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Deciphering the impact of aging

on splenic endothelial cell heterogeneity
and immunosenescence through single-cell
RNA sequencing analysis
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Abstract

Background Aging is associated with significant structural and functional changes in the spleen, leading to
immunosenescence, yet the detailed effects on splenic vascular endothelial cells (ECs) and their immunomodulatory
roles are not fully understood. In this study, a single-cell RNA (scRNA) atlas of EC transcriptomes from young and aged
mouse spleens was constructed to reveal age-related molecular changes, including increased inflammation and
reduced vascular development and also the potential interaction between splenic endothelial cells and immune cells.

Results Ten clusters of splenic endothelial cells were identified. DEGs analysis across different EC clusters revealed the
molecular changes with aging, showing the increase in the overall inflammatory microenvironment and the loss in
vascular development function of aged ECs. Notably, four EC clusters with immunological functions were identified,
suggesting an Endothelial-to-lImmune-like Cell Transition (EndICLT) potentially driven by aging. Pseudotime analysis
of the Immunology4 cluster further indicated a possible aging-induced transitional state, potentially initiated by

Ctss gene activation. Finally, the effects of aging on cell signaling communication between different EC clusters and
immune cells were analyzed.

Conclusions This comprehensive atlas elucidates the complex interplay between ECs and immune cells in the
aging spleen, offering new insights into endothelial heterogeneity, reprogramming, and the mechanisms of
immunosenescence.
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Background

The spleen, a secondary lymphoid organ, is integral
to the initiation of immune responses to blood-borne
antigens [1]. Its pivotal role extends beyond systemic
immunity, encompassing both innate and adaptive
immune systems, and includes hematopoiesis in child-
hood or severe blood loss [2]. However, the aging pro-
cess imposes significant alterations on the spleen’s
structure and function [3, 4]. Aging is associated with
an enlargement of the spleen’s white pulp, particularly
within the T-cell zone, and a corresponding expansion
of the T-cell stromal area. This is accompanied by a
blurring of the distinct boundary between T cells and
B cells in older mice [5, 6]. These structural modifica-
tions impact the functionality of the resident immune
cells, potentially leading to diminished or less effec-
tive immune responses [7]. Aging also lead to immune
dysfunction in spleen, causing a gradual deterioration
of immune systems, a process known as Immunose-
nescence [4]. This manifests as a reduced capacity to
mount effective responses to pathogens and cancer
cells [4].

Moreover, the spleen, being a highly vascularized
organ, experiences profound effects of aging on its
vascular endothelial cells, including endothelial dys-
function and an increase in inflammatory signaling [8,
9]. Recent studies have confirmed that subsets of ECs
in various tissues and organs possess immunomodula-
tory activities beyond their established role in alloim-
munity, immune cell recruitment, immune tolerance,
and vascular inflammation [10-12]. However, the spe-
cific impacts of aging on different types of splenic ECs
and its effects on their immunomodulatory function
remain largely unexplored.

In this study, we provide a comprehensive transcrip-
tional atlas derived from single-cell RNA sequencing
(scRNA-seq) of young and old mouse splenic endothe-
lial cells. Our findings present a detailed portrayal of
the changes in cellular and molecular complexity asso-
ciated with aging at a single-cell resolution.

This atlas allows us to investigate the effects of aging
on gene expression across different subsets, to illus-
trate unique biological processes that emerge in the
aging vascular endothelium, and to explore potential
interactions between splenic ECs and spleen immune
cells. Overall, our research enhances the understand-
ing of the aging process in splenic ECs and provides
valuable insights into the interplay between splenic
ECs and immune cells.

Methods

Animals

The 6-8-week and 24-month wild-type C57BL6/]
mice have been housed since birth in the Animal
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Management Center at Zhongshan Ophthalmic Cen-
ter. All animal experimentation procedures in com-
pliance with the laws governing animal research. The
young and old mice were processed parallelly, includ-
ing all baseline information, feeding environment,
material retrieval method, quality control of sequenc-
ing data, and other pertinent details.

Spleen ECs collection

After perfusion with PBS, the mouse spleens were
surgically removed, rinsed with ice-cold PBS and dis-
sected into small pieces using sterile scalpels. Then,
the tissues were transferred to 5 ml HBSS digestion
buffer, including 0.1% collagenase II (Thermo Fisher
Scientific, #17,101,015), 0.25% collagenase IV (Thermo
Fisher Scientific, #17,104,019), 2 mg/mL DNase I
(Sigma-Aldrich, #11,284,932,001), and incubated in a
37 oC water bath for 15 min, pipetting it with a 1 ml
tip every 3 min. 1 ml of 10% FBS (Thermo Fisher Sci-
entific, #A5669701) was used to terminate digestion.
The cell suspension is filtered through a 40 mm cell
strainer (Sigma-Aldrich, #CLS431750-50 EA) and
centrifuged at 300 g for 5 min. Carefully remove the
obtained supernatant and then enrich the ECs in the
cell suspension using CD31 microbeads (Miltenyi Bio-
tec, #130-097-418) in DMEM medium containing 10%
FBS (GIBCO, #C11330500BT) according to the manu-
facturer’s instructions.

Library preparation and sequencing

We resuspended freshly isolated splenic ECs in PBS
containing 0.04% ultra-pure BSA. According to the
manufacturer’s instructions, scRNA-seq libraries were
prepared using the Chromium Single Cell 3’ Reagent
Kits v2 (10x Genomics; Pleasanton, CA, USA). All
libraries were aimed at a target recovery of 5,000 cells.
The generated libraries were sequenced on an Illumina
HiSeq 4000, followed by demultiplexing and mapping
to the mouse genome (build mm10) using CellRanger
(10x Genomics, version 2.1.1).

Quality control of scRNA-seq data

Using the CellRanger software (10x Genomics), gene
expression matrices were generated. Sample data was
aggregated using the CellRanger software and raw
data was analyzed in Seurat R package (version 4.3.1).
The lognormalization of the data of the young and
old splenic EC samples was performed using Seurat’s
“LogNormalize” algorithm. With “FindIntegrationAn-
chors”, we selected features and anchors for down-
stream integration, making sure that all cells were
calculated. Then the following quality control steps
were performed:
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(i) genes expressed by less than 3 cells or with a row
average of <0.002 were not considered.

(i) cells that expressed fewer than 200 genes (low
quality), and cells that expressed over 4,000 genes
(potential doublets) were excluded from further
analysis.

(iii) cells in which over 10% of unique molecular
identifiers (UMIs) were derived from the
mitochondrial genome were removed.

Clustering and identification of cell types

After data integration and scaling, the principal com-
ponent analysis was performed by the “RunPCA” func-
tion. Then the graph-based clustering was performed
to cluster cells according to their gene expression pro-
file using the “FindClusters” function in Seurat (cluster-
ing resolution=0.3, k-nearest neighbors=20). Marker
genes for each cluster were identified with the “FindAll-
Markers” function, and only those min.pct>0.25, logfc.
threshold>0.25 were considered as markers genes. We
screened the top 50 of these ranked marker gene lists for
each identified cluster for coherent enrichment of known
canonical marker genes of traditional EC subtypes (i.e.,
Artery, Capillary arterial, Capillary venous), as well as
genes involved in particular cellular pathways or pro-
cesses, to facilitate putative annotation of the clusters (i.e.
Immunologyl, Immunology2, Proliferating) according to
a biologically meaningful phenotype.10 shared clusters
were annotated in young and old splenic ECs. The spear-
man correlation analysis is performed by “AvergeExpres-
sion” function. (Fig. 3C, Fig.S1E)

Immunofluorescence staining
We performed immunofluorescence staining as previ-
ously described [13].

(1) Tissue fixation After washing the tissues thoroughly,
they were immediately placed into fixation solution (pre-
pared with DEPC water) and fixed for over 12 h.

(2) Dewaxing and dehydration Immerse the sections in
two consecutive baths of BioDewax and Clear solution for
15 min each. Subsequently, dehydrate them in two rounds
of pure ethanol, 5 min each. Then, proceed with dehydra-
tion in 85% and 75% ethanol gradients for 5 min each.
Finally, rinse in DEPC dilution.

(3) Digestion Depending on the duration of tissue fixa-
tion, the slices are boiled in the retrieval solution for
10-15 min and naturally cooled. Subsequently, the target
areas are marked using the liquid blocker pen and based
on the specific characteristics of different tissues, protein-
ase K (5ug/ml) is added and incubated at 37 °C for 5 min
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for digestion. After rinsing with pure water, the sections
are washed three times with PBS for 5 min each.

(4) Block endogenous peroxidase Addition of 3% meth-
anol-H202, incubate at room temperature in the dark for
15 min. Place the slides in PBS (pH 7.4) and shake on a
decolorization shaker for 3 washes, each lasting 5 min.

(5) Addition of blocking solution Add blocking serum
BSA. Incubate at room temperature for 30 min.

(6) Incubation with primary antibody Add the CD31
primary antibody(GB120005-100,Servicebio) diluted in
PBS at a ratio of 1:200. Incubate at 4 °C overnight. Subse-
quently, wash with PBS 3 times for 5 min each.

(7) Incubation with second antibody Add the cor-
responding secondary antibody, Goat Anti-Rabbit
AF488(ab150081,abcam) and incubate at room tempera-
ture for 50 min. Subsequently, wash with PBS 3 times for
5 min each.

