"\' frontiers ‘ Frontiers in Cardiovascular Medicine

") Check for updates

OPEN ACCESS

EDITED BY
Elena Butoi,

Institute of Cellular Biology and Pathology
(ICBP), Romania

REVIEWED BY
Timothy P. Fitzgibbons,

University of Massachusetts Medical School,
United States

Monica Tucureanu,

Institute of Cellular Biology and Pathology
(ICBP), Romania

*CORRESPONDENCE

Kening Li
keningli93@163.com

Zongfu Pan
panzongfu@163.com

RECEIVED 12 October 2024
ACCEPTED 29 January 2025
PUBLISHED 13 February 2025

CITATION

LiY, Wang S, Zhang R, Gong Y, Che Y, Li K and
Pan Z (2025) Single-cell and spatial analysis
reveals the interaction between ITLN1* foam
cells and SPP1* macrophages in
atherosclerosis.

Front. Cardiovasc. Med. 12:1510082.

doi: 10.3389/fcvm.2025.1510082

COPYRIGHT

© 2025 Li, Wang, Zhang, Gong, Che, Li and
Pan. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums is
permitted, provided the original author(s) and
the copyright owner(s) are credited and that
the original publication in this journal is cited,
in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

Frontiers in Cardiovascular Medicine

Original Research
13 February 2025
10.3389/fcvm.2025.1510082
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reveals the interaction between

ITLN1* foam cells and SPP1*
macrophages in atherosclerosis
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Introduction: Cardiovascular disease (CVD) caused by atherosclerosis (AS)
remains the leading cause of mortality in developed countries. Understanding
cellular heterogeneity within the inflammatory microenvironment is crucial for
advancing disease management strategies. This study investigates the
regulatory functions of distinct cell populations in AS pathogenesis, focusing
on the interaction between vascular smooth muscle cell (VSMC)-derived
ITLN1* foam cells and SPP1* FABP5* macrophages.

Methods: We employed single-cell RNA sequencing to characterize cell
populations within AS plaques. Correlation analyses and the CellChat package
were utilized to elucidate intercellular communication networks among
various cell types. The functional roles of key subsets of macrophages and
VSMCs were assessed using Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analyses. Pseudotime trajectory analysis
was conducted to explore the dynamics of VSMC differentiation. Additionally,
spatial transcriptomics analysis was used to demonstrate the physical
interactions between different cell subpopulations.

Results: We identified significant infiltration of macrophage clusters in AS, with
SPP1* FABP5" macrophages being highly enriched in AS plagues. These
macrophages were associated with lipid transport, storage, and cell migration
pathways. A distinct subset of ITLN1* foam cells derived from VSMCs exhibited
robust expression of foam cell markers and lipid metabolism-related genes.
Pseudotime trajectory analysis indicated that ITLN1" foam cells represent a
terminal stage of VSMC differentiation, characterized by elevated expression of
genes linked to lipid synthesis and AS progression. Spatial transcriptomics and
CellChat analysis revealed a significant interaction between ITLN1* foam cells
and SPP1* FABP5* macrophages, mediated by the MIF-(CD74 + CD44) and
SPP1-CD44 ligand-receptor axes.

Discussion: Our findings underscore the critical crosstalk between ITLN1* foam
cells and SPP1* macrophages in promoting lipid accumulation and AS
progression. Targeting this cell-cell interaction may offer new therapeutic
avenues for managing atherosclerosis. Further validation of these mechanisms
is necessary to develop effective immunotherapeutic strategies against AS.
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1 Introduction

Atherosclerosis (AS), a chronic inflammatory condition, is the
major cause of heart attacks and strokes (1, 2). Various treatment
options have been explored, including lipid-lowering drugs, anti-
platelet medications, nanomaterials, and other potential
interventions (3, 4). However, the therapeutic efficacy of AS
treatment is not ideal. Therefore, it is essential to investigate the
cellular and molecular mechanisms involved in the progression of
AS to identify potential targets for intervention. Previous research
has indicated that macrophages and vascular smooth muscle cells
(VSMCs) play essential roles in promoting plaque formation
within arteries as well as inflammation within these plaques (5-7),
thus making them promising targets for intervention.

The expression profile of VSMCs in vivo is highly complex and
variable, contributing to the development of associated diseases
through changes in cell phenotype (8). The plasticity and
heterogeneity exhibited by VSMCs allow for their differentiation
into various cell subsets (6, 8, 9). Single-cell RNA sequencing
analysis revealed diverse subsets of VSMCs involved in AS,
characterized by different gene expression patterns. For example,
Tcf21 regulates VSMC phenotypic modulation and influences the
number of fibromyocytes at the fibrous cap (10). In addition,
differentiation into foam cells constitutes a canonical form of
phenotypic modulation in VSMCs. The accumulation of lipid-rich
foam cells within the arterial wall plays a pivotal role in the
of AS

accumulation of foam cells may result in necrosis within AS

development and progression lesions.  Excessive
plaques (8, 11, 12). VSMCs are closely associated with foam cells,
and research uncovered that the P2RY12/P2Y12 receptor facilitates
the formation of VSMC-derived foam cells in advanced AS by
Studies

significant proportion of foam cells in the human coronary arterial

regulating autophagy (13). have confirmed that a
intima originates from smooth muscle cells. In the late stage of
AS, a substantial number of cells expressing macrophage markers
are derived from smooth muscle cells (14). However, the progress
for AS therapies targeting foam cells has been constrained, due to
an inadequate understanding of the underlying mechanisms (15).
Macrophages play an important role in the progression of AS. The
plaque microenvironment affects macrophage polarization in different
directions, and in addition to the two classic polarization types, other
types of macrophage subsets also affect the development and
regression of AS (5). SPP1* macrophages, a unique subset of
macrophages, are abundant in AS and play a pivotal role in the
development and rupture of AS plaques (16). SPP1" macrophages
within  the (PVAT)
surrounding coronary arteries. This phenomenon contributes to

accumulate perivascular adipose tissue
fibrosis in PVAT and subsequently accelerates the narrowing of
coronary arteries, facilitating the progression of AS (17). Recent
reports demonstrate the crosstalk between SPP1* macrophages and
various cell types (18-23). Nevertheless, the precise involvement
of SPP1* in the

immunomodulatory function, and the intercellular communication

macrophages progression of AS, their

within the plaque microenvironment remain to be fully elucidated.

The progression of the disease, however, does not depend solely
on the autonomy of individual cells, but also on intercellular
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communication between different cell types. While the
interaction between macrophages and VSMC-derived cells has
been documented in AS research (24), the heterogeneity of
VSMC subpopulations and variations in macrophage crosstalk
remain poorly understood. Macrophages can induce the
phenotypic VSMCs

the progression of AS through direct cell-cell contact or the

transformation  of and  accelerate
secretion of relevant factors (25). Macrophages serve as an
important source of foam cells, with the majority of current
research focusing on macrophage-derived foam cells. However,
the intercellular communication between macrophages, and
VSMCs-derived foam cells remains underexplored. Unraveling
the underlying mechanisms of this intricate interaction may
contribute to the development of novel anti-AS therapies.

In this study, we identified the interaction between SPP1*
macrophages and ITLN1" foam cells as a key facilitator of AS
progression. Our findings highlight the strong correlation between
VSMC-derived ITLN1" foam cells and SPP1" macrophage
infiltration, resulting in increased lipogenesis and up-regulation of
plaque-related genes. This interaction was further confirmed by
spatial transcriptome analysis. Overall, our work reveals the
intricate crosstalk between foam cells and macrophage subsets,
underscoring their potential as therapeutic targets for AS treatment.

