease-associated VSMC state rather than an additional stable structural

cell class.

The cell populations, other than ECs, VSMCs and LECs, are best described as emerging candidates for

structural cells with innate immune functions. These cell populations have shown immune-related gene

expression signatures in response to various disease conditions and stresses such as Coronavirus disease 2019

(COVID-19)
[ 1 5 ]

,  c igarette  smoke  exposure
[ 4 2 - 4 4 ]

,  hyperl ipidemia
[ 4 5 - 4 8 ]

,  hyperglycemia
[ 4 9 ]

,

hyperhomocysteinemia
[50-53]

, metabolic syndrome
[54,55]

, obesity
[47,56,57]

 and chronic kidney disease (CKD) or

end-stage renal disease
[16,58-63]

. These findings suggest possible immune-related roles for some structural cells

but do not, on their own, establish immune functions. Fibroblasts can perform immune-related functions,

including danger sensing, mediator production and leukocyte regulation, although the extent to which

findings from other tissues apply to specific vascular fibroblast populations needs to be defined
[64]

. Pericytes

have been reported to respond to inflammatory stimuli and influence immune cell trafficking, but their

functions require further cell-specific testing in vascular disease settings
[65]

. Evidence that mesothelial cells

regulate inflammation comes largely from serosal tissues that should not be taken as direct evidence for an
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Table 1. Single-cell RNA sequencing identified new cell types and cell clusters in the vasculature in pathological conditions

Category Cell population Reported markers or features Reference

Structural Fibroblasts COL1A2+; PDGFRA+; APOE+; APOE+CXCL14+; COL3A1+SFRP2+ populations [35]

Structural Endothelial cells
ACE+CD34+CD93+ cells; clusters characterized by FABP4, CYTL1, or MMRN1, among other
markers

[8,36]

Structural VSMCs
ADK+ inflammatory VSMCs; NR1H3+ VSMCs; VSMCs associated with ATF3 suppression;
clusters characterized by TNS1, MYL9, GPX3, CD52, or F13A1, among other markers

[36-39]

Structural Proliferating VSMCs Proliferating smooth muscle cell cluster expressing MGP, TPM4, and MYH10 [40]

Structural Fibromyocytes Contractile genes ACTA2 and MYL9; extracellular matrix genes COL1A2 and COL8A1 [40]

Structural Pericytes WIF1+; CHAD+; SULT1D1+ populations [36]

Structural Mesothelial cells NKAIN4+; IGFBP5+; CD248+ populations [36]

Structural Neural cells KCNA1+; PLP1+; MYL1+ populations [36]

Immune Proliferating immune cells MKI67; STMN1 [8]

Immune Dendritic cells ITGAX; FLT3 [8]

Immune Macrophages CD68; FCGR1; CCR5; ADGRE1 [8]

Immune Monocytes CD14; CD11B; CSF1R [8]

Immune B cells CD79A; CD19; IGHD [8]

Immune T cells CD3E; TRBC1; TRBC2 [8]

Immune Neutrophils FCGR3; LY6G [8]

VSMCs: Vascular smooth muscle cells; +indicates positive expression of the indicated marker; consecutive markers with “+” indicate co-expression.
Numbers in parentheses refer to the corresponding references in the manuscript. ACE: angiotensin I-converting enzyme; ACTA2: actin alpha 2:
smooth muscle; ADGRE1: adhesion G protein-coupled receptor E1; ADK: adenosine kinase; APOE: apolipoprotein E; ATF3: activating transcription
factor 3; CCR5: C-C motif chemokine receptor 5; CHAD: chondroadherin; COL1A2: collagen type I alpha 2 chain; COL3A1: collagen type III alpha 1
chain; COL8A1: collagen type VIII alpha 1 chain; CSF1R: colony stimulating factor 1 receptor; CXCL14: C-X-C motif chemokine ligand 14; CYTL1:
cytokine like 1; F13A1: coagulation factor XIII A chain; FABP4: fatty acid binding protein 4; FCGR1: Fc gamma receptor I; FCGR3: Fc gamma receptor
III; FLT3: fms related receptor tyrosine kinase 3; GPX3: glutathione peroxidase 3; IGFBP5: insulin like growth factor binding protein 5; IGHD:
immunoglobulin heavy constant delta; ITGAX: integrin subunit alpha X; KCNA1: potassium voltage-gated channel subfamily A member 1; LY6G:
lymphocyte antigen 6 family member G; MGP: matrix Gla protein; MKI67: marker of proliferation Ki-67; MMRN1: multimerin 1; MYH10: myosin
heavy chain 10; MYL1: myosin light chain 1; MYL9: myosin light chain 9; NKAIN4: sodium/potassium transporting ATPase interacting 4; NR1H3:
nuclear receptor subfamily 1 group H member 3; PDGFRA: platelet derived growth factor receptor alpha; PLP1: proteolipid protein 1; SFRP2: secreted
frizzled related protein 2; STMN1: stathmin 1; SULT1D1: sulfotransferase family 1D member 1; TPM4: tropomyosin 4; TRBC1/TRBC2: T cell receptor
beta constant 1/2; TNS1: tensin1; WIF1: WNT inhibitory factor 1.

equivalent function with the vessel wall
[66]

. Neural-associated cells have been detected in vascular single-cell

datasets, and broader neuroimmune research than previous ones provides reasons to investigate them

further
[36,67-69]

. Evidence of immune functions of structural vascular cells is summarized in Table 2. Their

vascular-specific immune functions, however, remain uncertain. Findings concerning microglia, which are

innate immune cells, cannot establish an innate immune identity for vascular neural cells.

