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Abstract

Background and Atherosclerotic plaques are the leading cause of cardiovascular events. Single-cell approaches have identified diverse human
Aims plaque cell phenotypes but their spatial distribution and interactions remain unclear. Here, intercellular communication pat-
terns in human plague microenvironments were mapped to reveal novel targets to prevent atherosclerotic events.

Methods Spatial transcriptomics (Visium, 10x) from 13 carotid plaques, and single-cell transcriptomics (cells = 51 981) were used to
analyse cell phenotypes, cell trajectories, and intercellular communications. Cells contributing to plaque stability were ex-
plored using deconvolution of plaque bulk RNA-seq data (n = 78), histology, and survival analyses. Key cells and pathways
were validated in apolipoprotein E (Apoe) ™~ mice and in vitro. Genome-wide association study enrichment analyses were
conducted using summary statistics of atherosclerotic diseases. LINCS L1000 data were used to explore drug repurposing.

Results A fibroblast-like vascular smooth muscle cell (VSMC) phenotype associated with extracellular matrix formation pathways
(validated in Apoe™~ mice) emerged as a key regulator of intra-plaque ligand-receptor signalling, in particular in the cap re-
gion. A higher proportion of fibroblast-like VSMCs was found in asymptomatics, associated with stable plaque features and
predicted a lower risk of future events. Genes specific to this VSMC phenotype were enriched in coronary artery disease
and myocardial infarction. Finally, compounds, which could induce key marker genes were identified and validated in vitro.

Conclusions This study provides the first comprehensive spatial transcriptomics map of cell communication in human plaque microen-
vironments. A pivotal role of a fibroblast-like VSMC, orchestrating intraplaque cell signalling and contributing to plaque sta-
bility, was identified. Targeting these cells might present promising novel avenues for therapies.
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Graphical Abstract

Key Question
Can spatial transcriptomics be used to offer new insights into cell distribution and region-specific key cell interactions, which affect
human atherosclerotic plaque stability and clinical outcome?

Key Finding

By spatial transcriptomics, this study revealed key cell interactions within different human atherosclerotic plaque microenvironments.
A fibroblast-like vascular smooth muscle phenotype, which could be targeted therapeutically, was identified as key in cell signalling, and
associated with collagen synthesis, plaque stability, as well as fewer cardiovascular events.

Take Home Message
Targeting the spatial locations and interactions of plaque cells holds great promise for uncovering disease mechanisms and identifying
novel therapeutic strategies.
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Translational perspective

Atherosclerotic plaques are the leading cause of cardiovascular events. While transcriptomic advances have uncovered diverse plaque cell phe-
notypes, their location and interactions within the plaque microenvironments remain unknown.

Performing spatial transcriptomics of human plaques, key ligand—receptor signalling pathways among the cell types in the various geographic
plague regions were revealed. Notably, a fibroblast-like vascular smooth muscle cell emerges as a key regulator of plaque cell signalling, especially
in the cap, associated with a stable plaque phenotype and (less events) in the follow up. This suggests that targeting these specific cell interactions
may become promising targets to modulate human atherosclerosis.




Spatial cell communications in human plaque microenvironments

Introduction

Atherosclerosis is a leading cause of both cardiovascular (CV) and cerebro-
vascular events. Several biological processes, including inflammation, lipid ac-
cumulation, and apoptosis, contribute to disease progression and its acute
complications.” Targeting these processes locally, ideally within the specific
microenvironments or regions within the atherosclerotic plaques, could
provide an efficient strategy to prevent disease progression and plaque
rupture-related complications.” However, current treatment approaches
focus on systemic risk factors rather than local plaque-specific mechanisms.

Clinical trials have demonstrated CV benefits by reducing inflamma-
tory activity.3 Unfortunately, these studies also reported an increased
risk of non-CV mortality, likely due to systemic effects that extend be-
yond local plaque inflammation. This highlights the need for a localized
perspective on the pathophysiological mechanisms within plagues.
Spatial transcriptomics has emerged as a powerful tool for achieving
this spatial or ‘geographic’ understanding of plaque biology.*™®

In recent years, single-cell RNA sequencing (scRNA-seq) has revolu-
tionized the knowledge of the transcriptional and cellular landscape in
human atherosclerosis. This technique has led to major discoveries, in-
cluding the identification of macrophage subtypes, the role of clonal cell
expansion, and the contributions of specific cell populations to repair re-
sponses.7'9'1° However, despite these advances, single-cell approaches
are inherently limited by their requirement for tissue dissociation, which
destroys the spatial context of cells and may result in the loss of key cell
phenotypes. These results in the loss of crucial ‘geographic’ information
about the cellular microenvironment, including interactions with neigh-
bouring cells and surrounding signalling molecules. Spatial transcrip-
tomics addresses this limitation by preserving spatial context, enabling
a thorough understanding of how cells interact, differentiate and com-
municate within their native environment. To uncover novel therapeutic
targets, it is essential to integrate cell phenotypes with their spatial or-
ganization in atherosclerotic plaques. This approach allows us to explore
how the local microenviroments influence cell-cell communication.

In this study, we aimed to characterize the spatial landscape of cellular
communication within advanced human atherosclerotic plaques, examin-
ing histologically-defined regions crucial in plaque vulnerability. By integrat-
ing spatial sequencing and scRNA-seq, we provide a comprehensive map
of cell-specific ligand-receptor interactions. In particular, we discovered
that one particular phenotype of vascular smooth muscle cells (VSMCs)
is central in plaque cell signalling and associated with extracellular matrix
formation. Using validation datasets, bulk RNA data, public genome-wide
association studies (GWAS), a mouse model and in vitro validation, we
show that this fibrous cap associated VSMC phenotype contributes to a
stable plaque phenotype with a lower risk of future clinical events
(Structured Graphical Abstract).

Methods

The detailed methods are described in supplementary materials. Carotid
plaques from the Carotid Plaque Imaging Project (ClinicalTrials.gov: ID
NCT05821894) biobank were used.” Clinical characteristics of the cohort
are summarized in Table 1. The study was approved by the Swedish ethical
committee (472/2005, 2014/904, 2017/89, 2018/63, 27-2020/3.1, 60/2008,
2012/209, 2023-05910-01). Written consent was provided by all partici-
pants, and the study follows the Declaration of Helsinki.

Spatial sequencing analysis
Briefly, spatial transcriptomics was performed on sections from 13 human
carotid plaques using the Visium Spatial Gene Expression Slide & Reagent

Table 1 Clinical characteristics of the 13 patients
whose carotid plaques were included in the spatial
transcriptome analysis

Clinical Characteristics

Age, years 70 (64-79)
Male sex 11 (84.6)
Degree of stenosis, % 85 (80-95)
Symptoms 8 (61.5)
Type 2 diabetes 6 (46.2)
Hypertension 10 (77)
Current smokers 2 (15.3)
Family history 7 (53.8)
Body mass index, kg/m? 27.7 (25.3-30.6)
hsCRP, mg/L 4 (24-9.3)
Fasting lipoproteins

Cholesterol, mmol/L 39 (2.84.9)

LDL, mmol/L 20 (1.5-3.2)

HDL, mmol/L 1.1 (1.0-1.5)

)

Triglycerides, mmol/L 1.2 (0.9-1.8

Statin use 12 (92.3)

Continuous variables are presented as median (IQR), while categorical variables are
summarized as n (%).