2 Result

2.1 Significant infiltration of macrophage
clusters in AS

In this study, we utilize the single-cell database GSE159677 (26)
[comprising carotid atherosclerotic plaque (AS) and normal
carotid tissue plaque area (PA)] for analysis of copy number
variation and annotation of cell types. To accurately annotate cell
types, we visualized the results of dimensionality reduction
and clustering, as demonstrated in Figures 1A,B. There were
8 distinct cell types identified, including endothelial cells
characterized by the expression of VWF (27) and PECAMI (28),
VSMCs distinguished by expression of CALD1 (29)and TAGLN
(26, 30), NKT cells labeled with NKG7 (31) and CTSW (17)
markers, macrophages defined by CIQA (21) and C1QB (32),
CD4" T cells identified by IL7R (33) and LTB (34) expression,
plasma cells expressing CD27 (35) and SDC1 (36), mast cells
labeled with TPSAB1 (37) and TPSB2 (38) markers, and B cells
labeled by MS4Al1 (39) and CD79A (40). Using Seurat and
ggplot2 to draw the cell population proportional stack map of
PA and AS cells tSNE distribution and cell population
proportion map, we found that the macrophage cluster was
obviously enriched in AS (Figures 1C-E). Gene Ontology (GO)
functional analysis based on the differentially expressed genes
between AS and PA revealed that this macrophage population
was associated with macrophage activation, antigen presentation
(MHC 1I),
(Figure 1F). Cell-cell interactions in AS and normal tissue

myeloid cell migration, and other pathways
samples showed that macrophages have a strong interaction with

a variety of cell types (Figure 1G).
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FIGURE 1

Significant infiltration of macrophage clusters in AS. (A) Cell type annotation. (B) Different cell clusters marker - average Heatmap display. (C,D) Plots of
tSNE distribution in PA and AS. (E) The proportion of cell populations in PA and AS. (F) Performing a GO function enrichment analysis on the changing
macrophage population. (G) Cell-cell interactions in AS and normal tissue samples.
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SPP1* FABP5* macrophages are associated with the progression of AS. (A) Volcano plot shows highly variable genes in each macrophage
subpopulation. (B,C) Plots of tSNE distribution about macrophage subpopulations in PA and AS. (D) The proportion of macrophage subpopulations
in PA and AS. (E) The top 25 highly variable characteristic genes of the SPP1* FABP5* macrophage population were used as the enrichment
background gene set to analyze the enrichment differences of cell populations in the AS and PA groups. (F,G) The GO and KEGG functional
enrichment analyses were conducted. (H-N) The correlation between SPP1* FABP5* macrophage and various cell types was examined using a

scatter plot analysis.
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2.2 SPP1* FABP5* macrophages are
associated with the progression of AS

To further classify the
populations and identify the macrophage subset with the most

aforementioned macrophage

significant group differences, we generated multiple volcano plots
to visualize the clusters of macrophage subsets (M18, M7, M6,
M4, M12) (Figure 2A). Using t-SNE distribution and analysis of
cell population proportions in PA and AS cells, we identified a
SPP1* FABP5*
macrophages within the AS population, which has the largest

significant enrichment of heterogeneous
proportion (Figures 2B-D). To gain deeper insights, we utilized
the microarray dataset GSE100927 (41), which includes AS and
PA samples, to extract the top 25 highly variable characteristic
genes of SPP1" FABP5" macrophages as the enrichment
background gene set. Single-sample gene set enrichment analysis
(ssGSEA) FABP5*

macrophages in the AS group (Figure 2E). To clarify the

showed the enrichment score of SPP1*

correlation between this macrophage subpopulation and the
progression of AS disease, we conducted a functional analysis
using GO and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway enrichment. The results showed that SPP1"
FABP5" macrophages are characterized by lipid transport and
storage, cell migration, and chemotaxis, all of which are
of AS 2F,G).
Furthermore, to identify cell populations significantly associated
with SPP1" FABP5" macrophages, ssGSEA scores for each cell
population were calculated from the microarray data, followed by

associated with the pathogenesis (Figures

correlation analysis using the corrplot and ggplot2 packages
(Figures 2H-N). Interestingly, scatter plot analysis revealed the
highest negative correlation between SPP1" FABP5" macrophages
and VSMCs (Figure 2N). This finding contradicts our previous
understanding that VSMC-macrophage interactions contribute to
the progression of AS. We speculated that this negative
correlation might be attributed to the inclusion of the PA cell
population in our analysis, where VSMCs exhibit functions that
are contrary to those of the SPP1" FABP5" macrophage
population. Alternatively, VSMCs show varying functions at
different stages of AS. The proliferation of VSMCs can stabilize
AS during the early stage of AS (42, 43), which could also
explain the negative correlation between VSMC and macrophages
that we analyzed. Therefore, we then focus on VSMCs and
that contribute to the

identify pathogenic subpopulations

progression of AS.

2.3 ldentification and characterization of
ITLN1* foam cells derived from VSMCs in
the progression of AS

As shown in Figure 3A, differential gene expression analysis
was performed in the volcano map to identify the top 5 up-
regulated markers in each VSMC subset (V17, V16, V11, V10,
V5, V3). Notably, we identified a highly specific subset of
ITLN1" VSMCs (V3) that expressed traditional VSMC markers
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while also exhibiting macrophage-associated markers, such as
C1QA (21) and C1QB (44). This suggests that these ITLN1"
VSMCs represent a distinct foam cell population derived from
VSMCs, strongly associated with AS progression. To further
investigate this hypothesis, we analyzed the expression of foam
cell markers, including CD36, TREM2, APOCI1, CTSB, FABP5,
and PLIN2 (45-49), across distinct VSMC subpopulations
(Figure 3B). Remarkably, ITLN1" VSMCs exhibited robust
expression of foam cell markers. Furthermore, the up-regulation
of ITLN1 was found to enhance the expression of foam cell-
related and lipid metabolism-related genes, such as CD36, OLR1,
SRAI, ABCGI, and PPARG (26, 50-53) (Figures 3C,D).
Additional analysis revealed differential gene expression between
ITLN1_high and ITLNI_low VSMCs. Using the Enhanced
Volcano package, we found that PLIN2, a key marker of foam
ITLNI1_high VSMCs
(Figure 3E). The pie chart in Figure 3F further underscores the

cells, was significantly enriched in
strong correlation between ITLN1" VSMCs and foam cell-related
genes. In conclusion, our findings suggest that the ITLN1"
VSMC subset represents a foam cell population derived from

VSMCs, highlighting its critical role in AS progression.

2.4 ITLN1* foam cells associated with

macrophages promote the progression of
AS

The tSNE distribution and cell population proportion analyses
are performed to distinguish the differences between ITLN1" foam
cells and other VSMC subpopulations. The results revealed distinct
cell subsets, including CFD" fibromyocytes, Cllorf96" VSMCs,
and ITLN1" foam cells, with clear differentiation in the AS group
compared to the PA group, as shown in Figures 4A-C. For each
cell subset, 25 highly variable characteristic genes were selected as
background gene sets for enrichment analysis. Notably, in
Figures 4D-I, the gene signature of ITLN1" foam cell displayed
significant enrichment in AS compared to PA, highlighting a
pronounced difference. Further functional analysis of ITLNI"
foam cells, as shown in Figures 4J-K, revealed their close
association with macrophage activation, polarization, migration,
and chemotaxis through GO and KEGG pathway enrichment
analyses, implicating their pivotal role in the pathogenesis of AS.
Additionally, as shown in Figure 4L, correlation analysis of cell
populations was conducted using the same approach as described
above. The resulting correlation pie chart revealed a strong
relationship (r=0.90) between ITLN1" foam cells and SPP1"
FABP5" macrophages, suggesting significant cross-talk interactions
between these two cell clusters in AS.