Together, these observations support ECs, VSMCs and LECs as examples of structural cells with context-

dependent immune functions. The immune roles of other structural cell populations remain less established

and require validation through cell-specific functional assays and in vivo experiments. The following sections

examine how ECs, VSMCs, and LECs contribute to vascular immune regulation.

ECs ARE SPECIALIZED IMMUNE COMMUNICATORS
In 2013, we proposed a new concept that ECs can function as conditional innate immune cells

[4,5,9]
. This

concept was based on evidence that ECs perform several innate immune functions associated with innate

immune cells such as macrophages
[4]

, including sensing PAMPs/DAMPs, producing cytokines, regulating

leukocyte recruitment and in some contexts, participating in antigen presentation and immune tolerance
[19,20]

.

Subsequent studies by our group and others have reported endothelial immune responses under
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Table 2. Reported evidence indicating immune functions of vascular structural cell populations and related cell states

Cell population or state
Immune-associated
feature

Supporting
evidence type

Disease context Remaining uncertainty

ECs

Sense inflammatory and
danger signals; produce
cytokines and chemokines;
regulate adhesion,
permeability, and leukocyte
recruitment

Receptor and signaling
studies, cell-specific
experiments, and
functional vascular
studies[11-20]

Vascular inflammation,
hyperlipidemia, and
other cardiovascular
stresses

Which responses are
shared across vascular
beds, and which depend on
disease context?

VSMCs

Produce inflammatory
mediators and adopt altered
phenotypes during vessel-
wall injury

Single-cell profiling,
experimental
perturbation, and
lineage studies[7,22,37-41]

Atherosclerosis,
aneurysm, restenosis,
and calcification

Which immune-associated
programs directly change
immune-cell behavior
rather than accompany
structural remodeling?

LECs
Regulate immune-cell
trafficking, antigen handling,
and peripheral tolerance

Receptor and antigen-
handling studies, cell-
specific experiments,
and functional
studies[23-30,32,33]

Tissue inflammation,
lymph nodes, and
periaortic lymphatics

How well do findings from
lymph node LECs extend to
vascular-associated
lymphatics and specific
diseases?

Fibroblasts

Can sense danger signals and
produce inflammatory
mediators that influence
leukocyte recruitment

Vascular single-cell
profiles[35]; functional
evidence primarily
from fibroblasts in
other tissues[64]

Aneurysmal aorta;
infection and tissue
injury in broader
fibroblast literature

Direct, cell-specific
evidence for these
functions in vascular-wall
fibroblasts is limited

Pericytes

Express inflammatory
receptors and adhesion
molecules; may influence
immune-cell trafficking

Vascular cell
identification by single-
cell profiling[36];
broader functional
literature summarized
in[65]

Vascular inflammation
and tumor-associated
vessels

Their contribution to
immune responses needs
direct testing in defined
vascular disease models

Mesothelial cells
Interact with immune cells
and participate in
inflammatory responses

Cell identification by
single-cell profiling[36];
functional evidence
from serosal tissues[66]

Serosal injury,
infection, and
mesothelioma

Whether mesothelial cells
associated with vascular
samples have comparable
functions remains unclear

Vascular-associated neural cells
May detect inflammatory
signals and communicate
with immune cells

Vascular single-cell
identification[36];
functional evidence
largely from other
neural settings[67-69]

Vascular samples;
infection and
neuroinflammation in
other tissues

Vascular-specific neural
immune functions have not
been established by the
cited evidence

Proliferative VSMCs-VSMC state

Express proliferation and
synthetic-state markers; may
coexist with inflammatory
remodeling

Single-cell
identification of a
proliferating smooth
muscle cell cluster[40]

Vascular remodeling

Proliferation alone does not
establish an immune-
effector function; lineage
and functional studies are
needed

Fibromyocytes—VSMC-derived
state

Acquire fibroblast-like
features during VSMC
phenotypic modulation;
contribute to lesion and
fibrous-cap biology

Single-cell analysis and
VSMC-specific TCF21
perturbation[41]

Mouse and human
atherosclerotic lesions

Their direct immune-
effector role remains
uncertain. Their presence
in a protective fibrous cap
does not show that they
promote disease

ECs, VSMCs, and LECs are the principal populations examined in this review. Other populations remain emerging candidates; proliferative VSMCs
and fibromyocytes are VSMC-associated states rather than independent, stable cell types. Immune-associated transcripts detected by single-cell
RNA sequencing alone do not establish immune function. VSMCs: Vascular smooth muscle cells; ECs: vascular endothelial cells; LECs: lymphatic
endothelial cells; TCF21: Transcription Factor 21.

inflammatory and cardiometabolic stresses, including exposure to cigarette smoke, hyperlipidemia,

hyperglycemia, and hyperhomocysteinemia [Figures 1 and 2]
[6,15,17,18]

.

Different forms of stress engage distinct endothelial inflammatory pathways. For example, PAMPs and

DAMPs can engage pattern recognition pathways, while metabolic injury can activate inflammasome-

associated signaling. In experimental models, endothelial caspase-1 activation has been linked to

inflammatory responses via the release of initial cytokines and secretomes in a gasdermin D-dependent
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Figure 1. Endothelial sensing of vascular stress and coordination of inflammatory responses. Hypertension, hyperlipidemia, hyperglycemia,
damage-associated molecular patterns (DAMPs), and pathogen-associated molecular patterns (PAMPs) stimulate endothelial immune
responses. The enlarged endothelial cell illustrates intracellular compartments involved in stress sensing, and signaling, including
mitochondria, the endoplasmic reticulum (ER), lysosomes/ endosomes, and the cytosol. Activation of these pathways promotes cytokine
and chemokine production, contributing to downstream vascular inflammation. The schematic also depicts vascular structural cells
associated cell populations to provide anatomical context; their inclusion does not imply equivalent or established innate immune
functions.