BMI, body mass index; HDL, high-density lipoprotein; hsCRP, high-sensitivity
C-reactive protein; IQR, interquartile range; LDL, low-density lipoprotein.

Kit, 16 reactions (Catalog #PN-1000184) following the manufacturer’s
protocol (CG000239 RevD,10x Genomics, Pleasanton, CA, USA) and se-
quenced by NextSeq 500/550. The clustering was performed using
Seurat."” Previous scRNA-seq data'? were used as reference for cell type
deconvolution. RNA velocity analyses were performed on cell subclusters.

Intercellular communications within subclusters and plaque regions were
analysed using CellChat? (version 2.1.2), within a contact range of 100 ym
and an interaction range of 250 um. The ligand-receptor interaction data-
base used in this analsyis included 2239 interactions, excluding those involv-
ing non-protein signalling pairs.’* Cell communication differences
comparing plaque regions (based on haematoxylin and eosin [H&E] stain-
ing) and presence of symptoms were examined.

Plaque histological vulnerability index

Plaque sections were stained for a-smooth muscle actin (a-SMA), Oil Red
O, CD68, glycophorin A and Russell-Movat pentachrome to generate the
histological vulnerability index.™

Deconvolution of bulk RNA sequencing of
human carotid plaques

RNA was isolated from the most stenotic region from 78 carotid plaques
(51 symptomatic) and sequenced using lllumina HiSeq2000 and NextSeq
500 platforms.’'® Using the obtained 19 spot clusters from the spatial
RNA-seq analysis of human carotid plaques as references, Dtangle'” was
applied for spot cluster deconvolution, estimating spot cluster composition.
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Clinical follow-up

Information regarding postoperative CV events (2005-2015) was collected
through the Swedish National In-patient Health Register and the National
Cause of Death Register.'®

In vitro models of fibroblast-like VSMC
signalling

Immortalized human coronary artery VSMCs were derived from primary
SMCs'? and treated with transforming growth factor-B1 (TGF-B1; 24 h)
and platelet-derived growth factor-BB (PDGF-BB; 48 h) to induce a
fibroblast-like phenotype. For validation, CD44 signalling was blocked using
CD44 antibodies (ab254530, Abcam), and candidate drugs were added to
the culture medium. Potential effects were studied using qPCR for gene ex-
pression differences and Sirius Red for collagen production.

Validation of VSMC3 markers and CD44-COL

1 interaction in human carotid plaques

Multiplex immunofluorescence staining on human plaque tissue section was
performed using a sequential protocol based on Phenoptics workflow
(Akoya Biosciences) and imaged using Phenolmager HT (Akoya
Biosciences). Proximity ligation assay (PLA) was performed on FFPE tissue
sections using the Duolink® in situ red starter kit (Sigma-Aldrich,
DUO92101) to validate CD44-COL1 interaction, following the manufac-
turer’s protocol.

Genome-wide gene-based association and

gene-set analyses
To determine whether fibroblast-like VSMCs (VSMC3) were implicated in
large artery stroke (LAS), coronary artery disease (CAD), or myocardial in-

farction (M), genome-wide gene-based associations and gene-set analyses
were conducted using MAGMA.?°

Validation of human fibroblast-like VSMC in
Apoe~’™ mice

Publicly available single-cell RNA-seq profiles of lineage-labelled VSMCs
from healthy Apoe™* mice and high-fat-diet feeding Apoe™~ mice were
used to test for the presence of an equivalent fibroblast-like VSMC pheno-
type in mice.”!

Validation of fibroblast-like VSMC in carotid
and coronary atherosclerosis

An integrated single-cell dataset of plaque cells from human carotid and co-
ronary plaques was used to validate the presence of fibroblast-like VSMCs.??

Candidate drug screening

Overlapping genes highly expressed in human fibroblast-like VSMCs
(VSMC3) and the phenotypically similar fibrous cap-associated VSMCs
from Apoe™~ mice were used to explore LINCS L1000 chemical perturb-
ation consensus signatures®> through Enrichr?* aiming to identify candidate
drugs for possible repurposing in the context of atherosclerosis. A single-
sample gene set enrichment analysis was performed to create a drug score
for bulk RNA sequencing data from human carotid plaques (n = 78), using
the LINCS L1000 chemical perturbation consensus signatures. A high drug
score indicated strong drug activity.

Results

Cell type composition in plaques

To obtain an overview of the plaque ‘geographic’ regions, H&E staining
(Figure 1A) was performed on 13 human carotid plaques and, then in

detail, spatial transcriptomic profiling was done, yielding a total of 25
618 sequencing spots, with a median of 14548 genes (14 128-15
813) detected per plaque. Eight distinct spatial clusters were identified
(Figure 1A and 1B), from which the cellular compositions were inferred
using scRNA-seq data from human atherosclerotic plaques as refer-
ence.'? VSMC were predominant in clusters 1 and 2, whereas macro-
phages dominated clusters 3 and 4. Clusters 5 and 6 were primarily
composed of B-cells and endothelial cells (ECs), respectively. Clusters
7 and 8 exhibited a mixed cellular composition where T-cells, macro-
phages, dendritic cells (DCs), and VSMCs were observed (Figure 1C).
Overall, the expression of common T-cell markers was rather low
(Figure 1D).

In line with the inferred cellular compositions, the VSMC markers
ACTA2, MYH10, and TAGLN were highly expressed in clusters 1 and 2
and the macrophage markers—CD68, ITGAX, PLIN2, and CT1QA were
highly expressed in clusters 3 and 4 (Figure 1D). Additionally, B-cell mar-
kers (CD79A, IGHG4) and EC markers (VWF, PECAM1) were predom-
inantly expressed in clusters 5 and 6, respectively (Figure 1D).

Characterization and location of VSMC
subsets

To provide a higher resolution of the predicted human plaque VSMC
spots, a sub-clustering analysis was performed on VSMC-predicted
clusters 1 and 2 spots (Figure 1B). Six VSMC subclusters (Figure 2A),
and, more importantly, their locations within the plaque tissue sections
were demonstrated (Figure 2B). Interestingly, clusters showed spatially
distinct distributions (Figure 2B), suggesting that the VSMC state differ in
the various microenvironments.

Highly expressed differential expressed genes (DEGs) in the six sub-
clusters and the enriched pathways (Figure 2C) were examined (see
Supplementary data online, Table S7). Cell phenotypes for each
VSMC subcluster were annotated based on DEGs and described
VSMC markers. This way, three clusters of contractile VSMCs were de-
tected: medial VSMCs (VSMCO; MYH11"8" MYH10"e" CNN1"E"
CALD1"&" and PLN"&": Supplementary data online, Figure STA-C), transi-
tional contractile VSMC type 1 with a more synthetic transcriptional
signature  (VSMC1; ACTA2Y, CNN1°% compared to VSMCS,
Supplementary data online, Figure S1D; COL5A1™&" COL3A1"¢" and
LUM"®" compared to VSMCO, Supplementary data online, Figure S1E)
and transitional contractile VSMC type 2 (VSMCS5; ACTA2"E"
CNN1"8" and MYH11"E" CALD1"¥ PLN"* and MYH10"" comparing
with VSMCO, Supplementary data online, Figure S1F). We also identified
one cluster of fibroblast-like VSMCs (VSMC3; FN 178" L Um™eh DCNMe"
and MMP2"&" Supplementary data online, Figure S1A-C), one cluster of
macrophage like VSMCs (VSMC2; CTSB™8" spp1™eh  Cp14Meh
CD163M"  ACTA2®Y and MYH10°" comparing with VSMCT;
Supplementary data online, Figure S1G) and one cluster of
macrophage-foam-cell like VSMCs (VSMC4; (CD36™¢" LpL"e"
APOE"®",  spp1"e"  CD14""  (D163"", and  S100A9"";
Supplementary data online, Figure STA and B). Enriched pathways in
each cluster are shown in Figure 2C.