2.5 ITLN1* foam cells and SPP1" FABP5™*
macrophages interaction

To elucidate the interactions between these two cell clusters,

further analysis was conducted. Based on the preprocessed t-SNE
object, cell-cell interactions in AS and normal tissue samples
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FIGURE 4
ITLN1* foam cells associated with macrophages promote the progression of AS. (A,B) Plots of tSNE distribution about VSMC subpopulations in PA and
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were analyzed using the CellChat package (http://www.cellchat.org/
), with the CellChatDB human. Intercellular ligand-receptor pairs
were systematically explored in samples from both PA and AS
tissues. A relatively dense network of ligand-receptor pairs was
observed between ITLN1" foam cells and SPP1" FABP5"
macrophages, providing compelling evidence for their close
5A,B.
Furthermore, Figures 5C,D visualizes the cell-cell communication

intercellular communication, as shown in Figures
network between SPP1" FABP5' macrophages and various cell
populations derived from VSMCs, as mentioned above. SPP1"
FABP5, exhibited of
ligandreceptor interactions with ITLN1* foam cells, among
which the MIF-(CD74 + CD44) and SPP1-CD44 ligand-receptor

pairs were

macrophages a Dbroader spectrum

identified as key mediators facilitating the crosstalk
between these distinct cell subsets. Additionally, as shown in
Figures 5E-G, the CellChat analysis revealed the presence of
ligand receptors, including VEGFB-VEGFR1, NAMPT-INSR, and
VEGFA-VEGFRI1 (54-56) which play a crucial role in AS, all
participate in communication between these two types of cells,
underscoring the importance of their interaction in AS.

10.3389/fcvm.2025.1510082

2.6 ITLN1* foam cells: key endpoint of
pathogenic VSMC differentiation in AS

To emphasize the role of ITLN1" foam cells as a critical
endpoint in the differentiation of VSMCs and their pivotal
contribution to AS progression, we utilized scRNA-seq data to
conduct pseudo-time trajectory analysis, which allowed us to
examine the evolution of VSMC cells and the dynamic changes
in pathogenic genes expression during differentiation, As the
pseudo-time trajectory extended further backward, it signifies a
more heterogeneous cellular state. By employing the Slingshot
R package, we traced the evolutionary dynamics of single-cell
transcriptomes. As shown in Figure 6A, the extension of the
evolutionary curve reflects the progressive differentiation of
VSMCs. The analysis considered six VSMC subpopulations as
potential differentiation trajectories, and we selected lipid
metabolism and AS-related genes, including APOC1, APOEA,
FABP5, PLOD2, SERPINEI, SPP1, PLIN2, and FABP4 (57-63),
to analyze the dynamic changes in their expression levels along
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FIGURE 6
ITLN1* foam cells: key endpoint of pathogenic VSMC differentiation in AS. (A) Schematic diagram of the cell pseudotime evolution trajectory, the
gradient from blue to red signifies an increasing level of cellular differentiation. (B) Pseudotime kinetics of indicated genes from the root of the
trajectory to the end.
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the evolutionary trajectory. Dimensionality reduction was
performed using the reducedDims function and differentially
expressed genes (DEGs) along pseudotime were identified with
the tradeSeq package. Marker gene expression trends were
visualized using pseudotemporal heatmaps generated with the
plotGeneCount function. As shown in Figure 6B, ITLN1" foam
cells were found to represent a highly evolved pathogenic VSMC
subpopulation, characterized by elevated expression of genes
linked to lipid synthesis and AS progression. Among the genes
we selected, the expression levels of SPP1 and FABP5 are
significantly higher in the evolutionary node of ITLN1* foam
cells compared to other pseudo-temporal evolutionary nodes,
providing support for our hypothesis regarding the interaction

between SPP1" FABP5" macrophages and ITLN1" foam cells.

10.3389/fcvm.2025.1510082

These findings underscore the highly differentiated state of
ITLN1* their lipid
accumulation and plaque formation, highlighting their critical

foam cells and significant role in

involvement in AS pathology.

2.7 Spatial transcriptomics reveals physical
interactions between ITLN1" foam cells and
SPP1* macrophages

The spatial co-localization of ITLN1* foam cells and SPP1*
FABP5" macrophages was analyzed using spatial transcriptomics
(ST) datasets GSE243179 (64) (Figure 7A) and GSE159677 (26)
(Figure 7B), derived from tissue sections of AS patients. These
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FIGURE 7

two tissue sections of AS patients as shown in (A,B), respectively.

Spatial transcriptomics reveals physical interactions between ITLN1* foam cells and SPP1" macrophages. Spatial transcriptomics datasets derived from
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FIGURE 8
The interactions between SPP1* macrophages and VSMCs facilitate the transformation of VSMCS into ITLN1* foam cells. SPP1" macrophages promote
the recruitment of ITLN1* foam cells to the plaque area, thereby accelerating plaque formation.

datasets provided high-resolution localization of specific gene  where SPP1" macrophages play a critical role in the development
expressions. We analyzed the gene-spot matrix and normalized the = and progression of AS (16). In our study, single-cell profiling
data, followed by visualizing the cell clusters on the slices. The revealed that pathways related to lipid transport, storage, and cell
analysis revealed a high degree of spatial similarity among ITLN1"  migration were enriched in SPP1" macrophages. Studies have
foam cells, SPP1" FABP5' macrophages, and SPP1"™ APOC1*  demonstrated that there is a crosstalk between SPP1*
macrophages. This finding was unexpected, as the SPP1" APOC1™  macrophages and multiple cell subtypes (68-70). CellChat
macrophage subpopulation was previously identified as  analysis reveals robust interactions between macrophages and
significantly smaller than SPP1™ FABP5" macrophages. Moreover, =~ VSMC. Given that VSMC transdifferentiation contributes to
the correlation heatmap (Figure 4L) demonstrated that SPP1"™  plaque complexity and vulnerability, our study identifies key
APOCI1" macrophages had a lower correlation with ITLN1* foam  VSMC subtypes involved in AS progression, particularly ITLN1"
cells (r=0.83) compared to SPP1* FABP5" macrophages foam cells. ITLNI, encoding intelectin-1 associated with obesity
(r=0.90). As a result, SPP1" APOC1" macrophages were not and hypertension, may drive the processes in AS (26, 71).
emphasized in the analysis. Nevertheless, the significant correlation ~ Notably, approximately 50% of foam cells in AS lesions originate
suggests that SPP1 may play a critical role as a macrophage- from VSMCs (14, 72), contributing to lipid accumulation and
related gene. Collectively, the high expression of SPP1 likely inflammation, thereby promoting the formation of AS (73).
enables macrophage subpopulations to interact with ITLN1* foam  Therefore, the interaction between SPP1" macrophages and
cells, potentially contributing to the progression of AS (Figure 8). ITLN1" foam cells was further analyzed. Correlation analysis and
spatial transcriptomics revealed a significant positive relationship
between the two cells, which co-localized in plaque centers and
3 Discussion promoted AS progression. Trajectory analysis suggested that
ITLN1" foam cells represent the terminal stage of VSMC
AS is a chronic inflammatory vascular disease characterized by  differentiation. Interestingly, genes related to lipid production
intimal thickening, smooth muscle cell proliferation, lipid and SPP1 gradually increased during the evolution of VSMC
accumulation, and plaque formation. Despite recent advances, towards ITLN1" foam cells, which exacerbated lipid deposition
clinical treatments for AS remain limited, and its underlying and plaque formation. These findings indicate that pathological
mechanisms are still not fully understood. Current research  differentiation of VSMCs into ITLN1" foam cells promotes the
highlights the indispensable role of macrophages in the development  development of AS, whereas targeting ITLN1* foam cells may
of AS, including their involvement in inflammation, intercellular  alter the progression of AS.
communication, plaque development, and rupture (5). Macrophages Single-cell sequencing has demonstrated that macrophages
engage in a complex communication network with other cell types,  secrete IL-1B in response to oxidized low-density lipoprotein (ox-
collectively driving the progression of AS (64, 65). In this study, we ~ LDL), which influences the formation of VSMC-derived foam
investigated the intricate interactions between VSMC-derived foam  cells (74). Foam cell formation in VSMC occurs after
cells and macrophages, highlighting the critical crosstalk between — macrophage infiltration into the plaque (73, 75). M2-like
ITLN1" foam cells and SPP1" macrophages, which offered = macrophages within AS plaques promote the phenotypic
comprehensive insights into the pathogenesis of AS. conversion of VSMCs, with foam cell formation being one
Phosphoprotein 1 (SPP1) has emerged as a potential diagnostic ~ possible cell fate (3). These findings suggest that macrophages
biomarker for AS and is closely associated with lipid synthesis (61, ~ may recruit VSMC to plaques and induce foam cell formation
66, 67). It is significantly expressed in pathological macrophages,  through cytokine secretion or direct cell-cell contact. However,
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research on foam cells remains limited, and there is a gap in single-
cell transcriptomic studies that focus on interactions between
macrophage and VSMC-derived foam cells. In our study, SPP1"
macrophages not only increase in AS, but also recruit VSMCs to
the plaque center through various signaling pathways, such as
SPP1-CD44, and MIF-(CD74 + CD44). The SPP1-CD44 and
MIF-(CD74 + CD44) axis facilitate the establishment of a
sophisticated  cellular network  among
macrophages and other cell subsets (76-79). Targeting the CD44
receptor disrupts the interaction between macrophages and

communication

VSMCs, resulting in the polarization of macrophages towards an
inflammatory phenotype and influencing VSMC phenotypic
switching (80). These findings suggest that SPP1™ macrophages
mediated the recruitment of VSMCs via SPPI
promoting VSMC differentiation into foam cells, and enhanced

signaling,

lipid biosynthesis and transport, thereby exacerbating AS. Our
results highlight the dynamic crosstalk between macrophages and
foam cells as part of a complex signaling network within the AS
microenvironment. This interaction plays a crucial role in
advancing AS, and targeting this network may offer potential
therapeutic strategies.