Figure 2. Mitochondrial dysfunction and innate immune signaling in endothelial inflammation. Lifestyle exposures, including smoking,
alcohol consumption, and an unhealthy diet, together with microbial DNA and pathogen-associated molecular patterns (PAMPs), can
activate endothelial stress responses. Mitochondrial dysfunction reduces adenosine triphosphate (ATP) production and promotes
mitochondrial DNA (mtDNA) leakage into the cytosol. Cytosolic DNA activates the cyclic GMP-AMP synthase (cGAS)-stimulator of
interferon genes (STING) pathway through cyclic GMP-AMP (cGAMP), engaging TANK binding kinase 1 (TBK1) and interferon regulatory
factor 3 (IRF3) to induce type 1 interferons and inflammatory responses. The schematic also illustrates immune checkpoint signaling,
organelle-associated immune responses, trained immunity or tolerance, and changes in endothelial plasticity and angiogenesis as context-
dependent components of endothelial immune regulation.
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manner during early hyperlipemia and to impaired vascular repair
[45,70-72]

. Further, secondary inflammatory

cytokines activate transcriptional programs, including nuclear factor kappa-light-chain-enhancer of activated

B cells (NF-κB) signaling, that increase the expression of adhesion molecules and inflammatory mediators.

Hemodynamic forces modify this response
[73,74]

. Laminar shear stress induces Krüppel-like Factor 2 (KLF2), a

transcription factor that restrains cytokine-induced endothelial activation, whereas disturbed flow is

associated with increased adhesion molecule expression and leukocyte adhesion. Thus, the same

inflammatory cue may produce different endothelial responses depending on the local flow environment
[75]

.

Organelle stress can also shape endothelial immune signaling. Mitochondrial reactive oxygen species (ROS)

have been shown to promote NF-κB-dependent Intercellular Adhesion Molecule 1 (ICAM-1) expression and

leukocyte adhesion in experimental EC models. Our studies further identified a role for mitochondrial ROS

in lysophosphatidylcholine-induced EC activation and showed that suppression of ROS-associated histone

H3 lysine 14 (H3K14) acetylation reduces endothelial activation
[48,76-78]

. Endoplasmic reticulum stress and

metabolic reprogramming may further modify these responses
[16,79,80]

. These observations support the view

that organelles influence endothelial immunity through identifiable signaling and transcriptional pathways,

rather than acting as interchangeable immune sensors
[81]

.

DNA sensing pathways provide another route in specific disease settings. When mitochondrial injury leads

to the release of mitochondrial DNA, cytosolic Cyclic GMP-AMP synthase (cGAS)- stimulator of interferon

genes (STING) signaling activates interferon regulatory factor 3 (IRF3) and NF-κB and increases endothelial

inflammatory gene expression. Endothelial expression of a STING gain-of-function mutation has also been

linked to pulmonary lymphocytic infiltration
[82]

. In experimental models of diabetes, hyperglycemia triggered

mitochondrial DNA release and activated cGAS-STING signaling, contributing to aortic endothelial

injury
[83]

. These findings support a role for STING in particular forms of vascular inflammation, but its

activation should not be assumed to explain all endothelial responses to stress. Metabolic signals may act

through other mechanisms: for example, experimental work has linked succinate- succinate receptor 1

(SUCNR1) signaling to a hypoxia-inducible factor 1-alpha (HIF-1α)/interleukin-1b (IL-1b) inflammatory

programs in ECs. The importance of this pathway across vascular beds and disease contexts remains to be

established
[84]

.

Among 14 innate immune functions outlined in Table 5A of our recent paper
[22]

, one of the most significant

innate immune functions identified in ECs is trained immunity (also termed innate immune memory for

inflammation enhancement)
[5,9,16,85]

. We reported for the first time that proinflammatory cytokine TNF-a

production will be significantly increased when human aortic endothelial cells are first primed by beta-

glucan and further activated by gut microbiota-generated uremic toxin trimethylamine N-oxide (TMAO)
[16]

.

Trained immunity is a new mechanism underlying inflammatory synergy between various disease risk

factors and chronic inflammation stimulated with consistent presence of disease risk factors via metabolic

reprogramming and epigenetic memory.

Although ECs can undergo phenotypic remodeling, including endothelial-to-mesenchymal transition under

pathological conditions
[86]

, their dominant immune response is the rapid dissemination and coordination of

inflammatory information. This communication-centered strategy distinguishes them from neighboring

VSMCs, whose response to persistent inflammatory and metabolic stress is characterized more prominently

by extensive cellular plasticity and long-term vessel-wall remodeling. We therefore propose that

inflammatory communication represents the defining immune specialization of vascular ECs, reflecting their

anatomical position and their capacity to coordinate leukocyte recruitment, vascular permeability, and

immune interactions within the vascular microenvironment
[87]

.
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VSMCS ARE SPECIALIZED STRUCTURAL IMMUNE EFFECTORS
Beyond contractility: VSMCs as dynamic immune structural cells

VSMCs have traditionally been defined by their contractile function in regulating vascular tone and

supporting vessel-wall structure. This view has expanded considerably with evidence that VSMCs actively

sense inflammatory, metabolic, and mechanical disturbances and participate directly in vascular immune

responses. VSMCs respond to DAMPs and cardiovascular risk factors—including oxidized lipids, CKD-

derived uremic toxins
[61]

, hyperglycemia, hyperhomocysteinemia, inflammatory cytokines, and altered

mechanical forces—by activating innate immune genes, cytokine and chemokine pathways, secretomes,

adhesion molecules, stress-response systems, and cell-death programs. These properties support their

classification as tissue-resident innate immune structural cells rather than passive cellular targets of vascular

inflammation
[7,22]

.