To assess the connectivity between VSMC subclusters, a partition-
based graph abstraction (PAGA) graph was constructed. Strong con-
nections were observed between VSMCO, VSMC1, and VSMCS5, as
well as between VSMC2, VSMC3 and VSMC4 (Figure 2D). To further
investigate the potential cell-state transitions among VSMC subclusters,
a RNA velocity analysis was performed. The directions of RNA velocity
indicated apparent transitions from VSMC3 and VSMC4 towards
VSMC2, as well as VSMCO towards VSMC1, and subsequently to
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Figure 1 Human atherosclerotic plaque cell composition. (A) Left: haematoxylin and eosin staining of a representative plaque tissue section. Right:
Spatial mapping of the 8 major clusters on a representative plaque tissue section. (B) Uniform Manifold Approximation and Projection visualizing the 8
main clusters identified in the human plaques by spatial transcriptomics. The spatial transcriptomics data contains 25 618 spots from 13 human
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VSMC2 (Figure 2E). Transitions from VSMCO to VSMC5, VSMCS5 to
VSMC1, VSMC5 to VSMC3, and VSMC3 to VSMC1 were also identified
(Figure 2E). These transitions were also observed within plaque micro-
environments (Figure 2F)

Characterisation and location
of macrophage subsets

A subclustering analysis was performed on all spots from the
macrophage-predicted clusters (clusters 3 and 4 in Figure 1B), to char-
acterize macrophage subtypes present in the plaque. Six macrophage
subclusters were observed (Figure 3A and B), and cluster-specific DEGs
were examined (see Supplementary data online, Table S2).

Based on these DEGs and known macrophage markers (see
Supplementary data online, Figure S2A-C), the subclusters were anno-
tated as TREM1"E"PLIN2"E" (MO1), TREM2"E" (MOS5), two clusters
with a resident-like signature: C1Q"8", LYVE1"€" tissue resident (MO4;
C1QA"e" C1QB"e" CD206"", CD209"e" and LYVE1"€") and activated
C1Q " FCGRIA™E" tissue resident (MO2; HIF1A"™" FCGR1AM" and
C1Q") and finally two synthetic macrophage populations (MO3;
ACTA2", MYH11%, MYH10", CCN1*, TAGLN®, C1Q", and CD74"),
strained synthetic macrophages (MOO; ACTA2", MYH11", MYH10",
CCN1*, TAGLN" and apoptosis genes MALATT and MTRNR2L12;
Supplementary data online, Figure S2D).

Pathway-enrichment analysis based on DEGs was performed to de-
termine biological processes associated with each
(Figure 3C). The phagosome pathway was enriched in macrophage sub-
clusters MO1, MO2, and MOS5, while cholesterol metabolism pathways
were enriched in the lipid associated macrophages (LAMs); subclusters
MO1 and MO5. The antigen processing and presentation pathway was
enriched in subclusters MO2 and MOA4, highlighting the functional di-
versity of macrophage subtypes.

PAGA analysis revealed strong connectivity between LAMs; MO1
and MO5, MO2, and MO4 as well as between synthetic; MOO and
MO3 (Figure 3D). By RNA velocity, we also observed the presence of
the inferred trajectories between: (1) MO5 to MO1, (2) MO3 to
MO2, MO4, or MOO, (3) MO2 to MO4, and (4) from clusters MO2
and MO0 to MO1 (Figure 3E). The RNA velocity directions between
the MO subclusters were observed within plaque microenvironments
(Figure 3F).

subcluster

Characterisation and location of B-cell and
endothelial cell subsets

To investigate cellular heterogeneity in the B-cell and EC clusters, clus-
tering analyses were performed on spots from clusters 5 and 6, re-
spectively (Figure 1B). Three clusters were found within the
B-cell-dominant spatial cluster (see Supplementary data online,
Figure $3), and two clusters were found within the EC-dominant spot
cluster (see Supplementary data online, Figure S4). Highly expressed
genes in each cluster and enriched pathways within in each cluster
were examined (see Supplementary data online, Tables S3-4,

Figure 1 Continued

Supplementary data online, Figures S3 and $4). Of the three B-cell clus-
ters, one was identified as plasma B-cells (B-cell2; PRDM 1hieh xpp1hieh
MZB 1" IGKCE IGHA1™E™ IGLC1™8" and IGLC2"&", Supplementary
data online, Figure S3C and D), one was intermediate plasma cells
(B-cellsO; IGKC™", IGHA1"E"  IGHG3™" IGHG4"" IGLC7™" and
IGLC3"&" Supplementary data online, Figure S3C and D) and one cluster
with likely mixed cell types (B-cells1), with relatively low expressions of
IGKC, IGHA1 and IGLC2 compared to B-cell clusters O and 2 (see
Supplementary data online, Figure S3E). Cluster enriched pathways,
connectivity and cell dynamic velocity was also examined (see
Supplementary data online, Figure S3F-I).

Two EC clusters were identified: one expressing canonical endothe-
lial markers (EC1; PECAM1"" VWF"¢" and CDH5™¢"), and the other
suggestive of an endothelial-mesenchymal transitional phenotype
(ECO; CDH11"" TAGLN"e" FN1"8" and COL1A2"€" Supplementary
data online, Figure $4).

Intercellular communications within
human plaque microenvironments

To understand cell—cell communications spatially, intercellular commu-
nication analyses were performed between the 17 identified spatial
subclusters. CellChat identified 11 014 significant ligand—receptor pairs
among these subclusters (Figure 4A). These interactions revealed three
distinct patterns, with subclusters engaging in similar signalling pathways
through both outgoing (Figure 4B left) and incoming (Figure 4B right) sig-
nals. VSMCs outgoing signalling was predominantly characterized by
pattern 1, which included COLLAGEN, FN1, THBS, and LAMININ
pathways. Notably, COLLAGEN, FN1, and LAMININ pathways were
also present in VSMCs incoming signalling pattern 1. Macrophages out-
going signalling displayed the distinct pattern 2, including signalling path-
ways such as SPP1, MIF, ApoE, and GALECTIN. MIF, ApoE, and
GALECTIN pathways were also observed in the incoming macrophage
signalling. Interestingly, SPP1 signalling might play a paracrine-acting role
between macrophages and VSMCs. Pattern 3 encompassed signalling
pathways among EC and B cells, including CDH5, PECAM1, CD34,
PTPRM, and EPHB pathways. The signalling pathways in each pattern
(Figure 4B) show large similarity to the biological processes involved ac-
cording to the Gene Ontology (GO; Figure 4C).

