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Aim: Acute coronary syndrome (ACS) and ischemic stroke are major life-threatening conditions caused by 
atherosclerosis. Although the mechanisms of atherosclerosis appear to be broadly similar across different vascular 
beds, growing evidence suggests that there are morphological and histological differences between coronary and 
carotid atherosclerosis. To identify disease-specific therapeutic strategies, we aimed to compare ACS and chronic 
coronary syndrome (CCS) in coronary artery disease, and symptomatic and asymptomatic carotid artery disease.

Methods: We analyzed our own single-cell RNA sequencing dataset for coronary artery disease (GSE184073) 
and a publicly available dataset for carotid artery disease (GSE253903). Myeloid cells were extracted from these 
datasets and comparative analyses were performed using metabolic profiling and an RNA velocity analysis.

Results: By integrating multiple velocity-inference approaches, including the original and dynamic RNA 
velocity models, TFvelo using transcription factor regulatory information, and CellRank, we consistently 
identified a differentiation trajectory toward interleukin-1B (IL1B)＋ inflammatory macrophages marked by high 
expression of matrix metalloproteinase 19 (MMP19). This trajectory was accompanied by the activation of the 
glycolytic and glycosaminoglycan degradation pathways. A similar directional flow toward IL1B＋ inflammatory 
macrophages was also observed in symptomatic carotid artery plaques. However, unlike coronary lesions, carotid 
lesions activated the glycolytic pathway in SPP1＋ foamy macrophages expressing MMP19.

Conclusions: Our findings revealed a shared differentiation trajectory into IL1B＋ inflammatory macrophages in 
carotid and coronary artery diseases, which is associated with plaque vulnerability. Notably, the distinct activation 
of the glycolytic pathway in a separate macrophage subset suggests that tailored therapeutic strategies may be 
necessary to effectively address plaque vulnerability in each vascular bed.
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histology intravascular ultrasound studies comparing 
carotid and coronary plaques have shown that 
coronary arteries tend to have a higher amount of 
necrotic cores, whereas carotid arteries contain 
fibrofatty lesions8). A recent systematic review and 
meta-analysis demonstrated that the carotid lipid-rich 
necrotic core plaque phenotype is predictive of the 
early stages of coronary artery disease, whereas 
calcified carotid plaques are associated with more 
severe coronary artery disease9). Moreover, rupture-
prone fibrous caps in coronary plaques are estimated 
to be as thin as 65μm, whereas in carotid plaques, 
vulnerability to plaque rupture and thrombosis occurs 
at a cap thickness of 200μm6). Recent clinical trials 
with anti-IL1B antibody (CANTOS) and colchicine 
(COLCOT and LoDoCO2) reduced cardiovascular 
events without lowering lipid levels in patients who 
were already receiving a full standard-of-care regimen, 
including high-dose statins, whereas effects on stroke 
were inconsistent (reduced in COLCOT as a 
secondary, unadjusted endpoint; not clearly reduced 
in CANTOS or LoDoCo2), suggesting differences in 
the pathophysiology 10-12). Although these studies 
provide important insights into the different 
mechanisms of plaque progression across vascular beds 
in atherosclerotic diseases, comparative studies on the 
immune differences between these conditions remain 
limited. Therefore, it is necessary to understand how 
immune cells affect plaque vulnerability and to 
identify effective therapeutic targets for each disease.

In this study, we aimed to obtain valuable 
insights into the biological features of plaque 
vulnerability and inflammation common to and 
specific to lesion sites, and identify disease-specific 
therapeutic approaches by comparing ACS with 
chronic coronary syndrome (CCS) in coronary artery 
disease and asymptomatic and symptomatic cases of 
carotid artery disease within a unified analytical 
framework. Using scRNA-seq, we elucidated the 
immunological features that depend on the disease 
region and the mechanisms underlying plaque 
vulnerability, in terms of metabolism and cell 
differentiation.

Materials and Methods:
ScRNA-seq datasets of coronary artery plaques 

were collected from seven patients in a previous study 
(GSE184073)2). Viable CD45＋ immune cells were 

Introduction:
Acute coronary syndrome (ACS) and ischemic 

stroke are the two major life-threatening complications 
of atherosclerosis. ACS, which encompasses acute 
myocardial infarction and unstable angina pectoris, 
causes primary ischemic cardiomyopathy and lethal 
arrhythmias. Ischemic stroke results from an abrupt 
interruption in the cerebral blood flow, leading to 
irreversible neuronal injury. Coronary artery disease, 
which underlies almost all cases of ACS, typically 
affects smaller arteries that are subjected to higher 
shear stress, making plaque rupture and thrombosis 
more likely. In contrast, carotid artery disease accounts 
for only approximately 20% of ischemic strokes; 
however, the risk of stroke generally increases with 
greater stenosis severity in symptomatic patients1). 
Despite advancements in the management of traditional 
risk factors such as dyslipidemia, diabetes, and 
hypertension, the incidence of plaque rupture has not 
been sufficiently prevented.

We previously characterized the immune cell 
composition of culprit coronary plaques responsible 
for ACS using single-cell RNA sequencing (scRNA-
seq)2). Our analysis revealed a distinct immune 
landscape within myeloid cells in ACS plaques, 
including S100A8/9/12＋ monocytes, mast cells, and 
other immune cell populations. Notably, we identified 
chemokine (C-X-C motif ) ligand 3 (CXCL3)＋ 
interleukin 1 B (IL1B)＋ inflammatory macrophages 
exclusively in the ACS plaques. Additionally, we found 
that the proportion of central memory cluster of 
differentiation (CD) 4＋ T cells was higher in ACS 
plaques3). 