(8) Add cy3-TSA Add cy3-TSA reagent and incubate in
the dark at room temperature for 5 min. Subsequently,
wash with PBS 3 times for 5 min each.

(9) Pre-hybridization Add Pre-hybridization solution to
each section and incubate for 1 h at 37°C.

(10) Hybridization Discard the pre-hybridization solu-
tion, then add the hybridization solution containing
probes for cd14, cd52, cd79a, and fcerla at a concentration
of 1 um. Hybridize overnight at 40 degrees Celsius in an
incubator.

(11) Washing Eliminate the hybridization solution. Sub-
merge sections in 2xSSC and wash for 10 min at 37°C.
Then, perform two 5-minute washes with 1xSSC at 37°C.
Finally, wash sections in 0.5xSSC for 10 min at room tem-
perature. If there are additional non-specific hybrids, con-
sider adding formamide during washing.

(12) Blocking Add blocking solution (Rabbit serum) to
the section and incubate at room temperature for 30 min.

(13) Add the mouse anti-DIG-HRP Take out the block-
ing solution and apply anti-DIG-HRP. Incubate at 37 °C
for 50 min, followed by washing the sections in PBS three
times for 5 min each.

(14) TSA developing Add fresh prepared TSA chromo-
genic reagent to marked tissue. Reaction in dark for 5 min
at room temperature. Then wash sections in PBS three
times for 5 min each.
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(15) Stain cell nuclei (counter stain) Incubate with
DAPI for 8 min in the dark, and then mounting.

(16) Microscopic examination and photography The
slices were observed and images were captured under
a Nikon upright fluorescence microscope. For UV exci-
tation, the wavelength range was set between 330 and
380 nm with an emission wavelength of 420 nm, emitting
blue light. For FAM (488) green fluorescence, the excita-
tion wavelength was set between 465 and 495 nm with an
emission wavelength of 515-555 nm, emitting green light.
For CY3 red fluorescence, the excitation wavelength was
set between 510 and 560 nm with an emission wavelength
of 590 nm, emitting red light.

mRNA FISH probes were purchased from Guangzhou
Exons biological technology co.,LTD. and Guangzhou
Shinak Biotechnology co.LTD. The antibodies and
probes used for immunofluorescence staining are as fol-
lows: Anti-CD31(Thermo Fisher, #PA5-32321,1:500),
mus Cd14 mRNA FISH Probe (#TNG_mCD14FP), mus
Cd52 mRNA FISH Probe (#007.221040), mus Cd79a
mRNA FISH Probe (#007.23320), mus Fcerla mRNA
FISH Probe (#007.23321). The secondary antibodies used
are as follows: Goat Anti-Rabbit AF488 (Thermo Fisher,
#A-11,008, 1:500), Anti-Biotin FITC-Conjugate (Bioss,
#BS—0437P-FITC, 1:500) and HRP-Monoclonal Mouse
Anti- Digoxin Antibody (Jackson, #200-032-156, 1:500).

Analysis of DEGs between young and old splenic ECs data
Differential gene expression analysis was performed with
the “FindMarkers” function of Seurat between old and
young groups using the Wilcox test. Only those with
adjusted |logFC| > 0.25 and P-values adjusted <0.05 were
selected as up- and down- regulated DEGs.

GO term and KEGG pathway analysis

GO enrichment analysis of both marker genes and age-
related DEGs was performed by Metascape(https://
metascape.org/gp/index.html). Results were visualized
with the ggplot2 R package (https://ggplot2.tidyverse.
org/)(version 3.3.5). KEGG analysis was performed by
clusterProfiler R package (version 4.8.3).

Gene set score analysis

Each gene set score was calculated by using the Seurat
function “AddModuleScore” Gene sets of Immune-
related genes (IRG) and Antigen Processing and Presen-
tation are from Immport (https://www.immport.org/)
[14]. The gene set of immune cell homing(ICH) is from
previous article [15]. The Allergy-related gene set is from
AllerGAtlas (http://biokb.ncpsb.org.cn/AllerGAtlas) [16].
The B cell Activation (GO:0042113) and Phagocytosis
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(GO: 0006909) gene set are from Gene Ontology. The
gene sets in the article are summarized in Table S3.

Single-cell consensus weighted gene co-expression
network analysis

Single-cell consensus co-expression analysis was per-
formed by hdWGCNA [17, 18], which is an R package
for performing weighted gene co-expression network
analysis  (https://github.com/smorabit/hdWGCNA) in
high dimensional transcriptomics data such as single-cell
RNA-seq or spatial transcriptomics. hdAWGCNA is used
to perform construct co-expression network, compute
Module Eigengenes(MEs) and connectivity and the anal-
ysis of co-expression module dynamics with pseudotime.

Pseudotime analysis

The Monocle R packages were used for pseudotime
analysis. Genes with highly variable values from the
“VariableFeatures” function in the Seurat package were
used as ordering genes. DDRTree dimensionality reduc-
tion method was applied to construct the trajectory that
was plotted in two-dimensional space. And Time dif-
ferentiation related DEGs were obtain with a cutoff of q
value<le-4.

Transcriptional regulatory network analysis

A transcriptional regulatory network analysis was con-
ducted by utilizing pySCENIC workflow [19] (version
1.1.2.2). Cell-type-specific transcription regulatory net-
works were calculated by using all genes from young and
old splenic ECs.

Cell-cell interaction analysis

Cell-cell interaction analysis was conducted using Cell-
Chat R package (versionl.6.1) [20]. The analysis of aged
and young splenic ECs and immune cell was done sepa-
rately while the comparison between these two groups
was performed by integrating data from both sets of
analyses. While interactions were calculated between
all identified subclusters, we specifically focused our
interpretation and analysis on interactions between
immunology-related ECs (Immunologyl, Immunology2,
Immunology3, Immunology4) and immune cell types
(DCs, Mast cells, B cells and Macrophages).

Global and local alignment of single cell trajectories
Global and local quantitative comparison of expression
dynamics within young and old trajectories was con-
ducted by cellAlign [21]. The expression matrix of young
and old Immunology4 subset (Capillaryl,Capillary2,Imm
unology4,Macrophage, Proliferating) and its pseudotime
spacing was used to input in cellAlign workflow.
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Results

Single-cell transcriptome reveals age-related variations in
splenic endothelial cell clusters

To elucidate the transcriptional changes associated with
aging in mouse splenic endothelial cells, we isolated ECs
from mouse spleen tissues from 4 young (2-month-old,
female) and 4 old (2-year-old, female) C57/B16 mice. We
barcoded and sequenced the ECs using 10x Genomics-
based single-tube protocol and excluded pericytes (Pdg-
frb) or immune cells (Ptprc), smooth muscle cells (Acta2),
fibroblasts (Collal), and erythrocytes (Hba-al, Hba-a2,
Hbb-bs) as per previous analyses [22] and EC mark-
ers (Pecaml) have been selected. A total of 10,467 ECs
(Young: 5,053, Old: 5,414) were prepared for downstream
analysis after strict quality control, doublets checking
(Fig. S4) and gene expression filtering (Fig. 1A). Follow-
ing normalization, unsupervised graph-based clustering
partitioned the cells into groups as visualized by the uni-
form manifold approximation and projection (UMAP)
plots, including the clusters UMAP plots (Fig. 1B) and
the young and old group UMAP plots (Fig. S1 A).

Apart from the conventional clusters of splenic ECs
identified in previous study [22], such as Capillary arte-
rial (Gpihbpl), Capillary venous (Sema3d), Capillaryl
(Glul), Capillary2 (Mal), and Artery (Stmn2) (Fig. 1C),
we identified 5 additional clusters in both young and old
ECs. One of these, the Proliferating EC, which highly
expressed the marker Mki67, has been associated with
vascular EC regeneration in previous studies [22, 23].
Notably, our cluster marker investigation revealed four
distinct clusters of ECs with immunological relevance,
as many of their markers are related to immune genes.
We conducted an overlap analysis of the top 100 mark-
ers of these immunology-related ECs and classic immune
cells (Fig. 3B). The results revealed that each subtype of
immunology-related ECs displayed a strong associa-
tion with specific types of immune cells: Immunologyl
with dendritic cells (DC), Immunology2 with Mast cell,
Immunology3 with B cells, and Immunology4 with Mac-
rophages. They were subsequently named Immunologyl
(H2-Eb1), Immunology2 (Fcerla), Immunology3 (Cd79a),
and Immunology4 (Lyz2) (Fig. 1C).

We identified a set of Top50 markers for each cell type
(Table S1). The cell proportions of different clusters in
the young and old splenic groups (Fig. S1 A) indicated
that the number of Capillary Venous ECs increase with
aging, which shares the same situation in the previous
study [23]. Other clusters such as Capillaryl, Capillary2
and Capillary Arterial are declined with aging.

Gene Ontology (GO) analysis of the Top 30 marker
genes unveiled the functional characteristics linked to
each specific cell type (Fig. 1D). The function “branching
involved in blood vessel morphogenesis” was enriched for
Capillaryl, indicating its involvement in the development
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of vessel branches. For Capiilary2, the function “regula-
tion of transcription from RNA polymerase II promoter
in response to stress” was enriched. In addition, the Cap-
illary Arterial, Capillary venous and Artery clusters were
highly associate with vascular development. The Prolifer-
ating ECs showed a strong ability to regulate the mitotic
cell cycle, confirming its role in vascular proliferation.