VSMCs can produce inflammatory mediators and communicate with neighboring cells; therefore, their

immune behavior should not be portrayed as entirely separate from endothelial inflammatory

communication. However, their most distinctive response to persistent vascular stress is the extensive

reprogramming of cellular identity. In contrast to ECs, whose dominant immune output is the rapid

coordination of leukocyte recruitment and intercellular signaling, VSMCs frequently translate innate

immune activation into transcriptional, metabolic, and phenotypic remodeling. We propose that this

capacity for cellular plasticity represents the defining immune strategy of VSMCs.

Cellular plasticity and pathological transdifferentiation are the dominant immune responses

Mature VSMCs are not terminally fixed in a contractile state. During atherosclerosis, aneurysm formation
[34]

,

vascular calcification, restenosis, and other chronic vascular disorders, they can reduce expression of

canonical contractile markers and acquire diverse phenotypes, including synthetic, mesenchymal,

macrophage-like, foam cell-like, fibroblast-like, osteogenic, chondrogenic states and adipocytes
[7,21]

. These

transitions alter extracellular-matrix production, lipid handling, inflammatory signaling, proliferation,

migration, calcification, and tissue mechanics. Their consequences are context-dependent: some VSMC-

derived states may support repair or plaque stabilization, whereas others promote fibrosis, calcification,

vessel-wall weakening, or disease progression.

Previously, we integrated transcriptomic data from atherosclerotic and abdominal aortic aneurysm models

with datasets from DAMP-stimulated mouse and human VSMCs. We found stage-dependent waves of

innate immune activation and proposed that VSMCs possess transdifferentiation potential toward as many

as 25 cellular states. The associated programs included innate immune genes, cytokines and chemokines,

adhesion and plasma-membrane proteins, nuclear stress-sensing pathways, transcription factors, cell-death

pathways, and regulators of trained immunity. Our published new working model therefore links innate

immune activation directly with VSMC phenotypic diversification and pathological transdifferentiation

rather than treating inflammation and plasticity as unrelated pathological processes such as neointimal

hyperplasia
[7,59,60]

.

This interpretation shifts attention away from cataloging individual VSMC phenotypes. Synthetic,

macrophage-like, osteogenic, fibroblast-like, and other states
[21]

 can instead be viewed as different

manifestations of a common response: reprogramming of VSMC identity under sustained stress. Whereas

ECs primarily disseminate inflammatory information, VSMCs alter themselves and, through those changes,

reshape extracellular-matrix composition, vessel architecture, and local immune interactions. Cellular

plasticity thus provides a mechanistic bridge between innate immune sensing and long-term structural

remodeling of the vascular wall.
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Mechanisms linking immune activation to VSMC reprogramming

VSMC plasticity/transdifferentiation is controlled by interacting transcriptional, epigenetic, metabolic, and

stress-response networks. Inflammatory and metabolic stresses can alter the expression of contractile genes

and activate regulators of alternative cell states. Loss of the contractile program and acquisition of alternative

phenotypes involve lineage-modifying transcription factors such as KLF Transcription Factor 4 (KLF4),

Transcription Factor 21 (TCF21), and RUNX Family Transcription Factor 2 (RUNX2), together with

context-specific inflammatory and developmental regulators. KLF4 is strongly associated with broad

phenotypic modulation
[21]

, including the loss of contractile markers and acquisition of macrophage-like

features in lineage-traced VSMC-derived cells. TCF21 promotes modulation toward fibromyocyte-like states

that contribute to the fibrous cap, whereas RUNX2 directs osteogenic differentiation and vascular

calcification. These examples show that VSMC reprogramming can produce either potentially protective or

maladaptive outcomes, depending on the resulting cell state. These transcription factors operate within

chromatin landscapes shaped by histone-modifying enzymes, pioneer transcription factors, and persistent

inflammatory signaling
[7,88,89]

.

Metabolic and organelle stress further reinforce these transitions
[90,91]

. Mitochondrial dysfunction, ROS,

endoplasmic-reticulum stress, altered substrate utilization and innate immune memory can modify signaling

pathways that regulate VSMC gene expression. For example, oxidative stress has been shown to promote

VSMC calcification through phosphoinositide 3-kinase (PI3K)-protein kinase B (AKT)-dependent

regulation of RUNX2. Mechanical cues such as pressure, stiffness, stretch, and altered flow also influence

VSMC phenotype, linking local vessel-wall mechanics to inflammatory and developmental gene programs.

These processes should not be considered isolated pathways; together they form an integrated

reprogramming network through which VSMCs interpret persistent injury and adopt context-dependent

cellular states. Whether particular states persist after the initiating stimulus has resolved, and whether this

persistence reflects innate immune memory, requires further investigation
[92]

.

Human vein transcriptomic studies provide clinical evidence that immune activation and structural

remodeling occur together during chronic systemic disease. Previously, we compared native upper-extremity

veins from 48 patients with advanced CKD/end-stage renal disease with veins from 20 non-CKD donors.

CKD altered 1,290 transcripts and increased expression of cytokine and chemokine genes, canonical and

noncanonical secretomes, innate immune-response genes, and plasma-membrane proteins associated with

intercellular communication. These immune changes occurred alongside endoplasmic-reticulum and

mitochondrial stress, immunometabolic reprogramming, fibroblast-enriched and fibrogenic programs, and

altered cell-death and survival pathways. The analysis also identified changes involving the developmental

and stress-responsive regulators such as MYCN Proto-Oncogene, bHLH Transcription Factor (MYCN) and

Fos Proto-Oncogene, AP-1 Transcription Factor Subunit (AP-1). These findings suggest that CKD-

associated conditions, potentially including exposure to uremic toxins
[61]

 such as TMAO
[16,93]

, may prime

veins for inflammatory and structural remodeling leading to arteriovenous fistula failure
[94,95]

.