Regarding carotid artery disease, another group 
demonstrated that plaque ruptures predominantly 
occur in the proximal and most stenotic regions rather 
than in the distal locations in the carotid plaques4). 
Proximal plaque locations have more immune cells, 
such as macrophages, T cells, B cells, and natural killer 
cells. In contrast, the distal locations contained more 
smooth muscle cells. Another study identified plaque-
specific T cell populations exhibiting proatherogenic 
features5).

Although the mechanisms of atherosclerosis 
appear to be broadly similar across different vascular 
beds, growing evidence suggests that there are 
morphological and histological differences between 
coronary and carotid atherosclerosis 6-8). Virtual 
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responses to interferon-γ and antigen processing and 
presentation were enriched in MyCo.0, whereas 
responses to oxygen levels and hypoxia were enriched 
in MyCo.2 (Supplemental Fig. 1A). GO-CC analysis 
highlighted that MyCo.0 and MyCo.2 contained 
inflammatory cytokines in secretory granules and 
MyCo.1 promoted fibrosis by remodeling the 
extracellular matrix (Supplemental Fig. 1A).

We performed an RNA velocity analysis using 
the velocyto.R 15) program to visualize the 
developmental lineages and cellular dynamics of 
macrophages by distinguishing between unspliced and 
spliced mRNAs (Fig. 1D). TNF＋ macrophages 
(MyCo.0) and C1Q＋ TREM2＋ fibrotic macrophages 
(MyCo.1) largely retained their respective phenotypes 
in the CCS plaques. However, in ACS plaques, 
MyCo.0 and a small population of MyCo.1 were 
suspected to differentiate into CXCL3＋ IL1B＋
inflammatory macrophages (MyCo.2). To gain deeper 
insights into transcriptional factor-driven regulatory 
dynamics, we conducted an additional RNA velocity 
analysis using TFvelo16), a method that leverages 
transcriptional factor expression levels rather than 
splicing kinetics, as in velocyto.R. TFvelo enables 
velocity estimation without requiring FASTQ files 
that contain splicing information. Consistent with the 
velocyto.R program, MyCo.0 in ACS plaques was again 
predicted to differentiate into MyCo.2, reinforcing the 
notion of an inflammatory shift unique to ACS lesions 
(Fig. 1E). A ccording to the learned weights of 
transcription factors, TFvelo showed that CEBPB, 
which has a reported relationship with atherosclerosis17), 
is an important transcription factor for inflammatory 
shift because it has the highest weight (Supplemental 
Fig. 2A and 2B) and peudotime-aligned increase in 
expression levels (Supplemental Fig. 3A and 3B). To  
provide an independent computational check, we 
conducted another velocity analysis using CellRank18) 
and scVelo19) (dynamical model), which supported an 
inflammatory shift unique to ACS lesions 
(Supplemental Fig. 4A, 4C, and 5). These insights 
support those of a previous study that demonstrated 
that anti-inflammatory therapy with an antibody to 
IL1B, such as canakinumab, reduces the risk of 
recurrent cardiovascular events20).

Active Metabolic Pathways and Expression of Genes 
Relevant to those Pathways with Myeloid Cells in 
Coronary Artery Disease

We performed a metabolic analysis at the single-
cell level using scMetabolism21), which visualized the 
activity of metabolic pathways based on the Kyoto 
Encyclopedia of Genes and Genomes (KEGG)22). Our 
analysis focused on five key pathways: oxidative 

sorted from three ACS plaques and four CCS plaques 
without high-intensity signals on T1-weighted 
magnetic resonance, which were obtained through 
directional coronary atherectomy. ScRNA-seq datasets 
for carotid artery plaques were obtained from public 
resources (GSE253903)13). These data were obtained 
from human carotid artery plaques collected from 18 
patients who had undergone carotid endarterectomy. 
Patients were considered symptomatic if they had 
experienced a stroke or transient ischemic attack 
within six months of surgery. Patients without a 
history of ischemic events were classified as 
asymptomatic. The detailed methods for scRNA-seq, 
RNA velocity, Gene Ontology (GO) analyses, and 
metabolic analysis are described in the supplemental 
methods. The code is available at GitHub: https://
github.com/Kobe-Cardiovascular/Single-cell-analysis-
in-coronary-and-carotid-arteries.

Results:
Classification of Myeloid Cells in Coronary Plaques 
and Estimation of their Differentiation Direction 
by Single-cell RNA Sequencing 

To elucidate the immunological features of 
coronary plaques, we focused on myeloid cells 
extracted from CD45＋ immune cells and performed 
an RNA velocity analysis using the scRNA-seq dataset 
(GSE184073) reported in our previous study2).

The clustering of myeloid cells by uniform 
manifold approximation and projection (UMAP)14) 
identified six distinct clusters in our previous study2): 
macrophages (MyCoronary (Co).0, MyCo.1, MyCo.2), 
S100A8/9/12 monocytes (MyCo.3), mast cells and 
others (MyCo.4), and dendritic cells (MyCo.5). To 
distinguish the features of each macrophage cluster, 
we assigned functional designations as follows: MyCo.0 
as “TNF＋ macrophages,” MyCo.1 as “C1Q＋ TREM2＋ 
fibrotic macrophages,” MyCo.2 as “CXCL3＋ IL1B＋ 
inflammatory macrophages,” MyCo.3 as “S100A8/9/12 
monocytes,” MyCo.4 as “Mast cells and others,” and 
MyCo.5 as “Dendritic cells” (Fig. 1A and 1B).