We further investigated the molecular mechanisms
underlying EC phenotypic differentiation using single-
cell regulatory network inference and clustering (SCE-
NIC) [19]. We analyzed the regulons exerting the most
significant impact on each type of EC (Fig. 1E), elucidat-
ing the regulation strength of each regulon for different
cell types. Double immunostaining of IF and FISH for an
EC marker (CD31) and the markers of these specialized
immunology EC phenotypes validated the scRNA-seq
data (Fig. 1F-I).

Age-related cellular and molecular characteristics of
murine splenic ECs
To further elucidate the impact of aging on the molecu-
lar function of the splenic endothelium, we analyzed the
overall differentially expressed genes (DEGs) in young
and old splenic ECs (Fig. 2A and Table S2). We discovered
that functions such as “response to interferon-gamma,’
“cytokine-mediated signaling pathway,’ and “response
to tumor necrosis factor” were enriched for upregulated
DEGs, indicating an increased expression of inflamma-
tory signatures and a shift towards a pro-inflammatory
phenotype (Fig. 2B). These findings align with previous
research [24, 25]. Functions such as “endothelium devel-
opment,” “response to growth factor,” and “blood circula-
tion” were enriched in downregulated DEGs, suggesting
vascular dysfunction in senescent endothelial cells [24].
To further investigate cell type-specific alterations in
gene expression, we identified key cell types and molecu-
lar mechanisms affected by splenic senescence (Table S2).
We observed the highest numbers of both up- and down-
regulated DEGs in Immunologyl (up:198, down:109),
Immunology4 (up:128, down:174), and Proliferating
(up:169, down:187) clusters (Fig. S1 C), suggesting these
cell types may be most affected by aging. The chord plot
(Fig. 2C) indicated more overlapping DEGs in classic
clusters (such as Capillary Arterial, Capillary Venous,
Capillaryl, Capillary2, and Artery) than in unique clus-
ters like Immunologyl, Immunology2, Immunology3,
Immunology4, and Proliferating. The top 5 DEGs in dif-
ferent clusters revealed an increased immune signature,
as illustrated by the overexpression of H2-Aa, H2-Abl,
H2-Eb1, Cd74 in clusters such as Capillary Arterial, Cap-
illary Venous, Capillaryl, and Immunology1 (Fig. 2D, Fig.
S1 C). This is consistent with existing literature [26—29].
Cxcl12 was found to be downregulated in almost every
cluster of splenic ECs (Fig. S1 D), which could affect the
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Fig. 1 Construction of single cell sequencing atlas of splenic endothelial cells. (A) Flow chart of scRNA-seq and bioinformatics analysis of the young and
old splenic endothelial cells. (Young, n=5053; Old, n=5414). (B) UMAP plot showing different celltypes in mouse splenic endothelial cells. Young and
old groups are sharing the same clusters: Capillary arterial, Capillary venous, Capillary1, Capillary2, Artery, Immunology1, Immunology2, Immunology3,
Immunology4, Proliferating. (C) Feature plots display the expression profiles of celltype-specific marker genes for different clusters in mouse splenic ECs.
(D) Heatmap showing the top 30 marker genes of specific clusters in the old group and the enrichment function annotations of each are on the right.
(E) Heatmap showing the particular regulon in different clusters of splenic ECs.(F-1) Representative micrographs of old mouse splenic sections, stained
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Fig. 2 Cellular and molecular characteristics of aged splenic ECs. (A) Volcano plot showing aging-associated up- and down- regulated differentially
expressed genes (DEGs) in all celltypes (adjusted P-value < 0.05,|LogFC| >0.25), high expression of up-regulated gene are labeled. (B) Barplot showing GO
terms of the overall DEGs between young and old group in all celltypes. (C) Circos plot showing aging-associated up- and down- regulated DEGs, each
of the connecting curve showing the gene is whether up- or down- regulated between two clusters. (D) Dot plots showing the top five celltype-specific
DEGs of different clusters. Only those with annotations are showed. Up-regulated genes are colored in red while the down-regulated ones are in blue
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ability of immune cell homing for the splenic ECs [10,
30].

Cellular and molecular characteristics of immunology-
related ECs

We have delineated four distinct subpopulations of ECs
with immunological relevance, each demonstrating a
strong association with a particular immune cell type
(Fig. 3B). Immunology1 cells express dendritic cell mark-
ers such as Fabp4 and H2-Eb1, suggesting functional sim-
ilarities to DC, while Immunology2 cells express Fcerla
alongside other mast cell markers, indicating mast cell-
like characteristics. Immunology3 cells are character-
ized by the expression of B cell markers including Cd19,
Cd79a, and Cd79b, and Immunology4 cells are marked
by macrophage-associated genes such as Lyz2 and Cd68
(Fig. 3B).

To further investigate their relationship with corre-
sponding immune cells and the age-related changes in
their cellular and molecular characteristics, we integrated
splenic immune cell data from the Tabula Muris datas-
ets [28, 31] (B cells, Mast cells, Macrophages) and splenic
DCs from a prior study [32]. The feature plot (Fig. 3A)
illustrates that the positions of these immunology-related
ECs are distinct from those of classical ECs, suggesting
functional divergence. We then assessed the correla-
tion between classical ECs, immunology-related ECs,
and immune cells using a defined methodology. Classi-
cal ECs (Capillary arterial, Capillary venous, Capillaryl,
Capillary2, Artery, and Proliferating) showed strong
inter-correlations with coefficients exceeding 0.8 (Fig. S1
E). In the young cohort, the correlation between classi-
cal ECs and immunology-related ECs ranged from 0.5
to 0.8, lower than within the classical group, whereas in
the older cohort, the correlation coefficients were higher.
The correlation analysis between immunology-related
ECs and immune cells (Fig. 3C) revealed that Immu-
nologyl and DC had the strongest association, particu-
larly in the older group. In the young cohort, B cell and
Immunology3, as well as Mast cells with Immunology?2
and Macrophages with Immunology4, shared stronger
relationships.

Then we further analyzed the differential expression
genes between immunology-related ECs and their rela-
tive immune cells (Fig. S5 A-D). We calculated the DEGs
between them and the top5 DEGs are shown. The pres-
ence of endothelial cell markers Gm42418 among all the
upregulated DEGs in four immunology-related EC clus-
ters indicates their characteristics. Besides, immune cell
related genes also presented in the up-regulated DEGs
in each immunology-related EC clusters such as Ly6a
in Immunologyl(Fig. S5 A), Mcpt8 in Immunology2
(Fig. S5 B), Ighm and Igkc in Immunology3(Fig. S5 C)
and Adgrel in Immunology4(Fig. S5 D), illustrating that
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immunology-related ECs possesses attributes of both endo-
thelial cells and immune cells, representing an intermediate
state of endothelial cells while retaining the conservatism of
endothelial cells.

To gain a deeper understanding of immunology-related
ECs, we compared them with classical ECs using the
Immunology-Related Gene Set Score [14] (Fig. 3D, Meth-
ods). It is clear that the scores of immunology-related ECs
exceed those of classical ECs in both young and old groups,
reinforcing our hypothesis that immunology-related ECs
possess enhanced immune regulatory functions. When
comparing within classical and immunology-related ECs,
the scores for the young group are higher than those for
the old group, aligning with previous studies that suggest a
decline in the immune regulatory functions of ECs with age
[23].

Previous research has highlighted the role of ECs in the
recruitment and homing of immune cells [33, 34].By inter-
acting with circulating innate and adaptive immune cells
and regulating their extravasation from the bloodstream
into the tissue parenchyma, ECs could play a crucial role in
controlling tissue and lymph node inflammation. Therefore,
we calculated the Immune Cell Homing (ICH) score [15] in
classical ECs and immunology-related ECs (Fig. 3D). In both
young and old groups, classical ECs exhibit higher scores
than immunology-related ECs, suggesting that immunol-
ogy-related ECs have transitioned away from their endothe-
lial characteristics and have adopted properties more akin to
immune cells.

Given that ECs are considered semi-professional
APCs [10], we evaluated the antigen presentation score
between classical ECs and immunology-related ECs to
discern any differences (Fig. S1 F). The higher scores of
both young and old immunology-related ECs compared
to classical groups support the notion that immunology-
related ECs may possess stronger immunomodulatory
functions than classical ECs.

The findings discussed above led us to consider
whether the four identified immunology-related ECs
might align with the concept of immune cell-like ECs
(EndICLT) [11]. We proceeded to evaluate the unique
immunoregulatory functions of these four immunology-
related ECs in relation to their associated immune cells.
For instance, DCs are renowned for their role as efficient
APCs [35], prompting us to score this function among
the four immunology-related ECs. The highest antigen
presentation score was observed in Immunologyl ECs in
both young and old groups (Fig. 3E), suggesting a strong
functional resemblance to DCs. This similarity extends
beyond shared markers to encompass functional attri-
butes, with aging appearing to enhance antigen presenta-
tion capabilities.

For Immunology2, we calculated the allergy gene score,
given the central role of Mast cells in initiating allergic
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immune responses (Fig. 3F) [36]. Immunologyl, Immu-
nology2, and Immunology4 scored similarly, reflecting
the complex interplay of various immune cells and mol-
ecules involved in allergic responses. In terms of B cell
activation, Immunology3 demonstrated the strongest
performance, underscoring its close association with
B cells, and this function was preserved with aging. For
Immunology4, we evaluated the phagocytosis score, and
as anticipated, it scored the highest among the immunol-
ogy-related EC groups. The older group achieved lower
scores compared to the younger group, aligning with
previous studies that suggest the phagocytic function of
Macrophages is impaired with age [37].