The MYCN- and AP-1-associated changes identified in CKD veins are particularly relevant to the proposed

link between chronic stress and vascular plasticity. These transcriptional regulators participate in

developmental growth, cell-state regulation, and muscle-structure programs, raising the possibility that

chronic disease engages pathways involved in changes of vascular cell state. Their reactivation during chronic

disease suggests that pathological vascular remodeling may involve partial reuse of developmental programs

for pathological transdifferentiation. Rather than restoring normal vessel structure, such reprogramming

may generate adaptive or maladaptive states depending on the duration of stress, the surrounding

inflammatory environment, and the phenotype acquired.
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A novel conceptual shift: cellular plasticity and pathological transdifferentiation are a structural
immune strategy

Collectively, these findings support a model in which VSMCs execute an immune strategy distinct from, but

complementary to, that of ECs. VSMCs can secrete cytokines and secretomes and influence neighboring

cells, but their defining responses to persistent inflammatory, metabolic, and mechanical stress are the

capacity to alter cellular identity
[22]

. Through this plasticity, VSMCs change matrix production, lipid

metabolism, calcification, proliferation, migration, and immune-cell interactions, thereby reshaping the

vessel wall over prolonged periods.

We therefore propose that cellular plasticity and transdifferentiation are the dominant structural immune

strategy of VSMCs
[ 2 2 ]

. The resulting phenotypes should not be viewed as uniformly protective or

pathological. Depending on disease stage and local context, VSMC reprogramming may support repair and

plaque stabilization or contribute to fibrosis, calcification, neointimal hyperplasia, aneurysm formation, and

vascular failure. This framework avoids assuming that structural adaptation necessarily preserves vascular

integrity. Instead, it positions VSMC plasticity as a context-dependent response through which sustained

immune and metabolic stress is translated into long-term vessel-wall remodeling.

In this model, ECs primarily communicate vascular danger, whereas VSMCs embody and perpetuate its

structural consequences. Recognizing innate immune activation and cellular plasticity as interconnected

processes provides a more unified interpretation of VSMC heterogeneity and identifies the redirection of

maladaptive cell states—not the indiscriminate suppression of all VSMC responses—as a potential

therapeutic objective.

LECs: SPECIALIZED REGULATORS OF ADAPTIVE IMMUNITY
Compared with vascular ECs, the immune functions of LECs have received limited attention

[96-98]
.

Traditionally, LECs were regarded as structural cells of lymphatic vessels that maintain tissue-fluid balance

and lymphatic drainage. However, many recent publications demonstrate that LECs actively sense

inflammatory changes, remodel lymphatic vessels, direct leukocyte trafficking and antigen handling. These

findings support LECs as structural cells with context-dependent innate immune functions that also

influence adaptive immune responses. However, unlike vascular ECs, innate immune activities of LECs may

closely integrate with the regulation of adaptive immune activity.

Single-cell transcriptomic studies have revealed substantial heterogeneity among LECs across anatomical

locations and disease stages. During atherosclerosis, two LEC subpopulations increased in abundance during

early disease and declined at later stages. Early disease LECs exhibited gene-expression patterns suggesting

reduced support for T-cell tolerance, increased IL-7/IL-7R-associated signaling, and decreased expression of

the lipid handling genes low-density lipoprotein receptor and ATP-binding cassette transporter subfamily

A1 (ABCA1)
[99]

. These findings suggest changes in immune regulation and lipid metabolism but require

functional validation. Computational trajectory analysis also suggested possible transitions from ECs and,

specifically during early disease, fibroblast-associated populations toward LEC-like states. These inferred

trajectories do not establish cellular origins or transdifferentiation without lineage-tracing evidence
[98]

. Other

studies have identified anatomically distinct LEC subsets in lymph-node compartments and peripheral

lymphatic vessels
[100,101]

, as well as six transcriptionally defined populations distinguished by combinations of

markers including Caveolin 1 (CAV1), Atypical Chemokine Receptor 4 (ACKR4), TNF Receptor

Superfamily Member 9 (TNFRSF9), Macrophage Receptor With Collagenous Structure (MARCO),

Microfibril Associated Protein 4 (MFAP4), Lymphatic Vessel Endothelial Hyaluronan Receptor 1 (LYVE1)

and Claudin 11 (CLDN11)
[102]

. Together these studies provide a framework for investigating LEC
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functions.

An innate immune foundation

LECs express innate immune receptors and directly respond to PAMPs and DAMPs. Human LECs express

multiple Toll-like receptors and, following receptor activation, induce chemokine and adhesion molecule

expression that regulate DC recruitment and migration. This suggests that LECs can directly sense the

changes in their environment including PAMPs and DAMPs instead of relying on inflammatory signals sent

indirectly through leukocytes and initiate immune responses that are distinct to LECs
[23]

.

The innate immune responses of LECs depend on the lymphatic microenvironment in which they reside. A

recent publication on specialized pulmonary LECs suggests that they play the role of both sensors and

responders for inflammation and trigger immune responses by promoting lymphatic permeabilization

through a G-protein-coupled receptor called Protease-activated receptor 1 (PAR1). This response enhances

the drainage of tissue fluid and may facilitate the clearance of infiltrating leukocytes. Pulmonary LECs also

upregulate C-C Motif Chemokine Ligand 21 (CCL21) chemokine release during inflammation, which

promotes the migration of CCR7 (a receptor for CCL21 chemokine)-dependent leukocytes from peripheral

tissues to the lymph nodes
[103]

.