A GO enrichment analysis supported these 
classifications (Fig. 1C and Supplemental Fig. 1A). 
Gene Ontology-molecular function (GO-MF) 
revealed that cytokine, receptor-ligand, and signal 
receptor activator activities were prominent in MyCo.0 
and MyCo.2 (Fig. 1C). In contrast, MyCo.1 had a high 
expression related to not only extracellular matrix 
binding and the actin-binding functions in GO-MF, 
but also related to the collagen-containing extracellular 
matrix in the Gene Ontology-cellular component 
(GO-CC) (Supplemental Fig.1A). A Gene Ontology-
Biological Process (GO-BP) analysis indicated that 
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gluconeogenesis, fatty acid degradation, and the citrate 
cycle (TCA cycle) are central pathways related to 
adenosine triphosphate (ATP) production and cellular 
energy metabolism. Glycosaminoglycan degradation 

phosphorylation, glycosaminoglycan degradation, 
glycolysis/gluconeogenesis, fatty acid degradation, and 
tricarboxylic acid [TCA]) cycle. Among these 
pathways, oxidative phosphorylation, glycolysis/
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Fig. 1.  A single-cell analysis reveals differentiation between acute coronary syndrome and chronic coronary syndrome in coronary 
plaques

A, Clustering of myeloid cells using Uniform Manifold Approximation and Projection (UMAP) separately for acute coronary syndrome (ACS, 
n = 3) and chronic coronary syndrome (CCS, n = 4). B, A Feature Dot plot depicting single-cell gene expression of each cell subset marker or 
important functional genes. C, Gene Ontology (GO) terms showing the enriched molecular function (MF) of each macrophage sub-cluster. 
D, A velocity stream plot by Velocyte. R with macrophage subclusters, separately for ACS and CCS. E, A velocity stream plot using TFvelo 
with macrophage subclusters, separately for ACS and CCS. 
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suggesting a heightened inflammatory response. 
Although oxidative phosphorylation and other 
canonical energy metabolism pathways were active in 
CCS-derived MyCo.0 and MyCo.1 clusters, as well as in 
their ACS counterparts, these pathways remained 
inactive in MyCo.2, underscoring a metabolic shift in 
inflammatory immune cells (Fig. 2A, 2B, and 2C). 

Importantly, the glycosaminoglycan degradation 
pathway was activated in MyCo.0 and MyCo.2 in ACS, 
but not in CCS-derived cells (Fig. 2A). Among the 
various matrix metalloproteinases (MMPs)27), a group 
of proteases that degrade the extracellular matrix and 
other substrates, MMP19 gene expression detected in 
MyCo.2 was specific to ACS plaques (Fig. 2D). 
Additionally, MMP2, detected in MyCo.0, was strongly 
expressed in CCS plaques (Fig. 2D). The expression 

plays a critical role in extracellular matrix remodeling 
via the glycosaminoglycan uptake and degradation, a 
component of the extracellular matrix23, 24).

 To confirm the predicted metabolic shifts, we 
 showed the expression of genes related to these 
metabolic pathways (Supplemental Fig. 6A) and 
performed computational cross-validation using 
AUCell25) as an alternative scoring approach using 
both KEGG and Reactome26) gene sets. The AUCell 
results were highly consistent with scMetabolism for 
glycolysis and the TCA cycle (Fig. 2C), with the 
remaining three pathways shown in Supplemental 
Fig. 7A and 7B.

As shown in Fig. 2A, 2B, and 2C, glycolysis/
gluconeogenesis was more active in ACS than in CCS, 
with a notable increase in MyCo.2 within ACS plaques, 

A B

C

D

Fig. 2.  A single-cell metabolic analysis reveals differentiation between acute coronary syndrome and chronic coronary syndrome in 
coronary plaques

A, Visualization of a metabolic analysis results of the KEGG pathways of interest by scMetabolism, separately for clusters in ACS and CCS on 
UMAP. B, A metabolic analysis of Glycolysis/Gluconeogenesis and Citrate cycle (TCA cycle) based on the KEGG by scMetabolism, visualized 
on UMAP, separately for ACS and CCS. C, AUCell-based visualization of glycolysis and citrate cycle (TCA) pathway activity using KEGG 
and Reactome gene sets, shown separately for ACS and CCS coronary plaques. D, A feature plot depicting the single-cell gene expression 
related to glycosaminoglycan degradation (MMP2, MMP19) on UMAP. The Wilcoxon rank-sum test with Bonferroni correction was 
performed between each gene expression in ACS and CCS. The q-value was significant for each comparison.
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functional annotations to each cluster, and examined 
their compatibility with coronary artery disease.

The re-clustering of myeloid cells using UMAP 
identified 12 distinct clusters: macrophages (MyCarotid 

(Ca).0, MyCa.1, MyCa.2, MyCa.3, MyCa.4, MyCa.5, 
MyCa.7, MyCa.10, and MyCa.11), S100A8/9/12 
monocytes (MyCa.8), dendritic cells (MyCa.6), and 
neutrophils (MyCa.9). MyCa.0, MyCa.1, MyCa.2, 
MyCa.3, MyCa.4, MyCa.5, MyCa.7, MyCa.10, and 
MyCa.11 were defined as macrophage clusters, 
expressing macrophage markers such as CD14, CD68, 
and CSF1R. MyCa.8 was classified as a classical 
monocyte cluster owing to its high expression of 
monocyte markers, such as S100A8/9/12, a high 
expression of CD14, and low expression of CD16. 
MyCa.6 was characterized by markers of conventional 
type 2 dendritic cells, including CLEC10A, FCER1A, 
and CD1C, although we could not detect DC1 

of the other MMPs genes was not remarkable 
(Supplemental Fig. 8A). 

In addition, the expression of HIF1A, a regulator 
of glycolytic activation in proinflammatory 
macrophages28, 29) is closely related to the activation of 
glycolysis in scmetabolism (Supplemental Fig. 7C).