Spatial transcriptome analysis revealed that ITLN1" foam cells,
SPP1* FABP5" macrophages, and SPP1" APOCI" macrophages
share similar spatial distributions. We focused on SPP1* FABP5"
macrophages due to their larger population and stronger
association with ITLN1" foam cells compared to SPP1* APOC1"
macrophages. The spatial physical interactions between SPP1*
FABP5" macrophage and ITLN1" foam cells suggest a close
interaction between these two cell types. Both SPP1 and FABP5
are closely involved in lipid metabolism and macrophage
function. The delineation of SPP1" FABP5" macrophages
provides a biological context for understanding foam cell
formation and the crosstalk between the two cell types.

Although we
macrophages and foam cells in promoting the development of

revealed the intercellular interaction of
AS, it is important to acknowledge the limitations of this study,
particularly regarding the validation of sequencing data.
Although  we scRNA-seq and

transcriptomics to analyze cellular interactions, these findings still

utilized  various spatial
require further validation through additional experiments. Future
studies should aim at expanding sample sizes and employing
diverse experimental platforms to enhance the understanding of
these cell populations and their interaction mechanisms, which
may offer new insights for developing interventions in AS.
Overall, we identified a novel subpopulation of SPP1*
macrophages and analyzed their interactions with ITLN1" foam
cells. This study provides evidence of the intricate relationship

TABLE 1 The information about the dataset.

Database of
data
GSE243179 | GEO

Data set Type of data

Spatial transcriptomics

10.3389/fcvm.2025.1510082

between macrophages and foam cells, providing a new

perspective on the progression of AS.

4 Methods
4.1 Data collection

The information regarding the dataset is illustrated in tabular
form, as depicted in Table 1.

4.2 Single-cell copy number variation
analysis and cell type annotation

In order to identify different cell types, the Seurat package was
used to remove low-quality cells, including those with more than
8,000 detected genes or fewer than 200, as well as those with
mitochondrial gene expression exceeding 20% of total expression.
After filtration, data normalization was performed using the
NormalizeData function within the Seurat package, with a scaling
factor of 10,000. Next, the FindVariableFeatures function was
used to identify highly variable genes, followed by RunPCA for
dimensionality reduction on the normalized dataset. Clustering
analysis was then performed using the FindNeighbors and
FindClusters functions. Dimensionality reduction and clustering
results were visualized using UMAP and t-SNE techniques. Cell
types were annotated using the classical marker genes of known
cell types in combination with the SingleR packages. Marker
genes for each cluster were defined based on their expression
levels, where these genes were expressed in more than 30% of
cells and had an average expression value exceeding 0.5.

4.3 Differential analysis of cell population
enrichment

To perform enrichment and analysis of distinct cell
populations, the Seurat package was used to preprocess the
scRNA-seq data and conduct cell clustering. The metadata of
cells was extracted from the processed Seurat object, including
the sample ID, group, cell types, and cell clusters. Using the
dplyr package, cells were grouped, and the number of different
cell populations in each sample was calculated. Subsequently, the
proportions of each cell population were determined. The results
of the cell composition proportions for each group were
visualized using the ggplot2 package.

Detailed information

Sample 1 (coronary sample with plaque erosion from a 42 year-old white female)

Sample 2 (coronary sample with plaque erosion from a 46 year-old white female)

GSE159677 | GEO Single-cell
transcriptomics

GSE100927 | GEO Bulk RNA Control carotid (n=12)
transcriptomics AS carotid (n=29)
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The dataset GSE100927 containing AS and PA data was used to
identify the top 25 most variable feature genes from each cell
subpopulation, thereby creating an enriched background gene set.
The GSVA package was employed to perform single-sample gene
set enrichment analysis (ssGSEA) on this dataset and calculate
the ssGSEA score for the dataset. After calculating the score, the
enrichment scores of these clusters in the AS and PA groups
were compared to measure the difference in the proportion of
specific cell populations in these two groups.

4.4 Functional enrichment analysis

To clarify the biological roles of cell subpopulations, we
conducted analyses using gene ontology (GO) and the Kyoto
Encyclopedia of Genes and Genomes (KEGG), establishing a
significance threshold of P <0.05 to identify relevant pathways.

4.5 Analysis of cellular interactions

To assess the activity of various ligand-receptor pairs across
distinct cell populations and the enrichment of signaling
pathways, the CellChat analysis was conducted. Based on the
preprocessed tSNE object, cell-cell interactions in AS and normal
tissue samples were analyzed by running the CellChat package
(http://www.cellchat.org/), with the interactive ligand-receptor
database set as CellChatDB human.

4.6 Analysis of pseudo-temporal
trajectories in scRNA-Seq datasets

We performed a pseudo-temporal trajectory analysis on scRNA-
seq datasets using Slingshot R package to investigate the dynamic
changes in gene expression in different cell states. Slingshot enables
the by identifying
continuous, ordered cell states, and ordering cells along a

inference of developmental trajectories
pseudotime axis that represents their progression through a
biological process. Using the reducedDims function in Slingshot, we
apply methods such as PCA, t-SNE to project the cells into a
lower-dimensional space, facilitating the identification of distinct cell
groups. These projections were then processed by Slingsho to infer
the pseudotime trajectory. To identify the differentially expressed
genes (DEGs) along the pseudotime continuum, we use the
tradeSeq package, which is designed for modeling gene expression
along continuous trajectories. To better understand how gene
expression changes over pseudotime, we use the plotGeneCount
function to create heatmaps visualizing the expression of marker
genes or DEGs across the pseudotime continuum.

4.7 Analysis of spatial transcriptomics data
In order to demonstrate the spatial interactions between cell

subpopulations, the spatial transcriptomics (ST) datasets GSE243179
and GSE159677 from two AS patients were incorporated. The
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Seurat package was used to process both ST and Visium sample
data, generating gene-spot matrices. Gene expression data were
normalized using the SCTransform function. Dimensionality

reduction and clustering were performed using principal
component analysis (PCA), followed by mapping cell clusters onto
tissue images with the SpatialDimPlot function. Signature scoring
was conducted using the AddMetaData function in the Seurat
package, based on scRNA-seq or ST signatures, with default
parameters. Finally, spatial feature expression plots were generated

using the SpatialFeaturePlot function in the Seurat package.

Data availability statement

Publicly available datasets were analyzed in this study. These
datasets have been deposited at the Gene Expression Omnibus
(GEO) database, including spatial transcriptomics dataset under
accession number GSE243179 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgitacc=GSE243179), single-cell transcriptomics under
accession number GSE159677 (https://www.ncbi.nlm.nih.gov/geo/
query/acc. cgi?acc=GSE159677), and bulk transcriptomics under
accession number GSE100927.