In order to explore if the age-induced changes in
immunology-related ECs are consistent with the immune
cell in peripheral blood. We used the peripheral blood
scRNA-seq data in the young and aged mouse from
article “Single-cell transcriptomics of peripheral blood
in the aging mouse”(GSE120505) [38]. After quality con-
trol, we reclustered and identified 10 clusters of cells in
human peripheral blood cells (Fig. S6 A). The subcluster
related to immunology-related EC (DC, Basophil, B cell
and Macrophage) was extracted and aged-related DEGs
of each cluster were analyzed (Fig. S6 B-E).

In peripheral blood, age-related changes in DCs are
linked to blood coagulation, while in DC-resembling
ECs (Immunologyl), they are associated with antigen
processing and extracellular matrix organization. Three
intersecting genes were found among the upregulated
DEGs in peripheral blood DCs and Immunology1(Fig. S6
B). One of them is Ecm1, upregulated in the aging heart,
contributes to cardiac fibroblast stimulation and fibro-
sis in aging and myocardial infarction [39]. In peripheral
basophils, upregulated DEGs are linked to leukocyte che-
motaxis, while in mast cell-resembling ECs (Immunol-
ogy2), they are related to vasculature development. There
were no overlapping genes between the age-upregulated
DEGs in basophils and Immunology2 (Fig. S6 C), indi-
cating heterogeneous changes during aging despite their
shared origin. For peripheral macrophages, the function
of regulating response to external stimuli was upregu-
lated. In macrophage-resembling ECs (Immunology4),
age-related DEGs were associated with blood vessel
endothelial cell migration. Psenl, relevant to autosomal-
dominant Alzheimer’s disease, was among the overlap-
ping genes (Fig. S6 E) [40].

These results provide evidence that peripheral blood
immune cells and immunology-related endothelial cells
share some similar age-induced changes in both func-
tional and gene phenotypes such as immune response
and chemotaxis. However, the aging-related changes
in clusters of immunology-related endothelial cells are
more focused on their regulatory function in vessel
development.
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Overall, Immunology-related ECs are not only express
markers similar to immune cells but also retain their
immunomodulatory functions. This further substantiates
the notion that they are undergoing EndICLT.

Age-related molecular changes along differentiation
trajectories

Previous research suggests that cells undergoing EndlI-
CLT do not fully differentiate into immune cells but
rather occupy an intermediate state between ECs and
immune cells [11]. To investigate whether the four immu-
nology-related ECs fall along differentiation trajectories,
we conducted pseudotime analysis using Monocle 2 [41,
42]. We first analyzed all splenic ECs and immune cells in
both young and old groups (Fig. 4A). The analysis delin-
eated three major differentiated cell groups: (1) ECs; (2) B
cells; (3) Macrophages and DCs. It appeared that the four
immunology-related EC groups were positioned along
these trajectory paths.

To gain a clearer understanding of the status of these
four groups, we divided the analysis into four subsets
(Fig. S2 A, B). The first subset included Capillary1, Capil-
lary2, Proliferating, Immunologyl, and DCs, with Prolif-
erating ECs as the starting point due to their regenerative
potential (Fig. S2 A-i). Some Immunologyl cells were
located on the branch between ECs and DCs, in State 3,
suggesting a potential transitional status (Fig. S2 B-I). The
second subset comprised Capillaryl, Capillary2, Prolifer-
ating, Immunology2, and Mast cells. In the older group,
Proliferating and Immunology2 cells branched towards
the Mast cells trajectory, suggesting that aging may dis-
rupt EC differentiation (Fig. S2 A-ii, Fig. S2 B-ii). Immu-
nology?2 cells also occupied a middle status between ECs
and Mast cells.

The third subset included Capillaryl, Capillary2, Pro-
liferating, Immunology3, and B cells (Fig. S2 A-iii, Fig.
S2 B-iii), with all Immunology3 cells positioned in an
intermediate state between ECs and immune cells. The
fourth subset contained Capillaryl, Capillary2, Prolifer-
ating, Immunology4, and Macrophages. Similar to the
third subset, all Immunology4 ECs were situated in an
intermediate state (Fig. S2 A-iv, Fig. S2 B-iv). Notably, the
proximity of Immunology4 ECs to the branch point of
the trajectory prompted us to consider potential molec-
ular changes in Immunology4 that could facilitate the
transition from classical ECs to Macrophages.

To further explore the age-related changes, we sepa-
rated the Immunology4-related ECs into young and old
groups and conducted individual trajectory analyses. The
trajectory analysis revealed distinct patterns between
the young and old groups (Fig. 4B, C). We used the cel-
1Align algorithm [21] to analyze the distinctions between
the trajectories of old and young. First, we analyzed
the global alignment to quantify overall similarity in
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expression throughout the trajectory (Fig. S7 A, B). Then
we used the young dataset as the reference to map the
difference between the two datasets(Fig. S7 C).The results
indicated that during pseudotime, most of the genes in
young and old groups are conserved while some of the
genes are unique. Secondly, we analyzed the local align-
ment to identifies regions of the trajectory that are closer
to each other (Fig. S7 D). The regions are remained con-
servative within the 0-100 range while in the later stages
of the trajectory, they begun to differentiate. This clearly
demonstrates the differences in trajectories between
young and old group, highlighting specific gene changes
in the differentiation trajectory associated with aging.

Within the older group, Immunology4 ECs were
found to occupy an intermediate state between ECs and
immune cells, a pattern not observed in the young group
(Fig. 4C). This observation suggests that aging may push
Immunology4 into a transitional state.

To substantiate our hypothesis, we initially exam-
ined the gene expression profiles at the branch point in
the aged group of Immunology4 ECs related subsets
(Fig. 4D). The genes were classified into three groups
according to their expression dynamics. It was clear that
the majority of genes in Cluster 1 displayed high expres-
sion levels in Cell Fate 2, while those in Cluster 2 were
predominantly expressed in Cell Fate 2 as well. In con-
trast, Cluster 3 exhibited high expression levels before
the branch point.

Subsequently, we identified co-expression modules
using the R package hdWCGNA [17] to verify whether
gene expression alters or remains consistent throughout
the transition process from ECs to immune cells in the
aged group. We constructed a co-expression network and
visualized it using a dendrogram (Fig. 4E), and three co-
expression modules were calculated. Genes within Mod-
ule 1 showed elevated expression levels in Proliferating
ECs and Capillaryl and Capillary2 ECs, while those in
Module 2 and 3 displayed heightened expression in Mac-
rophages (Fig. 4F).

We then computed the Module Eigengenes in each mod-
ule, a metric frequently used to summarize the gene expres-
sion profile of an entire co-expression module. The module
eigengenes were computed by performing principal com-
ponent analysis (PCA) on the subset of the gene expres-
sion matrix comprising each module [17]. The top 10 hub
genes of Module 1 (Fig. 4G-upper) are primarily involved in
the regulation of endothelial cell proliferation and regula-
tion of vascular permeability. For Module 2, the hub genes
mainly focus on the regulation of lymphocyte proliferation
and positive regulation of leukocyte-mediated cytotoxicity
(Fig. 4F-middle). Module 3 hub genes are related to the pos-
itive regulation of the mitotic cell cycle phase transition. We
analyzed how the module eigengenes change throughout
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the pseudotime trajectories for each co-expression module
using the hdWGCNA function PlotModuleTrajectory.

We conducted pseudotime trajectory analysis with Mon-
ocle2 and studied module dynamics throughout the cel-
lular transitions from Proliferating ECs to Macrophages.
The trajectories indicated that Module 1 was turning off
their expression programs throughout the transition from
ECs to Macrophages, while Module 2 was turning on in
the process. These results paralleled the observation that its
endothelial function declined during the transition while its
immune phenotype was upregulated. The Module 3 genes
remained static during the transition (Fig. 4H). This finding
suggested that the genes in Module 2 may contribute to the
regulation of the transition.

To identify potential transitional genes, we overlapped
genes in Cluster 3 and Module 4’s top 50 hub genes, and 18
genes were detected (Fig. 4I). The GO enrichment showed
the function of overlapped genes mainly about regulation of
inflammatory response (Gpx1, Alox5ap, Ctss), extracellular
matrix binding (Ctss, Lgals3), antigen processing and pre-
sentation (Ifi30, Ctss), and phagocytic and endocytic vesicle
(Ctss, Pld4, Ftl1). Previous research has shown that Ctss is
involved in inducing the release of inflammatory cytokines
and leading to endothelial dysfunction in hyperglycemic
conditions, and another study demonstrated that decreasing
Ctss can ameliorate age-related dry eye. These findings sug-
gested that aging may activate Ctss and initiate the EndICLT
process (Fig. S2 C).