Classification of Myeloid Cells in Carotid Plaques 
and Estimation of their Differentiation Direction 
by Single-cell RNA Sequencing 

To reveal the immunological features related to 
stroke in carotid plaques, we focused on myeloid cells 
extracted from the entire cell population and 
performed RNA velocity analysis using publicly 
available scRNA-seq data (GSE253903) from a 
previous study conducted by another group 13). 
Because the clustering of myeloid cells was not 
discussed in detail, we re-clustered them, assigned 
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Fig. 3.  A single-cell RNA sequencing analysis of myeloid cells in carotid artery plaques reveals differentiation between symptomatic 
and asymptomatic patients

A, Clustering of myeloid cells by Uniform Manifold Approximation and Projection (UMAP) separately for symptomatic carotid plaques (n = 
11) and asymptomatic carotid plaques (n = 7). B, A Feature Dot plot depicting single-cell gene expression of each cell subset marker or 
important functional genes. C, The velocity stream plot projected onto the UMAP with macrophage subclusters, separately for symptomatic 
carotid plaques and asymptomatic carotid plaques. Macrophage subclusters were re-clustered after excluding the DC, neutrophil, and 
monocyte populations from all myeloid cell clusters. 
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symptomatic and asymptomatic samples and 
presented the results as a volcano plot (Supplemental 
Fig. 10), indicating that myeloid cells as a whole in 
symptomatic plaques were more inclined toward 
inflammatory characteristics.

The GO enrichment analysis supported these 
classifications (Supplemental Fig. 1B). A GO-MF 
analysis revealed strong cytokine and cytokine 
receptor-binding activities in MyCa.2 and MyCa.7 
(Supplemental Fig. 1B). In contrast, MyCa.1 and 
MyCa.5 showed enrichment in proteoglycan binding 
within the GO-MF, suggesting their involvement in 
tissue remodeling (Supplemental Fig. 1B). A GO-BP 
analysis showed enrichment of antigen processing and 
presentation in MyCa.0, MyCa.2, MyCa.3, and MyCa.5, 
while MyCa.10 displayed prominent nuclear division 
activity (Supplemental Fig. 1B). A GO-CC analysis 
demonstrated enrichment of the collagen-containing 
extracellular matrix in MyCa.1, MyCa.5, and MyCa.11 
(Supplemental Fig. 1B).

TFvelo was used to visualize the developmental 
lineages and cellular dynamics of the macrophages 
(Fig. 3C). In asymptomatic plaques, a small subset of 
TNF＋ macrophages (MyCa.2) and C1Q＋ resident-like 
macrophages (MyCa.3) differentiate into LYVE1＋ 
resident macrophages (MyCa.0). In contrast, in 
symptomatic plaques, MyCa.0, MyCa.2, and MyCa.3 
were predicted to differentiate into IL1B＋ 
inflammatory macrophages (MyCa.7), a pattern similar 
to that observed in ACS plaques. In addition, SPP1＋ 
foamy macrophages (MyCa.1) largely retained their 
phenotype in asymptomatic plaques, whereas they 
were predicted to differentiate into APOE＋ foamy 
macrophages (MyCa.5) in symptomatic plaques. 
According to the learned weights of transcription 
factors, TFvelo showed that FOS, which has a 
reported relationship with inflammation in 
macrophages34), is an important transcriptional factor 
for inflammatory shift because it has the highest 
weight (Supplemental Fig. 2C and 2D). To provide  
an independent computational check, we conducted 
another velocity analysis using CellRank18), which 
supported an inflammatory shift unique to 
asymptomatic patients (Supplemental Fig. 4B). These 
results suggest that myeloid cells in symptomatic 
patients are more inclined to acquire inflammatory 
characteristics than myeloid cells in asymptomatic 
individuals, which is consistent with the dynamics 
observed in coronary plaques.

Active Metabolic Pathways and Gene Expression 
Relevant to those Pathways in Myeloid Cells in 
Carotid Artery Sclerosis

We performed a metabolic analysis of the single-

populations. MyCa.9 was characterized by neutrophil 
markers such as CXCL8 and FCGR3B (Fig. 3A and 
3B and Supplemental Fig. 9A and 9B).