Lymph node LECs similarly respond rapidly to inflammatory stimulation. They induce interferon-responsive

genes and chemokines such as C-X-C Motif Chemokine Ligand 9 (CXCL9), C-C Motif Chemokine Ligand 5

(CCL5) and CCL21, while dynamically regulating their proliferation, survival, and interactions with DCs,

macrophages, and lymphocytes. These responses influence lymph-node expansion during immune

activation and contraction during resolution
[24]

. Together, these studies demonstrate that LECs perform

several innate immune functions, including inflammatory sensing, chemokine production, barrier

remodeling and regulation of immune trafficking.

Translating innate immune signals to adaptive immune regulation

The anatomical location of LECs enables their innate immune activity to directly shape adaptive

immunity
[104]

. Under physiological conditions, LECs mediate the crosstalk between the innate and adaptive

immune systems by secreting chemokines such as C-C Motif Chemokine Ligand 2 (CCL2), modulating

metabolic environment and expression of adhesion molecules. These innate immune cues guide DCs that

carry peripheral antigens to the lymph nodes and present them to naïve T-cells. By controlling the delivery of

antigen-bearing dendritic cells to lymphoid tissues, LECs connect local tissue surveillance with the initiation

of adaptive immune responses
[105]

.

LECs are now recognized as multifaceted gatekeepers in the immune system
[106]

 and active regulators of

adaptive immunity that influence antigen transport, immune tolerance, and long-term immune memory.

LECs influence T-cell trafficking and function. Lymph node LECs can directly present endogenous

peripheral tissue antigens through major histocompatibility complex class I to CD8+ T cells contributing to

peripheral tolerance
[107]

. Under homeostatic conditions, antigen presentation together with high programmed

death ligand-1 (PD-L1) expression and limited conventional co-stimulation promotes peripheral tolerance

by deleting, restraining, or functionally modifying autoreactive T cells
[25 ,108-111]

. During infection,

inflammation, or vaccination, however, LEC antigen handling supports protective immunity by facilitating

antigen archiving and memory responses. Thus, LECs are not exclusively tolerogenic; rather, their

immunological functions are shaped by antigen context, inflammatory cues, tissue location, and the immune

microenvironment
[24,105]

. In addition, CD4
+
Foxp3

+
 regulatory T cells (Tregs)

[112]
 interact with LECs under

homeostasis and inflammation and dictate endothelial permissiveness and gating mechanisms for

subsequent leukocyte migration through endothelial barriers (transendothelial migration, TEM). Activation

                                                                                                  

specialization, while emphasizing that transcriptional differences alone do not establish distinct immune
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of Toll-like receptor 2 (TLR2) on Tregs during inflammation specifically augments Lymphotoxin(LT)α1β2

(LTα1β2)-Lymphotoxin Beta Receptor (LTβR) signaling, which further enhances the permissiveness of LECs

to facilitate TEM
[112]

.

A particularly distinctive LEC function is antigen archiving. Lymph node LECs can retain foreign protein

antigens for weeks after immunization, with ceiling and floor LECs of the subcapsular sinus displaying

especially durable retention. This is not merely passive accumulation. Single-cell and spatial transcriptomic

analyses identified specialized gene-expression programs associated with endocytosis, endosomal-lysosomal

processing, intracellular trafficking, and protein homeostasis that predict the antigen-archiving capacity of

individual LEC subsets. Archived antigen can later be transferred to migratory DCs, extending antigen

availability and strengthening memory CD8
+
 T-cell responses

[32]
.

LECs may also act directly on adaptive immune cells. Vokali et al. showed that LECs can cross-present

exogenous antigens to naïve CD8
+
 T cells under steady-state conditions. Although many proliferating cells

underwent early apoptosis, a surviving population of LEC-educated T cells acquired central-memory and

stem cell-like memory characteristics. These cells persisted, homed preferentially to lymph nodes, rapidly

differentiated after antigen recall, and conferred protection during subsequent infection. This finding

indicates that LECs can influence not only immune tolerance but also the formation of long-lived, antigen-

experienced adaptive immune populations
[33]

.

Collectively, these findings suggest a two-layer model of LEC immunity. LECs possess an innate immune

foundation, consisting of inflammatory sensing, chemokine production, junctional remodeling, antigen

uptake, and leukocyte trafficking. These functions feed into their dominant specialization: adaptive immune

regulation through antigen presentation, tolerance, antigen archiving, and immune-memory formation.

Although LECs share inflammatory sensing and leukocyte regulatory functions with vascular ECs and

VSMCs, their anatomical position and antigen handling capacity give them a distinctive role in regulating

adaptive immunity.

Cardiac LECs and the resolution of inflammation after myocardial infarction (MI)

The relevance of LEC immune functions extends beyond lymph nodes. Following MI, the injured heart

develops edema, extensive leukocyte infiltration, and a lymphangiogenic response
[113]

. Experimental

enhancement of vascular endothelial growth factor C (VEGF-C)-vascular endothelial growth factor receptor

3 (VEGFR3) signaling increases cardiac lymphangiogenesis and has been reported to reduce myocardial

edema and fibrosis and improve cardiac function after MI
[114]

.

The immune mechanism is particularly relevant to the present framework. VEGF-C-induced cardiac

lymphangiogenesis facilitates the removal of inflammatory cells from injured myocardium and their

transport to mediastinal lymph nodes through a LYVE-1-dependent process, accelerating resolution of the

acute inflammatory response. Lymphatic endothelia l Sphingosine-1-Phosphate Receptor 1 (S1PR1)

signaling has likewise been implicated in macrophage clearance through cardiac lymphatics following MI.