Besides, we also analyzed the transcription factors in the
old Immunology4 subsets (including Capillaryl, Capil-
lary2, Proliferating, Immunology4 and Macrophage) used
pySCENIC [19]. After constructing the co-expression mod-
ules, we calculated the cell-type specific regulators(Fig.
S8 A, B).Then to explore the TFs changes in trajectory, we
integrate transcription factor activity into the pseudotime
matrix(the pseudotime was normalized). According to our
pervious trajectory (Fig. 4C), the transition occurred in the
time interval between 0.35 and 0.45 (from O to 1). We spe-
cifically investigated immunology4-specific transcription
factors and plotted the transcription factor activity over
pseudotime to see whether any specific changes near tran-
sition time(Fig. S8 C).We found that Ltf showed a specific
upregulation around 0.4(Fig. S8 D). It is well-known that
LTF could activate the NF-kB signaling pathway, promoting
macrophage activation [43]. For example, LTF binding to
CD14 receptor competes with the bacterial LPS (product of
dying bacteria) [44] and can attenuate NF-kB-induced tran-
scription of genes for various inflammatory mediators [45].
Also, it is reported that high LTF expression might contrib-
ute to meniscal aging and degeneration through the NF-kB
signaling pathway [46].Therefore, we could speculate that
the endothelial-immunology transition is regulated by Ltf.
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(See figure on previous page.)

Fig. 5 The young and old splenic endothelial-immune cells interactome predictions. (A) Circle network diagram of cell-cell interaction patterns of dif-
ferent celltypes in young (left) and old (right) splenic ECs and immune cells, arrows and edge color indicate direction(ligand-receptor), and the edge
thickness indicates the sum of the interaction number between populations. Bottom: Chord chart showing the up-regulated signaling pathway between
young and old splenic ECs and immune cells. (B) Histogram counts the number and interaction strength of cell-cell interactions in young (grey) and old
(purple taupe) splenic ECs and immune cells. (C) Bar graph shows predicted pathways for young and old splenic ECs and immune cells, with gray labels
representing pathways in the young group, black representing pathways shared by the young and old groups, and the purple taupe color representing
pathways in the old group. (D) Circle network diagram showing the cell-cell interaction patterns in young (left) and old (right) splenic ECs and immune
cells targeting on Immunology1 EC. (E) Circle network diagram showing the cell-cell interaction patterns in young (left) and old (right) splenic ECs and
immune cells targeting on Immunology? EC. (F) Circle network diagram showing the cell-cell interaction patterns in young (left) and old (right) splenic
ECs and immune cells targeting on Immunology3 EC. (G) Circle network diagram showing the cell-cell interaction patterns in young (left) and old (right)
splenic ECs and immune cells targeting on Immunology4 EC. (H) Dotplot representing the ligand-receptor pair between splenic ECs and immune cells
(young and old intergrated), which splenic ECs are set as target. The specific interaction between splenic EC and immune cells were labeled in red. (1)
Dotplot representing the ligand-receptor pair of specific interaction between young (coral) and old(cyan) splenic ECs and immune cells (DC-Imm1; MC-

Imm2; Macrophage-Imma4). (J) Violin plot showing the gene expression of the indicated pathways between splenic ECs and immune cells

Profiling the impact of aging on spleen ECs cellular
communication and molecular signaling pathways

To explore cell-to-cell interactions between the young and
old groups, we utilized the R package CellChat for analysis
[20]. In line with observations from other studies [23, 47],
the aged group exhibited stronger signal communication in
terms of both quantity and intensity (Fig. 5A, B). Compared
to the young group, inflammation pathways such as Ccl,
Cxcl, and Mif were upregulated (Fig. 5A-lower, C). Pathways
in the old Immunology2 ECs were the most upregulated
(Fig. 5A-lower).

Previous research has confirmed the interaction
between tumor-enriched angiogenic ECs and Tumor-
associated Macrophages (TAMs) through TGFBI1
(angiogenic ECs) < TGFBR1 (Myel, TAMs) [12].
However, the potential mechanisms by which ECs can
modulate immune cells during aging are still under inves-
tigation. We focused our analysis on the EC-immune
cell interactome by comparing the signals of four
immunology-related ECs between the young and old
groups(Fig. 5D-G). We first designated the four immu-
nology-related ECs as targets to examine how immune
cells and other endothelial cells interact with them. Com-
pared to the young group, Immunologyl, Immunology 2,
and Immunology4 all received signals from their related
immune cells (Fig. 5D, E, G). We then further analyzed
the interaction between the four immunology-related
ECs and their related immune cells (Fig. 5H).

In the aging group, DCs interacted with Immunologyl
through Nampt < Insr and Mif & Ackr3 (Fig. 5I). Ackr3
has been shown to be involved in the trans-endothelial
migration of immune cells, enabling arterial invasion and
accumulation of immune cells in lesions, causing ath-
erosclerosis, and is upregulated with aging (Fig. 5J) [48,
49]. Mast cells interacted with Immunology2 through
Ccl5©Ccrl, a specific pathway that recruits monocytes
into inflamed tissues by primarily triggering Ccrl-medi-
ated arrest on endothelial cells, and has been shown to
promote hematogenous metastasis in colorectal cancer
[50, 51]. The interaction between aging Macrophages
and Immunology4 is primarily through Ccl3<Ccrl and

Ccl6eCcrl. Cerl plays a significant role in the bone
microenvironment, and Ccl3 is considered an osteoclast
activating factor produced by MM plasma cells, further
stimulating osteoclastogenesis [52]. Other research has
shown that Ccl3 and Ccrl expressed by tumor-associated
Macrophages is associated with enhanced interaction
with breast carcinoma cells and metastatic seeding to the
lung [53]. Ccl6 is considered as a chemotactic agent for
monocytes and Macrophages and is produced in exag-
gerated quantities in inflammatory and remodeling dis-
orders [54].

We then designated the four immunology-related ECs
as senders to examine how they interact with immune
cells (Fig. S3 A-D-G). Compared to the young group,
aging Immunologyl ECs exert unique signaling effects on
DCs (Fig. S3 E) through Kitl < Kit. Endothelial cells have
been shown to maintain Hematopoietic Stem Cells at
homeostasis by expressing Kitl [55, 56]. For the interac-
tion of Immunology2 and Mast cells, the Anxal < Fpr2/
Fprl signal was upregulated. Anxal has been shown to
trigger angiogenesis such as cell functional migration and
invasion in Pancreatic cancer. This validation confirmed
that Anxal not only plays a role in EndMT [57] but also
exerts regulatory control over EMT in papillary thyroid
carcinoma [58]. We can speculate on the potential role of
Anxal in regulating EndICLT during the aging process.

In summary, these cellular interaction findings indicate
an upregulation of inflammatory activation during spleen
aging, and the enhanced cell-cell interactions may lead to
the reprogramming of ECs.

Further validation of the existence of immunology-related
ECs in other mouse organs and humans

To validate whether the presence of immunology-related
ECs is spleen-specific characteristic, we analyzed scRNA-
seq in other mouse organ(heart, liver and kidney) from
our previous studies [23, 59, 60]. We integrated three
datasets and identified two immunology-related clus-
ters (Fig. S9 A). Most of the immunology-related ECs are
located in the liver (Fig. S9 C), consistent with our pre-
vious analysis of liver endothelial cells [59]. Additionally,
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these immunology-related ECs are predominantly found
in aged mice. Then we analyzed the top 10 marker genes
in those two immunology-related clusters (Fig. S9 B)
and found there are similar markers between splenic
ECs and EC_merge immunology-related clusters such
as Cd52, Lyz2. We further compared the correlation
between two EC_merge immunology-related clusters and
four splenic EC clusters (Fig. S9 D, E). EC_merge immu-
nologyl is most similar to Immunology4 (Correlation
coefficient:0.71) and EC_merge immunology 2 is most
similar to Immunologyl (Correlation coefficient:0.72).
These results indicate that while immunology-related
endothelial cells are present in other mouse organs, the
splenic immunology ECs exhibit greater diversity com-
pared to those in other organs.

These findings prompted us to investigate the presence
of immunology-related ECs in the human spleen. We
analyzed human splenic endothelial cells from the Tabula
Sapiens dataset [61]. After quality control and removal of
doublets, we reclustered the endothelial cells and iden-
tified 7 clusters (Fig. S10 A, B). First, we identified the
presence of homologous genes for immune-related EC
marker genes in the human clusters, including H2-Eb1—
HLA-DRB1/HL1-DRB5, Fcerla—FCER1A, CD79a—
CD79A, and Lyz2—LYZ (Fig. S10 C). The homologous
genes for the Immunology4 marker (LYZ) were expressed
in cluster 7 of the human subset. We further confirmed
the specific expression of macrophage markers CD163
and CD68, which exhibited distinctive patterns (Fig.
S10 C). Subsequently, we analyzed the top 30 marker
genes of the human immunology-related ECs and their
GO functions (Fig. S10 D). Similar to our findings in
mouse splenic ECs (especially Immunology4), the GO
enrichment was highly related to immune response and
phagocytosis.

Overall, these results provide evidence for the existence
of immune-related endothelial cells in various mouse
organs and the human spleen.

Discussion

The exploration of aging’s influence on splenic EC hetero-
geneity remains underrepresented in scientific literature,
despite the critical role these cells play in orchestrat-
ing immune responses [62].The spleen’s high vascular-
ity positions its ECs as pivotal facilitators of interactions
between lymphocytes and antigen-presenting cells,
essential for robust immunological defense. Recent stud-
ies have underscored the transcriptional diversity of
splenic ECs and their involvement in key functions such
as scavenging and lipid metabolism, which are vital for
maintaining splenic homeostasis [22]. However, the regu-
latory effects of aging on these cells and their interactions
with immune cells have not been thoroughly investigated.
To address this gap, we have endeavored to construct a
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comprehensive atlas and analyze the aging-related effects
and mechanisms on various vascular ECs.