Consistent with previous studies that analyzed 
myeloid cells in the heart or vasculature30), MyCa.0 was 
enriched in LYVE1 and FOLR2, which are markers of 
resident macrophages. MyCa.2 and MyCa.7 showed a 
high expression of proinflammatory cytokines, such as 
IL1B and TNF; chemokines, such as CXCL3 and 
CXCL8, which are suspected to regulate the migration 
of monocytes or neutrophils31); and toll-like receptors, 
with MyCa.2, selectively expressing high levels of TNF 
and MyCa.7 selectively expressing IL1B. MyCa.1 and 
MyCa.5 expressed foamy macrophages markers such as 
SPP1 and TREM2, but lacked proinflammatory gene 
expression; MyCa.5 showed a higher expression of 
APOE and C1Q, and was similar to MyCo.1 in 
coronary artery disease, whereas MyCa.1 showed a 
higher expression of SPP1 than MyCa.5. To determine 
the differences between MyCa.1 and MyCa.5, we 
performed an additional differential gene expression 
(DEG) analysis (Supplemental Fig. 9C). MyCa.3 cells 
expressed high levels of C1Q and genes related to iron 
metabolism, such as FTL, suggesting that MyCa.3 cells 
resemble intravascular macrophages reported in 
previous lung studies32). MyCa.4 was enriched in 
apoptosis-related genes such as PLCG2. MyCa.10 
showed a high expression of genes related to cellular 
proliferation, including MKI67 and TOP2A, and its 
gene expression, including TREM2 and SPP1 
expression levels, was similar to that of MyCa.1, 
suggesting that MyCa.10 might represent the 
proliferating cells of the MyCa.1 lineage (Fig. 3B and 
Supplemental Fig. 9B). MyCa.11 expressed not only 
macrophage markers but also smooth muscle cell 
markers simultaneously, indicating that these cells may 
have undergone a phenotypic transition from smooth 
muscle to macrophage-like cells, as previously reported 
in this dataset33) (Fig. 3A and 3B and Supplemental 
Fig. 9A and 9B). To distinguish the features of each 
cluster, we specified functional designations as follows: 
MyCa.0 as “LYVE1＋ resident macrophages,” MyCa.1 as 
“SPP1＋ foamy macrophages,” MyCa.2 as “TNF＋ 
macrophages,” MyCa.3 as “C1Q＋ resident like 
macrophages,” MyCa.4 as “apoptotic macrophages,” 
MyCa.5 as “APOE＋ foamy macrophages,” MyCa.6 as 
“Conventional type2 dendritic cells,” MyCa.7 as “IL1B＋ 
inflammatory macrophages,” MyCa.8 as “classical 
monocytes,” MyCa.9 as “Neutrophils,” MyCa.10 as 
“proliferative macrophages,” and MyCa.11 as “ACTA2＋ 
macrophages”(Fig. 3A). No significant differences in 
percentages were observed between the carotid artery 
plaques in symptomatic and asymptomatic patients. 
Additionally, we performed a DEG analysis comparing 
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non-prominent expression (Supplemental Fig. 8B).  
In addition, the expression of SLC2A1 and 

MYC, regulators of glycolytic activation28, 35), is closely 
related to the activation of glycolysis in the 
scMetabolism (Supplemental Fig. 7D).

Discussion:
Our analyses revealed distinct heterogeneity in 

the cellular composition of the coronary and carotid 
atherosclerotic plaques. Further analysis, for the first 
time, demonstrated the differentiation trajectories and 
metabolic activity of myeloid cells in ACS and CCS 
plaques in coronary artery disease and in symptomatic 
and asymptomatic plaques in carotid artery disease. 
Notably, our velocity analysis revealed consistent 
trends in cellular differentiation across the coronary 
and carotid plaques, highlighting the potential shared 
mechanisms underlying plaque vulnerability. The 
distinct activation of the glycolytic pathway in separate 
macrophage subsets in coronary and carotid plaques 
suggests that tailored therapeutic strategies may be 
required to effectively address plaque progression in 

cell data from the carotid plaques (Fig. 4A, 4B, and 
Supplemental Fig. 11A). To assess the robustness of 
the inferred metabolic shifts, we showed the expression 
of genes related to these metabolic pathways 
(Supplemental  Fig. 6B)  and conducted a 
computational cross-check by applying AUCell25) with 
KEGG and Reactome26) gene sets. The AUCell scores 
c lose ly  matched the scMetabol ism results 
(Supplemental Fig. 11B). Glycolysis/gluconeogenesis 
was activated in proliferating macrophages (MyCa.10) 
and SPP1＋ foamy macrophages (MyCa.1) in carotid 
plaques but not in IL1B＋ inflammatory macrophages 
(MyCa.7), which were activated in coronary plaques 
(Fig. 4A, 4B, and Supplemental Fig. 11A) . 
Glycosaminoglycan degradation was strongly 
enhanced in APOE＋ foamy macrophages (MyCa.5). 
There were no significant differences in metabolic 
activity between the carotid artery plaques in 
symptomatic and asymptomatic patients. MMP19 
and MMP9 were more strongly expressed in MyCa.1 
than in MyCa.7, in contrast to their expression in 
coronary plaques (Fig. 4C). MMP14 was broadly 
expressed, whereas the other MMPs showed low or 
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based on the KEGG by scMetabolism, visualized on UMAP, separately for symptomatic carotid plaques and asymptomatic carotid plaques. C, 
Feature plot depicting single-cell gene expression related to glycosaminoglycan degradation (MMP9, MMP19) on UMAP.
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diameter in patients with ascending aortic 
aneurysms 41). Another study demonstrated that 
MMP19-mediated remodeling of the extracellular 
matrix in the central nervous system contributes to 
myelin sheath destruction in multiple sclerosis42). In 
addition, cell populations expressing MMP19 show 
h i g h  l e v e l s  o f  g l u c o s e  m e t a b o l i s m  a n d 
glycosaminoglycan degradation in carotid and 
coronary artery diseases. These findings suggest that 
MMP19 plays a role in vascular tissue degradation 
and potentially contributes to plaque vulnerability in 
coronary artery disease. We suspect that metabolically 
active CXCL3＋ IL1B＋ inflammatory macrophages 
may contribute to plaque vulnerability by secreting 
MMP19 along with cytokines and chemokines such 
as CXCL3 and IL1B, although further experiments 
are required to confirm this.