Author contributions

YL: Writing — original draft, Writing - review & editing. SW:
Writing - review & editing. RZ: Data curation, Writing — review
& editing. YG: Visualization, Writing - review & editing. YC:
Data curation, Writing - review & editing. KL: Conceptualization,
Data curation, Formal Analysis, Software, Supervision, Writing —
review & editing. ZP: Conceptualization, Data curation, Formal
Analysis, Software, Supervision, Writing - review & editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

The authors would like to thank you for open access to the
GEO database.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationship that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

frontiersin.org


http://www.cellchat.org/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE243179
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE243179
https://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc=GSE159677
https://www.ncbi.nlm.nih.gov/geo/query/acc. cgi?acc=GSE159677
https://doi.org/10.3389/fcvm.2025.1510082
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Li et al.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Glass CK, Witztum JL. Atherosclerosis. The road ahead. Cell. (2001)
104(4):503-16. doi: 10.1016/S0092-8674(01)00238-0

2. Sanz ], Fayad ZA. Imaging of atherosclerotic cardiovascular disease. Nature.
(2008) 451(7181):953-7. doi: 10.1038/nature06803

3.YuL, Zhang Y, Liu C, Wu X, Wang S, Sui W, et al. Heterogeneity of macrophages
in atherosclerosis revealed by single-cell RNA sequencing. FASEB J. (2023) 37(3):
€22810. doi: 10.1096/.202201932RR

4. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD, Hahn EJ,
et al. 2019 ACC/AHA guideline on the primary prevention of cardiovascular
disease: executive summary: a report of the American College of Cardiology/
American Heart Association task force on clinical practice guidelines. Circulation.
(2019) 140(11):e563-95. doi: 10.1161/CIR.0000000000000677

5. Moore K]J, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a dynamic
balance. Nat Rev Immunol. (2013) 13(10):709-21. doi: 10.1038/nri3520

6. Miano JM, Fisher EA, Majesky MW. Fate and state of vascular smooth muscle
cells in atherosclerosis. Circulation. (2021) 143(21):2110-6. doi: 10.1161/
CIRCULATIONAHA.120.049922

7. Kuznetsova T, Prange KHM, Glass CK, de Winther MPJ. Transcriptional and
epigenetic regulation of macrophages in atherosclerosis. Nat Rev Cardiol. (2020)
17(4):216-28. doi: 10.1038/541569-019-0265-3

8. Basatemur GL, Jorgensen HF, Clarke MCH, Bennett MR, Mallat Z. Vascular
smooth muscle cells in atherosclerosis. Nat Rev Cardiol. (2019) 16(12):727-44.
doi: 10.1038/s41569-019-0227-9

9. Bennett MR, Sinha S, Owens GK. Vascular smooth muscle cells in atherosclerosis.
Circ Res. (2016) 118(4):692-702. doi: 10.1161/CIRCRESAHA.115.306361

10. Wirka RC, Wagh D, Paik DT, Pjanic M, Nguyen T, Miller CL, et al.
Atheroprotective roles of smooth muscle cell phenotypic modulation and the Tcf21
disease gene as revealed by single-cell analysis. Nat Med. (2019) 25(8):1280-9.
doi: 10.1038/s41591-019-0512-5

11. Gui Y, Zheng H, Cao RY. Foam cells in atherosclerosis: novel insights into its
origins, consequences, and molecular mechanisms. Front Cardiovasc Med. (2022)
9:845942. doi: 10.3389/fcvm.2022.845942

12. Poznyak AV, Nikiforov NG, Starodubova AV, Popkova TV, Orekhov AN.
Macrophages and foam cells: brief overview of their role, linkage, and targeting
potential in atherosclerosis. Biomedicines. (2021) 9(9):1-12. doi: 10.3390/
biomedicines9091221

13. Pi S, Mao L, Chen J, Shi H, Liu Y, Guo X, et al. The P2ry12 receptor promotes
VSMC-derived foam cell formation by inhibiting autophagy in advanced
atherosclerosis. Autophagy. (2021) 17(4):980-1000. doi: 10.1080/15548627.2020.
1741202

14. Allahverdian S, Chehroudi AC, McManus BM, Abraham T, Francis GA.
Contribution of intimal smooth muscle cells to cholesterol accumulation and
macrophage-like cells in human atherosclerosis. Circulation. (2014) 129(15):1551-9.
doi: 10.1161/CIRCULATIONAHA.113.005015

15. Javadifar A, Rastgoo S, Banach M, Jamialahmadi T, Johnston TP, Sahebkar A.
Foam cells as therapeutic targets in atherosclerosis with a focus on the regulatory
roles of non-coding RNAs. Int ] Mol Sci. (2021) 22(5):1-27. doi: 10.3390/
ijms22052529

16. Xu X, Qiu F, Yang M, Liu X, Tao S, Zheng B. Unveiling atherosclerotic plaque
heterogeneity and Spp1+/Vcan+ macrophage subtype prognostic significance through
integrative single-cell and bulk-seq analysis. J Inflamm Res. (2024) 17:2399-426.
doi: 10.2147/JIR.S454505

17. Fu M, Shu S, Peng Z, Liu X, Chen X, Zeng Z, et al. Single-cell RNA sequencing of
coronary perivascular adipose tissue from End-stage heart failure patients identifies
Sppl+ macrophage subpopulation as a target for alleviating fibrosis. Arterioscler
Thromb Vasc Biol. (2023) 43(11):2143-64. doi: 10.1161/ATVBAHA.123.319828

18. Qi J, Sun H, Zhang Y, Wang Z, Xun Z, Li Z, et al. Single-cell and spatial analysis
reveal interaction of fap+ fibroblasts and Spp1+ macrophages in colorectal cancer. Nat
Commun. (2022) 13(1):1742. doi: 10.1038/s41467-022-29366-6

19. Sathe A, Mason K, Grimes SM, Zhou Z, Lau BT, Bai X, et al. Colorectal cancer
metastases in the liver establish immunosuppressive spatial networking between
tumor-associated Sppl+ macrophages and fibroblasts. Clin Cancer Res. (2023)
29(1):244-60. doi: 10.1158/1078-0432.CCR-22-2041

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2025.1510082

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

20. Ozato Y, Kojima Y, Kobayashi Y, Hisamatsu Y, Toshima T, Yonemura Y, et al.
Spatial and single-cell transcriptomics decipher the cellular environment containing
Hla-G+ cancer cells and Sppl+ macrophages in colorectal cancer. Cell Rep. (2023)
42(1):111929. doi: 10.1016/j.celrep.2022.111929

21. De Schepper S, Ge JZ, Crowley G, Ferreira LSS, Garceau D, Toomey CE, et al.
Perivascular cells induce microglial phagocytic states and synaptic engulfment via
Sppl in mouse models of Alzheimer’s disease. Nat Neurosci. (2023) 26(3):406-15.
doi: 10.1038/541593-023-01257-z

22. Hong Y-K, Hwang D-Y, Yang C-C, Cheng SM, Chen P-C, Aala W Jr., et al.
Profibrotic subsets of Sppl+ macrophages and postn+ fibroblasts contribute to
fibrotic scarring in acne keloidalis. J Invest Dermatol. (2024) 144(7):1491-504.
doi: 10.1016/j.jid.2023.12.014

23. Wagenhiuser MU, Mulorz J, Krott KJ, Bosbach A, Feige T, Rhee YH, et al.
Crosstalk of platelets with macrophages and fibroblasts aggravates inflammation,
aortic wall stiffening, and osteopontin release in abdominal aortic aneurysm.
Cardiovasc Res. (2024) 120(4):417-32. doi: 10.1093/cvr/cvad168

24. Zhu ], Liu B, Wang Z, Wang D, Ni H, Zhang L, et al. Exosomes from nicotine-
stimulated macrophages accelerate atherosclerosis through mir-21-3p/pten-mediated
VSMC migration and proliferation. Theranostics. (2019) 9(23):6901-19. doi: 10.
7150/thno.37357

25. Koga J-i, Aikawa M. Crosstalk between macrophages and smooth muscle cells in
atherosclerotic vascular diseases. Vascul Pharmacol. (2012) 57(1):24-8. doi: 10.1016/j.
vph.2012.02.011