We have successfully generated the inaugural single-
cell atlas of aged splenic ECs, delineating 10 distinct
EC subtypes (Fig. 1B) after quality control and doublets
checking (Fig. S4). Beyond the previously recognized cell
types [22], our study has unveiled novel subpopulations,
including four immunology-related EC types (Immunol-
ogyl-4) and a subset of Proliferating ECs. GO analysis
validated the biological functions of these ECs, with the
immunology-related ECs notably expressing markers
typically associated with immune cells (Table S1).We fur-
ther investigated the overlap of these markers between
the immunology-related ECs and immune cells (Fig. 3B),
with GO analysis corroborating the functional attributes
of these ECs.

Our analysis then focused on elucidating common
regulatory mechanisms of aging within splenic ECs. We
observed that the most significant changes in differen-
tially expressed genes (DEGs), both upregulated and
downregulated, were predominantly found in Immu-
nologyl, Immunology4, and Proliferating ECs (Fig. S1
C). This suggests that these cell types are particularly
susceptible to the effects of aging. The aged endothe-
lial microenvironment is characterized by heightened
inflammation, as evidenced by the expression of immu-
nology gene signatures such as H2-Aa, H2-Ab1, H2-Ebl,
and Cd74 (Fig. 3D). The upregulation of functions related
to the “inflammatory cellular response to interferon-beta”
and “antigen processing and presentation of exogenous
peptide antigen via MHC class II” aligns with the hypoth-
esis that interferon activation is a concurrent process in
spleen aging, supporting theories from prior studies [63].
Our findings are consistent with those reported in the lit-
erature [23, 24, 64], and we have further illuminated the
heterogeneity (Fig. 2D) and the aging-related effects on
various cell subpopulations (Fig. S1 C, D) using diverse
analytical approaches.

Significantly, we have characterized four groups of
immunology-related ECs - Immunologyl, Immunol-
ogy2, Immunology3, and Immunology4 - as EndICLTs.
These cells are in a transitional state, not yet fully dif-
ferentiated into immune cells. This concept aligns with
findings from studies on carotid artery endothelial cells
under disturbed flow (d-flow), which suggested a role for
such cells in the progression of atherosclerosis [11]. In
these studies, the E8 cell type was classified as an EndI-
CLT due to its high expression of several macrophage
gene markers. In our research, we expanded this concept,
associating Immunologyl with DCs, Immunology2 with
Mast cells, Immunology3 with B cells, and Immunol-
ogy4 with Macrophages. This association was based on
the overlap of marker genes between the four immunol-
ogy-related ECs and these immune cells (Fig. 3B), with
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these markers being highly expressed in their respec-
tive subtypes. The differential expression genes between
immunology-related ECs and their relative immune cells
(Fig. S5 A-D) showed that the presence of endothelial cell
markers Gm42418 among all the upregulated DEGs in
four immunology-related EC clusters. Besides, immune
cell related genes also presented in the up-regulated
DEGs in each immunology-related EC clusters such as
Ly6a in Immunologyl(Fig. S5 A), Mcpt8 in Immunol-
ogy2 (Fig. S5 B), Ighm and Igkc in Immunology3(Fig.
S5 C) and Adgrel in Immunology4(Fig. S5 D), illustrat-
ing that immunology-related ECs possesses attributes of
both endothelial cells and immune cells, representing an
intermediate state of endothelial cells while retaining the
conservatism of endothelial cells.

To validate our hypothesis, we conducted GO analy-
sis and correlation tests, which confirmed the simi-
larity between these cell types (Fig. 3A, C). We also
compared the immunology-related ECs with classical
ECs using gene set score analysis (Fig. 3D). This com-
parison revealed that, relative to classical ECs, the four
immunology-related ECs possess enhanced immune-
regulating capabilities and are losing their endothelial cell
phenotypes. We further explored the specific functions
of the four immunology-related clusters. For Immunol-
ogyl, we assessed the antigen-presenting score (Fig. 3E).
Given that endothelial cells are considered semi-profes-
sional APCs [10], we first compared classical ECs and
immunology-related ECs to eliminate interference (Fig.
S1 F). Our analysis confirmed that immunology-related
ECs have higher APC function, with Immunologyl scor-
ing the highest, thereby supporting its association with
DCs (Fig. 3F). In Immunology2, we evaluated the allergy
score, with Immunologyl, Immunology2, and Immunol-
ogy4 exhibiting comparable scores, reflecting the com-
plex interplay of different immune cells and molecules
in allergic responses. Immunology3 scored highest in
B cell activation, indicating its close association with B
cells. For Immunology4, we assessed the phagocytosis
score, and as anticipated, it scored the highest among
the immunology-related EC group. The analysis of the
peripheral blood scRNA-seq data in the young and aged
mouse [38](Fig. S6 A) showing that in peripheral blood,
age-related changes in DCs are associated with blood
coagulation, whereas in Immunologyl, they relate to
antigen processing and extracellular matrix organization.
One of the intersect genes, contributes to cardiac fibro-
blast stimulation and fibrosis in aging [39]. For periph-
eral macrophages, the function of regulating response
to external stimuli was upregulated while in Immunol-
ogy4, age-related DEGs were associated with blood vessel
endothelial cell migration. Psenl, relevant to autosomal-
dominant Alzheimer’s disease [40], was among the over-
lapping genes(Fig. S6 E). These provide evidence that
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peripheral blood immune cells and immunology-related
endothelial cells share some similar age-induced changes
in both functional and gene phenotypes such as immune
response and chemotaxis. However, the aging-related
changes in clusters of immunology-related endothelial
cells are more focused on their regulatory function in
vessel development.

Chronic d-flow has been established to induce the
EndICLT phenotype [11]. This led us to question whether
aging could similarly trigger EndICLT. To probe this pos-
sibility, we performed pseudotime trajectory analysis on
selected EC subtypes (Fig. 4A, B). Our analysis revealed
that among aging Immunology4-related ECs (Proliferat-
ing, Capillaryl, Capillary2, Immunology4, and Macro-
phages), the Immunology4 subtype was predominantly
transitioning towards immune cell-like phenotypes
(Fig. 4C). The young and old Immunology4 subtype was
proven showing a deviate in the later stages (Fig. S7 D)
highlighting specific gene changes in the differentiation
trajectory associated with aging.

The EndICLT hypothesis was further substantiated by
conducting gene consensus co-expression network analy-
sis (Fig. 4E-G) and trajectory branch heatmap visualiza-
tion (Fig. 4D). By overlapping the highly expressed genes
before the pre-branch and the co-expression module
genes upregulated throughout the trajectory, we identi-
fied Ctss as a potential regulator of the EndICLT process
in aging. This hypothesis aligns with previous reports,
which have shown that Ctss is highly upregulated in
immune cells, particularly microglia, in the aging mouse
brain [65] and retina [66]. Furthermore, Ctss has been
implicated in the inflammatory processes of immune
diseases such as atopic dermatitis, psoriasis, bronchial
asthma, and rheumatoid arthritis [67, 68], as well as age-
related dry eye [69].

Notably, Ctss knockdown significantly reduced the
expression of transcription factors nuclear factor-kappa
B (NF-xB) and inducible NO synthase (iNOS), along
with vascular endothelial growth factor A (VEGFA),
intercellular adhesion molecule 1 (ICAM-1), and vascu-
lar cell adhesion molecule 1 (VCAM-1) [70]. Given that
NF-«B is a key inducer of endothelial fibrosis in EndMT
and ICAM-1 and VCAM-1 are markers of EndMT [71],
these findings suggest that Ctss may be a regulatory gene
of EndICLT in the aging mouse spleen. However, further
lineage tracing studies are needed to solidify the EndI-
CLT hypothesis.

We also analyzed the transcription factors changes in
pseudotime trajectory in the old immunology4 subsets.
According to our pervious trajectory (Fig. 4C), the transi-
tion occurred in the time interval between 0.35 and 0.45
(from 0 to 1). We specifically investigated immunology4-
specific transcription factors(Fig. S8 A, B) and plotted
the transcription factor activity over pseudotime(Fig.
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S8 C).We found that Ltf showed a specific upregulation
around 0.4(Fig. S8 D). It is well-known that LTF could
activate the NF-kB signaling pathway, promoting mac-
rophage activation [43].Also, it is reported that high
LTF expression might contribute to meniscal aging and
degeneration through the NF-kB signaling pathway [46].
Therefore, we could speculate that the endothelial-immu-
nology transition is regulated by Ltf.

Our findings on EndICLT are supported by previous
reports showing that vascular ECs and lymphatic ECs
can serve as APCs, expressing major histocompatibility
complex class I (MHC class I) and MHC class II [72, 73].
The plasticity of ECs is further evidenced by their ability
to transition into osteoblasts and hematopoietic cells [74,
75]. An epithelial cell to immune cell-like transition has
also been reported [76].

Also, to further analyze the existence of the immu-
nology-related ECs in other mouse organs and in
human splenic ECs. We analyzed scRNA-seq in other
mouse organ(heart, liver and kidney) from our previous
studies(Fig. S9 A) [23, 59, 60] and found there are similar
markers between splenic EC and EC_merge immunol-
ogy-related clusters such as Cd52, Lyz2. The correlation
between this two EC_merge immunology-related clusters
and four splenic EC clusters (Fig.S9 C, D) showed that
EC_immunologyl is most similar to Immunology4 (Cor-
relation coefficient:0.71) and EC_immunology 2 is most
similar to Immunologyl (Correlation coefficient:0.72).
These results indicate that while immunology-related
endothelial cells are present in other mouse organs, the
splenic immunology ECs exhibit greater diversity com-
pared to those in other organs.