Myeloid cells in carotid plaques were divided 
into 12 types: macrophages, monocytes, dendritic 
cells, and neutrophils, according to a previous study 
using the same data. IL1B-expressing inflammatory 
macrophages have been observed in carotid and 
coronary artery diseases, suggesting enriched 
inf lammatory pathways in the process  of 
atherosclerosis. Moreover, cellular differentiation 
predicted by TFvelo16) revealed a differentiation flow 
from other clusters to IL1B＋ inflammatory 
macrophages only in symptomatic plaques. These 
findings highlight the important role of IL1B-
expressing inflammatory macrophages in the 
vulnerability of both carotid and coronary plaques. 
However, we observed a different feature of IL1B＋ 
inflammatory macrophages compared to coronary 
artery disease, specifically deactivated glycolytic 
metabolism in carotid IL1B＋ inflammatory 
macrophages (MyCa.7). In contrast, SPP1＋ foamy 
macrophages (MyCa.1) showed activated glycolysis, 
whereas APOE＋ foamy macrophages (MyCa.5) 
exhibited activated glycosaminoglycan degradation in 
the carotid plaques. Both macrophage populations 
highly expressed TREM2, suggesting that APOE＋ 
foamy macrophages with a high expression of TREM2 
and C1Q were similar to the C1Q＋ TREM2＋ fibrotic 
macrophages found in coronary plaques. However, the 
exact function of TREM2 remains to be elucidated. 
One study demonstrated that TREM2-expressing 
macrophages help maintain the balance between foam 
cell death and clearance of dead cells in atherosclerotic 
lesions by expressing LPL, APOE, and LIPA, thereby 
promoting the cholesterol metabolism and suppressing 
inflammation. In contrast, another study reported that 
macrophage-specific Trem2 deletion in mice delayed 
atherosclerosis progression and reduced the plaque 
burden by downregulating cholesterol efflux molecules 

each vascular bed.
Myeloid cells in coronary artery plaques can be 

subdivided into six types: macrophages, monocytes, 
mast cells, and dendritic cells. We previously 
performed a single-cell analysis of human coronary 
plaques and identified a significant population of 
CXCL3＋ IL1B＋ inflammatory macrophages (MyCo.2) 
in patients with ACS, highlighting the critical role of 
inflammatory macrophages in coronary artery 
plaques2). In the advanced analysis described in the 
current manuscript, we observed the differentiation of 
other cell types into CXCL3＋ IL1B＋ inflammatory 
macrophages, along with glycolytic metabolism, 
predominating the TCA cycle in these cells only in the 
ACS plaques. Glycolysis/gluconeogenesis synthesizes 
ATP, the energy currency, at a faster rate than other 
pathways by consuming large amounts of glucose, 
which is typically observed in cancer or inflammatory 
cells due to hypoxia and increased metabolic 
demands36). These findings reinforced the key role of 
inflammatory macrophages in the pathogenesis of 
ACS by supporting the result of a previous study 
d e m o n s t r a t i n g  a n  i n c r e a s e d  u p t a k e  o f 
fluorodeoxyglucose in the ACS plaques than in the 
CCS plaques37). 

Furthermore, our analysis revealed that 
glycosaminoglycan degradation in CXCL3＋ IL1B＋ 
inflammatory macrophages (MyCo.2) and TNF＋ 
macrophages (MyCo.0) was more active in ACS 
plaques than in CCS plaques. This suggests the 
potential contribution of these inflammatory cells to 
the destruction of coronary artery plaques in ACS. 
Next, we examined the gene expression of MMPs, the 
enzymes responsible for tissue destruction27). Previous 
studies have documented that MMPs appear to play 
dual beneficial and detrimental roles in atherosclerosis 
and have identified MMP1, MMP8, MMP12, 
MMP13, and MMP14 as proteinases associated with 
plaque vulnerability38, 39), whereas another study 
documented that dysregulation of MMP2 led to 
plaque vulnerability in type 2 diabetes-associated 
atherosclerosis due to impaired fibrous cap 
formation40). In the present study, MMP19 detected 
in CXCL3＋ IL1B＋ inflammatory macrophages was 
highly expressed in patients with ACS, whereas 
MMP2 detected in TNF＋ macrophages was strongly 
expressed in patients with CCS. TNF＋ macrophages 
expressing MMP2 in CCS plaques may protect against 
atherosclerosis vulnerability by promoting fibrous cap 
formation. Regarding MMP19, no studies have 
directly linked MMP19 to plaque vulnerability or 
stabilization. However, MMP19 expression was higher 
in dilated aortas than in non-dilated aortas and 
potentially correlated with the maximal aortic 
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the findings rely primarily on single-cell RNA-seq 
without orthogonal validation (e.g., immunostaining 
of plaques from several ACS and CCS patients), and 
these results should be regarded as hypothesis-
g e n e r a t i n g ,  a n d  m e c h a n i s t i c / t h e r a p e u t i c 
interpretations should be tempered.  Fourth, owing to 
sample constraints, our ability to evaluate inter-
individual variation is limited.

In  summar y,  we  ident i f i ed  a  shared 
differentiation trajectory in IL1B-expressing 
inflammatory macrophages in the vascular regions 
associated with plaque vulnerability. In contrast, 
glycolysis is predominant in CXCL3＋ IL1B＋ 
inflammatory macrophages specific to ACS in 
coronary artery plaques, but in SPP1＋ foamy 
macrophages in carotid artery plaques. These findings 
suggest that proinflammatory cytokines (e.g., IL1B) 
might be effective therapeutic targets to reduce plaque 
vulnerability, whereas different therapeutic target cells 
should be considered for each disease: CXCL3＋ IL1B＋ 
inflammatory macrophages in ACS and SPP1＋ foamy 
macrophages in carotid artery disease. 
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genes. These assumptions may be partially violated, 
particularly in rapidly transitioning cells, and therefore 
our velocity-based lineage inferences should be 
interpreted as hypothesis-generating rather than 
strictly causal.