26. Alsaigh T, Evans D, Frankel D, Torkamani A. Decoding the transcriptome of
calcified atherosclerotic plaque at single-cell resolution. Commun Biol. (2022)
5(1):1084. doi: 10.1038/s42003-022-04056-7

27. Arderiu G, Pena E, Aledo R, Juan-Babot O, Crespo J, Vilahur G, et al. Microrna-
145 regulates the differentiation of adipose stem cells toward microvascular
endothelial cells and promotes angiogenesis. Circ Res. (2019) 125(1):74-89. doi: 10.
1161/CIRCRESAHA.118.314290

28. Chuntharpursat-Bon E, Povstyan OV, Ludlow M]J, Carrier DJ, Debant M, Shi J,
et al. Piezol and Pecaml interact at cell-cell junctions and partner in endothelial force
sensing. Commun Biol. (2023) 6(1):358. doi: 10.1038/s42003-023-04706-4

29. Kenney HM, Wu C-L, Loiselle AE, Xing L, Ritchlin CT, Schwarz EM. Single-Cell
transcriptomics ~ of  popliteal  lymphatic  vessels and  peripheral  veins
reveals altered lymphatic muscle and immune cell populations in the Tnf-tg
arthritis model. Arthritis Res Ther. (2022) 24(1):64. doi: 10.1186/s13075-022-
02730-z

30. Nagy A, Peth6 D, Gesztelyi R, Juhdsz B, Balla G, Szilvdssy Z, et al. Bgp-15
inhibits hyperglycemia-aggravated VSMC calcification induced by high phosphate.
Int J Mol Sci. (2021) 22(17):1-23. doi: 10.3390/ijms22179263

31. Woodring T, Dewey CN, Santos Dias LD, He X, Dobson HE, Wiithrich M, et al.
Distinctive populations of Cd4" T cells associated with vaccine efficacy. iScience.
(2022) 25(9):104934. doi: 10.1016/j.is¢i.2022.104934

32. Han H, Ge X, Komakula SSB, Desert R, Das S, Song Z, et al. Macrophage-
derived  osteopontin  (Sppl) protects from nonalcoholic  steatohepatitis.
Gastroenterology. (2023) 165(1):201-17. doi: 10.1053/j.gastro.2023.03.228

33. Zhang Y-J, Cheng Y, Tang H-L, Yue Q, Cai X-Y, Lu Z-], et al. Apoe
E4-associated downregulation of the il-7/il-7r pathway in effector memory T cells:
implications for Alzheimer’s disease. Alzheimers Dement. (2024) 20:6441-55.
doi: 10.1002/alz.14173

34. Khajavi L, Nguyen X-H, Queriault C, Chabod M, Barateau L, Dauvilliers Y, et al.
The transcriptomics profiling of blood Cd4 and Cd8T-cells in narcolepsy type I. Front
Immunol. (2023) 14:1249405. doi: 10.3389/fimmu.2023.1249405

35. Huggins J, Pellegrin T, Felgar RE, Wei C, Brown M, Zheng B, et al. CpG DNA
activation and plasma-cell differentiation of Cd27- naive human B cells. Blood. (2007)
109(4):1611-9. doi: 10.1182/blood-2006-03-008441

36. da Silva FAR, Pascoal LB, Dotti I, Setsuko Ayrizono M, Aguilar D, Rodrigues BL,
et al. Whole transcriptional analysis identifies markers of B, T and plasma cell
signaling pathways in the mesenteric adipose tissue associated with Crohn’s disease.
] Transl Med. (2020) 18(1):44. doi: 10.1186/s12967-020-02220-3

37. Wang G, Baines KJ, Fu JJ, Wood LG, Simpson JL, McDonald VM, et al. Sputum
mast cell subtypes relate to eosinophilia and corticosteroid response in asthma. Eur
Respir J. (2016) 47(4):1123-33. doi: 10.1183/13993003.01098-2015

frontiersin.org


https://doi.org/10.1016/S0092-8674(01)00238-0
https://doi.org/10.1038/nature06803
https://doi.org/10.1096/fj.202201932RR
https://doi.org/10.1161/CIR.0000000000000677
https://doi.org/10.1038/nri3520
https://doi.org/10.1161/CIRCULATIONAHA.120.049922
https://doi.org/10.1161/CIRCULATIONAHA.120.049922
https://doi.org/10.1038/s41569-019-0265-3
https://doi.org/10.1038/s41569-019-0227-9
https://doi.org/10.1161/CIRCRESAHA.115.306361
https://doi.org/10.1038/s41591-019-0512-5
https://doi.org/10.3389/fcvm.2022.845942
https://doi.org/10.3390/biomedicines9091221
https://doi.org/10.3390/biomedicines9091221
https://doi.org/10.1080/15548627.2020.1741202
https://doi.org/10.1080/15548627.2020.1741202
https://doi.org/10.1161/CIRCULATIONAHA.113.005015
https://doi.org/10.3390/ijms22052529
https://doi.org/10.3390/ijms22052529
https://doi.org/10.2147/JIR.S454505
https://doi.org/10.1161/ATVBAHA.123.319828
https://doi.org/10.1038/s41467-022-29366-6
https://doi.org/10.1158/1078-0432.CCR-22-2041
https://doi.org/10.1016/j.celrep.2022.111929
https://doi.org/10.1038/s41593-023-01257-z
https://doi.org/10.1016/j.jid.2023.12.014
https://doi.org/10.1093/cvr/cvad168
https://doi.org/10.7150/thno.37357
https://doi.org/10.7150/thno.37357
https://doi.org/10.1016/j.vph.2012.02.011
https://doi.org/10.1016/j.vph.2012.02.011
https://doi.org/10.1038/s42003-022-04056-7
https://doi.org/10.1161/CIRCRESAHA.118.314290
https://doi.org/10.1161/CIRCRESAHA.118.314290
https://doi.org/10.1038/s42003-023-04706-4
https://doi.org/10.1186/s13075-022-02730-z
https://doi.org/10.1186/s13075-022-02730-z
https://doi.org/10.3390/ijms22179263
https://doi.org/10.1016/j.isci.2022.104934
https://doi.org/10.1053/j.gastro.2023.03.228
https://doi.org/10.1002/alz.14173
https://doi.org/10.3389/fimmu.2023.1249405
https://doi.org/10.1182/blood-2006-03-008441
https://doi.org/10.1186/s12967-020-02220-3
https://doi.org/10.1183/13993003.01098-2015
https://doi.org/10.3389/fcvm.2025.1510082
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Li et al.

38. Xie Z, Niu L, Zheng G, Du K, Dai S, Li R, et al. Single-cell analysis unveils
activation of mast cells in colorectal cancer microenvironment. Cell Biosci. (2023)
13(1):217. doi: 10.1186/s13578-023-01144-x

39. Mattiola I, Mantovani A, Locati M. The tetraspan Ms4a family in homeostasis,
immunity, and disease. Trends Immunol. (2021) 42(9):764-81. doi: 10.1016/j.it.2021.
07.002

40. Dong Y, Pi X, Bartels-Burgahn F, Saltukoglu D, Liang Z, Yang J, et al. Structural
principles of B cell antigen receptor assembly. Nature. (2022) 612(7938):156-61.
doi: 10.1038/s41586-022-05412-7

41. Steenman M, Espitia O, Maurel B, Guyomarch B, Heymann M-F, Pistorius M-A,
et al. Identification of genomic differences among peripheral arterial beds in
atherosclerotic and healthy arteries. Sci Rep. (2018) 8(1):3940. doi: 10.1038/s41598-
018-22292-y

42. Lutgens E, de Muinck ED, Kitslaar PJ, Tordoir JH, Wellens HJ, Daemen M]J.
Biphasic pattern of cell turnover characterizes the progression from fatty streaks to
ruptured human atherosclerotic plaques. Cardiovasc Res. (1999) 41(2):473-9.
doi: 10.1016/S0008-6363(98)00311-3

43. Flugelman MY, Virmani R, Correa R, Yu ZX, Farb A, Leon MB, et al. Smooth
muscle cell abundance and fibroblast growth factors in coronary lesions of patients
with nonfatal unstable angina. A clue to the mechanism of transformation from the
stable to the unstable clinical state. Circulation. (1993) 88(6):2493-500. doi: 10.
1161/01.CIR.88.6.2493