The top 20% of communicating pairs in term of both interaction
strength and number of interactions were highlighted (Figure 5A).
VSMCs are highly ‘communicative’, showing strong intracluster com-
munication, both as senders (to VSMC1-5) and receivers (from
VSMCO-5), particularly VSMC3 (Figure 5B). VSMC4 demonstrated
strong signal sending communication to macrophages (MO2), whereas
VSMC3 and 4 showed strong sending communication to ECO. Both
MO3 and ECO were identified as senders to VSMCs (Figure 5A).
Among those top 20% communicating subcluster pairs, 3500 significant
ligand—receptor interactions were identified which were further cate-
gorized into 58 signalling pathways, with COLLAGEN, FN1, and
SPP1 pathways emerging as the most prominent contributors to overall
communications, followed by THBS and LAMININ (Figure 5C).

carotid plaques. (C) Cell type deconvolution of the human plaque spatial transcriptomics data. The violin plots show prediction scores for each cell type
(based on reference data) across the spot clusters. VSMC: vascular smooth muscle cells, MO: macrophages, EC: endothelial cells, Fibro: fibroblasts, NK:
natural killer cells, Mast: mast cells, DC: dendritic cells. (D) Uniform manifold approximation and projections visualizing the expression of common
marker genes for smooth muscle cells (ACTA2, MYH10, TAGLN), macrophages (CDé68, ITGAX, PLIN2, C1QA), B-cells (CD79A, IGHG4), endothelial cells

(VWF, PECAM1) and T-cells (CD3D, CD3E, CD4 and CD8A)
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identified using highly expressed genes per cluster. (D) Partition-based graph abstraction (PAGA) graph showing connectivity among the six VSMC
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Focusing on the shortlisted pathways, the network analysis of
COLLAGEN and FNT1 signalling highlighted the critical role VSMC3
within the communication networks, serving as the dominant sender,
receiver, and mediator. Namely, the ligand—receptor pairs, COL1A2 lig-
and and CD44 receptor contributed most to the COLLAGEN signal-
ling (Figure 5D and Supplementary data online, Figure S5), whereas
FN1 ligand and CD44 receptor contributed most to the FN1 signalling
(Figure 5D and Supplementary data online, Figure S6).

Within the SPP1 signalling, MO1 emerged as senders and mediators,
while VSMC3 was the main receiver, followed by VSMC4 (Figure 5D and
Supplementary data online, Figure S7). Paracrine-acting VSMCs to
macrophages were observed in THBS signalling, where VSMC3 acted
as sender and receiver. In contrast, MO1 acted as a receiver
(Figure 5D and Supplementary data online, Figure S8). In the
LAMININ signalling, both EC subclusters (ECO and EC1) were senders,
while VSMC3 acted as both receiver and mediator (Figure 5D and
Supplementary data online, Figure S9).

Validation of CD44-COL1 signalling in
fibroblast-like VSMC

TGF-B1 and PDGF-BB stimulation was used to induce a fibroblast-like
VSMC phenotype, mimicking VSMC3, characterized by upregulation of
CD44, KLF4, FN1, THBS2, COL1A2, COL3A1, and COL5A2, showing in-
creased collagen production (Figure 6A—C). Blocking CD44 suppressed
the collagen production (Figure 6D).

Additionally, in silico knock-out of FN1, SPP1, CD44, CD36, and
COL1A2 in VSMC3 demonstrated enrichment in elastic fibre formation
(see Supplementary data online, Figure S10).

Finally, we confirmed the co-expression of VSMC3 marker proteins
and the interaction between CD44 and collagen | in the human fibrous
cap using multiplex immunofluorescence and proximity ligation assay
(Figure 6E and F).

Intercellular communication in plaque
regions

One of the main novelties of this study was the spatial mapping of the
ligand—receptor communication between cell in key regions within the
plaques (identified by H&E tissue staining). Plaque regions were cate-
gorized into shoulders (7.9%), core (21.7%), fibrous cap (20.3%)
and other regions, beyond these three main regions (50.1%; Figure 7A
and B). Regional and spot cluster compositions within each region
were analysed (Figure 7B and C and Supplementary data online,
Figure S11). The median Bray—Curtis dissimilarity was 0.15, indicating
low differences in cell composition among the 13 plaques. Overall,
the most abundant cell spot clusters in carotid plaque sections were
VSMC (31.6%) and macrophage (29.2%) clusters. In the shoulder
regions, 30.8% of the spots were VSMC clusters, while 35.6% were
macrophage clusters. In the core regions, most spots (49.5%) were

Figure 3 Continued

macrophage clusters. In the fibrous cap regions, 36.6% of the spots be-
longed to VSMC clusters, followed by macrophage clusters (28.0%,
Figure 7A and B).

We then aimed to detect differences in interaction strengths within
the plaque regions across the different cell subclusters. Changes in sig-
nalling among VSMC clusters, in particular, fibroblast-like VSMC
(VSMC3) and contractile VSMC (VSMC1 and VSMCS), within the
shoulder (VSMC3 to VSMC1/3, VSMC1 to VSMC2/3/5, VSMC2 to
VSMC1/2 and VSMC5 to VSMC5) and the cap (VSMC2 to VSMC5,
VSMC3 to VSMC5 and VSMC5 to VSMC3) regions (Figure 7D and E)
were identified. When examining the pathways for the increased signal-
ling in specific plaque regions, we identified common extracellular
matrix-associated pathways (e.g. LAMININ, PERIOSTIN, and
COLLAGEN) and growth factors-associated signalling (e.g. PDGF and
TGFB) in the shoulder and the cap regions (Figure 7D and E).
Notably, the shoulder region showed marked enrichment in growth
factor-related pathways including TGF3, CSF and IGF (Figure 7D).

In the core region, an increased communication was predominantly
observed within the macrophage subclusters, in particular, MO0, MO3,
and the macrophage-foam cell-like VSMC4 (MO0 to VSMC4, MO3 to
VSMC4, MO0 to MO5, MO3 to MO5, MO2 to VSMC4, and VSMC4 to
VSMC4; Figure 7F). Pathways accounted for the increased signalling
among these cell phenotypes in core regions were related to angiogen-
esis and endothelial activation, such as ESAM and NETRIN, and inflam-
mation (e.g. NOTCH, GAP, JAM, CDH), many of which were also
observed in the increased signalling within the cap.

Clinical evidence for the association
between the fibroblast-like VSMC3, stable
plaque phenotype and future CV events

When analysing novel intercellular communications within the plaque
microenvironment, increased signalling was observed within VSMC
clusters in plaques from asymptomatic patients (Figure 8A). Notably,
the fibroblast-like VSMC (VSMC3) contributed significantly to the in-
creased signalling in asymptomatic plaques (Figure 8A), again highlighting
their pivotal role in plaque cell communication.

The spot cluster deconvolution to bulk RNA-seq data of human ca-
rotid plaques (n = 78) was applied to estimate spot cluster composition
for each plaque (Figure 8B). Of great interest, the proportion of VSMC3
was significantly greater in plaques from asymptomatic (n = 27) com-
pared to symptomatic patients (n=>51; P=.03, Figure 8C). In line
with that, the proportion of VSMC3 inversely correlated with the pre-
viously used histological plaque vulnerability index'**> (r=—0.46,
P =.0012; Figure 8D), indicating a strong negative association with a vul-
nerable plaque phenotype.