These findings indicate that cardiac LECs actively regulate the duration and resolution of post-infarction

inflammation rather than serving solely as passive drainage conduits
[115]

.

LECs may additionally provide tissue-supportive signals independently of immune-cell transport. LEC-

derived lymphoangiocrine signals can promote cardiomyocyte survival, growth, and repair
[116]

. Separately, a

T-Box Transcription Factor 1 (Tbx1)-dependent program in cardiac LECs has been shown to promote a

locally immunosuppressive environment during post-infarction repair
[117]

.
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Nevertheless, cardiac literature requires careful interpretation. These studies demonstrate that lymphatic

dysfunction can impair inflammatory clearance or worsen post-infarction remodeling; they do not establish

that LEC dysfunction increases the incidence of the coronary occlusion that causes MI. Furthermore, genetic

blockade of lymphangiogenesis did not significantly worsen long-term cardiac function in one experimental

model, indicating that the benefits of lymphangiogenesis may depend on the timing, degree of lymphatic

alteration, experimental model, and outcomes assessed
[118]

.

LECs as specialized regulators of adaptive immunity

LECs therefore share important characteristics with vascular ECs: both are nonhematopoietic structural cells

capable of sensing inflammatory cues, altering their secretome and surface molecules, and directing

immune-cell behavior. Their dominant immune outputs, however, differ according to anatomical niche.

Vascular ECs operate at the blood-tissue interface and primarily convert vascular stress into inflammatory

communication and leukocyte recruitment. LECs operate at the tissue-lymph-lymph-node interface and use

innate sensing, fluid transport, chemokine gradients, and antigen uptake to control the initiation, restraint,

persistence, and recall of adaptive immune responses.

We therefore propose that LECs are structural cells with context-dependent innate immune functions that

contribute to adaptive immune regulation. Their inflammatory sensing, chemokine production, junctional

remodeling and antigen handling connect local tissue responses with immune cell trafficking, peripheral

tolerance and immune memory. The relative contribution of these functions varies across lymphatic

compartments and disease settings.

NEW CONCEPTUAL FRAMEWORK FOR IMMUNE SPECIALIZATION WITHIN THE VASCULAR
WALL
The vascular wall is increasingly recognized as an active participant in immune regulation rather than a

passive structural framework. Although ECs, VSMCs, and LECs are often studied independently because of

their anatomical location, they may function in a coordinated manner and may perform distinct

physiological roles in response to stress. Instead of responding uniformly to PAMPs and DAMPs, these

structural cells exhibit distinct immune strategies that reflect their local microenvironment and biological

function. We propose that understanding these distinct specialized responses, rather than focusing solely on

shared signaling pathways, provides new insights into vascular immunology
[119,120]

.

A common feature shared by all vascular structural cells mentioned above is their ability to detect and

respond to alterations in tissue homeostasis, yet the nature of these signals may differ based on their

anatomical location. ECs continuously encounter circulating PAMPs and DAMPs while VSMCs that are

found within the vessel wall primarily respond to persistent inflammatory and metabolic stresses. In contrast,

LECs are mostly exposed to tissue-derived antigens, immune cells, inflammatory cytokines and various other

lymph-borne immune signals. These different stress signals that vascular structural cells get exposed to likely

trigger distinct immune functions resulting in specific immune outputs specific to the structural cell type.

Because of their anatomical location
[22]

, vascular ECs may be adapted to constantly monitor stress signals and

evolved as specialized immune communicators to the neighboring cells by cytokine and chemokine

secretion, expressing adhesion molecules, regulating vascular permeability and recruiting circulating

leukocytes. In contrast, rather than responding to acute inflammatory triggers, VSMCs may respond to

chronic stresses through cellular plasticity. Chronic inflammatory and metabolic stresses may trigger VSMCs

to undergo extensive transcriptional, epigenetic, metabolic and phenotypic reprogramming. Depending on

the duration and severity of injury, these responses may contribute to tissue repair, vascular remodeling,
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Table 3. Complementary immune functions, signaling pathways and disease implications of endothelial cells, vascular smooth muscle
cells and lymphatic endothelial cells

Component Ecs VSMCs LECs

Anatomical
context

Blood-tissue interface[5] Medial vessel wall and remodeled
vascular tissue[7,41] Tissue-lymph-lymph-node interface[24,28]

Dominant
immune strategy

Inflammatory communication and
leukocyte recruitment[5]

Cellular plasticity and pathological
transdifferentiation[7,41]

Adaptive immune regulation supported by
innate sensing and trafficking[24,25,32,33]

Key triggers

Circulating microbial products,
metabolites, inflammatory
mediators and DAMPs;
hemodynamic forces[5]

DAMPs; oxidized lipids; uremic toxins;
hyperglycemia; homocysteine;
cytokines; mechanical stress[7,37-39]

PAMPs/DAMPs; inflammatory cytokines;
tissue-derived antigens; lymph-borne
immune signals[23,24,32]

Signaling and
regulatory
programs

Pattern-recognition receptors;
inflammatory signaling;
inflammasome and trained-
immunity programs[5,48,75,82]

KLF4, TCF21 and RUNX2; epigenetic
and metabolic reprogramming;
mitochondrial and ER stress[37-39,41,89]

TLRs; interferon responses; PAR1
(pulmonary); VEGF-C-VEGFR3 (cardiac);
PD-L1-associated tolerance*[23-25,103,114]