We also performed RNA velocity analysis with 
scVelo4) (version 0.3.3) using its dynamical model. 
Loom files were imported into AnnData; spliced/
unspliced layers were retained and matrices were 
normalized and log-transformed. We computed first- 
and second-order moments on the neighborhood 
graph, then fit gene-wise transcriptional kinetics with 
scv.tl.recover_dynamics, calculated velocities with scv.
tl.velocity(mode = "dynamical"), and built the velocity 
graph (scv.tl.velocity_graph). Estimated velocities were 
projected onto the same UMAP embedding used for 
clustering to ensure comparability across methods, 
and gene-wise phase portraits were inspected for key 
drivers. Unless otherwise specified, scVelo default 
settings were used.

Moreover, we applied all datasets to TFvelo5). 
TFvelo expands RNA velocity concept to various 
single-cell datasets without relying on splicing 
information, by introducing gene regulatory 
information. The Seurat-prepared single-cell data was 
converted to the Python anaconda data format and 
merged with the velocity data, allowing the 
visualization of estimated velocities on UMAP plots.

In addition, we used CellRank6) (v2.0.7). 
Velocities (vkey = “velocity”) and the expression layer 
(Ms) were supplied from the scVelo workflow in 
coronary datasets and TFvelo workflow in carotid 
datasets. Neighborhood graphs were computed with 
n_neighbors = 30, n_pcs = 30, and the same UMAP 
embedding used for clustering was retained for 
visualization. We built a combined transition kernel as 
VelocityKernel (weight = 0.9) and ConnectivityKernel 
(weight = 0.1). We applied the GPCCA estimator and 
fit macrostates with n_states = 3 (coronary), 14 
(carotid). Fate probabilities toward each terminal 
macrostate were computed and projected onto the 
UMAP embedding.

Gene Ontology (GO) Analyses
We applied the clusterProfiler package to use 

gene ontology (GO) analyses for biological process 
based on the selected differentially expressed genes in 
macrophages clusters. Specifically, we performed GO 
over-representation analysis using, for each cluster, 
upregulated genes identified by Seurat FindMarkers 
(vs. all other clusters), selecting genes with adjusted 
p-value ＜0.05 and average log2FC ＞0 as input.

Supplemental Methods
ScRNA-seq Data Processing

Analyses were performed using Seurat (v.4.4.0) 
in an R 4.2.1 environment1). (1) Before processing, 
reads were filtered to remove mitochondrial genes. To 
exclude doublets and low-quality cells, cells expressing 
between 300 and 6,000 genes and less than 30% 
mitochondrial genes for scRNA-seq were picked up 
and genes expressed in at least 3 cells were used for 
further analyses. After the selection, Log-normalized 
with the default parameters. Batch effects were 
mitigated using Seurat’s anchor-based integration 
across samples. We ran FindIntegrationAnchors with 
reduction = 'rpca'  (dims = [1:40]) and then 
IntegrateData to generate the integrated assay. For the 
visualization of the cells in a two-dimensional space, 
we performed a principal component analysis on the 
integrated dataset and used the first 40 principal 
components  (PCs)  for  uni form mani fo ld 
approximation and projection (UMAP)2). We set a 
parameter resolution 0.3 for scRNA-seq.

We assessed differential gene expressions using 
non-parametric Wilcoxonranksumtest implemented 
by Seurat FindAllMarkers function. The top 10 
unique differentially expressed genes in each cluster 
were identified by testing gene expression between 
each cluster and all other clusters combined and 
shown as heatmaps in Supple. We identified each 
cluster based on the unique differentially expressed 
genes or the expression of the known canonical marker 
genes by using dot plots or featured plots. We then 
extracted myeloid cells cluster in scRNA-seq from the 
integrated dataset and re-clustered them by the same 
procedure.

RNA Velocity Analyses
In coronary artery plaques dataset, RNA velocity 

analyses were performed using the velocyto.R 
program, which is steady-state RNA velocity model3) 
with the following parameters: k-NN = 25, deltaT = 
1, and gene/fit filters = 0.02. Briefly, Velocity used the 
raw data to count the spliced (mRNA) and unspliced 
(Introns) reads for each gene, and generated a.loom 
file. Those loom files were then loaded into R using 
read.loom.matrices function to generate a RNA 
velocity map for spliced and unspliced reads in 
macrophages in CCS and ACS groups. Estimated 
velocities were projected onto the UMAP plots. In 
addition, we note that the steady-state RNA velocity 
model relies on several assumptions, including 
approximately constant transcription, splicing, and 
degradation rates and a near–steady-state relationship 
between unspliced and spliced mRNA across most 
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Public carotid scRNA-seq datasets (GSE253903). 
We analyzed datasets from GEO. Ethical approvals 
and informed consent were obtained by the original 
studies cited with each accession.
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Single Cell Metabolic Analysis
Metabolic pathway enrichment was evaluated 

using single cell scMetabolism7) and AUCell 8),a 
computational pipeline for quantifying metabolic 
change, using the scRNA-seq dataset to elucidate the 
metabolic landscape of each macrophage sub-cluster.

Statistical Analyses
The Wilcoxon rank-sum test with the Bonferroni 

correction was performed to calculate q values for 
comparing gene expressions between ACS and CCS in 
Fig.1G. Differences with q＜0.1 were considered as 
significant. Kruskal-Wallis tests followed by Dunn 
post hocanalysiswereusedto compare gene expressions 
between each cluster or subcluster in carotid 
atherosclerosis in Supple (vlnplot). Analyses were 
performed using Seurat (v.4.4.0) in an R 4.2.1 
environment.