We analyzed human splenic endothelial cell from
dataset Tabula Sapiens [61] (Fig. S10 A). The marker of
Immunology4 (LYZ) was expressed in the cluster7 in
human subset. Further we validated the expression of
macrophage markers (CD163,CD68) and both showed
a specific expression (Fig.S10 C). the GO enrichment
highly related to immune response and phagocytosis (Fig.
S10 D). All these findings provide evidence about the
existence of immune-related endothelial cells in human
splenic endothelial cells.

In line with other reports, we found that aging weak-
ens many immune-regulating abilities to varying degrees.
Aging has been shown to significantly impact the physi-
ological function of immune-related cells in the spleen,
impairing both humoral and cellular immunity as indi-
cated by increased apoptosis and reduced numbers of B
cells and T cells in the spleen [7]. There is a confirmed
decrease in the abundance of naive CD8+T cells in the
spleen, and new subpopulations have been identified in
age-associated immune cells in the spleen, including
cytotoxic CD4 T cells and activated regulatory T cells
(aTreg) [7, 77]. Additionally, age-dependent deficiencies
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in the functional immunity of the spleen may be due to
the reorganization of splenic microanatomy, such as
the boundary between T cells and B cells becoming less
defined in older mice and a loss of marginal zone Macro-
phages [5, 6].

Finally, we examined age-related alterations in inter-
cellular communication between endothelial cells and
immune cells, with a particular emphasis on the inter-
action between immunology-related ECs and immune
cells. Our findings revealed that aging immunology ECs
engage in unique signaling pathways with their immune
cell counterparts. We also identified several signaling
pathways that may contribute to the reprogramming of
endothelial cells during aging.

Despite these findings, our study has several limita-
tions. Firstly, we acknowledge the need for future pro-
tein analysis and functional validation experiments to
confirm the role of each EC phenotype. Secondly, the
hypothesis of EndICLT in aging requires further sub-
stantiation through in vitro results. Lastly, we cannot
rule out the possibility that some EC subtypes may have
been lost during tissue dissociation and MACS-based EC
enrichment.

Conclusion

In summary, by constructing this single-cell resolution
transcriptome atlas of the splenic endothelium, we have
gained a deeper understanding of age-related changes
in splenic endothelial cells. Through this atlas, we not
only pinpointed the molecular characteristics linked
to increased inflammation and interferon activation
function in aged spleens but also uncovered potential
transitional states of splenic endothelial cells and their
interactions with immune cells during the aging process.
We believe this study offers valuable insights into the het-
erogeneity and reprogramming of splenic ECs in aging,
as well as their role in immunosenescence.
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EMT Epithelial-to-Mesenchymal Transition
d-flow Disturbed Flow

NF-kB Nuclear factor-kappa B

iNOS inducible NO synthase

VEGFA Vascular endothelial growth factor A
ICAM-1 Intercellular adhesion molecule 1

VCAM-1 Vascular cell adhesion molecule 1

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/512979-024-00452-1.


https://doi.org/10.1186/s12979-024-00452-1
https://doi.org/10.1186/s12979-024-00452-1

Huang et al. Immunity & Ageing (2024) 21:48

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3

Supplementary Material 4

Acknowledgements
We thank the other partners of our laboratory for their helpful suggestions.

Author contributions

Yanjing Huang: Analyzed and interpreted the data; Wrote the paper.

Zhong Liu: Analyzed and interpreted the data. Mengke Li, Dongliang

Wang: Contributed reagents, materials, analysis tools or data. Jinguo

Ye, QiuLing Hu, Qikai Zhang, Yuheng Lin, Rongxin Chen, Xuanwei Liang:
Performed the experiments. Xingyi Li, Xianchai Lin: Conceived and designed
the experiments.

Funding statement
This study was funded by the State Key Laboratory of Ophthalmology,
Zhongshan Ophthalmic Center, Sun Yat-sen University, China.

Data availability
The scRNA-seq data is stored in NGDC database (National Genomics Data
Center) (HRA004465).

Declarations

Ethical approval
The experiment was approved by the Institutional Animal Ethic Committee
Zhongshan Ophthalmic Center, 2020 - 169.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 4 February 2024 / Accepted: 1 July 2024
Published online: 18 July 2024

References

1. Mebius RE, Kraal G. Structure and function of the spleen. Nat Rev Immunol.
2005;5(8):606~16.

2. Alexandre YO, Mueller SN. Splenic stromal niches in homeostasis and immu-
nity. Nat Rev Immunol. 2023;23(11):705-19.

3. MeneesKB, et al. Sex- and age-dependent alterations of splenic immune cell
profile and NK cell phenotypes and function in C57BL/6J mice. Volume 18.
Immunity & Ageing: | & A; 2021.p. 3. 1.

4. Yousefzadeh MJ, et al. An aged immune system drives senescence and age-
ing of solid organs. Nature. 2021,594(7861):100-5.

5. Aw D et al. Disorganization of the splenic microanatomy in ageing mice.
Immunology, 2016. 148(1).

6.  Turner VM, Mabbott NA. Influence of ageing on the microarchitecture of the
spleen and lymph nodes. Biogerontology. 2017;18(5):723-38.

7. El-Naseery NI, et al. Aging-associated immunosenescence via alterations in
splenic immune cell populations in rat. Life Sci. 2020,241:117168.

8. Donato AJ, et al. Cellular and molecular biology of aging endothelial cells. J
Mol Cell Cardiol. 2015;89(Pt B):122-35.

9. Ting KK et al. The aging endothelium Vascular Biology (Bristol, England), 2021.
3(1): pp. R35-R47.

10.  Amersfoort J, Eelen G, Carmeliet P. Immunomodulation by endothe-
lial cells - partnering up with the immune system? Nat Rev Immunol.
2022;22(9):576-88.

11. Andueza A, et al. Endothelial reprogramming by disturbed Flow
revealed by single-cell RNA and chromatin accessibility study. Cell Rep.
2020;33(11):108491.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

Page 18 of 19

GeldhofV, et al. Single cell atlas identifies lipid-processing and immuno-
modulatory endothelial cells in healthy and malignant breast. Nat Commun.
2022;13(1):5511.

Zhang H, et al. Single-nucleus transcriptomic landscape of primate hippo-
campal aging. Protein Cell. 2021;12(9):695-716.

Bhattacharya S, et al. ImmPort, toward repurposing of open access
immunological assay data for translational and clinical research. Sci Data.
2018;5:180015.

Kwak M, et al. Associations of immune cell homing gene signatures and
infiltrates of lymphocyte subsets in human melanomas: discordance with
CD163+myeloid cell infiltrates. J Translational Med. 2021;19(1):371.

Liu J et al. AllerGAtlas 1.0: a human allergy-related genes database Database
(Oxford), 2018. 2018.

Morabito S, et al. h\dWGCNA identifies co-expression networks in high-
dimensional transcriptomics data. Cell Rep Methods. 2023;3(6):100498.
Morabito S, et al. Single-nucleus chromatin accessibility and transcriptomic
characterization of Alzheimer’s disease. Nat Genet. 2021,53(8):1143-55.
Aibar S, et al. SCENIC: single-cell regulatory network inference and clustering.
Nat Methods. 2017;14(11):1083-6.

Jin'S, et al. Inference and analysis of cell-cell communication using CellChat.
Nat Commun. 2021;12(1):1088.

Alpert A, et al. Alignment of single-cell trajectories to compare cellular
expression dynamics. Nat Methods. 2018;15(4):267-70.

Kalucka J et al. Single-cell transcriptome atlas of murine endothelial cells. Cell,
2020. 180(4).

Liu Z, et al. Insights gained from single-cell RNA analysis of murine endothe-
lial cells in aging hearts. Heliyon. 2023;9(8):e18324.

Jia G, et al. Endothelial cell senescence in aging-related vascular dysfunction.
Biochim Et Biophys Acta Mol Basis Disease. 2019;1865(7):1802-9.

Ma S, et al. Single-cell transcriptomic atlas of primate cardiopulmonary aging.
Cell Res. 2021;31(4):415-32.

VanGuilder HD, et al. Concurrent hippocampal induction of MHC Il pathway
components and glial activation with advanced aging is not correlated with
cognitive impairment. J Neuroinflamm. 2011;8:138.

Wage J, et al. Proton irradiation impacts age-driven modulations of cancer
progression influenced by immune system transcriptome modifications from
splenic tissue. J Radiat Res. 2015;56(5):792-803.

A single-cell transcriptomic atlas characterizes ageing tissues in the mouse.
Nature, 2020. 583(7817): p. 590-5.

Contrepois K, et al. Histone variant H2A.J accumulates in senescent cells and
promotes inflammatory gene expression. Nat Commun. 2017;8:14995.
Yellowley C. CXCL12/CXCR4 signaling and other recruitment and homing
pathways in fracture repair. BoneKEy Rep. 2013;2:300.

Single-cell transcriptomics of 20 mouse organs creates a Tabula Muris.
Nature, 2018.562(7727): p. 367-72.

Brown CC et al. Transcriptional Basis Mouse Hum Dendritic Cell Heterogene-
ity Cell, 2019. 179(4).