Effectors and
responses

Cytokines, chemokines,
secretomes, lipid mediators and
extracellular vesicles; adhesion
molecules; permeability
regulation[5,20]

Cytokines and chemokines; altered
matrix production and lipid handling;
synthetic, macrophage-like, fibroblast-
like and osteogenic states[7,41,89]

CCL21-CCR7 trafficking; junctional
remodeling; antigen uptake, presentation
and archiving*; tolerance and CD8+ memory
formation*[25,27,28,32,33]

Cell-cell
interactions

Signaling to circulating and tissue-
resident immune cells; leukocyte
recruitment and transendothelial
migration[5,20]

Communication with neighboring
vascular and immune cells; cell-state
changes reshape local immune
interactions[7,41]

DC guidance and archived-antigen transfer*;
T-cell regulation*; Treg-LEC LTα1β2-LTβR
signaling enhances migration[28,32,33,112]

Disease
consequences

Coordination of vascular
inflammation through leukocyte
recruitment, inflammatory
communication and permeability
changes[5]

Context-dependent repair or plaque
stabilization; fibrosis, calcification,
neointimal hyperplasia, aneurysmal
remodeling or vascular failure[7,38,41,89]

Context-dependent adaptive immunity*;
cardiac inflammatory-cell clearance, reduced
edema/fibrosis and post-MI repair in
experimental models[25,32,33,114,115]

*Lymph-node LEC functions. Responses depend on tissue, disease stage and cell state; post-MI benefits vary across models. ECs: endothelial cells;
VSMCs: vascular smooth muscle cells; LECs: lymphatic endothelial cells; DAMPs: damage-associated molecular patterns; PAMPs: pathogen-
associated molecular patterns; KLF4: Krüppel-like factor 4; TCF21: transcription factor 21; RUNX2: RUNX family transcription factor 2; ER:
endoplasmic reticulum; TLRs: Toll-like receptors; PAR1: protease-activated receptor 1; VEGF-C: vascular endothelial growth factor C; VEGFR3:
vascular endothelial growth factor receptor 3; PD-L1: programmed death-ligand 1; CCL21: C-C motif chemokine ligand 21; CCR7: C-C motif
chemokine receptor 7; CD8: cluster of differentiation 8; DC: dendritic cell; Treg: regulatory T cell; LTα1β2: lymphotoxin α1β2; LTβR: lymphotoxin
beta receptor; MI: myocardial infarction.

plaque stabilization, calcification, fibrosis, or disease progression. Cellular plasticity therefore represents the

defining biological strategy through which VSMCs adapt to a changing vascular environment.

Emerging evidence suggests that LECs represent a distinct vascular immune specialization centered on

adaptive immune regulation. Positioned at the interface between peripheral tissues and secondary lymphoid

organs, LECs regulate antigen transport, antigen presentation, immune cell trafficking, peripheral tolerance,

and long-term immune memory. Recent studies demonstrating specialized transcriptional programs for

antigen archiving and the generation of LEC-educated adaptive immune cells further highlight the unique

capacity of LECs to shape adaptive immune responses. Unlike vascular ECs or VSMCs, whose dominant

responses are inflammatory communication and cellular plasticity, respectively, LECs function primarily to

regulate the quality, magnitude, and duration of adaptive immunity.

Taken together, these observations suggest that ECs, VSMCs, and LECs share some immune functions but

differ in their dominant responses, reflecting their anatomical locations and physiological roles. ECs

primarily coordinate inflammatory communication and leukocyte recruitment; VSMCs translate persistent

stress into vessel wall remodeling through cellular plasticity; and LECs regulate immune cell trafficking,

antigen handling, peripheral tolerance, and immune memory. Other vascular structural populations remain

emerging candidates whose immune functions require further validation. This framework links shared

inflammatory sensing to complementary, context-dependent roles in vascular immune regulation.
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The distinct but complementary immune strategies of ECs, VSMCs, and LECs, including their triggers,

regulatory programs, effectors, cellular interactions, and disease consequences, are summarized in Table 3.

This novel conceptual framework also has highly significant therapeutic implications. Current anti-

inflammatory strategies generally target systemic inflammatory mediators or immune pathways without

considering the specialized functions of individual vascular structural cell populations. Recognizing immune

specialization of vascular structural cell types within the vascular wall raises the possibility of developing

therapies that selectively modulate endothelial inflammatory communication, redirect maladaptive VSMC

plasticity, or enhance beneficial LEC-mediated adaptive immune regulation according to disease stage and

pathological context. Such an approach may provide greater therapeutic precision while preserving essential

immune functions required for vascular homeostasis.

CONCLUSIONS
Vascular structural cells actively participate in immune regulation through responses shaped by their

anatomical locations, local environments, and intrinsic cellular programs. ECs coordinate inflammatory

communication and leukocyte recruitment, VSMCs translate persistent stress into phenotypic changes and

vessel-wall remodeling, and LECs connect inflammatory sensing and immune-cell trafficking with antigen

handling, peripheral tolerance, and immune memory. These complementary functions provide a framework

for understanding how vascular tissues integrate immune responses with structural adaptations and tissue

homeostasis.

The consequences of these responses depend on disease context, stage, and duration. VSMC plasticity may

support plaque stabilization or contribute to maladaptive remodeling, while LEC responses may promote

tolerance, protective immunity, or inflammatory resolution. Defining these functions requires evidence that

extends beyond immune-associated gene expression to establish cell lineage, spatial localization, and

functional outcomes. Further investigation of these mechanisms, including the less well-defined roles of

other vascular structural populations, may identify opportunities to selectively limit harmful inflammation

and remodeling while preserving vascular integrity and beneficial immune functions.
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