Furthermore, we explored if VSMC3 could predict future CV events.
During the follow-up period [up to 10 years, interquartile range (IQR)
2.6-7.3 years), individuals with a greater proportion of VSMC3 (second
to third tertiles compared to first tertile) at baseline had a lower risk of

subclusters are annotated: MO1: TREM1"E"PLIN2"E". MO2: resident; MO3 and MOO: synthetic/vascular smooth muscle cell like (VSMC-like); MO4:
resident; MOS5: TREM2"". (B) Spatial distribution of the six macrophage subclusters on a representative plaque tissue section. (C) Top 10 enriched
pathways by P-value for each macrophage subcluster, identified using highly expressed genes per cluster. (D) Partition-based graph abstraction
(PAGA) graph illustrating connectivity between macrophage subclusters, with line thickness indicating connection strength. (E) RNA velocity estimated
cellular transcriptional state transitions between macrophage subclusters. Left: stream plot of RNA velocities overlaid on a uniform manifold approxi-
mation and projection plot. (F) Right: RNA velocity stream mapping to spatial location on a plaque tissue section.
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suffering from future CV events (P =.0078; Figure 8E). Similar analyses
for all VSMC were shown in Supplementary data online, Figure S12.

Finally, using large-scale GWAS data to support the relevance of this
novel VSMC phenotype, the gene-set analysis by MAGMA showed that
VSMC3 marker genes were significantly enriched in CAD and M|,
whereas a trend was observed for LAS (Figure 8F).

Together, these findings suggest that VSMC3 contributes to a more
stable plaque phenotype.

Human fibroblast-like VSMC show
similarity to the fibrous cap-associated
VSMC state in the Apoe '~ mouse model of
atherosclerosis

Human fibroblast-like VSMCs were compared to lineage-labelled
VSMCs from atherosclerotic plaques of Apoe_/_ mice (8, 16, and 22
weeks old) fed with high fat diet (see Supplementary data online,
Figure $13).2° Using a clustering defined by Taylor et al?", a cluster of
fibrous cap-associated VSMC (mouse cell cluster 6) was identified, as
well as previously identified contractile VSMCs (cVSMC, mouse clusters
0,1,7,9, 11), intermediate modulated VSMCs (imVSMC, mouse clus-
ters 4), chondromyocytes (CMC, mouse clusters 2 and 10), fibroblast-
like (mouse cluster 8), VSMC-origin macrophage-like cells (mouse clus-
ters 3 and 12; Figure 9).

High gene expression of the human VSMC3 marker genes (THBST,
FN1, COL1A1, COL1A2, COL4A1, COL3A1, POSTN, and F2R) was identi-
fied in the fibrous cap—associated VSMC cluster (mouse cluster 6,
Figure 9B). A signature scoring analysis demonstrated that the gene ex-
pression profile of the human VSMC3 phenotype more closely re-
sembled that of fibrous cap—associated VSMCs compared to other
VSMCs in mice (P<.001, Figure 9C). This suggested that VSMC3
were fibrous cap-associated. Accordingly, the human spatial transcrip-
tomics confirmed that the proportion of VSMC3 was significantly
greater in the human cap regions compared to the other plaque regions
(P=.012; Figure 9D, Supplementary data online, Figure S$14).
Furthermore, strong correlations between fibrous cap—associated col-
lagen genes and the proportion of VSMC3 were observed in the human
plaque bulk RNAseq deconvolution (Figure 9E).

Validation of fibroblast-like VSMCs

(VSMC3) in coronary atherosclerosis

The presence of fibroblast-like VSMC in atherosclerotic plaques from
different arterial beds was examined using large public single cell data-
sets. From that, the VSMC phenotype most similar to VSMC3 (found in
both human carotid and coronary plaques) was in an MMP2"&", | UMM
and F2R"8" cell cluster (see Supplementary data online, Figures S15).
Additionally, the role of fibroblast-like VSMCs in regulating
COLLAGEN, FN1, and SPP1 signalling was confirmed in human coro-
nary plaques (see Supplementary data online, Figure S15E), even though

Figure 4 Continued

it is impossible to generalize the data obtained in carotid plaques to
what occurs in coronaries.

Candidates therapies to induce
fibroblast-like VSMCs (VSMC3) marker

genes
As our findings suggest a potential protective role of VSMC3, we ex-
plored whether existing drugs could stimulate VSMC3 marker genes.
Thirty-five overlapping marker genes, highly expressed in human and
mouse fibroblast-like VSMC, were used for the analysis (Figure 10A).
With LINCS L1000 chemical perturbation data, 1960 compounds
were suggested to affect the expression of these 35 marker genes in
human cell lines (BH-adjusted P < .05). Thirty-eight compounds had
beneficial transcriptional effects in high-dose exposures in rat tissues
(see Supplementary data online, Table S5). Among the top 10 com-
pounds ranked by the estimated effect, several clinically used therapies
were identified: hydroxyurea, tacrolimus, losartan, allopurinol, zidovu-
dine, dobutamine, and lacidipine (Figure 10A). An in-silico drug score ana-
lysis was also performed, suggesting that losartan, allopurinol, and
hydroxyurea treatments were associated with increased VSMC3 pro-
portions in human carotid plaques (see Supplementary data online,
Figure S16). A positive trend for the use of tacrolimus was observed.
Finally, to test if these therapies hold potential for modulating
VSMC3 and contribute to fibrous cap formation fibroblast-like VSMC
were differentiated in vitro and stimulated with tacrolimus, hydroxyur-
ea, and allopurinol. All three therapies induced collagen synthesis
(Figure 10B). However, further investigation on the drugs is warranted
even if beyond the scope of this study.

Discussion

Recent single-cell sequencing studies have greatly advanced our under-
standing of cell diversity in atherosclerosis, revealing distinct cell pheno-
types and their functions beyond traditional surface markers,'%%/=30
Advances in spatial RNA sequencing have further mapped where these
cells are distributed within the plaques.‘/”8 However, the intercellular
communications, their precise spatial location, and trajectories of these
cells within the plaque’s micro-architecture and how this affects the
clinical phenotype of the plaque and the patients’ future CV risk remain
largely unexplored. This knowledge is crucial to uncover disease-
specific mechanisms and potential treatment targets in situ.

This study integrated multimodal RNA sequencing (spatial, single cell,
and bulk), GWAS analyses, human histology, follow-up studies, a mur-
ine model and in vitro functional assays to provide novel insights into the
communication between disease-defining cellular populations by map-
ping their interactions to their spatial locations and characterizing spa-
tial dynamics of cell state changes (RNA velocity) within advanced
human carotid atherosclerotic plaques for the first time. The fibroblast-
like VSMC stood out as pivotal in intracellular communication within
the human plaque microenvironment, strongly linked to the stable

between each pair of subclusters (right). (B) The inferred outgoing (left) and incoming (right) communication patterns of secreting and target cells
reveal groups of sender (left) and receiver (right) cells that coordinate within specific signalling pathways to facilitate communication. (C) Enriched
Gene Ontology (GO) terms for all ligand—receptor pairs involved in signalling pathways for each communication pattern. EC, endothelial cell; MO,

macrophage; VSMC, vascular smooth muscle cell.
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plaque phenotype, fibrous cap formation (in mice, human and in vitro),
and predicted lower risk of CV events, highlighting their key role in hu-
man atherosclerosis. Repurposed drugs against the key marker genes of
these cells increased collagen production in vitro, opening for potential
future therapeutical applications.