44. Li H, Miao Y, Zhong L, Feng S, Xu Y, Tang L, et al. Identification of
Trem2-positive tumor-associated macrophages in esophageal squamous cell
carcinoma: implication for poor prognosis and immunotherapy modulation. Front
Immunol. (2023) 14:1162032. doi: 10.3389/fimmu.2023.1162032

45. Guo X, Li B, Wen C, Zhang F, Xiang X, Nie L, et al. Trem2 promotes cholesterol
uptake and foam cell formation in atherosclerosis. Cell Mol Life Sci. (2023) 80(5):137.
doi: 10.1007/s00018-023-04786-9

46. Domschke G, Linden F, Pawig L, Hafner A, Akhavanpoor M, Reymann J, et al.
Systematic RNA-interference in primary human monocyte-derived macrophages: a
high-throughput platform to study foam cell formation. Sci Rep. (2018) 8(1):10516.
doi: 10.1038/s41598-018-28790-3

47. Cai Z, Xu S, Liu C. Cathepsin B in cardiovascular disease: underlying
mechanisms and therapeutic strategies. J Cell Mol Med. (2024) 28(17):¢70064.
doi: 10.1111/jemm.70064

48. Umbarawan Y, Enoura A, Ogura H, Sato T, Horikawa M, Ishii T, et al. Fabp5 is a
sensitive marker for lipid-rich macrophages in the luminal Side of atherosclerotic
lesions. Int Heart J. (2021) 62(3):666-76. doi: 10.1536/ihj.20-676

49. Son S-H, Goo Y-H, Choi M, Saha PK, Oka K, Chan LCB, et al. Enhanced
atheroprotection and lesion remodelling by targeting the foam cell and increasing
plasma cholesterol acceptors. Cardiovasc Res. (2016) 109(2):294-304. doi: 10.1093/
cvr/cvv241

50. Wang L, Yanuck D, Beecham A, Gardener H, Slifer S, Blanton SH, et al. A
candidate gene study revealed sex-specific association between the Olrl gene and
carotid plaque. Stroke. (2011) 42(3):588-92. doi: 10.1161/STROKEAHA.110.596841

51. Liu S, Guan L, Peng C, Cheng Y, Cheng H, Wang F, et al. Mycobacterium
Tuberculosis suppresses host DNA repair to boost its intracellular survival. Cell
Host Microbe. (2023) 31(11):1820-36. doi: 10.1016/j.chom.2023.09.010

52. Zou J, Xu C, Zhao Z-W, Yin S-H, Wang G. Asprosin inhibits macrophage lipid
accumulation and reduces atherosclerotic burden by up-regulating Abcal and Abcgl
expression via the P38/elk-1 pathway. J Transl Med. (2022) 20(1):337. doi: 10.1186/
512967-022-03542-0

53.Li Q, Chen R, Bie L, Zhao D, Huang C, Hong J. Association of the variants in the
PPARG gene and serum lipid levels: a meta-analysis of 74 studies. J Cell Mol Med.
(2015) 19(1):198-209. doi: 10.1111/jcmm.12417

54. Shibuya M. Vascular endothelial growth factor receptor-1 (vegfr-1/flt-1): a dual
regulator for angiogenesis. Angiogenesis. (2006) 9(4):225-30. doi: 10.1007/s10456-006-
9055-8

55. Li S, Wang C, Li K, Li L, Tian M, Xie J, et al. nampt knockdown attenuates
atherosclerosis and promotes reverse cholesterol transport in ApoE KO mice with
high-fat-induced insulin resistance. Sci Rep. (2016) 6:26746. doi: 10.1038/srep26746

56. Shibuya M. Vegf-Vegfr system as a target for suppressing inflammation and
other diseases. Endocr Metab Immune Disord Drug Targets. (2015) 15(2):135-44.
doi: 10.2174/1871530315666150316121956

57. Rouland A, Masson D, Lagrost L, Vergés B, Gautier T, Bouillet B. Role of
apolipoprotein C1 in lipoprotein metabolism, atherosclerosis and diabetes: a systematic
review. Cardiovasc Diabetol. (2022) 21(1):272. doi: 10.1186/s12933-022-01703-5

58. Zeng T, Lv ], Liang J, Xie B, Liu L, Tan Y, et al. Zebrafish Cobll1a regulates lipid
homeostasis via the ra signaling pathway. Front Cell Dev Biol. (2024) 12:1381362.
doi: 10.3389/fcell.2024.1381362

59. Hotamisligil GS, Bernlohr DA. Metabolic functions of fabps-mechanisms and
therapeutic implications. Nat Rev Endocrinol. (2015) 11(10):592-605. doi: 10.1038/
nrendo.2015.122

Frontiers in Cardiovascular Medicine

15

10.3389/fcvm.2025.1510082

60. Iwaki T, Urano T, Umemura K. Pai-1, progress in understanding the clinical
problem and its aetiology. Br | Haematol. (2012) 157(3):291-8. doi: 10.1111/j.1365-
2141.2012.09074.x

61. Wu X, Yuan C, Pan J, Zhou Y, Pan X, KangJ, et al. Cxcl9, Il2rb, and Spp1, potential
diagnostic biomarkers in the co-morbidity pattern of atherosclerosis and non-alcoholic
steatohepatitis. Sci Rep. (2024) 14(1):16364. doi: 10.1038/s41598-024-66287-4

62. Conte M, Franceschi C, Sandri M, Salvioli S. Perilipin 2 and age-related
metabolic diseases: a new perspective. Trends Endocrinol Metab. (2016)
27(12):893-903. doi: 10.1016/j.tem.2016.09.001

63. Zhang M, Hou L, Tang W, Lei W, Lin H, Wang Y, et al. Oridonin attenuates
atherosclerosis by inhibiting foam macrophage formation and inflammation
through FABP4/PPARy signalling. J Cell Mol Med. (2023) 27(24):4155-70. doi: 10.
1111/jcmm.18000

64. Kawai K, Sakamoto A, Mokry M, Ghosh SKB, Kawakami R, Xu W, et al. Clonal
proliferation within smooth muscle cells in unstable human atherosclerotic lesions.
Arterioscler Thromb Vasc Biol. (2023) 43(12):2333-47. doi: 10.1161/ATVBAHA.123.
319479

65. Mahdinia E, Shokri N, Taheri AT, Asgharzadeh S, Elahimanesh M, Najafi M.
Cellular crosstalk in atherosclerotic plaque microenvironment. Cell Commun Signal.
(2023) 21(1):125. doi: 10.1186/512964-023-01153-w

66. Liu Z, Gao Z, Li B, Li ], Ou Y, Yu X, et al. Lipid-Associated macrophages in the
tumor-adipose  microenvironment  facilitate  breast  cancer  progression.
Oncoimmunology. (2022) 11(1):2085432. doi: 10.1080/2162402X.2022.2085432

67. Huang B, Wen W, Ye S. TSH-Spp1/TrB-TSH positive feedback loop mediates fat
deposition of hepatocyte: crosstalk between thyroid and liver. Front Immunol. (2022)
13:1009912. doi: 10.3389/fimmu.2022.1009912

68. Hoeft K, Schaefer GJL, Kim H, Schumacher D, Bleckwehl T, Long Q, et al.
Platelet-Instructed Sppl+ macrophages drive myofibroblast activation in fibrosis in
a Cxcl4-dependent manner. Cell Rep. (2023) 42(2):112131. doi: 10.1016/j.celrep.
2023.112131

69. Dong L, Qiu X, Li Z, Ge W, Tang X, Zhou R, et al. Potential crosstalk between
naive Cd4+ T cells and Sppl+ macrophages is associated with clinical outcome and
therapeutic response in hepatocellular carcinoma. Int Immunopharmacol. (2024)
142(Pt B):113231. doi: 10.1016/j.intimp.2024.113231