Pober JS, Sessa WC. Evolving functions of endothelial cells in inflammation.
Nat Rev Immunol. 2007;7(10):803-15.

Ager A. High endothelial venules and other blood vessels: critical regulators
of lymphoid Organ development and function. Front Immunol. 2017,8:45.
Théry C, Amigorena S. The cell biology of antigen presentation in dendritic
cells. Curr Opin Immunol. 2001;13(1):45-51.

Amin K. The role of mast cells in allergic inflammation. Respir Med, 2012.
106(1).

Solana R, Pawelec G, Tarazona R. Aging and innate immunity. Immunity.
2006;24(5):491-4.

Teo YV et al. Single-cell Transcriptomics Peripheral Blood Aging Mouse Aging,
2023.15(1).

Hardy SA, et al. Novel role of extracellular matrix protein 1 (ECM1) in cardiac
aging and myocardial infarction. PLoS ONE. 2019;14(2):0212230.

Giau VV, et al. Genetic analyses of early-onset Alzheimer’s disease using next
generation sequencing. Sci Rep. 2019;9(1):8368.

Trapnell C, et al. The dynamics and regulators of cell fate decisions are
revealed by pseudotemporal ordering of single cells. Nat Biotechnol.
2014;32(4):381-6.

Qiu X, et al. Reversed graph embedding resolves complex single-cell trajecto-
ries. Nat Methods. 2017;14(10):979-82.

Curran CS, Demick KP, Mansfield JM. Lactoferrin activates macrophages

via TLR4-dependent and -independent signaling pathways. Cell Immunol.
2006;242(1):23-30.



Huang et al. Immunity & Ageing

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

(2024) 21:48

Elass-Rochard E, et al. Lactoferrin inhibits the endotoxin interaction with
CD14 by competition with the lipopolysaccharide-binding protein. Infect
Immun. 1998;66(2):486-91.

OkazakiY, et al. Bovine lactoferrin ameliorates ferric nitrilotriacetate-induced
renal oxidative damage in rats. J Clin Biochem Nutr. 2012;51(2):84-90.

Zhang J, et al. LTF induces senescence and degeneration in the meniscus
via the NF-kB signaling pathway: a study based on integrated bioinformatics
analysis and experimental validation. Front Mol Biosci. 2023;10:1134253.

Ma S et al. Caloric restriction reprograms the single-cell Transcriptional Land-
scape of Rattus Norvegicus Aging. Cell, 2020. 180(5).

Gencer S, et al. Endothelial ACKR3 drives atherosclerosis by promot-

ing immune cell adhesion to vascular endothelium. Basic Res Cardiol.
2022;117(1):30.

Takaya K, Asou T, Kishi K. Selective elimination of senescent fibroblasts by
targeting the cell surface protein ACKR3. Int J Mol Sci, 2022. 23(12).

Kramp BK, et al. Exchange of extracellular domains of CCR1 and CCR5 reveals
confined functions in CCL5-mediated cell recruitment. Thromb Haemost.
2013;110(4):795-806.

Laubli H, Spanaus K-S, Borsig L. Selectin-mediated activation of endothelial
cells induces expression of CCL5 and promotes metastasis through recruit-
ment of monocytes. Blood. 2009;114(20):4583-91.

Gilchrist A, Echeverria SL. Targeting chemokine receptor CCR1 as a

potential Therapeutic Approach for multiple myeloma. Front Endocrinol.
2022;13:846310.

Kitamura T, et al. CCL2-induced chemokine cascade promotes breast cancer
metastasis by enhancing retention of metastasis-associated macrophages. J
Exp Med. 2015;212(7):1043-59.

Ma B, et al. The C10/CCL6 chemokine and CCR1 play critical roles in the
pathogenesis of IL-13-induced inflammation and remodeling. J Immunol
(Baltimore Md: 1950). 2004;172(3):1872-81.

Ramalingam P, Poulos MG, Butler JM. Regulation of the hematopoietic stem
cell lifecycle by the endothelial niche. Curr Opin Hematol. 2017;24(4):289-99.
Ramalingam P, Butler JM, Poulos MG. Vascular regulation of hematopoi-

etic stem cell homeostasis, regeneration, and aging. Curr Stem Cell Rep.
2021;7(4):194-203.

Novizio N et al. Annexin AT released in Extracellular vesicles by pancreatic
Cancer cells activates components of the Tumor Microenvironment, through
Interaction with the formyl-peptide receptors. Cells, 2020. 9(12).

Zhao X, et al. ANXAT enhances tumor proliferation and migration by regulat-
ing epithelial-mesenchymal transition and IL-6/JAK2/STAT3 pathway in
papillary thyroid carcinoma. J Cancer. 2021;12(5):1295-306.

Wang D, et al. Assessing the effects of aging on the liver endothelial cell land-
scape using single-cell RNA sequencing. Hepatol Commun. 2023;7(2):e0021.
Li M, et al. Assessing the effects of aging on the renal endothelial cell land-
scape using single-cell RNA sequencing. Front Genet. 2023;14:1175716.
Jones RC, et al. The Tabula Sapiens: a multiple-organ, single-cell tran-
scriptomic atlas of humans. Volume 376. New York, N.Y.): Science; 2022. p.
eabl4896. 6594.

Page 19 of 19

62. JuntT, Scandella E, Ludewig B. Form follows function: lymphoid tissue
microarchitecture in antimicrobial immune defence. Nat Rev Immunol.
2008;8(10):764-75.

63. Cao W.IFN-Aging: Coupling Aging with Interferon Response. Front Aging.
2022;3:870489.

64. Ungvari Z, et al. Endothelial dysfunction and angiogenesis impairment in the
ageing vasculature. Nat Rev Cardiol. 2018;15(9):555-65.

65.  Ximerakis M, et al. Single-cell transcriptomic profiling of the aging mouse
brain. Nat Neurosci. 2019;22(10):1696-708.

66. Ogawa T, et al. Changes in the spatial expression of genes with aging in the
mouse RPE/choroid. Mol Vis. 2005;11:380-6.

67. Ainscough JS, et al. Cathepsin S is the major activator of the psoriasis-
associated proinflammatory cytokine IL-36y. Proc Natl Acad Sci USA.
2017;114(13):E2748-57.

68. Kim N, et al. Overexpression of cathepsin S induces chronic atopic dermatitis
in mice. J Invest Dermatol. 2012;132(4):1169-76.

69. Galletti JG, et al. Effects of Cathepsin S Inhibition in the age-related Dry Eye
phenotype. Investig Ophthalmol Vis Sci. 2023;64(11):7.

70. Sayed S et al. Cathepsin S knockdown suppresses endothelial inflammation,
angiogenesis, and complement protein activity under Hyperglycemic condi-
tions in Vitro by inhibiting NF-kB signaling. Int J Mol Sci, 2023. 24(6).

71, LiZ etal. Single-cell transcriptome analyses reveal novel targets modulating
cardiac neovascularization by resident endothelial cells following myocardial
infarction. Eur Heart J. 2019;40(30):2507-20.

72. Al-Soudi A, Kaaij MH, Tas SW. Endothelial cells: from innocent bystanders to
active participants in immune responses. Autoimmun rev. 2017;16(9):951-62.

73. MaiJ, etal. An evolving new paradigm: endothelial cells—conditional innate
immune cells. J Hematol Oncol. 2013;6:61.

74.  Guibentif C, et al. Single-cell analysis identifies distinct stages of human
endothelial-to-hematopoietic transition. Cell Rep. 2017;19(1):10-9.

75.  Lin S-Cet al. Endothelial-to-osteoblast Conversion generates osteoblastic
metastasis of prostate Cancer. Dev Cell, 2017. 41(5).

76.  Choi SYC et al. Epithelial immune cell-like transition (EIT): a proposed transdif-
ferentiation process underlying immune-suppressive activity of epithelial cancers
Differentiation; Research In Biological Diversity, 2012. 83(5): pp. 293-298.

77. Elyahu, et al. Aging promotes reorganization of the CD4 T cell land-
scape toward extreme regulatory and effector phenotypes. Sci Adv.
2019;5(8):eaaw8330.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Deciphering the impact of aging on splenic endothelial cell heterogeneity and immunosenescence through single-cell RNA sequencing analysis
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Animals
	﻿﻿Spleen ECs collection﻿
	﻿Library preparation and sequencing
	﻿Quality control of scRNA-seq data
	﻿Clustering and identification of cell types
	﻿Immunofluorescence staining
	﻿Analysis of DEGs between young and old splenic ECs data
	﻿GO term and KEGG pathway analysis
	﻿Gene set score analysis
	﻿Single-cell consensus weighted gene co-expression network analysis
	﻿Pseudotime analysis
	﻿Transcriptional regulatory network analysis
	﻿Cell-cell interaction analysis
	﻿Global and local alignment of single cell trajectories

	﻿Results
	﻿Single-cell transcriptome reveals age-related variations in splenic endothelial cell clusters
	﻿Age-related cellular and molecular characteristics of murine splenic ECs
	﻿Cellular and molecular characteristics of immunology-related ECs
	﻿Age-related molecular changes along differentiation trajectories
	﻿Profiling the impact of aging on spleen ECs cellular communication and molecular signaling pathways
	﻿Further validation of the existence of immunology-related ECs in other mouse organs and humans

	﻿Discussion
	﻿Conclusion
	﻿References