VSMC are the most abundant cells in the
plaque

Among the eight distinct major cell clusters identified from spatial
transcriptomic of the human plaques, the spots majority was
VSMCs, followed by macrophages. This finding aligns with recent
studies using single-cell or bulk RNA-seq deconvolution,?®*"3? sug-
gesting that VSMCs are commonly overseen in biological processes
in atherosclerosis.

When subclustering the VSMC, the six transcriptional states identi-
fied were separated into two major trajectories based on their con-
nectivity: (1) a contractile community (VSMCO/VMSC1/VSMC5), (2) a
modified community, including two macrophages-like VSMC clusters
(VSMC2/VSMCH4) and a fibroblast-like VSMC cluster (VSMC3) with
synthetic behaviour. The spatial gene expression and RNA velocity ana-
lyses suggested that contractile VSMCs near the medial layer (VSMCO)
gradually shift towards a more synthetic phenotype (VSMC1), support-
ing a continuum of VSMC differentiation.®*3* This was consistent with a
large-scale scRNA-seq study suggesting that MYH11" contractile
VSMCs are a likely starting point for VSMC differentiation.”” Our cur-
rent findings provide the first spatial- and RNA velocity-based evidence
to support that.

The contractile VSMC (VSMCS5) could transition into a fibroblast-like
phenotype (VSMC3), and possibly reverted back into a contractile state
(VSMC1), indicating reversible differentiation. These phenotypes
showed distinct spatial patterns: contractile cells near the media
(VSMCO0) and cap (VSMC5), whereas contractile synthetic (VSMC1)
and fibroblast-like (VSMC3) cells are nearby, mostly in caps and
shoulders.

Synthetic macrophages accumulate in the

core with pro-inflammatory foam cells

Six phenotypes of macrophages were identified, including two clusters
of tissue-resident (MO2 and MO4), TREM2"€" (MO5) and PLIN2"&"
TREM1"8" (MO1) macrophages. Beside these well-characterized clus-
ters, two clusters with synthetic transcriptional signatures resembling
VSMC-like macrophage phenotypes (MO0 and MO3) were also iden-
tified. MOO appeared to be more activated and under stress, expressing
higher levels of genes involved in apoptosis (MALATT and MTRNR2L12,
Supplementary data online, Figure S2D) compared to MO3 macro-
phages. The spatial distribution supported this as MOO were predom-
inantly found in the core regions, a hostile microenvironment known
for its hypoxic and pro-apoptotic conditions.>>*¢ RNA velocity

Figure 5 Continued

suggested a transition from MO3 towards MOO, potentially marking
MO0 as a terminal state. This aligns with the idea that the MOO reflects
a phenotype subjected to harmful core conditions, leading to a
pro-apoptotic transcriptional signature.

The RNA velocity analysis indicated a differentiation trajectory from
a TREM2"" phenotype towards the highly pro-inflammatory
PLIN2"8"TREM 17" transcriptional state, consistent with previous re-
sults'® and also supported by the PAGA analysis revealing strong con-
nectivity between TREM2"&" (MOS5) and TREM1"8"PLIN2E" (MO1).
Regarding the spatial location, these clusters were near the shoulders
and in the core regions, respectively, in agreement with the previous
notion of TREM2"&" and PLIN2""TREM1"&" myeloid cells playing a
role in necrotic core formation.

Intercellular communication and signalling
patterns characterize cell-specific
regulation of biological processes

One of our main aims was to map extensively the communication be-
tween cell phenotypes involved in larger interaction numbers and
strengths (Figs 4A and 5): crucial to guide future studies aiming for cel-
lular therapeutic modulation. Building on the spatial plaque location of
the cell phenotypes, key intercellular signalling pathways were unveiled
revealing three main interaction patterns: (1) VSMC-driven, (2) macro-
phage and foam cell-like VSMC-driven, and (3) B-cell and EC-driven
(Figure 4B). VSMCs mainly regulated extracellular matrix pathways
(eg. COLLAGEN, FN1, THBS, and LAMININ)*~*'" macrophages
were enriched in inflammatory signalling (e.g. SPP1, MIF, ApoE, and
GALECTIN),**7* and B-cells/ECs were linked to angiogenesis and ad-
hesion (e.g. CDH5, PECAM1, and EPHB).*~>" Besides unearthing key
signalling pathways, the strong autocrine signalling by VSMCs stood out.

Specific regional differences in intercellular
communication

A further novelty of this study was the regional mapping of the intercel-
lular signalling in the advanced plaques, bringing a new ‘geographic’ or
spatial perspective. In the core, the heightened signalling from macro-
phage subclusters MOO, MO3, and MO5, as well as in macrophage-
foam cell-like VSMC was evident. Accordingly, a distinct pattern of en-
riched signalling in the inflammatory process was seen in this region
(NOTCH, GAP, JAM, and CDH), affecting key functions such as im-
mune cell differentiation, migration, and activation. A large overlap of
these pathways was seen in the cap (which is consistent with its fre-
quent inflammation in advanced lesions) mainly observed within con-
tractile, synthetic and macrophage-like VSMC communications. In
caps, some of the enriched pathways were very similar to those
found predominantly in shoulders, namely enriched extracellular
matrix-related signalling pathways (COLLAGEN, LAMININ, and
PERIOSTIN), witnessing for the permanent struggle of the cap to

by both the number and overall strength of predicted ligand-receptor interactions. (B) Circle plots highlighting intercellular communications with
fibroblast-like vascular smooth muscle cell (VSMC3), as senders (left) and receivers (right). Line weights indicate the total interaction strength between
the sender and target cells. (C) Relative contribution of signalling pathways to the top 20% of intercellular communications between the 17 identified
subclusters. (D) Heatmap showing signalling roles (senders, receivers, mediators, and influencers) of cell subclusters within COLLAGEN, FN1, SPP1,
THBS and LAMININ signalling pathways, based on network centrality measures (out-degree, in-degree, flow betweenness, and information centrality).
Top three ligand-receptor pairs driving the communication network within a signalling pathway are shown, based on their communication probability
ratio in the inferred network. EC, endothelial cells; MO, macrophage; VSMC, vascular smooth muscle cell.


http://academic.oup.com/eurheartj/article-lookup/doi/10.1093/eurheartj/ehaf1091#supplementary-data

14

Goncalves et al.