70. Ke D, Cao M, Ni J, Yuan Y, Deng J, Chen S, et al. Macrophage and fibroblast
trajectory inference and crosstalk analysis during myocardial infarction using
integrated single-cell transcriptomic datasets. J Transl Med. (2024) 22(1):560.
doi: 10.1186/s12967-024-05353-x

71. Czechowski P, Hagemann T, Ghosh A, Sun W, Dong H, Noé F, et al. Expression
of intelectin-1, also known as omentin-1, is related to clinical phenotypes such as
overweight, obesity, insulin resistance, and changes after bariatric surgery. Sci Rep.
(2024) 14(1):22286. doi: 10.1038/s41598-024-72720-5

72. Wang Y, Dubland JA, Allahverdian S, Asonye E, Sahin B, Jaw JE, et al. Smooth
muscle cells contribute the majority of foam cells in apoe (apolipoprotein E)-deficient
mouse atherosclerosis. Arterioscler Thromb Vasc Biol. (2019) 39(5):876-87. doi: 10.
1161/ATVBAHA.119.312434

73. Swiatlowska P, Tipping W, Marhuenda E, Severi P, Fomin V, Yang Z, et al.
Hypertensive pressure mechanosensing alone triggers lipid droplet accumulation
and transdifferentiation of vascular smooth muscle cells to foam cells. Adv Sci
(Weinh). (2024) 11(9):e2308686. doi: 10.1002/advs.202308686

74. Xue Y, Luo M, Hu X, Li X, Shen J, Zhu W, et al. Macrophages regulate vascular
smooth muscle cell function during atherosclerosis progression through il-1p/Stat3
signaling. Commun Biol. (2022) 5(1):1316. doi: 10.1038/s42003-022-04255-2

75. Pan H, Xue C, Auerbach BJ, Fan ], Bashore AC, Cui J, et al. Single-cell genomics
reveals a novel cell state during smooth muscle cell phenotypic switching and potential
therapeutic targets for atherosclerosis in mouse and human. Circulation. (2020)
142(21):2060-75. doi: 10.1161/CIRCULATIONAHA.120.048378

76. Xing J, Cai H, Lin Z, Zhao L, Xu H, Song Y, et al. Examining the function of
macrophage oxidative stress response and immune system in glioblastoma
Multiforme through analysis of single-cell transcriptomics. Front Immunol. (2023)
14:1288137. doi: 10.3389/fimmu.2023.1288137

77.1LiY, Wang Z, Lu F, Miao Y, Feng Q, Zhu W, et al. Novel T cell exhaustion gene
signature to predict prognosis and immunotherapy response in thyroid carcinoma
from integrated RNA-sequencing analysis. Sci Rep. (2024) 14(1):8375. doi: 10.1038/
541598-024-58419-7

78. Zhang J, Li Z, Chen Z, Shi W, Xu Y, Huang Z, et al. Comprehensive analysis of
macrophage-related genes in prostate cancer by integrated analysis of single-cell and bulk
RNA sequencing. Aging (Albany NY). (2024) 16(8):6809-38. doi: 10.18632/aging.205727

79. Ma X, Xie J, Li B, Shan H, Jia Z, Liu W, et al. Weighted gene co-expression
network analysis and single-cell sequence analysis uncover immune landscape and
reveal hub genes of necroptosis in macrophages in myocardial ischaemia-
reperfusion injury. Int Immunopharmacol. (2024) 140:112761. doi: 10.1016/j.intimp.
2024.112761

80. Wang C, He Y, Tang J, Mao J, Liang X, Xu M, et al. Chondroitin sulfate
functionalized nanozymes inhibit the inflammation feedback loop for enhanced
atherosclerosis therapy by regulating intercellular crosstalk. Int J Biol Macromol.
(2024) 282(Pt 3):136918. doi: 10.1016/j.ijbiomac.2024.136918

frontiersin.org


https://doi.org/10.1186/s13578-023-01144-x
https://doi.org/10.1016/j.it.2021.07.002
https://doi.org/10.1016/j.it.2021.07.002
https://doi.org/10.1038/s41586-022-05412-7
https://doi.org/10.1038/s41598-018-22292-y
https://doi.org/10.1038/s41598-018-22292-y
https://doi.org/10.1016/S0008-6363(98)00311-3
https://doi.org/10.1161/01.CIR.88.6.2493
https://doi.org/10.1161/01.CIR.88.6.2493
https://doi.org/10.3389/fimmu.2023.1162032
https://doi.org/10.1007/s00018-023-04786-9
https://doi.org/10.1038/s41598-018-28790-3
https://doi.org/10.1111/jcmm.70064
https://doi.org/10.1536/ihj.20-676
https://doi.org/10.1093/cvr/cvv241
https://doi.org/10.1093/cvr/cvv241
https://doi.org/10.1161/STROKEAHA.110.596841
https://doi.org/10.1016/j.chom.2023.09.010
https://doi.org/10.1186/s12967-022-03542-0
https://doi.org/10.1186/s12967-022-03542-0
https://doi.org/10.1111/jcmm.12417
https://doi.org/10.1007/s10456-006-9055-8
https://doi.org/10.1007/s10456-006-9055-8
https://doi.org/10.1038/srep26746
https://doi.org/10.2174/1871530315666150316121956
https://doi.org/10.1186/s12933-022-01703-5
https://doi.org/10.3389/fcell.2024.1381362
https://doi.org/10.1038/nrendo.2015.122
https://doi.org/10.1038/nrendo.2015.122
https://doi.org/10.1111/j.1365-2141.2012.09074.x
https://doi.org/10.1111/j.1365-2141.2012.09074.x
https://doi.org/10.1038/s41598-024-66287-4
https://doi.org/10.1016/j.tem.2016.09.001
https://doi.org/10.1111/jcmm.18000
https://doi.org/10.1111/jcmm.18000
https://doi.org/10.1161/ATVBAHA.123.319479
https://doi.org/10.1161/ATVBAHA.123.319479
https://doi.org/10.1186/s12964-023-01153-w
https://doi.org/10.1080/2162402X.2022.2085432
https://doi.org/10.3389/fimmu.2022.1009912
https://doi.org/10.1016/j.celrep.2023.112131
https://doi.org/10.1016/j.celrep.2023.112131
https://doi.org/10.1016/j.intimp.2024.113231
https://doi.org/10.1186/s12967-024-05353-x
https://doi.org/10.1038/s41598-024-72720-5
https://doi.org/10.1161/ATVBAHA.119.312434
https://doi.org/10.1161/ATVBAHA.119.312434
https://doi.org/10.1002/advs.202308686
https://doi.org/10.1038/s42003-022-04255-2
https://doi.org/10.1161/CIRCULATIONAHA.120.048378
https://doi.org/10.3389/fimmu.2023.1288137
https://doi.org/10.1038/s41598-024-58419-7
https://doi.org/10.1038/s41598-024-58419-7
https://doi.org/10.18632/aging.205727
https://doi.org/10.1016/j.intimp.2024.112761
https://doi.org/10.1016/j.intimp.2024.112761
https://doi.org/10.1016/j.ijbiomac.2024.136918
https://doi.org/10.3389/fcvm.2025.1510082
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Single-cell and spatial analysis reveals the interaction between ITLN1+ foam cells and SPP1+ macrophages in atherosclerosis
	Introduction
	Result
	Significant infiltration of macrophage clusters in AS
	SPP1+ FABP5+ macrophages are associated with the progression of AS
	Identification and characterization of ITLN1+ foam cells derived from VSMCs in the progression of AS
	ITLN1+ foam cells associated with macrophages promote the progression of AS
	ITLN1+ foam cells and SPP1+ FABP5+ macrophages interaction
	ITLN1+ foam cells: key endpoint of pathogenic VSMC differentiation in AS
	Spatial transcriptomics reveals physical interactions between ITLN1+ foam cells and SPP1+ macrophages

	Discussion
	Methods
	Data collection
	Single-cell copy number variation analysis and cell type annotation
	Differential analysis of cell population enrichment
	Functional enrichment analysis
	Analysis of cellular interactions
	Analysis of pseudo-temporal trajectories in scRNA-Seq datasets
	Analysis of spatial transcriptomics data

	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	References