Enrollment of Study Participants
For coronary artery disease, we prospectively 

enrolled CCS/ACS patients undergoing PCI between 
October 2020 and June 2021 in accordance with 
AHA/ACC and ESC guidelines. Inclusion criteria 
were: (i) ACS or CCS without high-intensity signals 
(HIS) on non-contrast T1-weighted magnetic 
resonance imaging, and (ii) target lesions with ＞70% 
diameter stenosis in large, non-tortuous vessels 
suitable for DCA (technical details in Supplemental 
Methods and Supplemental Fig. 1A, B). Exclusions: 
cardiogenic shock, severe CKD (serum creatinine ＞2.0 
mg/dL), and concomitant inflammatory conditions or 
malignancies. In total, 4 CCS (no HIS) and 6 ACS 
patients were enrolled; a subset (n = 3) was used for 
scRNA-seq. All participants provided written 
informed consent. The study complied with the 
Declaration of Helsinki and was approved by the 
Ethics Committee of Kobe University and Hyogo 
Brain and Heart Center (Approval No. B200139) and 
registered with UMIN Clinical Trials Registry (URL: 
https://www.umin. ac.jp/ctr; Unique identifier: 
UMIN000040747).
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Supplemental Fig. 1. Gene Ontology analyses of macrophages in coronary and carotid plaques
A, Gene Ontology (GO) terms showing enriched biological process (BP) and cell component (CC) of each macrophage subcluster in coronary 
plaques. B, Gene Ontology (GO) terms showing enriched biological process (BP), molecular function (MF), and cell component (CC) of 
each macrophage subcluster in carotid plaques.
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Supplemental Fig. 2.  Transcriptional factor weights estimated by TFvelo revealed a potential driver gene of differentiation toward 
inflammatory cells

A, Visualization of the phase portrait plots on WX-y space of target genes related inflammation in ACS. B, Visualization of the transcriptional 
factor weights of target genes related inflammation in ACS. C, Visualization of the phase portrait plots on WX-y 
space of target genes related inflammation in symptomatic carotid plaques. D, Visualization of the transcriptional factor weights of target 
genes related inflammation in symptomatic carotid plaques.
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Supplemental Fig. 3.  Expression of CEBPB as a potential driver of differentiation toward CXCL3＋ IL1B＋ inflammatory 
macrophages correlated with pseudotime estimated by TFvelo

A, Visualization of pseudotime estimated by TFvelo of coronary artery disease. B, The expression levels of CEBPB gene, separately for ACS 
and CCS in coronary arteries.
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Supplemental Fig. 4. Results of additional cell differentiation analyses
A, Terminal states plot and Fate probabilities plot of CellRank projected to UMAP with macrophage subclusters, separately for ACS and CCS 
in coronary arteries. B, Terminal states plot and Fate probabilities plot of CellRank projected to UMAP with macrophage subclusters, 
separately for symptomatic carotid plaques and asymptomatic carotid plaques. C, The velocity stream plot by dynamical model projected to 
UMAP with macrophage subclusters, separately for ACS and CCS in coronary arteries. 
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Supplemental Fig. 5. Results of additional cell differentiation analyses
A, Fate probabilities plot of CellRank separately for each terminal states projected to UMAP with macrophage subclusters, separately for ACS 
and CCS in coronary arteries.
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Supplemental Fig. 6.  Detected gene expressions related Glycolysis and Glycosaminoglycan degradation pathway correlated with 
their activation

A, Detected gene expressions related Glycolysis and Glycosaminoglycan degradation pathway in coronary artery disease. B, Detected gene 
expressions related Glycolysis and Glycosaminoglycan degradation pathway in carotid artery disease.
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Supplemental Fig. 7.  Single-cell metabolic analysis of myeloid cells in carotid artery plaques reveals differentiation between 
symptomatic and asymptomatic patients

A, Visualization of metabolic analysis results of interesting KEGG and REACTOME pathways by AUCell, separately for ACS and CCS in 
coronary arteries on UMAP. B, Visualization of metabolic analysis results of interesting KEGG and REACTOME pathways by AUCell, 
separately for ACS and CCS in coronary arteries. C, Visualization of one of the gene expression regulating glycolysis pathway in coronary 
artery disease. D, Visualization of gene expressions regulating glycolysis pathway in carotid artery disease.
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A

B

Supplemental Fig. 8. MMPs expression of myeloid cells in coronary and carotid plaques
A, Feature plot depicting the single-cell gene expression related to Glycosaminoglycan degradation (MMP8, MMP9, MMP12, and MMP14) 
on UMAP in coronary plaques. B, Feature plot depicting the single-cell gene expression related to Glycosaminoglycan degradation (MMP1, 
MMP2, MMP8, MMP12, MMP13, and MMP14) on UMAP in carotid plaques. 
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Supplemental Fig. 9. Gene expression of myeloid cell populations in carotid plaques
A, Heat map of the top 5 differentially expressed genes in myeloid cell populations. B, Violin plots depicting single cell gene expression of 
canonical myeloid cell markers.  C, Volcano plot of differentially expressed genes between MyCa.5 and MyCa.1 clusters. Genes highlighted in 
red have adjusted p value ＜0.05  and log2 (fold change)  ≤ 0.8 and ≥ 0.8.
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A
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Supplemental Fig. 10.  DEG analysis between symptomatic and asymptomatic plaqus reveals higher expression of inflammation-
promoting genes in symptomatic plaques than asymptomatic plaques

A, Visualization of DEG analysis result on volcano plot between symptomatic and asymptomatic plaques.
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Supplemental Fig. 11. Metabolic analysis results of myeloid cells without proliferative macrophages in carotid plaques
A, Visualization of metabolic analysis results without cluster My.10 (proliferative macrophages) of interesting KEGG pathways by 
scMetabolism, separately for clusters in symptomatic carotid plaques and asymptomatic carotid plaques on UMAP. B, Visualization of 
metabolic analysis results of interesting KEGG and REACTOME pathways by AUCell, separately for symptomatic and asymptomatic plaques 
in carotid arteries on UMAP. 