A t=0h 24h 96h
P - N s N
( ) ) TGF-81  PDGF-BB 1
‘ | cellseeding (1o 0eiml)  (25ng/ml) \ )
\\\ /4 R 2 > /4
VSMCs (i_ Fibroblast-like VSMCs
B CTRL SMCs TGF-B1/PDGF-BB treated SMCs
CD44 KLF4 FN1 THBSZ0 0347
& 50 0.0315 0.4+ 0.0223 500+ 0.0319 s —
13 = B
o & 40 400
ST 0 0.34
3o 20+
= 304 . 300-
cg o .
59 024 o
o' 20 200 ol
> E . 104 .
S 0.1 . .
2 2 104 100+
&
0 0.0 0- 0
COL1A2 COL3A1 COL5A2 COL1A1
250 0.0120 00406
s D 80 00406 50 00214 300 0.3570
— L]
D =~ . *
? & 200 404 .
8% 60 200
3 9150 204
23
5 1 40+ 100 -
& 8100+ 204
[ .
'-; g 20 hd °le
é S 50 Je 104 . 0
[
o0l 80 0 0 i 100
E
=

Control

Counted puncta
104

COLI - CD44

‘counted puncta
589

@]

0.34

0.2+

0.14

Normalized collagen
(mg of collagen/mg of protein)

0.0

W)

Normalized collagen
(mg of collagen/mg of protein)

Collagen
<0.0001
.
C
o
Collagen
<0.0001 <0.0001
oe
L]

0.0

TGF-B1/
PDGF-BB

CD44 Ab

Figure 6 CD44-COL1 signalling modulates collagen production in differentiated fibroblast-like vascular smooth muscle cells in vitro and in human
samples. (A) Fibroblast-like vascular smooth muscle cells (VSMCs) were differentiated using TGF-B1and PDGF-BB. (B) mRNA levels of key genes

Continued



Spatial cell communications in human plaque microenvironments

15

remain stable and fibrotic. Finally, the shoulders, known by intense ac-
tivity, with pronounced communication among contractile, synthetic
and macrophage-like VSMC (VSMC1/2/3/5), demonstrated distinctly
enriched signalling of growth factor-associated pathways (TGFb, IGF,
and CSF). Collectively, these pathways likely reflect fibrous repair sig-
nalling in the cap and shoulder, critical for plaque stability.

Fibroblast-like VSMCs play a key role in
human plaque intercellular signalling,
contribute to plaque stability, and predict

less future clinical events

Of utmost novelty, when analysing the top 20% of all cell signalling, the
fibroblast-like VSMC (VSMC3) emerged as a key player—particularly
via. COLLAGEN, FN1, LAMININ, and THBS—functioning as both
strong senders and receivers of signals, communicating with a wide
range of cells, including all VSMC subtypes, ECs and VSMC-like macro-
phages (MO3). The fibroblast-like VSMC3 stood out as major drivers of
critical biologic processes within the plaque microenvironment.

We also aimed to explore if specific intercellular communication and
signalling patterns could separate plaques from patients with a recent
plaque rupture and symptoms vs asymptomatics. Strikingly,
VSMC3-dependent signalling was enhanced in asymptomatic plaques
suggesting a potential protective role of intercellular communication
through VSMC3. To validate this, deconvolution of a larger set of hu-
man carotid plaques was performed. In line with the intercellular signal-
ling, the proportion of VSMC3 was significantly higher in asymptomatic
compared to symptomatic plaques. The proportion of VSMC3 also
correlated inversely with the plaque vulnerability index (an independent
predictor of future CV events'®). Finally, increased VSMC3 proportion
predicted reduced risk of future CV events longitudinally.

Providing further insight on the VSMC3 phenotype role, we demon-
strated their similarity comparing with plaque VSMC phenotypes from
an Apoef/f model, where these cells were predominantly identified in
the fibrous cap.?! Supporting for their role in cap formation also in hu-
mans, these VSMC3 spot clusters were enriched in the human cap re-
gions and strongly correlated with collagen genes, also predominantly
expressed in the fibrous cap.?"**3 As additional functional evidence,
increased expression of matrix-related genes and elevated collagen
production was demonstrated in vitro in induced fibroblast-like VSMC
cells, resembling VSMC3. This could be reversed using CD44 anti-
bodies, blocking that ligand-receptor communication (visualized in hu-
man plaque cap with multiplex immunofluorescence and proximity
ligation assays) and even supported by in silico knock-out models.

Figure 6 Continued

As a final level of evidence, in large population GWAS studies,
VSMC3 genes were enriched in CAD and Ml. The role of VSMC in pla-
que stability has long been known,***® but we here bring an incremen-
tal granularity with the exact phenotype that underlies stability,
confirming them in mice, in vitro and in a longitudinal cohort. Clonal ex-
pansion of few VSMCs that generate the range of diverse plaque cell
states was shown in mouse® and suggested in humans.>” Such shared
origin of the cells in different plaque regions opens now further the ex-
citing potential of plaque stabilization by drugs inducing the VSMC3
state of clonal cells.

Potential therapies targeting
fibroblast-like (VSMC3) marker genes

To assess whether key VSMC3 genes could be targeted to promote fi-
brous cap formation and plaque stability, publicly available pharmacoge-
nomic databases were used, showing that 38 existing therapies
upregulated 35 key VSMC3 marker genes (common to human and
mice). Several are already used in the CV field like losartan, dobutamine,
and tacrolimus. Tacrolimus, frequent in stents, may promote collagen
synthesis and fibrous cap formation,”® which aligned with our in vitro re-
sults. In contrast, drugs like losartan and hydroxyurea may reduce col-
lagen synthesis>® even if affecting VSMC3 marker genes. These findings
suggest that VSMC3 function could potentially be modulated even by
existing therapies, though further studies are needed.

Limitations

First, the spatial transcriptomic technology used does not offer single
cell resolution (in contrast with other now available techniques®®*?)
as each spot may encompass 1 to 10 cells (depending on cell size).
Although individual spots may contain multiple cell types, cell type pre-
diction revealed predominant cell types in the spots corresponding to
the six major cell clusters, with low heterogeneity in plaque spot cluster
composition. Nevertheless, not all sources of biological heterogeneity
can be excluded. Some cell types (e.g. T-cells) were not identified as ma-
jor clusters. T-cells were predicted within the mixed clusters, not dis-
tinctly separated from macrophages and VSMCs, even though this
has previously been reported by others.® The used spatial sequencing
technology performed on fresh-frozen plaque sections offered untar-
geted, deep sequencing of all cells present in the tissue section spots,
enabling the assessment of RNA velocity (not possible using currently
available single cell spatial transcriptomic approaches). This avoided
biases associated with cell loss during isolation or region of interest pre-
selection. It also provided advantages over single-cell RNA sequencing
by reducing the influence of circulating cells and, most importantly, by

such as CD44, KLF4, FN1, THBS2, COL1A2, COL3A1, COL5A2 and (C) collagen production were increased in fibroblast-like VSMC differentiated using
TGF-B1and PDGF-BB. (D) Collagen production induced by TGF-B1 and PDGF-BB was halted when cells were co-cultured with CD44 blocking anti-
body (Ab). TGF-B1, transforming growth factor-p1; PDGF-BB, platelet-derived growth factor (n = 4). (E) Multiplex immunofluorescence staining was
used to visualize the location and co-expression of key marker proteins of fibroblast-like VSMC3 in the cap of human atherosclerotic plaques. (F)
Representative images show proximity ligation assay (PLA) signals (red puncta) and DAPI-stained nuclei (blue) in control (upper left) and CD44—col-
lagen | (COL1) stained sections (upper right). Maximum intensity projections were generated from z-stacks spanning the full section thickness. Insets
display magnified regions to highlight PLA puncta. The lower panels show the corresponding quantification, with individual detected PLA signals marked
by white crosses. PLA puncta were selected based on morphological criteria—small area and high circularity—to distinguish specific interactions from
background autofluorescence, which typically exhibits larger, irregular shapes. The number of detected puncta is indicated for each condition. DAPI
(dark blue), CEMIP (magenta), COL | (yellow), aSMA (red), and FN1 (cyan). CEMIP, cell migration-inducing hyaluronidase 1; COL |, collagen type |;
a-SMA, alpha-smooth muscle actin; FN1, fibronectin 1; PLA, proximity ligation assay. Created in BioRender. Gialeli, C. (2026) https:/

BioRender.com/hadvoe;
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Figure 7 Regional variations in cell abundance and intercellular communication. (A) Schematic illustration of shoulder, cap and core regions in a human
carotid plaque tissue section stained with haematoxylin and eosin. (B) Donut plot depicting the composition of plaque regions and the cell type dis-
tribution within each region. Cell types with percentage above 4% are shown. (C) Circle stacked bar plot showing spot subclusters comparing cap,
shoulder, core and other regions (inner ring) for each plaque among individuals. (D—F) Heatmaps visualizing plaque regional differences in intercellular
communication and signalling pathways that are increased or turned on at (D) shoulder, (E) cap, and (F) core regions. Senders are shown on the X-axes
and the receivers on the Y-axes. Red blocks represent increased communication strength, while blue indicates decreased strength. Increased signalling
pathways were identified by comparing interaction strengths within VSMCs between shoulder and non-shoulder (cap and core) regions (VSMC3 to
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plaques. n = 13. (B). Schematic illustration of spot cluster deconvolution applied on human carotid plaque bulk RNA-Seq, using all the identified spatial
RNA-Seq spot clusters as reference data. (C) Based on the deconvolution analysis, the proportion of fibroblast-like VSMC (VSMC3) was shown to be
significantly higher in carotid plaques from asymptomatic individuals (n = 27 plaques) compared to individuals who suffered from cerebrovascular symp-
toms at baseline (n =51). Student’s t-test was used. (D) The proportion of VSMC3 was inversely correlated with a calculated histological plaque vul-
nerability index (VI). Spearman’s correlation analysis adjusted by age and sex was used (n = 47). (E) Kaplan—Meier curve visualizing that patients with
plaques with a greater proportion of VSMC3 (second to third tertiles compared to the first tertile) were at lower risk to suffer from postoperative
cardiovascular events during the follow-up (n = 78). Log-rank test was used. (F). Schematic illustration (left) of the gene-set analysis of GWAS data. Bar
chart (right) showing the P-values from GWAS enrichment analyses for VSMC3 marker genes in LAS, CAD, and MI. Vertical line indicates a P-value of
.05. CAD, coronary artery disease; EC, endothelial cell; LAS, large artery stroke; MI, myocardial infarction; Mix1 and Mix2, mixed cells without a pre-

dominant cell type; MO, macrophage; Prop., proportion; VI, vulnerability index; VSMC, vascular smooth muscle cell. Created in BioRender. Sun, J. (2025)
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Figure 9 Fibroblast-like vascular smooth muscle cells (VSMC3) has a high similarity with fibrous cap associated VSMC in Apoe™~ mice. (A—C)
scRNA-Seq analysis of lineage-labelled VSMCs from control (GSE274572) and atherosclerotic Apoe™~ mice on western diet (GSE155513).
(A) Uniform manifold approximation and projection visualizing cell clusters identified by Taylor et al.?! (B) Violin plots showing expression of selected
VSMC3 marker genes across all the identified mouse cell clusters. (C) Violin plot showing UCell scores for the VSMC3-marker gene signature in cells
proposed to represent fibrous cap—associated VSMCs (mouse cell cluster 6) compared to all other VSMC phenotypes. Student’s t-test was used.
(D) Spatial transcriptomics analysis of human carotid plagues showing an enrichment of fibroblast-like VSMC (VSMC3) and macrophage-like VSMC
(VSMC2) spots in the cap regions compared to the non-cap regions (shoulder, core and other regions). Student’s t-test was used. n=13.
(E). Scatter plot showing positive correlations between collagen genes mRNA levels and VSMC3 proportion in human carotid plaques. n=78.
Pearson’s correlation coefficients are shown. Created in BioRender. Sun, J. (2025) https://BioRender.com/ex05rdm
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Figure 10 Continued

fibroblast-like VSMCs (VSMC3) and the phenotypically similar fibrous cap-associated VSMCs from Apoe ™~ mice were identified. Step2, Exploring public
bioactivity databases for drugs. First, LINCS L1000 chemical perturbation data was used to screen compounds that can upregulate gene expression of
these 35 marker genes in human cell lines. Next, the selected compounds that have potential beneficial transcriptional effects in rat were examined using

the DrugMatrix toxicogenomic database. Analyses were conducted through Enrichr and odds ratio per compound is reported. Step 3, Odds ratios
were used to rank the 38 identified drug candidates, highlighting the top 10 potential therapies. (B) Collagen production from fibroblast-like
VSMCs was increased upon treatment with tacrolimus, hydroxyurea and allopurinol. PDGF-BB, platelet-derived growth factor; TGF-B1, transforming
growth factor-B1 (n = 6). Created in BioRender. Sun, J. (2025) https://BioRender.com/ex05rdm

preserving the spatial context of the cell phenotypes —essential when
assessing communication among neighbouring cells.

Second, despite comprehensive mapping of intercellular communica-
tion across plaque regions, additional low-expression interactions may
have been missed or filtered during quality control. Among >11 000 sig-
nificant ligand—receptor pairs, only one (CD44-COL1A2) was function-
ally validated in vitro as proof-of-concept for its role in cap formation.

Third, while more complex animal models (e.g. deletion of the
human-VSMC3 equivalent cell type) could be explored, such studies
would be resource-intensive, of uncertain viability and might not accur-
ately have reflected human disease due to interspecies differences.

Fourth, since only advanced carotid plaques were analysed (no control
segments were included), results may not generalize to other arterial ter-
ritories, healthy arteries or earlier disease stages. Plaques from symptom-
atic patients obtained after a cerebrovascular event (within 22 days) might
have already ongoing repair processes affecting the results.

Finally, even though several lines of evidence suggest an important role of
the fibroblast-like VSMCs in plaque stability, no causality could be shown.

Conclusion

In conclusion, this study provides a comprehensive novel spatial charac-
terization of human carotid plaque cell phenotypes and, for the first
time, maps intercellular ligand-receptor communication in distinct ‘geo-
graphic’ plaque microenvironments. By verifying increased collagen for-
mation in vitro, cap formation mechanisms in a mouse model, integrating
human histological, GWAS and longitudinal survival analysis, fibroblast-
like VSMCs emerged as key ‘communicators’ orchestrating specific
intercellular signalling pathways, one of which was functionally validated
and pharmacologically modulated in vitro and in silico using repurposed
drugs. These findings open new avenues for targeting ligand-receptor
interactions mediated by specific cell phenotypes to modulate cell com-
munication and stabilize human atherosclerotic plaques.
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